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ABSTRACT 

This thesis is concerned with the early-life behaviour of concrete industrial ground floors. 

Advances in construction methods are placing increased demands on the performance of 

industrial floors and pushing the limits of the current design guidance. Uncertainties about the 

true behaviour of industrial floors have been addressed by a programme of in-situ monitoring. 

An in-situ instrumentation methodology has been developed to monitor the slab and the local 

climate. Vibrating wire strain gauges and demecs were used to collect concrete shrinkage and 

joint performance data, whilst thermocouple arrays and thermistors in the strain gauges 

recorded the slab temperature. This allowed the effects of the cement hydration and the impact 

of ambient conditions on the slab to be assessed. The use of an automated data collection 

system allowed the timing as well as the magnitude of the movements to be measured helping 

identify cause and effect. Floor slabs covering long strip and large area pour construction, 

jointed and jointless detailing and mesh fabric and fibre reinforcement have been investigated. 

The data has shown the strong thermal influence on the behaviour of the slabs. Initial joint 

opening was found to be triggered by the cooling of the slab, whilst the effects of seasonal 

temperature changes in the first couple of months after construction could be as large if not 

larger than the drying shrinkage. Frictional resistance was found to reduce the measured 

movement, whilst the restraint arising from adjacent pours was also found to be significant. 

Finite element models of the temperature development have been produced using material 

property data found in the literature. Calibration and verification were carried out using the 

temperature data collected from site with good agreement. 

Structural models were then developed using the temperature and degree of hydration output 

from the thermal analysis as input. These models were used to determine the theoretical stress 

distribution in slabs at early-ages, and to conduct a parametric study. This demonstrated that 

the warping stresses present in a slab are generally greater than those from frictional restraint. 

The thesis concludes with recommendations for the design and construction of industrial 

ground floors. 

Concrete industrial floors, Ground floor slab, In-situ instrumentation, Performance 

monitoring, Early-age, Joint behaviour, Restraint, Cracking, Finite element modelling. 
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1. Introduction 

1.1. Background 

The concrete ground floor of many buildings is one of it's prime assets. If the floor, for reasons 

of structural or surface irregularity or integrity, cannot sustain the business operation of the 

facility then the capital value of the structure is at risk. 

Much of the existing stock of industrial floors is unsuitable for modern applications and it is 

being redeveloped or replaced. In 2000 the market was estimated at 7 million square metres of 

floor per year, representing an estimated 6% (around £50m) of the total UK consumption of 

concrete and a turnover of approximately £ 110m (Figures: ACIFC and DETR). Many 

industries are reliant on the ground floor industry and are placing growing demands on ground 

floor performance in terms of flatness, joint integrity, reduced cracking and resistance to wheel 

wear. For example, the last five years has seen the adoption of machine laid floors for the 

majority of close tolerance heavy duty floors for the distribution industry. However, there is a 

lack of understanding of concrete floor slab construction materials and their behaviour, 

reflected in current design practice, and improvements are needed if effective and economic 

engineering solutions to these demands are to be achieved. 

Engineers have to make assumptions and idealise behaviour when designing any structure. 

This is because design techniques are approximations which simplify the problem to the point 

where it can be solved relatively simply and quickly. A quick, and thus simplified, analysis is 

also required to meet the economic demands of having a structure designed, constructed and in 

use as quickly as possible. However, assumptions and simplifications can introduce errors, 

particularly if they are applied in situations for which they were not intended. 

For industrial floors the main design guidance available to engineers in the UK is the Concrete 

Society Technical Report 34 (Barnbrook et. al., 1994), which gives advice on the detail and 

structural design of concrete ground floor slabs. Most of the detail design guidance contained 

in TR34 is empirical and based on out-of-date construction methods and the limited theory is 

largely unsubstantiated. New construction forms (specifically fibre-reinforced and large area 

pours) and greater performance requirements from clients have resulted in the need for a better 

theoretical understanding and revised design guidance to be made available to engineers if 

uneconomic solutions and costly failures are to be avoided. This cannot be achieved without 
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some form of in-situ monitoring of the behaviour of the slabs, coupled with performance 

modelling. 

In-situ instrumentation provides useful performance data which can be compared with 

predictions to verify design methods. Industrial floor slabs can benefit greatly from in-situ 

instrumentation as the designs fall into several generic categories allowing findings from one 
floor to be applicable to the design of another floor in the same category. 

1.2. Aims and Objectives of the Research 

The research presented here was undertaken with funding from the Engineering and Physical 

Sciences Research Council to monitor and model the behaviour of concrete industrial ground 

floors, in order to address some of the gaps which have become apparent in the design 

guidance. More specifically, the project aimed to improve the understanding of how the 

early-age development of the concrete's material properties interacts with the climate 

and curing, along with the form of construction (joints, reinforcement and slab restraint), 

to produce a suitably low stressed concrete that can efficiently carry the subsequent 

stresses due to the imposed loads. 

The objectives were: 

1. to conduct field monitoring of selected new floor constructions, combined with small 

sample tests (located on site and in the lab) to help characterise material properties, to 

quantify the extent and timing of early movements and the associated climatic conditions; 

2. to develop and refine - in light of the above -a material performance model, using 

currently available information, which takes account of appropriate parameters of: the 

concrete mix; the bay geometry, joints and subgrade restraint; and the exposure and 

climatic conditions; 

3. to inform practising engineers and researchers of the findings and make recommendations 

on the principles, content and use of an appropriate design approach. 

The project was designed to focus on the early-age slab behaviour, which was defined as the 

28 day period following construction before the slab was loaded. However, once the 

instrumentation had been installed, monitoring was still possible in some cases for longer than 

this initial period, although not necessarily through automatic collection with a datalogger. 

Where available, the long-term data has also been presented and discussed in this thesis, 

allowing the affects of seasonal temperature changes and drying on the behaviour of the slab to 

be assessed. 



1.3. Research Methodology 

An extensive literature review identified: little work on the early-age behaviour of industrial 

floors; a range of relevant information on thermal and moisture induced concrete movements; 

and several material models already in existence which were suitable for incorporation in 

either finite element or spreadsheet based models of concrete behaviour. Although there was 

little information available on the early-age behaviour of industrial floors, a relevant body of 

work on the design and performance monitoring of rigid pavements was identified. 

Initially the ambient temperature, relative humidity (RH) and wind speed were identified as the 

parameters most likely to affect the behaviour of the slabs. Instrumentation was chosen to 

monitor these ambient characteristics as well as the internal temperature of the slab, and in 

some cases the internal RH, and dew point of the slab. The movement of the concrete and of 

the saw-cut joints were recorded by several types of vibrating wire (vw) strain gauges, which 

were chosen for their long-term stability, precision and sensitivity. The instruments were 

connected to dataloggers which stored the results until they were downloaded into a portable 

computer. 

An iterative procedure was used to develop the techniques required to locate the strain gauges 

correctly in the slab and to connect them reliably and efficiently to the datalogger. This was 

developed in the laboratory and then further refined on a trial instrumentation before 

embarking on a full-scale site instrumentation. Initial problems were quickly overcome leading 

to the development of a methodology which is flexible, reliable and sufficiently robust to stand 

the rigours of site. 

Based on data from the Association of Concrete Industrial Flooring Contractors (ACIFC) on 

relative proportions of floors under construction in the UK, and after consultation with 

specialist flooring contractors, consultants and material suppliers, four floor types were 

identified that represent the majority of current and future construction: 

0 Long strip " Mesh reinforced jointed large area pour 

" Fibre reinforced jointed large area pour " Fibre reinforced jointless large area pour 

A programme was developed to instrument these floor types whilst also encompassing some 

variety in the environmental variables previously identified. Anecdotal evidence suggested that 

most problems were encountered when floors were constructed in spring and autumn, due to 

the large difference between day and night-time temperatures. 

The types of floors which have been investigated can be seen in Table 1.1 together with the 

type of data collected. Laboratory testing of cube samples to determine compressive strength 

has been carried out, together with drying shrinkage tests, where a shrinkage-reducing 
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admixture was used in one of the pours. No other testing of site samples was carried out 

because of the difficulties in carrying out temperature matched curing on site, and the 

availability of extensive published data which was sufficient to determine the early-age 

material properties based on the concrete constituents. 

Table 1.1 - Instrumentation details of the investigated floors 

Floor Type No of 
embedment 
gauges 

No of joint 
gauges 

No of concrete 
temperature 
sensors 

Duration of 
initial 
readings 

1 Mesh reinforced long strip 12 6 24 8 weeks 

2 Fibre reinforced jointed large 
area pour (LAP) 

35 25 10 3 weeks 

3 Fibre reinforced jointless LAP 5 8 5 4 weeks 

4 Mesh reinforced jointed LAP 12 14 8 4 weeks 

5 Fibre reinforced jointless LAP 41 16 19 3 weeks 

6 Mesh reinforced jointed LAP 19 40 26 12 weeks 

Precision level surveys were carried out on some of the floors to allow comparison of floor 

shape immediately after construction and at later dates in order to try and identify curling. 

Where permission was obtained from the client, demec pips were also placed across saw-cut 

joints. This allowed more joints to be monitored, and over a greater movement range than was 

possible with vibrating wire strain gauges. 

Meteorological Office weather data was made available to the research team by the British 

Atmospheric Data Centre allowing the impact of the ambient conditions on the long-term 

strains to be analysed when data logging of temperatures was suspended or had ceased. 

Data collection was carried out on most sites for at least one month after construction resulting 

in over 40,000 data points per slab. Monitoring was continued on some sites either by 

replacing the data logger or one-off site visits, as shown in Figure 1.1. Macros were written to 

process the data before analysis was carried out in Matlab, Origin and MS Excel. A common 

set of graph templates was developed to enable the comparison of results from different sites. 

Finite element and spreadsheet based models were used to compare theoretical predictions of 

behaviour with that actually measured by the instruments. These used established constitutive 

models of concrete taking into account the prevalent ambient conditions, the mix proportions 

of the concrete, the dimensions of the structure itself, and the material which the floor was cast 

upon. Using concrete hydration data, the finite element models can determine the thermal 

changes in the slab, based on the mix constituents, and use this information to predict the 

concrete material properties with time. This data provides the input for the structural analyses 

designed to identify the residual stresses in floor slabs before they enter service. 
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The finite element models were calibrated and verified against the site data before 

investigations of some of the construction variables were carried out in accordance with 

objective two. 

The research findings have been disseminated into and beyond the academic community as 

provided for in objective three. This has been, and continues to be undertaken by publication in 

conferences and seminars (Bishop, 1998; Austin et. al., 1999; Austin & Bishop, 2000; ), 

academic and professional journals (Austin et. al., 1998, Austin et. al., 2001) and through the 

maintenance of a project web site (http: //www-staff. lboro. ac. uk/-cvjwb/index. html). Several 

further journal papers are currently in preparation. 

1.4. Research Outputs 

The research has produced new insights in our understanding of the behaviour of concrete 

industrial floor slabs. A number of site instrumentations have been carried out providing a 

large amount of performance data, which was previously unavailable. This information is 

being made available in the form of a Guidance Document to be published by the Concrete 

Society and the ACIFC, which will allow engineers to explore the early-age behaviour of the 

different types of industrial floor. 

Finite element models have been developed and calibrated using the site data, which will allow 

the further study of the behaviour of industrial floors. It has also been demonstrated that the 

simple spreadsheet based predictions of drying shrinkage and curling deformation give good 

agreement with the more complicated and expensive to run finite element calculations. 

The author has also made significant contributions to the ongoing rewrite of TR34: Concrete 

Industrial Ground Floors -A guide to their design and construction (2002), which is the main 

guidance document available to engineers for the design of industrial ground floors in the UK. 

1.5. Thesis structure 

Chapter 1 is an introduction to the thesis. It describes the current challenges facing the 

flooring industry and outlines the aims and objectives of the research. 

Chapter 2 presents the current design guidance and state of the art research in slabs and 

pavements. Mathematical models of material properties and their implementation in 

spreadsheet and finite element models are then discussed. 

Chapter 3 describes the selection and development of the instrumentation used to monitor the 

early-age behaviour of concrete industrial floors, and the production of an in-situ 

instrumentation methodology. The full process has not been presented for brevity, rather the 
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key stages of development required before arriving at a methodology which was practicable, 

reliable and robust. This is done in the context of industrial ground floor slabs, although the 

final method can be applied to any concrete structural member. 

Chapter 4 contains detailed information on the layout of the sites and the location of the 

instrumentation. The instrumentation layouts have been produced on A3 pages, which can be 

folded out to provide the reader with quick reference to gauge locations when looking at the 

results presented in the later chapters. 

Chapter 5 initially presents the methods used to analyse the site data before the results from 

the site instrumentation programme are discussed. In order to be of most use, the data has been 

divided into two sections covering free and restrained movement joint behaviour, followed by 

two sections discussing the effects of restraint and temperature changes on the slab behaviour. 

Finally the drying shrinkage movement is compared with the predictions from a numerical 

model. 

Chapter 6 describes the mathematical modelling process used for comparison with the site 

data presented in chapter 5. A brief overview of the finite element method is first given, before 

the development of the thermal and structural models used to predict the behaviour of ground 

supported slabs is discussed. The results from these models are then compared with the site 

data, allowing some further behavioural trends to be identified. 

Chapter 7 brings together the summaries and conclusions from chapters 3 to 6. Several 

recommendations are made for changes to the guidance given to floor slab designers, along 

with recommendations for further work. 

6 



r 

I 0 0 

0 
-0k C7 
ä 

'p Y 

O, 

o U 
1 o 

ga 
0 i 

v 

ýä 

w 
N 

rr 

I 

Cf 

i 

I'I 
i 

Ii 
Irl 

rý 

ý 

ý 

SL 

ýJ 
ý 

V 

hpp 
L Sý 

xy. 
^ 

ý'1/ 
p 
O 

ý9 

P 
yy 

'P 

`ý6, 

rH 

r?, 
, 

ý' 

ý 

pVjpý 

K 

ý 

O 

4_ 

ä 

v) 

ý 

"0 

p{] 

w 

1ý 

L 

i 

v 

Ez 



2. Literature review 

2.1. Introduction 

This chapter reviews the literature relating to industrial floor design, behaviour and modelling. 

Current design guidance will be introduced with emphasis on the detail design, which is 

concerned with controlling the early age behaviour of the slab. Where possible the historical 

context of this current design guidance will be expounded to highlight the lack of theoretical 

grounding. Although the structural design does not fall directly within the remit of this 

research it will briefly be covered so as to allow the reader to understand the significance of 

the detail design in determining the useful life of the structure. 

The methods and techniques used for monitoring structures, slabs and, in particular, pavements 

are introduced, and the results of these studies are then compared with theoretical predictions 

of behaviour. 

Finally the mathematical modelling of concrete properties and the incorporation of these 

constitutive models in larger scale spreadsheet or finite element models of structural behaviour 

are discussed. 

2.2. Current design guidance 

The design of ground bearing flat slabs is usually divided into two stages, namely: structural 

design and detail design. Structural design is concerned with sizing the slab so that it can carry 

the stresses generated by the imposed loads, whilst detail design attempts to ensure that the 

slab maintains its structural integrity during the concrete hardening and drying processes so 

that it can withstand the imposed loading. 

Although the structural design of the slab falls outside the scope of this research it will be 

briefly discussed, as this will show some of the anomalies which are present in the currently 

available design guidance, and also allow the reader to understand better the importance of the 

detail design process. 

2.3. Detail design 

The purpose of detail design is to ensure that the slab maintains its structural integrity during 

the concrete hardening and drying processes so that it can withstand the subsequently applied 
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service loading and vehicular trafficking. Long established empirical rules which govern the 

form of construction, bay sizes, reinforcement selection and joint detailing are currently 

applied to achieve this aim. Steel fabric or steel fibre reinforcement is used to distribute the 

shrinkage induced tensile forces in the slab, whilst the bay length/width ratio is chosen to keep 

the stresses at some acceptable but undetermined level. The joints must be spaced to prevent 

cracks forming elsewhere in the slab but they must not open to such a degree that aggregate 

interlock is lost, thereby losing the shear transfer effect. Fibre reinforcement is assumed to 

assist the transformation of tensile forces in a similar manner to fabric reinforcement, but its 

effect is small scale and localised. 

2.3.1. Slab aspect ratios 

Neal (1996) recommends slab aspect ratios should not exceed 1: 1.5 to avoid uneven opening 

of joints, although no mention of slab or panel aspect ratios is made by Ringo & Anderson 

(1996) or TR34. 

2.3.2. Joints 

Joints are provided in concrete slabs to act as controlled cracks thus reducing the likelihood of 

random cracking at other locations. Stresses are increased at the desired location by saw- 

cutting a groove between 1/4 and 1/3 of the slab thickness to reduce the cross-sectional area. 

This is generally done about 24 hours after the slab is constructed although the Soff-cuttTM 

system, which is widely used it the USA, allows the joints to be cut before the concrete has 

reached final set. 

The terminology used to refer to the joint types has been revised and simplified for the new 

version of TR34 currently being produced. This new terminology has been adopted here, 

although where relevant, for clarity, the old classification under TR34 (1994) will also be 

mentioned. 

The joints in an industrial ground floor can be divided in to two main types, namely those 

which allow movement - free movement joints - and those which do not - restrained 

movement joints. 

2.3.3. Free movement joints 

This joint type is designed to allow free opening in order to prevent the build up of 

longitudinal restraint stresses, whilst ensuring that effective load transfer is maintained. The 

formed free movement joint (Figure 2. la) used between adjacent pours is not very common 

because of constructability issues - it is very difficult to get the levels of the two slabs 

perfectly matched leading to increased wear and risk of breakdown of the joint under 

trafficking. 
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Sawn free movement joints (Figure 2.1b) are commonly used in long-strip construction, where 

their spacing allows the determination of the crack control reinforcement according to the 

frictional restraint theory. They are also sometimes used to divide pours in jointed large area 
floors, although this is much less common due to the difficulties in locating and aligning the 

joint, and the lack of clarity in the design guidance on how these floors should be designed. 

2.3.4. Restrained movement joints 

As their name suggests, the reinforcement used across these joints is expected to control the 

joint width. The reinforcement is continuous across the joint, to control the width, but is 

generally located in the bottom of the slab. These joints can be formed using bonded bars or 

fabric reinforcement across a joint (Figure 2.2), although no differentiation is made in the 

current design guidance for the effect these different reinforcement types may have on the 

performance of the joint. 

These joints are generally used to provide relief to stresses due to warping, although they are 

also used mid-way between free movement joints, where the frictional restraint stresses will be 

greatest, to reduce the risk of random cracking. 

Most day joints are currently constructed as formed restrained movement joints with another 

joint, which can either be a sawn free or restrained movement joint, about 900mm away. 

In nominally reinforced large area pours the reinforcement is laid continuously across the pour 

resulting in the formation of restrained movement joints at all of the saw cuts. Although 

technically under the new definitions these are restrained movement joints, the weight of fabric 

reinforcement provided must be kept light (generally A 142) in order to allow the joints to open 

- for this reason they were referred to as special induced contraction joints in TR34 (1994). 

Although warping restraint is mentioned briefly in TR34 Section 5.4, no guidance is given as 

to the magnitude of the stresses which could be expected due to this restraint, nor is any 

specific guidance given on the optimum spacing for sawn restrained movement joints to 

alleviate these warping stresses. 

2.3.5. Jointless construction 

The latest development is the jointless floor. As long as the construction joints can be well 

protected the lack of saw-cut joints can enhance the long-term serviceability of this floor type. 

Although jointless floors have been undertaken in the UK since the 1980's the available detail 

design guidance is still limited. Neither TR34 (1994) nor Knapton (1999) cover this form of 

construction, even though the latter reference deals specifically with large area pours. 

Experience has shown that >35kg/m3 fibres seem to be required to prevent noticeable cracking 

in these floors, but this has yet to be incorporated in any design guidance. 
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2.3.6. Crack control reinforcement and joint spacing 

Recommendations for joint spacing in the current design guidance varies widely, and in some 

cases the advice appears contradictory. Knapton (1999) recommends maximum joint spacing 

dependent on the concrete type, with increases allowable for higher dosages of fibre 

reinforcement, whilst no mention is made of fabric reinforcement. Neal (1996) only gives two 

recommended joint spacings - one for fabric reinforcement and one for fibre reinforcement - 
whilst the cross-sectional area of crack control reinforcement to be used varies from A142 to 

A252 based solely on the slab thickness (150-200mm and greater than 275mm respectively). 

No dosage information is given for fibre reinforced slabs, though the joint spacing is 

recommended not to exceed 7m. The joint spacing recommended in TR34 varies from 6m for 

unreinforced slabs to a designed distance where reinforcement areas are calculated to allow for 

subgrade friction effects. 

Table 2.1 - Detail design guidance on joint spacing 

Reference: Design criteria Joint spacing 
Single Pour Plain C40 concrete 6m 
Industrial Floor 20kg/m3 ZC 60/1.00 steel fibre reinforcement C40 concrete 6m 
Slabs, Knapton 
(1999) 30kg/m3 ZC 60/1.00 steel fibre reinforcement C40 concrete l Om 

40kg/m3 ZC 60/1.00 steel fibre reinforcement C40 concrete 12m 

TR34 (1994) Plain concrete (>160mm thick) <6m 
Nominal fabric reinforcement 6-8m 

Reinforced against sub-base friction See equation 2.1 

Fibre reinforcement (20kg/m3) ' 6-8m 

ICE Good Practice Fabric reinforcement (amount dependant on slab thickness) 5m 
Guide, Neal (1996) Fibre reinforcement 7m 

Designing Floor Plain concrete (spacing in ft between 2 and 3 times slab thickness 3-9m according to 
Slabs on Grade, in inches) slab thickness 

Ringo & Anderson Reinforced concrete See equation 2.1 
(1996) 

Joint spacing for fibre reinforced slabs is not specifically covered. They should be treated as nominally reinforced. 

Although both TR34 and Knapton give joint spacing for unreinforced slabs, this form of 

construction is highlighted as being risky, since if cracks do form there is nothing to control 

their width. 

Where joint spacing and reinforcement areas are explicitly designed according to TR34 (1994) 

the assumption is made that the only restraint to movement in a ground-supported slab is that 

due to friction between the slab bottom and the subgrade/sub-base or slip membrane. 

Neglecting the eccentricity of this restraint leaves a triangular stress distribution between free 

movement joints (TR34 Section 5.4.2) with the maximum resulting force on a unit width of 

slab given by: 



F1 =, u"A"h-L equation2.1 2 

Where F1 is the theoretical maximum tensile force (kN per m width of slab), ,u 
is the friction 

coefficient, 0 is the unit weight of the concrete (24 kN/m3) and h and L are the slab thickness 

and distance between free movement joints respectively (m). Reinforcement is then detailed to 

carry this frictional load, giving a required area of steel, AS according to equation 2.2 where f,, 

is the steel characteristic strength (460N/mm2) and k is the material strength reduction factor 

(usually 0.85). 

A ='u 
OhL 

S 2-k-fy equation 2.2 

Although the additional restraint which could be present under a slab when the service loading 

is applied is briefly mentioned in TR34 and engineers are advised to account for this, no 

guidance is given as to how this should be done in practice. As will be shown later, 

experimental evidence has shown that the coefficient of friction depends strongly on the 

applied load, reducing as the load increases. Therefore, if engineers attempt to predict the 

additional restraint once service loading has been applied and design reinforcement 

accordingly, the design could be very conservative. 

The spacing of joints and the methods used to determine the reinforcement required to control 

cracking is confusing when considering jointed large area pours. The guidance suggests that 

nominal reinforcement can be used to control cracking with joints at 6 to 8m centres, but no 

advice is given on the use of contraction joints. Following the frictional restraint theory 

reinforcement would have to be designed to carry the stresses from one end of the slab to the 

other unless contraction joints were included, although this is obviously excessive. Neal (1996) 

takes a slightly more pragmatic approach by relating the reinforcement to the thickness of the 

slab, ignoring the joint spacing, although a joint spacing of 5m is recommended. 

The very light fabrics used in this approach are not strong enough to control joint opening, and 

indeed TR34 (1994) states that heavier fabrics must not be used because of the risk of cracking 

away from the joints that this could cause. 

2.3.7. Placement of Reinforcement 

Several different recommendations can be found in the literature for the most effective 

placement of crack control reinforcement, which in some cases appear related to issues of 

constructability. TR34 recommends placing the fabric 50mm from the top surface of the slab 

(Section 5.1.6) where it will be most effective in controlling crack widths, although in some 

cases this could interfere with wire guidance systems for mechanical handling equipment. In a 

later section (5.4.1b) nominally reinforced slabs are discussed, where it is stated that these are 

12 



often constructed with reinforcement placed 50mm from the bottom of the slab. Although no 
justification for this is given the author believes this is related to constructability. 
Reinforcement near the top of the slab is most effective in controlling crack widths, but cannot 
be continuous across saw-cut joints. Because of the difficulty in locating sawn restrained 

movement joints in large area pours, placing the fabric reinforcement in the bottom of the slab 

allows unimpeded cutting of the joints. 

Although TR34 recommends placing the fabric with 50mm cover it is acknowledged that the 

exact placement of the reinforcement is not critical giving a tolerance of +/-10mm. Wire 

supports should be used to locate the reinforcement at the correct depth, whilst weak concrete 

or wooden supports are not suitable. 

Knapton (1999) generally agrees with the recommendations in TR34 for the placement of the 

reinforcement, although the only method shown for locating the reinforcement involves the 

fabric being trodden into the concrete. Even though the exact location of the reinforcement in 

the slab may not be critical, this method for locating the reinforcement can not be 

recommended, as there is liable to be significant variation in the final location of the 

reinforcement. Whatever position is specified for the reinforcement, consistency must be 

achieved in order to prevent some areas of the slab behaving differently to others. 

Neal (1996) recommends placing all of the reinforcement at mid-depth in the slab. This avoids 

interference problems with wire guidance systems and for large area pours avoids problems 

with saw-cut joints, whilst providing better crack control than reinforcement near the bottom 

face of the slab. 

Kiamco (1997) concluded that as the frictional restraint is an eccentric load applied to the 

bottom face of the slab, reinforcement placed near this face would be proactive in preventing 

cracking from propagating through the slab. Additionally, if sufficient reinforcement is used to 

offer post crack structural strength, the lever arm from the centroid of this reinforcement to the 

concrete compression zone in the top of the slab would allow the slab to carry load after 

cracking. Reinforcement placed near the top face of the slab will be reactive in controlling the 

width of cracks which have already propagated through the slab. However, because of the 

small lever arm, this reinforcement would offer no structural advantage once the slab has 

cracked. 

2.3.8. Summary of detail design guidance 

The available design guidance is mainly empirical and does not reflect the construction 

techniques currently being widely used in the UK. There is contradictory advice offered by 

different publications with no real theoretical justification to any of the figures proposed. 
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Because construction methods have evolved based on experience of previous failures, 

contradictions appear in the guidance. For example, TR34 states that to be most effective in 

controlling cracking, reinforcement should be placed near the upper surface of a slab. 
However, this cannot practically be applied in a large area pour, so the reinforcement is placed 
lower down in the slab even though it's crack controlling properties may then be negligible. 

Advice on joint spacing, especially in large area pours, is also confusing. The joint spacing is 

decided to keep joint widths within acceptable limits. Reducing the joint spacing should reduce 

the joint width - assuming all joints open. However, as the frictional restraint is proportional to 

the joint spacing this also reduces, making it less likely that all joints open, and more likely 

that those which do will become dominant and lose load transfer. 

2.4. Structural design 

The structural design of ground supported slabs is a problem which was first addressed early in 

the 20'x' century for the design of road pavements and runways. In the intervening period two 

fundamentally different design theories have become widely accepted. Namely: 

" an elastic approach as proposed by Westergaard (1926) 

"a plastic approach as typified by Meyerhof (1962) 

In both cases the structural design of ground supported slabs differs fundamentally from the 

approach taken for the design of concrete structures in other design codes, e. g. BS8110, in that 

the flexural strength of the concrete is the limiting design variable. Simple bending theory 

shows that increasing the thickness of a member in flexure reduces the tensile stresses in the 

outermost fibres, hence reducing this problem to one of sizing the slab to accommodate the 

applied loading. Both of the following design approaches assume the slab to be free of stresses 

and deformations before the application of the load. 

Although fabric reinforcement is often used in ground supported slabs, this is designed solely 

for the purpose of crack control and is currently assumed not to alter the structural behaviour. 

2.4.1. Elastic design method 

The elastic design methodology pioneered by Westergaard in the 1920's predicts the yield or 

first cracking load for a perfectly elastic, homogeneous slab supported on a dense liquid type 

subgrade. This load is predicted for three loading conditions, namely internal, edge and corner. 

Westergaard (1926) detailed how to accommodate combinations of loads in his original paper 

whilst further empirical developments to this approach by Kelley (1939) and Pickett (1951) 

allowed the loss of support caused by curling of the slab or deterioration in the sub-base to be 

accounted for. This design approach has featured in almost every design guide published since; 
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however, since their first appearance in the 1920's these equations have often been misquoted 

and misapplied, prompting loannides et. al. (1985) to carry out a review of this design 

approach. 

The internal load and corner load is considered to be applied over an equivalent circular area 

of radius a, although for internal loads this was further modified using Westergaard's Special 

Theory to account for shear stresses in the vicinity of the load. Using this theory for a slab of 

thickness h the radius of equivalent area becomes b found according to: 

b=(1.6a2+h2)05 -0.675h if a<1.724h 
equation 2.3 

b=a if a>1.724h 

loannides et. al. (1985) found maximum stress under an internal load to be: 

3P(1 + vý 
6i =Z In 

21 
+0.5-y +3P(1 

+Z vý b2 
equation 2.4 

2"iz"h b 64h 1 

Where P is the total applied load, v is the slab Poisson's ratio (0.15), h is the slab thickness and 

yis Euler's constant (0.5772). Westergaard defined the dimensionless relationship between the 

stiffness of the slab and the sub-base as the radius of relative stiffness, 1. 

E h3 
l4 

I- equation 2.5 
121-v2 

where k is the modulus of subgrade reaction and E, is the slab elastic modulus. 

The edge load is considered to be uniformly applied over a semi-circular area of radius a2 

centred at the slab edge, although later modifications allowed for circular, elliptical and square 

load areas to be considered. loannides et. al. (1985) found the differences to be very small 

(<1%) and related to the distance of the centroid of the equivalent area from the slab edge. The 

following equation for edge stress was found to give very good agreement with finite element 

predictions: 

Ore - 
3P(l+v) ]. [In E-h 34 

+3.84-4.3 +0.51+2v) l2 
equation 2.6 

7r(3 + V)h2 100k - a2 

Corner loads have proved to be the most difficult load case to analyse, with many revisions 

and modifications suggested over the years to try to match theoretical predictions to observed 

behaviour. Treating the load as uniformly applied over a circular area, radius a, on an 

unsupported cantilever (Goldbeck, 1919; Older, 1924) gives: 

6ý = 
3P 
{t 

equation 2.7 
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This takes no account of subgrade support and can be considered a lower bound to the 

solution. Westergaard proposed equation 2.8 which has good agreement with the finite element 

predictions. 

0.6 
3P 3P a 6ý =2 1- 

l equation 2.8 

However, load testing has shown there to be a greater degree of variation in results from the 

corner position, leading to the recommendation that a conservative approach be taken. The 

equation proposed by Picket (1951) seems overly conservative, especially for a/l ratios less 

than 0.14 where it predicts lower failure loads than for a cantilevered slab. Kelley (1939) 

suggested a relationship, which converges to Pickett's values at higher a/l ratios, but is closer 

to the cantilevered beam solution at small a/l ratios. 

1.2 

a1 
equation 2.9 ah2.1- l h 

2.4.2. Plastic design method 

Whereas the elastic design method predicts the load required to cause cracking in the slab, the 

plastic design approach uses the yield line theory to establish the collapse load of the slab. This 

ultimate load is much higher than the crack load as the slab has to form a mechanism, which 

for the internal and edge condition requires not only radial cracking on the bottom of the slab, 

but also circumferential tension cracks on the upper slab surface (Figure 2.3). Meyerhof (1962) 

stated that this collapse load was about twice the yield or cracking load for plain concrete slabs 

for the internal and edge conditions, with an increased difference for structurally reinforced 

slabs. Because the failure mechanism of corner loads is the same in both approaches, the 

predicted failure load is similar. 

As the slab fails, the ultimate moment capacity of the slab will have been reached at all points 

along the yield lines. In an unreinforced section, per unit length of yield line this will be: 

'h? My 
ft equation 2.10 

In an unreinforced section the ultimate moment, Mo = M. However, if the post crack 

behaviour of the slab is ductile, moment redistribution can occur giving an ultimate moment 

capacity equal to the sum of the negative (M�) and positive moments (Mp) at failure: 

Mo =M� +M equation 2.11 

Although load testing at the University of Greenwich (Beckett, 1990 & 1999) has 

demonstrated that mesh fabric reinforced slabs can exhibit ductile post crack behaviour, there 
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is currently no recognised test allowing this to be quantified. For fibre reinforced concrete the 

change to the post crack behaviour depends on the dosage and the type of fibre used. Thus, not 

only do the fibres control cracking, but the enhanced post crack properties of the concrete can 
be accommodated in the design, making for thinner slabs. The property used in design is the 

equivalent flexural ratio, otherwise known as the Re, 3 value, and can be determined from a 
third point beam test carried out in accordance with the JSCE-SF4 standard. 

Meyerhof looked at the same three loading conditions previously used by Westergaard, namely 
internal, edge and corner. For unreinforced slabs with a/l > 0.2 he proposed the following 

formulas, whilst a similar series of equations were proposed for slabs with structural 

reinforcement. 

_ 
4ý"M° 

Internal 
P° 

1_a equation 2.12 
3"l 

= 
(ir+4)"M° 

Edge P° 
i_ 2-a equation 2.13 

3"l 

_ 
4"M° 

Corner 
P° 

1_a equation 2.14 
1 

The equations determined by Meyerhof (1962) to calculate the ultimate load capacity of 

ground supported slabs were quite complicated, resulting in the simpler equations from the 

appendix of his paper being adopted in TR34 (1994). These revised equations developed after 

looking at the approach taken by Losberg (1960) are much more conservative than his original 

equations. 

There is no serviceability check inherent in the plastic design approach, but Meyerhof advised 

that if global safety factors of between 2 and 3 were used, serviceability requirements should 

be met. No recommendation on safety factors was made for the revised equations given in the 

appendix to his paper. TR34 (1994) uses a global safety factor of 1.5 with these conservative 

equations, which gives very similar results to Meyerhofs original equations using a load safety 

factor of 2. Nevertheless, if a crack free floor is essential this design approach may not be 

suitable. 

2.4.3. Structurally reinforced 

This method of design is an extension of the plastic design approach just mentioned. However, 

this time the reinforcement content of the slab is increased to carry the flexural stresses arising 

under the load, whilst the concrete slab is sized to carry the much smaller negative moment 

arising away from the load (Kiamco, 1998; Losberg, 1978). The cross-sectional area of 

reinforcement required to carry the positive moment will be greater than currently provided for 
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crack control, but the reduction in the thickness of slab required to carry the negative moment 
will partially compensate for this increased cost. 

2.4.4. Summary of structural design guidance 

There appears to be little understanding of the two structural design methods currently used in 

the UK, with the differences in approach not explained in the design guidance. The elastic 

approach gives a yield load which can be applied with a low global safety factor because of the 

residual strength above this load, whereas the plastic design method gives the collapse load for 

the slab. When using Meyerhof s original equations good agreement is obtained between 

theory and site tests for most loading conditions; however, this method does not ensure that the 

slab will be crack free or within acceptable deflection limits under service loading. 

Additionally because a collapse load is predicted higher global safety factors are required than 

for the Westergaard method, although this is currently not done in TR34. 

With both methods a proliferation of different equations are in use and in many cases ranges of 

applicability are not defined and guidance is not forthcoming to explain which equations 

should be applied in which circumstance. Hopefully, the revision to TR34 currently in progress 

will address all of these issues. 

2.5. Investigations into the influence of construction variables 

The constructional variables affecting the early-age behaviour of floors, which are common to 

all floor types, are briefly covered in this section. Although some of these parameters are 

beyond the control of the designer, it is important that the influence that they have on the 

behaviour of the finished slab is understood. As no experimental work on the behaviour of 

industrial floors with respect to these variables could be found, the investigations reported here 

are generally from pavements. 

2.5.1. Subgrade and sub-base support 

There is scope for infinite variation in the material properties of subgrade, which may be 

natural ground or some form of man-made fill. The latter is increasingly the case as 

redevelopment of so-called `brown field' sites becomes more prevalent. 

Both elastic and plastic structural design methods model the subgrade support as perfectly 

elastic, with reactions proportional to the vertical displacement. Westergaard introduced the 

concept of the modulus of subgrade reaction, k. as the factor which when multiplied by the 

deflections, z, would give the subgrade reaction. This was an empirical value assumed to be 

constant at all points and independent of deflection and load area, although it was 

acknowledged that these factors would alter its value. No test method for determining k was 
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ever proposed by Westergaard, who suggested testing completed slabs on given subgrade types 

and adjusting k in the equations until the deflections predicted by the formulas matched those 

measured on the slabs. The reconciliation of these back calculated k values with those from 

plate tests directly on the subgrade was never addressed, although plate tests and CBR's are 

now commonly carried out to determine the k value used in design. Alternatively if this 

information is not available it can be estimated from soil classification information. However, 

as the slab thickness is not very sensitive to the k value (Westergaard, 1927; NCHRP Report 

372,1995) this does not have to be estimated with great accuracy (Table 2.2). 

Table 2.2 - Relationship between errors in k value and errors in slab thickness (Source: 

NCHRP Report 372,1995) 

Error in k-value [%] Typical maximum error in slab thickness 

[%] 

10 1.0 

25 2.5 

50 5.0 

100 10.0 

Because of the confusion over the determination of k, an enhanced top-of-base modulus of 

subgrade reaction arose when sub-bases began to be used to improve the trafficking properties 

of the subgrade and combat pumping at joints in America in the 1950's. Although site testing 

of pavements in the 1930's and 40's to try and verify Westergaards equations and determine 

reliable ways of measuring the design value of k had concluded that there was no correlation 

between top of base k values and slab deflections, this practice has since become widely 

accepted (NHCRP Report 372). Based on these and more recent tests several authors (Teller 

and Sutherland, 1943; Sale, 1977; Ahlvin, 1991) have concluded that the top-of-base k values 

are artificially high and not justified for design. The recommendation from the NCHRP Report 

327 was that the enhanced top of base k value should no longer be used in the design of 

pavements in the USA. 

Although TR34 and other design guidance allows the use of enhanced k values, modem 

computing techniques allow a full analysis of the slab, sub-base and subgrade system to be 

undertaken. This means there is no longer any need, or justification, for designers to continue 

simplifying the problem to one of a slab on a modified subgrade. 

Ozbeki et. al. (1985) used finite element techniques to carry out a parametric study of rigid 

slab behaviour. They found that increasing the modulus of subgrade reaction decreased the 

corner deflection of a pavement slab significantly, although the tensile stresses in the x- 
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direction were not reduced in the same way. They recommended a minimum value of k of 
54N/cm3 in order to prevent breakdown of the joints, however, this was only sufficient when 
load transfer was provided by dowels. 

2.5.2. Slip membrane 

The primary purpose of this membrane is to reduce the coefficient of friction under a slab, thus 

reducing the stresses arising due to this restraint. The different coefficients measured with 
different friction reducing mediums are covered in Chapter 2.8.5 along with the techniques 

used to model friction. 

In most cases the plastic slip membrane will also act as a moisture barrier and this can affect 

the performance of the slab. Although Roper and Anderson (1982) found that construction on a 

sand sub-base reduced the initial plastic and drying shrinkage compared to construction on a 

slip membrane, Ytterberg (1987c) found in a series of experimental studies that exposing the 

bottom of a slab to moist ground can actually accentuate problems with curl. In the laboratory 

tests a 7.6m long slab was allowed to stand on a dry sub-base and gave vertical deflections of 

3.3mm. Drying the slab completely and then wetting the bottom gave a vertical deflection of 

4.6mm (a 38% increase). Eisenmann and Leykauf (1990) report on similar slab wetting 

experiments conducted at the Munich Technical University where a 39% increase in upward 

deflection was measured in laboratory tests. Despite water treatment over a period of weeks 

these readings could not be repeated when the same experiment was conducted on site. This 

difference in behaviour was believed to be caused by a higher ambient RH and rain falling on 

the surface of the external slabs. Aitcin et. al. (1997) also recommended placing floor slabs on 

a draining substrate or constructing on an impervious membrane to prevent the ingress of 

moisture from under the slab causing excessive curling. 

2.5.3. Reinforcement 

A 3.5 mile test section of road was constructed (Spigolon, 1963) to assess the effects of 

varying pavement thickness and steel percentage, the size and spacing of transverse 

reinforcement and the use of a cement treated base. The ends of the pavement sections were 

anchored with cast-in-place concrete piles to prevent seasonal longitudinal movements. All 

reinforcement was located at mid-slab depth. Longitudinal movements relative to fixed 

observational points at the side of the test sections were made in addition to measurement of 

crack widths and spacing. Initially the sections constructed in October to December showed 

more cracking than those sections constructed in the spring of the following year. However, 

after several years the crack spacing in both sections had stabilised and differences between 

the sections were hard to determine. No significant behavioural differences related to the 

constructional variation could be found, although the authors pointed out that the variations in 
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the constructional parameters were small in relation to the normal distribution of the crack 

widths and spacing. Crack widths were found to vary significantly with temperature and to 
increase with time, although it was not known whether the latter trend would continue. 

Crawford and Anderson (1963) varied the depth of cover to the reinforcing steel between 

64mm and 94mm and tried various methods of controlling the end movement on two sections 

of interstate highway totalling almost 1.5 miles in length in North Dakota. The pavement 

thickness (203mm) and quantity of reinforcement (0.646% longitudinal steel) was held 

constant in the trial sections. All of the measured crack widths were found to be small; 
however, the section with the reinforcement steel at 64mm showed almost 25% less opening, 

although the average crack frequency was 700mm as opposed to over 900mm for the sections 

with the reinforcement at nearly mid-depth. 

2.5.4. Joints 

Saraf and McCullough (1986) studied the relationship between the depth of saw-cut at joints 

and the concrete properties and the occurrence of longitudinal cracks in concrete pavements. A 

statistical analysis of variation showed that a reduction in the variability of concrete strength 

could lead to a significant reduction in the depth of saw-cut required. Investigations on two 

sections of pavement, one with limestone aggregate and the other with river gravel, confirmed 

the theoretical evaluation, showing that the concrete with the least variation in tensile strength 

had the greatest proportion of cracks within the saw-cut joints. 

Teller and Sutherland (1936) determined the load transfer, now generally referred to as the 

joint effectiveness as: 

JE5 = 
2SS 

X100 Su r 
equation 2.15 

Where JEs is the load transfer as a percentage and Su and 8I are the deflections of the 

unloaded and loaded slabs respectively. Similarly the load transfer efficiency, which is a 

measure of the slab discontinuity caused by a joint, is defined as (loannides & Korovesis, 

1990): 

LTE5 = 
S" 

X100 equation 2.16 

Gulden and Brown (1985) showed that these equations can be misleading when applied to real 

situations, although confusingly they used joint efficiency instead of load transfer efficiency, 

and load transfer instead of joint efficiency. Even though the magnitude of the difference in 

joint movement is identical for all locations in Table 2.3 the calculated joint efficiency and 

load transfer for location 1 is the worst, however, the performance of this joint is actually 
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closer to the real life ideal. They recommend simply comparing the magnitude of the 

deflections and their differences. 

Table 2.3 - Hypothetical joint deflections and efficiencies (Gulden and Brown, 1985) 

Test location 
Deflection (mils) Joint efficiency (%) Load transfer (%) 

Loaded side Unloaded side ((5u/5 x 100) 2t5, ß/((5�+8ý) x 100 

1 6 1 17 29 

2 10 5 50 87 

3 35 30 86 92 

Ozbeki et. al. (1985) carried out finite element and site investigations to determine the 

sensitivity of slab deflections and joint efficiency to the following parameters: 

" Dowel size " Modulus of subgrade reaction " Modulus of dowel-concrete interaction 

" Joint width Dowel modulus of elasticity Concrete modulus of elasticity 

They found that only the modulus of subgrade reaction and the modulus of dowel-concrete 

interaction had a significant effect with respective minimum recommended values of 54.4 

N/cm3 and 54.3 kN/cm3 to keep slab deflections and joint efficiency within levels which will 

prevent deterioration and eventual failure of the joint system. Zollinger and Barenberg (1990) 

also found that improvements in the foundation strength improved the long-term joint 

efficiency. 

Initially when joints crack and open the load is transferred by aggregate interlock and 

reinforcement dowel action. The load transfer efficiency due to aggregate interlock decreases 

as the joint opens, with Ioannides & Korovesis (1990) proposing the following relation: 

LTES (percent) =100 - 25w equation 2.17 

where w is the joint opening in millimetres, thus giving zero joint efficiency once the opening 

is 4mm. The joint efficiency also decreases as the number of load repetitions increases. It was 

noticed, however, that this only occurred once the load had exceeded some critical value, with 

no deterioration of the joint being caused by lighter loads, although angular aggregates were 

found to maintain load transfer longer under repetitive loading conditions. 

Wang et. al. (1990) have developed a new testing method for carrying out uni-axial direct 

tensile testing of concrete specimens. They used this to analyse the behaviour of various 

artificial fibre reinforced concretes. Tensile failures were found to occur with applied stress 

between 1.7 and 3.7 MPa depending on the fibres used. Residual stresses were still between 

1.0 and 2.5 MPa when the joint had opened by 0.4mm and in the case of the longer high- 

strength polyethylene fibres were still over 0.6 MPa when the joint had opened by 4mm 

'12 



(Figure 2.4). This clearly demonstrates that joint performance in fibre reinforced slabs is 

dependent not only on the fibre dosage, but also on the fibre type. 

Zollinger and Barenberg (1990) tested 9-in (230mm) and 7-in (180mm) thick continuously 

reinforced slabs subjected to repetitive loading of 9kip (40kN - equivalent to a lorry at 30mph). 

The joint effectiveness was found to level off after 700,000 to 800,000 load applications 

(Figure 2.5) with the joint effectiveness after lmillion load applications giving a useful 

indication of likely performance for design guidance. For the 9-in thick slab joint widths of 

0.6mm were found to have an efficiency of over 90%, although this same joint width had an 

efficiency of only 50% for the 7-in slab. Joint widths exceeding 1.1mm were needed before the 

efficiency dropped below 50% for the 9-in slab, with this still requiring '/a million load 

applications. The 7-in slab had zero joint efficiency with joint widths of 1.7mm after 120,000 

load applications, whilst the joint width was able to exceed 2. lmm for the 9-in slab, and still 

required '/z million load applications before all load transfer was lost. 

loannides et al. (1990) showed how using thicker dowel bars at closer spacing can reduce joint 

deflection and increase the joint efficiency, however, this must be done judiciously as this may 

also cause a detrimental increase of restraint to longitudinal warping or curling. This in turn 

may cause more distress in the pavement than if the dowels were omitted completely. Friberg 

(1940) was the first author to suggest that the load transfer decreased linearly with increasing 

distance from the point of application of the load, reaching zero at a distance of 1.8 times the 

radius of relative stiffness (equation 2.5). This was in agreement with the original work by 

Westergaard (1928), although more recently a finite element study of slab-dowel systems by 

Tabatabaie (1978) found that this effective length should really be equal to the radius of 

relative stiffness. The study also found the dowel diameter and the concrete elastic modulus 

altered the maximum dowel deflection and concrete bearing stress, whilst the slab thickness 

and subgrade modulus were found to have a much lesser effect. 

Knapton (1999) states that experience indicates that significant load transfer occurs when 

joints open by up to lmm, but when joint opening exceeds 2mm there is little or no load 

transfer. No further justification for these figures is given. 

Poblete et. al. (1988a) measured how joint opening in a plain concrete pavement was non- 

uniform as the pavement aged. At early ages this was in the order of one open joint every three 

or more panels. After 2 years the joints had all opened, but it was still possible to identify the 

joints which opened earliest because of the greater opening (Figure 2.6). Joint opening was 

found to be less in pavements which had been constructed during cold and humid ambient 

conditions, thus providing better load transfer. 
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Minkarah et. al. (1981) carried out a statistical analysis of slab movements with joint spacings 
between 5.2m and 12.4m. They found that the short-term movements were of greater 

magnitude than the long-term seasonal changes, regardless of the slab length, although the 

long-term movements were directly proportional to the slab length. Not all joints were found to 

move; in particular some joints showed large movement with adjacent joints not moving at all, 

although the joints which moved were found to vary over time. 

Free thermal contraction of concrete is related to the temperature change and the thermal 

coefficient of expansion. By multiplying by the distance between the joints the expected joint 

movement can be determined (equation 2.18). However, this relationship was not found to be 

valid for the measured joint movements. 

Movement = a,. 8T. L equation 2.18 

Possible reasons for this may lie in the indeterminacy of the variables in the equation. cc, varies 

for each concrete mix, and because some of the joints do not always move, the length 

parameter could contain large errors. 

Bodocsi et. al (1993) carried out further studies on the test sections investigated by Minkarah 

et. al. twenty years after they were constructed and found that the joint movement gave good 

agreement with the theoretically predicated movements using equation 2.18. The researchers 

found that all of the joints moved equally and that the movement was most closely related to 

the mean slab temperature. A statistical analysis showed there was no relationship between the 

type of sub-base or the joint reinforcement and the movement measured at the joint. 

Additionally there was no significant difference in the behaviour of the joints at 40ft (12.2m) 

and 20ft (6.1m) spacings. This was because the 40ft sections all contained active cracks 

midway between the joints making them behave like 20ft sections. Although the 20ft sections 

also contained similar cracks none of these were found to be active. 

2.5.5. Restraint 

Bloom and Bentur (1995) developed a laboratory testing rig to determine the restraint stresses 

in normal and High Performance concrete at early ages. Concrete with a w/c ratio of 0.5 

exposed to drying at 40°C and 40%RH had measured stresses of 1.5MPa after 5 days when the 

tensile strength was 2.2MPa. Even sealed specimens were found to have restraint stresses of 

1. OMPa after the same time. The stresses were found to be higher in concrete with a low w/c 

ratio - 0.33 gave tensile stresses of 2.5MPa after 5 days. The presence of silica fume did not 

alter the magnitude of the 5 day stresses, but they occurred more rapidly. 

Kovler (1994) also developed a laboratory test method using 'dog bone' shaped samples to 

measure the mechanical behaviour of free and restraint concrete. The arrangement of the test 
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rig allowed the separation of the creep effects from the sample shrinkage by testing two 

specimens simultaneously - one of which is restrained, whilst the other is free. Stresses of 1.5 

MPa were found to develop in the 40mm x 40mm specimens within 24 hours of exposure to 

the drying environment (30% RH). This stress increased with time remaining just below the 

tensile strength of the concrete. 

Nagataki (1970) cast a trial slab 231/4 ft (7m) long to determine the shrinkage effects under 

external exposure conditions. The results showed that the mean shrinkage at all sections was 

the same although the warping strains were found to decrease nearly linearly with distance 

from the end of the slab, with no warping strain at the middle section. This showed that 

frictional restraint was insufficient to prevent movement whilst warping restraint increased 

with distance from the end of the slab. 

The unrestrained section of CRC pavement monitored by Crawford and Anderson (1963) 

showed reduced cracking 120ft (37m) from the East end and 500ft (152m) from the West end 

with no cracking at all within 100ft (30m) of the ends of the slab. The second section of CRC 

pavement with fully restrained ends also showed a slight reduction in cracking within 100ft of 

the ends, which is believed to be related to the slight movement of the anchoring lugs, 

however, cracking was still present up to the ends of the slab. 

Ytterburg (1987c) reported unpublished work by Schrader (1987) where the risk of cracking in 

slabs cast against older slabs with protruding reinforcement was highlighted. In order to 

minimise this restraint the use of square dowels with spacers was recommended. ACI 325 

Subcommittee IV (in Ytterburg, 1987c) concluded that longitudinal and transverse dowels may 

result in a restraint stress of 0.17 MPa, which would increase the stresses at all other sections 

in the slab by the same amount. 

2.5.6. Temperature 

When analysing the temperature effects in pavements several studies [Poblete et. al. (1988b), 

Rollings (1993) and Armaghani et. al. 1987) have found that a permanent upward curl exists in 

the slabs such that a positive temperature gradient is required to establish full sub-base support. 

This was believed to be caused by the presence of a positive thermal gradient, caused by solar 

warming of the slab surface, when the concrete hardened. As the slab cooled this initial 

gradient resulted in the slab surface contracting more than the rest of the slab leading to the 

development of upwards curling. The magnitude of these gradients was found to be between 5 

and 10°C. 

Many of the instances of vertical movement occurred within the first few days or weeks in the 

life of the slabs. This ruled out drying shrinkage as a mechanism for the movement and led 

Rollings (1993) to conclude that frictional restraint of autogeneous or related shrinkage of 
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hydrating cement and thermal gradients resulting from the exothermal hydration of the cement 

were the main causes of this early curling. Although these effects were only small the 

relatively thin slabs studied meant that this differential movement was sufficient to cause 

curling. Drying shrinkage may have been ruled out as a cause of the early-age curling, 
however, it was identified as being contributory to the continued movement as the slab aged. 

Spigolon (1963) found visible transverse cracks started forming in an instrumented highway 

pavement constructed in October about 3 days after construction. The West pavement section 

constructed in October had average crack spacing of 5 to 10ft, whilst the East pavement 

constructed the following spring had a much slower rate of crack formation, although after two 

or more years the difference was hard to distinguish. In a second instrumented pavement most 

sections had cracks forming after 2 to 3 days although one section poured in cold weather had 

several thousand feet of slab with no cracks even after 60 days. 

2.6. In-situ instrumentation and monitoring 

No details of previous in-situ early-age monitoring of concrete industrial floor slabs could be 

found. Kim and Lee (1998) carried out laboratory tests on the differential drying shrinkage of 

external concrete slabs using embedment strain gauges, whilst long-term monitoring of joints 

in concrete pavements (Nagataki, 1970; Poblete et. al., 1988b) has been carried out using both 

Carlson and vw strain gauges. In all cases no readings were taken earlier than 24 hours after 

construction was completed. Similarly readings only began after 24 hours in the long-term 

testing of a suspension bridge reported by Lachetui et. al. (1996a). Although readings were 

then taken every two hours the authors felt that the readings during the first 24 hours would not 

be useful. 

2.6.1. General concrete structures 

Instrumentation of buildings is an area which has become more topical in recent years with 

interest in intelligent structures. More information is required in order to determine the true 

performance of structures, which in turn allows assessment of the reliability and accuracy of 

the assumptions made in the design codes. Wright and Lloyd (1992) carried out an 

instrumentation of a multi-storey building to monitor loads and deflections during construction 

and in service. They installed 200 sensors, including vibrating wire pressure cells and 

inclinometers to monitor foundation performance and vibrating wire strain gauges cast into 

concrete members and welded to steelwork to monitor the structural behaviour. Cost 

limitations restricted them to manual recording of data on a weekly basis as opposed to the 

automatic logging system originally foreseen. However, this was still sufficient to allow 

significant differences between designed and actual behaviour to be seen. They identified the 
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difficulty in defining the actual loads on a building in service without carrying out controlled 
loading tests, and highlighted the fragility of most available instrumentation. This is not a 

problem when carrying out laboratory work, but presents problems for protecting the 

equipment on site. The Federal Highway Administration of the US Department of 
Transportation (FHWA, 1996) recommends using at least three strain gauges at each location 

to provide redundancy in case a gauge is damaged. 

Scott and Gill (1987) describe a technique for instrumenting concrete using wire resistance 

strain gauges. These gauges can be much smaller than vibrating wire strain gauges, however, 

the grid of support wires required to locate them generally makes them unsuitable for use on 

site. Additionally because of long term stability problems the FHWA recommends the use of 

vibrating wire strain gauges for the measurement of long term strains instead of electrical 

resistance strain gauges (FHWA, 1996). 

Shahawy and Arockiasamy (1996a) carried out a comprehensive study of the Sunshine 

Skyway Bridge in Florida. A total of 259 A-10 Carlson strain meters were used to monitor the 

concrete strains and temperatures in 17 of the pre-cast bridge segments, three sections of the 

bridge pylons and 11 sections of the two main bridge piers. These strain meters were cast 
directly into the concrete with all cables routed through conduit to an automatic data 

acquisition system. Samples of the concrete used in the construction were also subject to a 

large-scale field and laboratory testing process. Test cylinders were cured on site for three days 

before being removed for testing. Compressive strength, elastic modulus, Poisson's ratio, and 

the coefficient of thermal expansion were determined at approximate ages of 3,7,28,90,180 

and 365 days. Further cylinders with embedded vibrating wire strain gauges were subject to 

creep and shrinkage tests on site. Six of the pre-cast bridge segments also had 28 

thermocouples embedded in them to record the thermal profiles, whilst an additional 14 

thermocouples were used to measure the temperature distribution across the major and minor 

axes of the bridge pylon. Manual readings were taken initially but all of the instrumentation 

was then connected to a computer controlled data logger to allow automated readings to be 

taken. 

Lachetui et. al. (1996a) also monitored the behaviour of a high performance air entrained 

concrete bridge with thermocouples and vibrating wire strain gauges embedded in the deck 

slab and one of the bridge abutments. All of the instruments were connected to a remote data 

acquisition system connected by modem to a computer. Temperatures and strains were taken 

every 2 hours although instrument failure meant that no strain readings were taken during the 

first 2 days following construction. In any case the authors stated that strain readings taken 

during the first 24 hours whilst the concrete hardened would not have been valid. 
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A laboratory and numerical study (Boulay and Paties, 1993) of the interaction between early- 

age concrete and a vibrating wire strain gauge found that once the concrete modulus had 

exceeded 1.5 GPa the errors between the measured and imposed deformations due to thermal 

or structural loads were less than 5%. It was found that the thermal deformations were over- 
indicated by the gauges at early ages, whilst the structural deformations were under-indicated. 

This was believed to be because the concrete was not sufficiently strong to transfer structural 

loads to the gauges or to restrain the gauge under applied thermal loads. The results were 
found to be dependent on the geometry of the specimen and of the gauge. 

One way of avoiding the problem of the interaction between the strain gauges and the concrete 

at early ages would be the use of fibre-optic sensors. For examples of methods for 

implementing fibre-optic sensors in the monitoring of concrete structures, and explanations of 

what can be measured using this technology see The First European Conference on Smart 

Structures and Materials (1992). The drawback of this method of structural monitoring is the 

extremely high cost. Approximate costs at November 1997 were £1000 per installed meter of 

fibre-optic cable. 

2.6.2. Slabs and pavements 

Instrumentation of slabs and pavements has been carried out to determine the behaviour of 

joints with respect to thermal changes, both on a seasonal and a daily scale, or to assess 

restraint, joint efficiency and curling. 

Several investigators have used mechanical gauges located in plugs set into the concrete to 

monitor the horizontal movement of joints and cracks [Mandel et. al. (1990); Crawford & 

Anderson (1963); Gulden & Brown (1985)]. Because of the low cost involved these can be 

installed across many joints and cracks in a pavement, although automatic readings are not 

possible. Spigolon (1963) also monitored the horizontal movement of several points along a 

section of CRC highway relative to concrete monuments embedded 10ft (3m) into the ground. 

Gulden and Brown (1985) monitored vertical deflections relative to fixed reference points 

using dial gauges mounted on a frame which rested on the shoulder of the pavement. A similar 

technique was employed by Poblete et. al. (1988b), who instead used LVDTs attached to a 

deep reference base (Figure 2.7) to measure the absolute vertical movement of joints as well as 

the faulting. Periodic monitoring of these joint movements, as well as the slab temperature, 

was carried out with a portable PC. On each occasion the position of a test vehicle was also 

recorded as it travelled down the instrumented section of pavement to allow the joint 

movements to be correlated to the loading. 

Minkarah et. al. (1981) instrumented almost lkm of highway pavement. Electrical linear 

motion transducers and temperature sensors connected to strip-chart recorders were placed 
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across some of the joints, giving continuous readings for up to 1 week, whilst the other joints 

were monitored by hand using dial gauges on a monthly basis. Vertical joint deflection 

readings were also taken electronically four times a year. Bodocsi et. al. (1993) continued the 

monitoring of joint movements, although a 16 channel datalogger replaced the strip-chart 

recorders, many joint readings were still taken by hand with a Demec gauge. 

Barenberg and Zollinger (1990) instrumented pavements to monitor shrinkage, curl and load 

effects. They used wire resistance strain gauges sealed in a polyester resin which was coated in 

a gritty substance to promote bonding to the concrete. In order to eliminate local effects a 

gauge length greater than three times the maximum aggregate size was chosen. 'Dummy' 

gauges were installed in parallel with each active gauge because the resistivity of the lead 

wires changes with temperature and the thermal coefficient of expansion of the gauge itself is 

modified once it is bonded to the concrete. These dummy gauges were sealed in PVC tubing to 

isolated them from the concrete allowing a zero load effective strain to be obtained. This 

method worked well for the load strains but problems were encountered when trying to analyse 

thermal strains. In order to guarantee the accurate placement of the strain gauges the bottom 

gauges were fixed to a u-shaped metal bar which was located in holes drilled in the sub-base. 

No satisfactory method of supporting the top strain gauges was developed so the authors tried 

three different approaches to locate the gauges once the pavement had been laid. Firstly 

grooves were cut in the hardened pavement with the gauges being grouted in place. Secondly 

wooden blanks were placed in the slab during construction. Once the concrete had set these 

were removed and the gauges grouted into place. The long-term durability of the grout was a 

concern for these first two methods and neither allowed very early strains to be obtained, 

although the second method was better in this respect. The third method involved working the 

gauge into the fresh concrete. This solved both problems just mentioned, though accurate 

placement for both depth and direction were difficult to achieve. It was felt that with practice 

this method would be the preferred for any future installations. Interference from nearby 

electrical sources also caused problems when monitoring the gauges. This situation was 

improved by the use of high quality lead wires and connectors, but improved grounding of the 

logging instrumentation and a high frequency filtering system were required to significantly 

improve the signal to noise ratio. 

Nishizawa et. al. (1997) instrumented two sections of CRC pavement in Japan to identify the 

magnitude of thermal stresses. Three strain gauges with internal thermocouples were 

embedded at each measurement point, recording stresses at the top, mid-depth and the bottom 

of the slab. No readings were taken until the slab was three months old at which time two time 

periods each lasting two weeks were monitored with readings of temperature and strain taken 

every hour. Readings were taken in late winter and late spring of 1996. 
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Most recently, the Federal Aviation Authority installed a fully automated instrumentation 

system at Denver International Airport as part of an ongoing research effort into runway 
behaviour. Carlson meters and electrical resistance strain gauges have been embedded in the 

runways and taxiways of the airport to allow real-time data on movements to be collected. This 

instrumentation along with additional sensors monitoring ambient air and ground conditions is 

linked to an Oracle7M database with a JavaTM web interface' enabling the database to be 

queried from anywhere in the world. 

2.6.3. Relative humidity 

The internal moisture is one of the parameters which plays a critical role in determining the 

material properties and performance of concrete. For example, durability of the surface and 

corrosion of reinforcement is linked to the moisture exposure history of the concrete. Under 

most exposure conditions moisture is lost from the concrete into the environment causing the 

internal moisture distribution to vary both with location and time (Figure 2.8 and Figure 2.9). 

Andrade et. al. (1999) investigated the distribution of relative humidity in concrete exposed to 

natural and artificial weathering, demonstrating that under conditions of variable ambient 

temperature and relative humidity the temperature is the most important parameter in 

determining the long-term moisture profile. Furthermore, Bazant and Baweja (1995b) 

demonstrated that a periodic humidity variation of length Th did not affect the pore humidity at 

the centre of a cross section if zsh >_ 2Th. This justified the use of constant humidity test data 

when deriving models of creep and drying shrinkage for application on 'real' structures. For 

typical concretes this can be restated in terms of the effective thickness, D, as: 

0.5 

D >_ 25.4 
T" 

[mm] equation 2.19 
1 Odays 

Therefore, daily variations in the ambient RH would only affect the pore moisture content to a 

depth of 4mm, and annual changes would only affect it to a depth of about 75mm. 

2.7. Modelling of material properties 

In order to carry out any form of numerical modelling the behavioural characteristics of all of 

the construction materials must be mathematically described. In the case of an industrial 

ground floor slab, the system which must be modelled for both thermal and structural analyses 

involves the slab, the sub-base, the subgrade and all of the interfaces between these materials. 

I http: //www. airtech. tc. faa. gov/pavement/diaip. htm 
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This section of the literature review describes the various methods available to model these 

elements of the system. 

The material properties of the sub-base and subgrade have been assumed constant2, whilst 

nearly all of the properties of the concrete change with time e. g. elastic modulus and thermal 

conductivity. Instead of linking the development of material properties to time, the degree of 
hydration can be used. This is a fundamental property of the maturing concrete and allows a 

continuous function to describe the changing material behaviour. In contrast, linking the 

material behaviour to the concrete age would not take account of accelerated or delayed 

hydration due to variability in site conditions, or the differential development of properties in a 

slab as hydration progressed. Several different measures of the degree of hydration are 
discussed in Properties of set concrete at early ages (Rilem Commission 42-CEA, 1981) and 
Byfors (1980). The degree of hydration, r, defined as the momentary cumulative proportion of 

the heat of hydration at time t, Q(t), compared to the total cumulative heat at full hydration, 

Q,., (equation 2.20) is described here more fully. 

r(t) = Q(t) 
QrriaX equation 2.20 

This expression assumes that the production of heat during hydration is concurrent with the 

degree of hydration, which is not unreasonable given the good correlation between the amount 

of cement that has reacted and the amount of liberated heat for ordinary Portland cements (van 

Breugal, 1998). More research is needed on the relationship between evolved heat and degree 

of reaction in non-Portland and blended cements as although the evolved heat gives an 

indication of the degree of reaction the relationship may not be a linear one. 

Because of the changing material properties, and because some of the changes experienced are 

partly irreversible, the stress and strain state in concrete is history dependant (Philjavaara, 

1982). 

2.7.1. Compressive strength 

For a detailed discussion of the methods used in the determination of the compressive strength 

the reader is referred to Neville (1995). As for many concrete material properties the 

compressive strength has been found to vary with the concrete age and can, in turn, be related 

to the degree of hydration. This relationship between compressive strength and degree of 

hydration has been found to be linear (Byfors, 1980; Rilem Commission 42-CEA, 1981). 

2 The thermal properties of soils are dependent on the moisture content. However, for the 

purposes of this investigation, constant values from the literature have been used. 
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Using this relationship De Schutter & Taerwe (1996) used equation 2.21 to relate the 

compressive strength at a given degree of hydration fr(r) to the compressive strength at full 

hydration ff(r = 1). Here ro reflects the fact that a critical degree of hydration must be reached 

before the concrete has a compressive strength, whilst a is a parameter to fit the experimental 

data. 

fr(r) 
_r- 

ro 
equation 2.21 

. 
f, (r =1) 1- ro 

Values of ro tabulated by De Schutter and Taerwe ranged from 0.15 to 0.6, although most fell 

in the range 0.15 to 0.22. This agrees with Rostasy et. al. (1993) who found ro and a to be 0.17 

and 1.5 respectively. Byfors (1980) found a relationship between the water cement ratio of the 

concrete and the critical degree of hydration following a regression analysis of data from 

Taplin (1959). 

ro =k 
w-° 

equation 2.22 

Where wo is the initial water quantity, c is the cement content and k is a material parameter 

which varied between 0.4 and 0.46. 

2.7.2. Tensile strength 

Oluokun (1991) identifies the difficulty of obtaining the true tensile strength of concrete by 

stating the tensile strength of concrete is a physical property that has no absolute meaning; it 

is always expressed in terms of a specific test procedure. 

Various test methods are discussed in Neville (1995) although these are generally only 

applicable for the testing of mature concrete. Rilem Commission 42-CEA (1981) produced a 

series of guidelines for the tensile testing of early-age concrete. 

Uniaxial tensile testing by Hannant (1994), Ziegeldorf et. al. (1982), and Kasai et. al. (1971) 

shows that there is a rapid increase in the tensile strength of concrete between 5 and 7 hours 

after casting. This rate of growth slowed after about 10 to 15 hours with the data showing an 

almost linear relationship between the compressive strength and the tensile strength of the 

concrete, especially at very early ages -0<t< 2days. After this the relationship diverges 

slightly, showing a more rapid development of tensile strength. 

Oluokun (1991) assembled the published data from 11 investigations into the splitting strength 

development carried out over a period of 20 years. They covered different curing regimes 

(time and temperature), w/c ratios, age at testing, and cement types, with the results indicating 

that none of these have an effect on the compressive/tensile strength ratio. The relationship 

between the splitting tensile and compressive strengths was proposed to take the form: 
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ýn f1, spl =k (fr) 
equation 2.23 

Where k and n are material parameters determined from laboratory tests. Values of n between 
0.5 and 0.75 have been suggested (Neville, 1995). For all concretes over 12 hours old (f" > 6.9 
MPa) Oluokun et. al. (1991b) found the following relationship to be valid: 

. 
fct 

spl = O. 2O6(fc )0.79 
equation 2.24 

In a later study Oluokun (1991) found the best fit of the combined database of published data 

to be with k=0.214 and n=0.69. 

The British Code of Practice BS8007: 1987 gives the following relationship between the direct 

tensile strength and the cube strength: 

ff1 = 0.12(f�, ýo. 7 equation 2.25 

De Schutter and Tearwe (1996) show how the relative development of the splitting, flexural 

and uniaxial tensile strength with maturity is similar, whilst Neville (1995) highlights that 

there is little difference between the different relationships. 

Taking equation 2.24 and again assuming the relationship between compressive strength and 

maturity in equation 2.21 it can be shown that the tensile strength relates to the maturity 

according to: 

f, (r) 
r- ro 

fcr(r=1) 1-ro equation 2.26 

Parameter c is found from a. n. Using a=1.5 from before and n=0.69 gives 1.035 which 

agrees with Rostasy et. al. (1993) who found it to be equal to 1. 

2.7.3. Elastic modulus 

The elastic, or Young's modulus, is a measure of the ratio of stress to strain in a sample. In the 

case of concrete this ratio is not constant, being itself a function of material age, temperature 

and relative humidity as well as of the constituent parts of the concrete and the rate and 

duration of application of the stress. 

There are several different elastic moduli commonly used for concrete (Figure 2.10). They are 

the initial tangent modulus, the tangent modulus, and the secant modulus. The initial tangent 

modulus is the tangent to the stress-strain curve at the origin. This is, however, of limited 

practical importance as it fails to take into account the creep of the concrete. The tangent 

modulus can be determined at any point on the stress-strain curve for concrete, but as it is a 

tangent it is only valid for stresses near the point for which the modulus was determined. The 

secant modulus is the gradient of the line from the origin to a defined point on the stress-strain 
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curve. This can be used to account for the elastic and the creep deformations of the concrete. 
As the modulus decreases with increasing stress, the stress at which it is determined must be 

stated with the modulus. For comparisons between concrete according to BS 

1881: Part 121: 1983 the maximum stress applied to the samples should be 33% of the ultimate 

strength. 

The Young's modulus for concrete increases as the compressive strength increases, although in 

general it tends to increase at a progressively slower rate as the compressive strength increases 

(Rilem Commission 42-CEA, 1981). For this reason the equations for predicting the elastic 

modulus of concrete tend to relate it to the compressive strength, as this is also a function of 

the variables previously mentioned. Because of the dependence of the concrete elastic modulus 

on the elastic modulus of the aggregate and on the aggregate content of the concrete the 

precise relationship between the compressive strength and the elastic modulus is unclear. ACI 

318-89 (Revised 1992) gives the relationship as: 

Ec = 4.73(f, ' )0 ,5 equation 2.27 

where f' is the compressive strength of standard test cylinders in MPa and E, is in GPa. 

The elastic modulus can also be related to the density of the concrete, which should help to 

account for the different aggregate proportions. ACI 318-89 (Revised 1992) states this 

relationship as: 

Ec = 43p, 1.5 (fc)0.5 X 10-6 equation 2.28 

where pp is the density of the concrete (kg/m3). Oluokon et. al. (1991a) found this relationship 

to be valid for all concretes from 12hrs after casting. 

More recently, methods treating concrete as a multi-phase composite have been introduced. Li 

et. al. (1999) describe how elastic theory and the rule of mixture method can be combined to 

allow not only the relative proportion of each phase but also the maximum size and gradation 

of the elements in the aggregate phase to be used to determine the elastic modulus. Although 

this latter method gives good agreement with test data it will not be used here. This is because 

designers specify concrete performance in terms of concrete compressive strength and cube 

samples are regularly taken on site to measure this in order to test for compliance. 

There is little data available from tensile testing of concrete, but according to Neville (1995, 

p. 419) the best assumption which can be made about the modulus of elasticity in tension is that 

it is equal to the modulus in compression. 

ACI 209 shows the elastic modulus to vary with respect to the 28-day elastic modulus 

according to equation 2.29 where E(t) is the predicted elastic modulus, E, 8 is the 28 day elastic 

modulus and t is the age of the concrete in days. 
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0.5 

E(t)=E28x t 
4+0.85xt equation 2.29 

Bazant & Osman (1976) proposed a more accurate description of the variation of the modulus 

with time, which also allowed the effects of the duration of the loading on the modulus to be 

predicted. The conventional elastic modulus can be determined according to equation 2.30 

using a load test duration of 0.1 days (Bazant and Panula, 1978b). The four material 

parameters required for solution of this equation, E0, m, n and col are defined and discussed in 

Chapter 2.7.5. 

1_1+ API 
. IO-n (tTm 

E, (t') Eo Eo equation 2.30 

Bazant and Panula (1978b) recommended using this expression instead of equation 2.29 when 

carrying out creep calculations - the increased accuracy can be seen in Figure 2.11 where the 

two models are compared. 

The long-term growth of the elastic modulus according to equation 2.30 is much higher than 

predicted by equation 2.29. This is because it relates to a condition of constant water content, 

whereas the ACI expression is applicable only for drying concrete specimens of standard 

dimensions; the hydration reaction stops in these specimens relatively soon, whereas in 

concrete which is not drying the hydration continues for much longer (Bazant & Osman, 

1976). 

A final relationship between the degree of hydration and the elastic modulus - in line with the 

other concrete properties - was proposed by De Schutter and Taerwe (1996) in order to 

simplify its use in modelling applications. 

Eco (r) r- ro 
equation 2.31 

E, r=1 1-ro 

Parameter b is again found from axn, this time giving 0.75 using the ACI formula for EE 

(equation 2.27). For comparison Rostasy et. al. (1993) proposed 2/3. 

2.7.4. Poisson's ratio 

The ratio of lateral strain to longitudinal strain is the Poisson's ratio. For concrete in 

compression in the range where longitudinal strain is linearly proportional to the applied stress 

then the Poisson's ratio is approximately constant. It has been found to vary between 0.1 and 

0.3, although generally values of about 0.15 to 0.22 are used in calculations (Neville, 1995). 

No generally applicable mathematical formulas relating any variables to this behaviour have 

yet been determined so if high accuracy is required testing should be carried out on a particular 

concrete. 
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Several different opinions appear in the literature on the relationship between Poisson's ratio 

and time. Oluokun et. al. (1991a) concluded that the Poisson's ratio was insensitive to both the 

age and the richness of the concrete mix and that it did not change appreciably with the 

compressive strength development, although the data they based this on showed an increase of 
between 20 and 40% between 6 and 12 hours after casting for all samples. 

2.7.5. Creep 

Creep of concrete is a time dependant viscoplastic response under the influence of stress, 

which can either result in a reduction of stress under conditions of constant strain, or it can 

manifest as an increase in strain under conditions of constant stress. Rheologically speaking 

the former is defined as relaxation, although for the purposes of this discussion it will be 

referred to as creep relaxation. 

A description of the main processes involved in creep and their modelling will be given here. 

For further information and a more detailed description of these processes the reader is 

referred to Bazant and Wittman (1982), Bazant (1988), Gilbert (1988) and Bazant and Carol 

(1993). 

The creep behaviour itself comprises two components, namely: 

9 basic creep " drying creep 

Basic creep is a delayed elastic strain in the material, which is reversible on removal of the 

load. The time over which this strain occurs (and recovers on removal of the load) varies from 

material to material and, in the case of concrete, is strongly dependent on the age at loading. 

The predominant cause of basic creep is seen as the property of delayed elasticity as well as 

the viscous deformation of the hydrated cement gel (Rösch et. al., 1983). 

Drying creep (also known as the Pickett effect) is the strong increase in creep of a specimen 

exposed to drying when compared to a sealed specimen (Bazant et. al., 1988). It is ascribed to 

an accelerated movement of water molecules in the pore system of the hydrated cement paste 

caused by the external load (Rösch et. al., 1983). 

There are many mathematical formulas in the literature for predicting creep (see Bazant & 

Osman, 1976). Van Breugel (1982) described how the early hardening process of concrete can 

be likened to a Taylor series, where an increase in hydration and hence stiffness is represented 

by the addition of further Kelvin units (Figure 2.12). The double power law is discussed 

further here because it has been shown to be accurate for specimens loaded after only one day 

(Bazant & Osman, 1976) and also it's ease of conversion into a Taylor series for numerical 

implementation. 
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Assuming that the creep law of concrete is linear and that the principle of superposition is 

valid the creep compliance function J(t, t') applies. This function represents strain (including 

elastic strain but excluding shrinkage) in time t caused by a constant unit stress that has been 

acting since time t'. The specific creep C0(t, t') is the creep strain produced at time t produced 

by a unit stress acting since time t'. Time t' is measured from the setting of the concrete and 

represents its age. According to Bazant et. at. (1976) the basic creep compliance function takes 

the form of equation 2.32. 

J (t, t') =1+ CO (t, t') 
E 0 

Co (t, t') = Et` 
(t 

- t')" /0 

equation 2.32 

equation 2.33 

Where E0, m, n and cp1 are material constants. Eo is defined as the left side asymptote of the 

creep curve in the log-time plot. This asymptote is reached only at ultra short times which lie 

outside the range of validity of equation 2.33. This time period is even smaller than for the 

dynamic modulus, leading to this modulus being called the asymptotic modulus. It can be 

found from equation 2.34 (Bazant & Panula, 1978b) where p, is the concrete density (kg/m3), 

f, is the 28 day cylinder strength (N/mm2) and 11Eo is in 1/MPa. 

I=0.01305+ 0.0853 
x 10-3 equation 2.34 

2 Eo z1 

_ 
0.00005 2 

Z1 1769.1 
f` 

Constants m and n are found according to equation 2.35 and equation 2.36, although Bazant & 

Osman (1976) carried out extensive curve fitting of published data finding values of constants 

m and n to be 1/3 and 1/8 respectively if no specific test data is available. 

m=0.28 + 
47.541 

equation 2.35 
(fl)- 

0.07x6 
forx>4: n=0.12+ 

5130+x6 

for x< 4: n=0.12 equation 2.36 

. 15 1/3 ' 

x=2.1 
aý 

lý+Waa, -4 (s/c)181.05 c9 

Where a/c is the total aggregate to cement ratio, s/c is the sand to cement ratio, wc is the water 

to cement ratio and a/g is the total aggregate to gravel ratio, all by weight. The remaining 

constant cpl can be found from: 
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_ 
io3n 1 

a- equation 2.37 ý1 
2 28-"' +a)' 40 w1c 

To allow for the effects of simultaneous drying equation 2.32 can be extended (Bazant and 
Panula, 1978c) as shown in equation 2.38: 

J(t, t')= 
E 

+Co(t, t')+Cd(t, t', to)-CP(t, t', to) equation 2.38 
0 

Where Cd represents the increase in creep due to drying, CP represents the decrease in creep 

after drying and to is the age of the concrete at the start of drying (days). Except in very thin 

specimens C, is rarely reached in practice and Cd is only reached after a long time (Bazant et. 

al., 1978). As these additional terms represent only a slight modification of equation 2.32 they 

can safely be ignored when considering the early age behaviour of an industrial floor. 

2.7.6. Shrinkage 

Shrinkage is defined as the reduction in volume of unloaded concrete at constant temperature 

(Rösch et. al., 1983). This process is primarily caused by a loss of water during the drying 

process, resulting in a shrinkage strain, Esh. The inverse process, which is of little significance 

in practice for internal slabs, is called swelling. 

The only length change that can directly be linked to the hygral mechanisms involved is 

unrestrained shrinkage. Experimentally this situation is very difficult to attain, as even in thin 

specimens a hygral gradient exists as soon as drying begins. In larger specimens depending on 

the geometry and the diffusion coefficient this gradient can exist for many years. The 

measured length change under these conditions is, therefore, also a function of the internal 

stress distribution (Wittman, 1982). 

2.7.7. Plastic shrinkage 

Plastic shrinkage occurs before the concrete has set, as moisture is lost into the environment. 

Water moving out of a porous body which is not fully rigid causes contraction as a result of 

capillary tension. During the plastic phase in concrete this is a simple volumetric change 

caused by the loss of water from the system due to evaporation and the accompanying 

compaction of the particles in the paste. The magnitude of this shrinkage is affected by the rate 

of water loss from the concrete (and hence by ambient temperature, RH and wind speed) and 

by the stiffness of the hydrating cement paste (Uno, 1998). The rate of moisture loss itself is 

not an indication of plastic shrinkage cracking as much depends on the stiffness of the concrete 

mix itself. 

Turton (1989) stated that plastic shrinkage cracking does not appear to be a major problem in 

industrial floors in the UK because of the power floating processes used, although occasionally 
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on removal of floor surfaces in preparation for another floor finish plastic shrinkage cracks 
have been apparent. This highlights how power-trowelling operations can close over cracks in 
the surface of the concrete giving the appearance of a perfect slab, whilst cracks remain 
through the majority of the slab depth. This may not always be the case however, as Shaeles 

and Hover (1988) investigated the occurrence of plastic shrinkage cracking in thin panels 
exposed to forced drying. They found there was no direct correlation between the rate of 
moisture loss and the severity of cracking, although in all cases slabs with a finished surface 
experienced less cracking. 

Several authors have tried to relate plastic shrinkage cracking to the evaporation rate (Kohler 

et. al., 1955; Menzel, 1954; Uno, 1998). However, as different concrete mixes bleed at 
different rates and other variables such as the rate and method of finishing also seem to affect 
the formation of plastic shrinkage cracks the use of a constant value seems erroneous (Shaeles 

and Hover, 1988). In most cases for a given mix type there does appear to be a critical 

evaporation rate, which was acknowledged by Uno (1998). The critical evaporation rate for 

different concretes based on a further analysis of data presented by Samman et. al. (1996) was 

suggested. 

EmaX = 1.6 - 0.016 ff equation 2.39 

Where Er�p is the maximum allowable evaporation rate (kg/m2/hr) and ff is the compressive 

strength of concrete (MPa). For C40 concrete equation 2.39 gives a critical rate of 1 kg/m2/hr 

which equals the rate given in the ACI report (305R-96) "Hot Weather Concreting. " 

Interestingly Anderson and Roper (1982) found that construction on a plastic membrane as 

opposed to on an absorbent sub-base increased the bleed rate, which made the concrete less 

susceptible to plastic shrinkage cracking. 

The plastic shrinkage of a porous media has been modelled by Radocea (1994), but the number 

of variables involved in modelling the concrete in this semi-fluid state at very early age make 

accurate modelling very difficult. As plastic shrinkage cracking can be prevented by 

controlling the environmental conditions under which concrete is cast, it will not be considered 

further here, however, the maximum evaporation rates given in equation 2.39 must not be 

exceeded. 

2.7.8. Drying shrinkage 

Once the paste has begun to set any subsequent loss of moisture from the system will cause 

internal stresses to be set up which in turn lead to strains. If the stresses exceed the 

instantaneous strength of the cement paste then cracking occurs. According to Grzybowski and 

Shah (1989) the drying of porous materials can proceed by 3 mechanisms: 
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" capillary stress theory, according to which an internal hydrostatic stress increases as the 

capillary pores become smaller 

" disjoining pressure theory, according to which water which is in a micropore must be in 

equilibrium with the surrounding relative humidity; to reach equilibrium water has to 
diffuse out of the pore 

" diffusion of water, which uses step-by-step integration in time to link moisture loss at a 
prescribed point to temperature, diffusivity of the material, the pore moisture content 

and the effect of hydration on the moisture content. 

Early drying shrinkage in concrete is believed to be largely due to surface tension in the 

capillary pore water, whilst long term drying shrinkage is believed to be due to the loss of 

water adsorbed on the surfaces of hydrated cement paste (Perenchio, 1997). However, at no 

time is the change in volume of the concrete equal to the volume of water removed (Neville, 

1995). 

Powers (1968) mentions the role of capillary water in explaining the hysteresis exhibited by 

concrete under changing humidity, or for the dependence of volume change on the capillary 

porosity. This latter dependence is also modelled by Shimomura and Maekawa (1997) who 

relate the shrinkage of concrete to a distribution function of porosity. Care must be taken, 

however, as Power's definition of capillary pore water also includes some of the water which is 

held in the gel pores. Any possible effect which may be caused by the water in these pores 

should be expected to be larger due to the smaller radius and hence the greater hydrostatic 

force. 

Powers (1968) also noted that the drying shrinkage was greater than predicted by the capillary 

stress theory, introducing the concept of disjoining effects. This was later given a more 

rigorous mathematical justification based on irreversible surface thermodynamics by Bazant 

(1970,1971,1972a & b). 

When the humidity level in concrete drops to low levels, further drying shrinkage is caused by 

the loss of adsorbed water from the cement particles (Powers, 1968). Solids, as well as liquids, 

have a surface tension, although the effects of this are normally negligible. However, in the 

case of very small particles (r =1x 10-6 cm), such as the colloidal cement particles found in 

the cement paste, the change in volume caused by this surface tension can become very large 

relative to the particles size (AV/V = 5800 x 10-6). The adsorption of water by these particles 

during hydration reduces the surface tension and allows them to expand. Thus, on drying the 

particles are once more able to shrink, causing a reduction in the volume of the paste 

Many factors control the ultimate shrinkage potential of concrete according to the mechanisms 

described above. For example, Kasai et. al. (1982) have shown that the free shrinkage potential 
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of concrete made with high early strength cement is greater than for ordinary Portland cement, 
although super high early strength cements had the lowest shrinkage potential. Concretes with 
high water/cement ratios have more redundant water which causes increased shrinkage on 

evaporation (Kasai et. al., 1982; Neville, 1995), whilst reducing the aggregate content or using 

aggregates which are weak or shrink will also increase the shrinkage (Neville, 1995) 

A simple empirical model proposed by Hillerborg was cited in Thelandersson et. al. (1998) 

where the drying shrinkage for an indoor slab can be determined according to equation 2.40 

where wo is the original water content of the concrete mix in 1/m3. 

ES = 3.75 x (wo 
- 50)x 104 equation 2.40 

Many models have been developed to provide predictions of the mean shrinkage across 

structural members, with varying degrees of complexity to account for ambient, material and 
dimensional effects. Whilst this makes them suitable for determining the long-term behaviour 

of a structure where the interaction of different elements is considered this approach does not 

allow the deformation and resultant stress profile in individual sections to be modelled. 

McDonald and Roper (1993) carried out a study of the accuracy of several theoretical models 

of concrete drying shrinkage. They looked at seven theoretical models including ACI 209R-82, 

Bazant-Panula (1978a-d) and CEB-FIP (1978) comparing the results of predictions with 

laboratory tests on more than 46 Australian concretes. They found that the more complicated 

models (Bazant-Panula) did not necessarily give the most accurate results when the concrete 

mix parameters were not well known. The results show much better agreement between the 

test data and the Australian code predictions than those from the European or American codes. 

The authors describe methods of parameter optimisation which can be used to improve the fit 

of code predictions, although whilst this could be justified for a particular project it is warned 

that strict relationships to code concepts cannot then be claimed. 

Hansen and Almudaiheem (1987) investigated the influence of elastic modulus and aggregate 

content on the ultimate drying shrinkage of concrete. At their time of writing the most accurate 

model was by Bazant and Panula (1978a-d) and this still only claimed +/- 31% when 

predicting creep and shrinkage. An alternative approach using the theory of elasticity and 

composite theory was suggested. This accounts for the significant influence of the cement 

paste shrinkage and the aggregate content on the concrete shrinkage. This model predicts that 

increasing the aggregate content decreases the drying shrinkage. Critically increasing this from 

65% to 70%, which is the range for most normal strength concretes, the predicted shrinkage 

was found to decrease by 18%, although this had yet to be verified by tests. 
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The Bazant-Panula model was further developed under the auspices of RILEM Technical 
Committee 107 and published in a series of papers (Bazant and Baweja, 1995a, b& c). This 

model, B3, will briefly be described to show how the ambient conditions, geometrical and 
material properties interact to control the drying shrinkage of concrete. 

The mean shrinkage in a cross-section at any time t, when drying began at time to is predicted 
as 

Esh(t, t0) --'csh� "kh "S(t) equation 2.41 

Where 5sh- is the ultimate drying shrinkage, kh is the humidity dependence, and S(t) is a time 

curve to describe the progression of the shrinkage. 

0.5 

S(t) = tanh 
t- t° 

Zsh 
equation 2.42 

Extending the period of wet curing diminishes the shrinkage on subsequent drying exposure. 
This is due to the increased stiffness and reduced moisture diffusivity of the concrete (Bazant 

et. al., 1976). Because of this the value of the shrinkage strain should be inversely proportional 

to the elastic modulus at the time when the moisture content begins to drop appreciably. 

Additionally as there is a hygral gradient in all but the thinnest of sections, a delay will be 

introduced between the beginning of drying and a reduction in the water content at the centre 

of the sample. This is accounted for by the shrinkage square half-time, TS,, Jn the denominator, 

which is related to the square of the specimen's effective thickness and its shape, and the time 

at which the shrinkage started as shown in equation 2.44. The addition of 600 to 7 in the 

numerator of equation 2.43 is supposed to make the constant Eh- represent the final shrinkage 

of a 150mm thick slab. 

£shy - Esh 
E(7+600) equation 2.43 
E (t0 + Zsh ) 

zsh = k, (ks D)2 equation 2.44 

where the effective cross-sectional thickness, D (in cm), is related to the volume, v and 

exposed surface area, s according to D= 2v /s, whilst ks is a shape factor equal to 1.00 for an 

infinite slab. Although an industrial floor is not an infinite slab, the ratio of thickness to plan 

dimension is sufficiently large for this approximation to be valid. 

The time dependence of the shrinkage is reflected in the time coefficient: 

kt = 54.98 . to-0'os ff-0.25 equation 2.45 

where to is the time when drying began (days) and f ý. is the mean compressive strength (MPa). 
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The ultimate drying shrinkage potential, E, is dependent on the composition of the concrete 

as shown in equation 2.46 and also on the time at which the drying began to. 

Es. =a, " a2 "[0.019 " w2.1 . 
(fc)-0.28 + 270 

] (in 
10-6 ) equation 2.46 

where al and a2 relate to the type of cement used and the method of curing - for type I cement 

and sealed curing these parameters are 1.0 are 1.2 respectively, w is the water content (kg) and 
f, is the mean 28 day cylinder compressive strength (MPa). If only the characteristic design 

strength ffk is known then fc = fck + 8.3 MPa. 

Finally the humidity dependence for relative humidity hS0.98 is given by: 

kh =1-h3 equation 2.47 

Model B3 does not describe well the autogeneous shrinkage in concrete, but this is considered 

acceptable as at the water/cement ratios used in industrial floor slabs (w/c = 0.5) this amounts 

to only around 5% of the drying shrinkage (Bazant et. al., 1988). 

Whilst discussing the sensitivity and theoretical basis of the B3 model (Bazant and Baweja, 

1995c), the largest source of error in the model predictions was identified as the dependence of 

the model parameters on the composition of the concrete. Although short-term measurements 

can be used to update the creep model, this same procedure cannot be applied to the shrinkage 

model until the final stages of drying, when the curve of Esh versus log (t-to) has begun to level 

off (Figure 2.13). If testing was ceased before the divergence of the two curves began then it 

could be wrongly concluded that both samples behaved in the same way. 

Because of the uncertainties involved in modelling concrete material properties the authors of 

the model B3 recommended generating test data using the following coefficients of variation 

(Bazant & Baweja, 1995a): 

w(gpl) = 23% for creep, with or without shrinkage 

w((p2) = 34% for shrinkage 
equation 2.48 

As the ambient relative humidity and the concrete compressive strength are also not constant 

the following coefficients of variation are suggested: 

('(Pp )= 20% for relative humidity h- cp3h 
equation 2.49 

w(rp4 ) =15% for compressive strength f. ppa fc 

Therefore assuming Gaussian distribution the 95% confidence limits for the drying shrinkage 

would be given by 1±1.96 x 0.34 =1±0.67. The structure should be designed using the 95% 

confidence limits and not the mean values as this means that only 1 in 20 structures might fail 

as opposed to 1 in 2 were the mean values to be used for design. 
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2.7.9. Cracking 

The required approach when modelling cracking in concrete is dependant on the application. 
Smeared cracking is most suitable when load deflection behaviour is required without 
completely realistic crack patterns, whereas if detailed local behaviour is required then 

adaptations of the discrete cracking model are more appropriate (Al-Nasra and Wang, 1994). 

In the smeared cracking model, tensile failure of an element does not lead to a physical crack, 
rather the element is still modelled as a continuum. However, the post crack strain is 
decomposed into two parts, the elastic strain and the crack strain. 

6=6e+£cr equation 2.50 

The stiffness is reduced to accommodated the presence of cracks. This process is carried out 

according to the post-crack stress-strain relationship adopted for the concrete. Thelandersson 

(1998) proposed the following linear softening modulus (equation 2.51). 

ET 
Ec 

= 
i_ 

21ýh equation 2.51 

Where EE is the elastic modulus of the concrete, 1 is the length of the structure and loh is the 

characteristic length as defined in equation 2.52. 

Gf"E 
lch -a 

Jct 
equation 2.52 

where Gf is the fracture energy, and f, is the tensile strength of the concrete. Generally in a 

finite element application the length 1 is the element length, chosen to be less than twice the 

characteristic length. This ensures that the stiffness of a cracked element will always be a 

negative number (Nagy, 1997). 

de Borst and van den Boogaard (1994) carried out a similar analysis to that required here 

looking at the risk of cracking at early ages in concrete tetrapods used in sea defences. As data 

which can be used in this sort of analysis is very sparse they detailed an approach which allows 

the derivation of a consistent formulation accounting for creep and creep fracture of early age 

concrete. 

The early-age concrete material properties are very non-linear in time being related to the 

degree of hydration, which is dependent on the relationship between evolved heat and the 

cumulative heat produced. This second function can be modelled in a separate thermal analysis 

using the same meshed domain as the structural model, although in order to prevent 

inconsistencies in the stress profile the thermal elements must be of a lower order than the 

structural elements. 
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The development of the young's modulus was modelled using equation 2.53, which accounts 
for its time and temperature dependence. 

E(t) = Eo 
f (T/T0 )7 {i_exp[(_ 

ß(t -z))I(T/To 
)6 ]}i- dz equation 2.53 

The double power law (equation 2.32 and equation 2.33) was then used to model the 
development of stresses with time accounting for creep losses. 

The fracture energy of concrete increases with maturity, but there is currently insufficient 

information on this relationship at early ages. For this reason de Borst and van den Boogaard 

(1994) used a constant value of Gf for all their models. 

2.7.10. Thermal properties 

A thorough review of the literature has been carried out to identify the thermal parameters to 

be used in the finite element models. Many investigations into the early-age thermal behaviour 

of mass-concrete structures have been carried out in order to assess the probability of cracking. 

Various material parameters have been determined which will be of use in the current 

investigation. These are discussed briefly below whilst the values found are summarised in 

Table 2.4. 

Some of the concrete properties can be determined using a commercial computer program 

(Hymostruc). This takes the chemical composition of the cement and the concrete mix design 

and produces output of the adiabatic hydration curve for the concrete and the maturity 

dependant thermal properties (van Breugel, 1991). 

2.7.11. Thermal expansion and contraction 

Thermal expansion and contraction is the change in length of concrete purely as a result of an 

increase or a reduction in the temperature, although the latter is sometimes incorrectly referred 

to as thermal shrinkage. In order to prevent confusion with hygral effects here, the terminology 

contraction and expansion will be used for thermal effects, whilst shrinkage and swelling will 

be reserved for hygral effects. 

Thermal movement can occur during the early life of a concrete structure as the result of two 

different effects. Firstly, thermal gradients can arise in the structure as the heat generated by 

the hydrating cement is lost to the environment. As the concrete hardens and the thermal 

gradients dissipate, stresses arise. Generally this is not problematic for industrial ground floors 

as they are not directly exposed to sunlight, thus limiting the temperature of the upper surface 

of the slab. Additionally the limited thickness of the slabs keeps the gradient between the 

middle and the surfaces of the concrete small. The second process by which thermal movement 

occurs arises from uniform thermal change. This affects concrete at early ages when the 
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temperature reduces after cement hydration, and also in the long term due to seasonal ambient 
temperature changes. 

Low heat cements have often been used in the past for mass concrete pours to try and combat 
these problems. Most contained granulated slag and often less than 50% Portland Cement 

clinker. In such cases, despite a moderate temperature rise, cracking may still occur because 

the Young's modulus develops too slowly in the early hardening phase (Springenschmid and 
Breitenbücher, 1998). Nagy (1997) carried out finite element studies on the stresses at early 
ages in hydrating concrete concluding that an early development of the elastic modulus was 
beneficial in preventing tension cracking, whilst concrete which developed high temperatures 
during hydration caused more cracking. This is because without a rapid growth of the stiffness 
the concrete cannot develop compressive stress during the heating phase. Therefore, when it 

cools down the tensile stresses will be greater than the control case. 

Temperature changes in concrete cause strains according to equation 2.54, where cc, is the 

coefficient of thermal expansion for concrete, and 8T is the temperature change. 

Ert =a "5r equation 2.54 

The coefficient of thermal expansion has been found to be largely time dependent (Byfors, 

1980) with values reducing by a factor of 7 over the first 128 hours after mixing. A rapid drop 

was recorded over the first 8 hours from about 70x 10-6 to 20x 10-6 /°C with a further slow 

reduction until the value of 12x 10-6 /°C was obtained after about 28 hours. This remained 

constant for the duration of the test (128 hours). 

Jonasson and Emborg (1996) and several other investigators discussed by Emborg (1998) also 

found that the coefficient of thermal expansion and contraction for concrete is significantly 

different for the first heating and the cooling cycle, although for mature concrete the values 

converge. Initial coefficients of thermal expansion and contraction of around 9.5-10.5 

µstrain/°C and 7.0-8.0 µstrain/°C respectively were found for concrete with a w/c ratio of 0.5. 

For this reason it was recommended that thermal deformations at early ages should be defined 

in terms of a coefficient of expansion and a separate coefficient of contraction. 

The coefficient of thermal expansion also has a direct dependence on the relative humidity, on 

the change in temperature, and on aggregate type and content. (Byfors, 1980). The latter 

dependence accounts for the range of values from about 7x10-6 to 13x10-6 given by Neville 

(1995). Experiments by Powers & Brownyard (1946) have shown the value of O CC be at a 

minimum when the concrete is fully saturated or fully dried, but to have a larger value for 

intermediate moisture contents. 

A value of 10 tstrain/°C is generally used for concrete in the absence of specific test data. 
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2.7.12. Thermal conductivity, Xc 

This property of concrete depends on the moisture content, content and type of aggregate, 
porosity, density and temperature. Byfors (1980) concluded that there was no relationship 
between concrete maturity and the thermal conductivity, with any measured changes being due 

to changes in moisture content. For ordinary concrete he suggested a value of 2.4 W/m. K, 

whilst (van Breugel, 1998) suggested values in the range 1.0 to 3.0 W/m. K were typical. 

2.7.13. Specific heat capacity 

This property of concrete is also affected by the moisture content, although unlike the thermal 

conductivity the aggregate type tends to have little effect. Neville (1995) suggested values in 

the range of 840 to 1170 J/kg. K. 

2.7.14. Boundary conditions 

The same values quoted by Thelanderson et. al. (1998) were also used by Nagy (1997) and 

quoted in Pettersson (1998). Truman et. al. (1991) didn't quote an actual wind speed, but for a 

condition with wind crossing exposed concrete surface suggested 23 W/m2"K. Ayotte et. al. 

(1997) gave the same value for exposed concrete, but recommending a reduced value when 

formwork was still in place. Truman et. al. (1991) carried out a parameter study to find 

suitable values for the interfaces between materials below surface level. In order to obtain free 

heat transfer between layers, thus making the rate dependant on the thermal properties of both 

sides of the boundary, they found a value in excess of 173 W/m2. K was necessary. 
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Table 2.4 - Summary of material thermal properties 

Material Property Concrete Sub-base Subgrade Reference 

Thermal conductivity, X 1.37 2.22 1.5 Rees et. al. (1995) 
(W/m. K) 1.76 - - Khan et. al. (1998) 

1.3-1.7 - - Mirambell (1990) 
2.0 2.6' - Ayotte et. al. (1997) 
2.1 - - Thelandersson et. al. (1998) 
2.0 2.62 1.37 Truman et. al. (1991) 
1.5 - - Pettersson (1998) 
2.4 - - Byfors (1980) 
1.9 1.8 1.28 CIBSE (1999) 

Specific heat capacity, c 880 930 2000 Rees et. al. (1995) 
(J/kg. K) 770 - - Khan et. al. (1998) 

1006 670 - Ayotte et. al. (1997) 
1000 - - Thelandersson et. al. (1998) 
880 - 1886 Truman et. al. (1991) 
1000 - - Pettersson (1998) 
1000 - - Byfors (1980) 
1006 - - Neville (1995) 
840 840 880 CIBSE (1999) 

Density, p (kg/m3) 2400 2000 1500 Rees et. al. (1995) 
2480 - - Khan et. al (1998). 
2370 2760 - Ayotte et. al (1997). 
2350 - - Thelandersson et. al (1998) 
2400 - 2098 Truman et. al (1991). 
2350 - - Pettersson (1998) 
2300 2240 1460 CIBSE (1999) 

Thermal coefficient of 7-11.5 - - Mirambell (1990) 
expansion, a 10 - - Thelandersson et. al. (1998) 

(x 10-6 /°C) 8-15 - - Neville (1995) 
10 - - Pettersson (1998) 

Concrete air boundary 8.3 (side) 1 Khan et. al. (1998) 
(W/m2. K) 9.3 (bottom) I --- "- -- 

6.2(top) I ------ 
4.8 (with formwork) 1 Ayotte et. al. (1997) 

23 (exposed) 
5.0 (wind speed < 0.1 m/s) 

CIBSE (1999) 

7.7 (wind speed 0.5 m/s) 
Thelandersson et. al. (1998) 
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13.5 (wind speed 2 m/s) Faraggi et. al (1987). 
20.0 

Interfaces under slab (W/m2. K) 173 Truman et. al. (1991) 
' Rock foundation not granular aggregate 
2 Rhodes (cited in Truman) 
3 This value was found by Truman et. al. to allow free heat flow across the boundary. Thus the 

thermal gradient is controlled by the thermal properties of the materials on either side of the 

boundary. 
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2.8. Mathematical modelling of slab behaviour 

2.8.1. Introduction 

Obviously, the usefulness of the data generated by 
these [finite element] programs is determined by how 
well the critical parameters are predicted, modelled 
and implemented into a numerical method since reliable 
experimental data on a mass-concrete structure is hard 
to find. Truman et. al. (1991) 

The modelling of the slab-on-grade problem should be approached using non-linear, 
viscoplasticity concepts accounting for numerous random discontinuities. Such an approach, 
however, is quite unfeasible, and given the complexity of the problem and the uncertainties 
inherent in its definition only the simplest of idealisations can really be justified (loannides & 
Khazanovich, 1998). 

For each of the properties under investigation the simplified approaches suitable for 
implementation in spreadsheets will first be discussed before more complicated numerical 
implementations are presented. In many cases the simplified approaches can be justified. 

However, their application at early ages when the concrete material properties are changing 

rapidly is often very difficult. 

2.8.2. Thermal changes 

Analyses have been carried out on mass concrete structures to assess the likelihood of thermal 

cracking due to the heat of hydration (Trueman et. al., 1991; de Borst & van den Boogaard, 

1994). However, only one study could be found on the on the effects of frictional restraint on 

slabs as they hardened (Eierle & Schikora, 1999), and this looked at two cases - firstly the 

edge of the slab and secondly a fully restrained section in the middle of the slab. 

Choubane and Tia (1995) compared the stresses in a slab resulting from a linear and a non- 

linear temperature distribution. The tensile stresses resulting from the linear distribution were 

found to be higher for the daytime condition and lower for the night-time condition than those 

determined using a non-linear temperature distribution. As the critical tensile stresses were 

found to occur during the daytime (Richardson & Armaghani, 1987) this would result in a 

linear temperature distribution underestimating the load carrying capacity of the slab, therefore 

making this approach a conservative one. 

Thompson et. al. (1987), Armaghani et. al. (1987) Venkatasubramanian (1963), Liang and Niu 

(1998) and Thomlinson (1940a & b) all studied the periodic nature of temperature variations in 

concrete slabs. Thomlinson proposed a method for predicting the temperature distribution in a 
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semi-infinite slab system subject to a periodic surface temperature variation. The shortcomings 

of this approach were identified by Liang and Niu. (1998) as: 

" It assumed that the pavement and the subgrade had the same thermal properties, and 

0 It ignored the difference in temperature between the air and the slab surface due to gas 

phase resistance. 

Although the simplified approach results in a linear temperature distribution Lang (1941) and 

Liang and Niu (1998) have shown that the differences between the linear and non-linear 
temperature distributions are minimal unless the thermal changes in the slab are very rapid. 

As the non-linear methods often involve very analytical closed-form solutions, which are time 

consuming and complicated to solve for every case, and the differences between the non-linear 

and linear solutions will be minimal for indoor slabs, the following techniques will be used for 

comparison with the site data. 

Two periodic cycles control the ambient temperature; namely the annual seasonal change and 

the daily diurnal change. Hulsey and Powell (1993) proposed an equation of the form of 

equation 2.55 to predict the annual air temperature variation, where t is the number of days 

into the year. Liang and Niu (1998) suggested values for the variables of 13.9°C, 12.8°C and 

201.5 days for A, B and y respectively. 

Ta =A cos(2z(t - y')/ 365 +B equation 2.55 

The daily temperature variation can be predicted using an equation of the same form but with 

24 in the denominator replacing the 365. Assuming this form of variation Thomlinson's 

method allows the temperature distribution at different depths to be calculated. 

_X 

equation 2.56 0= 9o eh 
\11 T 

sin 
2ý 

t-h 
CTý 

where 0 is the temperature on a plane distance x from the slab surface, at time t, 66 is the 

amplitude of the temperature variation at the slab surface, h2 is the diffusivity of the material 

and T is the time period of the temperature cycle. De Schutter and Tearwe (1995) determined 

the thermal diffusivity of concrete after 7 days to be 0.029m2/h., thus giving a theoretical daily 

thermal distribution for depths up to 2m below the slab surface as shown in Figure 2.14. 

Zero times for the daily variation were found to be 08: 00 and 09: 30 by Thomlinson and 

Mirambell(1990) respectively, whilst the corresponding time for the annual variation was 

found to be the end of April by Thomlinson and mid-April by Liang & Niu. 

Lachemi and Aitcin (1997) monitored the temperatures in a concrete viaduct during 

construction to validate a finite element model. This model was then used to perform a 
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parametric study on the influence of ambient and fresh concrete temperature on the maximum 
temperature obtained and the thermal gradient within the structure. They found that for the 

same ambient temperature the higher the fresh concrete temperature the faster the peak 
temperature is reached. However, the influence of the ambient environment appears to be less 

significant as for a given initial temperature the peak is reached at the same time irrespective 

of the ambient temperature. A high ambient temperature and a low concrete temperature were 
both found to minimise the thermal gradient within the structure. Another way of minimising 

the thermal gradients within concrete structures was investigated by Loo et. al. (1995). They 

used computer models to assess the effects of cooling layers of concrete on the maximum 

temperatures obtained in thick concrete pours. When analysing the effects of different material 

parameters they noted the much higher rate of heat loss with a wet soil subgrade than a dry soil 

subgrade. The dry soil subgrade acts as an insulator, but the high specific heat capacity of the 

water means the wet soil requires a large amount of heat to warm up. 

When modelling the temperature distribution in slab, sub-base and subgrade systems Pufahl et. 

al. (1990) also found that the analysis was very sensitive to the properties of the boundary 

between the base course and the subgrade. It was found that the predicted temperature 

distribution could be made to match the measured distribution by adjusting the flux across this 

boundary. Although the authors used this technique to get a very good fit for this set of data, 

there is no guarantee that the values arrived at will be of any use for other data sets. 

Alivazadeh-Farhang and Silfwerbrand (1998) tested beams exposed to thermal gradients and 

mechanical loads and combinations of the two. The results can be confusing because, although 

it was demonstrated that the individual stresses can be superimposed to accurately determine 

the resultant stress state in the test beams, the tests which were conducted do not replicate 

ground supported slabs and pavements. The test samples were simply supported and were 

loaded until they cracked, with the failure occurring in the bottom of the beams, whereas the 

majority of the failures of ground supported slabs and pavements are due to curled edges 

cracking from the top face under load. The sensitivity of the structural analysis to the boundary 

conditions, which in turn depend strongly on the thermal load in the slab, was emphasised by 

Faraggi et al. (1987) and Mirambell (1990). They showed that it is not possible to analyse 

thermal effects and applied loading separately with the results added using superposition. 

2.8.3. Curling and warping 

Before describing these effects the terms curling and warping will first be defined. According 

to ACI Publication SP-19 (1978) 'Cement and Concrete Terminology' : 
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curling - the distortion of an originally essentially linear or planar member into a curved shape 
such as the warping of a slab due to creep or differences in temperature or moisture 
content in the zones adjacent to its opposite faces. 

warping -a deviation of a slab or wall surface from its original shape, usually caused by 
temperature or moisture differentials or both within the slab or wall. (See also curling). 

Therefore, as floor slabs are initially essentially linear, these terms can be used 
interchangeably. 

Eisenmann and Leykauf (1990) identified the three possible causes of slab curling as being: 

1. Negative temperature gradient (surface colder than the bottom of the slab); 

2. Hardening of the paved concrete at a positive temperature gradient (higher zero stress 
temperature at the top of the slab than the bottom); and 

3. Shrinkage at the slab surface and/or moisture expansion at the slab bottom 

The first cause of curling, where the surface of the slab is cooler than the bottom of the slab, 

occurs at night. However, as industrial floors are enclosed and, therefore, not exposed to direct 

sunlight, they are not subjected to the large daily temperature variations required to develop 

this form of curling. Furthermore, by constructing the floor slab inside a completed building, 

the top surface of the slab cannot be warmed by direct sunlight. This prevents the concrete 

hardening with an elevated surface temperature, which is the second cause of curling. This 

leaves non-uniform drying shrinkage as the main cause of curling in industrial ground 

supported slabs. 

As a slab begins to dry from its top surface, the differential strain causes the slab to take on a 

dished shape, resulting in the end sections of the slab rising off the sub-base. At some length, 

defined as the critical length, Lcr, the internal stresses arising from the non-uniform shrinkage 

are equal and opposite to the stresses resulting from the self-weight of the unsupported end 

section of the slab. If the slab length does not exceed the critical length, then its entire length 

will be curled (Figure 2.15); however, if the critical length is exceeded, the end sections to a 

length of L,, l2 will be curled, and the middle section of the slab will be flat (Figure 2.16). 

For a given slab, the critical length is related to the size of the non-uniform strain, the slab 

thickness and the concrete elastic modulus. Eisenmann and Leykauf calculated that the critical 

length of slab which is liable to curl due to a negative thermal gradient is: 

L(. 
r =167 .h- GYM " TRrwi " Eý equation 2.57 

And due to hygral gradients caused by non-uniform shrinkage from the upper surface of the 

slab: 
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Lc, " 
(h 

- hd) " E, Lcr = 409.6 
h equation 2.58 

where Lc, is the critical length (mm), Tg m is the temperature gradient (K/mm), h is the slab 
thickness (mm), cc, is the thermal coefficient of expansion (assumed to be 10 µstrain/°C), hd is 
the thickness of slab over which the drying shrinkage, ES, is assumed to take place (mm) - 
normally assumed less than 50mm - and E, is the elastic modulus (N/mm2). Because this 
theory is based on beams resting on a rigid base it over predicts the actual warping deflections 

seen in slabs. However, the authors found good agreement between theoretical prediction and 

observations. 

Several months after construction, drying shrinkage will affect the whole of the slab, and not 
just the surface region. This can be approximated by a linear shrinkage profile through the full 

depth of the slab. Although, as previously stated, industrial floors are generally not exposed to 

thermal gradients that are able to cause warping, equation 2.57 can be used to give a better 

approximation of the long-term drying shrinkage effects than equation 2.58. This can be done 

by converting the drying shrinkage into an equivalent thermal gradient (ETG), according to 

equation 2.59, which is then substituted for Tgrad in equation 2.57. 

ETG = 
6sh 

ac -h 
equation 2.59 

Leonards and Harr (1958) used equivalent thermal gradients to represent the effects of the 

moisture and temperature differentials in concrete slabs assuming that the effects of both were 

linearly distributed. They found gradients of between 0.66 and 1.31 °C/cm for enclosed ground 

floor slabs. 

Pettersson (1998) considered the case of a ground-supported slab exposed to positive thermal 

gradients, determining the critical length to be as shown in equation 2.60. L, h, and a, are as 

defined above, whilst AT is the temperature difference between the top and bottom faces of the 

slab. p, is the density of the concrete (assumed 24.000 x 10-6 kg/mm3), g is the acceleration due 

to gravity (9.81 m/s2) and f is a load factor (taken as 1 in this case as only self weight is 

considered). 

4"aß "Eý "OT"h Lcr _ 5'lýc . ö"f 
equation 2.60 

These equations are very similar and rearranging equation 2.60 into the form of equation 2.57 

gives: 

Lc, -5ha Ec 
hT 

equation 2.61 
Pc 8f 
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Equating the first group of terms in each equation to solve for f gives 1.2 showing that 
equation 2.57 is a simplified solution to equation 2.60 for the factored dead load used in 
design. The relationship between the slab thickness, the temperature gradient and the critical 
slab length can be seen in Figure 2.17. 

Eisenmann and Leykauf also determined the vertical deflection resulting from the conditions 
determined in equation 2.57 and equation 2.58. These equations neglect the influence of 
Poisson's ratio, which is only applicable for a beam and not for a slab, however, the inaccuracy 

is only small. 

a, = 0.125 " ac " AT " 
(Lcr )2 

-2.250 . 10-6 
(Lcr )4 

2 equation 2.62 
E"h 

_2a as = 0.75 "t 
Esh (h 

3 
t) Lcr 

- 2.25.10-6 
Lcr 

2 equation 2.63 
h E"h 

where a, and a, are respectively the temperature and drying induced shrinkage and the other 

parameters are as previously defined. Where the slab length is less than Lc, the actual slab 

length should be used. 

Rollings (1997) also calculated the vertical movement due to thermal gradients to be 

AESh " L2 

a` - 8-h 
equation 2.64 

Where AEsh is the differential movement between the upper and lower faces of the slab and L 

and h are the length between joints and slab thickness respectively (m). 

Barenberg and Zollinger (1990) concluded that for jointed PCC pavements the combined curl 

and warping strains can be as large or larger than the anticipated load strains. 

Many of the traditional slab analysis formulas assume that the slab remains fully supported by 

the sub-base as it is loaded. Pernetti (1998) proposed a simplified analysis method which 

accounts for the loss of sub-base support and does not require complex analyses. However, 

only loss of support due to a positive thermal gradient is considered. This means that the 

approach cannot be modified to analyse the loss of support due to curling or initial thermal 

gradients leading to negative curvature in the slabs. 

2.8.4. Restraint 

Strains in concrete, irrespective of their cause, do not cause stresses until they are restrained. 

This can be in the form of internal restraint arising from non-linear strain distributions. or 

external restraint from supports, adjacent members etc. 

Other than the restraint due to friction between the slab and the underlying material, external 

restraint is not accounted for in design guidance like TR34 when carrying out the detail design. 
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This will lead to underestimation of the stress state in the concrete before service loads are 
applied reducing the factor of safety for the structural design, and can lead to unaccounted 
cracking in the slab. 

External restraint at the edges or the ends of the slab is almost always going to be present to 
some degree in real construction projects. 

The models in the previous section deal only with the theoretical free drying shrinkage. 
However, as a result of this restraint two further classes of stress arise, namely: 

" internal restraint stress due to non-linearity in the thermal and hygral gradients, and 

" external restraint stress caused by abutment against older structures or frictional ground 
restraint. 

For concrete industrial ground floor slabs the thermal gradient is generally small as the section 
in not thick enough to allow the build up of significant heat, so the majority of the restraint 
comes from sub-base friction (as discussed in the following section) or from adjacent pours. 
The service loads can increase the degree of restraint significantly, although this is also not 
currently considered in the design guidance. 

2.8.5. Frictional ground restraint 

The determination of joint spacing and the calculation of reinforcement requirements as 

provided for in TR34 (Bambrook et. al., 1994) is done according to a triangular stress 
distribution proposed by Losberg (1978) amongst others. This assumes that all restraint is 

caused by frictional interaction between the slab and the sub-base giving a load distribution per 

meter width of slab as previously given by equation 2.1 (reproduced below). This approach 

determines the reinforcement based on the maximum expected stresses, leading to an 

inefficient design for the majority of the slab length. Kunt and McCullough (1990) 

recommended using reduced friction values to calculate the required reinforcement at sections 

away from the slab middle. This requires a computational approach to allow for material and 

environmental variations and is not practical. 

Ft =1 'A--2 equation 2.1 (repeated from before) 

Timms (1963) experimented with different friction reducing mediums for use under slabs to 

establish the variability in restraint. The test slabs were loaded at different rates and under 

different seasonal conditions establishing that the frictional resistance to the first movement 

was appreciably higher than for subsequent movements, although neither the seasonally 

dependant moisture content of the sub-base or the slab thickness had a measurable effect. 

Friberg (1954), Kunt and McCullough and Pettersson (1998) discovered a reduction in the 
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friction coefficient with increasing slab thickness, whilst the former also found a reduction 

with increased slab length. Friberg found maximum values for the coefficient of friction for a 

slab cast on a paper slip layer of 1.5. All of the authors found similar values for the coefficient 
of friction as shown in Table 2.5. 

Table 2.5 - Comparison of coefficients of friction, µ 

f b b 
Reference 

Type o su - ase Timms Kunt & 
McCullough 

Pettersson 

Cement treated granular base - 52.3 - 
Flexible sub-base 3.2 5.0 - 
Asphalt-stabilised granular base 2.5 3.8 - 
Lime-treated clay - 2.9 - 
Untreated clay 2.1 1.9 - 
Granular sub-base 1.7 - 1.5 - 2.9* 

Sand 1.0 - 0.85 - 1.2* 

Polyethylene sheeting 0.9 - 0.5 - 1.0* 
*The higher value is for self-weight only whilst the lower value is tor x seit-weignt. 

Pettersson carried out further laboratory tests to determine the rate at which the frictional 

restraint evolves as this is a function of the shear stiffness of the boundary. Even assuming a 

constant limiting coefficient of friction, µ,,, ß, X, the rate at which this is achieved can be quite 

different (Figure 2.18). Values obtained for a crushed aggregate sub-base covered by a 

polythene slip membrane were Kj = 3.2 and Ks2 = 15.6. Using a bilinear approximation based 

on Ks4 = (Ksl + Ks2)/2 gives a shear stiffness of 9.4 MN/m3 and µýX = 1.0. 

Once the frictional restraint to movement has been determined the actual movement at any 

point in a slab, d, , 
due to a given thermal change can be calculated according to equation 2.65 

as shown in Figure 2.19. 

Ec *ST ``, d, >- 0 equation 2.65 dx = 
ac 

2A 
(A - Z)2 , A= 

0 .ý 

where a, is the thermal coefficient of expansion of concrete, E, is the concrete elastic modulus, 

6T is the temperature change and z is the distance from the end of the slab. A is the active 

length of slab where the thermally induced stresses are greater than the frictional restraint 

stresses thus allowing movement to occur. Nagataki (1970) found that the measured restrained 

strain between the free end of a slab and a section 230ft (70m) from the end was 110 x 10-6 

which was 1.7 times the value calculated using elastic theory, a friction coefficient of 1.2 and 

an elastic modulus of 4.5 x 106 psi (31GPa). 
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As previously mentioned ACI 325 Subcommittee IV (in Ytterburg, 1987c) concluded that 
longitudinal and transverse dowels may result in a restraint stress of 0.17MPa. This means that 
the stress state at the ends of a slab may not be zero as currently assumed in all the design 

guidance. This will lead to increased stresses at other sections in the slab increasing the risk of 

cracking. Additionally reinforcement only designed to carry the tensile stresses arising from 

frictional restraint may be insufficient to control cracks resulting from some other form of 

restraint. 

2.8.6. Warping restraint 

A parameter study carried out by Mirambell (1990) showed that the maximum principal stress 

due to thermal gradients was not significantly altered by the subgrade modulus. Increasing the 

slab thickness reduced the stresses and, conversely, increasing the slab length up to the critical 

length increased the stress. Once the critical length was reached the stresses were not increased 

by further increases in length. The concrete thermal conductivity was not found to alter the 

temperature or stress distributions significantly, although a linear relationship was found 

between the thermal coefficient of expansion and the principal stress. 

Losberg (1978) showed that the stresses due to warping restraint could be calculated according 

to equation 2.66, where &, is the difference in shrinkage or temperature strain between both 

surfaces of the slab. For indoor slabs on grade he predicted uneven shrinkage can give warping 

stresses, 6, N = 0.34 N/mm2. 

aw 
E` S£` 

equation 2.66 
W 1-v 2 

Nagataki (1970) found that warping strains reduced with distance from the free ends of a test 

slab, thereby indicating increasing warping restraint. He concluded that warping was almost 

fully restrained about 10ft (3m) from the end of a slab. Typical stresses resulting from this 

restraint were 230psi (1.59 N/mm) compressive and tensile stresses at the bottom and top 

faces of the slab respectively. When added to drying shrinkage stresses these form a significant 

proportion of the concrete tensile strength. Pettersson (1998) showed how the maximum 

restraint stress in a slab exposed to linear thermal gradients varied as a function of the critical 

length (equation 2.67). 

Q =1.2aw "L`L< Lei equation 2.67 
Lc. 

Once the critical length is exceeded the maximum stress is treated as a constant with a value of 

1.2 amo, 
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Curling and warping stresses have been modelled by Thomlinson (1940a & b) for slabs with 
conditions of no- and full end restraint to both longitudinal and warping movements. 
Assuming a periodic variation in the daily and annual temperature cycles the internal, warping 
and end-restraint stresses could be determined as follows. 

Resultant stress = Internal stress + Stress due to end restraint + Stress due to warping restraint 

Orr =A; sin (t+ti)+keAeSin 27r 
T 

(t+te) +k,, A,, sin 
27r 
T 

(t+tx, ) equation 2.68 

where T is the duration of the time period, t is the time in to the time period and A� Ae, A,,, ti, te 
and t,, are determined according to equations 8 to 10,12 and 15 in Thomlinson (1940a) which 
are not repeated here for brevity. The parameters ke and k,, are restraint factors usually varying 
between 0 and 1- with 1 being full restraint - although for some slabs on a deformable sub- 
base the value of kx, can reach 1.1 (Westergaard, 1929). Once the values for ke and k, have 
been fixed equation 2.68 can be reduced to the form: 

Or = Ar sin (t + tr) equation 2.69 

where 2 0. s 
A; sin 

- 
t; + keAe sin to + kwAW sin tW + 

Ar =2 equation 2.70 
2,7 [AiCOS__ti+keAe 

cos 
ý 

to + kwAW cos tW 

and 
27r A. sin 

- 
tj + keAe sin 

- 
to + kWAw sin tw 

tan T t' = 2, r 2, z 
T 

equation 2.71 
A; cos -t; +keAe cos-te +kWAW cos-tw TTT 

The solution to these equations can be expressed in dimensionless form (Figure 2.20 and 

Figure 2.21) using the dimensionless daily stress and the thickness coefficient, y. The actual 

stresses are found by multiplying by a` E` 9° 
I- VC , whilst the thickness, d is found from equation 

2.72 where h2 is the thermal diffusivity of the concrete (thermal conductivity/heat capacity per 

unit volume) and T is the time period. 

hT 
os 

d =y - 
Ir 

equation 2.72 

The time offset from the top surface behaviour is also plotted on the graph for the daily cycle. 

Thus it is possible to determine not only the magnitude of the maximum stresses, but also the 

time at which these stresses will occur. 

Thomlinson stated that no general recommendations could be made on which size of slab was 

best as this depended on the magnitude of the applied loads and the thermal and hygral 

induced stresses. As part of this study the effects of reinforcement in the section were studied. 

The numerical analysis showed that the warping and end restraint stresses did not vary by 
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more than 8% from those of the unreinforced slab. As the reinforcement did little to alter the 
warping and end restraint stresses it was recommended that this 'temperature' reinforcement 

was best placed at mid-depth in the slab to try and control any large cracks should the concrete 
be stressed up to its ultimate strength. 

Kelley (1939) [Quoted in NHCRP report 372] found that for slabs shorter than 5.2m for k= 27 

kPa/mm and less than 4m for k= 81 kPa/mm, temperature curling stresses actually increased 

with increasing k. This trend was also reported by Al-Nasra and Wang (1994) and reflects the 
inability of the slab to settle into the sub-base, thus increasing the proportion of the slab which 
is cantilevered off the ground. 

2.8.7. Internal restraint 

Internal restraint arises due to non-linearity in the thermal or hygral gradients in the slab. 
Thomlinson also investigated these effects, however, Liang and Niu (1998) have shown that in 

concrete slabs the thermal gradients can be approximated well by linear equations as non- 

linearities are small. Drying of the slab is a long-term process and, although initially this 

results in non-linearities, many of the finite element analyses of slabs on grade ignore this as 

the deviation from a linear profile is small (Al-Nasra & Wang, 1994; Kim et. al., 1998 & Al- 

Nasra, 1997). 

2.8.8. Age adjusted effective modulus method 

Formulae have already been presented which allow the determination of the elastic modulus at 

a given time, E, (t) and the creep effects of a load applied to the concrete at this time. However, 

these relationships on their own do not allow the analysis of problems where the load is 

gradually applied, or varies with respect to time. Figure 2.22 (Kovler, 1997) shows the 

difference in creep strain resulting from a constant stress and a gradually applied stress. 

In order to predict these creep effects Trost (1967) and Bazant (1972c) developed the age 

adjusted effective modulus method (equation 2.73). This uses the creep coefficient 0(t, t'), 

which is the ratio of the creep strain to the instantaneous elastic strain in a specimen subjected 

to constant sustained stress, and introduces an ageing coefficient, 2(t, t) to account for the non- 

uniformity of the stress over time. 

Ec (t, t') 
Eceýtýt ý- 

1+X(t, t')"O(t, t') 
equation 2.73 

The creep coefficient is determined according to equation 2.74. whilst the elastic modulus, 

EE(t, t') is determined as previously shown in equation 2.30. 

O(t, t')= E, (t, t')"J(t, t')-1 equation 2.74 

59 



The ageing coefficient is dependent on the age at first loading, the member geometry, the 
duration of loading and the drying conditions amongst other factors. Gilbert (1988) shows the 

range of values to be 0.6 to 0.9. However, for many practical applications this coefficient can 
be taken as constant and equal to 0.8 (Kovler, 1997). 

2.9. Summary 

Following this investigation of the literature, it is apparent that the current design guidance 

available to engineers is inconsistent in its recommendations, and seems fundamentally flawed 

in its separation of the detail and structural design. 

The detail design takes as its starting point the assumption that the concrete is subjected to 

sufficient restraint to the inherent shrinkage processes to cause cracking. However, the 

structural design assumes a homogeneous and uncracked section. The empirical modifications 

to Westergaard's theory account for loss of support but do not allow for residual stresses from 

restrained longitudinal shrinkage or curling, whilst Meyerhof s formulae account for neither 

effects. 

No published research could be found on the non-structural behaviour of industrial floors; 

either with respect to their thermal behaviour or the magnitude and timing of concrete 

shrinkage and joint movements. This may explain why much of the detail design guidance is 

empirical. The use of the enhanced k value in the structural design is curious, given that in this 

case there was research - dating back to the 1950s - showing that this was not justified. 

A large body of work relating to the instrumentation of concrete pavements in the USA and 

South America was found, although much of this related to the monitoring of joint movements. 

Almost all of these studies were carried out after construction, so little guidance on the 

potential problems of in-situ instrumentation was identified. 

A large number of mathematical relationships were found to describe the time and maturity 

dependant material characteristics of concrete, and the thermal and structural relationships 

between the concrete and its environment. This thesis does not aim to further develop these 

relationships; rather they will be used to predict the early-age behaviour of concrete ground 

floor slabs for verification against site data. 

To this end, this study also aims to address the lack of data on the non-structural behaviour of 

concrete floors, which will in turn allow a better understanding of the intrinsic stresses 

affecting their structural load capacity. 
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a- formed free movement joint b- sawn free movement joint 

Figure 2.1 - Types of free movement joint 

a- formed restrained 
movement joint 

b- sawn restrained 
movement joint 

Figure 2.2 - Types of restrained movement joint 
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Figure 2.3 - Yield line failure pattern for an internal load (Meyerhof, 1962) 
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Figure 2.4 - Stress versus crack separation curves for FRC (Wang et. al., 1990) 
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Figure 2.5 - Joint effectiveness with different load applications (Zollinger & Barenberg, 1990) 
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Figure 2.6 - Active joints in a plain concrete pavement (Poblete et. at., 1988a) 
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Figure 2.7 - Instrumentation to monitor joint deflection (Poblete et. al., 1988a) 
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Figure 2.8 - Moisture distribution in a concrete slab (Parrott, 1990) 
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Figure 2.9 - Moisture profiles in a laboratory dried concrete slab (Parrott, 1990) 
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Figure 2.10 - Comparison of the different elastic moduli 
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Figure 2.12 - Kelvin model for a viscoelastic solid 
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Figure 2.13 - Drying shrinkage behaviour for several different concretes (Bazant & Baweja, 
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Figure 2.16 - Curled shape of a slab longer than the critical length 
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3. Experimental program 

3.1. Introduction 

This chapter describes the development and implementation of the in-situ monitoring 

technique for industrial ground floor slabs, although the same basic instrumentation techniques 

could be applied to any concrete structural member. The key behavioural parameters of the 

slab and the impacting ambient conditions are first described along with the instrumentation 

chosen to monitor them. 

Before any of the full-scale instrumentations were carried out a pilot study was conducted on a 

long strip slab. This was used to test the instrumentation under site conditions and to determine 

the lines of communication which were required for liaison between the consultants, flooring 

contractor, client and building operator. The methods used and findings from this trial are 

discussed before the final instrumentation methodology is presented. Several stages of 

development had to be undergone before arriving at a methodology which is practicable, 

reliable and robust. Most of the modifications resulted from the need to embrace a variety of 

site conditions and construction techniques, and were associated with the instrumentation used 

at specific locations in the slab, and with the methods used to prepare, transport and install the 

instrumentation. Some of these modifications are described in order to prevent other 

investigators suffering from the same problems, although for the sake of brevity a step-by-step 

description of the development is not given. 

Finally the experimental programme is presented, showing the periods of instrumentation for 

the various floor types. In most cases at least the first 4 weeks after construction were 

monitored completely and further monitoring, either continuous or periodic has been carried 

out. Several reasons were encountered for the curtailment of some instrumentation periods, 

including: 

Instrumentation failure 

Requirement to begin monitoring on another site 

" Request for removal of the logging equipment from the building operator on handover. 
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3.2. Choice of instrumentation 

A number of key features were identified as being of relevance to the study of the early age 
behaviour of concrete structures, namely: 

1. Information on the movement of the concrete was of prime interest, particularly that 

associated with the shrinkage and creep of the slab. Key locations such as joints, points of 

restraint, and openings were identified and instrumented. This involved instrumenting 

construction joints and induced joints as well as concrete within bays to determine the 

effects of restraint; 

2. the measured movements in the concrete are dependent on the concrete's internal relative 
humidity and temperature, therefore sensors were used to determine the internal profiles of 

these parameters; whilst 

3. the effect of the atmospheric environment (air speed, ambient temperature and relative 
humidity), which controls the rate of moisture loss from the slab and is the driving function 

of the internal temperature changes, was also measured. 

The sensors had to be capable of being monitored automatically by a computer-controlled 

datalogger. This allowed them to be sampled at different frequencies to suit the rate of change 

of their readings. Site access was then only required periodically to download the stored data 

onto a laptop computer. 

3.2.1. Ambient conditions 

The choice of instrumentation for the ambient conditions was relatively straightforward as 

these parameters are routinely monitored in weather stations. A Vaisala type temperature and 

relative humidity (RH) probe housed in a radiation shield was used. This probe had an 

accuracy of ±1% RH compared to a factory reference and had a long-term stability of better 

than 1% RH per year. The temperature readings were made to an accuracy of ±0.2°C at 20°C. 

Air movement was recorded by two digital switched anemometers which were fixed to a 

column at right angles to each other to prevent wind shadow, caused by the supporting column, 

from affecting the readings. 

3.2.2. Concrete and sub-base 

Type T thermocouples were chosen to monitor the thermal profile through the slab and into the 

sub-base because they were well suited to the temperature ranges encountered during the 

hydration and service life of the slabs and they are the only thermocouple type which is suited 

to a damp environment. Additionally they were cheap to install over relatively large distances 

and the small size and low specific heat capacity of a thermocouple meant there was virtually 
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no latency in the measured temperature response. They were initially used to assess the 

accuracy of the built-in thermistors in the strain gauges. However, on later sites thermocouple 

arrays measured the temperature distribution through the depth of the slab and for the last 
instrumentation through the sub-base and into the subgrade. 

Chilled mirror probes were chosen to monitor the concrete internal RH, dew-point and 
temperature because of their high degree of accuracy and long-term stability. By optically 

measuring the formation of dew on a mirror, which is alternately heated and cooled, these 

sensors are both very precise and resistant to contamination giving good long-term stability. 
As a result of the technology involved in the sensor head these instruments are fragile and 

expensive, which does not make a good combination for site work. Because of difficulties in 

protecting these sensors they were not used on site as much as would have been ideal. 

However, some readings were obtained for comparison with existing data. 

Several strain gauge types are available to monitor the strains in concrete and their properties 

are compared in Table 3.1. A low gauge stiffness is important as this allows readings to be 

obtained early in the life of the concrete slab, whilst long-term stability is essential to eliminate 

systematic drift affecting the measurements. Differential movements between the top and 
bottom of the slab were of the order of several microstrains so high resolution and stability of 

the readings were also required. 

Table 3.1 - Properties of the available strain gauge types. 

VW strain gauges Electrical wire resistance strain gauges 

Stiffness Very low (- 40 N/mm) High (-14.7 kN/mm ) 

Affected by cable 
lengths 

No Yes 

Resolution <1 µstrain Dependent on lead length 

Thermal effects 11 µs/°C 2 Complicated to account for 

Long term stability Excellent (< 1 is/year) Excellent 

Dynamic readings No Yes 

Automatic monitoring Yes Yes 

Manual monitoring Yes Yes 

' An embedment strain gauge of type EGP-5-120 was tested as described in Chapter 3.2.4. 

2 Additional thermal effects are apparent at early ages in the acrylic gauges as described later, but this can be 

accounted for in the analysis. 

Vibrating wire (vw) strain gauges were chosen because they fulfilled all of the above criteria, 

but additionally, and crucially for carrying out in-situ investigations, the readings were 

independent of the length and the type of the lead wire between the gauge and the datalogger. 

This enabled last minute changes of instrumentation location and lead length to be carried out 
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without affecting the gauge readings. Manual readings could also be taken quickly and easily 

on site to confirm the correct operation of the gauges before they were embedded in concrete. 

This ability to take manual readings also allows visits to be made to sites to gather long-term 

movement data once the data logging equipment has been removed. 

The choice of vw strain gauges is also in agreement with guidance from the American Federal 

Highway Authority (FHWA, 1996), which recommends vw strain gauges and Carlson gauges 

for long term readings. 

The monitoring of service loading effects fell outside the remit of this research, which was 

only intended to monitor the slabs before they went into service, although it was still intended 

to produce instrumentation layouts which would be flexible enough to provide useful long- 

term performance data. 

Thermistors located in the strain gauge coil housing recorded the temperature in the slab and 

allowed thermal corrections to be applied to the readings, whilst also providing more thermal 

data to be added to that collected by the thermocouples. 

3.2.3. Datalogger 

The datalogger formed the heart of the instrumentation and had to provide flexibility of use 

whilst being easy and intuitive to program and wire up. The chosen datalogger had 6 double or 

12 single ended channels, which could be expanded by adding multiplexers allowing up to 32 

instruments to go to a single datalogger channel. The multiplexers could also be daisy-chained 

to increase the monitoring capacity. 

The datalogger control programs were written using MS Windows® based software. Control 

flags, set manually using a laptop computer connected to the datalogger, were used to control 

the activation of different parts of the program, in addition to time dependant controls. In this 

way it was possible to activate the monitoring of gauges in several phases corresponding to the 

construction sequence. It was also possible to reduce the sample frequency incrementally as 

the slab aged. As the datalogger only had a finite storage space, decreasing the frequency of 

readings, to match the slowing rate of shrinkage with time, allowed a greater period of time 

between site visits to download the data. 

3.2.4. Laboratory testing 

Although vibrating wire (vw) strain gauges had been chosen as the most suitable instrument 

for the site instrumentations, several different types of vw gauge were available. Gage 

Technique International supplied two embedment gauge types, the TES 5.5 and the TEAB 5.5, 

which were both 5.5 inches (140mm) long. The TES used a thin walled steel tube for the 

barrel, whilst the TEAB used an acrylic tube reducing its stiffness - this gauge had only 
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previously been used for laboratory testing because of its fragility. Geokon supplied the other 

embedment strain gauge, the 4200x, which also had a barrel made from a thin walled steel 
tube. This strain gauge had the excitation/pickup coil in a removable housing to simplify the 
installation process. Images of the three strain gauges can be seen in Figure 3.1. 

Laboratory investigations were carried out to establish how early reliable data could be 

obtained from the sensors and to identify any possible problems in their use. The strain gauges 

were tested for sensitivity, robustness and reliability by casting them in an 800x500x 180 mm 
concrete specimen and subjecting it to forced drying. Reliable and repeatable readings were 

obtained from all of the gauges after only two hours (Figure 3.2). However, these early strain 

readings must be interpreted with care as at very early ages the stiffness of the concrete 

relative to the gauge is low and, therefore, the effect of the gauge stiffness on the measured 

strains could be large (Boulay and Paties, 1993). 

Laboratory testing to determine the stiffness of the strain gauges was carried out by suspending 

them rigidly and applying small loads to the free end. Dividing the load by the surface area of 

the flange plates allowed an equivalent applied stress to be determined and plotting this against 

the strains provided an effective elastic modulus, Eg, for each of the strain gauges. The gauge 

dimensions and the results of this testing are summarised in Table 3.2, whilst full specification 

information for the strain gauges is in Appendix A. 

Table 3.2 - Strain gauge details 

Gauge type TEAB 4200x TES 

Gauge length (mm) 140 152 140 

Area of flange plates (mm) 1075 284 1075 

Effective stiffness, Eg (N/nun) 68 49 1740 

The much greater stiffness of the TES gauge as a result of its sturdier construction explains 

why it is the least sensitive during the early age of the concrete. 

3.2.5. Trial site instrumentation 

As each of the gauges had performed satisfactorily in the laboratory trial a site trial was carried 

out to assess how each gauge type would stand up to the construction methods used. This also 

gave an opportunity to investigate the gauge fixing technique and the different methods for 

connecting the gauges to the datalogger, whilst allowing the collection of some early 

performance data on one of the slab types. 

The strain gauges in the laboratory trial and in this site trial were suspended from piano wire, 

which was passed through holes drilled in the flange plates of the gauges (Figure 3.3). This 
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method of attachment imposed negligible longitudinal restraint, and minimised the amount of 
additional reinforcement in the area around the gauge, thus causing the least modification to 
the concrete being monitored. As the reinforcement was located in the top of the slab (with 
50mm cover) it was possible to attach the piano wire carrying the gauges to the chairs 
supporting the reinforcement at a range of depths and orientations (Figure 3.4). 

The three types of strain gauge used in the laboratory trial were again used in the site trial, with 

some of them grouped in clusters with one run of multi-core cable connecting them to the 

datalogger. This technique, which proved successful, allowed the number of cables to be 

reduced which consequently dramatically reduced the cost of the instrumentation. 

It became apparent in the planning for this trial that large numbers of cables would require 

connecting to the datalogger, and for this reason an interface box was designed. The interface 

box provided a neat and waterproof termination to the cables and allowed the quick and easy 

connection or removal of the datalogger using 4no. 25-way RS232 connectors. Because the 

interface box was wired up and tested in the laboratory, the risk of wiring mistakes being made 

on site was also removed. Where the cables between the datalogger and the gauges had to 

cross the line of an earlier pour they were passed through a length of scaffold tube, which was 

buried in the sub-base to prevent damage due to the vehicular trafficking during the 

construction process. 

3.3. Development of the methodology 

The development of the instrumentation methods and of new sensors took place over four full 

site instrumentations over a period of 18 months. Because of the differences in site conditions 

and construction techniques encountered on these sites this development work was carried out 

in an iterative fashion, with each change improving the reliability of the instrumentation 

methodology and reducing the risk of damage to the strain gauges. 

3.3.1. Gauge support 

One of the most major developments required was in the method used to support the strain 

gauges. Although the method using piano wire worked well for the long strip slab, the extra 

force of the flowing concrete in the first large area pour caused the gauges to move 

excessively. This resulted in several of the joint gauges missing the joint they were supposed 

to be crossing. The solution was to cable-tie the strain gauges to reinforcement chairs with a 

length of silicone tubing between the gauge barrel and the chair to prevent movement and 

damage to the gauge. The chairs were then taped to the slip membrane Figure 3.5, or in the 

case of fabric reinforced floors, were cable-tied to the reinforcement Figure 3.6. 
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3.3.2. Interface box and cabling system 

It became apparent during the planning stage for the trial instrumentation that a large number 

of cables would require connecting to the datalogger. For simplicity, and in order to save time 

in preparing for future site instrumentations, a standard datalogger set up was devised which 

allowed up to 80 vw strain gauges to be monitored (including 12 with internal thermistors), as 

well as the ambient probes, and an array of thermocouples. This standardisation meant that the 

dataloggers were interchangeable between sites, only requiring the correct control program to 

be loaded. 

In order to allow this standardisation and enable the dataloggers to be removable, an interface 

box was designed. This provided a neat, waterproof and inconspicuous termination to the 

multi-core cables and also facilitated their re-ordering to accommodate the common datalogger 

set-up. In order to simplify the control program all of the strain gauges with thermistors were 

sampled first, followed by all of the acrylic barrelled gauges and finally the steel barrelled 

gauges. As the gauge layout for each site was different the numbers and locations of these 

gauges changed each time, but by re-ordering the cables in the interface box the impact on the 

datalogger was minimised. By preparing this box in the laboratory, testing was carried out on 

the finished wiring loom under controlled conditions, making faults easier to spot and rectify. 

Early interface boxes used 15-way RS 232 connectors to attach the cables from the gauge 

clusters. However, problems with these terminations led to the adoption of a hardwiring 

system, where all of the wires were fixed into terminal strips inside the interface box. Though 

this made transportation slightly more difficult this modification reduced the time required to 

produce the interface box, and because the terminal strips were quick and convenient to 

connect to the vw strain gauge manual read-out box, the process of taking manual readings 

was simplified. 

After the site trial, which had only used 4no. 25-way RS232 connectors to link the interface 

box to the datalogger, the monitoring capacity was increased and so 6no. 25-way RS232 

connectors were required. A spreadsheet was developed to keep track of the gauge numbers 

and locations as well as the colours of the large numbers of wires connecting them to the 

logger. Once the spreadsheet had been completed it was also used when programming the 

datalogger, as it provided a complete record of how every gauge was connected. 

Two options for connecting the strain gauges to the interface box were identified (Figure 3.7), 

namely: 

" Individual cable runs for all gauges " Clusters of gauges connected with multi-core cable 
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Individual cable runs cost £1.15/m compared to £0.70/m for 12-core cable capable of carrying 
the signals from up to 6 strain gauges. The cost of cabling a typical instrumentation layout 

using 20 gauges over a 40m length using individual cable runs would have been about £500 as 

opposed to less than £100 using multi-core cable, even allowing for the cost of the cluster 
boxes. Thus, given the large areas to be monitored, the economic argument in favour of gauge 
clusters and multi-core cable runs was overwhelming. 

This method for connecting the strain gauges to the interface box was verified on the trial site. 
However, an unacceptable number of gauges were lost in the first large area pour because the 
force of the moving concrete as it was poured broke some of the wiring connections. This 

problem was solved by using cable glands in the cluster boxes and by cable-tying a loop into 

the leads at all connections to keep the crimps free of stress (Figure 3.8). The joints were then 

taped up to prevent the ingress of moisture from the concrete. 

Some strain gauges were also lost during saw cutting on several sites and investigation 

revealed that the leads had been severed. This occurred on the first large area pour where 

cables had not been secured and on subsequent mesh reinforced slabs where the cables had 

been tied to the bottom of the reinforcement. It is believed that non-uniformity in the location 

of the reinforcement may have led to both this and the leads being cut as the joints were 
formed. In order to prevent sub-base level variation and changes in the depth of the 

reinforcement causing this problem the cables should all be taped securely to the slip 

membrane. 

Various methods were tried to protect the multi-core cables connecting the cluster boxes to the 

interface box, though burying the cables in the sub-base proved to be the most efficient. Once 

the cables had been protected none of the cables were damaged by the normal trafficking of 

the floor. 

3.3.3. Instrumentation layout / planning 

Various different layouts of gauges were used to attempt to measure differential movement 

through the thickness of the slab, at different distances from the joints, at the joints themselves 

and in different directions. The gauge layout also reflected the type of floor being constructed. 

For example the increased distances between joints in a jointless pour required the use of a 

greater number of embedment gauges in order to monitor any behaviour related to the distance 

from a movement joint. In contrast a jointed floor might use an equal number of joint and 

embedment gauges to relate joint movement to the concrete shrinkage at different locations in 

the pour. 

Arrays of thermocouples were embedded in several of the floors to monitor the thermal profile 

through the slab and into the sub-base more precisely than was possible using the thermistors 
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in the strain gauges. These sensors were attached to reinforcement chairs to control their 

position within the slab, whilst a spike was driven through the sub-base and into the subgrade 

to allow sensors to monitor temperature changes up to lm below the finished slab surface. All 

of the sensors were covered with tape to prevent contact with reinforcement from affecting the 

readings. 

The chilled mirror probes could not be placed into wet concrete, requiring the use of 

removable blanks made from 25mm 0 metal bars inside a length of tight fitting plastic 

conduit. Once the bar was removed the conduit sealed the sides of the hole preventing 

moisture loss and allowing the probes to measure the RH at a specific depth. The plastic tube 

also extended above the surface of the slab and provided some support for the probes. Real 

support and protection for the probes was difficult to provide without damaging the surface of 

the floor, and for this reason the probes could not be used for long, having to be removed 
before the building became operational. 

3.3.4. Long strain gauges 

Once the most suitable type of sensor had been determined, the locations which were to be 

instrumented then had to be identified. As the range of movement which a vw strain gauge can 

measure is dependent on it's length, locations where larger movements could reasonably be 

expected were instrumented using longer strain gauges. Standard vw strain gauges were 

140mm long, and had a quoted range of at least 3000 µstrain, which equated to a measurable 

movement of 0.42mm. In order to measure across joints, 254mm long strain gauges were 

developed. These gauges had an increased frequency response because of their increased 

length and, additionally, any strain reading represented a larger movement than for a small 

gauge because of the increased gauge length. Thus these 254mm strain gauges had a quoted 

range in excess of lmm, although readings from these gauges exceeded 10,000 µstrain 

(2.5mm) before failure. The additional length of these joint gauges also gave a greater margin 

for error in locating the gauges across the intended position of the saw-cut joints. 

3.3.5. Day joint gauges 

Monitoring across induced joints - such as saw-cut joints in concrete slabs - proved possible 

with the 254mm gauges. However, trying to monitor across day joints was difficult as part of 

the gauges was left exposed once the slab had been cast (Figure 3.9). After several gauges 

were damaged because it proved difficult to protect them adequately, a new gauge with a 

removable extension arm was developed in association with Gage Technique International 

(GTI) (Figure 3.10). 
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The vibrating wire part of the gauge was embedded in the first pour with the end block 

attachment for the extension arm protected by polystyrene (Figure 3.11). Once the formwork 

had been removed the polystyrene could be broken out leaving the end block ready for 

connection of the extension arm just prior to the commencement of the second pour (Figure 

3.12). 

This newly developed gauge can be used in any situation where monitoring is required across 
day joints, or indeed in any situation where phased construction is being used and a part of the 

gauge might otherwise be left exposed for any period of time. 

3.3.6. Demec gauge joint monitoring 

Excluding the cost of the datalogging equipment the cost of installing strain gauges was about 
£100 /gauge. This made monitoring large areas of a floor and large numbers of joints 

prohibitively expensive. In order to monitor extra joints in a floor or to carry out ad-hoc 

monitoring on floors where a data logger was not present a Demec gauge was used. A steel 

template was used to locate two shallow 10mm drill holes 200mm apart on either side of the 

joint (Figure 3.13). Demec pips were glued into these holes allowing subsequent movements to 

be measured. Recessing the pips into shallow holes in the floor protected them from traffic in 

the building and effectively hid them from view. Several building operators objected to the 

installation of these pips because of concerns about the damage caused to the surface of the 

floor. However, on the floors where they were installed even the research team occasionally 

had problems locating the pips for subsequent readings to be taken and no adverse effects due 

to trafficking were observed. 

3.3.7. Gauge pairs 

A further method was developed with GTI to enable the larger movements occurring at the 

edges of jointless floors to be monitored. Two strain gauges were used in parallel, with one 

gauge initially having it's wire slack, whilst the other gauge was set up as normal. Before the 

first gauge reached the end of its movement range the wire in the second gauge became taught 

and continued to monitor the movement once the first gauge had broken (Figure 3.14). This 

technique is more complicated and expensive than using Demec pips to monitor joint 

movement, but it can be applied in situations where permission is not given for Demec pips to 

be installed. Although these proved to be successful the additional cost did not realise much 

additional range of movement, and if the first gauge is damaged the readings from the second 

gauge are of no use. 

It is therefore recommended that, where possible, a joint gauge is used to get the magnitude 

and timing of the early joint movements, whilst Demec pips are installed to record the longer 

term openings. 
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3.4. Final Site Instrumentation methodology 

3.4.1. Pre-site preparation 

Once the areas to be instrumented had been chosen, a location for the datalogger had to be 
found. Ideally the datalogger should be fairly central in the area of interest, yet also away from 

frequently trafficked areas, unless some form of protection can be assured. Once the position 

of the datalogger had been determined, the strain gauge locations were then chosen - generally 

all joints were instrumented and at least one gauge was placed between each pair of joints to 

measure the concrete shrinkage. Where possible more than one gauge was placed at each 
location to provide a degree of redundancy. This allowed performance data to be gathered 
from two different depths in the slab when both gauges worked, and if one gauge failed there 

was still data from the remaining gauge. Once the gauge locations and types were finalised 

they were grouped into clusters of up to six gauges for connection to the interface boxes. The 

gauge positioning information was entered into a spreadsheet to allow the wires from each 

cluster box to be identified. This spreadsheet was then used to produce the wiring plan for the 

interface box allowing for the rearrangement of the gauges to suit the standardised datalogger. 

The decision to use this standard datalogger arrangement meant that the multiplexers only had 

to be wired-up to the datalogger and connected to 25-way RS232 connectors once. This was 

time consuming and care had to be taken to avoid errors, which could lead to sensors being 

misidentified or misread by the logger. 

The datalogger control programs were written to allow automatic sampling of the gauges at 

predetermined rates depending on the number of gauges, the age of the slab and the expected 

time between site visits. Normal time scales were every half hour for the first 24 hours, hourly 

for the first week and then 3 or 4 hourly thereafter. A manual override activated by a control 

flag was also provided to increase the sampling frequency of the gauges to once every 2 

minutes. This was used when the logger program and wiring loom were being tested and 

debugged before transportation to site and to check the correct operation of the gauges before 

embedment in the concrete. Once the system had been verified as working correctly the cluster 

boxes were filled with silicone sealant to fully waterproof the connections and closed (Figure 

3.15). 

Part of the pre-site preparation also involved visiting the site to discuss the instrumentation 

programme with all affected personnel. The placement of the gauges did not disrupt the 

construction process. Because of the fragility of the gauges, the assistance and co-operation of 

the flooring workers had to be obtained. 

80 



3.4.2. Site practices 

On arrival on site the datalogger, battery, interface box and ambient probes were first attached 
to their column before burying the gauge cluster boxes and their multi-core connecting leads in 

the top of the sub-base. The strain gauges were transported to site in their packaging to reduce 
the risk of damage. However, once on site they were connected to pre-cut sections of 

reinforcement chair and tested for correct operation with the manual gauge readout box before 

being stored safely. After placement of the slip membrane the locations of the gauges were 

marked and the cable to connect the gauges to the cluster boxes was cut. These leads were 

connected, cable-tied to provide strain relief and waterproofed as early as possible, but the 

strain gauges were not attached until just before they were required, to avoid the risk of 

accidental damage. Although precautions were taken to provide strain relief to all of the 

connections it was still felt necessary to reduce the possible movement in the cable runs. This 

was achieved by taping the cables to the slip membrane. 

Once the gauges had been fixed in place and connected to the datalogger, they were checked 
for correct operation as at this stage faulty gauges could still be replaced. When the time came 

to embed the gauges in the concrete they were first surrounded with concrete by hand, before 

concrete was allowed to flow gently around the gauges as it was discharged and spread from 

the ready-mix truck. At all times care was taken to ensure that no concrete fell directly on top 

of the gauges, as this sudden pressure could have been sufficient to damage them. After 

embedment the location of the gauges was clearly marked, either by placing a road cone on top 

of the concrete (Figure 3.16) or by having a technician stand over the gauge. This was done 

until the slab was finished by the LaserScreedTM when the risk of accidental damage ended. 

In some cases precision level surveys were carried out on the slabs after they had been cast and 

at subsequent intervals to assess the vertical movement of the slab's surface. These surveys 

were carried out using a Leica Wild NA3003 digital level, which (when used in conjunction 

with an Invar digital staff) has a standard deviation on repeated readings to the same point 30m 

away of 0.05mm. The results obtained are only used to a precision of 0. Imm, but this gives a 

good indication of the variations in the slab surface. The surveys were carried out on 1x Im or 

2x 2m grids to suit the floor area. Detail surveys were also carried out on all of the floors on 

subsequent data collection visits to locate and quantify any cracking in the floor. 

3.5. Site programme 

As previously mentioned, the duration of the monitoring on each site varied according to the 

operational requirements of the building owners/operators and the demands of the 

instrumentation schedule (Figure 1.1). Where possible monitoring was carried out for at least 
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the first 4 weeks following construction, though in several cases monitoring was only possible 
for two weeks before the logger had to be removed. Subsequent manual readings were 
obtained for these and all of the other sites to allow the long-term effects to be established 

3.6. Conclusions 

Following the instrumentation and early-age monitoring of floor slabs in six buildings 

recommendations have been made which could be applied to the early-age monitoring of any 
concrete structure. The following bullet points identify the main activities to be carried out for 

a structural instrumentation: 

" Obtain drawings of the structure - identify key locations for instrumentation 

" Select suitable sensors 

" Design wiring loom and write logger program 

" Wire up interface box and gauge cluster boxes 

" Test wiring set-up and logger program 

" Transport to site 

" Fix logger and ambient instrumentation in place 

9 Install and protect cables from interface box to gauge cluster boxes 

" Mark the gauge locations and fix the leads from the cluster boxes in place 

" Fix the gauges rigidly in place and connect leads - the gauges should be connected in 

place as they are needed; the crimp connections should be looped and cable tied to provide 

strain relief before being waterproofed with tape; the correct functioning of the gauge 

should be verified 

" Embed the gauge in concrete - concrete should be placed all around the gauge with care 

being taken to prevent concrete from dropping directly onto the gauge 

" Performance monitoring - the datalogger is left on site recording data; periodic access is 

required to download data. 

The recommended methodology provides a robust and reliable method for locating the strain 

gauges which should not disrupt the construction process. Mounting the gauges on 

reinforcement chairs enables them to be placed quickly and once these chairs have been taped 

or tied down there is little chance of movement. The newly developed gauges have worked 

well, although special care is required when installing the 254mm steel strain gauges as their 

additional length makes them more vulnerable to damage. The gauges for monitoring across 
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day joints are an important development and open up many new possibilities for engineers 

wanting to monitor across construction joints in all kinds of structures. 
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a) TEAB 5.5 b) 4200x c) TES 5.5 

Figure 3.1 - Strain gauges tested for use in site instrumentation 
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Figure 3.2: Lab testing to determine the early age apparent strains measured by the different 

gauges 
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Figure 3.3 - Close up of the gauge fixing 

method for the trial site 

Figure 3.4 - Strain gauges suspended from 

the reinforcement chairs 

,ý 

Figure 3.5 - Gauge fixing method for fibre Figure 3.6 - Gauge fixing method for fabric 

reinforced floors reinforced floors 
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Interface Iý Cluster 
box box 

12-core cable Cluster 
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Figure 3.7 - Schematic of gauge clusters and directly connected gauges 
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Figure 3.8 - Crimp connection with strain relief prior to waterproofing 
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Figure 3.9 - Protecting the exposed part of a standard 10" strain gauge 
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Figure 3.10 - Modified day joint gauge with 

dummy end block 

I 

Figure 3.11 - Before removal of polystyrene 

Figure 3.12 - After attachment of extension arm 

Figure 3.13 - Drilling holes to locate the Demec pips 
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Figure 3.14 - Laboratory demonstration of the gauge pairs 

Figure 3.15 - Completed cluster box 

Figure 3.16 - Marking the location of gauges after embedment 
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4. Detailed site information 

4.1. Introduction 

Information about the size, instrumentation location and identification of each of the sites is 

given in this chapter. Confidentiality requires the sites not be identified by name, but a full 

description of the building layout and the instrumentation locations is provided, along with a 

general description of the geographical location of the building. The floors are described 

according to their category and not in the order, in which they were instrumented. 

The concrete mix designs, cube test results and further instrumentation location information 

for each floor are presented in Appendix B. This appendix also contains information about 

the Meteorological Office weather stations that were used for ambient weather data when site 

monitoring was not being carried out. 

All the plans of gauge locations and identifications have been provided on A3 paper to allow 

them to be folded out of the thesis for easy reference in the later chapters where the results are 

presented and discussed. 

4.2. Northampton: Mesh reinforced long strip 

This floor slab was constructed in a distribution warehouse located on the M1 corridor in the 

Midlands. Flooring work was carried out from the end of January until the end of March 1998, 

although the discovery of soft spots in the subgrade meant that work was not continuous 

during this period. Long strip construction was chosen for this floor in order to meet the 

Category 1 defined movement flatness tolerances. 

Instrumentation was included in a section of the third phase of this floor (Figure 4.1), which 

was constructed on 23rd March 1998. 

The placement of the instrumentation in the slab allowed the effects of depth and the distance 

from joints and adjacent strips to be monitored, as well as the performance of the two different 

types of joint. The strain gauges were fixed at two different levels in the slab (three at position 

6) to allow any depth related effects to be monitored. The gauges were 80mm and 60mm from 

the slab top and bottom respectively, with the third gauge 120mm from the slab bottom at 

position 6. The gauge layout and instrumentation positioning with respect to the rest of the 

building was as shown in Figure 4. land Figure 4.2. 
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This long strip slab was constructed on top of a 1200 gauge polythene damp proof membrane 

(lapped and taped to prevent the passage of Radon gas) which in turn was laid on a 150mm 

thick Type 1 sub-base. The slab was 260mm thick and reinforced with A193 crack control 

mesh reinforcement supported on chairs giving 50mm top cover. The instrumented strip was 

tied along the longitudinal edges to the adjacent strips with formed restrained movement joints 

using 900mm long 12mm 0 mild steel dowel bars at 300mm centres. Two types of joint were 

monitored, namely a sawn restrained movement joint and a sawn free movement joint. The 

sawn free movement joints were reinforced at mid-depth with 500mm long, 20mm 0 mild 

steel dowel bars at 300mm centres. A tight fitting plastic sleeve was used to debond half of 

each of these dowels to allow free opening of the joint (Figure 4.3). The sawn restrained 

movement joints had 900mm wide strips of A193 mesh placed 50mm from the bottom of the 

slab, which was intended to carry longitudinal stresses across the joint controlling joint 

opening, whilst reducing the risk of cracking mid-way between free movement joints and 

alleviating warping stresses (TR34,1994). The longitudinal joints were saw-cut to a depth of 

20mm 24 hours after construction of the slab, whilst all of the other joints were saw-cut 75mm 

deep. 

The installed data logger and interface box can be seen connected to a laptop computer in 

Figure 4.4. This allows the progress of the strain gauge embedment to be monitored in real 

time. 

After the ambient probes had been removed from site, ambient temperature information was 

obtained from the Moulton Park Meteorological Office weather station located at OS grid 

reference SP 765644. 

4.3. Chepstow: Mesh reinforced jointed large area pour 

The first mesh reinforced jointed large area pour floor to be instrumented was constructed in a 

distribution warehouse alongside the M4 near to Chepstow. Construction of the floor was 

carried out between 7`' and 27`}' July 1999 with the instrumented sections of floor, pours 10, 

11 and 13, being cast on 21 Sc, 22nd and 26`" July. The instrumentation layout and relation of 

these pours to the building can be seen in Figure 4.5. 

This large area pour floor was constructed on top of a 200mm layer of Type 1 hardcore 

covered with a 1200-gauge polythene slip membrane. The slab was 225mm thick and 

reinforced with A193 nominal crack control reinforcement 50mm from the slab bottom. Joint 

spacing was to suit the column layout and was on 8.200m centres down the length of the 

building and 5.900m centres across the building in the instrumented pours. The concrete used 

was of grade C40 and specified to have a shrinkage of less than 0.045%. 
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The day joints between pours were formed restrained movement joints with 1.500m long T12 

dowels at 200mm centres. The sawn restrained movement joints consisted of a saw-cut groove 
75mm deep and 3mm wide, which was cut 24 hours after placement of the slab. The crack 

control reinforcement was continuous across these joints. 

Instrumentation was only placed at mid-depth in this slab in order to maximise the area of 
floor which could be monitored. Once the ambient probes were removed from the site, 

ambient temperature information was obtained from the Penhow Met. Office weather station 
located at OS grid reference ST 413906. 

4.4. Leeds: Mesh reinforced jointed large area pour 

A second mesh reinforced jointed large area construction floor was constructed just off the 

M62 near Leeds (Figure 4.6). This floor formed the working platform in a combined chilled, 
frozen and ambient food distribution building. Construction of the floor for the ambient and 

chilled storage areas was carried out between 10`h and 20`h April 2000, with the instrumented 

pours - 1,2 and 4- constructed on the 10th, 11`" and 13". 

Pours 1 and 2 form an ambient storage area, which is operated between 12 and 14°C, whilst 

the chilled storage in the remainder of the building operates at 2- 4°C. The building was taken 

down to its operating temperature 14 weeks after construction work finished on the floor. 

Formed free movement joints were used in the day joints between the ambient and chilled 

storage areas to prevent differential thermal movement induced stresses. These joints were 

also used to isolate the second pour, which contained a shrinkage-reducing admixture, from 

the first pour. Diamond dowels 6mm thick and 125mm square were used at 500mm centres to 

provide load transfer across these joints, whilst leaving the joint free to move horizontally. 

The 225mm thick floor slab was cast on a 1200 gauge polythene slip membrane laid on top of 

150mm of well-compacted Type 1 granular hardcore. Crack control reinforcement was 

provided by A 193 mesh placed 50mm from the bottom of the slab. 

The remaining day joints were of the formed restrained movement type with 1.500m long T12 

bars at 200mm centres. Sawn free movement joints were placed 900mm from these joints with 

600mm long R30 dowels at 300mm centres to provide load transfer. Half of each dowel was 

sleeved to debond it and allow free joint opening. Further sawn free movement joints were 

provided in the floor to allow stresses due to thermal contraction and drying shrinkage to be 

accommodated. 

Sawn restrained movement joints were used at all other locations, with the A193 mesh 

running continuously across them. All of the saw cuts were 75mm deep and 3mm wide. 
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Two joint gauges were installed across half of the joints in pours 1,2 and 3 (Figure 4.6) to 

monitor depth related joint movements and provide redundancy in the case of failure, whilst 

single embedment gauges were located at mid-depth in the slab mid-way between the 
instrumented joints. All of the joints in these three pours were also monitored with Demec 

pips to allow a complete picture of joint movement to be obtained. 

Two arrays of thermistors were installed in pours 1 and 2 to measure the temperature variation 

up to 0.8m below the surface of the slab, whilst two chilled mirror probes were used to record 

the relative humidity at different depths in the slab. 

Once the ambient probes were removed from the site, ambient temperature information was 
obtained from the Leeds Met. Office weather station located at OS grid reference SE 290339. 

4.5. Daventry: Steel fibre reinforced jointed large area pour 

This floor slab was constructed in a distribution warehouse close to the MI corridor near 
Daventry. The floor was constructed between the 22nd and 31" March 1999, with the 
instrumented sections of floor constructed on the 26'' and 31St March 1999 (Figure 4.7). 

The floor was 160 mm thick and contained 25kg/m3 Dran-ix RC 45/50 steel fibres for crack 

control. It was constructed on a 1200 gauge polythene slip membrane placed on 200mm well 

compacted Type 1 granular sub-base. 

Day joints were of the formed restrained movement type with 1500mm long T12 bars at 
200mm centres. Sawn free movement joints 900mm from these joints were reinforced with 
400mm long T16 bars at 300mm centres; the bars were sleeved over half their length to 

debond them from the concrete. The same reinforcement was used at the other sawn free 

movement joints in the slab. All of the joints were saw-cut 3mm wide and to a depth of 
50mm. 

Instrumentation was placed in two lines down the length of pour 5, and in one line across it, to 

assess if the distance from the edge of the building affected the movement. The spacing of the 

embedment gauges was varied in order monitor any differences in behaviour related to 

distance from the sawn restrained movement joints. 

All of the strain gauges were placed at mid-depth in both pours. Demec pips were also fixed 

above the gauges along section A-A, allowing larger joint movements to be measured and also 

giving some indication of differential movements at the joints. 

Once the ambient probes were removed from the site, ambient temperature information was 

obtained from the Church Lawford Saws Meteorological Office weather station located at OS 

grid reference SP 456736 
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4.6. Bedford: Steel fibre reinforced jointless large area pour 

A jointless large area pour was used for a distribution warehouse located on the M1 corridor 

near Bedford (Figure 4.8). The 165mm thick floor was constructed on top of a 1200 gauge 

polythene slip membrane in three pours on the 24`1,28th and 29"' June 1999. Dramix RC - 
60/65-BN steel fibre reinforcement was used at a dosage of 35 kg/m3 to control cracking, 

whilst also providing improved post crack ductility allowing the slab thickness to be reduced 

according to the ultimate load design method. 

Diamond dowels 125mm square and 6mm thick were used at the free movement joints 

between the pours at 300mm centres. These provide shear load transfer between the two slabs 
but do not prevent horizontal joint movement. 

Instrumentation was placed across the free movement joints between both pours, and 

embedment gauges monitored longitudinal movements down the length of the building and 

transverse movements across its width in the second pour. This was the first jointless floor 

and the second large area pour to be monitored. Large numbers of gauges had been lost in the 

first large area pour, so a revised instrumentation methodology was used. Because of 

uncertainty about the floor behaviour (and in order to reduce risks with the instrumentation 

until the instrumentation methodology had been proven), a smaller number of gauges was 

used compared to the previous floor. 

Newly developed joint gauges were also installed alongside the 10" long steel gauges used 

previously across day joints without success. 

Only one gauge was used at each location so no depth related effects could be monitored. 

However, the effects of distance from a free movement joint and restraint were investigated. 

Local weather data was provided by the Meteorological Office weather stations at Bedford 

Saws and Woburn. These are located at OS grid references TL 049597 and SP 964360 

4.7. Marston: Steel fibre reinforced jointless large area pour 

This second jointless large area pour construction floor was also located on the M1 corridor 

near Marston (Figure 4.9). The 175mm thick slab was constructed on a 1200 gauge polythene 

slip membrane and reinforced with 35kg/m3 Dramix type RC-65/60-BN steel fibres. 

Construction work was carried out from 15th to 28`" September 1999, with the instrumented 

sections of floor cast on 22nd, 23`d and 27th September. Diamond dowels were again used 

between the pours to provide shear load transfer. 

Each of the joints between the pours was monitored as was the movement between the edge of 

pours 7 and 9 and the walls of the building. Embedment strain gauges were installed at 
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different depths and distances from the free movement joints down the length of the building, 

although gauges were also installed part way across the building in pour 9. This distribution of 

instrumentation was chosen to make it possible to assess the influence of the free length on 

both the longitudinal and the warping behaviour of the slab. 

Local weather data was provided by the Bedford Saws and Woburn Meteorological Office 

weather stations located at OS grid references TL 049597 and SP 964360. 
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Figure 4.1 - Northampton: Long strip gauge layout and location 
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Figure 4.2 - Northampton: Section view of the slab showing the strain gauge locations 

Figure 4.3 - Northampton: Instrumentation at the contraction joint 

Figure 4.4 - Northampton: Datalogger installation 
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5. Analysis of data 

5.1. Introduction 

This chapter presents the data from the sites which have already been identified in Chapter 4. 

Strain data from the concrete and joint movements are presented for all sites, although the 

monitoring positions were varied in order to try and identify different behavioural patterns. 
The monitoring periods differ depending on the length of site access allowed following 

construction, and this along with the distance to some of the sites also affected the ability to 

carry out additional work such as precision level surveys. It had initially been intended that the 

different construction methods would be investigated along with the effects of seasonal 

variations in the ambient conditions. However, because of difficulties in gaining permission 

from clients and building operators to carry out instrumentations, it became necessary to 

accept sites which met the floor type criteria for selection, even if they did not necessarily fall 

within the seasonal periods initially desired. As a result of this it was sometimes necessary to 

remove a data logging set up from one site in order to begin monitoring on a new site, even 

though access was still available at the old site. 

Strains, joint movements, and internal slab temperatures are presented for all monitored 

periods, whilst ambient weather data collected either from sensors mounted with the logging 

set up or from nearby Meteorological Office weather stations is also provided. 

The first part of this chapter introduces the techniques which were employed in the analysis of 

the data. This includes both the justification of the readings obtained, the processing of these 

readings to arrive at meaningful strain data, as well as the analyses aimed at determining the 

more general behaviour and the influence of location and environment on the slab 

performance. The same analyses are carried out for all floor types and could equally be 

adapted to any concrete specimens. The justification for the interpretation of measured strains 

as joint movements is also discussed. 

A series of generic plots have been developed, which are common to all of the sites and allow 

the key behavioural patterns to be presented. When referring to gauges throughout this chapter 

the gauge number refers to the location and the letter refers to the vertical position of the 

gauge. For example: 

Gauge 3B - Bottom gauge at location 3 Gauge 4M - Middle gauge at location 4 
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The rest of the information in this chapter is presented in several sections covering the 
behaviour experienced at different locations and due to different causes, namely: 

0 

0 

thermal behaviour 

longitudinal restraint 
" joint behaviour 

" warping restraint 

relationship between temperature and concrete movement 

In each section the behaviour of the different floor types is compared and contrasted, with any 
implications for designers highlighted. 

5.2. Analytical methodology 

5.2.1. Zero correction of strains 

Strain is defined as the change of length of an object relative to its initial length (equation 5.1). 
This makes all strain a relative measure, making the choice of zero strain arbitrary. 

15 L 
L equation 5.1 

The data logger records the resonant frequency reading from each of the strain gauges within 
the slab, which are converted into strains according to equation 5.2. 

Eapp = 
(fl 2- f22 )x 

10-3 x G. F. equation 5.2 

where, E,, pp is the apparent measured strain (in microstrain), fl is the initial or Datum frequency 

of the vibrating wire in Herz, f2 is a subsequent reading, and G. F. is a gauge factor expressing 

the relationship between the wire length and resonant frequency. Strains follow the standard 

convention, with a positive strain change indicating compression. 

The very early-age apparent strains will be affected by the interaction of the stiffening concrete 

and the strain gauge. No strain readings will be obtained until the concrete is stiffer than the 

strain gauge and even then as the concrete stiffens the thermally induced strains will be 

overestimated, whilst load induced strains will be underestimated (Boulay and Paties, 1993). 

The degree of this effect depends on the stiffness of the strain gauge and the rate of strength 

growth in the concrete. 

Testing to determine the effective stiffness of the strain gauges, Eg, was described in Chapter 

3.2.4, with the results showing stiffnesses below 100 N/mm2 for the TEAB and 4200x strain 

gauges and below 2 kN/mm2 for the TES gauge. 

Because of the sensitivity of the strain gauges, placing the concrete around them sometimes 

caused a change in the gauge length followed by a period of unsteady readings. The initial 

large variability in the readings is believed to have several possible causes: 
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1. Thermal shock caused by the difference in ambient and concrete temperature. (This is a 

particular problem for the acrylic strain gauges used, due to the high thermal coefficient of 

expansion of the barrel). 

2. Disturbances to the concrete caused by the levelling and finishing of the concrete. 

3. The lack of restraint around the flanges of the gauges, which is later provided by the 

hardened concrete. This particularly affects the acrylic barrelled gauges 

Items 1 and 3 from above are initially interrelated as the lack of restraint allows the thermal 

expansion of the strain gauges caused by the thermal shock. Once the concrete stiffness has 

exceeded that of the strain gauge the gauges will measure the concrete strains, albeit with 

initial interaction between the gauge and concrete stiffness affecting the readings. 

The time at which the maximum concrete temperature is reached has been chosen as the zero 

point for the strain readings as this is repeatable across sites, although it will occur at different 

elapsed times after construction depending on the concrete mix and the ambient conditions. 

Additionally, the high creep rates at this early time mean the concrete can be assumed to be in, 

or near to, a zero stress state before the concrete reaches its maximum temperature (ACI 

Committee 207,1987). Using this zero time allows legitimate comparisons to be made 

between measurements from different sites. 

As can be seen from Figure 5.1, because strains are arbitrary and relative the choice of the zero 

point simply shifts the total strain relative to the ordinate axis and has no effect on the 

magnitude of the calculated strains between two given points in time. 

A second zero point has been used 3 days after construction in order to isolate the drying 

shrinkage effects. This point was chosen because the initial thermal effects due to hydration 

have finished, and because with the application of curing membranes little moisture should 

have been lost from the top surface of the slab by this time. Data generated using this zero 

point allows the short and long-term drying shrinkage behaviour across different sites to be 

compared. Comparison with the corrected gauge strains also allows the seasonal thermal 

influence on the concrete strains to be analysed. 

5.2.2. Thermal correction of strain readings 

The temperature within the slab was measured by thermistors embedded in the coil housings of 

the strain gauges and by arrays of thermocouples running through the slab and down into the 

sub-base and subgrade. This enabled data on the thermal profile in the slab to be gathered both 

during cement hydration and during the later life of the slab, as well as allowing the thermal 

correction of the strain gauge readings. 

The internal temperature of the slab, as well as causing expansion and contraction of the 

concrete, also affects the readings obtained from the vibrating wire strain gauges. The thermal 
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coefficient of expansion of the wire in the strain gauges, c Q, is 11 µstrain/°C, which is very- 
similar to that for unrestrained concrete, ca,, of 10 tstrain/°C (Neville, 1995). The apparent 

measured strain from the vw gauges is made up of the concrete drying shrinkage, and the 

thermal expansion and contraction of both the concrete and the vibrating wire. 

Of interest are the shrinkage and the thermal effects on the concrete movement; however, the 

thermal effects on the vibrating wire will partly mask this behaviour. Thus the actual concrete 

strain taking account of shrinkage and internal thermal effects, but excluding the gauge 

thermal effects is found from: 

Ecor = Eapp + ST 
- asg 

equation 5.3 

where Eco, is the strain corrected for gauge thermal effects, E0 is the apparent measured strain 

from the vw gauge, asg is the thermal coefficient of expansion of the vibrating wire and b'T is 

the temperature change between the zero and current times. 

The effect of this thermal correction can be seen in Figure 5.2 where apparent and corrected 

strains along with a plot of the slab's internal temperature are given. The relationship between 

the temperature and the induced strain in an unrestrained specimen is governed by the thermal 

coefficient of expansion, ac. Reference to Figure 5.3 shows how the uncorrected strains would 

give a negative value of the thermal coefficient of expansion for concrete which is clearly 

incorrect, whilst the corrected strains give a positive value of approximately 8 µstrain/°C. This 

is a restrained thermal coefficient of expansion and so will always be lower than values 

obtained from an unrestrained specimen. 

Thermal correction of the concrete movement has also been carried out to allow comparison 

with drying shrinkage models. In this case it has been assumed that due to the application of 

curing membranes the moisture loss from the top of the slab during the first 3 days was 

negligible, allowing t=3 days to be used as the zero point to. 

5.2.3. Determination of creep effects on restraint stresses 

Consider two strain gauges embedded in a large area pour at 2m and 20m from a free edge. If 

subjected to a temperature change of ST over a given time period, the difference in corrected 

strain readings between the two gauges is Se - with the gauge nearest the free edge showing 

greatest contraction. The apparent restraint to the contraction 20m from the free edge will have 

induced a tensile stress in the slab. 

In order to account for the gradual application of the stress and the creep relaxation with time, 

the age adjusted effective modulus can be used to determine the stresses. Firstly the creep 

compliance function J(t, t') and the elastic modulus E(-(t, t') are calculated allowing the 

determination of the creep coefficient 0't, t') according to equation 2.74. This is then used in 
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equation 2.73 to give the age-adjusted modulus, Eec (t, t'). The restraint stresses at the end of the 
time period are then given from: 

Q(t) = SE{t, t') " Eec (t, 0 
equation 5.4 

The implicit assumption in this approach is that there is zero stress at all points at the start of 
the time period. This will generally not be the case, though given that any stresses will be 

small this should still allow reasonable estimation of the restraint stress. It should again be 

emphasised that this calculation attempts to quantify the difference in stress between two 

points in the slab over a given time period. It does not determine the absolute stress at any 
point. 

5.2.4. Justification of joint gauge strain readings 

Strain gauges crossing joints were based on the TES/10 strain gauge, which has a gauge wire 
length of 254mm (10in. ) and a gauge factor for use in equation 5.2 of 10. Movement of the 
flanges, which are positioned on either side of the joints, causes changes in the length of this 

wire. Before the formation of any cracks the gauge measures the relative movement of these 

two flanges and the analysis of the readings assumes that these movements occur uniformly 

along the gauge length (Figure 5.4a). However, once a crack forms (Figure 5.4b) the 

assumption of uniform behaviour is no longer valid. The relative movement of the flanges is 

still measured, but these are now embedded on opposite sides of the joint. The discontinuity in 

the concrete means that any movement measured by the strain gauge (point c) can now be 

assumed to be concentrated at the joint. As the gauge length is known, the expansion measured 

by the gauge can be converted directly to a joint opening. This neglects the effect of the free 

shrinkage movement of the concrete between the flanges and the joint (point d), though this 

has a negligible effect on the joint width. 

Where strain gauges have been placed across the construction joint between two pours, their 

measurements have been zeroed with respect to the later pour. This was done because no 

relative movement could occur until the concrete on both sides of the joint had been placed. 

5.2.5. Analysis of daily strain change 

In order to analyse more effectively the effects of the thermal changes on the movements at 

different locations in the slab a further analysis has been carried out. This involved analysing 

the strain data acquired at maximum and minimum temperatures over a number of 24 hour 

periods. As zero temperature change leads to zero strain change, a best fit line can be plotted 

through the data and the origin (Figure 5.5). This assumes the drying shrinkage, which occurs 

over a given 24 hour period, is small relative to the thermal strain; this is not an unreasonable 

assumption even at early ages. The line will have a gradient, in, given by: 
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Emax - Emin 

m- equation 5.5 Tmax - Tmin 

This is equivalent to the thermal coefficient of expansion, which is defined as the change in 

length for a unit temperature change. These plots from the embedment gauges return effective 

thermal coefficients of expansion for the concrete, a, eff, which allow the differences in 

restraint to be assessed. To show the quality of the best-fit lines the sample correlation 

coefficient, r, is determined for each of the plots. 

A statistical analysis of the gradients and standard errors of the lines can then be carried out to 

check that they are discrete. An unpaired Students t-test is carried out as shown in equation 

5.6, where ml and m2 are the gradients of the lines and sei and see are the standard errors. The 

Ho hypothesis that there is no difference between the data recorded by the different strain 

gauges. 

MI -M2 
22 sei + see 

lo. s equation 5.6 

A confidence of 95% is generally taken as the critical value to statistically disprove Ho, i. e. 

show that there is a significant difference between the data sets. 

5.3. Thermal behaviour 

Thermal changes in concrete result from interaction with the ambient environment through 

conduction, radiation and convection, and the release of heat as the cement hydrates. The 

dominant effect during the first week after construction in all of the slabs was the increase in 

the concrete temperature caused by the cement hydration and the subsequent thermal losses to 

the environment as the temperature returned to ambient levels. 

Ambient temperature data was collected from each of the sites from before construction 

commenced, whilst the concrete temperature was obtained from the time of placement. In 

some cases moisture affected the temperature readings at very early ages. However, as can be 

seen with reference to Figure 5.6 and Figure 5.7 the absence of this corrupted data does not 

prevent a full picture of the temperature history from being determined. 

Where early age temperature data was collected, an initial period can be identified where heat 

losses into the ground and to the air exceed the rate of heat generation due to the hydration of 

the cement. Neville (1995) and Brüll and Komlos (1982) identified the dormant period for 

concrete as being from about 1 to 2 hours long depending on the chemical composition of the 

cement. During this period the adiabatic heat gain of the concrete is negligible, which results in 

a drop in temperature when the concrete is exposed to a cooling environment (Figure 5.6a). 

This heat loss continues until the rate of heat production exceeds the rate at which the heat is 
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lost to the environment, which in the case of the site measured data generally occurred after 
about 2 to 3 hours. The second bay at Leeds, which contained a shrinkage-reducing admixture, 
was the exception in this respect and the period of heat loss lasted for 7 hours. The other two 
instrumented bays at this site showed thermal losses lasting for only 3 to 4 hours, despite lower 

supply temperatures of the monitored sections of concrete. This difference in behaviour of the 

second bay is believed to have been caused by the addition of the shrinkage-reducing 

admixture, which according to the manufacturers can have a slight retarding effect. 

As a result of the heat loss to the environment during the dormant period, the average 
temperature of the slab drops, whilst a thermal gradient also becomes apparent with the bottom 

of the slab being cooler than the top of the slab. This shows that the heat loss to the underlying 

ground through conduction is higher than the convective loss to the air. 

The concrete supply temperature, the magnitude of the temperature drop, the thermal gradient 

and the duration of the dormant period are all compared for the different sites in Table 5.1. 

Table 5.1 - Comparison of early age temperature changes 

Dormant period Peak temperature 

Site 
Supply Average Temperature 

Duration Elapsed Average 
temp temp drop gradient' time, t, n temp 

(°C) (°C) (°C/cm) 
(hours) (hours) (°C) 

Northampton 15.3 0.8 +0.07 2.25 17 24.5 

Daventry Pour 5 16.8 1.5 * 2.5 14.5 21.5 

T6 16.0 0.9 * 2.75 14 19.4 

T27 16.2 0.8 * 2.75 13 18.8 

T12 18.2 1.0 * 2.25 13 21.2 

Bedford Pour 2 21.2 # # # 14 24.6 

Chepstow Pour 10 21.9 # # # 11 30.0 

Pour 11 21.4 # # # 12 28.5 

Pour 12 21.8 # # # 11 31.7 

Marston Pour 6 17.9 # # # 13 26.8 

21.0 # # # 14 30.4 

Pour 7 20.0 # # # 14 29.5 

Pour 9 18.6 # # # 17 24.8 

Leeds Pour 1 12.4 1.0 +0.08 3.1 22 17.0 

Pour 2 13.5 1.7 +0.06 7.0 27 16.5 

Pour 4 10.3 1.4 * 2.5 24 15.7 

The temperature gradient has been determined by dividing the temperature ditterence between sensors Dy ineir 

separation. Because of cover requirements this does not account for thermal differences at the slab boundaries. A 

positive gradient means the top of the slab is warmer than the bottom. 

* Not possible to determine a gradient as only one gauge present 

# No temperature data available 
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Following the dormant period the measured internal temperatures show a rapid rise, although 

any thermal gradients remain fairly constant. The time at which the maximum heat due to 

cement hydration is evolved depends on the chemical makeup of the concrete. However, 

Neville (1995) and Wang and Dilger (1995) agree that in general this occurs at an age of 

around 10 hours. Once this peak heat rate has been passed the temperature in the concrete will 

continue to rise, albeit more slowly, until the rate of losses to the environment exceeds the rate 

of heat production, at which point the temperature will begin to drop. This is in agreement with 

the measured data where the maximum temperatures generally occurred between 13 and 17 

hours after construction. No relationship between the ambient temperature and the duration of 

the dormant period, or the timing and magnitude of the maximum temperature could be found. 

This is in agreement with site testing and finite element studies carried out by Lachemi and 

ARcin (1997). There is a clear correlation between the concrete supply temperature and the 

time at which the maximum temperature was obtained, with reductions in the supply 

temperature delaying the occurrence of peak temperatures. This is also in agreement with 

Lachemi and Aitcin, although their other finding that increased supply temperature increased 

the peak temperature in the concrete was not confirmed. This difference in behaviour is 

believed to be related to the increased thermal losses on several of the sites due to air 

movement across the top of the slab and is examined more fully in the finite element analysis 

section (Chapter 6.2). 

The conductive heat exchange between the slab and the underlying layers has an effect on the 

heat development in the slab - in particular in the development of the thermal gradient - but 

also causes an increase in the temperature of the underlying layers (Figure 5.8). The 

thermocouples 850mm below the slab surface at Leeds (TC8 and TC16 in Figure 4.6) 

registered a rise of over 3°C. The underlying layers act as a heat sink during the first couple of 

days following construction and then return some of this heat energy as the slab cools. This 

behaviour has important implications for the modelling of the slab system and means that the 

underlying layers need to be modelled rather than simplifying the system to one of a slab with 

a prescribed boundary flux along its bottom edge. 

In addition temperature readings from several sites showed the heat sink effect of casting 

against an adjacent pour. Measurements from the Northampton site showed a reduction in the 

maximum measured temperature of almost 2°C between 300 and 900mm from the slab edge. 

The impact of ambient temperatures on the concrete temperature can be clearly seen in all 

cases after about 48 hours, with changes in the cooling temperature visible after as little as 24 

hours in the case of Daventry (Figure 5.6a). From this point onwards diurnal temperature 

changes are clearly visible on top of the continuing reduction in temperature towards the 

ambient conditions. The time taken for the internal and ambient temperatures to converge was 

dependent on the peak concrete temperature and the ambient temperature history, although 
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generally more than 70 hours were required. After this the slab temperatures followed the 

ambient temperatures, albeit with a reduced amplitude and a lag of several hours. 

Thomlinson (1945a and b) suggested a technique for predicting the temperature distribution in 

a slab-subgrade system subject to a sinusoidal driving function of temperature, on either a 
daily or an annual cycle (Chapter 2.8.2). Figure 5.9 shows the accuracy of the sine curve 

approximation to ambient temperature data. 

As no concrete surface temperature data was available (due to the cover requirements) the 

temperature variation at a depth of 45mm has been used to back-calculate a daily slab surface 

temperature variation, 60, as previously defined in equation 2.56. The temperature variation 

throughout the slab, sub-base and subgrade at Leeds has then been calculated. This determines 

the daily effect at the different depths, but does not account for the differences in temperature 

due to the annual temperature variation. These variations have been calculated, again using 

equation 2.56 but with the annual time constant and diffusion coefficients (Figure 5.10). 

The temperatures at different depths at 15: 00 hrs on several different dates from site 

measurements at Leeds and the theoretical calculations are compared in Figure 5.11. The 

predictions are generally within 1°C of the measured values with the discrepancies being 

caused by preceding periods of unusually warm or cold weather. This demonstrates that 

although the theoretical approximations can give an overall prediction of the temperature 

distribution, their inability to account for short-term fluctuations (over a couple of days) in the 

ambient temperature, which characterise natural weather patterns, means that the predictions 

can rarely be precise. 

5.4. Structural Behaviour 

At early ages two factors contribute to the strain changes in concrete. Firstly, thermal changes 

during the first couple of days include the rapid temperature gain as the cement hydrates, 

followed by a slower drop back to ambient temperatures. These thermal changes cause a 

corresponding expansion and contraction according to the concrete's thermal coefficient of 

expansion and the degree of restraint. At the same time moisture begins to be lost from the 

exposed surface of the slab leading to drying shrinkage. 

Various different types of joint are commonly used in industrial floors, and several of these 

joint types have been instrumented allowing their performance to be evaluated. In order to 

present and discuss the results the joints have been divided into two groups, namely: 

" Restrained movement joints - includes formed and sawn joints (Figure 2.2). 

" Free movement joints - includes formed and sawn joints, and free slab edges (Figure 2.1). 
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These joint types will be discussed in turn and any similarities or differences in behaviour 

across the floor types will be highlighted. Reference to the concrete strains measured between 
the joints, and precision level survey information is also used to explain the trends seen at the 
joints. 

The gauge layout information in Chapter 4 has been provided on fold out pages allowing 

reference to be made to the figures whilst looking at the results presented in this chapter. 

5.4.1. Restrained movement joints 

The instrumented restrained movement joints (rm) included sawn rm joints in large area pours 

and a long strip floor, and formed rm joints between adjacent bays 

Only two formed rm joints were successfully instrumented, with the data showing different 

behaviour for each of these joints, which were at opposite sides of pour 13 in the fabric 

reinforced jointed large area construction floor at Chepstow (Figure 4.5). Although the joint 

movements were small over the first six days they were closely related to the thermal changes 

seen in the slab. The initial increase in joint width measured by gauge 22, to a maximum of 
0.13mm, corresponded to the falling slab temperature following hydration (Figure 5.12). The 

falling ambient temperature about 7 days after construction was matched with increased joint 

opening measured by gauge 22. However, gauge 17 behaved differently showing a reduction 

in opening. This change in behaviour of gauge 17 coincided with the opening of the adjacent 

sawn rm joints monitored by gauges 15 and 16. (r = 12 days in Figure 5.13). The formed rm 

joints were reinforced with T12 bars at 200 centres providing 566mr2/m of reinforcement - 

about three times the steel area provided by the A193 mesh across the sawn restrained 

movement joints. Therefore, once cracking had occurred at the sawn rm joints their much 

lower restraint to opening explains why they continued to open rather than the formed joint. 

Only gauges 15,16 and 23 crossing sawn restrained movement joints measured joint opening 

during the initial monitoring period of 28 days. Gauge 23 only registered an opening at the 

very end of the period, by which time gauge 22 showed a joint opening of 0.22mm, similar to 

that measured by gauges 15 and 16 - 0.25 and 0.35mm respectively. When further readings 

were taken four months later gauge 23 showed a joint opening of 0.13mm, whilst the formed 

rm joint opening measured by gauge 22 had reduced to 0.12mm. This compared to 0.49 and 

0.56mm from gauges 15 and 16. Gauge 17 had stopped recording joint opening and instead 

showed shrinkage of 261 µstrain, which was almost identical to the adjacent embedment 

gauges. 

Not all sawn restrained movement joints were found to open, and the strain gauges across the 

joints that remained closed measured similar shrinkage to the embedment strain gauges (Figure 

5.14 and Figure 5.15). 



Several sawn restrained movement joints were instrumented in the fibre reinforced jointed 
large area pour floor at Daventry. This was the first large area pour to be monitored and the 
joint gauge location method being used at this time left them free to move under the force of 
the concrete as it was poured. Additionally, several of the joint gauges were damaged during 

construction leaving an incomplete picture of the slab behaviour. The only joint gauge that 

survived embedment and recorded opening in the two weeks following construction before the 
datalogger had to be removed was gauge 57 in pour 8 (Figure 4.7). This gauge measured an 
initial opening of 0.7mm overnight following the saw-cutting of the joints (Figure 5.16). No 

movement was recorded during the next day, although a further movement of 0.52mm 

occurred that night. The joint width then remained fairly constant until r=6 days when 

another overnight joint movement of 0.45mm was measured. 

Gauges 36,38-42,48,52,56 and 58-60 (Figure 4.7) also survived the construction process, 

although readings from gauges 41 and 42 stopped as the saw-cutting was carried out. Further 

investigation revealed that the leads connecting the gauges were on open circuit, indicating 

that the leads, rather than the gauges, may have been damaged by the saw-cutting. All of these 

joint gauges measured similar shrinkage to the embedment gauges before the logger was 

removed. 

Manual readings of the joint gauges were made 3 months after construction at which time 

gauges 40,52,58 and 59 had measured openings of 0.7,0.45,0.17 & 0.17mm respectively. 

Joint gauges 36,48 & 56 still measured shrinkage similar to the adjacent embedment strain 

gauges. 

Further manual readings of the gauges as well as demec measurements of the joint opening 

were carried out 15 months after construction. At this time joint gauges 38 and 57 also failed 

to provide readings. However, as gauge 57 had already recorded over 2mm movement during 

the first two weeks after construction, it is likely that subsequent joint opening had been 

sufficient to cause failure of the gauge. No demec pips had been placed across the joints in this 

pour, but visual inspection of this joint showed a width of approximately 9mm, which 

corresponds to an opening of about 6mm. 

Demec readings from the joints crossed by gauges 36,37,38, and 42 recorded movements of 

1.13,1.41,1.11 and 1.74mm respectively. The joint monitored by gauges 39 and 49 is a sawn 

free movement joint and will be covered in the next section, whilst readings from across the 

other joints in this pour were not possible because the floor loading rendered the demec pips 

inaccessible. 

Comparison of the demec and joint gauge readings shows greater movement from the slab 

surface at all joints. For example. gauge 52 recorded an opening of 1.06mm compared to 

1.74mm from the demec gauge. This difference in measured joint opening could be expected 
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due to the difference in drying shrinkage through the cross-section as moisture is lost from the 
slab surface. 

Gauges 36 and 48 continued to show similar shrinkage to the embedment gauges, rather than 
any joint opening, although the demec reading from these joints were 1.13 and 1.11 mm. The 
lack of any measured joint movement from gauges 36 and 48 could have two causes. Firstly 

the gauges could have been displaced sufficiently by the concrete during placement to miss the 
joint they were supposed to cross, and secondly differential movement in the slab could have 
lead to the joint opening at the surface but not lower down in the slab. This differential 

movement has already been seen to result in a difference in measured joint widths from the 
demecs and the joint gauges. 

The installation methodology was modified to reduce gauge movement during concreting 
before pour 8 commenced, but joint gauges 56 and 60 (Figure 4.7) also showed similar 
behaviour to the embedment gauges. Unfortunately, no surface joint movement readings were 

possible for this pour, as block stacking covered the joints once the building was in operation 

The large difference in measured joint opening from gauge 52 and the demec gauge adjacent to 

gauge 42 could be indicative of differential opening of the joint. However, there is also a 

physical separation of more than 14m between the monitored points on the joint, which also 

applies to gauge 48 and the associated demec reading. Visual inspections have shown that joint 

opening is generally not uniform along the length of a joint, which might also account for 

some of the difference. 

Further support for differential movement explaining the differences in joint width 

measurements comes from the jointed large area pour in Leeds (Figure 4.6). Joint gauges at 

two different depths in the slab were used here, showing that there was a reduction in joint 

opening as the distance from the slab surface increased; with demec surface readings again 

showing much greater opening. 

Ambient temperatures were low when the first three pours were constructed, retarding the 

early age strength gain of the concrete and delaying the saw-cutting of the sawn restrained 

movement (rm) joints for 24 hours. 

The only sawn rm joint to open during the first 28 days was position 36, which recorded a 

small overnight opening of 0.1mm at z= 20 days (Figure 5.17). This joint continued to open 

slowly with an inverse relationship between the joint width and the slab temperature, and at all 

times the top gauge measured greater joint opening than the bottom gauge. Readings from the 

demec pips crossing this joint continued the trend, showing greater opening than the top gauge 

at all times. Reductions in the joint opening can be seen from both the joint gauges and the 

dernec readings at position 36 as the ambient temperature increased around T= 63 days. As the 

temperature dropped again after this spike around z= 71 days the reducing temperature caused 
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a contraction of the slab (Figure 5.18), and joint gauges at positions 20 and 23 also began to 

measure opening (Figure 5.19). A reduction in joint width and subsequent opening can also be 

seen in the measurements from position 36 at the same time (Figure 5.17). The top gauge at 

position 34 also registered a small overnight opening at this time (Figure 5.20), although no 

movement was recorded from the bottom gauge until z= 87 days, when the gauges at positions 

21 and 22 also first recorded joint opening (Figure 5.21). 

Most of the joint gauges recorded movement as the building temperature was adjusted to the 

operating range around r= 100 days. With a temperature of 14.6°C pours one and two were 

initially close to the required temperature range of 10-12°C. On cooling, the slab temperature 

fell to 10°C before rising back to 12°C and finally stabilising near 11 °C. This change in 

temperature triggered joint movement at positions 27 and 28 (Figure 5.22) and increased joint 

width where movement had already been seen (Figure 5.19 and Figure 5.21). 

Greater joint movement was recorded for pour 4, in the chill store, as this experienced a 

temperature change 10°C greater than the ambient storage areas. The reduction in air 

temperature resulted in slab temperatures dropping from 14 to 6°C between r= 102 and 116 

days, although it was a further month before slab temperatures went below 4°C. These changes 

had a dramatic effect on the concrete strains measured by the embedment gauges (Figure 

5.23), which was then reflected by joint opening (Figure 5.17). 

The differences in operating temperature also affected the long-term behaviour of the joints in 

the different pours. Gauges in pours 1 and 2 continued to record slow joint widening, whilst 

those in pour 4 showed constant width once the floor had reached it's operating temperature. 

This is unsurprising as the embedment strain gauges show that there was over 40% less 

contraction in the chill store once it was at operating temperatures. For example from r= 135 

to 195 days the concrete in pours 1 and 4 showed a mean contraction of 21 and 12 . tstrain 

respectively. 

There were also significant differences in the behaviour of the two pours kept at ambient 

temperatures. The mean joint opening and concrete contraction over several time periods can 

be seen compared in Table 5.2 below. It must be borne in mind that the contractions measured 

by the embedment gauges are at mid-depth in the slab and only cover one half of the slab 

length, whilst the joint width readings cover the whole length of each pour and are taken from 

the demec pips fixed to the slab surface. It has already been demonstrated that differential 

contraction and joint movement is present through the thickness of slabs, so direct 

comparisons of the joint widths and measured contractions should not be made based on these 

readings. This table confirms that there is a definite reduction in concrete contraction and joint 

widths in pour 2 compared with pour 1, with these differences increasing as the slab aged. 
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The second pour contained a shrinkage-reducing admixture, but nevertheless the lower 

contraction and joint opening could have also been due to higher restraint, thus leading to the 

concrete being more highly stressed. To discount this, free shrinkage tests were carried out on 

samples taken from all three monitored concrete pours. Two samples from each pour were 

prepared on site in 100 x 100 x 400mm moulds, with one sample treated with the spray-on 

curing membrane after finishing. The samples were stripped from the moulds 24 hours after 

casting, at which time a length reading was taken. The beam with the curing membrane then 

had the other five faces sealed with bitumen paint to try to replicate the exposure conditions 

experienced at the surface of the slab, whilst the other beam was left untreated to try and 

establish the maximum free shrinkage for the concrete mix. All specimens were left in an 

outside building to approximate the exposure history of the slab. After 28 days the shrinkage 

from the exposed specimens containing the SRA was less than 40% of that from the normal 

concrete mixes. There was less difference between the sealed specimens, though again the 

concrete containing the SRA showed less shrinkage. The difference between the sealed 

specimens was only about 200 µstrain, whilst for the exposed specimens it exceeded 1000 

µstrain. 

Table 5.2: Leeds - Comparison of the longitudinal behaviour of the first two pours 

Mean concrete 
contraction 

[microstrain] 

Mean joint movement 
[mm] 

Pour 1 Pour 2 Pour 1 Pour 2 

28 days 43 17 0.03 0.02 

63 days 61 24 0.10 0.05 

106 days 102 59 0.49 0.19 

152 days 132 71 0.56 0.23 

222 days 166 99 0.77 0.50 

Comparison of the mean measured contractions is also slightly misleading because the 

movement in pour 2 was 25% higher near the middle of the pour (where the joints had 

opened), than it was at the monitored end of the pour where the joints remained closed for 

more than 5 months after construction. Despite the non-uniformity of the pour 2 behaviour, 

even the largest recorded contraction near the middle of the pour, where the joint opening was 

greatest, was only 50% of the mean pour 1 contraction after 28 days. This increased to 60% of 
the mean pour 1 contraction as the slab aged to 222 days. 

Demec readings showed movement of all of the joints in pours 1, and 4, although the pattern 

of opening differed (Figure 5.24, Figure 5.25 and Figure 5.26). The joint opening in pour 2 

was non-uniform, with no significant movement recorded before the adjustment of the 
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temperature to the operating range. At this time (z = 104 days) a difference was observed in 

the contraction measured by embedment gauges 9 and 12. By 't = 152 days the contraction 

from the embedment gauges near the centre of the pour in the longitudinal direction (positions 

9 and lOT) was almost 20% greater than gauge 12 at the edge of the pour (Figure 5.27). This 

difference in behaviour was reflected in the demec readings, where only the middle four joints 

were found to have opened after 152 days. 

Neglecting the stresses in the slab before this time interval, the stresses induced by this 

restraint can be calculated (equation 5.4). 

For the period z= 104 to 152 days the age adjusted modulus is 23.9 GPa, which gives a 

theoretical restraint stress of 0.36 N/mm2. This accounts for about 10% of the tensile capacity 

of the slab, and combined with stresses from service loading this could contribute to the onset 

of cracking. 

Although there was still some variation in the joint widths from pours 1 and 4 during the first 3 

months after construction, they were generally more consistent in width. At later times some 

joints can still be seen to open by more than their neighbours (Figure 5.24 & Figure 5.26), with 

differences of almost 50% in pour 1 after 222 days, whilst in pour 4 the joint nearest pour 6 

had opened by around 2mm more than all of the other joints after the same time, with further 

smaller differences between the other joints. No significant differences were seen in the 

behaviour of the joints dependant on their direction. 

A sawn restrained movement joint was also instrumented in the long strip slab at 

Northampton, though the gauges crossing this joint didn't record any opening. Conversely 

they actually showed some of the highest shrinkage of any point in this floor - especially 

during the first 3 days after construction. This may be because the close proximity to the 

formed free movement joint at the end of the slab meant that the frictional restraint was 

reduced. 

5.4.2. Free movement joints 

A variety of free movement joints were instrumented, including sawn and formed joints. 

Additionally the movement between the free edge and the adjacent walls of two large area 

pours at Marston (Figure 4.9) has been monitored. Although not strictly a free movement 
joint, this is still an unrestrained movement of part of the slab. 

As previously described for the restrained movement joints, the initial joint opening in every 

case appeared to be triggered by a drop in the ambient - and hence slab - temperature. The 

first movement generally happened around 36 hours after construction. The exceptions were 

the free edges of the slabs at Marston, where very slow movement began as soon as the 

concrete began cooling, with a more rapid opening from 60 hours after construction (r = 1.75 
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days in Figure 5.28), and the movement between pours 2 and 3 at Bedford. This also began as 

soon as pour 3 began cooling at 22: 00 hours on the day of construction, which was 

approximately 13 hours after construction, although here the movement was fairly rapid 

Once movement had commenced daily thermal variations were evident in the movement 

patterns from the edge of the pours at Marston (Figure 5.28), but these were much smaller 

than those which became apparent at the joints between the pours (Figure 5.29). The internal 

temperature of the slabs was influenced by the ambient temperatures from about 36 hours after 

construction, with the influence increasing as the slab temperature approached ambient levels. 

Generally, the only movements seen during the first couple of days after construction relate to 

thermal changes in the slab. This is because moisture diffusion in concrete is a very slow 

process and additionally in order to improve the curing near the slab surface, a spray-on 

membrane was used on all of the investigated slabs. This should have considerably reduced the 

moisture losses from the slab surface during the first week after construction. Additionally, no 

moisture will have been lost from the bottom of the slabs as they were all constructed on 

polythene slip membranes. At the day joints the movement was the sum of the thermal 

contraction from each bay, whilst at the edges of the pours it related to that bay alone. As the 

contraction at the day joint was greater, the impact of the daily temperature increase (which 

actually caused a slight closing of the joint) was also more noticeable. 

Although the movement at the free edge of the pour was smaller than the movement at the 

joint between two pours, the difference was smaller than expected. The mean movement from 

the edges of pours 6 and 9 at r=7 days was 1.03mm and 1.61n-im respectively, which was 

considerably greater than half the movement measured between the pours, with only about 

0.75mm (30%) difference between gauges 1,12 and 23 after 13 days. 

As pour 9 (the infill bay) was constructed several days after the other instrumented bays, they 

had already undergone a significant proportion of the thermal contraction that accompanied the 

temperature drop following hydration. The joint movement readings are, therefore, the sum of 

the remaining contraction of the older slabs (pours 6 and 7) and the full thermal movement 

from pour 9- the new slab. The temperature of the older slab, although still falling, is 

influenced by the daily ambient temperature variations at this time, which also explains the 

greater influence of the temperature variation on the joint opening (compare Figure 5.28 and 

Figure 5.29). 

The joint opening data from the other jointless large area pour at Bedford shows a similar 

pattern. In this case the joint between pours 2 and 3, which were completed on consecutive 

days, showed much greater movement than that between pours 1 and 2 which were constructed 

three days apart (Figure 5.30). Both formed free movement joints began to open at the same 

time, as temperatures dropped overnight on the same day that pour 3 was constructed, and 
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continued to show the same temperature related trends as the floor aged. Although the initial 

opening was greater between pours 2 and 3, the temperature related movement as the slab aged 

was very similar at both free movement joints. 

Movement was recorded from the formed free movement joints between pours 1,2 and 4 at 
Leeds (Figure 4.6). However, with the exception of the gauges between pours 1 and 2, which 

recorded joint opening of 0.5mm (Figure 5.31), the movement was generally much smaller 

than at the other sites. The upper gauges between pours 1 and 4, and 2 and 4 recorded joint 

movements of 0.14 and 0.20mm respectively (Figure 5.32 and Figure 5.33), whilst the bottom 

of the joints appeared to remain essentially closed with gauge readings of 0.03 and 0.02mm. 

This difference in behaviour, compared to the formed free movement joints in the other floors, 

is believed to be related to the much lower maximum concrete temperatures - below 17°C 

compared to over 24°C for the other floors. 

The long-term behaviour of the free movement joints at Leeds also differed from the other 
formed free movement joints. No significant movement of the joints between the ambient and 

chill storage areas was measured, although it has already been shown that all of the restrained 

movement joints in these pours opened, which might explain this behaviour. What remains 

curious, is that the restrained movement joints appear to have opened in preference to the free 

movement joints. 

The top gauge between pours 1 and 2 recorded comparatively large joint opening, with the 

movement reaching 1.7mm at r= 220 days. However, the bottom gauge at this point did not 

record any joint opening. This difference is believed to have been caused by curling of the slab 

resulting from differential movement in the slab, with further supporting evidence provided by 

the precision level survey (Figure 5.34), which shows that a 2m wide strip on either side of the 

joint has curled upwards by up to 4mm. 

A further sawn free movement joint was instrumented (Gauges IT, 1B, 2T & 2B) in the long 

strip slab, Northampton, although an additional formed free movement joint was just adjacent 

to the instrumented section of slab (Figure 4.1). 

Although saw cutting of the free movement joint took place 24 hours after construction no 

joint movement occurred until 12 hours later (r= 0.92 days in inset enlargement Figure 5.35) 

As for all the other joints differential opening related to the depth in the slab was recorded, 

with the upper gauges measuring the greatest opening. However, an additional differential 

opening was seen in the long strip slab at Northampton, which was related to the distance from 

the edge of the strip. The difference in movement between positions 1 and 2 was 0.1 mm 2 

hours after the joint began to open and increased to -0.15mm after 4 days. The difference was 

similar for the gauges at the bottom of the slab and those at the top of the slab, indicating that 

the restraint was uniform through the slab section. This restraint is believed to have been 
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provided by the longitudinal dowel bars tying the adjacent strips together. At early ages as the 
fresh concrete hydrates the restraint from these dowel bars can be significant. However, as the 
concrete matures and the strengths and relative movements between the adjacent strips even 
up, they begin to move uniformly. This is evidenced by the constancy in the difference 
between readings from the joint gauges at the two positions after early ages have passed. 

The differential movement could have been caused by one, or several, of the following factors: 

frictional restraint acting on the bottom surface of the slab; 

differential thermal gradients in the slab as the concrete set; and 

differential hygral gradients due to drying shrinkage causing the upper surface to shrink 

more than the lower surface. 

The last cause of differential movement can be ruled out for the initial difference in movement, 

as drying shrinkage is a long-term effect and cannot influence behaviour during the first couple 

of hours after construction. Differential thermal gradients have been shown to be present at 

early-ages in ground floor slabs. However, because the slabs are enclosed and not exposed to 

solar radiation the temperature has been shown to be highest in the centre of the slab and not at 

the surface, which should rule out the second possible cause. 

All ground floor slabs undergo a uniform temperature drop as the excess heat from the cement 
hydration is lost to the environment. Frictional restraint acting on the bottom of the slab 

reduces the expected movement relative to the upper surface of the slab, with the difference in 

movement at different points then being attributed to this restraint. 

No information on the differential movement of the sawn free movement joint monitored by 

gauges 39 and 49, in the fibre reinforced jointed large area pour at Daventry (Figure 4.7) 

could be obtained. The joint first opened 7 days after construction (Figure 5.36) and had 

reached a width of 1.07mm after 3 months when the first manual readings were taken. 

Unfortunately, at this time loading on the floor prevented surface measurements of the joint 

opening and when manual readings were next taken after 15 months the joint opening had 

caused failure of both joint gauges and also exceeded the full range of the demec gauge. 

Measurement of the joint with a rule found it to be 9mm wide, representing an opening of 

around 6mm, which was significantly wider than for any of the restrained movement joints in 

this direction. 

This behaviour was not repeated at the longitudinal sawn free movement joint at position 51. 

This joint width measured after 15 months was 4.5mm, indicating an opening of around 

1.5mm, which was less than the opening measured at any of the other joints in this direction 

(Figure 5.37). This trend was also repeated in pour 4 at Leeds, where the sawn free movement 

joint at position 38, which also behaved in a similar way to the adjacent sawn restrained 

movement joints (Figure 5.26). 
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This is perhaps more surprising than in the fibre reinforced floor as, once the joints have 

cracked, the restraint to movement should be lower at the free movement joint than at the other 
joints. In the fibre reinforced floor the post crack restraint will still be similar at all of the 

joints, although as the joints begin to open the load transfer capacity of the dowelled joint will 
be significantly greater than the other joints. 

5.4.3. Restraint 

Theoretically as the distance from a free movement joint increases two distinct effects will 
influence the concrete movement. The longitudinal restraint to movement will increase 

according to the frictional drag equation (equation 2.1), and the restraint to warping will 
increase up to a limiting value due to the weight of slab to be cantilevered according to 

equation 2.60 and equation 2.67. 

These two different effects can be separated when looking at the readings from the embedment 

strain gauges. At locations where gauges have been installed in the top and bottom of the slab 

the differential movement gives an indication of the warping movement, whilst comparisons 

between the bottom gauges show the longitudinal movement. The warping movement will 

result from thermal and hygral gradients arising in the slab. However, moisture loss in concrete 

is a long-term process, so any movement of the gauges at the bottom of the slab during the first 

couple of months after construction is likely to be mainly as a result of thermal changes. 

In order to try to isolate the different restraint effects the strains at different depths and 

locations have been compared over successive time periods. At early ages the measured 

behaviour has been found to be strongly influenced by the slab temperature, but the effects of 

restraint are also apparent. 

The effective thermal coefficients of expansion, a, eff for the different gauges within a slab are 

also compared, as this indicates the degree of restraint to the free thermal movement. 

5.4.4. Longitudinal restraint 

In the long strip slab at Northampton the thermal boundary conditions resulted in temperature 

gradients both vertically through the slab and across the slab between positions 3 and 5 (see 

Figure 4.1) as discussed earlier in this chapter. 

The maximum temperature recorded at position 3 was almost 2 °C lower than at any other 

gauge location. Up until z-= 3 days the temperature drops at upper gauge positions 3,4 and 5 

were respectively 9.3,10.0 and 10.5 °C, whilst the measured contraction was 59,64 and 

82µstrain (Figure 5.38). There was little differential movement at position 3 with the bottom 

gauge recording a contraction of 55 . tstrain. At position 4 the contraction from the bottom 

gauge was 70 tstrain and exceeded that of the upper gauge, whilst at position 5 the bottom 

gauge recorded 68 p strain. 
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Assuming a concrete thermal coefficient of expansion of 10 µstrain/°C and taking the 

measured temperature difference of 1.2 °C between positions 3 and 5, the maximum expected 

difference in thermal contraction should be 12 µstrain. The measured difference of 23 p. strain 

was almost twice this value. Similar results were found when comparing the vertical 
differential movement in the slab. At position 6, for example, the temperature drop undergone 

by the bottom gauge was 0.7 °C less than the upper gauge, but the differential movement was 

21 µstrain. 

These discrepancies are indicative of restraint to the free contraction of the slab. The edge of 

the slab is connected to the previous pour by longitudinal dowel bars which hold the two strips 

together and facilitate load transfer across the formed joint. However, at early ages these also 

act as a form of restraint to the fresh concrete. The similarity in bottom readings from positions 

4 and 5 seems to indicate that the influence of the edge restraint is limited to the length of the 

dowel bars, which protrude 450mm into each strip. 

The age adjusted modulus for loading between z= 0 and 3 days according to equation 2.73 is 

12.4 GPa. Therefore, the edge restraint induces theoretical stresses between positions 3 and 5 

of approximately 0.16 N/mm2, which are insignificant. 

The same trend is repeated by the effective thermal coefficient of expansion, a,. , ff (Gradient in 

Table 5.3). At positions 3,4 &5 the value for the upper gauges increases with distance from 

the edge of the pour, whilst that of the lower gauges remains very similar. At position 3 the 

difference between the top and bottom gauges was not statistically significant, but at the other 

two positions the upper gauges had a higher effective coefficient than the lower gauges. 

Table 5.3 - Northampton: Statistical comparison of daily strain changes 

Gauge Gradient standard error Gauge Gradient standard error Students t Conclusion 

3t 9.83 0.19 3b 9.36 0.25 1.50 Similar 
4t 10.39 0.17 4b 9.82 0.23 1.99 Diff erent 
5t 10.99 0.17 5b 9.43 0.19 6.12 Different 

6t 9.46 0.18 6m 10.59 0.21 7.40 Different 
6m 10.59 0.21 6b 11.74 0.25 2.76 Diff erent 
8t 11.21 0.65 8b 9.60 0.29 1.12 Similar 
9t 10.09 0.60 9b 12.00 0.28 16.82 Different 

3t 9.83 0.19 4t 10.39 0.17 0.03 Similar 
3b 9.36 0.25 4b 9.82 0.23 5.39 Diff erent 
4t 10.39 0.17 5t 10.99 0.17 3.77 Diff erent 
4b 9.82 0.23 5b 9.43 0.19 1.23 Similar 
4t 10.39 0.17 6t 9.46 0.18 4.47 Diff erent 
4b 9.82 0.23 6b 11.74 0.25 2.02 Different 
6t 9.46 0.18 8t 11.21 0.65 0.41 Similar 

6b 11.74 0.25 8b 9.60 0.29 2.54 Diff erent 
8t 11.21 0.65 9t 10.09 0.60 1.12 Similar 

8b 9.60 0.29 9b 12.00 0.28 33.10 Different 
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As the distance from the sawn free movement joint increases, the measured movement from 
the top gauges at 600mm from the slab edge is very consistent. Positions 4,6 and 8 recorded 
64,62 and 66 µstrain contraction until z=3 days. The bottom gauges, however, show a 
reduction and then an increase in contraction with 70,41 and 53 µstrain for the same locations. 

Thus position 4 recorded 17 tstrain more contraction than position 8, even though the 

measured temperature drop was almost 1 °C less. As the contraction initially reduces with 
increased distance from the free movement joint, this trend is believed to be related to the 
frictional restraint, although the similarity in the effective thermal coefficient of expansion 

shows that this seems to have very little effect on the daily temperature strains. The increase in 

contraction recorded by the bottom gauge at position 8 could relate to the proximity of the 
formed free movement joint at the end of the slab. 

Using the previously determined age adjusted modulus this difference in movement between 

positions 4 and 6 would induce theoretical restraint stresses of 0.36 N/mm2, which although 

greater than the effects of the edge restraint should still not be sufficient to cause cracking in 

the slab. 

The measurements from the two jointless large area pours allow the effects of the frictional 

restraint to be investigated further. As the distances between the movement joints are greater, 

the effects of the restraint can be seen more easily. 

The incremental movement from Bedford (Table 5.4) showed that gauges 2 and 5, which were 

nearest to the edges of the pour and were in the last sections of concrete to be placed, measured 

the greatest movement during the first three days. They also recorded very similar movement 

over each of the subsequent time intervals, although gauge 5, which was slightly closer to the 

edge of the slab, measured marginally more movement each time. The daily thermal 

movements of these two gauges were also similar (Table 5.5). 

Table 5.4 - Bedford: Mean early life incremental movement 

Position 
Mean movement [microstrain] 

0-3 days 3-7 days 7-14 days 14-21 days 21-28 days 28-35 days 

1 -32 -6 -27 +7 -21 +31 

2 -50 -5 -26 +4 -19 +28 

3 -38 -6 -29 +4 -26 +25 

4 -35 0 -20 +6 -16 +25 
5 -48 -6 -28 +5 -23 +28 

Over the first three days the magnitude of the measured contraction was found to decrease with 

distance from the free edges of the slab, although the difference between positions 1 and 3 was 

only 6 µstrain. The free movement joint between pours 2 and 3 opened more than the joint 
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between pours 1 and 2, which was reflected in the concrete movement, with gauge 3 recording 

more rapid contraction than gauge 1 even though they were both the same distance from the 

free movement joints. 

Table 5.5 - Bedford: Statistical comparison of daily strain changes 

Gauge Gradient standard error Gauge Gradient standard error Students t Conclusion 

1 8.24 0.25 3 7.27 0.15 3.33 Diff erent 
3 7.27 0.15 5 7.33 0.13 0.30 Similar 
2 7.17 0.17 4 6.17 0.22 3.60 Different 

1 8.24 0.25 2 7.17 0.17 3.54 Diff erent 
5 7.33 0.13 2 7.17 0.17 0.75 Similar 
1 8.24 0.25 4 6.17 0.22 6.22 Different 

The concrete contraction between r=3 and 14 days from gauges 2 and 4, monitoring across 

the slab, was less than from any of the other gauges, although in the short period of rising 

temperatures between 14 and 28 days the expansion recorded by gauge 4 was greater than 

elsewhere. This difference in behaviour is believed to relate to the restraint provided across the 

building because the slab was tied to the concrete perimeter retaining walls. Because the 

stresses at position 4 will have been larger than at the other gauge locations, the thermal 

expansion caused by the increase of temperature will have had the greatest effect here. 

Because of the restraint the effective thermal coefficients of expansion for positions 2 and 4, 

although significantly different, were lower than for all of the other positions. 

After 28 days the movement recorded by gauges 5 and 1 was 100 and 79 p. strain respectively 

(Figure 5.39a), although most of the difference in contraction occurred during the first 72 

hours following initialisation of the strains. The measured contraction of 96 p. strain across the 

building recorded by gauge 2 was similar to that from gauge 5, whilst gauge 4 recorded the 

smallest contraction of only 65 µstrain, with half of this difference occurring during the first 72 

hours (Figure 5.39b). 

The age adjusted effective modulus for loading from z=0 to 3 days is 13.5 GPa. Hence the 

restraint across the building would induce theoretical stresses of 0.20 N/mm2 after 3 days, and 

0.35 N/mm2 after 28 days given an age adjusted modulus from z-= 0 to 28 days of 11.2 GPa. 

Using the relationship in equation 2.24 the predicted 28 day tensile strength is 3.76 N/mm2. 

After 3 days the degree of hydration found by the finite element models, discussed in more 

detail in the next chapter, was around 0.55, giving a3 day tensile strength of approximately 1.6 

N/mm2 according to equation 2.26. This means that this restraint stress accounts for almost 

13% of the tensile capacity of the slab after 3 days dropping to around 9% after 28 days. The 

calculated stress caused by the restraint down the length of the building was approximately 

123 



0.22 N/mm2 after 3 days and 0.24 N/mm2 after 28 days, which accounted for between 14 and 
6% of the tensile capacity of the concrete as the slab aged. 

Crack surveys carried out at periodic intervals once the building was in service have shown 
that almost all of the cracking which occurred in this floor was perpendicular to the direction 

of maximum restraint, i. e. across the building (See Appendix C for crack survey results). 

The same reduction in longitudinal movement over the first 3 days can be seen in the readings 
from the embedment gauges in the second jointless large area pour at Marston. Where two 

gauges were located at a monitoring position the readings have been averaged. This assumes a 
linear strain distribution through the cross section, which may not always be the case, but 

allows a comparison to be made between the contractions at all of the instrumented points. 

Incremental readings over the first 12 days are given in Table 5.6, though the measured strains 

from pour 6 until r=3 days must be interpreted with care. The maximum temperature of the 

concrete containing gauge positions 1 to 6, which was poured between Bam and 9: 30am, was 

3.5°C lower than the maximum temperature of the concrete poured later in the day. This 

demonstrates two trends which are apparent at early ages. Firstly, the magnitude of the strain is 

strongly dependent on the maximum temperature of the concrete and, secondly, the measured 

strain decreases with distance from the edge of the pour (see positions 10 and 7 in Table 5.6 

and Figure 5.40). 

Table 5.6 - Marston: Incremental movement 

iti P 
Mean movement [microstrain] 

Position 
Mean movement [microstrain] 

on os 
0-3 days 3-7 days 7-12 days 0-3 days 3-7 days 7-12 days 

3 -65 -29 -51 19 -76 -58 

4 -73 -39 -55 20 -78 -63 

5 -65 -33 -51 21 -83.5 -60 

6 -63 -33 -50 24 * 

7 -93 -23 -47 25 -97 -27 -40 

8 

9# 
-104 

-110 

-29 

-30 

-50 

-56 

26 

27 
-85 

-98 

-30 

-30 

-44 

-44 

10 

11 

13 

-108 
* 

-73 

-32 
* 

-54 

-55 

-48 
* 

28 

29 

30 

-75 

-84 

-84 

-25 

-35 

-33 

-41 

-48 

-47 

14 

15 
-84 

-78 

-55 

-58 

* 

* 

33 

34 
-90 

-77 

-60 

-56 

16 -67 -55 * 35 -74 -59 

17 -58 -53 * 36 -59 -54 

18 -61 -53 
* No data available for this time 

" Reading from position 9 is an upper gauge only not a mean reading 
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The gauges cast in pour 7 recorded a maximum temperature of 28.6°C and produced similar 
strains to those measured by the later gauges in pour 6. Again the gauges in the middle of the 
pour showed much less contraction at all times (Figure 5.41). The similarity of the readings 
from the gauge positions at each side of this pour (30 and 26) indicates that the restraint at the 
joint with the previous pour is not significant. 

Data from pour 9 again demonstrates the effects of frictional restraint, with the measured strain 
reducing with increasing distance from the edges of the slab (Figure 5.42). The relationship 
between the maximum temperature and the magnitude of the strains is not seen in this case. 
The gauges cast in the morning (positions 31-36) recorded a maximum temperature of 25°C, 

whilst the gauges across the middle of the pour (positions 13-21) recorded a maximum 
temperature of 30°C. The measured strains, however, were slightly lower for the gauges at 
positions 13-21. One possible explanation is the possibility of increased restraint in this 
direction caused by the adjacent pours. 

After the first three days the slab temperature generally converged with the ambient 
temperature, meaning that all of the strain gauges were experiencing the same thermal 

changes. 

A reduction in movement could almost always be seen between the gauges 5m and 7m from 

the slab edge, though the mean reading 5m from the slab edge was occasionally larger than the 

reading lm from the slab edge (see positions 13,15 and 16). 

The difference in movement measured by the gauges lm from the edge of the slab and mid- 

slab in pour 9 was 17 µstrain after 1 day and 26 µstrain after 3 days. Using the age adjusted 

modulus this gives theoretical stresses of around 0.21 N/mm2 and 0.29 N/mm2 respectively, 

which is not sufficient to cause cracking, but nevertheless accounts for around 20% of the 

tensile capacity of the slab. 

For restraint occurring between 7 and 140 days the age adjusted modulus is 12.7 GPa. The 

movement over this period at positions 16,17 and 18 was very similar, but around 40 µstrain 

less than the movement at positions 13 and 20. This results in a theoretical restraint stress away 

from the edges of the pour of approximately 0.51 N/mm2, which accounts for approximately 

20% of the tensile strength of the concrete in this floor calculated according to equation 2.24. 

The effective thermal coefficients of expansion concur with the long-term slab strain 

measurements (Table 5.7). Pours 6 and 7 show little variation (Figure 5.43a & b), with only 

gauge 25 being significantly different from all of the other gauges in pour 7. Figure 5.43c 

shows the variation with distance from the edge of the bay for pour 9. It can clearly be seen 

that the gradient reduces, and hence the restraint increases, as the distance from the free 

movement joints increases. This is in agreement with the plot of strain against location, which 

showed a significant increase near to the free movement joints. 
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Table 5.7 - Marston: Statistical comparison of daily strain changes 

Gauge Gradient standard error Gauge Gradient standard error Students t Conclusion 

3t 11.10 0.15 3b 10.80 0.12 1.56 Similar 
4t 10.90 0.14 4b 11.40 0.21 1.98 Similar 
5t 10.93 0.09 5b 11.43 0.20 2.28 Different 
10t 12.02 0.32 10b 10.88 0.36 2.37 Different 

13t 14.43 0.59 13b 13.03 0.42 1.93 Similar 
15t 12.47 0.27 15b 13.48 0.31 2.46 Different 
17t 9.88 0.33 17b 9.19 0.36 1.41 Similar 
20t 15.01 0.54 20b 13.65 0.41 2.01 Different 

3t 11.10 0.15 4t 10.90 0.14 0.97 Similar 
3b 10.80 0.12 4b 11.40 0.21 2.48 Different 
4t 10.35 0.14 5t 10.93 0.09 3.48 Different 
4b 10.58 0.21 5b 11.43 0.20 2.93 Different 
5t 10.93 0.09 6m 11.45 0.21 2.28 Different 
5b 11.43 0.20 6m 11.45 0.21 0.07 Similar 
5av 11.18 0.22 6m 11.45 0.21 0.89 Similar 
6m 11.45 0.21 7m 11.40 0.22 0.16 Similar 
7m 11.40 0.22 8m 10.62 0.18 2.74 Different 
8m 10.62 0.18 9b 11.15 0.22 1.86 Similar 
9b 11.15 0.22 10b 10.88 0.36 0.64 Similar 
10t 12.02 0.32 11M 10.79 0.34 2.63 Different 
10b 10.88 0.36 11M 10.79 0.34 0.18 Similar 

13t 14.43 0.59 14m 10.88 0.23 5.61 Different 
13b 13.03 0.42 14m 10.88 0.23 4.49 Different 

13av 13.73 0.72 14m 10.88 0.23 3.75 Different 
14m 10.88 0.23 15t 12.47 0.27 4.48 Different 
14m 10.88 0.23 15b 13.48 0.31 6.74 Different 

14m 10.88 0.23 15av 12.98 0.41 4.45 Different 
15t 12.47 0.27 16m 11.78 0.27 1.81 Similar 

15b 13.48 0.31 16m 11.78 0.27 4.14 Different 

15av 12.98 0.41 16m 11.78 0.27 2.43 Different 
16m 11.78 0.27 17t 9.88 0.33 4.46 Different 

16m 11.78 0.27 17b 9.19 0.36 5.76 Different 

16m 11.78 0.27 17av 9.54 0.49 4.02 Different 
17t 9.88 0.33 18m 11.99 0.31 4.66 Different 

17b 9.19 0.36 18m 11.99 0.31 5.89 Different 

17av 9.54 0.49 18m 11.99 0.31 4.24 Different 
18m 11.99 0.31 19m 13.42 0.35 3.06 Different 
19m 13.42 0.35 20t 15.01 0.54 2.47 Different 

19m 13.42 0.35 20b 13.65 0.41 0.43 Similar 

19m 13.42 0.35 20av 14.33 0.68 1.19 Similar 
20t 15.01 0.54 21 m 11.44 0.30 5.78 Different 

20b 13.65 0.41 21 m 11.44 0.30 4.35 Different 

20av 14.33 0.68 21 m 11.44 0.30 3.90 Different 

25m 11.00 0.12 26m 10.33 0.17 3.22 Different 

26m 10.33 0.17 27m 10.71 0.16 1.63 Similar 

27m 10.71 0.16 28m 10.23 0.23 1.71 Similar 

28m 10.23 0.23 29m 10.49 0.22 0.82 Similar 

29m 10.49 0.22 30m 10.67 0.22 0.58 Similar 

The data in the shaded rows are average values for an instrumentation position. 
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Few of the sawn restrained movement joints in the fabric reinforced jointed large area pour at 
Chepstow opened, which will have induced higher restraint stresses in the floor. Isolated 

cracking was first reported in this floor in November 1999, almost 3 months after construction, 

at which time a detail survey was carried out. This identified cracking in several areas of the 
floor, although pour 4, which had been an in-fill bay was the worst affected area (Figure 5.44). 

By casting this pour within several other pours the early age thermal movement will have been 

restrained leading to higher residual stresses in the slab. 

Evidence of this form of restraint can be seen with reference to Figure 5.45. The contraction in 

pour 10 after 1 day measured by gauge 12 at the end cast against pour 8 was 38 tstrain, whilst 

gauge 9 at the free end measured 55 µstrain. Pour 11 also showed a slight increase in 

contraction from 22 to 29 µstrain between gauge 1 at the edge of the building and gauge 4, 

which was a free edge. The contraction from pour 13, which was an in-fill bay, measured by 

gauges 6 and 7 was around 14 µstrain. Gauge 5 measured 28 µstrain; however, this was 4m 

from the formed restrained movement joint monitored by gauge 17, which was found to open 
by 0.04mm during the first 24 hours, possibly accounting for this difference. 

Both pours with at least one restrained edge showed a variation in the measured contraction of 

around 17 Astrain until t=1 day. The theoretical age adjusted modulus for this period is 13.4 

GPa, which leads to theoretical restraint stresses of 0.23 N/mm2. By comparison, the variation 

in contraction measured in pour 11, which was unrestrained at both edges, lead to theoretical 

restraint stresses of only 0.09 N/mm2. 

It is clear that the cracks in this floor did not form within the first 24 hours after construction, 

as they are not continuous across the saw-cut joints (Figure 5.46). 

There was no reduction in the contraction as the distance from the ends of the slabs increased 

down the length of the building in the first jointed large area pour at Leeds, even though none 

of the joints were found to open during the first couple of weeks after construction, whilst a 

very slight reduction of 3 . 1strain was found across the pour (Table 5.8). The mean contraction 

across the pour was found to be significantly greater than down the length of the pour, 43 

µstrain compared to 52 tstrain in the first week. This pattern was repeated for the second pour, 

with mean lengthways contraction of 18 tstrain compared to 27 µstrain across the pour. There 

was also a much clearer difference in contraction measured by the two gauges across the 

second pour, with gauge 7 measuring 8 µstrain more contraction in the first 3 days. 

These trends were not continued in the long term, a factor which appears to be related to the 

joint opening. Although the gauges in the middle of the pours initially showed the least 

contraction, this behaviour changed once the joints began to open. For example, the 

contraction at the centre of pour 2 (Gauges 9 and lOT), where joint widths were greatest, was 

20% greater than at the edge of the pour after 4 months. 
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Table 5.8 - Leeds: Longitudinal and transverse contraction from the first two pours 

Position Movement [microstrain] Position Movement [microstrain] 

0-3 days 3-7 days 7-14 days 0-3 days 3-7 days 7-14 days 
2 -32 -12 +5 7 -31 -1 +1 

3 -28 -14 +4 8 -23 0 +1 
4 -32 -12 +6 9 -11 -4 +5 
5 -35 -16 +4 I OT -20 -4 +6 
6 -38 -16 +4 12 -17 +1 +4 

If no cracking occurs in the slab, the joint movement should be equal to the area under a graph 

of contraction against location. This is because the integral of strain against length gives a 
displacement. The inherent assumption when designers determine joint spacing is that all of 

the concrete between joints will move uniformly. The comparison of the measured joint widths 

with the measured contractions allows the accuracy of this assumption to be assessed. 

For the long strip slab at Northampton, analysis of the movements from the embedment 

gauges when the joint first opened shows that the reduction in strain as the distance from the 

joint increases is almost linear up to a distance of 7m, as shown in Figure 5.47. However, the 

measured strains from the embedment gauges over the first few weeks were found to decrease 

up to 4m from the free movement joint before beginning to increase again, with this change in 

behaviour attributed to the proximity of the formed free movement joint at the end of the slab. 

Therefore, measured contraction has been integrated over two lengths, 7m and 4m, for 

comparison with the joint movement (Table 5.9). It has been assumed that the concrete 

contraction on both sides of the joint is similar, giving incremental contractions as shown in 

Figure 5.38. Calculated joint widths have been given for gauge positions 1B and 2B using the 

bottom contraction readings from positions 3,5,6 and 8. Little difference in behaviour was 

found between the bottom gauges 900mm and 600mm from the slab edge at positions 4 and 5. 

This relationship has been assumed to be the same along the length of the strip allowing the 

contraction from positions 6 and 8 to be used to calculate the joint movements for the 4m and 

7m active lengths of slab. 

The difference in strains between positions 3 and 5 has also been assumed constant along the 

strip, with the difference applied to the contraction at position 6 allowing the joint movement 

300mm from the slab edge to be determined. 

For Northampton very good agreement was found for the joint width predictions using the 

active length of 4m at 7 and 14 days. Reference to Figure 5.35 shows that the joint opening 

began to flatten off after about 16 days. Calculating the predicted joint opening at position 2 
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after 28 days using the 4m length gives a width of 0.94mm; this compares to a measured 

opening of 0.75mm. Further calculations using this length show reasonable agreement with the 

measured joint opening as the slab ages - after 270 days the predicted opening at position 2 

was l. llmm compared to measured opening of only 1.03mm, whilst after 375 days the 

predicted movement was 0.90mm compared with measured movement of 0.89mm. 

Table 5.9 - Northampton: Comparison of calculated and measured joint opening 

Measured joint Calculated over Calculated over 
width, dj (t) 

[mm] 
4m length* 

[mm] 
7m length* 

[mm] 
Elapsed time, t 7 14 7 14 7 14 

Position 2B 0.52 0.73 0.50 0.69 0.93 1.33 

Position 1B 0.34 0.55 0.36 0.58 0.70 1.12 
* As embedment gauges were only located on one side of the sawn free movement joint the calculated joint 
movement assumes that the concrete contraction was similar on the opposite side of the joint. 

The same approach has been applied to the joint movements from the Marston jointless large 

area pour (Table 5.10). As a distinct change in the shrinkage behaviour of each of the pours 

was seen from the gauges around 7m from the free movement joints, this has been used as one 

active length, whilst the mid-point of the slab has also been used as another, as is assumed in 

the design. 

Battery failure meant that no readings were taken between 10 and 140 days after construction. 

For this reason the joint movements and the concrete shrinkage have only been compared at 

these ages. The joint widths at this later time were determined by visual inspection using a 

rule, as the opening had exceeded the full range of the joint gauges. 

Table 5.10 - Marston: Comparison of calculated and measured joint opening 

Readings were taken optically with a rule as the range of the strain gauges had been exceeded. 

2 Assumes shrinkage at mid-slab is the same as at position 36 - as for the other slab direction. 

After 7 days the difference between the predicted movement calculated over the length of 7m 

and the measured movement was very similar for all of the joints; varying between 5-l and 

Gauge position Measured joint 

width, A [mm] 
Calculated over 
7m length [mm] 

Calculated from 
mid-slab [mm] 

Elapsed time, t 7 140 7 140 7 140 

1 1.11 2.5 0.67 1.62 1.13 4.62 

12 2.54 10.0 1.37 2.86 3.52 7.56 

23 2.54 9.0 1.29 2.83 3.71 8.01 

32 1.67 4.0 0.91 1.56 2.802 5.43 2 
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60% over the measured movement. The predictions based on the movement calculated from 

mid-slab matched the measured movement for position 1, whilst at positions 12 and 23 the 

width was over predicted by around 40%. The difference being even greater for position 32, 

although assumptions had to be made about the mid-slab movement at this point, which could 
account for some of the discrepancy. 

After 7 days the movement from pour 6 had been quite uniform, whilst that from pour 9 

showed definite non-linearity between 5 and 7m from the day joint. If the movement 

calculated from mid-slab for pour 6 is added to the movement from the edge 7m from pour 9 

the predicted joint width increases to 80% of the measured width. 

The difference in the measured joint widths and the predicted widths after 140 days could have 

two possible causes: 

" Errors could have arisen in measuring the joint widths. This is possible because of 
difficulties in choosing the zero point for edge movements due to unevenness of the 

building walls, and differential contraction which could have affected all readings. 

" The theoretical joint opening calculated from mid-length in the slab assumes that this point 

of each pour does not move, and that the movement occurs from this point to the two edges. 

Due to differences in restraint this assumption may be wrong. 

This hypothesis could be verified in two ways: 

" The relative movement of the slab to the sub-base could be measured at several locations. 

" All of the panels in a floor and all of the joints could be instrumented. The sum of the 

concrete contraction has to be greater than or equal to the sum of the joint movements. 

Unfortunately, the data collected as part of this project does not allow either of these two 

causes to be directly verified. However, joint width measurements were taken across all of the 

joints at 140 days, showing there was up to 30% variation in the width of the day joints (Figure 

5.48). Over the same time period the contraction measured at the middle of the three 

instrumented pours was 230,233 and 238 Astrain. 

The movement in the three instrumented slabs varied near to the joints, but was very similar 

over the inner sections. Assuming this behaviour was repeated in all of the other slabs an 

estimate of the mean contraction for the length of the building can be obtained using the mean 

contraction from the three instrumented pours of 233.7 µstrain. The total length of floor slab 

was 209.04m giving a total predicted contraction of 48.8mm. Assuming that the slab remained 

uncracked this should equate to the total joint opening down the length of the building. 

Summing the measured joint opening after 140 days gives a total of 43.5mm, which is less 

than the mean predicted movement. 

130 



This makes it most likely that the second possible cause for discrepancies in the joint width 

predictions is correct - i. e. the slabs do not move about their mid-points, resulting in uneven 

opening of the day joints. However, the similarity between the predicted and measured 

movement over the length of this building indicates that most parts of the floor have moved, 

leaving a reduced risk of cracking due to restraint. Calculating an approximate mean restraint 

from the difference in measured and calculated movement gives a value of 25 . tstrain. 

5.4.5. Warping restraint 

The long strip floor at Northampton and the jointless large area pour Bedford2 had strain 

gauges installed at two different depths in the slab, in order to allow the differential movement 

to be analysed. Both floors showed evidence of warping with large differential movements 

near to the joints. 

A precision level survey of the instrumented section of the long strip slab (Northampton) was 

carried out 24 hours after construction, which showed the floor to have a slight curvature 

across its width (Figure 5.49). The occurrence of this profile so soon after construction could 

have resulted from some of the early differential thermal changes, though it is also believed in 

part to be caused by 'false curl'. This can occur as a result of the vertical movement of the 

vibrating beam used to level and compact the floor, and the powerfloats carrying material from 

the middle of the strip towards the edges. 

Further surveys carried out once the building was in service showed that several millimetres of 

curling deflection had occurred within about lm of the joints after 10 months. This vertical 

movement was consistently found to be less near to the sawn free movement joints than at the 

sawn restrained movement joints (Figure 5.50 and Figure 5.51). This difference in behaviour is 

believed to be related to the higher moment resistance of the steel dowels crossing the free 

movement joints compared to the fabric reinforcement crossing the restrained movement 

joints. This confirms that the restrained movement joints are able to perform as assumed in 

TR34 (1994) and release moment stresses which have built up in the slab. However, there is an 

associated risk, particularly to the end user, as increased warping deflections of the slab can 

affect the operation of the building. 

There was little difference in the differential movement at all instrumented sections after 28 

days. At later times the differential movement measured near to the sawn restrained movement 

joint was greater than that measured near the sawn free movement joint, whilst the smallest 

differential movement was measured mid-way between the two joints (Figure 5.52), which 

concurs with the slab profile from the level surveys. 

Leonards and Harr (1958) used equivalent temperature gradients (ETG) to represent the 

thermal and hygral length changes in slabs and pavements. The respective maximum 

differential gradients extrapolated to the full thickness of the slab at positions 4,6 and 8 after 
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850 days were 219,130 and 386 µstrain. Converting these measured strains into ETGs, using 
oý = 10 tstrain/°C, gives 0.84,0.5 and 1.48 °C/cm for positions 4,6 and 8 respectively. These 

values compare well to the range of 0.66 to 1.33 °C/cm found by Leonards and Harr for 
internal slabs exposed to a drying environment. The range cited in NCHRP Report 372 (1995) 
based on Chilean and German data was 1.1 to 1.5°C/cm. 

The warping restraint between positions 6 and 8 is the difference between the strain gradients 
measured at each point. Over the time period from 28 to 370 days this was 82 µstrain, which 
when extrapolated to give the difference in strain across the slab thickness gives 178 µstrain, 
or an ETG of 0.68 °C/cm. 

The maximum stresses arising in a slab with thickness, h, under exposure to an ETG whilst 
fully restrained are given by: 

"aý "ETG"h fir = 
Er 

2 ý1-vý equation 5.7 

Given that the age adjusted modulus over this time was 13.4 GPa, and using a Poisson's ratio 
of 0.2 this leads to a warping restraint stress of 1.49 N/mm2. A further large increase occurred 
between 370 and 730 days, with the restrained strain between positions 6 and 8 growing by a 
further 30 µstrain. Extrapolated over the full thickness of the slab, and with an age adjusted 

modulus of 21.5 GPa this gives an additional warping restraint stress of 0.87 N/mm2. The 

residual stress from the earlier restraint can also be calculated using the required age adjusted 

modulus of 12.1 GPa, leaving 1.35 N/mm2, and a combined restraint stress of 2.22 N/mm2. No 

further significant change in differential movement was seen between 730 and 850 days. 

TR34 (1994) uses the following relationship to give the flexural strength of concrete, allowing 

a 10% increase to give the strength at 90 days. 

R28 = 0.393 feu 2/3 equation 5.8 

The cube tests for Northampton gave a 28 day compressive strength of 56.9 N/mm2, giving a 
90 day flexural strength of 5.8 N/mm2. Therefore, the combined warping restraint stresses 
between 28 and 730 days account for almost 40% of the flexural strength of the concrete. 

Warping was also measured in the jointless large area pour at Marston. Again the reduction in 

the measured warping can be seen as the distance from the edge of the slab increased (Figure 

5.53 a, b&c). 

The approximate stresses resulting from this restraint can be calculated as above. 

Unfortunately failure of the logging equipment meant that no readings were obtained between 

11 and 140 days, so the warping has had to be assumed to have occurred uniformly over this 

time period. By 140 days the difference in strain gradient between mid-slab and the left-hand 

edge had reached 265 µstrain, or an ETG of 1.51 °C/cm. This gives an estimated warping 
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restraint stress of 2.1 N/mm2 using the age adjusted effective modulus of 12.7 GPa, which 
again accounts for a significant proportion of the flexural strength of the slab. 

The stresses induced in the slabs by warping restraint have been found to be significantly 
larger than those resulting from longitudinal restraint. Additionally, whereas the longitudinal 

restraint builds up over a long distance, the warping restraint reaches a constant maximum 
value at the critical length from the slab edge. This means that the majority of the slab is often 
exposed to this restraint. 

However, warping restraint induces tensile stresses in the top half of the slab and compressive 

stresses in the bottom half, which is in the opposite sense to the stress distribution under point 
loads on the slab. Therefore, away from the edges of the slab this restraint could actually be 

beneficial to the load carrying capacity of the slab, though this will not be the case in aisles 

where, in combination with the hogging moment, the warping restraint could cause cracking 

under normal service conditions. 

5.4.6. The effect of ambient temperature 

The behaviour of all parts of floors has been strongly influenced by its temperature - 
especially during the first week after construction when the thermal changes are generally at 

their greatest, being influenced by the ambient conditions and the heat released due to cement 

hydration. Temperature rises and drops of greater than 10°C were commonly seen during the 

first 3 or 4 days after construction. Assuming a concrete thermal coefficient of expansion of 10 

µstrain/°C and no restraint, this would equate to a thermal expansion and contraction of more 

than 100 tstrain. As the concrete temperature increases the concrete stiffness is so low and the 

creep rate so high that stresses generally do not arise. However, as the concrete begins to cool 

down more than 20 hours after placement, the elastic modulus has developed sufficiently for 

stresses to arise if restraint is present. Although creep rates are still high at this time, restraint 

to this thermal contraction could still cause cracking of the concrete as the tensile strength is 

also not fully developed. 

The impact of the reduction in temperature of the chill store on the concrete in pour 4 at Leeds 

was demonstrated in Figure 5.23. Applying the thermal corrections to account for the concrete 

contraction shows how the resulting drying shrinkage after 220 days is only 60% of the total 

movement undergone by this floor (Figure 5.54). Comparison with Figure 5.55, which shows 

pour 1, indicates how the drying shrinkage has also been reduced when the slab has been 

exposed to the lower ambient temperature. 

Long-term data also shows the influence of seasonal temperature variations. Figure 5.56 shows 

the long term concrete strains measured at Bedford, without any correction for the temperature 

of the concrete. This slab was constructed at the end of June 1999 when ambient temperatures 

were around 20°C. Local Meteorological Office data shows that the mean daily ambient 
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temperature dropped from a high at the end of August to a low in mid January 2000, before 
beginning to rise again (Figure 5.57). The slab temperature at the end of the monitoring period 
in August 1999 was found to be 22°C. This had dropped to 6°C in November when manual 

readings were again taken, before rising to 9.5°C by mid February 2000. The final manual 

readings in July 2000 gave a slab temperature of 21°C, showing an annual temperature 

variation of around 16°C. 

Figure 5.58 has been corrected to allow for the thermal expansion and contraction of the 
concrete, and therefore, shows the drying shrinkage of the concrete. These strain readings were 

all taken on an unloaded slab, to avoid differences in imposed loading affecting these readings. 

Assuming the thermal coefficient of expansion for concrete to be 10 µstrain/°C, the expected 

free thermal contraction between August and November would have been 160 gstrain. The 

maximum difference in measured values over this period, recorded by gauge 3, was 220 

µstrain. This gauge also had the largest calculated drying shrinkage of 90 µstrain, leaving a 

possible restraint of 30 tstrain. The age adjusted modulus for a load applied over this period is 

24.8 GPa, giving a theoretical restraint stress of around 0.74 N/='. 

As the distance from the edge of the pour increased, both the thermal contraction and the 

drying shrinkage reduced, with gauge 1 recording a contraction of 206 Astrain. The readings 

from the gauges across the building were generally lower than from those down the buildings 

length. The measured changes at gauges 2 and 4 were 197 and 191 µstrain respectively, which 

would lead to possible restraint stresses of 0.74 N/mm2 at gauge 4 assuming that the movement 

at gauge 3 had been totally unrestrained. If the maximum free movement was indeed 250 

µstrain, the restraint on gauge 4 was 59 µstrain, which equates to possible restraint stresses of 

1.46 N/mm2. 

The free movement joint between pours 1 and 2, which had been around 3mm wide on 3a 

August 1999 had opened to 9.5mm by the 18`'' November, whilst the joint separating pours 2 

and 3 had opened from 5mm to 10mm over the same period. The size of these joint openings 

means that frictional restraint will have been overcome and free movement of the slabs must 

have occurred. 

As the slab temperature increased from November 1999 until July 2000 the expected thermal 

expansion was 150 µstrain. The drying shrinkage calculated for all of the gauges over this 

period was around 30 µstrain. Differences in measured strain were still recorded by the 

embedment gauges, showing that the restraint stresses again vary with location. The measured 

differences in strain for gauges 3 and 5 were 96 p. strain, whilst gauge 4, with 79 µstrain, again 

measured the smallest change. 
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This leaves a difference of 25 . Lstrain between the calculated and theoretical thermal expansion 
for gauge 3, which is almost identical to the restrained strain seen during the previous time 
period. This demonstrates that the frictional restraint was similar for thermal contractions and 
expansions. 

Crack surveys were undertaken on each site visit (see Appendix C), however, no visible 
cracking was seen in pour 2 until July 2000. The presence of these cracks which had opened 
by up to 3mm in some places could explain the smaller than expected expansion from gauge 4. 

If the restraint stresses had been released, then frictional restraint would again first have to be 

overcome before movement could occur. 

The age adjusted modulus for loads applied between November and July was 29.1 GPa, which 

shows the difference in stress between the concrete at positions 3 and 4 could have been up to 

0.5 N/mm2. 

Similar differences in behaviour were measured from the long strip near Northampton. This 

slab was constructed in March 1998 and was continuously monitored for 6 weeks, before the 

datalogger had to be removed. Further periods of monitoring were carried out from January to 

March 1999 and in April and July 2000. Over each of these successive time periods the 

movement measured by the bottom gauge at each location has been strongly influenced by the 

seasonal changes in the slab temperature, which varied from 11 °C to over 20°C. For example, 

between April and July 2000 the slab temperature increased from 14 to 20°C. At the same time 

the bottom embedment gauge at position 6 showed an expansion of 40 µstrain, although the 

calculated drying shrinkage during this period was negligible. The theoretical restraint during 

this period amounted to approximately 20 µstrain, which using the elastic modulus as before 

and neglecting creep would give a longitudinal compressive stress or reduction of tensile stress 

of 0.6 N/mm2. 

Isolated cracking was also seen in the floor slab at Chepstow in early November 1999,4 

months after construction. A full detail survey of the floor was carried out to identify the 

location and size of the cracks and to attempt to classify their type. A precision level survey of 

one of the main cracks was also carried out with a digital level to ascertain whether there was 

any curling or faulting across the crack. A complete set of manual readings for all of the 

embedded vibrating wire strain gauges was also taken, to give an indication of the magnitude 

of movements which had occurred in the floor - although there was no cracking present in the 

area which had been instrumented. 

The locations of the cracks which were identified in the floor can be seen marked on the full 

building plan in Figure 5.44. With the exception of crack A, all of the cracks were hairline 

cracks (i. e. <0. lmm). The results of the precision level survey of this crack can be seen in 

Figure 5.59 where they have been superimposed on the plan view of the crack survey data. The 
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grey-scale representation indicates the levels of the floor relative to the top left-hand corner of 
the plot. A 3-D representation of the results is presented in Figure 5.60. 

To allow for an easier visual assessment of the results, the floor profile across crack A has 
been plotted along the length of the crack in Figure 5.61 and Figure 5.62. The data shows that 
the maximum fault across the crack is 0.8mm (Figure 5.62e). At the other sections where 
readings were taken there was either no faulting or it was less than 0.4mm. The crack width 
(measured with an optical crack microscope) varied between 0.4mm and 1.4mm with one 
exceptional reading of 2.3mm. No correlation was found between the crack width and the 
degree of faulting across the crack. 

There is no evidence to suggest that there is any curling present in the slab, as the gradient on 
both sides of the crack is generally similar - it must be borne in mind that the scales on the 
figures are in the ratio of 1: 1000 (i. e. metres on the abscissa and mm on the ordinate axes) - 
thus the gradients in Figure 5.61d and 5.62e which look quite severe are actually only 1/250 or 
0.4%. 

Although it is possible for plastic shrinkage or early-age thermal contraction cracks to form 

within the first 24 hours and remain unnoticed until later in the life of the slab, cracking before 

saw cutting has been ruled out here. This is because an inspection of the cracks showed that 

they were not continuous across the saw-cut joints; rather they jumped sideways by as much as 
200mm (Figure 5.46). Had the cracks formed before the saw-cutting it would be expected that 

they would be continuous across the joint location as there would have been no plane of 

weakness present. 

The main causes of long-term strains, which can lead to cracking, are drying shrinkage and 

thermal contraction. Drying shrinkage is a very long-term process, the magnitude of which is 

small in comparison with the early-age thermal and plastic shrinkage effects, and indeed with 

those of the seasonal thermal effects until the concrete has aged for several years. As it occurs 

over a longer time scale it is also possible for creep to negate some of the effects. 

Ambient temperatures peaked around the end of July, with a maximum slab temperature of 

24°C, but by mid November when manual readings were taken the slab temperature had 

dropped to 16°C. Assuming the concrete within the slab had a thermal coefficient of expansion 

a of 10 tstrain/°C, this would equate to a thermal contraction of 80 µstrain. The maximum 

measured change over this time period was 129 µstrain from gauge 1 by the edge of the 

building. Of this around 80 µstrain was believed to be due to drying shrinkage (Figure 5.63), 

meaning that around 30 tstrain of movement was restrained during this period. The age 

adjusted effective modulus for loading over this time is 19.9 GPa, which gives approximate 

restraint (i. e. tensile) stresses of 0.6 N/mm2. The smallest recorded movement was 78 µstrain 

from gauge 10, of which 59 µstrain was believed to be drying shrinkage (Figure 5.64). The 
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difference in drying shrinkage between these two points was 21 µstrain, whilst the restrained 
thermal movement was a further 61 µstrain, giving a total restrained strain of 82 . tstrain. Using 

the same age adjusted effective elastic modulus as before gives a restraint stress of over 1.6 
N/mm2. 

Even neglecting the difference in drying shrinkage and the thermal effects, the difference in 

recorded movement between gauges 1 and 10 was 51 tstrain. Using the age adjusted effective 

modulus to account for creep effects produces a tensile restraint stress of over 1.0 N/mm`. 

On it's own this is not sufficient to cause failure of the floor. However, at the time of the initial 

floor survey, the racking over pours 1-8 (Figure 4.5) had been loaded (starting on the 17" 

September 1999). The cracking was mainly confined to this loaded area of the building and in 

particular to pour 4, which had been constructed as an infill bay. This could have lead to 

restraint stresses from a very early age in this slab, if the thermal contraction following 

hydration was prevented. The seasonal drop in temperature during the autumn, further 

combined with the application of service loading appears to have combined to cause cracking 
in this floor. 

The measurements from the instrumented sections of floor in November appear to show a 
large amount of restrained movement, though no cracking was observed at this time. A further 

site survey was undertaken by the consulting engineers responsible for the floor in March 

2000, once all parts of the racking had been loaded. This showed further cracking in the 

instrumented sections of the floor, with several of these cracks coinciding with embedment 

gauges which had previously shown the least movement - i. e. greatest restraint. This appears 

to confirm that the combination of drying shrinkage, seasonal temperature changes and service 

loading can cause cracking in a floor, where individually they would not. 

These seasonal thermal changes will not influence the warping of the slab, as they occur 

slowly and cause uniform temperature changes. However, they will affect the longitudinal 

stress state depending on the restraint conditions. This can lead to increased tensile stresses in 

the slab in the autumn and winter as temperatures drop. Some warehouses will also see a rise 

in stock levels through the autumn in the run up to Christmas, which can also increase the 

restraint experienced by the slab, further exacerbating the problem. 

5.4.7. Comparisons with predictive models 

The trends seen in the site data have been compared with patterns of expected behaviour, in 

order to identify the validity of applying predictive models to the design of industrial floors. 

The initial shrinkage curve after the surface has dried has been found (Figure 5.65) to evolve in 

proportion to (t-t0)° 5, as predicted by Bazant and Kim (1991). 
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Furthermore once the temperature effects have been accounted for, comparisons between sites 
show that the shrinkage after the first 28 days can be related to the thickness of the slabs. The 

smallest drying shrinkage (36 µstrain) was recorded at Northampton, which was also the 
thickest slab at 260mm; whilst the thinnest slab, Bedford, gave the largest 28 dad' drying 

shrinkage of 56 µstrain. The two 225mm thick floors, Leeds and Chepstow, had similar 

maximum 28 day drying shrinkage of 41 and 48 . tstrain respectively, even though the concrete 
in the latter floor contained a shrinkage reducing admixture. 

The sole exception to this thickness related shrinkage behaviour was the second pour at Leeds, 

which contained a shrinkage-reducing admixture, resulting in a 50% reduction in the 28 day 

drying shrinkage compared to pour one (Figure 5.66). 

After 120 days the drying shrinkage from Chepstow was almost 15% less than that from Leeds 

pour 1, whilst pour 4 was approximately 30% less. This difference between pours 1 and 4 

remained similar until 220 days when the last readings were taken. 

The drying shrinkage of concrete is influenced by the ambient relative humidity, although 

because of the low moisture diffusivity of concrete a mean value can be used, ignoring the 

daily fluctuations. The mean long-term ambient relative humidity was not measured for any of 

the slabs in service, as the ambient environment sensors had to be removed because of 

operational concerns expressed by the building operators. 

However, the RH for a building has to be within the range of 20 to 65% in order to provide 

comfort and prevent mould and unpleasant odours (CIBSE, 1999). In practice it will be 

towards the drier end of this range, but using a value of 40%, which lies in the middle of the 

allowable range, the theoretical drying shrinkage E, has been calculated for the different floor 

slabs using the B3 model (Table 5.11). 

Table 5.11 : Theoretical drying shrinkage, &, and calculated drying shrinkage, &, 

Z- lo Et Em t- to Et Em t- tp E E. t-to Et EM 

Northampton 28 -37 -36 120 -81 * 240 -114 -128 386 -144 -144 

Chepstow 28 -43 -47 120 -92 -96 240 -130 * 386 -164 * 

Leeds 28 -49 -41 120 -106 -112 220 -150 -149 386 -189 

Bedford 28 -68 -54 140 -159 -148 240 -207 -162 386 -1-59 -179 
* No data available 

With the exception of Bedford very good agreement is seen at all times between the theoretical 

and the measured drying shrinkage strains. At Bedford the theoretical shrinkage exceeds the 

measured shrinkage at all times, although the difference still lies within the 95% confidence 

limits suggested by Bazant of +/- 67%. Because it is thinner, this floor will be more sensiti' e 

to variations in the RH. Using a value of 50% in the shrinkage calculation improves the 
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correlation with the measured shrinkage. However, it still over-predicts the 386 day drying 

shrinkage by 30 µstrain (17%). 

5.5. Summary of results 

The results from all of the different sites will briefly be summarised here before comparisons 

are made with mathematical models in the next chapter. The behaviour will again be 

subdivided according to the joint types, the restraint, the effect of temperature changes and the 

methods of predicting behaviour. 

5.5.1. Thermal behaviour 

A direct link was found between the delivery temperature of the concrete and the elapsed time 

before the maximum temperature was achieved, although no correlation was found with the 

maximum temperature of the concrete. The use of a shrinkage-reducing admixture in one of 

the pours appeared to retard the initial set of the concrete, which could leave it at risk of plastic 

shrinkage cracking for longer. 

Because of thermal losses to the ground beneath the slab and the air above the slab, the 

maximum measured temperature was at mid-depth in the slab, whilst thermal gradients were 

also found across the long strip slab and in other large area pours cast against other bays. 

5.5.2. Restrained movement joints 

The behaviour of restrained movement joints has been found to be inconsistent, though the 

behaviour expected from these joints according to the design guidance is also unclear. 

In the long strip slab, sawn restrained movement joints were detailed to reduce the risk of 

cracking mid-way between free movement joints where the restraint stresses were greatest, and 

to release warping stresses. These joints were found to prevent joint opening, though the 

vertical deflection at the joints was found to be consistently larger than at dowelled free 

movement joints. This indicates that they released some of the warping stresses, but the 

increased vertical movement could have serviceability implications for the end users. 

The behaviour of the sawn restrained movement joints in large area pours varied. In all floors 

some joints were found to remain closed whilst other joints opened. In some cases the opening 

was sufficient to lose aggregate interlock. 

Differential movement lead to surface measurements of joint widths exceeding the 

measurements at mid-depth and below by more than 1 mm. For this reason load transfer across 
joints based on surface measurements must be treated as a minimum possible value. 
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If this type of joint is to be used in a floor the designer must accept that there is a risk that load 

transfer will be lost across these joints. If the floor is only lightly loaded, this may not be of 

concern, but in other cases some more reliable method of load transfer must be found. 

5.5.3. Free movement joints 

Free movement joints were generally found to open as soon as the slabs began to cool. 
Variations of up to 30% in joint width down the length of a building seems to indicate that the 

bays do not all move about their centre. 

5.5.4. Restraint effects 

Although warping restraint is not considered in TR34 (1994), the results indicate that warping 

can induce greater stresses in the slab than frictional restraint. The jointless large area pours 

allowed the clearest demonstration of both forms of restraint. Whilst the longitudinal 

movement near the edges of the pours was up to 50 p. strain more than in the middle after 10 

months, this is small when compared to the warping restraint of 175 µstrain experienced at the 

middle sections of this slab at the same time. 

Similar warping restraint was measured in the long strip slab, whilst precision level surveys 

showed that the occurrence of vertical movement was generally restricted to within 1 to 2m of 

the joints. This is in general agreement with equation 2.60. As with the large area pours, this 

means that the majority of the floor will be subjected to this maximum warping restraint stress. 

Away from joints this could increase the point load capacity of slabs as the restraint stresses 

are opposite in sense to those induced by loading. However, this is not the case in the middle 

of aisles where the tensile stress in the top of the slab will reduce the negative moment 

capacity of the slab, and could lead to cracking in the slab surface. 

The difference in measured strains (and hence restraint stresses) was noticeably larger in the 

floors at Bedford and Chepstow, where cracking was observed. At Bedford longitudinal 

restraint resulting from detailing appears to have caused the cracking, whilst the cracking at 

Chepstow seems to have resulted from a combination of restrained thermal contraction and 

warping, combined with load induced stresses. 

5.5.5. Effect of ambient temperature 

Seasonal temperature changes have been found to significantly affect the measured strains in 

all floors. A similar change was seen as the temperature was reduced in the chill store at Leeds. 

Because most industrial floors are in unheated buildings, an annual temperature variation in 

excess of 15°C was recorded; this corresponds to a thermal movement of 150 tstrain, or more 

than 30% of the ultimate drying shrinkage specified for most floors. When added to drying 

shrinkage this can lead to the build up of significant stresses. 
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The impact of this thermal change is currently not considered in design, leading to a possible 

underestimation of the contraction potential of the floor. This can lead to excessive joint 

widths which, particularly in the case of jointed large area pours, could cause load transfer 

problems. 

5.5.6. Comparison with predictive models 

The shrinkage response of the floors was found to be proportional to (t - to)° 5 as predicted by 

Bazant and Kim (1991). Additionally very good agreement was found between the calculated 

shrinkage from the instrumented sites and the drying shrinkage predicted according to model 
B3 (Bazant & Baweja, 1995a, b& c). 

As expected the thinner slabs were found to shrink more than the thicker slabs. However, the 

results seem to indicate that engineers could get good predictions of the shrinkage potential of 

most slabs using this drying shrinkage model. 

The use of a shrinkage-reducing admixture did seem to reduce the joint movement and 

concrete shrinkage in the second pour at Leeds compared to the other pours. However, it also 

retarded the initial set of the concrete leaving it more open to plastic shrinkage cracking. If the 

conditions in the building can be controlled to reduce evaporation, and this admixture were 

used in warmer ambient conditions, when the concrete hydrated more rapidly, then this could 

reduce the potential stresses in a restrained slab, and minimise the joint opening in a slab 

which was able to move freely. 
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Figure 5.23 - Leeds Pour 4: Behaviour of embedment strain gauges 
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Figure 5.29 - Marston: Measured movement at the day joints 
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Figure 5.34 - Leeds Pour 2: Precision level survey I month after construction 
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Figure 5.37 - Daventry: Measured joint widths along section B-B 15 months after construction 

Upper gauges 

Incremental contractions are given for the 
following time periods: 
T=3,7,14 and 28 days. 

Gauge positions are as shown in Figure 4.1 
Only one gauge was installed at position 7 
so this has been shown on both plots. 

82,13,31, 

64,9,29,62,9,30,66,12,30,11 

59,14,27,1113,12,33, 

Lower gauges 

2,14,33, 

68,6,19,32 

70,6,20,34 41,9,29,32 53,7,21,29 130,11,31,27 

55,7,18,28 1113,12,33,30 

Figure 5.38 - Northampton: Incremental contraction over the first month after construction 

Nblh. -, 
157 

5 10 15 20 25 30 35 40 45 50 
Distance from the slab edge [m] 



30 

m 
20 

m 
a 

10 
20 

0 
t5 0 
1 
ö -20 

40 

-60 
80 

-100 
-120- 

E -140 
ö 160- 
2i 

-180 
-200 
-220 
-240 

--o-- Gauge 1 

-0- Gauge 3 
(., Gauge 5 

07 14 21 28 35 
Elapsed time, t [days] 

a) Down the length of the building 

20 

ö0 

-20 0 
c 

c) 
40 

cý I 60 

ö +I 80 

-100 

-120 
E -140 

-160 

-180 

-200 

-220 

-240 

Elapsed time, t [days] 

b) Across the building 

Figure 5.39 - Bedford Pour 2: Measured movement from the embedment strain gauges 

158 

07 14 21 28 35 



0 

-50 
-------------- -- ° Q-Q Q 

-100 0 -o -o 

-150 

ö -200 

-250 

° -300 -0-1 day 
CO -0 7 days 
ö -350 - 140 days 

U 
-400 -v- 175 days 

280 days 

-450 3 56 Gauge position 7 89 10 

-500 
0 5 10 15 20 25 30 35 40 

Distance from free movement joint [m] 

Figure 5.40 - Marston Pour 6: Mid-slab contraction against position 

0 
-50 QýQ-Q 

° Q-Q 

-100 ---o--- 
o-o_. o - 

- 
--- -- --- - -oa 

c -150 
ö -200 
Ü 

V-- 
w-- 

E -250 
-Q- 1 day 

a) -300 --o- 7 days 

> -350 - 140 days 
0 -v- 175 days 

-400 280 days 

-450 25 26 27 Gauge position 28 29 30 

-500 
0 5 10 15 20 25 30 35 40 45 

Distance from the free edge of the bay [m] 

Figure 5.41 - Marston Pour 7: Mid-slab contraction against position 

0 
-500--0-0 

100 

-150- 
0 -o 

(0 -200 
U 

E -250 ý- - 

° -300 Ü 
cU 
r -350 
0 

-400 

-o- 1 day 

-o- 7 days 
140 days 

-v- 175 days 
275 days 

-YJV 

-500 'T' 
05 10 15 20 25 30 

Distance from the free edge of the bay [m] 

r-A A 13 15 16 Gauge position 

O., 
O_ -O 

Figure 5.42 - Marston Pour 9: Mid-slab contraction against position 

159 



16- 

c 15- 
U) c 

a 
14 

° 
° 13- 
c 

12- w 
0 U 

11 
E 
r 10 
m 
;9 
° 
w8 

0 

16 

m 
ýs" 15 

0 
14- 

x °' 13- 
0 

12 

aý 0 11 

¬ 
10 

r aý 
9 

U 
4) 

W8 

0 

16- 

15- 

14- co 0- 
x 

13- 

12- 

0 11 

E 10- 
E 

>9 
Ü 

a) 
lU 8 

0 

Figure 5.43 - Marston: Variation of the thermal coefficient of expansion 

160 

1U 15 20 25 30 35 40 45 
Distance from edge of slab [m] 

a) Pour 6 

5 10 15 20 25 30 35 40 45 

Distance from edge of pour [m] 

b) Pour 7 

5 10 15 20 25 30 35 40 45 

Distance from edge of pour [m] 

c) Pour 9 



Offices 

... 
Li 

u l.. 
t 

1 

Figure 5.44 - Chepstow: Crack locations as at 19 ̀" November 1999 

161 



fr. 

ýf to , 

0 

-50 
° ° Q Q 

-100 
--p-ý g o 

v 

-150 
v v v 

ö -200 

E -250 
Elapsed time, t 

-Q- 1 day 
c 
° 

-300 -o- 7 days 
CO 14 days 
ö -350 -v- 28 days 

U 
-400 

120 days 

Gauge 12 Gauge 11 Gauge 10 Gauge 9 
-450 Pour 8 Pour 13 

-500 
0 5 10 15 20 25 30 

Distance from the end of the pour [m] 

a) Pour 10 

0- 13 Q 
-50 0 0- - -- - 0 

-100- v v v 
. -150- 

Elapsed time, t 
ö -200 -1]- 1 day 
2 
E -250 

-o- 7 days 
14 days 

c ° -300 -v- 21 days 
120 days 

E -350- 
0 
v 

-400 
Gauge 8 Gauge 7 Gauge 6 Gauge 5 

-450 Pour 10 Pour 11 

500 - 
0 5 10 15 20 25 30 

Distance from the end of the pour [m] 

b) Pour 13 

0 
0 13 00 

-50 p- po 

-100 v v vv 

-150- 

2 -200 
Elapsed time, t 

E -250- -0- 1 day 

300 --0- 7 days 
0 14 days 

IE -350 -v 28 days 
0 120 days 
0 

-400 
Gauge 4 Gauge 3 Gauge 2 Gauge 1 

-450 Pour 13 Edge of building 

-500 
05 10 15 20 25 30 

Distance from the end of the pour [m] 

c) Pour 11 

Figure 5.45 - Chep stow: Concrete contraction with location 

162 



rs 

vý xn;, I 9F 

s%dh ý5$ý 
syy /ý 

ýeyr 
, ýw ý.. xt ^Y ý ý. yy S. /Le -' r Ä+4. aw� s'i off. "'". Ss` 

,e 

aý r* -/ 

ate- 

y /a 

T2 
, -u ý, 

ý ýr ' r/r 4 

Pon 

ý. 
'l e 
t 

'FY 

3 

ý4ý 

a 

Figure 5.46 - Chepstow: Disjointed cracking across a saw-cut joint 
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Figure 5.47 - Northampton: Measured strain changes at the first opening of the fin joint 
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20- 

(1) 0- 
c3) 20 

-40 

-60 
2) 

-80- 0 
v -100- 

-120- 

-140- E 
-160 

0 
2 -180 

-200 

-220 

-240 

169 



20 
0 

-20 
-40 
-60 
-80 

-100 
120 

-140 
E -160 

-180 
aa) -200 E 
a) -220 
0 -240 

-260 
-280 
-300 
-320 
-340 

0 28 56 84 112 140 168 196 224 252 280 308 336 364 392 
Elapsed time, t [days] 

-0- Gaugel 

-0- Gauge2 

Gauge3 

-v- Gauge4 
Gauge5 

0 28 56 84 112 140 168 196 224 252 280 308 336 364 392 

Elapsed time, W. [days] 
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Figure 5.63 - Chepstow Pour 11: Concrete shrinkage strain 
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Figure 5.64 - Chepstow Pour 10: Concrete shrinkage strain 
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6. Finite element modelling 

6.1. Introduction 

In this chapter the use of the finite element (FE) method to model the early-age thermal and 

structural behaviour of concrete ground supported slabs is described. This method is well 
documented and the reader is referred to one of the following texts for background information 

-Bathe (1982), Mohr (1992), Zienkiewicz (1977) and Zienkiewicz & Taylor (2000). 

At early ages the interaction between the heat generated by the hydration of the cement and the 

changing material properties of the concrete can lead to tension in concrete. This in turn can 
lead to cracking, if the instantaneous strength of the concrete is exceeded at any point. In order 

to model these processes a linked thermal flow and structural analysis is required, with the 

outputs from the thermal analysis used as the inputs for the structural analysis. 

The Diana finite element software (de Witte, 1999) was chosen for this analysis as it 

specialises in the early age analysis of concrete. This software has been developed by TNO 

Building and Construction Research in Holland since the 1970's, and still appears to be the 

only commercially available finite element programme able to analyse the early-age 

temperature distribution in a hardening cement paste, and use this temperature field as the 

input for a subsequent stress analysis. It has built in functions to evaluate the heat evolved as 

the cement hydrates using the Arrhenious function (Reinhardt et. al., 1982), and can relate the 

concrete material properties to the degree of hydration. Additional input on the adiabatic heat 

evolution in concrete during hydration and the associated thermal properties can be derived 

using Hymostruc (van Breugel, 1991). This software uses the chemical composition of the 

cement and the concrete mix design to determine the adiabatic or isothermal hydration curve, 

the capacitance and the conductivity, in a format suitable for importing into Diana. 

Additionally if test data on the adiabatic hydration curves is available this can be used to 

further calibrate the output. Unfortunately, most tests carried out in the UK by the cement 

manufacturers are either isothermal or semi-adiabatic, making the data unsuitable for use with 

Hymostruc. Therefore, the calculated adiabatic hydration curves used in the finite element 

analyses were based on the average chemical composition data supplied by the manufacturers 

for the various plants around the UK. 

Although structurally the system could be simplified to a slab resting on a frictional boundary 

(Pettersson, 1998), this would fail to account for the thermal interaction of the slab and the 

176 



supporting layers during hydration. For this reason, the sub-base and subgrade %A ere modelled 

along with the slab. Equivalently meshed domains were required for both parts of the analysis 

to allow the transfer of data, although the structural elements had to be of higher order than the 

flow elements to maintain compatibility of the transferred thermal strains. 

The data transfer was done automatically by the flow-stress module in Diana, which switched 

between 4 node quadratic elements for the thermal analysis and 8 node quadratic elements for 

the structural analysis. Compatibility in the boundary conditions was ensured by selecting the 

relevant group of elements for each analysis. 

6.2. Thermal modelling 

Thermal modelling was carried out to assess whether the thermal conditions within a hydrating 

concrete slab could be accurately predicted using published sources of material data. Critical 

parameters were the convection coefficients for the air-slab boundary, the material thermal 

properties, the adiabatic temperature rise and the ambient temperature (Truman et. al., 1991). 

Temperature readings were obtained from each of the slabs under investigation, with sensors at 

different depths in the slab in some cases. The slab at Leeds also had a thermocouple array 

extending down through the sub-base and into the subgrade to monitor the temperatures down 

to 800mm below the surface of the slab. 

Tomlinson (1946a) showed that for a slab subjected to simple harmonic heating and cooling, 

as an approximation to the diurnal temperature changes, the daily temperature variation at a 

depth of 14in. (360nun) was 10% of that at the surface, whilst the variation was negligible by a 

depth of 25in. (635mm). Pufahl et. al. (1990) showed that 12ft (3.6m) was the depth at which 

soil temperatures were stable, although they were considering the annual behaviour in an 

outdoor, exposed location. Rees et. al. (1995) modelled a depth of 1.5m below the slab bottom 

when looking at annual thermal changes under a building slab in the UK. 

At early ages the air-slab boundary conditions remain similar to the simple harmonic 

approximation. However, the slab also acts as an additional heat source as the cement hydrates. 

Truman et. al. (1991) analysed two 9ft (2.75m) high concrete lifts founded on soil layers loft 

(3m) and 20ft (6m) thick showing that the difference in temperature at the bottom of the 

concrete lift was less than 1%. The site data collected from Leeds shows that a temperature 

variation of several degrees occurred 800mm below the slab surface during the first couple of 

days after construction (Figure 5.7c), although as the slab thickness, and hence the heat 

generated, is significantly less than that considered by Truman et. al. a subgrade thickness of 

1.6m topped by a sub-base between 150 and 200mm thick was modelled. 
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As with any thermal diffusion problem, the rate of change of temperature decreases with 
increasing distance from the heat source, making the model less sensitive to changes as the 
distance from the heat source is increased. Because of this the nodal spacing was gradually 
increased in order to minimise the computational effort required. 

The relationship between element size and time step duration can limit the model accuracy in a 
diffusion problem, with Truman et. al. (1991) identifying the following relationship between 

the capacitance (C), conductivity (k), element size (AL) and step size (At): 

PC2 
6k equation 6.1 

There is no mention of this relationship in the Diana manuals, though the element sizes 
determined according to this relationship are generally not limiting in the case of ground 

supported slabs. For a1 hour time step the concrete and sub-base elements could be up to 
0.16m in size. However, in order to reproduce the thermal profile through the slab and sub- 
base the elements had to be much smaller than this. In fact, six elements were used in the slab, 

with a further six elements through the thickness of the sub-base, giving a maximum nodal 

separation of 0.038m in the direction of heat transfer (Figure 6.1). 

The maximum element size used in the subgrade was determined as 0.2m by substituting the 4 

hour time step used from 48 hours after construction until the end of modelling at 784 hours 

into equation 6.1. At earlier times the theoretical maximum element size of 0.1 m for the 1 hour 

time step was exceeded, but not until almost Im below the slab bottom. The larger element 

size at these lower depths at early ages was justified as site data had demonstrated that the 

temperature at a depth of 0.6m below the slab bottom did not alter during the first 24 hours. To 

further test the sensitivity of the model to the element size the nodal separations at all locations 

was halved. This was found to a have negligible effect on the predicted thermal profile. 

Verification of the thermal model was carried out by comparing the results from the FE 

analysis with the data from Leeds, as temperature data was collected from the sub-base and the 

subgrade in addition to the slab (See Chapter 4.4). 

The concrete material data was determined by Hymostruc, whilst the remaining material and 

air-slab boundary coefficients were varied within the ranges found in the literature in order to 

match the behaviour of the instrumented slab. The slab temperature was found to be sensitive 

to all of the material properties of the subgrade and sub-base, with increases in conductance 

and reductions in capacitance reducing the maximum slab temperature and vice-versa. The rate 

at which the slab cooled and the maximum temperature achieved were also affected by the 

convection coefficient chosen for the air-slab boundary. 
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In order to save time whilst carrying out this parametric study, the modelled domain ww as 
reduced to 2 elements wide with insulated boundaries at both edges to prevent horizontal heat 
flow. This approximation to a 1-D diffusion problem was reasonable because the slab under 

consideration was approximately 40m square in plan and only 225mm thick. 

The material properties used in the first and the most accurate runs of the Leeds thermal model 

are shown below (Table 6.1), although the reader is referred to Chapter 2.7.10 for the sources 

of these values. 

The output from the most accurate model can be seen in Figure 6.2 where very good 

agreement is seen between the measured and predicted temperatures at all times from 48 hours 

after construction. Up until this time the main difference arises in the prediction of the timing 

of the maximum temperature; with the maximum temperature recorded on site occurring 

approximately 11 hours later than that predicted by the model. Similar differences between 

model predictions and experimental data were found by de Borst and van den Boogaard 

(1994). However, they concluded that errors during the first 2 days were insignificant, so long 

as agreement during the cooling phase, when cracking was likely, was good. 

Table 6.1 - Material properties for the first thermal finite element model 

Specific heat capacity is automatically determined according to the degree of hydration based on the output from Hymostruc. 

Lachetui and Aitcin (1995) demonstrated with a finite element model that reducing the initial 

concrete temperature delayed and reduced the peak temperature. Although the measured initial 

concrete temperature was used in the current model, the degree of the delay which relates to 

the hydration behaviour of the cement, based solely it's chemical composition, has been 

underestimated. The fit of the model could probably have been improved had test data on the 

Material property Initial value Best value 
Concrete Specific heat capacity (J/kg. K) Automatic' Automatic' 

Conductivity (W/m. K) 1.76 1.76 

Density (kg/m') 2400 2400 

Sub-base Specific heat capacity (J/kg. K) 750 930 

Conductivity (W/m. K) 0.93 2.22 

Density (kg/M3) 2000 2000 

Subgrade Specific heat capacity (J/kg. K) 1886 2000 

Conductivity (W/m. K) 1.2 1.5 

Density (kg/M3) 2098 1500 

Air - slab interface (W/m K) 8.3 8.3 

Slab - sub-base interface (W/M2 K) 173 173 

Sub-base - subgrade interface (W/m K) 173 173 
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adiabatic hydration curve for the concrete been available to input into Hymostruc. However, 

the intention was to asses the accuracy of the model without resorting to laboratory 

determinations of all of the material parameters. 

Once the model had been calibrated against the data from Leeds it was further validated b`, 

comparison with the other instrumented sites. For these comparisons the material properties for 

the sub-base and subgrade were kept as previously determined leaving the only variables as the 

physical dimensions of the slab and the concrete parameters. In each case the measured site 

ambient temperatures were input to determine the rate of heat loss across the air-slab interface 

and the concrete parameters were determined using Hymostruc, according to the mix design 

and the chemical composition of the cement. 

The comparison between the finite element predicted temperatures and the measured 

temperatures for the long strip slab (Figure 6.3) and the second large area pour (Figure 6.4) 

show good agreement at different times. The Northampton model initially under predicts the 

maximum temperature but gives very good agreement at later ages, whilst the Bedford model 

gives very good agreement during hydration with reduced accuracy as the slab aged. The 

overall fit of the data could be improved by adjusting the material parameters (for example by 

increasing the conductivity of the sub-base under the large area pour). However, this would 

negate the effort to assess the suitability of this technique as a design tool. 

The impact of the site conditions can be demonstrated with reference to the data from 

Chepstow. The boundary coefficient for the air-slab interface controls the rate of heat 

exchange across the discontinuity in accordance with the mixed boundary formulation of 

equation 6.2 (Diana Non-linear Analysis Manual, de Witte, 1999) 

qn = K(O-OE) equation 6.2 

where qn is the specific flux vector in direction n outwards normal to the boundary, K is the 

boundary conduction coefficient and 0 and O are the free boundary and environmental 

potentials respectively. 

As an industrial floor is not exposed to direct sunlight and is distant from the roof of the 

building, radiative contributions will be small. Thermal exchange across the air-slab boundary 

is primarily achieved through convection, which is very sensitive to the air movement across 

the slab surface. Under still air conditions losses occur through natural convection; however, 

increases in air speed over the surface of the slab can lead to forced convection conditions 

resulting in much higher rates of heat loss. CIBSE in Table A3.4 (1999) gives the convection 

coefficient for losses upwards from a horizontal surface in still air as 4.3 W. m-2K-', whilst 

Thelandersson et. al. (1998) proposed boundary coefficients of 7.7 and 13.5 W. m-2K-' for air 

movement of 0.5 ms"' and 2.0 ms-' respectively. Figure 6.5 shows output from the Chepsto'. 
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finite element model demonstrating how the maximum temperature and the rate at which heat 

is lost to the environment are directly affected by this coefficient. The site data is froin bay 10, 

which was constructed before the end wall and part of the nearest side wall had been 

completed, resulting in measured daily average wind speed movements in excess of 1.0 ms-1. 

Once the excess heat due to hydration has been lost to the environment the thermal changes in 

the slab are driven solely by the daily ambient temperature change. Because the thermal 

differential between the slab surface and the air is much smaller than during early hydration. 

the sensitivity to the air movement is much reduced resulting in very little variation between 

the different model predictions and good agreement with the measured temperature (Figure 

6.6). 

The Bedford, Chepstow and Leeds floor slabs were all constructed before the cladding had 

been completed, resulting in higher average daily wind speeds than the other sites. All three 

sites required the increased convection coefficients for the air-slab interface to get agreement 

between the model predictions and the site data. 

Once the air-slab boundary coefficients had been corrected to represent the site conditions the 

good agreement between the site data and the model predictions indicates that the material 

properties determined from the parameter study of the Leeds data can be applied with good 

accuracy in models of other locations. 

This finding allows the impact of this change in environmental conditions to be assessed. 

Exposing the slab to moving air reduces the maximum temperature in the hydrating concrete, 

which is beneficial, as it reduces the thermal contraction potential of the slab. More worrying 

is the more rapid drop in temperatures back to ambient levels. This occurs at a time when the 

concrete is still weak in tension and will increase the likelihood of cracking. 

Once the initial heat of hydration has been lost the temperature variation in the slab, which is 

driven by the diurnal ambient temperature variation becomes much smaller. Figure 6.9 shows 

how over a 24 hour period the slab surface temperature varies by about 0.8°C, whilst there is 

no variation at a depth of 0.4m. The temperatures at lower depths are generally influenced only 

by seasonal temperature variations, though fluctuations lasting at least several days can have 

some impact. 

6.3. Structural modelling 

The structural modelling of the slab-ground system is a complex undertaking involving highly 

non-linear and time dependant material behaviour, the full analysis of which lies beyond the 

scope of this thesis. However, several models have been developed to allow comparison \ý ith 

the collected data. 
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A comparison of the stresses in a pavement subjected to wheel loads determined by a full 3D 

model and those from '1) plane strain and plane stress analyses was undertaken at the 

t)niversitý of Te\a. (Kim et. (il., 2(XX)). The plane `tress model was found to give very good 

agreement with the full 3I) analysis. whilst the plane strain model over-predicted the stresses 
by more than IS "i,. The only area where significant discrepancies between the 3-D and the 

plane stress apprnxiche" arose was in the strip 0.25m from the edge of the highway pavement. 

As this free-edge condition generally only exists at the very edges of industrial floors this 

limitation is not considered significant. 

Eierle & Schikora (l &)t» ) used a plane strain analysis to assess the effects of restraint on 

concrete at earls ages. Thermal problems are not well suited to plane strain implementation as 

the assumption of infinite thickness in the z-direction means that thermally induced stresses 

will al%%a\ s be greatest in this direction. To avoid this problem they had to make the tensile 

strength of the interfaces bemeen the elements smaller than the tensile strength of the elements 

themseI%es. 

In order to reduce the computational time required, and because of the similarities between the 

3-D and the plane stress results, the 2-D plane stress simplification has been used here to 

model the structural teha, iour of industrial ground floor slabs. 

Initially models with constant material properties exposed to uniform and differential 

temperature changes "ere anal, sed. This allowed an initial assessment of how the slab could 

be expected to behave and allowed comparison, for example. of critical lengths under given 

thermal gradients with those determined from theory. 

An 8m long. 160mm thick slab with an elastic modulus of 25 GPa resting on a sub-base with 

linear stiffness moduli (units, , tress per unit length) k and k, of 50 MN/m3 (CBR 7.5%) and 

250 MN/m3 for the normal and shear directions respectively. A coefficient of friction of 1.0 

was modelled. Because of symmetry only half of the structure needed to be input, with 

horizontal restraint applied to the centre line of the model. This model was first analysed with 

a negative temperature differential of 4'(' applied to the slab - equivalent to a thermal gradient 

of 0.25 °C/cm - which gives a theoretical critical length according to Pettersson (equation 

2.60) of 2.332m. The initial and deformed shape of the finite element model can be seen in 

Figure 6.10, showing the length of curled slab to be around 1.33m -a critical length of 2.66m. 

although some of this length has settled into the sub-base. The upwards movement of the 

corner node was 0.13mm, compared to a maximum vertical movement according to Rollings 

(equation 2.64) of 0.17mm. However, Rollings assumed a slab, resting on a rigid support. If 

the settlement of the slab into the sub-base is accounted for, the finite element model predicts a 

total movement of 0.15mm. 
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The maximum warping restraint . tresses according to Pettrr, ýun (equation 2.67) were ±0.59 

N/mm'. whilst the finite ek'inwnt muxlel predicts ±0.61 N/mm' -- it difference of around 3% 

The model was then anale "ed %% ith uniform temperature drops applied to the slab. Because of 

the high shear stiffness of the slah/sub-hase interface a temperature change of 2"(' was able to 

cause slipping for much of the %lab. AN the temperature drop was increased to 1O°(' in steps of 

2'C the shear stress distribution along the interface can he seen in Figure 6.11. This shows 
how the shear stress increases linearly up to the point %k here slipping (ccurs; the reduction in 

shear stress as the distance from the line of s) mmetry increases is due to the redistribution of 

the ground pressure under the slab (Figure 6.12). This differs slightly from the stress 
distribution along the interface assumed in equation 2.1. '% here the shear restraint is assumed 

to he uniform and at the limiting N alue of 3.77 kti/m` at all points. However, the sum of the 

restraint is the same. With an applied temperature drop of l0°C. all elements bar that next to 

the line of s mmctrs had slipped. At this point the FE model predicted a tensile stress at mid- 

depth on the line of symmetry of the slab of 0.09 N/mm`, which is the same as that predicted 

according to equation 2.1. Kiamco ( 1997) questioned the % alidity of this approach. given that 

the restraint is applied to the bottom face of the slab. This results in a much larger tensile stress 

at the bottom of the slab and a compressive stress at the slab surface. Ho'- ever, Pettersson 

(1998) demonstrated that because of the redistribution of the ground pressure under the slab, 

the maximum tensile restraint in a slab longer than 10m can be treated as centrically applied. 

Figure 6.13 shows a slight stress differential still exists at the line of symmetry for this 8m 

long slab, but there is no compressive stress as predicted by Kiamco. 

The comparisons presented here demonstrate that very good agreement is obtained between 

the simple theoretical approximations and the more thorough finite element analyses for 

warping and longitudinal restraint. They also demonstrate that the stresses resulting from a 

differential strain change in the slab - such as caused by drying shrinkage - are greater than 

those caused by a uniform change of similar magnitude - such as caused by seasonal thermal 

effects. Additionally. whereas the stresses from the differential change are uniform for much of 

the slab length, those due to the uniform change increase with the distance from the free end. 

Further structural models have been developed for comparison with the site data. These 

models do not present a new approach in the modelling of early-age concrete. Rather the 

approach proposed by de Borst and van den Boogaard (1994) is further developed by the 

addition of maturity dependant tensile strength, before being applied to the problem of the 

early age behaviour of ground supported floor slabs. Furthermore, the impact of changing the 

shear stiffness of the slab/sub-base interface and the inclusion of drying shrinkage has been 

analysed. 
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The temperatures, moisture state and mate, ial pr(p'rnes as it function of time or maturity were 
input to the structural model which ainx., d to predict the stresses in it 1(ýiri long section of slab. 
This represents the distance hrt"ecI the fire 1110 Vrnknt joints in the instrumented long-strip 

slab at Northampton. BCC-111%C of the . ýnin hetrý of the joint arrangements, with free movement 
joints at either end of the Ihm panel and :a retrained movement joint mid-way along it's 

length. only Sm of the slab had to he i»txielled. 

The constituti% material propertir. used in the finite clement model cannot account for plastic 

shrinkage effects. Furton ( IQS')) stated that plastic shrinkage cracking was not a 

problem for industrial ground fltx)rs in the UK. It the rate of moisture loss is not excessive (see 
Chapter 2.7.7) the assumption that the concrete begins to pct in a stress free state seems 

reasonable (ACI Committee 207. I087 ). 

The development of the concrete elastic modulus was modelled by de Borst (1989) and de 
Borst and van den 13ox)gaard ( 1994) amongst other,, using an empirical function (equation 6.3). 

-R(i-r) 
'(r( )7(7 "r(: (To 

(r) = F:, f- + T(r 
1-e" dr(t) equation 63 

-173 0 

where TT is the offset temperature relative to which the temperatures T(t) are given. ß is a 
delaN factor, which was left at the default of 0.075 and E,, was the initial concrete stiffness. 

which depended on the amount and type of cement in the concrete (van den Bogert et. a!., 
1987. de Borst &% an den Boogaard, 1994). E,, is supposed to be defined in Reinhardt et. al. 
1982). but no reference to equation 6.3 could he found in this paper and, despite personal 

correspondence with the authors of se%eral of the papers and the suppliers of the software, it 

has not been possible to confirm this relationship. For this reason, the time-dependant elastic 

stiffness has been modelled using the maturity relationship proposed by De Schutter and 

Tearwe (1996) and discussed in Chapter 2.7.3 The start value of r� = 0.22 was determined 

according to equation 2.22 as the water/cement ratio for the Northampton floor was 0.47. 

Using the concrete maturity calculated in the thermal flow analysis, this gives an approximate 

age of 12 hours before the concrete material properties begin to evolve. This age was adopted 

by Eierle and Schikora (1999) who began their analyses from this time. The present study 

could not adopt this off-set start time because of the choice of the double power law to model 

the viscoplastic creep behaviour of the concrete as described in Chapter 2.7.5. Diana uses a 

Taylor series expansion for this function making it suitable for the analysis of early age 

concrete, but the series must be continuous from t=0. The calculated values of the parameters 

01, m and n for the concrete mix used in Northampton were 4.113,0.295 and 0.182 

respectively. 
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The developnknt of the tensile strength 0f tlK' Lý,, ncret( was modelled in a similar way to the 

elastic modulus using the nuiturity relationship given in Chapter 2.7.2. 

Although the Poisson's ratio of concrete has been found to vary at early ages (Chapter 2.7.4), 

this material property cannot he related to the concrete maturity in Diana and has been left 

constant at 0.2. 

Interface elements were used tu model the structural interface between the slab and the sub- 
base. This allowed the shear stiffness of the interface to he adjusted, based on values 
determined by Petters-son (1998) and Timms (1903). to reflect the true behaviour of a 

compacted hardcore co\ e red by a polythene slip membrane. Interface elements also allowed a 

coefficient of friction to be specified. l lomever. the model became unstable when this was 

done. preventing convergence. This was believed to be due to ill conditioning of the stiffness 

matrix due to the large difference in stiffness between the concrete and the adjacent interface 

elements at very early ages. The omission of the friction cut-off to the shear stresses should not 

affect the results for the 16m section of slab as Petersson (1998 ). and Timms (1963) both 

demonstrated that a movement of around lamm is required before limiting friction is reached. 

This means that a joint %%ould have to open by more than 2.4 mm before limiting friction had 

been exceeded by the slab on both sides. The site data showed that the sawn free movement 

joint opening as less than 1. Omm after 28 days indicating that the slab movement on both 

sides of the joint vas still being restrained by friction, thereby showing that this was a 

reasonable simplification for the model. 

There is a large degree of %ariation in the shear stiffness parameters determined from 

laboratory testing. Because the true frictional behaviour is not bilinear, different methods are 

possible for assigning the value of the shear stiffness. Three different values have been used in 

the models - two as reported in Pettersson (1998); namely 10 MN/m' and 240 MN/m', 

representing flexible and stiff friction respectively, and 24 MN/m' as found by Timms (1963). 

Varying the shear stiffness of the slab/sub-base interface had little effect on the slab 

movement; the change in interface stiffness between 10 and 24 MN/m` reduced the slab 

movement by less than 6`l(. and increasing the shear stiffness to 240 MN/m` only reduced the 

movement by 20%, although with each increase in the shear stiffness the difference between 

the top and bottom movement increased (Figure 6.14). All of the models over predicted the 

joint movement, even using the 4m active length found in the analysis of the site data. This is 

because less than a day following construction the stiffness of the concrete is higher than that 

of the interface - even with the stiff friction value. Therefore, as the concrete movement at 

early ages is thermally and hygrally driven the difference in interface shear stiffness will affect 

the restraint stresses in the slab, but will not prevent it from moving. 
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Although the Diana finite element s of'tware includes drying shrinkage models from various 
design codes the shrinkage data has been input in tabular form, having been determined 

e\ternallh according to the 113 drs ing shrinkage mtxlel (! aunt and Baweja, I995a, b& c). 
This m del as used as it allowed the dependence on the concrete composition as well as the 

environs ntal conditions to be accounted for, and had als shown good agreement with the 

site data. As with the other core provisions, this- pro ides predictions of the mean shrinkage in 

a cross-s ction. Although this is suitable for determining the long-term behaviour of a structure 

where the interaction of different elements is considered, this approach does not allow the 
deformation and resultant stress profile in an individual section toi be modelled. 

As the slab \ý as cast on an impermeable membrane the moisture loss is essentially one 
dimensional towards the surface. Therefore, because of the low hygral conductivity of concrete 

at earls ages the strain measured hý the embedment gauges at the bottom of the slab should not 
include much drying shrinkage. Figure 6.15 compares the measured and calculated strains for 

the top and Ix-Atom ; gauges at positions 5.6 and S, which are respectively Im. 4m and 7m from 

the , a%%n free mo\em nt joint. Clearly the mo ernent from the upper gauge is under predicted; 
however, good agreement is obtained with the readings from the bottom gauge. By comparison 
Figure 6.16 sho%% s the results of the models run ýk ith drying shrinkage. where the agreement 

with the upper gauges is no\% much better. 

This demonstrates that although it has not been possible to carry out a combined hygral and 

thermal diffusion analN sis, the results from the models with and without shrinkage give good 

agreement with the site data for the top and bottom of the slab respectively. Although an 

oversimplification, this demonstrates that analyses may be performed using these two assumed 

moisture states to gi e reasonable predictions of the expected contraction from the top and 
bottom of the slab. 

Because of the good agreement between the strains predicted by the finite element model and 

the site data, it is believed that the differences between the predicted and measured joint 

opening presented earlier are related to the distribution of the niovement between the joints. As 

was demonstrated in Chapter 5.4.1 the joints in an industrial floor do not open evenly. This 

uneven opening is believed to be caused by localised variations in restraint leading to differing 

lengths of slab affecting the movement at each joint. Unfortunately, because it was not 

possible to collect movement data from the other joints in the long strip slab during the first 28 

days, and no strain gauges were embedded in the next panel this cannot be verified. 

The restraint stresses in the slab as it ages for positions 5.6 and 8 are shown in Figure 6.17. 

During the first 2 days the initial temperature drops lead to tension in the bottom of the slab 

and compression in the top of the slab. This is more noticeable at position 5 as the movement 

at this location is greatest. The maximum calculated temperature during hydration was at mid- 
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depth in the slab. and this leads to the greatest tlkrrnial contraction on cooling. After 3 days, as 

the slab temperature reached ambient levels, the highest tensile stresses are at mid-depth in the 

slab, although a further non-uniform %tress distribution due to the eccentric frictional restraint 

is apparent at position 5. 

The effects of the eccentric restraint can be seen to reduce as the distance from the free end of 

the slab increases. with there being little apparent difference between positions 6 and 8. This is 

as predicted hý Pette r""on i 1»)S and demonstrated previously with the simplified model of a 

slab subjected to a uniform temperature change. 

The stress distribution, discussed mi far do not take account of the non-uniform drying 

shrinkage in the slab. Thomlin"on (1')4thi & h) and Pettersson (1998) both found that the 

stresses arising from these non-uniform strain changes were normally significantly larger than 

those resulting from uniform , train changes. 

The stress distribution in a 260mm thick floor resting on a sub-base with a modulus of sub- 

base reaction k= 5O MN/m' (CE3R = 7.5%) and exposed to an ETG of 1.1 °C/cm, as measured 

in the long strip slab at Northampton after 370 days, is shown in Figure 6.18. This stress 

distribution has been calculated using frictional interface elements and the gap criteria to 

present tensile restraint to vertical movement. An age adjusted elastic modulus of 9.8 GPa was 

used to allow for creep effects. This assumes the curling began one week after the slab was 

constructed and took the whole year to develop the strain gradient. 

The maximum tensile stress of 1.59 N/mm` is very similar to the value of 1.49 N/mm2 

calculated in Chapter 5.4.5 based on the differences in strain gradients from near to the joints 

and midwa` between them. The frictional restraint is shown to reduce the compressive stress 

in the slab bottom tO 1.28 N/mm' (Figure 6.19). The predicted vertical movement produced by 

the strain gradient is 1.7 mm. %k hich compares to measured mean vertical movement of 3.6 mm 

and 2.7 mm for the restrained movement joint and the free movement joint as determined by 

precision level survey,,. This predicted movement is based purely on the elastic deformation of 

the sub-base and takes no account of the long-term settlement which will occur under the slab 

and increase the magnitude of the deformations. This can be demonstrated by reducing the 

subgrade modulus in the model -a value of 10 MN/m3 (C'BR = 117c) gives a vertical 

differential movement of 2.1 mm. This change in subgrade modulus changes the warping 

restraint stresses in the slab by less than I%. 

6.4. Summary 

In this chapter the development of several finite element models for predicting the behaviour 

of concrete industrial floor slabs has been discussed. It has been shown that using the material 
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properties in the literature and data supplied by the cement manufacturers it has been possible 

to model accurately the temperature changes both in the slab, and in the underlying layers 

during the first 218 dass after construction. 

The models have allowed the impact of the ambient conditions at early ages to be assessed. 
Increased air movement has been demonstrated to reduce the maximum temperature in the slab 

slightly, but, more significantly, this accelerates the rate at which the temperatures returned to 

ambient levels. As this occurs at a time when the concrete is still gaining in strength this will 
lead to an increased risk of cracking. 

Simple structural nxxlcls have &monstratcd that a full FE analysis is not required to determine 

the effects of differential , train gradients on a slab. Petersson (1998) and Rollings (1993) offer 

equations which gi'c %crN good agreement with the finite element predictions of slab 

movements and restraint stresses. 

The eccentricity of the frictional restraint in industrial floors has been shown to be negligible 

away from the end sections of a slab. Given that the frictional restraint increases with distance 

from the free end, and generally only becomes significant with joint spacing > 10m, this 

eccentricity can safely be ignored in design. 

The finite #fement models indicate that the maximum tensile stresses at early ages may 

actually he at mid-depth in the slab. For this reason the crack control reinforcement in 

industrial ground floors may also be better placed at mid-depth, rather than in the slab bottom. 

Not only %%ould this reinforcement be in the most highly stressed part of the slab, making it 

proactive (in the %k ords of Kiamco. 1997) in controlling the spread of cracks but, because of 

the reduced cover to the top of the slab, this .N ould also improve its effectiveness in controlling 

crack widths. 

The finite element model of the long strip slab exposed to an ETG of l. 1 °C/cm over a period 

of a year predicted stresses which were very similar to those calculated from the site data. The 

close agreement between the finite element models and the simplified expressions means that 

good agreement would also, therefore, be obtained from the simplified approaches. This 

indicates that designers could now make some allowance for the intrinsic stresses in a slab 

resulting from warping restraint. 

The stresses resulting from a uniform contraction have been shown to be significantly less than 

those which result from a differential contraction. This means that in the longer term, when 

warping and frictional restraint are accounted for, it is likely that the maximum tensile stresses 

in a slab will occur at the slab surface. 
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Figure 6.1 -A finite element model of the . slab-grourd system. 
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7. Conclusions and recommendations for 

further work 

7.1. Conclusions 

7.1.1. Introduction 

e'en little research has Ixen published on the beha\iour of concrete industrial ground floor 

slabs. explaining why the majority of the detail design guidance is empirically based. This 

research set out to monitor the early-age behag iour of concrete industrial floors, and the 

influence of the construction parameters, i n order to improve our understanding of how the 

early-age development of the concrete' s material properties interacts with the joint 

arrangement and the climate. 

This chapter presents the conclusions drawn after a programme of in-situ monitoring and finite 

element modelling of the earl} -age behaviour, and makes recommendations for further study. 
The conclusions are presented in three sections co Bring the development of the in-situ 

instrumentation methodology, the performance of industrial floors and the implications for 

designers. 

The recommendations for further work cover areas of' performance monitoring and improved 

modelling techniques. 

7.1.2. Instrumentation methodology 

Field monitoring of new flexor constructions was one of the main objectives of the research. 

This has been successfully carried out and, following the instrumentation and early-age 

monitoring of floor slabs in six buildings, an instrumentation methodology has been developed 

which could be applied to any concrete structure. The main activities involved in a structural 

instrumentation were identified as falling into the following four categories: 

0 Planning - identify the key locations for instrumentation and suitable sensor types 

" Pre-site preparation - design, construct and test the wiring loom and logger program 

0 On-site instrumentation - locate and protect cabling and logger before installing sensors 

" Performance monitoring - automated monitoring; periodic site visits for data collection 
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Planning 

The instrunwntation in the slab. ý%as used to measure the magnitude and the timing of the 

concrete contraction at different depths and distance, arum joints, and the associated joint 

movenknts. The placement of these sensors as varied in order toi try and establish the effects 

of the different constniction methods and the : rnmhient condition. ". 

Pre-site preparation 

The detailed design of the floor as often only finalised around two weeks before construction 

commenced on site, and in some cases change,, in site programme,, reduced this time even 
further. This lead to the adoption of standard datalogger , et-ups, and the use of an interface 

box. These allowed the neat termination of all of the cables coming out of the slab, but also 
facilitated the quick and eaS\ connection and removal of the datalogger. whilst providing 

terminals for manual strain readings to be taken. 

Grouping the gauges in clusters pros ided significant cost savings on cabling, whilst 

terminating all of the cables %% ith crimp connectors speeded the connection of gauges on site, 

and allowed separate transportation to site, reducing the possibility of damage occurring at this 

stage. 

To illustrate the work in%oºIved in producing the wiring I(x)m, an average installation with 60 

strain gauges used approximately 14 gauge clusters connecting the strain gauge leads to the 

multi-core cable. Each cluster Fxo\ contained 24 different coloured wires requiring connection. 

The interface hc, xes contained around 3(X) different wires to be correctly connected to link the 

multi-core cables to the datalogger through 6 25-%%a), RS232 connectors. The production of a 

spreadsheet to allow the identification of all of the wires connecting each of the strain gauges 

back to the dataIo'ger +s1 essential. This simplified the development of each wiring loom and 

also enabled testing of the completed wiring loom and logger program before transportation to 

site. 

On site 

Due to the nature of the site environment, installing instrumentation in an industrial floor 

requires a methodology which is quick. so as not to impede the rapid rate of construction, and 

robust, to ensure that instrumentation failure does not prevent the collection of data. 

For the strain readings to be meaningful the accurate positioning of the gauges is essential. 

This was achieved by mounting the gauges on reinforcement chairs, which were then taped or 

tied down to prevent subsequent movement. Although the acrylic barrelled strain gauges had 

not been used outside of the laboratory before they were found to be suitable for site use. As 

with the newly developed 254mm long steel embedment and joint gauges, the concrete must 

be placed around the gauges and not allowed to fall directly on them, as this was found to 
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cause datiwge. The gauges to, motiitoi ink; across dl; iY joints were a useful development and 
open up many new possibilities for monitoring across construction joints in all kinds of 
structures. 

The simplest and most successful way to protect the multi-core cable from damage from 

trafficking before and during construction %%as found to be to bury it in the sub-base. The 

cables linking the gauges to the luster hoer. had to he taped to the slip membrane to prevent 
them moving as the cunt retc ý% as placed Mm cment of the cables was found to risk the loss of 
data either through broken connection,, or damage caused when the joints were saw-cut. 

Marking the gauge Ikx ation after embedment \% as found t( be important as this reduced the 

risk of accidental damage 
\\ hen site personnel required access around the instrumentation 

before the floor %%a" finished. 

Monitoring 

A sample frequenc-s of 3(1 minutes during the first 2 days after construction was found to be 

adequate to measure all changes occurring in the slab. As the slab temperature dropped back to 

ambient levels the sample frequency was reduced to eery hour, before reducing further to 

ever- 2 hour,, from I v. eek after construction. For long-term monitoring. readings every 4 

hours were found to gi%e sufficient information about the slab behaviour. Manual readings 
from all of the strain gauges were taken on all subsequent site visits, whilst precision level 

surneys of the slab surface profile were undertaken where possible (subject to permission from 

the client). 

This instrumentation and data collection regime has allo%%ed information, not only on the early 

age behaviour of the slab, but also on the long-term performance to be collected. This 

instrumentation will remain as a useful source of performance data in the future. 

7.1.3. Data interpretation 

The main aim of the research %k as to gain a better understanding of the early-age behaviour of 

concrete industrial floors. and how this would affect their performance at later ages. The 

collected data has allowed a better insight into the early-age behaviour (during the first 28 days 

after construction), but has also allowed the impact of longer term influences, such as drying 

shrinkage and seasonal temperature changes to be studied. The main behavioural trends and 

the factors which influence them, as identified in Chapters 5 and 6, are now summarised. 

The site data demonstrated a definite link between the concrete delivery temperature and the 

elapsed time before the maximum temperature was achieved, although no correlation was 

found with the maximum temperature. This agreed with previous work by Lachemi and Aitcin 

(1997). The influence of air movement across the top of the slab was highlighted by 
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comparisons between the finite element 111, Aels and the site data. In all cases where the 
building was not weather tight during construction, a higher thermal transfer coefficient was 
needed for the air/slab interface in the models in order to give agreement with the site data. 
This had the effect of slightly reducing the maximum slab temperature and increasing the rate 
at which the temperature returned to ambient levels as hydration slowed. It is this rapid 
temperature drop whilst the concrete is still relatively green that increases the risk of cracking. 

As a result of these theramal losses to the air, and the ground under the slab, the maximum 

measured temperature was found to be at mid-depth in the slab, whilst horizontal thermal 

gradients were also found near the edges of concrete cast against previous pours. Temperature 

drops of 1U'(' were commonly m asured during the first 3 to 4 days following construction. 

Long-term readings shoed how seasonal temperature changes significantly affect the 

measured strains in all floors, with a similar change being observed as the temperature was 
dropped in the chill store at Leeds. As several of the instrumented floors were constructed in 

unheated buildings, seasonal temperature variations in excess of 15°C were recorded. This 

equates to an annual periodic thermal movement potential of 150 µstrain, or around 33% of the 

commonly specified ultimate free drying shrinkage of the floor. 

The site data showed that all of the joint movements were thermally triggered, though the time 

period following construction before movement was triggered varied. The sawn restrained 

moN ement joints in large area pours were found to behave inconsistently. Some joints opened 

and became dominant. Ahilst other joints did not open at all. In some cases the joint opening 

was sufficient to lose aggregate interlock. The comparison of surface readings from the Demec 

pips and measurements from the joint gauges showed that the joint width was non-uniform; the 

surface measurements could over-estimate the joint width lower down in the slab by more than 

Imm. Therefore, any load transfer that is calculated on the basis of surface joint width 

measurements should be used as a minimum value. 

Precision level survey data, in addition to embedment strain readings, showed that the vertical 

movement close to sawn restrained movement joints was greater than close to sawn free 

movement joints. This confirms that the sawn restrained movement joints do appear to release 

some of the warping stresses as assumed by TR34 (1994). The difference in behaviour of the 

two joint types has been attributed to the higher bending stiffness of the dowel bars crossing 

the free movement joints. The finite element models and simplified equations (Eisenmann & 

Leykauf, 1990) in Chapter 6 have shown close agreement over the deformed shape and 

resulting stresses for concrete slabs subjected to non-uniform contraction, which results from 

thermal and hygral gradients. They show how the movement occurs over a critical length near 

to the free end of the slab, as was also shown to be the case near to the joints in the long strip 
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slab. The precision level surveys conducted after clitirrentiu) contraction had occurred showed 
how most of the vertical movement was concentrated within about I in of the joints. 

Readings from the emhcdii nt strain gauge, showed that differential contraction had taken 

place near to the edges of the large area pours. and close to the joints in the long strip. These 

equated to equivalent temperature gradients (1: T(1) of up to 1.4 "('/cm in the long strip slab 

and 2.02 '('/cm in the large area lx)ur. ('ontrasting this differential movement with that at the 

points furthest from the joints ga e the magnitude of the warping restraint. This was found to 

be significant in both flexors: in the long strip it amounted toi 0.74 °C/cm, whilst in the large 

area pour the difference between the edge and the middle of the pour was 1.51 °C/cm. 

This warping restraint will ha's e lead to restraint stresse,, which, even allowing for creep, could 
have exceeded _' 

N'/mm' in both floor t` p<s. This has been confirmed with a finite element 

model of the long strip slab, which was subjected to the same maximum differential gradient 

as was measured on site after 370 days. The resulting restraint stresses were almost identical to 

those determined using the site data. 

The variation in measured strains (and hence restraint stresses) was noticeably larger in the 

floors at Bedford and Chepstow. %% here cracking %k as observed. At Bedford, details leading to 

external restraint reduced the measured contraction across the building, where cracking has 

occurred. whilst the cracking at Chepstow seems to have resulted from a combination of 

restrained thermal contraction and warping combined with load induced stresses. 

Even in the large area pours the frictional restraint did not significantly alter the contraction 

behag lour, as has been confirmed by the finite element models. Changes in the interface 

stiffness from 10 MPa to 24 MPa were found to have little effect on the concrete contraction, 

or on the resultant stresses. The highest shear stiffness, 240 MPa, did significantly reduce the 

concrete contraction, and increase the restraint stresses. However, this is outside the expected 

range of stiffnesses for a concrete slab cast on a slip membrane. 

Simplifications had to be made in the finite element models of ageing concrete. most notably 

the use of uniform concrete drying shrinkage strain and the omission of limiting friction for the 

shear restraint on the slab/sub-base interface. However, good agreement between the predicted 

and measured strains for the long strip slab was obtained at distances of I m, 4m and 7m from 

the free movement joint. Models with and without drying shrinkage gave good agreement with 

site readings from the upper and lower embedment gauges respectively. This could be 

expected at early ages as the drying shrinkage will only have affected the upper parts of the 

slab. 

The B3 model (Bazant, 1995) was found to over- predict the drying shrinkage for the thinnest 

floor - the 160mm thick jointless floor at Bedford. However, the predictions for the thicker 
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floors showed good agiven1cnt with the measured drying shrinkage. As expected the thinner 
slabs were found to shrink moro than the thicker slabs, whilst the addition cif a shrinkage- 
reducing admixture in the second pour at Leeds seemed to reduce the concrete shrinkage and 
the joint movement compared to the other pour.. 

The structural finite clement models showed that whilst there was a stress differential between 

the top and bottom faces of the slab due to the eccentricity of the frictional restraint as 

suggested b) Kianko (1997). its effects were Icxalised and only affected the ends of' slabs. For 

the most part the frictional restraint resulted in a uniform tensile stress in the slab sections. 

Stresses due to warping restraint were shown to be more significant than those due to 
longitudinal restraint. confirming Pettcrsson's findings (1997) that warping restraint is 

significant in industrial floors, whilst the eccentricity of frictional restraint is not. 

For this reason, when the long-term non-uniform drying of the slab is considered, it is expected 

that the resultant intrinsic stress field in the slab due to frictional and warping restraint 

would have tensile stresses in the top face, and compressive stresses in the bottom of the 

slab. 

7.1.4. Implications for design 

The beha% four of the day joints in the instrumented jointless floors, and the joints in the long 

strip slab was as expected - i. e. the restrained joints remained closed, whilst the movement 

joints opened. Howe%er, there was no consistency in the behaviour of the restrained movement 

joints in the jointed large area pours. Some joints were found to open whilst others remained 

closed, and even where all joints opened a few joints became dominant. The design ethos 

(TR34,1994) behind this floor type seems anomalous. Joint spacing is determined to keep the 

width within acceptable limits based on an assumed concrete contraction and assuming all 

joints open equally. Nominal fabric reinforcement placed in the bottom of the slab with 50mm 

cover is laid over the whole area as a continuous mat. TR34 (1994) states that this fabric 

weight should not be greater than A142 because heavier fabric may not allow the sawn 

induced joints to open, and this could result in cracking away from the joints. Site data has 

shown that this is not the case - joints do not open equally - leading to possible loss of load 

transfer and an increased risk of damage to the joint arris on the wider joints. It cannot be 

stated that the joints in the middle of the pours always open widest as several joints at the 

edges of pours have also opened widely. 

Additionally, in light of the finite element model results, the current recommendation in TR34 

(1994) to place the reinforcement in the bottom of the slab in large area pours may need 

reconsidering. Reinforcement placed at mid-slab depth would be in the part of the slab which 

204 



has higher tensile stresses at early age, and. because (ºt the reduced rover, would be more 

effective in controlling the surface width oI any cracks that do occur. 

The design guidance for nominally reinforced jointed large area pours should be 

reconsidered. Frack control reinforcement may be better placed at mid-depth in the slab, 
and engineers should be warned of the possibility of the loss of load transfer at sawn 

restrained movement joints resulting from uneven opening and dominant joints. 

Additionally, where possible pour sequences should avoid infill bays, as these will be 

exposed to greater restraint at an early age, which increases the likelihood of cracking. 

Although TR34 (1994) state. that the sawn restrained movement joints are to be used to relieve 

warping stresses, no guidance is given on the likely magnitude of these stresses, or on suitable 
joint spacings in order to release them. Losherg (1978) and Eisenmann and Leykauf (1990) 

provide methods %% hic h allow the calculation of the warping restraint stresses, and Pettersson 

(1998) shows how they can be expected to -vary with location. 

Site data has shown how curling occurs close to the joints as predicted. whilst the magnitude of 

the curling also appears to be affected by the joint type. Although the number of joints 

suave,. ed is small. dock el led free mo\ ement joints were consistently found to experience less 

vertical movement than saý%n free movement joints, which indicates that the sawn restrained 

movement joints are indeed allowing the release of warping stresses. 

It is not possible to place joints close enough in a floor to release the warping stresses at all 

locations, and e%en were this possible the end user would be left with a very uneven floor. For 

this reason floors should be designed allowing for reasonable warping stresses, whilst the 

number of sawn restrained movement joints should be reduced in order to improve the flatness 

of the floor. 

The warping stresses v ill depend on the concrete stiffness, the floor thickness and the 

differential gradient it is exposed to. Restraint equal to equivalent temperature gradients (ETG) 

of up to 1.5 °Gcm has been found in the large area pours. although the reduced joint spacing 

and increased thickness in the long strip slab gave a smaller ETC; of 0.74 °C/cm. 

Greater joint spacing will make it more likely that all of the joints will open, and the provision 

of dowel bars across the joints would serve the dual purpose of controlling the vertical 

deflection and ensuring load transfer should the joint width exceed 1 mm. Both of which should 

improve the serviceability of the floor. 

The current design method, whereby the detail design and the structural design are 

carried out separately, is flawed and should be modified. The intrinsic stresses in a slab 
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from frictional restraint. and more importantly warping restraint, must be included in 
the structural design calculation since they can reduce the load capacity of the slab. 

It has been shown that the effects of restrained drying shrinkage and temperature change 

combined with applied loading can be sufficient to cause cracking in a floor, where 
individually thew would not cause concern. Current design guidance does not account for the 
effects of these intrinsic stresses in a slab when carrying out the structural design, even though 

they could account for Hore than 3O° of the strength of the slab. 

The intrinsic stresses arising from warping restraint are generally larger than those due to 
frictional restraint. leasing the slab ý% ith the greatest tensile stresses at the top surface. Because 

this intrinsic stress distribution is the reverse of that caused by loading, taking account of these 

stresses in design could in some cases actually increase the capacity of floor slabs in service 

(Sargious & Ghali. 1986). 

Furthermore both theory (N1eý erhof. 1962) and testing (Beckett, 1990 & 1999) have shown 

that there is a significant difference between the load required to cause cracking in a slab and 

its ultimate capacity . As the initial cracking in a slab under a point load is in the bottom face, 

this will not hale any significant serviceability implications for the end user. Therefore, not 

only is the formation of cracks in the bottom of a slab under point loading not critical to the 

seviceabilitý of the floor. but the intrinsic stresses from warping restraint may actually 

increase the load capacity of the slab giving a greater factor of safety. As a result, the current 

method, where intrinsic stresses are not considered, should give conservative designs for 

this loading. 

In contrast cracking on the surface of a slab can have immediate serviceability implications 

and can leave the client thinking that the slab has failed, even if the cracks are not significant 

as far as the structural integrit` of the floor is concerned. In aisles between racking and 

uniformly loaded areas and adjacent to line loads a hogging moment failure of the floor is 

possible. with the load at which this will occur being reduced by the intrinsic stresses. For this 

reason the intrinsic stresses due to restraint should be included when designing the slab 

for applied hogging moments. 

7.2. Recommendations for further work 

7.2.1. Introduction 

This research has developed and used a successful in-situ monitoring technique to gather 

performance data on industrial ground floor slabs. This has allowed the development and 

calibration of finite element models of the early-age slab behaviour. However, this work has 
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highlighted the need for the further inveh tion of aspens of the performance of industrial 
floors, as well as possibilities for the further development of the finite element modelling. 

7.2.2. Site Instrumentation 

A reliable in-situ instrumentation method has been developed as part of this research, and six 
floors have been instrum nted. C'onclusions hair been drawn based on the collected data, 
howe%er. this is still quite limited. Further performance monitoring of industrial floors is 

required. as the data which this generate` will allow more weight to be given to any 
recommendations. 

Measurements have shown that the longitudinal restraint appears larger than can be predicted 
using the current frictional restraint theory. Testing has been done on flat slabs restrained on 
flat sub-bases (Timms. 1058. Pettersson. 1998) to determine the shear stiffness of the interface 

and the coefficient of friction -wich determines when sliding occurs. This is an idealised 

condition \% hich will not always be achie\ eel in practice. For this reason further research is 

required on the effects of imperfections in the sub-base levels on the movement of the floor 

slab. This must include the effects of ruts, as caused by trafficking an insufficiently strong sub- 
base. 

The precision level surveys and the differential movement measured by the embedment strain 

gauges has indicated that there is a difference in the curling behaviour of the floors, which can 
be related to the joint types. Further research should be carried out into this possible 

relationship as this has long-term ser,, iceability implications for the end user of an industrial 

floor. 

7.2.3. Finite element modelling 

The finite element models presented in this research only analysed the first 2S days following 

construction of the slabs. Further research could investigate the long-term influences of 

seasonal temperature changes and drying shrinkage. This will also require the discrete analysis 

of the spatially varying hygral profile, rather than the simplification to the uniform time- 

dependant variable assumed in this early-age analysis. 

Although good agreement was obtained between the finite element model and the site data, 

this only looked at a 16m long section of a 64m long slab. Furthermore, the simplification to a 

2-D plane stress analysis neglected the edge restraint provided by the adjacent slabs. Further 

work could look at entire bays, with phased analysis methods allowing the duration of 

construction to be accounted for, whilst 3-D analysis would allow all of the restraint to be 

analysed, although the computing time required could be significant. 
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There is also still much scope for further development of the models to increase their realism. 
For example, the use of spatially variable, as well as time dependant, material properties would 

allow the statistically significant variation in the concrete's strength to be accounted for. This 

would remove the symnwtry in the response of the model to all forms of restraint, and provide 

a more natural prediction of stress distributions. 

The slah/sub-base interface behaviour had to be simplified for the early-age models. Because 

of the choice of model sire to look at the behaviour of the long strip slab the frictional limiting 

shear stress as not reached. Ho\%e\er, if longer slabs were analysed this would not 

necessarily be the case. Further \%ork is required on the implementation of this frictional 

response in conjunction '% ith the changing material properties, especially at early ages. One 

possibility would be the adoption of a different creep model, allowing the adoption of a non- 

zero start time for the analysis. This \%ould avoid the ill conditioning produced by the large 

difference in stiffness between the frictional interface and the immature concrete during the 

first 12 hours after construction, whilst still allowing the restraint to the thermal contraction of 

the concrete to be modelled. 
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III 
III 

Vibrating Wire Strain Gauges 
Transport Er Road Research Laboratory Type 
Types T/E/A & T/E/S For Measuring Internal Strains in Concrete 

C 
0. 

The Transport and Road Research 
Laboratory of the Department of the 
Environment measure internal strains 
in concrete by embedding vibrating 
wire strain gauges in the structure in 
single or multi-axis configurations. 
The gauges designed and used by the 
Laboratory are now offered by Gage 
Technique Limited with full TRRL 
approval, and incorporate the latest 
modifications and improvements to 
the basic designs. 

Gauges of this type have been used 
extensively in concrete and steel box 
girder bridges, flyovers. motorways, 
strong floors, roof struts, concrete 
dams, pressure vessels and silos, 
turbine rafts, cast in-situ piles, driven 
piles, retaining walls, tunnel linings, 
gas and fuel pipes, coal mines, 
concrete caissons, and reservoirs. 
Two types of gauge are supplied, each 
differing only in regard to the material 
of the enclosing tube. In one, type 
T/E/A, developed originally by 
Potocki, acrylic plastic is used. In the 
other, type T/E/S, Introduced by 
Tyler, a stainless steel tube is 
employed. The acrylic gauge, being 
highly compliant on the axis of the 
strain, is particularly useful in 
measuring the characteristics of 
concrete during the early stages of 
curing. The stainless steel version is 

more robust and is more frequently 
used for strain investigations on site. 
Each gauge contains a high tensile 
steel wire in tension between two end 
flanges and enclosed in either the 
acrylic or steel tube. A plucking coil is 
positioned at the centre of the tube 
and in close proximity to the wire. 
A current fed to the coil pulses the 
wire which then oscillates in an 
exponentially decaying half-wave 
mode along its length. The coil 
meantime acts as a pickup device and 
the voltage induced in it has the same 
frequency and amplitude charac- 
teristics as the oscillating wire, 
When the gauge is embedded in 

concrete the strain resulting from the 
stresses developed in the concrete 
alters the natural frequency of 
oscillation of the wire. The strain in the 
concrete is proportional to the square 
of the frequency of oscillation of the 
wire and the gauge thus provides a 
sensitive system for measuring 
internal strains. 
The signal from the coil is coupled to 
external measuring equipment via a 
flexible cable. By careful placing of 
gauges during the casting phase it is 
possible to record the complete strain 
history of the structure at one single 
remote reading console. 
For measuring long term, slowly 

GAGETECHNIQUE STRUCTURAL INSTRUMENTATION ENGNEERS 

varying strains, gauges rv orating 
wi type are preferable to they 
or s, having excellent on term 
tab ity - better than 0 icrostrain 
er all. - combined it simple 

i sta aeon and ease m rntoring. 
eats on the gauges th Transport 
d ad Research 

Ub 
atory 

nfir the repeatabjlity of gauge 

dIv, 
ctor. laminating tn cessity for 

dI cahbrationkf uses before 
Se. 
he gaug 

ýre 
y bi ca ui direct 

1hough it sua to pro- 
. 01 them . ore lacement. 

using concrete of the se mix as that 
used in the structure. 
The acrylic gauge, typ T/E/A. was 
first employed by the RRL in the 
Hammersmith Flyover London. The 
steel tube version, typ T/E/S has 

een used extensively oth in the 
rnted Kingdom and at road. Both the 

NNgway bridge and te River Aire 
bnd ave been ins umented with 
this gauy 
Because the n output from the 
gauge is a frequency analogue of the 
strain it is measuring, no deterioration 
of strain translation occurs with time. 
It is not unusual therefore to find that 
instrumentation specifications, when 
defining gauge performance. 
stipulate a working life for such 
gauges of up to thirty years. 
A temp. measuring version of the 
Type T/E/S/5.5 may also be 
supplied. This is denoted by Type Ref. 
T/E/S/T/5.5. 



0.218 

d- 
c^ 

Measurements in inches 
Metric in brackets 

ICHNICAL SPECIFICATION 
'ar T/E/A and T/E/S Gauges 
'luge Factor: 

3.0 x 10 -' microstrain per 
frequency=. 

ý, 
e*ge Equation: 

Is - 3.0 x (f, '-f: -) x 10 
''NCrostrain where Ss is strain change. 

ft is datum frequency in Hertz. 
f: is frequency after loading in 
Hertz. 

Note. Positive sign indicates 
compressive strain: negative 
sign tensile strain. 

+ge Length: 
5.5 inches (1 40mm). 

n Range: 
Greater than 3,000 microstrain. 

rsolution attainable: 0.5 microstrain. 
Resistance: 
00 ohms nominal 

(59.2 t 0.5 on T/E/S/T). 
' . caI Energising Voltage: 
t4V positive pulse, 10-20 milli- 

s. 
'kcal Datum Freq.: 

t 800 Hertz. 
+'*Perature Coeff: 
T. C. of wire 11x 10'1 per degree 

} Centigrade. 
'11'++Perature Range: 

T/E/A up to 50°C. T/E/S up to 
75'C. 

'ý+ect, ng Cable: 
type IC, screened coaxial type, terminated 

in coaxial connector. 
Length: 

ýUnless order at extra cost, 
'TMýaard lead length of 2 m. of 

taale is fitted. 
4"e Stress: 

At 800 Hertz, corresponding wire 
tress is 26 tons/sq. in. Wire 
T S. is approx. 150 tons/sq. in. 

5.5 EFFECTIVE GAUGE LENGTH 

Supply and Use: 
Gauges are usually supplied 
unsealed and untensioned to allow 
setting to optimum range for strain 
range predicted. T/E/S can be 

supplied tensioned and sealed 
at extra cost, to customers 
specification. For maximum 
protection gauge can be pre-cast in 
briquette before embedment in 
structure. 

GAGE TECHNIQUE LIMITED 
P 0. BOX 30, TROWBRIDGE. 

WILTSHIRE. BA14 8Y0 ENGLAND 
TEL. (0225) 761652/3 
FAX. (0225)766290 
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Model 4200/4210/4202 
Embedment type 

Vibrating Wire 
Strain Gages 

" For direct embedment in concrete. 
" Rugged design. 
" %% iterprouf. 
" Highly sensitive. 
" Lung-term stability. 
" Suitable for Tung cable lengths. 

The Models VCE-4200, VCE-4210 and VCE"4202 
Vibrating Wire strain Gages are designed for direct em- 
bedment in concrete. The VCE-4200 is six inches long 
and is commonly used for strain measurements in found- 
ations, piles, bridges, darns, containment vessels, tunnel 
liners etc. The VCE-4210 is 10 inches long and is design- 
ed for use in mass concrete with coarse aggregates. It is 
extra rugged to resist bending, and has large flanges to 
provide greater engagement area. The VCE-4202 is 
designed for laboratory use and/or where there are space 
limitations. 
The gages may be positioned either by means of wires 

wrapped around the body or by attachment to a rosette 
which will hold the gage at a predetermined orientation in 
the concrete. (One type of rosette is shown overleaf) 

Strains are measured using the vibrating wire principle: 
A length of steel wire is tensioned between two end 
blocks that are embedded directly in concrete. Deform- 
ations (i. e. strain changes) of the concrete mass, will 
cause the two end blocks to move relative to one another, 
thus altering the tension in the steel wire. The tension is 
measured by plucking the wire and measuring its resonant 
frequency of vibration using an electromagnetic coil. 
The Model GK-403 Readout Box, used in conjunction 

with the Vibrating Wire Strain Gage, will provide the 
necessary voltage pulses to pluck the wire and will 
convert the resulting frequency reading directly into strain 

units by means of an internal microprocessor. The strain 
reading is displayed on a 5-digit LCD. 
The advantage of the vibrating wire strain gage over 

more conventional electrical resistance (or semiconductor) 
types lies mainly in the use of a frequency, rather than a 
voltage, as the output signal from the strain gage. Fre- 

quencies may be transmitted over long cable lengths with. 
out appreciable degradation caused by variations in cable 
resistance, contact resistance, or leakage to ground. 
Vibrating wire gages also have excellent long-term zero 
stability. For measurement of dynamic strains (up to 100 
Hz) autoresonant versions are available. 
Where 'no-stress' strain gages are required, a sheet steel 

container is available which is lined with styrofoam. This 

container isolates the section of concrete around the gage 
from the rest of the concrete so that no stresses can fall on 
the gage. yet apart from this it experiences the same 
environmental conditions as adjacent gages, and thus pro- 
vides a measure of effects due to temperature, moisture, 
autogenous growth etc. 
The strain gages are provided with thermistors encap- 

sulated in the plucking coil. The thermistor enables 
temperatures to be measured. Over-voltage protection can 
be provided in the gage and this can be supplemented by 

gas tube surge arrestors at the terminal box location. 
Installation procedures are fully explained in manuals 

supplied with the gages. 
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152.5 mm. 
........... 

t9 mm 

-r 
""" 

ýSSmm. O 
duo. 

............. 

º---- 254 mm. 

SPECIFICA'T'IONS 
`tadel no. 
Method of attachment: 
Acttsc gage length: mm. (inches) 
Maximum strain ranee: microstrain 

Model VCE-4210 

Sensitivity: microstrain 
Temperature range: °C 
Thermal coefficient of expansion: ppm/°C 
Coil resistance: ohms 
Cable types: 
Typical frequency datum: Hz 

:i 

N1odci ', '(: 1-: -4202 

Model V('F; -42m) 

51 mm. 
Jia 

VCE-4200 VC E-42 10 V CE-4202 
enibedinent embedment embedment 
153 (6) 250 (10)* 2 i50 

3000 3000 3000 

1.0 0.5 1.0 

-20 to +80 -20 to +80 -20 to +80 

12.0 12.0 12.0 

150 180 180 

4-cond. shielded 22 awg 
800 2600 2600 

'Other len gths available. 

Ordering Information: 
.., ýý. 

specify: 
I. Model number. 
2. Cable length. 
3. Accessories required. 

I. Strain gage rosette. 
3. No stress-strain' enclosure. 
3. Readout Box Model GK-403. 
J. Trrminal boxes. 

I lire mi Ior readout box. 

I-Or fu rthei iU%OrflJutiwi cmiIac t L1. ß . 

"'Accessories: 
I. Strain gage rosette. t 3. No stress-strain' enclosure. 
3. Readout Box Model GK-403. 
J. Trrminal boxes. 

I lirini, iur readout box. 

0 11 

. S[L. ̂ , t. ! i-. URBEET 
LEBANON, NH 03766 USA 
TEL 603'448-1562 

..... ...,.. 'ý.. +ý" : ̂ T+"tý' ýrý'+[ 7; +'r^K$SYf"ý. ý+1MIRMtIRý 
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Embedment Strain Gages 

Me he l: (; P Scric s Embedment Strain Gage is specially designed fror mea urin` 
mechanical strains inside concrete structures. The sensing grid, constructed of a 
nickel-chromium alloy (similar to Karma), has an active gage length of 4 in 
(100 mm) for averaging strains in aggregate materials. A rugged 5-in (130-mm) 
outer body of proprietary polymer concrete resists mechanical damage during 

pouring, minimizes reinforcement of the structure, and provides protection 
from moisture and corrosive attack. The grid, cast within the polymer concrete 
to ensure maximum strain sensitivity, is self-temperature-compensated to 
minimize thermal output when installed in concrete structures. Each gage 
incorporates a heavy-duty 10-ft (3-m) cable with 22-AWG (0.643-nim 
diameter) leadwires; a three-wire construction to the sensing grid helps 

minimize temperature effects in the instrumentation leads. Special lengths of 
preattached cable will be quoted upon request. Micro-Measurements NVI-LINE 

accessory cable 322-JV is available for adding cable length in the field. 

Rugged and reliable, Micro-Measurements EGP-Series Strain Gages are 
available in both 120-ohm (F'. GP-5-120) and 350-ohm (F. C; P-5-3501 resistances. 

Specifications 

" Construction. Strain sensing grid cast in a sturdy, water-resistant 
material. 
Sensing Grid. Nickel-chromium alloy on polyimide backing. Active 
da r Icngth of 4 in (100 mm) nominal. Grid resistance of 120 or 350 
olirns, +0.8"/o. 

" Outer Body. Proprietary polymer concrete. 5x0.7 x 0.4 in (130 x 17 x 
10 mni) nominal. 

" ('able. Three 10-ft (3-m) leads of 22-AWG (0.643-mm dia. ) stranded 
tinned copper in 0.015-in (0.4-mm) thick PVC insulation. Nominal cable 
diameter of0.2 in (5 mm). (Other lengths quoted upon request. ) 

" Temperature Range. The normal usage range is +25 to +125 deg F (-5 
to ýt) deg ('). I : xtcnded range is -25 to +150 deg F (-30 to +60 deg C). 

http:. /ww,, v. measurementsgroup. com/guide/500/lists/esg_list. htm 17! I0/01 
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Table B. l - Northampton: location of strain gauges and their types 

Slab 
Gauge tp 

Free length Gauge position 
Fx)sition (r») 

Op Middle Bottom 
1 TI, S! I0 _ 

X X 
x x 

4 TEAB/. 5 1.0(X) X X 
5 4200X -- 1.000 X X 
6 T1AB/5 S 4.000 X X X 
7 l FAB/S. 5 5. (, ()1 X 

8 TEAB/5.5 7.000 X X 
9 TEAB/5.5 8.000 X X 

Table B. 2 - Chepstow: Location of strain gauges and their types 

Slab age 1r rt ' Gauge position Slab Gauge 
Free Gauge position 

position typo 
lend 

[ml 
Top Middle Bottom position type 

length 
[ml 

Top Middle Bottom 

1 TEA B 3 268 x 14 TFS X 

2 TEA B 4 100 X 15 TES X 

? TEA B 4 1(X) x 16 TES x 

4 TEAB 3.650 X 17 `I"I: S/ni X 

5 TEAB 4 100 X - 18 I-f: S x 

6 TEAR 41(X) X 19 "1-Es X 

7 TEA B 4.100 X 20 TES X 

8 TEAB 3.650 X 21 TES x 

9 TEA B 4 1(. () X 22 TES/m x 

10 TEAB 4 100 X 23 TEAS X 

II TEA B 4.100 X 24 TES X 

12 TEA B 3,650 X 25 TES X 

13 TES X 26 TES X 

* The free lengths are calculated assuming that all of the joints open 
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Table B3 - Leeds: Location of strain gauges and their types 

Slap Gauge Free 
len th 

( 111uge I )"rtion Slab Free 
, len th 

Gauge position 
position tN IV 

, (mý 1ýºE %trýlýflr ltuttum position tIe" g 'Fop Middle Bottom 

X 19 I1 : A1 5.00 X 
2 TES/m - X 2() TEAR 1.00 X X 
? TEAB 1.00 X - ` TEAB 1.00 X 
4 TfAB 1.00 X - X 22 TTS/m - X X 
5 TE. AB 500 X \ 23 T ESS/rn - X X 
6 TEAB , 00 \ 

- - 
24 TEAR 1.00 X X 

7 TEAB 10.1 \ 25 TEAB 1.00 X 

8 TEAB -. 00 N 26 TEAB 5.00 X 

9 TEAB 5.00 \ X 27 TEAR 7.00 X 

10 TEAB 100 \ N 28 TEAB 24.12 X 

II TEA B 1.00 \ X 29 TEA B 7.00 X 

12 TES/m - \ t 30 TEAR 5.00 X 

? TEAB 100 \ X 31 TES/m - X X 

14 TEAB 1.00 X 32 TES/m - X X 

15 TEAB 5.00 x x 33 TEAR 1.00 X 

16 TEAB 7.00 X 34 TEAB 1.00 X X 

I? TEAB 20.1 X N 35 TEAB 5.00 X X 

S TEA B 7.00 N 36 TEA B 7.00 X 

Table B. 4 - Bedford: Location of strain gauges and their types 

Slab Gauge Free Gauge position Slab Gauge Free Gauge position 

position type 
length 

(m) 
Top Middle Bottom position type 

length 
_ [n, ) 

Fop Middle Bottom 

1 TEAB 14 97 X 8 TLS - X 

2 TEAB 10.10" x 9 TES/m - X 

3 TEAB 14 97 X 10 TES/m - X 

4 TEAB 194 5 X II TES - X 

5 TEAB 7.485 X 12 TES - X 

6 TESIm - X 13 TFS/m - X 

7 TES - X 

* As the %lab was tied to the walls and the dock levellers at the slab edge tills is not reany a tree iengin, ruiner we 

distance from the edge of the pour. 
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Table B. 5 - Daventry: Location of strain gauges and their types 

Slab (ýauýr 
Ft cc 
l h 

( i,, ugc lx)%i llon tilah Gauge Free Gauge position 
position ()TV engt 

[nil Top N1, Jýllc Bottom rxº., tIon t\rx 
length 

(nib Top Middle Bottom 

TEAB z 820 \- 31 TEAR 3 150 X 
TEAR 12 'IEAB 3.750 X 

? TEAR \ 33 TEAB 3750 X 
4 TEAR ? 

- 
34 TEAR 3.750 X 

TEAR ,; ý5 rt . cri 3.750 x 
6 TEA B I (kq \ 36 I ES X 

TEAB 
. 
1-138 37 TES X 

S TEAR I t"cý x 38 TES X 

TEAB _ 570 X 39 TES X 

10 TEA B ? 150 40 TES X 

II TEAR 2 56- X 41 TES X 

12 TEA BS0 42 TES x 

1? TEA B 2580 41 TES X 

14 2 S0 TEA B 44 TES X 

15 TEAB ? 71,0 X 45 TES X 

16 TEA B 3.820 x 46 TES X 

7 TT AB 2 373 x 47 TES X 

18 TEAB 2 17? X 48 TES X 

19 TEAB 2 17? X 49 TES X 

20 TEA B 23 73 X 50 TES X 

21 TEA B 1.669 X 51 TES X 

22 TI--AB 3 338 52 TES X 

23 TEA B 1 669 x 51 TES 

24 TEAB 2.570 X 54 TES X 

25 TEAR 
. 

ISO j 
.X+ 

55 TES X 

26 TEAR 2 567 TES X 

27 TEAB 2.570 x 57 TES X 

28 TEAB 2.580 x 58 TES x 

29 TEA B 2.580 x 59 TES X 

30 TEA B 3.750 X 60 TES X 

0 The free lengths are calculated assuming all joint% open 
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Table B. 6 - Marston: Location of strain gauges and their types 

Slab G. 'uýý 
Free 

l h 
c ýau1; c Ix�i tion til: ýh Gauge Free Gauge position 

position type engt Y op ýýp Middle Bottom positron type 
length 

Top Middle Bottom 

TFSJm - \ 19 "1'FAB 5.00 X 
TES/m - 20 TEAR 1.00 X X 

? TEAR 1.00 X X 21 TEA B 1.00 X 

4 TEAR 1.00 \ X 22 TES/m - X X 

5 TEAR S. 00 X X -13 TES/m - X X 

6 TEAR - 00 24 TEAB 1.00 X X 
7 TEAR 201 25 TEAB 1.00 X 

S TEAB '. 00 X 26 TEAB 5.00 X 

9 TEAR 5.00 X X 27 TEAR 7.00 X 

10 TEAR 1.00 X X 2S TEAR 2412 X 

II TEAR 100 X X 299 TEAR 7.00 X 

12 TES/m - X X 30 TEAR 5.00 X 

13 TEAR 1.00 X X I JES/m - X X 

14 TEAB 100 X 32 TES/m - X X 

15 TEAR 500 X X 33 TEAR 1.00 X 

16 TEAR 7.00 X 34 TEAR 1.00 X X 

17 TEAR 20.1 X X i5 TEAB 5.00 X X 

18 TEAR 7.00 X 36 TEAR 7.00 X 
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Table 13.7 - l. ccd : Concrete nix deign 

MTh *--- 
r] SßilQr . ci WC f T! - BLIP - 

D CM M DM 330 M 20-9M PC 10w DC öi 38 3A 
360 1137 m 446 

,_ C40 §es LAYS 330 °` 209 1 PC 79 1 DC 2A 38 3A 
PUMP M 11 360 1022 327 493 

C C4 121 DAYS ' 330 . °S 101M PC 7» DC 2C 38 3A 

10111 . 290 1012 311 468 

C30 13 DM 330 , .o 1011 DC 79« PC 2c 38 3A 

1 390 1012 311 468 

f-- 
'. 

----- -tý WI- 
ri f WON 

PC 

i ce. cý 

THESE MIXES 
CuI? ID8 

2A to-" uT 
2C 100" LIMERM 
33 F IºEH 
3A sw 

' 1- ti 

ýv! 

tu 

. 
54 

. 
34 

. 
55 

. 
53 

c i'. 

£ DES IIWD TC C R1 WITH THE IEGW Men W L& 53H UM. EBB GrrEW1 Aý+ 
. 
19 

9FLL WE TILST THE * UV 11a ors VM YU WOO . 
/'1.1 N .. A. -.. 
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Table B. 8 - Northampton: Concrete mix design 

-- 

MATERIAL .. 
`: 

_-j 
TYP! 

_ Cement I1 PC42.5N 
2 GG6S 

Coarse Aggregate 3 20-5mm 
4 

Sand 5 Grade M 
6 

Admixture 17 
Admixture 28 

; MIX SPECIFICATION ref. BS 5323 
Design 

Grade C40 
Cement TypeBlend PC 
Max. Agg. Size mm 20 
Min. Cement Content kg/m' II 350 

& SIZE 

SS12 
8S 6699 
8S 882 T1 

©S882T4 

BS 5328 
Design 

C40 
PB 
20 

350 

Max. Tree vvrc rcauo I v' O v. vc 
Target Slump mm 75 75 
Air Content % (12% NIA N/A 

, MD(DESIGN: (ligIm''1zäºJ' 1 370 230 
2 155 
3 1067 1058 
4 
5 783 748 
6 

(litres/m') 7 
(litres/ml) 8 

_I ý ý Design free W/CRatio 0.47 0 47 
. 
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Table 11.9 - Daventry: Concrete mix design 

Please find below the Mvvv... ,,. ... -. 
We trust these to be satisfactory: however. should you have any queries please contact us 

IX DESCRIPTION : C40 

COMMENTS : PUMP MIX 
AGG_ SIZE : 20 

CEMENT TYPE : P/FA-A 
SLUMP (mm) : 125 - -- 

MIN CEMT. CONT.: 325 

MAX. W/C RATIO : 0.55 --- 

SULFATE CLASS : - 
DESIGN SATURATED SURFACE DRY MASSES FOR ONE CUBIC 4c rI IINIT- 

CEMENT KOS.: 370 
% BLEND : 10 

AGG. ONE : 1032 
AGG. TWO : 780 --- 

AGG. THREE : - 
AGG. FOUR : - 
WIC RAT 1O : 0.54 

ADD MIX. ONE : 1.11 

ADD UIX. TVNO : - 

MATEMIIL 9LPPUER A SOURCE MATERIAL SUP~PUER i SOUR( 

PCCIsz425N 

L 

BLENO - PFA 

1-20>5mm. Grinit Ada Mir 1- Super : ). as 

Agg 2-WCS. 
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Table B. 10 - Marston: Concrete mix design 

: 1! LV DETAILS 

MIX GýEý1 `. 'ý I ; ̀ ý .......................... ..................... 
STRE\, 3TH 

.......................... ... ............ 
N! INI\1IAI SPIFCIF IED CEN1 -N*1 ................ 

SPELiFIE: ) FREE %V C PL-MC, 
.................. 

.3: SI E 
.......................................................... C iAi 

""Oft .: AT'[- ITY................................................................ 

RL\DYMIX EASYFINISH C40 
40 N/mm2 at 2' la is 
3"25 kj; m3 
0.5ý 
2Cmm 
' 2:, r, ̂. m 

IfATF_RTALS 

CEN!. --NT ...... ............ ...... ....................... ....... ... 
REY1.., Cý. ý1L ̀ . T 

.............................................. 
COARSE A7 i .............................................. 
FL! E A(; (; R. LGA'( .:......................................................... 
'. ü ý"iý. i i ý: rý. 

................................................................. 

BS 12 . 1996 PC Cass 42.5 N 
ES 6699: 1992 GGBS 
ES 882: 1992 
6S 332 ¶. 2 

ý. ýVý rn L..:. Jr r I, rJ`r .r rw. vr r. lr OIýJ Oi 

advanced high effic: ency finishing admixtu 
complying with BS 5075 

ADDITIONAL LN'FOR: 1i-A TIO: y 

fl., ad,. mi_x Eas,. Fini,: h is a quality ur d . product designed in accordance with 
BS 5328. 

ASR Con'-. >1 Alkali level less than 3.5 K`'-in 

Chloride Control Chloride level less than 04, 

Dryyng Shrinkage Less than 0m-i°,, 

Variation in ; Itc above m: ucrlal sources arc advised where re ircd in accordance with BS 5323 

CionvÄ - `` 
IZýa 

.r 
Registered 

vf `/ 1 KegiRerea 

r Area Technical Manager cold"°'°°` 
`` ýr.. _ .... _, 

surrey Tw: 
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Table B. 11 - Chepstow: Concrete mix design 

MATERIALS DESCRIPTION SUPPLIER SOURCE 

CEMENT PC 42.5N .. REPLACEMENT PFA ,,.. LIMESTONE 20mm AGGREGATE 
LIMESTONE 10mm AGGREGATE 
DREDGED SAND SAND BS 882 'M' 
DARACEM 55 WRA 

SPECIFICATION 

Mix No 1 2 

MIX/GRADE C40Nmm2 C40NMMZ 
MAX AGG SIZE 20mm 20mm 

CEMENT TYPE P/FA32.5N P/FA32.5N 
TARGET SLUMP 100mm 100mm 

MIN CEMENT 335 335 
MAX CEMENT 

MAX W/C 0.55 0.55 
MAX A/C 

SSD MIX DESIGN K9/CUBIC METRE 

CEMENT 260 235 
REPLACEMENT 115 100 

COARSE AGG(1) 6S7 648 
COARSE AGG(2) 439 432 

FINE AGG(1) 805 883 
FINE AGG(2) 

FINE AGG % 42.3 44.9 
FREE WATER 171 1.56 

W/C RATIO 0.46 0.46 
A/C RATIO 5.06 5.85 

ADMIXTURE(1) WRA 
DOSE RATE(1) 400mL/10OKgs 
ADMIXTURE(2) 
DOSE RATE(2) 
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Table 8,12 - Bedford: Concrete mix design 

ýIX DESCRIPTION: C40 

AGG. 812E : 
CEMENT TYPE : 

PUMP MI 
P/B 

SLUMP (mm) : 100 
MIN CEMT. CONT.: 325 

MAX. WtC RATIO : 
SULFATE CLASS : 

0.55 

- 
DESIGN SATURArEO SURFACE DRY MASSES FOR ONE CUBIC METRE ( UNITS ke) 

CEMENT KGS.: 370 

% BLEND : 30 
AGG. ONE : 
AGG. TWO : 

736 

316 

AGG. THREE : 741 

AGG. FOUR . - 
W/C RATIO : 0.53 

ADD MIX. ONE: - 
ADO MIX. TWO : - 

MATERIAL SUPPLIER i SOURCE MATERIAL SUPPUER & SOUR( 
PC Class 42 SN BLEND - GGBS 

A 1-20mm Grsveý 

Agg 2-10mm Gravel 

93- WCS 
-. -- 

-� S 
-. - S. _j -------. I--S 
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Table B. 13 " Bedford cube test results 

7 day 28 day 56 day 

24/06199 28.5 43.5 cubes tested at 4,7 & 28 day 
24 36 so none left to do 56 day 

25.5 37 compliance testing 
30 36.5 

36.5 
38 
44 
39 

28 day mean strength 38.8125 
Standard deviation 3.195281 

28/06/99 28.5 43.5 41.5 
26 39.5 

27.5 35.5 42 
25.5 37.5 

43 
44.5 

30 45 
42.5 

28 day mean strength 39.5 
Standard deviation 4.964157 

29/06/99 34 52.5 
30.5 50 

37 44.5 
34.5 47 

49.5 
47 
52 
53 

28 day mean strength 49.4375 
Standard deviation 3.05237 
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Table B. 14 - Marston cube test results 

22/09/99 
28 day 

48.5 
57.5 
46.5 
49.5 

28 day mean strength 50.5 
standard deviation 4.830459 

23/09/99 53 
52.5 
49.5 
44.5 

28 day mean strength 49.875 
standard deviation 3.902456 

27/09/99 57 
60.5 
55.5 

57 
28 day mean strength 57.5 
standard deviation 2.12132 

Table B. 15 - Northampton cube test results 

7 day 28 day 

23/03/98 30.5 44.5 
34.0 46.0 

29.5 
44.0 

28 day mean strength 41.0 
standard deviation 7.7 

244 



Table B. 16 " Chepstow cube test results 

28 day 
21/07/99 47.5 

53.5 
49.0 

28 day mean strength 50.0 
standard deviation 3.1 

22/07/99 41.0 
49.5 
45.5 

28 day mean strength 45.3 
standard deviation 4.3 

26/07/99 40.0 
40.0 
39.5 

28 day mean strength 39.8 
standard deviation 0.3 

Table B. 17 - Daventry cube strength results 

7 day 28 day 

26/03/99 50.0 58.5 
48.5 57.5 
45.0 55.0 
50.5 56.5 
46.5 53.0 

50.5 
58.0 
57.5 
56.5 
55.0 

mean 28 day strength 55.8 
standard deviation 2.5 

31/03/99 43.5 53.5 
42.0 50.5 
43.5 56.5 
35.0 49.5 
41.0 54.0 

mean 28 day strength 53.6 
standard deviation 2.7 
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Met Office station details raget or 

r> Met Office station details British phc Data 
s'ý Centre 

Name: BEDFORD SAWS Lgs Ge QJ1. Dap 
Geographic area: BEDFORDSHIRE 
Latitude (decimal degrees): 52.225 (Original Met Office value = 52.217) 
Longitude (decimal degrees) : -0.464 (, Qngioqj_. M Qf 

-qe. _v4hjq = -0.467) 
Grid ref: TL 049597 (504.9km East, 259.7Km North of National grid origin) 
Grid ref type: Ordnance Survey 
Postcode: MK44 2 
Elevation: 85 meters 
Time zone: 0 
Drainage stream: OUSE 
Hydrological area ID: 330 
Station start. date: 01-01-1956 
Station end date: Current 
BADC data directory [bade/ukmo-surface/data/united kingdom/bedfordshire/bedford c, w., 

Measurements made: 

Station code Message type (#ý Message start date JMessage 
end date Data held at BADCJ 

(years) 

DCNN 3440 ESAWRAD-T] 01-06-1993 Current If- 1993-2000 
IDCNN 3440 DRADR35 1101-01-1993 Current - 
DCNN 3440 ESAWSOIL 01-09-1993 Current 1995-2000 

DCNN 3440 NCM 01-01-1987 Current j 1991-2000 

ý'ý 
.. ý.,, 

Please report any problems with this page to: 
246 

http: //www. badc. rl. ac. uk/cgi-bin/db/ukmo/ukmo_list_station. cgi. pl'src_id=461 14/12/01 



Met Office station details 

Met Office station details 

Page 1 of 2 

British 
Atmospheric 

ý`ý Data 
Centre 

Name: CHURCH LAWFORD SAWS Locate on map 
Geographic area: WARWICKSHIRE 
Latitude (decimal degrees): 52.358 (Original Met Office value = 52.367) 
Longitude (decimal degrees): -1.330 (Original Met Office 

_valu = -1.333) 
Grid ref: SP 456736 (445.6km East, 273.6Km North of National grid origin) 
Grid ref type: Ordnance Survey 
Postcode: CV23 9 
Elevation: 107 meters 
Time zone: 0 
Drainage stream: AVON 
Hydrological area ID: 542 
Station start date: 01-01-1983 
Station end date: Current 
BADC data directory /bade/Arno-Surface/data/united kingdom/warwickshire/church lawf 

Measurements made: 

Station code Message type ( Message start date Message end date Data held at BADC 
(years) 

DCNN 4448 ESAWRADT 01-09-1993 Current 1995-2000 
DCNN 4448 DRADR35 01-01-1993 Current IF 1995-1996 
DCNN 4448 ESAWSOIL 01-09-1993 Current 1995-2000 
DCNN 4448 NCM ý 01-01-1983 Current 1991-2000 
RAIN 448621 NCM 01-01-1992 I Current 1991-2000 
RAIN 448621 _ CLMSPN 01-01-1961 1 101-1 

- 
RAIN 448621 SKEW1 01-01-1992 Current 1994-2000 

WIND 444801 HWND6910 01-03-1992 Current 1992-1998 1 

WIND 444801 ESAWWIND 01-09-1993 1 
-- 

1current 1997-2000 

WMO 03544 SREW ý F1-01-1994 Current 1994-2000 

WMO 03544 NCM 01-01-1983 Current 1991-2000 
- 

WMO 03544 ESAWWIND 01-09-1993 ý1997-2000 7 Current 1 

WMO 03544 SYNOP 01-01-1983 Current 1983-2000 

WMO 03544 ESAWSOIL [1-09-1993 j Current 1995-2000 
[70 

=03544 
ESAWRADT 01-09-1993 j Current 1995-2000 

ý"ý' 

Please report any problems with this page to: 247 
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Met Office station details 

Met Office station details 

Page l of l 

British 
Atmospheric 
Data 
Centre 

Name: LEEDS WC Locate on map 
Geographic area: WEST YORKSHIRE 
Latitude (decimal degrees): 53.800 (Origin a1 Met Office value = 53.800) 

Longitude (decimal degrees): -1.559 (Q[igil!!. 
_M. ý1_Qfficc vl ýs = -1.567) 

Grid ref: SE 290339 (429km East, 433.9Km North of National grid origin) 
Grid ref type: Ordnance Survey 
Postcode: LS3 1 
Elevation: 64 meters 
Time zone: 0 
Drainage stream: AIRE 
Hydrological area ID: 272 
Station start date: 01-01-1984 
Station end date: Current 
BADC data directory /bade/ukmo-surface/data/united kinedom/westyorkshire/leeds wc 

Measurements made: 

Station code Message type ( Message start date Message end date held at I3ADC Data 
(years) 

DCNN 4055 
DCNN 4055 

NCM 
MODLERAD J 

01-11-1985 
01-01-1997 

Current 
Current 

1985-2000 
1996-2000 

DCNN 4055 DRADR35 01-01-1997 [Current 
- 

ICAO EGRY METAR Current j Current ý ý 
- 

RAIN 076074 INCM 01-11-1985 Current 1985-2000 

RAIN 076073 WADRAIN 01-01-1992 Current 1992-1998 

RAIN 076073 CLMSPN j [0: 1 -0 11 101-12-1990 

RAIN 076074 ISREW 1 01-01-1994 Current 1994-2000 

WIND 405501 HWND6910 01-01-1987 Current 1987-1998 

WIND 405501 
WMO 03347 

ESAWWIND 
SYNOP l 

O1-06-1993 
01-01-1984 

Current 
Currcnt 

E1997-2000 
r 1985-2000 

WMO 03347 SREW 01-01-1994 Current 
-- 

1994-2000 
CO 03347 NCM 01-11-1985 Current ý 

- 
ý 1985-2000 

WMO 03347 ESAWWIND 01-06-1993 Current ý 1997-2000 

Please report any problems with this page to.. 
Bý support 248 
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Met Office station details Page t of t 

Met Office station details 
, ý. jN Aerie Aua Cvnhr 

Name: PENHOW Uc tc. onin p 
Geographic area: GWENT 
Latitude (decimal degrees): 51.610 (Q naaje WWcC. 

-YaluC a 51.617) 
Longitude (decimal degrees): -2.847 (0cgirt"Ict. Office value = -2.850) 
Grid rcf: ST 413906 (341.3km East, 190.6Km North of National gnd ongin) 
Grid ref type: Ordnance Survey 
Postcode: NP6 3 
Elevation: 100 meters 
Time zone: 0 
Drainage stream: COASTAL 
Hydrological area 11): 560 
Station start date: 01-01-1992 

Station end date: Current 
BADC data directory / iýluknlsý ä tý CýCd tt; tlulltit<cl . 

ktri Qcýtt1( ýAýriký nht1ýY 

Measurements made: 

Please report any problems with this page to: 
DADC appQn 
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Met Office station details 

Met Office station details 

Page l of I 

Briliah 0sm), 
Atmospheric 

' LAU" 
Centre 

Name: MOULTON PARK Locate on map 
Geographic area: NORTHAMPTONSHIRE 
Latitude (decimal degrees): 52.272 (Odgina! Met Offi 

. )Laj. p = 52.267) 
Longitude (decimal degrees): -0.878 (Qiginll-Ma-0-fa . v_aivc _ -0.883) 
Grid ref: SP 765644 (476.5km East, 264.4Km North of National grid origin) 
Grid ref type: Ordnance Survey 
Postcode: NN2 7 
Elevation: 127 meters 
Time zone: 0 
Drainage stream: BRAMPTON 
Hydrological area ID: 320 
Station start date: 01-01-1976 
Station end date: Current 
BADC data directory /bpdc/ukmo-surface/datalunited kingdo /northamptonshire/mouIcon 

Measurements made: 

Station code Message type (iZ Message start date 
C 

Message end date Data held at 13r1DC 
(ears) 

DCNN4364 CLMSN ý 01-01-1961 O1-12-1 990 - 
DCNN 436 DLY3208 i-] 01-06-1976 Current I 1976-2000 

RAIN 160109ICLMSPN 01-01- 9961 01-12-1990 ý ý- 

RAIN 160109 DLY3208 01-01-1977 Currentý ý 1976-2000 

Please report any problems with this page to.. 
BADC supp 
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Met Office station details 

Met Office station details 

Page 1 of I 

British 
Atmospheric 

°-`i'= Centre 

Name: WOBURN Locate on map 
Geographic area: BEDFORDSHIRE 
Latitude (decimal degrees): 52.013 (Original Met Office value = 52.017) 
Longitude (decimal degrees) : -0.595 (0 rginal MQ c-eval= _ -0.583) 
Grid ref: SP 964360 (496.4km East, 236Km North of National grid origin) 
Grid ref type: Ordnance Survey 
Postcode: MK43 0 
Elevation: 89 meters 
Time zone: 0 
Drainage stream: OUZEL 
Hydrological area ID: 330 
Station start date: 01-01-1882 
Station end date: Current 
BADC data directory /badc/ukmo-surface/data/united ingdom/bedfords hire/woburn 

Measurements made: 

Station code 
Message type 

(i1 
Message start 

date 
1 Message end 1 

date 
Data held at BADC 

(years) 
DCNN 3414 HSUN3445 01-01-1980 Current 1981-1992,1994-1999 

DCNN 3414 CLMSN 01-01-1961 101-12-1990 
- 

DCNN 3414 
872601 

DLY3208 1 

DLY3208 

101-01-1959 Current 

01-01-1899 Current 

1956-1999 
1899-1929,199919-1932,1934- 

- RAIN 
172601 CLMSPN 

1 1 
01-01-1961 

J 
01-12-1990 I - F -11 

Please report any problems with this page to: 
RADC suppo t 
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Appendix C. 

Bedford detail survey results 
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Bedford Crack survey results 

Readings talon bv:.... ýý ý?, 
,... . 

room 

Pour 2 

Notes: ( iuvý vrzn wf/ ai' 

f/'/ 99 

3rolm - 
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dt'urd ('rack survey results 

Ustt":... C6`. ý C 
.. Readings taken by:.... 

., ýýýYýý'ý .............. 

ý`ýý 
Notes: 

Ig. 

1, ß, v 

AIAJ 

(Agee (Age 
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Bedford 

I)ace:.. ?.! /. ýý. ýa? ý 
....... 

Notes: 

Crack survey results 

Readings taken by:...... ý/.. 5. :................ 

VC / fa' 
2 AJ. 

/1L C ''CI S 
feý^' 

o vý ý ý�aý `` 
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