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Abstract

“Concrete is used on the majority of all construction projects. It is manufactured
using the core constituents of a cement binder, typically Portland Cement, proportions of
coarse and fine aggregates and water. The strength development of concrete is achieved by
the addition of water that reacts with the binder in the form of a hydration reaction. This
hydration reaction or strength development is dependant on two primary curing factors, time
and temperature. Increasing the rate of strength development of concrete by elevating the
curing temperature at early ages has advantages of maximising concrete production and
reducing manufacturing time. Increasing the temperature of early age concrete up to 70 deg
C is used in precast plants where it is critical for a minimum strength to be achieved within a
certain time period to allow the removal of the concrete sections from moulds and forms.
Various practices are adopted by precast concrete manufacturers to achieve the early
strengths required to maximise production, both thermal and non-thermal. These include
heating the various mix constituents of the concrete, using unnecessarily high cement
contents within the mix, using large quantities of chemical admixtures or by increasing the
ambient temperature of plants within which the elements are manufactured. In precast
concrete plants the use of steam to elevate the curing temperature of the concrete is the most
commonly adopted technique. However, it is inefficient and rarely provides controlled
temperatures to the concrete as recommended in approved codes ofpractices and standards.

This research programme has investigated the use of an alternative heating
technology for concrete curing, optimising a unique Conductive Polymer Technology (CPT).
The application and optimisation of the CPT material to provide heat curing to concrete within
the laboratory, in-situ and within precast concrete plants has been investigated. The electrical
properties of the CPT were investigated to determine their relationship with the size of the
concrete elements. This was done for various CPT materials with different Characteristic
Resistances. Having gained an in depth understanding of the electrical properties of the
CPT, various heating Jackets were designed and manufactured to thermally cure concrete
elements at early ages. The Jackets were designed with various outer protective materials.
The effect of CPT curing on the strength and shrinkage, both at early ages and long-term,
was determined. The thermal performance of the heating jackets was determined for each
application including the uniformity of the heating provided into the concrete element. The
interaction of the heat generated by hydration and CPT heating for larger elements was also
investigated.

The results showed that the CPT materials varied depending upon their manufacture
and required target resistance. The thermal blankets had the capability to uniformly heat
concrete elements at various ambient temperatures, to temperatures required by standards
and approved codes of practice for accelerated curing of concrete. This uniform heating
resulted in greater compressive strength of laboratory scale concrete elements with reduced

shrinkage. The research identified the important parameters for CPT jacket design and
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materials selection e.g. the importance of the contact between CPT heating elements and the
concrete element and the selection of appropriate insulation materials

The test programme also investigated the durability of CPT under different exposure
conditions. The results from testing the CPT material under conditions such as freeze thaw,
heating & cooling and wetting & drying showed that wetting and drying had the most
significant affect on the CPTs resistance, altering by 10%. Other tests of durability included
punching holes of various sizes into the CPT samples to determine their effect on the CPT's
resistance. This was found to be directly linked to the area of CPT material removed.

The manufacture, performance and operation of the CPT materials has also been
investigated to provide an understanding of its mode of heating and its effect on concrete
curing. The concept of maturity has been used to determine relationships between strength

development and thermal curing and energy requirement for thermal curing when using CPT.”
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Chapter 1. Introduction

1.1. Background to Research

Concrete is used in most construction projects. Its constituents are a cement binder, typically
Ordinary Portland Cement (OPC), proportions of coarse and fine aggregates and water. The
strength development of concrete is achieved by adding water which reacts with the binder in
a resulting hydration reaction. The rate of hydration and the properties of concrete can be
altered by varying the proportions of the mix constituents. The hydration reaction and strength
development of concrete depend on two primary factors, time and temperature. Hydration is a
reaction which continues at a steadily declining rate over a long time in the presence of free
water and unhydrated cement within the concrete matrix. This continued hydration and thus
development of strength, is very much an advantage of the material in terms of its long-term
durability. However, the rate of strength development within the first few hours and days after
casting can be of greater importance particularly if construction times are to be reduced,
construction costs minimised and manufacturing volumes increased. Therefore a key

consideration in the manufacture of concrete is the rate of strength development at early age.

Increasing the rate of strength development of concrete at early ages has advantages of
maximising the production of concrete elements and reducing the time before external forces
(e.g. prestress) can be applied. The strength development of concrete depends on the rate of
hydration of the cement binder and the availability of water. This reaction can be accelerated
by increasing the temperature of the concrete mix at early ages. The strength of a concrete

mix depends on the water cement ratio (W/C); the lower this value the greater the strength.

Increasing the temperature of early age concrete up to 70 deg C is used in the manufacture of
precast and prestressed concrete. In precast plants it is critical to achieve a minimum target
strength of the concrete within a certain time period to allow the removal of the concrete
elements from moulds and forms. It is also critical that a target compressive strength of
concrete is achieved so that prestressing forces can be applied. The sooner concrete
elements can support their dead and imposed loads (e.g. prestressing), the sooner moulds

and forms can be freed and reused, speeding up the production of the elements.

Various practices, both thermal and non-thermal, are adopted by precast concrete
manufacturers to achieve the early strengths required to maximise production. These include
heating the various mix constituents, using excessively high cement contents, using large
quantities of chemical admixtures (accelerators) or by heating the ambient environment within
which the elements are manufactured. Often all these are used which can significantly

increase the cost of precast concrete production. The use of steam is the most commonly
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adopted curing technique in precast plants. It is used to heat the concrete either by using
steam ‘captured’ in networks of pipes running adjacent to the concrete moulds; or by ‘live’
steam either injected into the concrete mix or in make shift tents erected around the moulds in

which concrete is cast.

Heat curing concrete with steam is an inefficient practice and rarely provides controlled curing
temperatures to the concrete as recommended in approved codes of practice and standards
(ACI306, BS8110). The traditional steam curing systems consume large quantities of fossil
fuels and produce large volumes of C02 For example, a typical precast concrete plant
manufacturing 50,000 m3 of concrete per annum consumes 4,000 - 5,000 litres of diesel per
day (Tarmac Precast Concrete plant, Tallington). This equates to C02 production of 2,412
tonnes per annum (assuming 2.68 kg of C02 emitted per litre of diesel consumed). This
equates to approximately 0.5 tonnes of C02emitted per m3of concrete produced. A typical

precast element is cured for 5- 18 hours.

A heating medium that conducts heat directly to the concrete rather than heating the concrete
moulds via the ambient would provide a more controllable and energy efficient solution for
accelerating early age hydration of concrete. This concept is the basis of the following

research programme.

1.2. Scope of Research

This research programme will provide direct heat transfer to early age concrete by optimising
a unique Conductive Polymer Technology (CPT), developed by the South Yorkshire
company, Inditherm pic. The CPT material comprises of a polymer coating loaded with fine
carbon particles, to form a conductive compound. The compound is applied to a textile fabric

to form a flexible conductive heating membrane.

The CPT material is used to form heating elements of various sizes. The elements are
operated by low voltages up to 50 Volts and can achieve temperatures up to 120 deg C. The
material can provide a temperature control of +/-1 deg C. CPT elements can be manufactured
for small applications such as heated pizza bags or large scale applications such as under
pitch heating for sports fields. The heat output of the CPT elements can be changed by
altering the width between the conductive rails applied to the material. Electronic control

systems can be used with the CPT material to profile the temperature with time.

The proposed research will optimise the CPT material to provide heat to concrete in moulds
and also to insitu concrete cast in cold weather. The research will determine relationships
between the size of the concrete element, the type of concrete, the external ambient

temperature and the CPT curing temperatures. The heat generated by hydration of cement
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and its interaction with the CPT temperature will also be considered. The programme will

develop CPT curing systems for trials at precast concrete plants and develop guidelines for

the design of such curing systems. It is expected that the development of the systems and the

greater understanding of the technology will result in commercial opportunity both for the

developer of the material and the end users adopting such systems.

1.3. Project Objectives

The project has the following objectives:

1)

)

Vi)

Confidential

To gain a full understanding of the hydration of cement within a concrete matrix,
reviewing existing curing techniques and literature on concrete curing at elevated

temperatures.

To evaluate the electrical and thermal properties of the CPT materials including
design limitations, design parameters and thermal performance of various CPT
materials. Establish some simple, practical design parameters for the use of the

CPT for accelerated curing and frost protection of early age concrete.
To determine the suitability of CPT for concreting application and to determine
the effect of CPT thermal energy input on early age strength and durability,

including strength development and shrinkage

To determine the interaction between heat of hydration and CPT thermal input for

‘mass’ concrete samples

To determine the performance of CPT curing under cold ambient conditions

including cold joints.

To conduct field trials of CPT in a manufacturing environment for accelerated

curing of precast concrete.

To investigate the durability of CPT membrane and curing jackets under extreme

conditions simulating the concrete construction environment.
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1.4. Thesis Structure

The thesis structure is as follows:

Chapter 2 presents a review of relevant literature. It reviews various concrete curing
techniques and strength development of concrete in environments such as precast concrete
manufacturing plants and during cold weather. The chapter evaluates comparable curing

technologies to CPT and their suitability for thermal curing.

Chapter 3 presents CPT design fundamentals and electrical configurations including
application of electrical theory. It also discusses the primary materials used to manufacture

CPT and the potential affects these have on its performance.

Chapter 4 describes the various materials and monitoring equipment used throughout the
testing programme, including the design and manufacture of various CPT Jackets and
blankets for curing concrete, control units and operating systems and concrete mixes used

throughout testing.

Chapter 5 describes the test procedure and presents results on the relationship between
resistance, current and operating voltage in order to determine if basic electrical theory can
be applied and used for the design of CPT elements. The chapter determines if there is a
linear proportionality between the applied voltage to CPT elements and the current passing in

order to determine if CPT is an ohmic or non ohmic material.

Chapter 6 describes the test procedure for investigating the heat transfer characteristics of
the CPT material into early age concrete for accelerated curing. It determines if CPT Jackets
are capable of heating small scale laboratory samples to temperatures comparable to existing
curing techniques, such as steam curing at 50 - 70 deg C. The chapter considers what affect

CPT curing has on properties such as strength and shrinkage.

Chapter 7 describes the test procedure to determine the suitability of CPT for curing large
concrete elements comparable in dimension to those cured in precast plants. The chapter
considers the interaction between the heat applied through CPT and the internal heat of
hydration developed within a concrete element. The chapter considers different heat curing
profiles. It also considers how evenly CPT heats concrete and what affect this has on strength

development through concrete elements.

Chapter 8 investigates the suitability of CPT for concrete curing applications both on site and

within precast curing plants. The chapter presents results determining the suitability of CPT
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jackets for curing concrete during low ambient winter conditions for the construction of

foundation elements and also for use on precast concrete moulds.

Chapter 9 describes the test procedures used to investigate the durability of CPT and cover
materials used to manufacture heating jackets for curing concrete. Results reported in this
chapter include the impact of freeze thaw cycles, wetting and drying cycles and direct contact
of CPT with concrete. The chapter investigates the effect of holes within CPT elements and

the exposure conditions on the long term performance of CPT.

Chapter 10 discusses and analyses the results of the various tests undertaken in Chapters 5-
9. It considers the relationships between surface / volume ratio, area heated by the CPT and
thermal properties of the concrete elements and strength. The chapter introduces the concept

of maturity.

Chapter 12 presents conclusions form the research project and provides recommendations

for further work.
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Chapter 2. Literature Review

2.1. Introduction

Concrete is a complex material with many variables affecting its characteristics. Achieving the
required properties often requires the use of additives or specified curing techniques. Altering
the curing conditions can have a dramatic affect on the strength development and durability of
the concrete which can be advantageous in some applications. Good curing provides

hydration of cement and, therefore, high strength.

Accelerating the hydration processes of cement has many advantages within the concrete
industry and in particular the pre-stressed and precast concrete sectors. Increasing the early
strength gain of concrete provides economic benefits by increasing production and reducing
production area required (e.g. pre-stressing beds). The early strength development of
concrete is critical in the manufacture of precast concrete to enable the elements to be
removed from the moulds allowing the moulds to be cleaned and prepared for subsequent
elements. Early age strength is particularly important within the prestressed concrete sector
(precast or in-situ) of the industry, as an adequately high strength is required before the pre-
stressing tendons are released to transfer the pre-stress to the concrete. Often this release of
prestress is conducted in two stages, the first after 10-15 hours and the second after a period
of 3 - 5 days after casting. This process helps to eliminate cracking and improve the ultimate
performance of the element. Examples of such elements are car park slabs. These slabs are
typically very slender with a low volume / surface ratio, hence, typically do not increase in
temperature as a result of hydration and, are therefore, susceptible to low ambient conditions
where frost damage may occur. For the purpose of this research thesis the periods early,

medium and long term for concrete elements have been defined in Table 2.1 below.

Early age Medium age Long - term
On-site (insitu) 1-5 days 5-28 days >28
Precast 5-24 hours 3-10 days >10

Table 2.1. Definition of early, medium and long-term in terms of concrete strength
development

This chapter will review the current methods of accelerated curing, the principles of each
method and the potential of adopting CPT technology to provide efficient accelerated curing.
The fundamentals of cement and concrete technology which affect the strength development

and curing are also reviewed within this chapter.
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2.2. Fundamentals of Concrete

Concrete comprises of aggregate (course and fine), cement and water, mixed in suitable
proportions to give the required characteristics. When cement (traditionally Ordinary Portland
Cement, OPC) comes into contact with water, a chemical reaction of hydration takes place.
Over a period of hours the cement will undergo initial set. The process of hydration continues
after initial set, leading to strength gain of the concrete. The strength of concrete carries on
increasing for many months, however, the strength at 28 days is usually specified in practice,
as by this time a high proportion of the final strength (for most concretes) is achieved. If the
process of hydration is accelerated, the 28 day strength developed under standard curing
conditions (20 deg C 60% RH) can be achieved more rapidly. This can provide major
economic gains in terms of production and project duration. If the specified 28-day strength
can be achieved at 12 - 24 hours, productivity of standard elements such as railway sleepers

can be increased dramatically.

The main strength and durability controlling parameter of concrete is the water / cement ratio,
the lower this ratio the greater the strength, assuming the concrete can be fully compacted.
However, at very low water cement ratios the mix is so dry it cannot be fully compacted, and
therefore optimum strength cannot be gained. Typically water / cement ratios of 0.4 to 0.5
result in mixes of good workability without admixtures. For acceptable mix design, cement
content has to be sufficiently high to provide strength and durability, but not too high to cause
problems such as excessive shrinkage or cracking. The range of cement contents used in

practice are shown in Table 2.2 (Neville 1995 and Cement and Concrete Association).

Typical Water / Cement Typical cement contents
ratio’s
On-site (insitu) Structural 0.4-0.5 350 - 500 kg/m*
Insitu Non structural 0.45-0.6 200 - 350 kg/m*
Precast 0.2-0.5 450 - 500 kg/m*

Table 2.2. Range of cement contents and w/c ratios used for practical mixes
(Neville 1995 and Cement and Concrete Association)

Shrinkage is another important property of concrete. Shrinkage occurs due to the gradual
removal of water from the cement paste (Neville 1995). Shrinkage is of particular in
prestressed concrete as greater shrinkage reduces the tension within prestressed tendons,
thereby reducing load carrying capacity of an element. Shrinkage may be of increased
concern with high temperature curing of concrete at early ages due to the potential of
evaporating free water within the concrete that may otherwise be available for continuous
hydration. The formation of micro-cracks within concrete is also a very significant factor when

considering the affects of temperature and low humidity curing (SP Shah and G Winter 1968).
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Partial replacement of primary concrete constituents such as aggregate or cement with
pozzolanic materials such as fly-ash, silica-fume and GGBS is quite common. Although these
materials can be extremely advantageous in improving the durability and workability of
concrete, their inclusion often retards the early age strength development. This is due to the
pozzolanic reaction of these materials, their reaction with CaOH2 being secondary to the
hydration reaction of OPC. However, similar to the hydration reaction of cement, this
pozzolanic reaction can be accelerated at elevated temperatures. The use of such materials
is becoming increasingly common within precast concrete manufacture due to improved
performance, economic and ecological pressures. For these reasons their inclusion has been

considered throughout this research programme.
2.3. Strength Development of Concrete
Ordinary Portland Cement (OPC) is made from basic materials of lime and clay containing

alumina and silicates, which are combined at high temperatures (about 1500 deg C) to

produce OPC with the following four major constituent compounds.

Tricalcium silicate 3Ca0.Si02 C3s
Dicalcium silicate 2Ca0.Si02 C2s
Tricalcium aluminate 3Ca0.AlI20 3 C3A
Tetracalcium aluminoferrite 4Ca0.Al20 Fe20 3 C4AF

These four compounds create calcium silicate hydrate gel (C-S-H) after hydration,forming a
solid matrix. The hydration reactions of these compounds are temperaturedependant toa

greater or lesser extent.

The performance of cement depends on the proportion of glass-like material within the
cement clinker. This is controlled by the rate of cooling of the above compounds from high
temperatures during manufacture. This affects the degree of crystallisation, and the amount of
amorphous (glass like) material present in the cooled clinker prior to it being ground into fine
particles (standard OPC or rapid-hardening OPC depending upon its fineness). The rate of
cooling of the clinker particularly affects the characteristics of the Dicalcium Silicate

compound C2S, which can have up to four forms.

The proportions of the these compounds can be calculated by using the Bogue composition

technique (R H Bogue et al (1955)) given by the following expressions:-
% C3S =4.07(Ca0) - 7.60 (Si02 - 6.72(Al20 3) - 1.43(Fe20 3 -2.85(S03)

% C2S = 2.87(Si02 - 0.75(3Ca0.Si02)
% C3A = 2.65(Al20 3)
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The Bogue composition method underestimates the amount of Tricalcium Silicate C3S and
over estimates Dicalcium Silicate C2S, because other oxides replace some of the Calcium
oxide CaO in the C3S. This is because chemically pure C35 and C2S do not occur in Portland

cement clinker.

In addition to these four major compounds, there are other minor compounds such as MgO,
Ti02 Mn03, KD and Na20. The minor compounds of Na2) and K2 (typically 0.3-1.2% of
cement mass), known as alkalis, are of particular interest as they can cause alkali aggregate
reaction, leading to disintegration of concrete (Neville A M 1995). These minor compounds
are controlled by careful selection of raw materials used to manufacture cements. Typical

proportions of the major compounds rapid hardening OPC are given in Table 2.3.

Compound % by weight
C3>s 65
C2S 8
cA 14
C4aF 9

Table 2.3. Typical compound compositions within rapid hardening Portland
cement (Czernin 1962)

The very rapid hydration reaction of C3S is retarded by the addition of gypsum, whereas the
reaction of C2S is naturally more gradual. It is therefore the hydration reaction of C2S which

needs to be accelerated for rapid strength development.

2.4. Hydration of Portland Cement

When the compounds C2S, C3S, C3A and C4AF are combined with water, the aluminates and
silicates form products of hydration which in time produce a firm hard mass (Neville A M
1995). All compounds of Portland Cement are anhydrous (contain no water), so when
brought into contact with water they are attacked and decomposed forming hydrated
compounds. Temporarily supersaturated and unstable solutions are formed. This reaction is
exothermic. However, over time, these solutions deposit their excess solids and tend to come
into equilibrium with the hydrated compounds produced. These deposited compounds form
layers of hydrated silicate on other cement particles slowing down the rate of hydration.
When tricalcium silicate C3S or dicalcium silicate C2S compounds react with water, calcium
hydroxide solution is split off and nucleates and grows in the available capillary pore spaces.
The calcium hydroxide splits away and a calcium silicate gel (C-S-H) of lower basicity is
formed during the hydration reaction. The composition of the C-S-H gel is not one of constant

ratios between the Ca, Si and water as these ratios vary over time. This ratio is often
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described as the Ca0:Si02 ratio of the gel. The composition of the C-S-H gels produced
during the hydration of the anhydrous silicates changes during the period of the reaction and
also varies with the water : cement ratio and the temperature during the hydration reaction.
This variation of the development of C-S-H gel with temperature is of particular interest to this

research programme.

When finely ground C3S is mixed with water, the reaction for complete hydration can be given

as:-

2C3S + 6H = 3C-S-H + 3CH
2(3Ca0.Si02) + 6H2 = 3Ca.2Si02.3HD + 3Ca(OH)2

Complete hydration of C3S can take over 1 year. However, the hydration process can be
accelerated by increasing the fineness of the compound (Lea Frederick M 1970). An OPC
with an increased fineness is referred to as rapid hardening OPC (RHPC) which is frequently
used in precast concrete plants to increase early age strength development of concrete

elements, particularly if thermal curing options are not available.

The process of hydration of C2S is similar to C3S. C2S, however, produces a C-S-H gel with a
lower CaO : Si02ratio. As with the C3S compounds, hydrated layers are formed on the
particles, but the coating of C2S is thicker and increases over time. For complete hydration

the reaction can be given as:-

2C2S + 4H = 3C-H-S + CH
2(2Ca0.Si02) + 4H2D = 3Ca0.2Si023HD + Ca(OH)2

The hydraulic reactions for both C2S and C3S are exothermic, therefore, the initial rate of
hydration is related to the rate of heat produced. The rate of heat produced is not uniform but

peaks at different stages. In summary,

+ Tricalcium silicate (C3S). Hydrates and hardens rapidly and is largely responsible
for initial set and early strength. Portland cements with higher percentages of C3S will

exhibit higher early strength.

¢ Dicalcium silicate (C2S). Hydrates and hardens slowly and is largely responsible for

strength increases beyond one week.

* Tricalcium aluminate (C3A). Hydrates and hardens the quickest. Liberates a large

amount of heat almost immediately and contributes somewhat to early strength.
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Gypsum is added to Portland cement to retard C3A hydration. Without gypsum, C3A

hydration would cause a flash set.

¢ Tetracalcium aluminoferrite (C4AF). Hydrates rapidly but contributes very little to
strength. Its presence allows lower kiln temperatures in Portland cement

manufacturing. Gives colour to Portland cement.

2.5. Thermal Properties of Concrete

The two main characteristics that affect heat transfer through concrete are, i) Thermal
Conductivity and ii) Specific Heat Capacity. These can be very different depending upon the
age of concrete. At early ages the thermal properties are similar to that of a liquid; whereas as
its age and strength increases, the concrete will have thermal properties more comparable to

a solid with a crystalline structure.

2.51. Thermal Conductivity

The thermal conductivity of concrete, /\c, is the rate of heat transport through it. Two main
factors influence the thermal conductivity of concrete, the aggregate type and moisture
content. Published values of thermal conductivity vary considerably but are typically within the
range 1.0 to 2.5 W/m.K. This range is due in part to the different moisture conditions under
which tests have been conducted and in part to the variation of aggregate properties (Clauser
and Huenges, 1995) (Ciria 660)

With regard to the prediction of temperature rise in hydrating concrete it is only the moisture
content within the first day or so that is important. During this period the volume of free water
will be reducing as the cement hydrates and the thermal conductivity will reduce accordingly.
It has been reported that the thermal conductivity of maturing concrete is about 33 per cent
higher than that of hardened concrete (Ruiz et al, 2003). Based on this observation the CIRIA
660 report proposed the following relationship between thermal conductivity at time, t Ad, and

the initial thermal conductivity Ad.

A, = (11.33 n-, r————/—cﬂjr)— [Eq 2.1]
Where;
Ad = the initial thermal conductivity (W/m.K) at time t=0
Ad = thermal conductivity at time (t) (W/m.K)
at = the degree of hydration at time ¢
adut = The ultimate degree of hydration
t = Time (s)
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The initial thermal conductivity can be calculated using a multiphase model from the CIRIA
660 report if the properties of the individual constituents are known. Various models have
been used to predict concrete properties, the most common being the series model and the

parallel model. The series model is of the form given in equation 2.2:-

1 Va Vs Vce Vw
— 1 1 A [Eg 2.2]
Ac Aa As Ace Aw

The parallel model is given in equation 2.3:-

Ac — Va.Aa &' vs.as 4" vee.Ace & vw.Aw [Eq 23]
Where;
Ac =  Thermal conductivity (concrete)
Aas.cow = Thermal conductivity of each component (aggregate,

sand, cement and water)
Vascow - Volume fraction of each component (aggregate, sand,

cement and water) (m3)

It is generally assumed that the series and parallel models represent the lower and upper
bound values respectively. Concrete comprises discrete aggregate and sand particles within
a continuous matrix and the true model will lie somewhere between the two estimates. As the
aggregate represents about 70 per cent of the volume and the cement paste about 30 per
cent, the value of Adis estimated by taking a weighted average of the results from the series

and parallel models in the ratio 70:30. The results are given in Table 2.4.
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Rocktype

High quartz
content

Metamorphic Low quartz

content

Low in

feldspar
Plutonic

High in

feldspar

Volcanic Low porosity

Chemical
sediments
Physical
sediments

Sedimentary

Examples

Quartzite

Gneisses,
hornfels, schist,
slate

Granite, diorite,
gabbro

Syenite, grano-
syenite, syentite,
syenite porphyry

Basalt, rhyolite

Limeston,
dolomite, cherty

Sandstone

Mean

5.8

29

2.8

29

26

24

Thermal conductivity, W/m.K

Aggregate
Lower
Sb 95 %
0.4 5.14
0.6 1.92
0.6 2.02
04 2.14
0.7 1.75
0.7 1.45
0.6 1.42

Aggregate and

Mean

3.2

1.86

1.91

1.81

1.86

1.7

1.61

Concrete

sand

Lower

95 %

291

1.37

1.42

1.48

1.28

1.12

1.05

Aggregate with
silicious sand

Lower

Mean 95 %
3.2 2.91
2.34 2.01
2.37 2.05
2.31 2.09
2.34 1.95
2.24 1.84
2.18 1.83

Table 2.4. Estimated values of thermal conductivity ay early age (5 days) for
concretes using different aggregate types. Aggregate data were obtained from
Clauser and Huenges (1995)

It can be seen from Table 2.4 that for many rock types a similar value of thermal conductivity

is obtained. Table 2.4 also highlights that the most notable exception is quartzite. Based on

the above data from the CIRIA 660 report, proposed values for use in modelling of early age

temperature rise in concrete are given in Table 2.5.
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Aggregate type Thermal conductivity of concrete (W/m.K)

Sand and aggregate from Aggregate from defined

same rock type rock type with siliceous
sand
Quartzite and siliceous gravels 29 29
with high quartz content
Granite, gabbros, hornfels 14 2.0
Dolerite, basalt 1.3 1.9
Limestone, sandstone, chert 1.0 1.8

Table 2.5. Proposed values of thermal conductivity of concrete for use in
early age thermal modelling (CIRIA 660 Appendix 2)

2.5.2. Specific Heat Capacity

The specific heat of concrete is determined by the specific heat of the individual components
and their relative proportions. It has been reported that the range for mass concrete may vary
from 0.75 to 1.17 kd/kg deg C (USACE, 1997). This is a very significant variation, indicating
that the temperature rise associated with a particular amount of heat input may vary by as
much as + 20 per cent from a mean value of about 0.96 kd/kg deg C. It is important that a

representative value is used in any model for temperature prediction.

Two factors in particular influence the specific heat of concrete, the aggregate type and the
water content, the former because it constitutes the largest proportion of the mass and the
latter because it is the component with the highest specific heat (greater than 4 times that of
the other mix constituents). Reported values of specific heat for rocks range from 0.8 to 1.0
kJ/kg deg C and for a typical structural concrete this variation alone may result in values from
1.0 to 1.15 kd/kg deg C. Dealing with the water content is more complicated as the specific
heat differs for free water (4.18 kJd/kg deg C) and bound water (2.22 kJ/kg deg C) in concrete.
To calculate the specific heat for concrete it is necessary to know the relative amounts of free

and bound water and this is determined by the degree of hydration.

Calculated early age values for typical structural concretes using aggregate with an assumed
specific heat of 0.8 kJ/kg.C are estimated to be in the range from 0.97 to 1.07 kJ/kg deg C
with ultimate values generally being 5 to 10 per cent lower, the difference being greatest for
concretes with high levels of fly ash or GGBS. Figure 2.1 allows a rapid estimate of specific
heat to be made based on the cement content and w/c ratio of the concrete (CIRIA report
660). Where the specific heat of the aggregate is known to be greater than 0.8 kJ/kg deg C,
the values for concrete in Figure 2.1 should be increased by 0.8 times the change in the value
for the aggregate. So for aggregate with a specific heat of 0.9 kd/kg deg C, concrete with a
value of 1.01 would increase by 0.8.(0.9-0.8) = 0.08 to 1.09 kJ/kg deg C.
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Specific heat (kJ/kg.C)

0.97 x.
0.8 0.99
1.01
o 1.04
> 06 1.07
l .
0.4
0.3
0.2
200 250 300 350 400 450 500
Cement content (kg/m3)
Figure 2.1. The relationship between cement content, w/c ratio and early-
age specific heat (assuming the specific heat of the aggregate is 0.8 kJ/kg°C)
(CIRIA 660)

2.6. Heat of Hydration

Of the four major strength developing compounds identified in sections 2.3 and 2.4, the
reaction of Tricalcium aluminate C3A is the fastest. The speed of the reaction of C3A is often
slowed down by the addition of gypsum (CaS04.2H20). Gypsum is added to the cement
clinker to stop flash setting of the cement paste. However, the purity of the gypsum and free
alkalis within the gypsum can cause alkali silica reaction and also influence the false set.
When gypsum is not present within the system, C3A reacts with water to form a variety of

crystalline hydration products, C3AH6 being the ultimately stable hydration product.

The resulting heat of hydration of the four major compounds for typical CEM | (OPC) is given
in Table 2.6.

Compound Heats of hydration at the given age [J/g]
3 days 7 days 28 days 90 days 180 days 360 days
C3 410 461 477 511 507 569
CS 80 75 184 230 222 260
ch 712 787 846 787 913 837
C4AF 121 180 201 197 306 126

Table 2.6. Heat of hydration of the four major compounds of cement clinker
LOVACS Mid term reports - 2 UMM (Warszawa 1991)

C3A releases the highest amount of heat at early ages (3-7 days). However, due to its higher

content in OPC (Table 2.3, section 2.3), C3S will contribute the greatest towards heat
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generated by hydrating cement. Figure 2.2 shows the typical profile of heat generated with

time.

Secondary C2S

hydration
Initial C3S and C3A (approximately 10
reaction < 15 hours)
minutes Secondary C3A
hydration
(approximately 30
- 40 hours)
Initial set, 2 - 4
hours C2S
11
Time (dT)

Figure 2.2. Heat generated due to cement hydration within a typical concrete
mix

The heat of hydration curve is split into five sections, these are:-

I. The initial reaction (typically 15-30 minutes)

Il. Induction (typically 1 -4 hours)

lll. Acceleratory period (typically 4-10 hours)

IV. Deceleratory period (typically beyond 10 hours)

2.7. Acceleration of the Hydration Reaction with Temperature

The hydration reactions of the four major compounds within cement clinker are temperature
dependant. The external temperature during hydration can greatly affect the degree of

hydration of cement within a concrete mix as shown in Table 2.7, (Lerch W and C L Ford).

Cement Heat of Hydration developed at:-

Type 4deg C 24 deg C 32 deg C 41 deg C
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Jig callg J/g callg Jig callg J/ig cal/g

I 154 36.9 285 68.0 309 73.9 335 80.0
i 221 52.9 348 83.2 357 85.3 390 93.2
v 108 257 195 46.6 192 45.8 214 51.2

Table 2.7. Heat of Hydration developed after 72 hours (3 days) at different
temperatures (Lerch W and Ford C L)

Table 2.7 shows that for a typical Type-1 cement the heat generated by hydration can be more

than doubled by increasing the curing temperature from 4 deg C to 41 deg C.

The results of Table 2.7 are of particular importance to this study as they show that by
efficiently providing uniform heat to concrete at early ages (less than three days), the degree
of hydration of cement can be accelerated and thus the rate of strength gain accelerated. It
also indicates that once the hydration reaction is triggered by external heat, the internal heat
generated by cement hydration within a concrete element will further accelerate hydration

resulting in rapid strength gain, particularly if the concrete element is well insulated.

Because the heat given out during hydration progresses over time, and the rate of this
progression is dependent on temperature, it is possible to estimate the extent of hydration by
tracking time and temperature. This is the concept of maturity and will be considered in
greater detail in section 2.17 following the review of existing curing techniques, and the

introduction to CPT technology.

2.8. Temperature Effects on Concrete

Typically, increasing the temperature of concrete during early ages increases the early
strength by speeding up the hydration reaction. However, increasing the early strength of
concrete through high temperature curing is thought to have an adverse affect on the quality

of the concrete, resulting in a more porous concrete. (Neville A M 1995).

Increasing the curing temperature of a cement paste produces a greater number of pores due
to a lack of diffusion of the hydrated cement products between the particles of the cement
paste. The gel / space rule states that increasing the number of pores within a mixture
decreases the strength of the cement paste (Nevile A M 1995). Increasing the curing
temperature for three days to a maximum of 38°C has reduced the 28 day strength by up to
22% (Richardson D N). Other detrimental effect of heating concrete at early ages is the
formation of ettringite (Calcium Sulphoaluminate hydrate). This needle like crystal structure, if
formed within concrete, can exert internal mechanical pressures having detrimental affects on

concrete strength (delayed ettringite formation) (B Mather 1984)(P K Mehta 1993).
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Figure 2.3 shows one day and 28 day strengths of concrete samples cured at temperatures

ranging from 12-50 deg C.

104 122

- - 7000

Age of Concrete:
- 6000

Compressive 28 days:

strength MPj, - 5000

- 4000

3000

1 days
+» 2000

""41000

Curing temperature (deg C)

Figure 2.3. Influence of curing temperature on compressive strength at 1 and
28 days (specimens tested after cooling to 23 deg over a period of two hours)
GJ Verbeck and RA Helmuth 1968)

Figure 2.3 shows that when using high temperature curing, leads to lower long-term (28 day)
strength of concrete, while increasing the rate of early age (1 day) strength gain. Therefore,
there is a requirement for a compromise between the loss of longer term strength and the

gains in the efficiency of the manufacturing process provided by rapid strength development.

The use of high temperature curing is beneficial for concretes containing pozzolanic materials
as partial replacement of OPC. The secondary hydration of such materials is slower than
OPC but has the advantage of reducing costs and improving the workability and durability of

the mix. Using high temperature curing increases the rate of hydration of such materials.
Sakir Erdogdu and Sirin Kurbetci (1998) have shown that the primary factors determining the

behaviour of cements under heat curing are fineness and composition of Portland cements,

type and amount of additives used in blended cements, and temperature cycle parameters.
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Steam curing is the primary method of heating concrete at early ages to accelerate the rate of

strength development.

2.8.1. Delayed Ettringite Formation

Ettringite otherwise known as calcium sulphoaluminate, is found in all portland cement
concretes. Calcium sulphate sources, such as gypsum, are added to Portland cement to
prevent rapid setting and improve strength development they are also present in
supplementary cementitious materials and admixtures such as gypsum and other sulphate
compounds react with calcium aluminate in the cement to form ettringite within the first few
hours after mixing with water. Essentially all of the sulphur in the cement is normally
consumed to form ettringite within 24 hours. The formation of ettringite results in a volume
increase in the fresh, plastic concrete. Due to the concrete’s plastic condition, this expansion
is harmless and unnoticed. However, the early age formation of ettringite can become an
issue if the strength development of concrete is accelerated and the concrete makes the
transition from plastic to chrystaline structure before the formation of ettringite (Portland

Cement association 2001)

Delayed ettringite formation refers to a condition usually associated with temperature cured
concrete exposed to temperatures over approximately 70°C. Following exposure to such
temperatures at early ages, the concrete can undergo expansion and cracking caused by
later ettringite formation. This occurs due to high temperature decomposition of any initial
ettringite formed and holds the sulphate and alumina tightly in the calcium silicate hydrate (C-

S-H) gel of the cement paste. The normal formation of ettringite is thus impeded.

Over time and in the presence of moisture the sulphate and alumina (ettringite) can dissolve
from the confines of the C-S-H to form ettringite in cooled and hardened concrete. After
months or years the ettringite can form in confined locations within the paste. Since the
concrete is rigid and if there are insufficient voids to accommodate the ettringite volume
increase, expansion and cracks can occur. In addition, some of the initial ettringite formed
before heating may be converted to monosuphoaluminate at high temperatures and upon
cooling, revert back to ettringite. Because ettringite takes up more space than
monosulphoaluminate from which it forms, the transformation is an expansive reaction
resulting in deleterious cracking (RL Day 1992). When considering the application of CPT for
accelerated thermal curing of concrete, the presence and consequence of ettringite formation

has to be kept in mind.

2.9. Steam Curing of Concrete at Atmospheric Pressure
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Steam curing under atmospheric pressure is currently the preferred method of elevated
temperature curing within the precast and prestressed sectors of the industry, as it is suited to
high volume productions for a variety of concrete units (Patel H H 1996). Steam curing at
atmospheric pressure is restricted to temperatures below 100 deg C. The two most commonly
used methods are free’ steam in conjunction with large curing chambers and ‘captive steam’.
Free steam is applied directly to the exposed and mould surfaces of the concrete. Typically
this is conducted in low pressure steam curing chambers or tunnels often transporting the
concrete members to be cured on conveyor belts (Neville A M 1995). Figure 2.4 shows the

use of live steam to cure a concrete pipe in a typical precast concrete plant.

Figure 2.4. Free steam curing of prestressed pipes (Picture courtesy of
Prefabet Precast Concrete Ltd)

The captive steam method usually comprises of portable boxes or plastic covers placed over
precast members with steam being introduced through flexible pipes running beneath the
forms or the moulds. The aim is to reduce the loss of heat away from the mould and concrete.
This is of particular significance in the United Kingdom where the majority of precast concrete
plants are located in open sided factories allowing breeze with a cooling effect to pass the
moulds, particularly in winter. This is comparable to cold weather concreting on site. Figure

2.5 shows captive steam pipes fixed adjacent to a concrete mould.
There are many disadvantages of applying steam through a captured system relating to the

upkeep, maintenance and fuel costs for the system. In terms of performance, although the

steam leaving the plant boiler is at temperatures of 80 - 90 deg C, if the pipe network is
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particularly extensive, steam at the end of the network can be at temperatures below 30 deg
C, or even condense back to water within the pipe. The primary disadvantage is that elements
positioned close to the boiler outlet gain strength at a greater rate compared to elements at
the end of the pipe network. If all the elements are removed from moulds or prestressing
forces are released at the same time, there is a significant risk of failure of the elements

towards the end of the pipe network.

Figure 2.5. Captured steam pipe network running adjacent to steel ‘Double-T’
mould (picture courtesy of Tarmac Precast Concrete Ltd)

However, depending upon its application, steam can have many advantages over other high
temperature curing methods because the temperature is applied in conjunction with water (for
live steam application). This results in optimum moisture conditions during curing, resulting in
greater cement hydration and, therefore, a better quality of concrete on the surface of the
member. In addition to the application of steam at atmospheric pressure, steam can be
applied at increased pressures and hence higher temperature. High pressure steam curing or
Autoclaving is carried out in pressurised steam vessels, with steam pressures above
atmospheric resulting in temperatures above 100°C. Compared to steam curing at
atmospheric pressure the superheated steam must not be allowed to be in contact with the
concrete, as this would cause drying of the concrete (Neville A M 1995). Autoclaving is
generally used for the manufacture of aerated concrete blocks where proportions of lime and
aluminium powder are used to foam’ the mix in addition to the standard concrete constituents
discussed. The process of Autoclaving is not comparable with steam curing at atmospheric

pressure as it increases the strength of cement in conjunction with other mix constituents
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such as aluminium powder and lime. For the purpose of this research study, pressurised

steam curing will not be considered further.

2.10. Hot Mix Curing

Hot mix curing relies on raising the temperature of the fresh concrete to at least 32°C (Neville
1995). This can be done by either heating the aggregates or mix water prior to mixing. When
heating the constituents, consideration has to be given to the order in which the concrete
constituents are mixed - hot water at 70 deg C may be used to elevate the mix temperature
by 20 deg C, but direct contact with the cement has to be avoided to prevent flash set,
unwanted hydration and chemical reactions detrimental to the long term performance of the
concrete (National Ready Mix Concrete Association 1960) (BS 8110).

Hot mix curing is achieved either by preheating the constituents or injecting steam into the
mix, directly or through metal coils. The process allows the removal of formwork at very early
ages (after several hours). However, hot mix curing can reduce the long term strength of the
concrete by 10 to 20% (Neville 1995). To achieve maximum results the use of well insulated

formwork is required as this reduces temperature gradients within the concrete element.

Hot mix curing is used in cold climates, at temperatures below 0°C. ACI 306R-88 defines cold
weather as the average of the maximum and minimum temperatures recorded at three
consecutive days being less than 5°C as well as when the air temperature during at least
12hrs in any 24hr period is less than 10°C. Care has to be taken when preheating
constituents to avoid concrete with undesired characteristics. Neville advises that heating the
water above 60°C to 80°C can result in a flash set of the concrete mix. The National cold
Weather Ready Mix Association (USA) advises that aggregate should not be heated above

52°C and not to use frozen aggregates.

As with all temperature curing methods, care has to be taken to avoid large temperature
gradients within a concrete member. In cold weather such temperature gradients can be
caused by placing concrete against frozen ground, using frozen formwork, or removing

formwork too quickly.

2.11. Direct Electric Curing

Early strength of concrete within the precast industry is often gained by using direct electric
curing. Direct electric current was first used in the railway sleeper industry with single cell
moulds (Heritage | et al 2000), however, developments of the technology can be applied to
multiple mould situations. There are restrictions to adopting such techniques using high
current and voltages to power heating elements over lengths exceeding 150m (not un-

common for extruded prestressed beams). The basic concept of direct electrical curing is to
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use the prestressed tendons within the concrete to conduct electricity and act as heating
elements. However, consideration has to be given to the safety and isolation of such systems.
Such systems have been trialled with varied success. Further consideration has to be given to
the mode of powering the curing system; AC supply (instead of DC) risks the potential of
electrolysis. Neville 1995, also states that when passing current through concrete alternating

current is used to avoid hydrolysis of the cement paste (Neville 1995).

212, Other Temperature Curing Techniques

Other thermal curing techniques used include passing current through insulated resistance
wires embedded in the concrete member, heating reinforcement within the concrete and
using electrical blankets. Passing current through insulated electric wires embedded within
the concrete is similar to the direct electric current technique discussed above, and also the
steam curing method through embedded pipes within the concrete. The insulated electric
curing uses ‘trace’ heating cables. These cables typically operate at 240 Volts a.c. In all these
systems, the spacing between adjacent heating elements is critical to ensure a fairly uniform

heating profile.

The use of heating blankets has been investigated on a much smaller scale than the other
curing techniques. This is primarily due to durability and performance. Traditionally the
blankets use either electrical heating trace elements as described above or flexible pipe
networks through which steam (or hot water) is passed. Again, as mentioned above, the
uniformity of heating is dependant upon the spacing of the heating circuit. A consequence of
this is that if the spacing is doubled, either the electrical power required or the volume of
steam required is doubled. The performance of such blankets is highly dependant upon the
insulation used as trace heating elements and flexible pipes convect heat through the whole

circumference and not just the surface area in contact with the concrete or mould.

Figure 2.6 shows the extent to which contractors will position flexible hoses adjacent to
concrete moulds prior to casting and covering with insulation blankets. This technique is
particularly adopted for cold weather concreting. The thermal blankets or external heating is
applied to a) heat the ambient around a cast concrete member, or b) preheat the mould or

form prior to casting.
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Figure 2.6. Positioning of hoses prior to casting and insulating with blankets

There are other curing techniques employed within laboratory conditions, such as heated

water baths, but these are not practicable for general use in fabrication plants or on site.

2.13. Conductive Polymer Technology

Conductive Polymer Technology (CPT) is a thermal heating material. It is a low resistance
flexible fabric that provides uniform heat distribution without localised hot or cold spots. The
material is manufactured by loading a conductive polymer with conductive particles (the
manufacture and design of the CPT material is considered in Chapter 3.0). The material can
be configured to various dimensions to fit individual applications, providing surface heat
densities of up to 300 W/m2. Typically the elements operate between 24 - 50 Volts to provide
highly controlled temperature profiles up to 120 deg C using very low power input compared

with traditional systems which operate at 240 V or 110 V or steam systems.

The material provides heat over a large surface area compared to the 10 - 15mm of electrical
trace heating or water pipes and thus it consumes significantly less energy per m3production
of concrete. A part of the review prior to undertaking this research was to compare the typical
energy consumptions of CPT systems and steam curing. Results of this analysis are given in
Appendix 1 (Tarmac Precast Concrete case study: CPT vs. Steam curing). In summary,
based on typical CPT and steam curing systems adopted within a concrete plant, the total

energy used to produce one m3of concrete is given in Table 2.8.
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Energy Consumption per  Energy Consumption per

m3of concrete m3of concrete (Joules)
CPT Materials 64kWh @ £0.06/kWh/m3 230 x 10bJoules / m3
Steam 26.21 lit/m3 1040x 10bJoules / m3

Table 2.8. Energy comparisons of CPT heating and steam curing

(Assuming; 1 KWh = 3.6 x 106 Joules, 1 Litre of diesel =40 x 106 Joules)

Unlike captured steam lines, the performance of the CPT technology can be tailored from
mould-to-mould and its performance is not affected by its position along the line from say, the

boiler plant.

Heating systems using the CPT optimise insulation layers, minimising the heat loss from the
rear of the heating material, the mould and the concrete within it. Unlike traditional heat curing
systems, the application of CPT can be controlled to within 1 deg C depending on the
electronic control selected. It is thought that this advantage over the other antiquated
systems provide optimum curing regimes to maximise performance for early age strength and

cold weather concreting.

2.14. Optimum High Temperature Curing Profiles

Optimum cycles of high temperature curing are required to achieve maximum early age
compressive strength. Typically, all the methods listed above have been applied using a
common curing profile (with the exception of hot mix curing) shown Figure 2.8 (Saul). It
consists of a pre curing period, a heating period, a sustained temperature period and a

cooling period.
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Figure 2.8. General temperature profile for accelerated curing of concrete

Literature has highlighted that the typical duration of a temperature cycle is 18-24 hours, to
achieve maximum strength at 1 day and also to fit in with working shifts. Increasing the
duration of high temperature curing further is restricted due to economic constraints: If large
concrete members are required to be cured for up to three days, expense would become a
major factor. Sakir Erdogdu and Sirin Kurbetci (1998) applied heat treatment cycles with a
total duration of 22 hours to minimise the degree of structural disintegration of mortar
specimens. This is similar to the curing cycle given by ACI 517.2R-87 which suggests a delay
period of 2 to 5 hours (from the time of mixing), heating at a rate of 22-44°C per hour up to a
maximum temperature of 50 - 82°C, storage at a maximum temperature and a cooling period
within 18 hours. In comparison Patel et al (1996) used a cycle of a 7 hour delay period, a 3
hour heating period, a 9 hour dwell and a 3 hour cooling period (total 22 hour curing period).
This was based upon a precast concrete manufactures’ method for curing OPC mixes with

PFA replacement.

The delay (pre-cure) period before heating is applied is of particular importance to the curing
of concrete and the strength achieved at early and later ages. Neville A M (1995) reports that
temperature curing used to accelerate early strength leads to a partial reduction in the long-
term strength of concrete. This reduction for steam cured concrete is due to the presence of
very fine cracks (micro-cracks) caused by the expansion of air bubbles in the cement paste.
This trapped air expanding during temperature application resuits in tensile forces within the
cement paste. To reduce cracking caused by air bubble expansion, Neville suggests a delay
period following the casting of the concrete to allow an initial set of the concrete which
provides enough resistance to the tensile forces caused by the expanding air. The delay

required before applying steam curing depends on the temperature of the steam. Shideler
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and Chamberlin (1949) provided data relating to the curing temperature and initial delay
period, which were plotted in graphical form by Saul (1954). Figure 2.9 shows the optimum
delay periods for steam curing taken from the graph plotted by Saul (1954). Figure 2.9 shows
that lower curing temperature requires lower delay period. For each steam curing
temperature, there is an optimum delay period. Using a shorter or longer delay period
adversely affects the long-term strength of the material. Sakir Erdogdu and Sirin Kurbetci
(1998) varied all periods of the curing cycle and found that generally a four hour delay period
provided the greatest compressive strengths at 24 hours. A four hour delay period was also

used in investigations of the microstructure of concrete cured at elevated temperatures (H H
Patel et al 1994).

Temperature deg C Optimum delay, hours
38 2
54 2
74 6
85 6

Table 2.9. Optimum delay periods, Saul (1994)

The desired delay period also depends on the size and shape of the concrete elements, the

water content and the type of cement used within the mix.
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Figure 2.9. Effect of delay in steam curing on early age strength with

maturity (Small figures indicate the delay in hours before curing at the

temperature indicated (Neville 1995)
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Figure 2.9 shows that the optimum delay period ranges from 2-6 hours. It shows for all
temperatures that if heat is applied within the first hour after casting there is a more dramatic
difference in the compressive strength of the concrete at 24 hours compared with heat being
applied at 2-6 hours (the optimum delay period). The graph also clearly shows that the lower
the curing temperature, the shorter the delay period required before high temperature curing
can be applied. It also shows that for each curing temperature there is an optimum delay

period, increasing with temperature; 2 hours for 38 deg C, 6 hours for 85 deg C it is 6 hours.

The optimum curing temperature depends on the type of concrete; the constituents and the

mix proportions. Figure 2.9 shows that the optimum temperature for achieving maximum
strength at 24 hours was 85°C. This agrees with the results of Sakir Erdogdu and Sirin
Kurbetci (1998), who obtained a corresponding temperature of 80°C. They also concluded
that curing temperatures above 80°C have a detrimental affect on the strength of the
concrete. H H Patel 1994 also concluded that specimens cured at 85°C showed micro-cracks
forming a prominent network. In practice such a high temperature may not be achievable by

traditional temperature curing methods, and is more likely to be in the region of 70°C.

The rate at of heating and cooling is of particular importance in minimising the risk of micro
cracking and reducing evaporation of water from concrete. The size of the member is also
important as steep temperature gradients throughout the member during curing are to be
avoided. Neville (1995) states that a trial and error approach is necessary, however ACI
517.2R-87 recommends rates ranging between 33°C per hour for small units and 11°C per
hour for larger units. Sakir Erdogdu and Sirin Kurbetci (1998) used a rate of 15°C per hour, H

H Patel (1994) used a rate of 13°C per hour for laboratory samples cured at 85°C for 6 hours.

Unlike traditional curing techniques, CPT can be controlled to a specific heating rate as
recommended in ACl 517.2R-87 and Erdogdu and Kurbetci. Also, unlike other curing
techniques, CPT ‘gently’ heats a concrete. The temperature of the CPT rises along with the
concrete being cured. As well as controlling the rate of heating, the cooling rate of a concrete
element can also be controlled by the CPT. It is predicted the mode of heating provided by
CPT at controlled rates of heating will reduce the impact on ettringite formation as discussed
in section 2.8.1 and the impact on long-term strength of concrete. In addition, because of the
flexible nature of CPT, it can be ‘wrapped’ and formed in the form of a jacket around an
element being cured, thus reducing evaporation and reducing the risk of microcraking again

providing a more durable concrete.

Confidential Page 28 18/08/2009



2.15. Standards for Thermal Curing of Concrete at Early Ages

The review of literature provides no set standards that govern the use of steam curing. Steam
curing methods also appear to be based on experience, possibly as a result of a lack of

control over such methods.

2.16. Cold Weather Concreting

ACl 306R - 6 recommends the best practice for cold weather concreting. The standard

defines cold weather conditions as:-

‘A period when, for more than 3 consecutive days, the following conditions exist.: 1)
the average daily air temperature is less than 5 deg C (40 deg F) and 2) the air
temperature is not greater than 10 deg C (50 deg F) for more than one-halfof any 24

hour period. ”

The average daily air temperature is the mean of the highest and lowest air temperatures
occurring during 24 hours from midnight to midnight. The standard recommends procedures

for the protection of concrete at early ages to prevent frost damage.

The standard also recommends additional protection required for concrete to gain adequate
strength in cold weather. It recommends curing temperatures of concrete, temperature
records during winter conditions, the temperature of mix constituents prior to mixing, the
preparation of areas prior to placing the concrete, the duration of protection, methods to
determine the insitu strength and types of protective insulation covers. Cold weather
conditions affect the rate of hydration of cement; for ordinary Portland cement the rate of

hydration is halved by every drop of 10 deg C.

Winter curing protection is required to maintain the temperature of the concrete above the
critical saturation level. Above this point, the concrete will develop a compressive strength
above 3.5 N/mm2 A typical concrete mix will achieve a minimum strength of 3.5 N/mm2 after
two days when cured at temperatures above 5 deg C, (ACI 306 1997). At this strength the
concrete can resist a single freeze thaw cycle. After achieving strength of 3.5 N/mm2concrete
will achieve its ultimate potential strength with time despite exposure to cold conditions.
Curing concrete in cold weather should follow the recommendations in CSA Standard A23.1,
and ACI 306 (1997), Cold-Weather Concreting

United Kingdom standards relating to the curing of concrete at low temperature include The
British Rail Specification, EHQ/SP/0/105. It states that during ‘Concreting in cold weather’ the
contractor shall keep accurate records of the maximum and minimum air temperatures to

gauge if weather precautions should be taken. It also states that the minimum air temperature

Confidential Page 29 18/08/2009



at the time of placing should not be less than 10 deg C, and that all surfaces with which the
fresh concrete will come into contact, including those of formwork, reinforcement and
hardened concrete, should be free from snow, ice and frost preferably at a temperature close
to that of fresh concrete. For curing purposes, the British Rail Specification states that curing
and protection of the concrete is required against premature drying-out from solar radiation
and wind, and from low temperatures and frost. With regard to the striking of formwork, the
specification refers to BS 8110-1:1997 Structural use of Concrete, detailing the minimum

period prior to striking.

2.16.1. BS 8110-1:1997 Structural use of Concrete. Code of Practice for Design

and Construction

Tables 2.10 and 2.11 have been extracted from BS 8110-1:1997 Structural use of Concrete.

Type of concrete Ambient Minimum periods of curing and
Conditions after protection
casting Average surface temperature of
concrete

5deg Cto 10 t deg C (any

deg C temperature
between 10 deg C
and 25 deg C)

Days Days

60
PC 42.5 or PC 52.5 to BS12 Average 4 f+10

80
SRPC 42.5 to BS 4027 Poor 6 f+10

80
All cements indicated in Table Average 6 f+10
1 of BS 5328-1:1997 except
for PC 52.5 to BS 12, SRPC 140
42.5 to BS 4027 and Poor 10 t+ 10
supersulfated cement
All Good No special requirements

Table 2.10. Minimum periods of curing and protection
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Table 2.10 shows that the number of days recommended for cast concrete to be protected is
a function of the average surface temperature of the concrete. The minimum recommended
time of curing and protection is 4 days for surface temperatures above 5 deg C. When the
surface temperature of the concrete is at 25 deg C the minimum curing and protection time is

2-3 days.
Table 2.11 recommends the minimum period before striking of formwork after casting. The
minimum recommended time for striking formwork is 12 hours, for vertical formwork on

concrete with a surface temperature of 16 deg C and above.

Minimum Period before striking

Type of Formwork Surface temperature of concrete
16 deg C and t deg C (any
above temperature between 0
deg and 16 deg C )
300
Vertical formwork to columns, walls and large 12h f+10
beams
100
. e days
Soffit formwork to slabs 4 days f+10
250
, -—----- days
Soffit formwork to beams and props and slabs 10 days f+10
360
-------- days
Props to beams 14 days f+10

NOTE This table can be applied to PC and SRPC of higher cement strength classes

Table 2.11. Minimum period before striking formwork

Table 2.10 and 2.11 can be used to estimate the minimum period for striking formwork which
can be achieved when using a thermal curing method, such as CPT. It is assumed that the
most vulnerable zone for frost attack will be the surface zone which records the lowest
temperature. Assuming a concrete element cured at 2 deg C (Element B) and an identical
element cured and maintained at 35 deg C surface temperature (Element A), the following

formwork striking times can be calculated.
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T= h
t+10

Minimum time before the striking of formwork:

300
Element A = = 12 hours
5+ 10
300
Element B = = 25 hours
2+ 10

The example shows that by increasing the average surface temperature of an element, the
period prior to the striking of the formwork can be reduced dramatically, in this case by 18
hours.

2.17. Maturity Method

The maturity method is a technique which combines the effects of time and temperature on
the strength development of concrete (Carino, N.J. and Lew H.S. 2001). It relies on the
temperature history of the concrete to estimate strength development during the curing period
when moisture is available for cement hydration. The temperature history, monitored at
strategic locations, is used to calculate the Maturity Index. The maturity index, also known as
the temperature-time factor (Carino, N.J. and Lew H.S. 2001), is based on the maturity rule
that states “Concrete of the same mix at the same maturity (reckoned in temperature-time)
has approximately the same strength whatever combination of temperature and time go to
make up that maturity”. The maturity method can be adopted to determine the in-situ strength
of concrete if specimens are cured at multiple, constant temperatures and the compressive
strength is determined at multiple intervals. The maturity index can be recorded or calculated
from temperature history of a concrete element and then compared to the pre-determined
data in graphical form to obtain the approximate strength of the in-situ concrete. The maturity
equation is expressed as the product of curing time and temperature. For example, the

Nurse-Saul expression is:

[Eq 2.4]
o}
M maturity (usually in deg C-hours or deg C-days)
At time interval
T average temperature of the PCC during the time

interval, At, being considered

datum temperature - the temperature below which
PCC shows no strength gain with time (-10 deg C is
most commonly used)
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2.18. Controlled Permeability Formwork

Controlled Permeability Formwork (CPF) is not a means of temperature curing, but a newly
developed type of formwork that gives greater durability and resistance to chemical attack of
concrete members. CPF is designed to improve the surface zone of a member by creating a
better quality of concrete on the surface. It is envisaged that CPT could potentially be
incorporated into CPF systems. CPF uses a textile liner on the formwork allowing air bubbles
and surface water to drain out, but retaining cement particles (J S Coutinho 2001). The use of
a textile liner layer allows the water / cement ratio on the surface of the member to be
reduced, resulting in the quality of the concrete at the surface of the member being superior.
This provides a very dense surface skin as the textile liner makes enough water available for
curing at the right time to achieve increased hydration. J S Coutinho (2001) performed
investigations comparing traditional formwork with Controlled Permeability Formwork and
found that the surfaces cast against the CPF had no blowholes. The CPF (Zemdrain) also
gave significant increases in the surface hardness of the concrete with an increase of 68%.
An improved quality of the concrete on the surface of a member can have many advantages
such as greater resistance to chemical attack by hazardous substances such as chlorides,
and a reduction in damage caused by freeze thaw cycles. Combining the effects of CPT with
CPF has the potential of providing both optimum temperature and moisture conditions to
concrete resulting in high strength durable concrete to be produced at early ages. This could
be of particular application in maritime conditions where construction times may be minimised

and exposure conditions are severe.

2.19. Temperature Gradient Control

Cracking is usually caused by temperature gradients within elements such as mass concrete
where internal heat generated by hydration can be in excess of 80 deg C. a. If the extremities
of such a mass element are exposed to cold ambient conditions the difference in temperature
throughout the element can induce internal stresses resulting in cracking particularly in early

age concrete.

This is also relevant to slender structures with high surface / volume ratios. Such elements do
not have sufficient thickness / mass of concrete to allow for heat generated through hydration
to compensate for cold ambient conditions, thus making them more susceptible to cold

ambient conditions as heat is lost through the increased exposed surfaces.

It is envisaged that CPT systems can be used to match internal concrete temperatures to the
surface zone temperatures of concrete elements reducing large temperature gradients in
mass concrete elements and heating / insulating more slender elements. This can be done by

casting thermocouples within the core of a concrete element and feeding the internal
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temperature to an electronic control which can control and match the CPT curing temperature

at the surfaces of the concrete element to the same temperature.

2.20. Optimisation of Cement Content and Pozzolans

By adopting a thermal curing technique such as CPT, there is the potential to increase the
efficiency of a concrete mix by using less cement, or by partially replacing cement with a
pozzolan such as Pulverised Fuel Ash, or GGBS (latent hydraulic cement). The use of these
materials is more economical than cement and they typically produce concrete with higher
long term strengths, greater durability and retard the formation of ettringite which can be
detrimental to long term performance. In addition if greater strengths at early ages can be
achieved by using pozzolans and a suitable method of heat curing, stronger concrete

elements can be produced more economically.

2.21. Discussion

The literature review provides no set standards that govern the use of steam curing or other
high temperature curing procedures. The methods used in practice appear to be based on
experience and are often applied for periods of time to fit into typical work shifts. There is also
an emphasis on minimising water loss from the concrete, either by covering members during

curing, or applying temperature in conjunction with steam.

CPT as a curing technique could be used in similar applications to steam curing, giving a
greater control of temperature cycling than is available with steam curing. CPT, however,
would not have the advantage of supplying water/steam for curing. However, CPT blankets
seal the concrete being cured and retain moisture for concrete curing. Other advantages such
as a reduced shrinkage would arise compared to high temperature curing accompanied by
drying of concrete. The optimum temperatures for accelerated curing are in the region of
30°C -80 °C, however accurate control of temperature is difficult in the steam curing
methods. A high degree of control, however, is achievable by CPT, which can include cycles

of different temperature curing.

In general a curing temperature of 80°C provides optimum results, a delay period before

applying heat was 2 -6 hrs.

2.22. Concluding Remarks

* The use of high temperature curing to increase early age strength is widespread
within the concrete industry
+  The most commonly used method is atmospheric steam curing

* Reducing moisture loss during curing is essential
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e  Current curing methods do not provide good temperature control
s Delay periods of 2 - 6 hours are required to optimise curing

¢ Heat curing cycles are typically between 10 — 24 hours
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Chapter 3. Theory of Conductive Polymer Technology

3.1. Introduction

Conductive Polymer Technology (CPT) material comprises fine carbon particles uniformly
dispersed in an elastomeric carrier at weights of 20 % to 75% to carrier polymer levels.
Preferably, the carrier is an elastomeric polymer. The carbon particles and the elastomeric
polymer are formed together into a compound. After checking its properties, the compound is
manufactured into a web or flexible sheets and then applied to a flexible cotton backing. The
electrical resistance of the material per unit area can also be decreased by applying additional
layers. The CPT can be configured into electrical elements by applying conductive silver tape

(conductive rails), allowing a potential to be applied through the element.

CPT material is manufactured in runs of up to 100 metres. Individual elements are then cut to
the desired size. Figure 3.1 shows the CPT after manufacture. The CPT is manufactured to
various resistances to enable appropriate heating to be provided from individual elements.
When a charge is passed between two points on the material, its resistance per unit area
generates a uniform temperature across the surface between the two points, due to the
electrical agitation and bonding of the sharp edged carbon particles. It is assumed that the
heat (energy) on the surface of the CPT is caused by friction and interaction of the carbon
particles during agitation. The generation of a uniform temperature over the surface results in

the technology being suitable for a variety of applications.

Cotton Backing

CPT Heating surface

Figure 3.1. CPT prior to configuration into heating elements

The heat output or heat density (W/m2) on the surface of CPT heating elements is configured

by varying three design variables; the resistance (R) of the material, the spacing between
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conducting Fails (see Figure 3.5) and the Voltage (potential difference) applied to the material.

These three variables are discussed briefly in the next section.

3.1.1. Ohms Law

The electrical resistance of any material is measured as the potential difference required per

unit current in that material, hence the resistance (R) is quantified as:-

[Eq 3.1]

\Y Voltage (Volts)
Current (Amps)

R Resistance (Ohms)

Equation 3.1 shows that a potential difference (V) is required to maintain an electrical current
(I) through a material, therefore all materials have a resistance (R). It is also known that some

materials become more heated than others despite the rate of flow (electrical current) being

the same.
Ohms law applies to Ohmic conductors such as metals, such that;

V a | [Eq 3.2]

Or
V=IR [Eq 3.3]

Where R is a material constant. The relationship is shown in Figure 3.2
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Potential
difference (V)

Current (1)

Figure 3.2. Linear relationship between voltage V and Current | for an Ohmic
metal

Potential
difference (V)

Current (I)

Figure 3.3. Non-Linear relationship between voltage V and Current | for non-
Ohmic semi conductors
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Figure 3.3 shows that for non metallic materials, i.e. non Ohmic conductors such as semi
conducting materials, the relationship between V and | is not linear as shown in Figure 3.3.
Ohms law states that in metals (ohmic conductors) the resistance does not change if the
applied potential difference is altered, whereas Figure 3.3 shows that this is not the case for

non-ohmic materials.

3.1.2. Resistivity

All materials have an electrical resistivity, also known as specific electrical resistance, which
represents how strongly a material opposes the flow of electric current (). The resistivity of an
eiefhent primarily depends on temperature, length and cross sectional area. Equation 3.4

gives an expression for the resistance for a typical element shown in Figure 3.4.

R=2 [Eq 3.4]

= Electrical resistivity (Qm)
Electrical resistance of the material (ohms) (Q)

= Length of the element (m)

> ~ 3 ©
I

= Cross-sectional area of the element (m2)

Figure 3.4. Relationship between R, p, L and A for a wire element

In general, electrical resistivity of metals increases with temperature, while the resistivity of

semiconductors decreases with temperature.

The higher the temperature of a conductor the greater the molecular vibrations and the
number of collisions leading to an increased conversion of energy to heat. The change in
resistance of a conductor, (Rt- RO0), is experimentally found to be proportional to the rise in

temperature and to the original resistance RO.

(Rt- RQ is proportional to (ROx t) [Eq 3.5]

Confidential Page 39 18/08/2009



Therefore;

(Rt- RQ = CLROt [Eq 3.6]
Where
R{ - Resistance (Ohms)
RO = Resistance (Ohms) at datum temperature
t = Temperature (Kelvin)
a = Temperature Coefficient of Resistance (K}

The temperature coefficient of resistance is defined as the fractional change in resistance per

unit change in temperature.

Rt-RO
a =t— -2- [Eq 3.7]
KOt
Therefore;
Rt=R(Q1+at) [Eq 3.8]

Units of temperature coefficient of resistance (Care per degree Celsius (/ deg C) or K-1. The
change of sample dimensions, such as length and cross sectional area have a small effect on.

resistivity compared to the effect of temperature.

This not the case for a semi-conductor. The Carbon based CPT is a semi-conductor. The

temperature dependence of the resistivity of a semi-conductor is given by the Steinhart-Hart

equation:
1t=A +BIn(R) + C(In(R))s [Eq 3.9]
t = Temperature (Kelvin)
= Resistance (Ohms)
A B C = Empirical constants

The typical characteristics of conductors, insulators and semi conductors are that conductors,
normally metals, have very low electrical resistivity of the order of 1 x 10'6 ohm-meters;
insulators have very high electrical resistivity of the order of 1 x 1013 ohm-meters and Semi

conductors are neither good conductors nor good insulators and have resistivity values
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between the two. A material commonly used as a semi-conductor is carbon. It is the carbon
within it that enables the CPT material to conduct and generate a relatively uniform heat

source over its surface.

3.1.3. Conductive Properties of Carbon

Carbon can be an alternative to metals providing similar electrical properties with the benefit
of lower density. Advantages of carbon are that it is typically inert and compatible with a
variety of polymer systems, as within the CPT material. Carbon particles provide electrical
conductance through bonding systems that exist between adjacent particles which can be
part Of a larger polymer molecular bonding system. Within a polymer, this conductive
continuity can be improved by reducing the carbon particle size or filling’ between the larger
particles to improve conductive pathways. However, unlike ohmic conductors, the relationship
between current and potential difference is non-linear, hence the resistance of the material is
dependant on the potential difference applied. Unlike most semi-conductors, the resistance of

carbon increases with temperature, i.e. it has a negative coefficient of thermal resistance.

3.2. Manufacture of CPT

The CPT material can be manufactured to a variety of resistances per unit surface area within
certain limits. For concreting applications, the resistances selected are 20 ohm (Red), 50 ohm
(Grey) and 150 ohm (Green). The use of the three different resistances gives flexibility in
design, for example, in some applications there may only be the space for relatively narrow
elements of CPT heating material, whereas for larger surface area applications such as in-situ
concrete slabs, there may be no restriction to the width of the CPT, even though the heating

flux required may be the same in both cases.

Unlike other heating solutions which are prone to hot and cold spots, the CPT requires a
potential of between 24 to 50 Volts to maintain an electrical flow resulting in a uniform heat
output on its surface. Figure 3.5 shows a typical CPT heating element with conductive rails
(silver tapes) through which voltage is applied. The spacing between the conductive rails is /t

(Figure 3.5) and the width, W.
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R = Resistance

Conductive Tape
Bonded to the

CPT
/ = Element length (mm)
w = Width of test sample (mm)

-
~
1

Distance between conductive rails (mm)

Figure 3.5. A typical CPT element

The length of the CPT element across which voltage is applied is /t and the cross sectional

area A =WT where T is the thickness of the element.

3.2.1. Control of Resistance

During the manufacture of CPT the resistance per unit area is achieved by varying the
proportion of carbon particles to the elastomeric polymer. In addition, the resistance can be
altered by varying the number of uniform layers applied to the backing material, thus
increasing the cross sectional area and therby reducing the resistance per m: of the CPT.
This standard resistance of the material determined during manufacture is called the

Characteristic Resistance RID.

The Characteristic resistance RIDis measured during manufacture of the CPT rolls. Two strips
of Chomerics Cho-Foil (rail), 25mm wide are bonded in parallel as shown in Figures 3.6 and
3.7, such that they are exactly 162mm apart (inside edges of the tape). Using a calibrated
multi-meter the resistance of each sample is measured between the rails (across point 1-1, 2 -
2 and 3-3, Figure 3.7) at room temperature. This value is then averaged for a minimum of 3

samples per 10 metres of roll length to give the Characteristic Resistance R|D.
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/.= 25mm /.= 25mm

-H h- -H h-
w= 300mm JE= 300mm
R=R
\"
/= 212mm Conductive Tape = 162mm
Bonded to the

CPT

Figure 3.6. Sample dimensions of CPT Figure 3.7. Sample of CPT with

used to determine R|D conductive rails to determine RiD
/ = Element length (mm)
w = Width of test sample (mm)
It = Distance between conductive rails (mm)
Ir = Width of conductive rail (mm)

R,Dis rarely the same as the Target Resistance RT, specified prior to manufacture. The CPT

materials are usually referred to by their target resistance RT specified before manufacture.

3.3. Manufacture of CPT Elements

Conductive rails are applied to the CPT in order to allow current to pass through distance /.
These rails are normally bonded in parallel, otherwise the resistance between the rails would
vary along the length (Figure 3.8) since there is a relationship between the distance between
rails and the resistance. The application of non-parallel rails will produce non-uniform heat

across the CPT element due to the varying resistance.
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Ir 5mm L = 25mm

AAA,
~/) £A y

resistance

A A /V resistance
-A /AT

variable
w= 300mm

Conductive Tape Bonded
/= 212mm to the CPT

Figure 3.8. Parallel and non-parallel conductive rails resulting in uniform and
non-uniform heat distribution respectively

3.3.1. Bonding ofthe Conductive Rails

Good bonding of the conductive rail to the CPT is critical to the performance of the heating
element. The efficiency of current flow between the conductors (the silver tape) depends on
the contact between the tape and the CPT material. To maximise the current flow, a
conductive glue is used to make the bond between the CPT material and the silver /
Chromerics tape. The conductance between the silver tape and the CPT material is not fully
understood, however, it has been recognised that the critical point of contact between the
CPT material and the tape, with respect to current flow, is the inside edge (point A) as shown

in Figure 3.9.
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Silver tape
5-1 Omm overlap

Point A

Contact area

Figure 3.9. Positioning of conductive tape onto the CPT material (end view)

3.3.2. Operating Voltage

The design parameters which control heat output are the resistance of the CPT, the size of
the element, and its operating voltage. The use of potential differences has been restricted to
below 48 Volts. An electrical system using 50 Volts or below is described as SELV system
(Safe Extra Low Voltage) requiring a reduction in the insulation and protection, provided it is
not earthed. A full definition of a SELV system given by the British Standard 16th Edition IEE

Regulations is: -

"An electrical system in which the voltage cannot exceed ELV (Extra Low Voltage) under
normal conditions, and under single-fault conditions, including earth faults in other circuits". A

SELYV circuit must have:-

+ protective-separation (i.e., double insulation, reinforced insulation, or protective
screening) from all circuits other than SELV and PELV (Protective Extra Low Voltage)
(i.e, all circuits that might carry higher voltages)

» simple separation from other SELV systems, PELV systems and fromearth(ground).

The safety of a SELV circuit is provided by

» the extra-low voltage
+ the low risk of accidental contact with a higher voltage;
+ the lack of a return path through earth (ground) that electrical currentcould take in

case of contact with a human body.

The design of a SELV circuit typicaiiy involves an isolating transformer, guaranteed minimum
distances between conductors, and electrical insulation barriers. The electrical connectors of
SELV circuits should be designed such that they do not mate with connectors commonly used

for non-SELYV circuits.
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For this reason the operating voltage of the CPT is usually between 12-50 Volts. For the
purpose of some testing within this research programme this operating voltage may be
exceeded, however, for applications where there is the potential of third party use, the
operating voltage will be within this range. The CPT also has the capability of being operated
by either DC or AC.

3.3.3. Attaching the Power Cables

A connection is required on each of the parallel rails to power the element. A connection is
made at the same position on each end of the rail (Figure 3.10). The conductive tape is folded
over at each end as shown in Figure 3.10. There are two options for making the connection,

a soldered connection or a press stud and crimp connection.

Conductive tape Soldered

CPT element
25mm overlap

Figure 3.10. Simple solder connection (side view)

The advantage of using a solder connection is its speed. However, using the press stud and
crimp fixing enables a more mechanical and durable fixing. The press stud presses the CPT,
and the two sides of the Chromerics tape together providing additional support from the
underside of the CPT element. By using a crimp, a connection of greater mechanical strength
is also provided compared to the simple solder connection. Figure 3.10 shows the detail of

the simple solder connection compared to the crimp connection shown in Figure 3.11.
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Connecting wire

Conductive tape 2.5mm crimp

CPT element Press stud

Brass stud crimp

Figure 3.11. Crimp and press stud electrical connection (side view)

The cross sectional areas of the power cables used to connect the CPT elements have also
to be based on the estimated current in each element. Typically this area is 2.5mm: for

elements with a current rating of below 16 Amps.

3.34. Connecting Numerous Elements
Assuming that each CPT element is a resistance, numerous CPT elements can be inter
connected either in series or parallel. There are advantages and disadvantages of each

method. Figure 3.12 shows two similar CPT elements connected in series. The total

resistance is given by the expression:-

RT=Ri+ R+ Rs +Rn [Eg 3.10]

Where,

RT
Rn

Total resistance

Resistance of individual elements
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Figure 3.12. Similar CPT elements connected in series

Figure 3.13 shows two similar CPT elements connected in parallel. The major advantage of
connecting in parallel is that if the CPT material in elements 1 fails, element 2 will continue to
function regardless, providing there is not break in either of the conductive rails on element 1.

The following expression applies to elements connected in parallel:-

1/Rt = 1/Ri + 1/R2+ |/R3 +1/Rn [Eq 3.11]
Where,
RT = Total resistance
Rn = Resistance of individual elements

Figure 3.13. CPT elements connected in parallel
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The failure of either of the conductive rails on element 1 having a detrimental effect on the
operation of element 2, can be prevented by wiring two CPT elements as shown in Figure

3.13.

Figure 3.14. Similar CPT elements wired in parallel to maintain function in
case either is damaged

Figure 3.14 shows that if there is a ‘break’ in either conductive rail of element 1, element 2

would continue to operate. Wiring in this way allows both elements to operate independently,

i.e the elements do not have to be the same size, hence the same resistance.

3.3.5. Common Rail (Series)
Another option in configuring the CPT elements is to use a common central rail. This can be

done by either using a common central rail in series or in parallel. The configuration of a CPT

element connected in series is shown in Figure 3.15.
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Figure 3.15. CPT element with common middle rail (series)

Again similar to connecting two separate elements, the proportions and size of the CPT area
each side of the common rail need to be the same. If this is not the case, the common rail
acts as a potential divider and the voltage across each side of the element is divided by the
ratios of the element width each side of the rail. Again, similar to connecting two separate
elements in series, the failure of the CPT either side of the common rail results in the total

element not functioning. This is also demonstrated by equation 3.12 below.

RT=RI1A+RIB [Eq 3.12]

If 1B failed it would have an infinite resistance and hence no current flow, as the resistance of

the whole system would be infinite.

3.3.6. Common Rail (Parallel)

Figure 3.16 shows a common rail element configured in parallel. The advantage of
configuring in this way is that if either side of the CPT fails, the other will still function. It also
allows different proportions of CPT on either side, both to be supplied by voltage at the same
potential difference. Unlike connecting in series where the applied voltage is proportioned
between the two elements, when applied in parallel, the supply voltage is the same as the

voltage across each element (CPT area between parallel rails).
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1A 1B

Figure 3.16. CPT element with common middle rail (parallel)

In summary, when connecting elements in series, the sum of the potential difference across
each element equals the total Voltage applied to the circuit; whereas in parallel, the sum of
the currents over each element equals the current required by the entire circuit, and the
potential difference across each element is the same as that applied to the total circuit. This

can be proved from first principles using Ohm’s law equation as given below;

1/Rt = /Ria+ 1/RIB [Eq3.13]

If 1B failed it would have an infinite resistance and the resistance of the whole system would
operate with the resistance halving and hence the current consumption and power input and

output halving.
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Supply to the next
blanket

PID/PT100

Thermal fuse

Mechanical
thermostst

Supply to the
next blanket

Connection

Figure 3.17. Wiring of CPT element

Figure 3.17 shows the typical wiring configuration of a CPT element. A number of elements
wired like this could be linked in parallel to heat a large area. The Figure shows a thermal
fuse and mechanical (bi-metallic) thermostat connected in series along one of the power
supplying cables. It also shows an additional electronic probe used in conjunction with an
electronic PID (proportional-integral-derivative) temperature monitor to control the surface
temperature. The thermal fuse is a non re-settable device used as a fail safe device, and the
mechanical (bi-metallic) and electronic temperature control systems are used as primary
temperature control. The mechanical temperature thermostat and electronic device are

selected to operate at temperatures below the maximum operating temperature of the CPT.
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Chapter 4. Materials Specification, Thermal Jacket Design and

Instrumentation

41. Introduction

Various concreting applications were selected to conduct tests and trials as part of the
research programme. The various designs of blankets and jackets manufactured for each
application will be discussed in this chapter. Also other materials and equipment used
throughout the testing programme will be introduced, such as electrical transformers and
power generators used to power the jackets / blankets, concrete mix designs and the material
used to manufacture the jackets. Data monitoring equipment used to record variables such as
temperature, shrinkage and electrical properties such as resistance, voltage and current is

also described.

4.2, Blanket / Jacket Design

Table 4.1 lists the jackets and blankets designed and manufactured for this research
programme. These are separated into three main areas, initial laboratory testing (Chapter 6)
using small laboratory scale elements, further laboratory testing (Chapter 7) using larger
representative elements, In-situ concreting and precast concrete application (Chapter 8). The
dimensions of the test samples produced and the mould description for each are given in
Table 4.1.

Test samples of concrete, Brief description of jacket
Jacket ID

dimensions application
Lab 100 100mm x 100mm x 100mm Standard cast iron steel mould
Lab 300 300mm x 75mm x 75mm Mild steel prismatic mould
Inter 400 400mm x 400mm x 400mm Bespoke mild steel mould
Insitu 1500 800mm x 800m x 1500mm Excavated Foundation
Preacst 6500 120mm x 6500mm x 150mm Precast concrete mould

Table 4.1. Jacket ID’s and applications

Figure 4.1 shows a typical cross section through a thermal blanket / Jacket incorporating the
CPT element. The general arrangement is a composite ‘sandwich’ comprising of the three
major functional elements, the outer protective element, the CPT heating element and the

insulative layer within the blanket.
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Outer protective layer Protective layer Interface

Internal protective layer Insulation Layer

CPT element (Laminated)

Figure 4.1. Cross section through a typical CPT heating blanket

4.21. Outer Protective Materials

The primary function of the outer material of the Blanket / Jacket is to protect the CPT
elements within. The selection of the outer material is dependant upon the application of the
blanket. A number of factors need to be taken into account when manufacturing a blanket for
concreting applications. These include the chemical properties, conductivity, the thickness
and unit weight and the materials’ ability to wrap around moulds - primarily related to the
flexibility, the tensile strength and satisfactory bond of the material to similar and dissimilar

materials.

The chemical reactions of concrete can be a deciding factor for the selection of the outer
material. Where the blanket is to have direct contact with concrete being cured, materials
such as silicon and glass cloth are avoided due to their incompatibility with concrete and alkali
environments. However, for other applications where the blankets are to heat concrete
through a mould (as described in Chapters 6 and 7) the use of such materials may be
advantageous. A summary of the various outer protection materials used throughout this

research programme are given in Table 4.2.

Material ID Colour Description

LGPVC Grey / Green Light-weight PVC coated polyester weave
PVC Blue PVC coated polyester weave

SCGC Grey Silcon coated glass cloth

PTFE Grey PTFE coated glass cloth

Table 4.2. Details of outer materials
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Glass weave and polyester were the primary materials selected as they provided both the
thermal characteristics and mechanical properties required. Table 4.3 provides the physical

properties of the materials.

Materials Unit Weight (g/m2 Thickness (mm)
LGPVC 410 0.37
PVC 620 0.42
SCGC 400 04
PTFE 390 0.35

Table 4.3. Outer material details

4.2.2. Protective layer interface

Figure 4.1 shows the interface(s) where the internal and external outer protective layers meet.
At these points the two materials are required to be bonded. The three ways of bonding the

internal and external protective layers are as follows:

a) The two layers are sewn together with a ‘nomex’ thread with suitable mechanical and

thermal properties.

b) The protective layers are welded together using a hot-bar high frequency heat

welding machine, with a weld width of 10mm - RF Weld.

c) The use of a double sided bonding material layer that bonds the internal and external
layers.
4.2.3. Insulation Lavers

The insulation layer within the CPT blanket / Jacket is used to direct heat from the CPT to the
concrete, and minimise heat losses away from the concrete. The various insulation materials

used are given in Table 4.4.
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Material ID Description

Rockwool 25 Flexible mineral wool material, 25mm thick
Rockwool 50 Flexible mineral wool material, 50mm thick
Slab 25 Rigid mineral wool, 25mm thick

Thinsulate Flexible insulation material

Foam Closed cell polyurethane foam

Table 4.4. Description of insulation materials

The physical and thermal properties of the various insulation layers are provided in Table 4.5.

Materials Thickness Conductivity Thermal resistance
(mm) (W/mK) (m22K/W)

Rock 25 25 0.033 15

Rock 50 50 0.033 0.7

Slab 25 25 0.037 0.7

Foam 15mm - -

Table 4.5. Properties of insulation layers

4.2.4. CPT Heating layer

As shown in Figure 4.1 the CPT layer is located between the internal protective layer and the
insulation layer within the blanket. The Polymer surface of the CPT element is positioned to
face the rear side of the internal protection layer to maximise heat transfer. The cotton surface
of the CPT element is positioned and secured against the insulation layer. During
manufacture, the CPT insert is bonded face down on a layer of glass cloth weave to increase
its strength, particularly in applications where the blanket is to be applied and removed
frequently. The mounted CPT element is then secured to the insulation layer using a spray
adhesive that is capable of withstanding the maximum operating temperature of the CPT
element, and maintaining the bond. The composite of the CPT layer and the insulation are
then inserted into a ‘pouch’ formed by the protective layers, these are then secured to

complete the manufacture process of the composite blanket.

In addition, a number of the blankets manufactured used a CPT insert that was laminated.
The CPT material, following the application of the parallel conductive rails and the application
of the laquer, is passed through a plastic laminations machine as shown in Figure 4.2 which
further protects the CPT element from mechanical damage, damage from water, chemical
attack and also improves the overall durability of the blanket. All inserts manufactured in this

manner were laminated with a 0.3|nm polyvinyl chloride sheet.
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Figure 4.2. Lamination machine through which the CPT element is passed

Following lamination the CPT is connected to a cable to supply power to the insert and this is
passed through an IP (ingress protection) 65 rated gland. This rating of gland ensures the
interface between the gland and the blanket is water tight and resistant to dust and particle

ingress, both very important when considering a typical concrete environment.

4.2.5. Cable

The cable used in the research programme was Y-Y PVc coated. This enabled flexibility and
protection to the blanket user. Typically 4-core or 7-core cable was used. For the 4-core cable

the cores were assigned as follows:-

Core 1 Supply voltage (+ve)
Core 2 Supply voltage (-ve)
Core 3 Electronic control - out
Core 4 Electronic control - return

Table 4.6. Core assignment for 4 - core cable

The blankets were powered in ‘lines’. A line is determined by the supply to the blanket and
restricted by the available current. As discussed in Chapter 3 a ‘line’ has the capacity to

supply a number of CPT elements simultaneously, usually arranged in parallel, up to 16
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Amps. Where a second line was required a seven core cable was used with the cores

assigned as follows

Core 1 Supply voltage (+ve) (line 1)
Core 2 Supply voltage (-ve) (line 1)
Core 3 Supply voltage (+ve) (line 2)
Core 4 Supply voltage (-ve) (line 2)
Core 5 Electronic control - out
Core 6 Electronic control - return
Core 7 Earth - Not used

Table 4.7. Core assignment for 7 - core cable

All cables had core diameters of 2.5mm with a 20 amp rating at 50 volts. Each ‘line’ within the
blankets was designed to draw 16 Amps to allow for inaccuracies relating to the electrical
design of the CPT elements, to compensate for heat losses due to resistance in the cable

particularly at low voltages and for excessive lengths of cable, greater than 10m.

For applications in aggressive environments the jackets were designed or re-fitted with S-Y
cable. This cable had double PVC insulation with braid sheath between the two insulation
layers to provide the cable with additional mechanical protection. This cable was used for

blankets using both 4-core and 7-core connecting cable as required.

4.2.6. Connectors

Various electrical connectors were used to connect the blankets to power supply / transformer

units. The type of connector used depended upon the following factors:-

* The number of CPT elements within a particular blanket, i.e the size of the required
heating area
* The power of the CPT elements within the blankets

+ Expected duration of operation of each blanket.

For blankets supplied by 4-core cable an Amphenol ™ 4-way connector was used. Similar to
the interface glands between the blankets and the connecting cables, these were IP65 rated
with copper terminals and secured in place with a screw mechanism. A number of variations
of the connector were used. ‘Panel mounted’ connectors were used to mount on the side of
the power supply units. ‘In-line’ connectors were used to link between blankets and these
consisted of a male and female type connection. Figure 4.3 shows a male - female in-line

connection.
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IP65 Housing

Male connector

Cable in-let

Screw
fitting

Figure 4.3. Amphenol type connector, Male - Female in-line connector with S-
Y braided cable

For connection to blankets requiring a 7-core input, Buccaneer Bulgin connectors were
used. Unlike the 4-core connectors these were IP 68 rated to provide resistance to the
ingress of water under pressure. Considering the requirements of the connectors such as
durability and the number and thickness of cores to be accommodated, the Buccaneer Bulgin

connector was most commonly used (Figure 4.4).
Terminals
Sealing Gasket

O Ring

Contact Insert

O Ring
O Ring
O Ring
Retaining Locking Ring
Nut
Panel Body Main Body
Contact Insert
Terminals
Cable Gland
Gland Cage
Gland Nut

Figure 4.4. Typical Bulgin 900 series In-line connector (image courtesy of
(http://www.bulgin.co.uk)
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4.2.7. Blanket Securing Mechanisms

Various methods were used to fasten the blanket in position in different applications, as

follows:-

a) Velcro, to allow a secure flexible fixing which is adjustable, durable and maintains the
flexibility of the jacket. The strength of the fastening is dependant upon the location
and the area of Velcro, on both the ‘soft’ eyelet side and the hard ‘hook’ side. To
maintain a suitable fastening the Velcro has to be kept clean of debris such as
concrete. However moisture has little impact on its performance. Velcro can be used

on small and large applications.

b) Straps and D-clips allow a blanketto be positioned, re-adjusted and tightened easily.
They are not affected by moisture. The strength of the fastening depends upon the
tensile strength of the strap and the D-clip. The suitability of the fixing is also
dependant upon the number of straps and D-clips and the spacing between additional

fastenings.
c) Eyelets are suitable when a blanket is required to be secured to a soft strata.

Examples are the blanket lining of concrete foundations cast in cold weather. The

Blankets can be secured and maintained in place prior to concreting.

4.3. CPT Blankets used in the Tests

The blankets used in this test programme are described in this section.
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431. LAB 100 Jacket

Figure 4.5 shows the general arrangement for the heating blanket LAB 100, designed and

manufactured to fit a 100mm x 100mm x 100mm cube mould as discussed in Chapter 6.

Conductive 100mm
16mm hole rail
275mm
100m 80mm
16mm
Conductive
rail

Figure 4.5. General Lay-out of Blanket CPT LAB-100 (not to scale)

The holes within the blanket allow it to be secured to the mould as an integral heating
element. For this reason no insulation layer was used on these moulds. To reduce losses
from the mould a separate insulation jacket was used. Figure 4.5 shows a section within the
blanket where the CPT was removed, but the parallel conductive rails remain. This was done

to minimise the power rating of the blanket whilst still allowing a slim-line jacket to be made

utilising the conductive rails.
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Blanket Properties (General)

Blanket ID

Overall blanket dimensions
Number of blankets per application
CPT inserts per blanket

Colour

Securing mechanism

CPT Insert Properties

CPT type

CPT width (/)
Rail length (W)
Rail width

Rail configuration

Insulation Properties

Insulation
Insulation thickness
K- value

Protective material properties

Internal protective layers
External protective layers
Protective layer interface
Maximum operating temperature

Electrical Specification

Operating Voltage
Current (@ 24 Volts)
Power rating
Resistance

Temperature Control

Primary Temperature Control
Operating limits

Temperature probe

Secondary temperature Control
Operating limits

Over temperature Protection

Integrated thermal fuse
Estimated CPT surface temp

Power Source

Power supply ID
Connector type
Cable type
Cable length

LAB 100

275mm x 510mm Approximately
1

1

Various

Integrated within the mould

CPT 20 ohm heating material (Red)
110 mm

335 mm

25 mm

Double parallel

None
N/A
N/A

PVC / PTFE / Silicon glass

PVC / PTFE / Silicon glass

Bonded (Double sided tape) / Sewn
75deg C- 120 deg C

24 Volts (ac)
1.45 Amps
35 Watts
ohms

Bi-metallic thermal cut -outs
50/60/70 deg C +/-10 deg C
N/A

N/A

N/A

156 deg C
120 deg C

Carrell Electronic Control
Amphenol 4-pole plug and socket
4 - core 2.5 mm diameter Y-Y
3m

Table 4.8. LAB 100 Jacket specification
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4.3.2. LAB 300 Jacket

Figure 4.6 shows the general arrangement for the heating jacket LAB 300 designed and

manufactured to fit 300mm x 75mm x 75mm prism moulds as discussed in Chapter 6.

<50mm Securing flap
I
130mm
L 120m 290mm
25mm Rails 25mm Rails
300mr
406mm
300mm
CPT 2.6 Amps
Gland
Location
G-Sil Outer/
25mm Mineral Inner (SCGC)

wool insulation

Figure 4.6. General Lay-out of Blanket CPT LAB-300 (Not to scale)

Figure 4.6 shows that the LAB - 300 jacket used a central common rail when configuring the
CPT. The element was wired is parallel as discussed in Section 3.3. Unlike the LAB 100

jacket, the LAB 300 had 25mm mineral wool (Rock 25) insulation within the jacket.
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Blanket Properties (General)

Blanket ID

Overall blanket dimensions
Number of blankets per application
CPT inserts per blanket

Colour

Securing mechanism

CPT Insert Properties

CPT type

CPT width (1)
Rail length (W)
Rail width

Rail configuration

Insulation Properties

Insulation
Insulation thickness
K- value

Protective material properties

Internal protective layers
External protective layers
Protective layer interface
Maximum operating temperature

Electrical Specification

Operating Voltage
Current (@ 24 Volts)
Power rating
Resistance

Temperature Control

Primary Temperature Control
Operating limits

Temperature probe

Secondary temperature Control
Operating limits

Over temperature Protection

Integrated thermal fuse
Estimated CPT surface temp

Power Source

Power supply iD
Connector type
Cable type
Cable length

LAB 300

330mm x 460mm Approximately
1

1

Grey

Velcro

CPT 20 ohm heating material (Red)
406 mm

300 mm

25 mm

Common rail parallel

Rockwool / mineral insulation
25mm
0.001

Silicon coated glass cloth
Silicon coated glass cloth
Sewn - Nomex thread
<150 deg C

24 Voltage
2.6 Amps
63 Watts

Programmable electronic control
>120 deg C

NTC probe

Bi-metallic thermal cut -outs
>120 deg C

156 deg C
120 deg C

Programmable electronic control
Amphenol 4-pole plug and socket
4 - core 2.5 mm diameter Y-Y
3m

Table 4.9. LAB 300 Jacket specification
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4.3.3. LAB 400 Jacket

Figure 4.7 shows the general arrangement for the heating jacket LAB 400 designed and

manufactured to fit a mould 400mm x 400mm x 400mm cube as discussed in Chapter 7.

25mm Rails
420mm
3m Cable
130mm
4-pole connector
Grev PVc Outer
CPT 1 CPT 2
180mm
G- Silicon Inner
Sewn interface
25mm Mineral
wool insulation
25mm Rails Straps and D-

rings

Figure 4.7. LAB 400 Jacket

The LAB 400 Jacket was designed to wrap around a cube mould 400mm x 400mm x 400mm
as discussed in Chapter 7. The configuration of the jacket was two CPT elements wired in

parallel.
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Blanket Properties (General)

Blanket ID
Overall blanket dimensions

Number of blankets per application

CPT inserts per blanket
Colour
Securing mechanism

CPT Insert Properties

CPT type

CPT width (1)
Rail length (W)
Rail width

Rail configuration

Insulation Properties

Insulation
Insulation thickness
K- value

Protective material properties

Internal protective layers

External protective layers
Protective layer interface
Maximum operating temperature

Electrical Specification

Operating Voltage
Current (@ 24 Volts)
Power rating
Resistance

Temperature Control

Primary Temperature Control

Operating limits

Temperature probe

Secondary temperature Control
Operating limits

Over temperature Protection

Integrated thermal fuse
Estimated CPT surface temp

Power Source

Power supply ID
Connector type
Cable type
Cable length

LAB 400

1800mm x 450mm Approximately

4

2

Grey

D rings, straps and Velcro hook & eye

Inditherm 140

180mm

1600

25mm

Single element - parallel

Rockwool / mineral insulation
25mm
0.001

Silicon coated glass cloth
Grey PVC

Sewn - Nomex thread
<150 deg C

24 Voltage
18.3 Amps
440 Watts

Programmable electronic control
> 120 deg C

NTC probe

Bi-metallic thermal cut -outs
>110 deg C

156 deg C
120 deg C

Programmable electronic control
Amphenol 4-pole plug and socket
4 - core 2.5 mm diameter Y-Y
3m

Table 4.10. LAB 400 Jacket specification
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4.3.4. INSITU 1500 Jacket (Side)

Figure 4.8 shows the general arrangement for the heating jacket INSITU-1500 designed and

manufactured to cure a rail stanchion foundation 900mm x 900mm x 1500mm as discussed in

Chapter 8.

15mm Brass
eyelets

1300mm.

25mm Rails

25mm Rails

25mm Rails

250mm

800mm

300mm

900mm

Figure 4.8. INSITU 1500 Jacket (Side)

CPT 1
(Grey)

CPT 2
(Grey)

CPT 3
(Grey)

4-pole male
connector

Green PVC
Internal and
External Layers

1500mm

13mm closed cell
foam

The foundation was lined with 4 of the above jackets positioned on each internal face of the

foundation, secured using pegs. The upper (ground level) surface of the concrete foundation

was also heated using a heating jacket (Figure 4.9).
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Blanket Properties (General)

Blanket ID

Overall blanket dimensions
Number of blankets per application
CPT inserts per blanket

Colour

Securing mechanism

CPT Insert Properties

CPT type

CPT width (/)
Rail length (W)
Rail width

Rail configuration

Insulation Properties

Insulation
Insulation thickness
K- value

Protective material properties

Internal protective layers
External protective layers
Protective layer interface
Maximum operating temperature

Electrical Specification

Operating Voltage
Current (@ 50 Volts)
Power rating (per blanket)
Resistance

Temperature Control

Primary Temperature Control

Insitu 1500
1500mm x 900 mm
4

3

Green

Eyelets and pegs

Inditherm Grey

400mm

600mm

25mm

Single elements in parallel

Closed cell foam
15mm
0.002

Green PVC - LGPVC
Green PVC - LGPVC
Laminated
50 deg C

> 50 Volts

1.8 Amps per m

90 Watts per m

25 - 30 ohms per m

N/A - Free running

Operating limits

Temperature probe

Secondary temperature Control
Operating limits

Over temperature Protection

Integrated thermal fuse
Estimated CPT surface temp

Power Source

Power supply ID
Connector type
Cable type
Cable length

>90 deg C
N/A
N/A
>90 deg C

121 deg C
50 deg C

Portable tool transformer
Amphenol 4 pole

Y-Y 4 core 2.5 mm
Various

Table 4.11. INSITU 1500 Jacket specification (side)
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4.3.5. INSITU 1500 Jacket (Upper)

Figure 4.9 shows the general arrangement for the jacket used to heat the external surface of
the rail stanchion foundation as described in Chapter 8 and used in conjunction with the

heating Jackets shown in Figure 4.8.

Green PVc
Internal and
External layers
LGPVC
7-pin Blugin 900
series connector
750mm | 2
CPT 13
900mm 800mm
0 A
300mm 250mm
CPT 14 /
r
13mm closed 4-pole female
cell foam connector

Figure 4.9. INSITU 1500 Jacket (Upper)
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Blanket Properties (General)

Blanket ID

Overall blanket dimensions
Number of blankets per application
CPT inserts per blanket

Colour

Securing mechanism

CPT Insert Properties

CPT type

CPT width

Rail length

Rail width

Rail configuration

Insulation Properties

Insulation
Insulation thickness
K- value

Protective material properties

Internal protective layers
External protective layers
Protective layer interface
Maximum operating temperature

Electrical Specification

Operating Voltage
Current (@ 24 Volts)
Power rating
Resistance

Temperature Control

Primary Temperature Control
Operating limits

Temperature probe

Secondary temperature Control
Operating limits

Over temperature Protection

Integrated thermal fuse
Estimated CPT surface temp

Power Source

Power supply ID
Connector type
Cable type
Cable length

Insitu 1500 - Lid
900 mm x 900 mm
1

2

Green

Eyelets and pegs

Inditherm Grey

400mm

750mm

25mm

Single elements in parallel

Closed cell foam
15mm
0.002

Green PVC - LGPVC
Green PVC - LGPVC
Laminated
50 deg C

> 50 Volts

1.8 Amps per m

90 Watts per m

25 - 30 ohms per m

N/A - Free running
>90 deg C

N/A

N/A

>90 deg C

121 deg C
50 deg C

Portable tool transformer
Amphenol 4 pole

Y-Y 7 core 2.5 mm
Various

Table 4.12. INSITU 1500 Jacket specification (upper)
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4.3.6. PRECAST 6500 Jacket

Figure 4.10 shows the general arrangement for the heating jacket PRECAST - 6500
designed and manufactured to cure a full-scale precast concrete terrace section as described

in Chapter 9.

Bulgin 7 pin
connector

BLUE PVC
Internal and
External Layers

Closed cell Foam
15mm

Mould casting area

5 pairs of blankets

Amphenol per mould
connection

ditherm Modular Heating Jackets

Figure 4.10. Precast 6500 Jacket

The heating system for the precast concrete mould consisted of 10 heating jackets, each
measuring 2,700mm x 280mm for insertion into a precast concrete terrace mould. The jackets
were designed to ‘wedge’ between the external strengthening ribs of the mould. Two sets of
the jackets were positioned at the underside of the mould, and three sets to the side of the

mould. Further details of the application of the Jackets is described in Chapter 9.
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Blanket Properties (General)

Blanket ID

Overall blanket dimensions
Number of blankets per application
CPT inserts per blanket

Colour

Securing mechanism

CPT Insert Properties

CPT type

CPT width (/;
Rail length (W)
Rail width

Rail configuration

Insulation Properties

Insulation
Insulation thickness
K- value

Protective material properties

Internal protective layers
External protective layers
Protective layer interface
Maximum operating temperature

Electrical Specification

Operating Voltage
Current (@ 24 Volts)
Power rating
Resistance

Temperature Control

Primary Temperature Control
Operating limits

Temperature probe

Secondary temperature Control
Operating limits

Over temperature Protection

Integrated thermal fuse
Estimated CPT surface temp

Power Source

Power supply ID
Connector type
Cable type
Cable length

PRECAST 6500
2700 x 280 mm
10

1

Blue

Wedge

Inditherm Red
2500 mm
2500 mm
250mm

Single elements in parallel

Closed cell Foam
15mm
N/A

PVC

PVC
Lamination
70 deg C

24 - 36 Volts
Unknown
Unknown
Unknown

PID control

120 deg C

PT 100

Mechanical thermostat
90 deg C

121 deg C
70 deg C

Precast control unit
7 pin bulging

Y- Y 7core25m
Various

Table 4.13. PRECAST 6500 Jacket specification
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4.4. Transformer Control Units

Custom control and transformer units were used to operate the blankets at up to 50 Volts
using alternating current. A general overview of the testing equipment details and wiring
diagrams of the transformers and power equipment are given in Appendix 3. Two electronic

control systems were used throughout the testing:-

a) The Carrel PT100 controller was used to control the surface temperature of the CPT
within the various Jackets. The Carrell controller used a PT100 probe attached to the
surface of the CPT element within the Jacket. The probe fed back the operating
temperature and regulated the power to the CPT depending on the temperature set

by the user.

b) The West 4000 temperature controller operated in the same manner as the Carrell
controller, except it also has the capability to regulate the rate of temperature rise and

fall of the CPT elements. This was controlled using a K-type thermocouple probe.

4.5 Concrete Mix Designs

Various concrete mix designs and material constituents were used in laboratory and field

testing.
451. Laboratory Concrete

A concrete mix was designed to achieve a characteristic compressive strength of 50N/mm2 at
28 days with a slump of between 50 - 75mm. The mix was designed using the code of
practice: ‘Design of Normal concrete mixes by the Building Research Establishment Ltd 1997.
The mix was designed using a nominal coarse aggregate size of 10mm. This was a washed
rounded gravel aggregate. The fine aggregate grading was Zone M. Results of the sieve

analysis are given in Table 4.14.
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. . material retained on the Percentage
Sieve size

sieve retained
(Um) (gm) %
2.36 347.90 17.40
1.18 186.60 9.33
850 75.50 3.78
600 114.60 5.73
425 201.70 17.92
300 463.20 23.16
212 258.70 12.94
150 100.40 5.02
0 89.00 4.45

Sum 2000.00 100

Table 4.14. Sieve analysis of fine aggregate showing zone M grading

Table 4.15 gives the concrete mix proportions used throughout the laboratory testing

programme.

Quantities
Constituent
kg/m3
OPC 400
Fine Aggregate 628
Coarse Aggregate 1167
Water 180

Table 4.15. Mix design for concrete Mix A

All concrete batches were mixed using oven dried aggregates and standard OPC CEM |

42.5N conforming to EN 197-1 :1992. No admixtures were used.

Concrete was mixed in a 50 litre capacity horizontal pan type concrete mixer. Workability of
the fresh concrete was measured by a slump test (BS 1881: Part 102/BS EN 12350-2).
Control samples were cast and tested in compression at various ages throughout the

programme.

4.5.2. Concrete mixes used on site and in trials

Maijor full scale site trials were conducted. The first was on a rail track site provided by the
contractor Jarvis Rail and the second was within a precast concrete plant of Tarmac Precast

Concrete Ltd.
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The concrete at the rail track site was used to cast two stanchion foundations. Ready mix
concrete was used which was delivered to site by truck from the supplier Tarmac Readymix in
Selby, North Yorkshire. It was a standard Ordinary Portland Cement Structural concrete mix,
C35 (35 N/mm2 @ 28 days) as specified in British Rail OHL specification reference
084/021/001. The mix was designed for ‘severe exposure conditions’ in accordance with BS

5328 - part 1. The mix specification is given in Table 4.16.

Quantities
Constituent
kg/m3
Minimum cement content 325 kg/m3
Maximum free w/c ratio 0.55
Nominal maximum aggregate size 20mm
Workability (slump) 75mm

Table 4.16. Specification for Mix B used in rail track stanchion foundations

The third concrete mix (Mix C) which was used in trials at the Tarmac Precast Concrete Ltd

Plant at Tallington is given in Table 4.17.

Constituent Quantities
kg/m3

Cement CEM 152.5 312 kg/m3
GGBS 133 kg/m3
0-4mm limestone dust 776 kg/m3
4-10mm granite 1018 kg/m3
Admixture (workability) 3.2 kg/m3
Water 180 kg/m3

Table 4.17. Specification for Mix C used in precast concrete units

The concrete was used to cast L-shaped terrace sections at the Tarmac Precast Concrete Ltd

plant at Tallington.

4.6. Temperature recording and thermocouples

Thermocouples of various Types were used to record temperature. Predominantly, however,
K-Type thermocouples were used within the laboratory for their higher degree of accuracy.
However, the K-Type thermocouples were more susceptible to interference from external

sources. In field tests, T-Type thermocouples were used. These were significantly more
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robust and less susceptible to external interference. Details of each thermocouple and

operating limits are given in Table 4.18.

Type Materials used Temp, range Insulation
K Chromel / Alumel -200 to 1200 deg C PVC
T Copper / Constatan -200 to 350 deg C PVC

Table 4.18. Kand T - Type thermocouples used throughout the experimental

programme

Thermocouples are susceptible to electrical interference since they measure temperature by
small changes in potential difference between the two constituent materials used to
manufacture the thermocouple. A method of ‘sealing’ the thermocouples from moisture had to
be developed to protect them during tests and allowing results of a required accuracy to be
obtained. This was done by sealing the thermocouples with an electrical ‘Butt’ crimp,
traditionally used to connect two pieces of electrical cable. The thermocouple end was then
sealed and secured within the crimp using an epoxy resin. A diagram showing the sealing of
the thermocouple is given in Figure 4.11. This is a typical K-Type arrangement. For the T-
Type arrangement, both individual wires are insulated, then a secondary insulation with a thin
wire braid covers and insulates both wires to protects the thermocouple from external electro-

magnetic interference.

Flexible cable, insulated
with PTFE or PVC

Micro thermocouple Resin filling
plug

- ve connector

Electrical 'Butt
- ve connector crimp
Metal 1, Metal 2,
Weld

Figure 4.11. Thermocouple configuration and ‘butt’ crimp resin protection
method.
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All thermocouples were calibrated in order to avoid inserting faulty thermocouples in concrete
and ensuring accurate results. Firstly, the thermocouples were placed together in a glass of
ice and water for three minutes and then in a glass of water at 70 deg C. The performance of
the thermocouples was assessed by comparison and any faulty ones rejected.
Thermocouples placed directly adjacent to the CPT material were insulated electrically using

insulation tape.

A thermocouple was threaded through a thin plastic tube to the point where it was crimped,
allowing the thermocouple to be located within the concrete at the required location, then the
tube pulled out of the concrete leaving the thermocouple exposed in position. When elements
containing steel reinforcement were used, the thermocouples were attached to the

reinforcement.

Temperature data was recorded on two types of data acquisition The first was the Pico TC-08
multi-function data acquisition unit with 8 input channels. Data was processed on Picolog for
windows and imported into Excel. The second was a Datataker. This was a 10 channel unit
with the capability to add an additional 10 channels. This had the advantage of remote

logging powered by a battery.

4.7. Shrinkage Strain Measurement

A 300mm axial Demec strain gauge was used to measure the shrinkage strain of 300mm x
75mm x 75mm samples. The gauge used was reference Gauge No. (34/29), 1 division

represents a strain of 1.077 x 10-5.

4.8. Controlled Environments

Various controlled environments were use throughout the test programme to cure and store

concrete elements prior to and during testing.

4.8.1. Environmental Control Room

All concrete samples were stored in the environment controlled room at Sheffield Hallam
University prior to testing. Within this room the temperature and Relative Humidity are

maintained at 20 deg C and 60 % respectively.

4.8.2. Temperature - Humidity Chamber

A Sanyo Atmos Chamber Type MTH - 4400/4400 PR within the materials testing laboratory
at Sheffield Hallam University (calibrated by the Lowe group) was used to replicate steam

curing environments during tests described in Chapter 6.It was also used for tests to
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determine the durability of CPT materials as described in Chapter 10. Figure 4.12 shows a

picture of the chamber.

Figure 4.12. Environment and temperature controlled chamber

4.9. Other Data Acquisition

Other data recorded during the test programme included the power consumption of the

blankets during operation. This was done using a KWh meter appropriate to the size of the

sample being tested. All the electrical characteristics of the CPT samples were measured with

a Fluke True-rms Clamp meter (type 600A AC/DC). Details of measurement accuracy for the

instrument can be seen in Table 4.19 and is given in full in Appendix 4.

Alternating

Current

DC Current

Alternating
Voltage

DC Voltage

Resistance

Range
Accuracy

AC Response
Range
Accuracy
Range

AC Accuracy
Range
Accuracy
Range

Accuracy

Table 4.19. Electrical meter specification
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D

The meter used calculated the true RMS value which is the actual square-root of the average
of the square of the curve, and not to the average of the absolute value of the curve or rather
a mathematical conversion. A digital meter was used as it is potable and could be used when
trialing CPT on site and in precast plants. The meter was calibrated by the manufacturer and
was supplied with a certification of calibration. The range of measurements required to be
taken meant that analogue laboratory equipment did not have sufficiently large measurement

ranges and were too bulky.
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Chapter 5. Basic Relationships of CPT

5.1. Introduction

This chapter will investigate the relationship between operating voltage of CPT elements,
current and resistance, to determine if basic electrical theory can be applied to CPT elements.
Understanding this relationship is critical for CPT element design so that the power
requirement of sets of CPT elements and corresponding heat out-put can be predicted
allowing suitable control equipment and transformers to be designed and manufactured. This
chapter will also determine if there is a linear proportionality between the applied voltage to
CPT elements and the current passing and, therefore, determining if the material is an ohmic

or non-ohmic conductor.

5.2. Experimental Procedure

Three CPT materials of different Target Resistances RTwere used. The target resistances RT
were 20 ohm, 50 ohm and 150 ohm, as used throughout the research programme. These
were the desired nominal resistances aimed for during manufacture of the CPT material, as
described in Section 3.2. Each of the three CPT’s are represented by the colours RED (RT =
20 ohms), GREY (RT= 50 ohms) and GREEN (RT= 150 ohms).

To gain a greater understanding of the electrical properties of the CPT material and to
establish a generic relationship between the power input and the heat output, the three CPTs
(defined by their RT of 20, 50 and 150 ohm) were tested to determine the resistance of
different elements of various lengths /, and widths W The true root mean squared Fluke
meter measurement device, as described in section 4.9, was used for all electrical

requirements (Voltage, Current and Resistance).
5.2.1. Characteristic Resistance

For each batch of CPT material, reference test elements of dimensions, 300mm x 212mm
were configured from various rolls of a CPT batch, as shown in Figure 5.1. Samples were
taken from up to 23 rolls of each batch of CPT, at the ends and from the middle of each roll.
Each roll was approximately 25m long, 1m wide. The resistance of each test sample was
measured using a calibrated multi-meter. The resistance was taken at the three opposite

points as shown in Figure 5.1.
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Ir=25mm Ir=25mm

H h- H h-

X = Resistance R = Resistance
measurement
points
R? R X W W—300mm
X R3 Ra X
7- 212
< | 2

Figure 5.1. Determination of Characteristic Resistance RD

1 = Element length (mm)
Ir =  Width of conductive rails (mm)
w = Width of element (length of rail) (mm)

The average of the three resistance measurements was taken. This average value is defined

as the Characteristic Resistance of each material, R|D.

5.2.2. Relationship between Element Length and Resistance

For each of the three CPTs, six elements were manufactured at width, W of 1m and various
lengths (/): 120mm, 200mm, 280mm, 360mm, 420mm and 550mm. Figure 5.2 shows the

CPT configurations tested.
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Ir=25mm Ir = 25mm

H h H h-

X = Resistance R = Resistance
measurement
points

w W= 1000mm

/ = 120 to 550 mm

Figure 5.2. CPT element configuration and resistance measurement locations

~
1

Element length (mm)

Ir

Width of conductive rails (mm)

<
1

Width of element (length of rail) (mm)

The resistance was measured using a calibrated multi-meter between the two conductive rails
across points marked X in Figure 5.2, as described in Chapter 3. All tests were conducted at

a constant ambient temperature of 22 deg C.

5.2.3. Relationship between Element Width and Resistance

Another set of CPT elements was configured to determine the relationship between
resistance R and the width, w, of the conductive element (i.e. the length of the parallel
conductive rails). For each of the three CPTs of RT 20 ohm, 50 ohm and 150 ohm, four
elements each of length /, 120mm, 200mm, 280mm and 400mm (distance between the outer
most points of the conductive rails) were configured at various widths w of 150mm, 200mm

500mm, 800mm 1500mm and 2000mm as shown in Figure 5.3.

Confidential Page 82 18/08/2009



Ir=25mm Ir=25mm

H h- H h-

X = Resistance R = Resistance
measurement
points
w W= 150mm to
2000mm

7= 120 to 550 mm

Figure 5.3. CPT configuration and resistance measurement points

/ =  Length of test sample, (element) (distance between

outside edges of the rails) (mm)

Ir = Width of conductive rails (mm)
w = Width of test sample (element) (length of conductive
rail) (mm)

Again, the resistance was measured using a calibrated multi-meter as described in the
previous section. By undertaking this test it was envisaged that a relationship between the
CPTs width W and resistance R can be determined, and also linked with the results from the

previous section.

5.2.4. Relationship between Current and Applied Voltage for Elements of
Various Lengths

Following the measurement of the resistance of the three types of CPT elements of various
lengths / at 1m widths, a potential difference was applied between the two conductive rails for
each element. This was undertaken using 5 different potential differences for each element,
(12 Volts, 18 Volts, 24 Volts, 30 Volts and 36 Volts) and the corresponding current flowing
through the CPT material between the two conductive rails was measured using the

calibrated multi-meter connected in series to the elements. By conducting this test a

Confidential Page 83 18/08/2009



relationship between current and length for each element could be determined. For each of
the three CPT materials, the relationship between element length and current at various
applied voltages was plotted. The Voltage was applied from an alternating supply using a

variable transformer. The setup is shown in Figure 5.4.

Ir= 25mm Ir=25mm
X = Resistance R = Resistance
measurement
points
w= 1000mm
Amp meter
Variable /= 120-550
transformer
AMP
VOLT

Figure 5.4. CPT configuration and current measurement points

5.3. Results

5.3.1. Characteristic Resistance

The Characteristic resistance R|D(average resistance of each batch of CPT) is always slightly
different from the Target Resistance RT since the application of CPT layers on the cotton
fabric cannot be controlled to greater precision. Figure 5.5 shows the values of the measured
characteristic resistance, R|D and the corresponding desired Target Resistance RT for the

three CPTs.
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180 'Average Resistance (RID)

Lower Deviation

160 " Upper Deviation
D 1o
[¢9)
& 120
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>
<
o
&
E = Standard Deviation
(0]

0 20 40 60 80 100 120 140 160

Target Resistance RT

Figure 5.5. Batch resistances (Characteristic and Target) for the
three CPT’s

The range of test data, given and Table 5.1, shows that closer tolerances can be achieved for
CPT materials of a lower target resistance as shown by the standard deviation (a). Table 5.1,
shows that as the Characteristic Resistance of a batch increases so does the spread of
resistance, shown by the standard deviation. For the RT = 20 ohm material, the maximum
variation in resistance over all samples tested was 4.3 ohms (approximately +/- 0.92%
compared to the mean) whereas for the RT = 150 ohm material, the spread between the

upper and lower values was 75 ohms (approximately +/- 22.92%) of the Characteristic

Resistance.
Target Characteristic Maximum Minimum Stan RMAX “ RMIN
Resistance Resistance Resistance Resistance Dev
(R7) (RID) (RMAX) (RMIN) (a)
20 ohm 25.4 ohms 28.3 ohms 24.0 ohms 0.92 4.3 ohms
50 ohm 57.9 ohms 66.3 ohms 50.0 ohms 2.45 16.3 ohms
1500hm 167.04 ohms 203 ohms 128 ohms 22.94 75 ohms

Table 5.1. Summary of batch resistances

The average resistance of a batch gives the Characteristic Resistance, R|D, for each CPT.

The standard deviation gives an indication of the resistance spread within the batch.
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Throughout this Chapter the three CPTs will be referred to by their Target Resistance, RT, of
20ohm, 50ohm and 150ohm and their corresponding colours Red, Grey and Green.
Corresponding RID(Characteristic Resistance) values, however, will be used in the analysis of

experimental data.

5.3.2. Relationship between Element Length and Resistance

Figure 5.6 shows the relationship of the measured resistance and the element length, /
(distance between the outer most edges of the conductive rail) for each CPT, for elements of

width W- 1m.

200

y=0.3466x-9.2252

R2=0.9996
175
150 W= 1m
#1120 ohm
50 ohm
125 * 1150 ohm
& Trend line (150 ohm)
E
Trend line (50 ohm)
5. 100 .
-Trend line (200hm)
y=0.1333x-3.6546
w7 R2= 0.9997
-
y =0.0503x- 1.5321
R2=0.9998
10 200 300 400 500 6(0

-25

Element Length, /, (mm)

Figure 5.6. Graph of measured resistance versus element length

Figure 5.6 shows that for each CPT there is a linear relationship between the length, 1 and
the resistance of each element. It can be seen from Figure 5.6 that for each CPT the line of
best fit intercepts the x-axis at approximately 25 - 35mm. This value will be defined as £ ‘the
effective length factor’, where (/ - £) equals the effective length, /eff. This indicates that the
actual length of the conductive path extends from somewhere between the inner and outer
most edges of the parallel conductive rails. The exact values of £ can be found by calculating
the x-intercept for each CPT material in Figure 5.6 using the best-fit equations for each CPT.
This can be done with confidence as the coefficient of correlation, R2 for each straight line is
greater than 0.99. When the resistance is zero the corresponding value for length, £ can be

expressed as;

AtR=0, X=£=c/m [Eq 5.1]
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Where;

R = Resistance (ohms)

£ = Effective length factor (mm) - intercept on x-axis
c = Y- axis intercept of the linear equations

m = Gradient of the linear equations

The calculated value of £for each CPT tested is given in Table 5.2.

CPT Type m c £
RED (RT = 20 ohms) 0.0503 1.5321 30.4 mm
GREY (RT = 50 ohms) 0.1333 3.6546 27.41 mm
GREEN (RT = 150 ohms) 0.3466 9.2252 26.61 mm

Table 5.2. Summary of batch resistances

The values of £ (effective length factor) change slightly with CPT of different RT of width 1m.

In terms of £ the equation between resistance and length of the CPT elements can be re-

written to shift the origin of the graph as shown in Figure 5.7.

R()=m (/- £)=mls [Eq 5.2]

Where;
R (/) =  Resistance (ohms) of CPT elements of different
length, /, and width W= 1m
/ = Length of element (distance betweenoutside edges

of the rails) (mm)

m = Gradient of the Resistance - lengthlinear relationship
£ = Effective length factor (mm)
Iéf = Effective length = (/-£)
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R2=0.9996
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+ 1'Linear (20 ohm)

y= 0.1321x
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R2=0.9993
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Figure 5.7. Graph of measured resistance versus effective length

Figures 5.6 and 5.7 show that for each CPT tested (RT= 20 ohm, 50 ohm and 150 ohm) and

element width W- 1m, the relationship between the element length and resistance is linear.

5.3.3.

Relationship between Element Width and Resistance

Figure 5.8 shows the relationship between element resistance R and the element width W

(length of conductive rail). The resistance was measured for elements of widths 100mm,

150mm, 200mm, 500mm, 800mm, 1500mm and 2000mm for four lengths (/) 120mm, 200mm,

280mm and 400mm. (/ = distance between conductive rails).
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250

200 '‘Length = 120mm measured

m' 'Length =200mm measured
“ Length = 280mm measured

— Length = 400mm measured

100

0 500 1000 1500 2000
Width (length of conductive rail), W (mm)

Figure 5.8. Graph of measured resistance versus element width, W/ for given
element lengths, /, (Rr= 20 ohm)

Figure 5.8 shows the relationships between element resistance R and the element width W
(length of conductive rail) to be non-linear for the CPT of RT = 20 ohms. This is also true for

elements of various lengths for the CPT material of RT = 150 ohms (Figure 5.9).

1600
1400 — Length = 150mm measured
'Length = 200mm measured
1200 """ Length = 280mm measured
Length = 360mm measured
—>('- Length = 400mm measured
6 800
400
200
0 500 1000 1500 2000

Width flenath of conductive raih. /V Imml

Figure 5.9. Graph of measured resistance versus element width, W for given

element lengths, /, (Rr= 150 ohm)
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Figures 5.8 and 5.9 show non-linear inverse relationship between resistance and width.
Figure 5.8 shows that decreasing widths below 500mm results in sharply increasing
resistance (asymptotic curve), as does Figure 5.9 for the CPT RT= 150 ohm. Above width
500mm (length of the conductive rails), the resistance for the CPT RT = 20ohms (Red)
decreases practically linearly with increasing width and the change is relatively small, i.e.
resistance becomes almost constant within a small range of 4 to 30 ohms. For the Green

material, RT= 150 ohms, the resistance becomes almost constant between 25 and 100 ohms.

Considering an element of constant length, /, the general relationship between resistance, R,

and width, W can be described by either of the following exponential relationships.

R(W)=j3Wa [Expression 1] [Eq 5.3]

Or;

R (W) = f3ealW [Expression 2] [Eq 5.4]

Where;

R(JT) = Resistance (ohms) at different element width W (with
(constant /)
w = Width of element (length of rails)
J3 = Constant that represents the rate ofchange with
width, (CPT specific)

a = Correction factor (CPT specific)

5.3.4. Relationship between Current and Voltage

Figures 5.10, 5.11 and 5.12 show the relationship between current and length, /, (distance
between rails), of the CPT element of width 1m for the three CPT materials (RT = 20, 50 and
150 ohm). Data was obtained by applying different voltages (12, 18, 24, 30, 36 and 50 Volts)
to elements with lengths (distance between conductive rails), 1 of 120mm, 200mm, 280mm,
360mm, 420mm and 500mm. All elements tested had a width (length of conductive rail), W of

m.
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24 Volts
30 Volts
m - 36 Volts
-s.— 50 Volts

0 100 200 300 400 500 600

Length, / (mm)

Figure 5.10. Current versus element length, /, for RT=20 ohm, W- 1m

4.5

— 12 Volts

3.5 18 Volts
A - 24 Volts

30 Volts

36 Volts

Ames

25 50 Volts

Ow =0

0 100 200 300 400 500 600

Length, / (mm)

Figure 5.11. Current versus element length, /, for RT= 50 ohm, W= 1m

In general these three relationships show that as the target resistance is decreased, the flow

through similar sized elements for each CPT tested increases. For example, for the element
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of length / = 280mm and W=1000mm, the flow of current for the 20 ohm material ranges

between 1.1 - 4.5 Amps compared to 0.25 - 0.8 Amps for the 150 ohm CPT.

25

-¢ — 12 Volts
= - 18 Volts
2 1.5 -k- 24 Volts
€ 30 Volt
5 olts
- m - 36 Volts
€ w50 Volts
e
5 1
o
0.5
0 100 200 300 400 500 600

Length, / (mm)

Figure 5.12. Current versus element length, /, for the RT= 150 ohm

Figures 5.10 - 5.12 show that for a constant applied voltage, as the length of the element

decreases, the current flow through it increases.
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5.4. Discussion and Analysis

The resistance of any given element is a function of the length, / and width, W a general
relationship can be determined by combining the individual relationships between R and /
(Equation 5.2) and R and W (Equation 5.3 or 5.4) of the element. Thereby, combining
Equation 5.3 with Equation 5.2 gives:-

R = PWX m(/-E ) [Eq 5.2, 5.3]

R=M(/-s)Wa [Eq 5.5]

Combining equations 5.4 and 5.2 gives:

R = /}e“X m(/- £) [Eq 5.2, 5.4]

R=M(/-s) e“tEd 56

Where;
/ = Length of test sample (element), i.e. distance

between outside edges of the rails (mm)

w = Width of test sample (element), i.e. length of
conductive rail (mm)

£ = Effective length factor (mm)

leff = Effective length ={/- ¢

a = Material constant

M = Material constant (m x/?)

m = Gradient of the Resistance - Length linear
relationship

Both equations Eq 5.5 and Eq 5.6 are linear and a regression analysis is undertaken to
determine values for the constants M, and a. However, prior to undertaking the regression
analysis for each CPT material, the value of £ for each material at varying widths is required.
The value of £ has already been determined for elements of W- 1m (section 5.3.2). To
determine if the value of £ varies with W it's value will be calculated for RT= 20 ohms and 150

ohms for elements of varying lengths, / and width, W in the following section.

54.1. Determination of Effective Length Factor
For the CPT material of RT = 20ohm, Figure 5.8 can be redrawn as shown in Figure 5.13. It
shows the relationship between element length, /, and resistance R for elements of widths, W
equal to 100mm, 150mm, 200mm, 500mm, 800mm, 1500mm and 2000mm.
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250
y =0.5362x- 19.904

R2=0.9992

y = 0.3543X- 12.444 + Width, w=100mm

200 R2=0.9999 m Widith=150mm
y =0.2689X- 10.281 Width=200mm
R2=0.9988 )
Width=500mm
150 y=0.1024x-3.5766 X Width=800mm
R2=0.999

* Width=1500mm
y= 0.0672X- 2.8607
R2=0.9983

+ Width=2000

« 100
y = 0.0353x- 1.3701

y = 0.0265x- 1.0355
R2=0.9997
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Length, /| (mm)

Figure 5.13. Graph of measured resistance versus element length for various

element widths (RT= 20 ohm)

Figure 5.13 shows a linear relationship between / and R with a coefficient of correlation R2
above 0.9. All best fit lines tend towards a similar intercept on the x-axis, the effective length
factor, z. The value of z for each width, W of the CPT element is calculated from the linear
equations and tabulate in Table 5.3. The calculation is based on the Gradient (A) of each

linear equation in Figure 5.13 and their intercept on the y-axis (c).

Width Gradient Y-intercept
W(mm) A c £=cl/A
100 0.5362 19.904 37.12048
150 0.3543 12.444 35.12278
200 0.2689 10.281 38.23354
500 0.1024 3.5766 34.92773
800 0.0672 2.8607 42.56994
1500 0.0353 1.3701 38.81303
2000 0.0265 1.0355 39.07547

Average =  37.98402 = 38 mm

Table 5.3. Values of effective length factor, £ (RT= 20 ohm)

Table 5.3 shows that zranges between 37.12 mm and 42.57 mm for the CPT RT= 20 ohms

with an average value of 37.98 mm, say 38 mm.
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Figure 5.14 and Table 5.4 show the calculation of £ for the CPT material RT= 150 ohms.
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Figure 5.14. Graph of measured resistance versus element length for various

element widths (RT= 150 ohm)

The coefficients of correlation are less than those observed for the RT = 20 ohm CPT,

however, at above 0.96 they are acceptable.

Width
IF (mm)
100
150
200
500
800
1500
2000

Gradient Y-intercept
A c £=clA
4.2347 232.65 54.93896
2.828 174.29 61.63013
2.0422 109.23 53.48644
0.8172 51.206 62.6603
0.5069 34.011 67.09607
0.2686 16.853 62.74386
0.1853 9.2321 49.82245

Average = 58.91117 = 59 mm

Table 5.4. Calculation of effective length factor, £ (RT= 150 ohms)

Table 5.4 shows that £ ranges between 53.49 mm and 67.09 mm for the CPT RT = 150 ohms

with an average value of 58.91 mm, say 59 mm. Figure 5.15 shows £ plotted against /v for the

two CPTs.
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m Effective length factor RT = 200hm (experimental)
I3 Effective length factor RT = 150ohm (experimental)

I
0 500 1000 1500 2000 2500
width, W (mm)

Figure 5.15. Graph of effective length factor £ versus width, W for RT= 20 and
150 ohms

Figure 5.15 shows some variation of £ with width for the two CPT materials. This could be due
to various reasons. If the application of the conductive rails was not exactly parallel, as
discussed in Section 3.2.1, this would affect the value of £ The increased range of £ values
probably relates to the increased variability of the 150 ohm material compared to the RT = 20
ohm material as shown in Table 5.1 and Figure 5.5 (Section 5.3.1). The test also assumes

good bond between the CPT and the rail.

Based on these experimental variations, the value of £ will be assumed to be the average

value given in Tables 5.3 and 5.4 for the CPTs RT=20 and RT= 150 ohms.
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5.4.2. General Relationship between R and W

" Consider the first general relationship between R and W given in section 5.4, which is

expressed in a non-linear form as follows:-

R=M({-eW* [Eq 5.5]
By taking logarithms
LnR=LnM+Ln(/-¢)+oalnW [Eq 5.7]
Rearrang