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Introduction

The fundamental equations

The transport properties of concrete measure the ability of fluids to move
through it. The equations for them were first documented by the end of the
nineteeth century (Fick 1855; Darcy, 1856) and applied to concrete by the
middle of the twentieth century (Powers et al., 1954). However, they remain
difficult to measure, particularly if the common in situ tests are used.

Interest in these properties has increased as many structures built in the
second half of the twentieth century have suffered durability problems,
particularly corrosion of reinforcement. This corrosion was investigated by
Knudson (1907) and was soon discovered to be caused by chloride transport
through the cover layer (Rosa er al., 1912). All of the major deterioration
mechanisms are controlled by the transport properties. This is the main
application for them and is discussed in Chapter 13. Other applications in
waste containment are discussed in Chapters 14 and 15.

This book is intended to give an improved understanding of the transport
mechanisms that take place during testing. The particular emphasis of the
work is to show how the fundamental transport properties may be obtained.
Two different types of solution to the equations are presented: analytical
solutions and computer models. In general, it is found that analytical
solutions are useful up to a point, but full solutions require a computer
model. In many cases, the analytical solutions are only used to check the
computer models by running them for a special case.

The work will be of interest to researchers who are measuring or modelling
durability of concrete structures and to practitioners who are evaluating
concrete structures or designing containment structures for fluids or wastes
and require to know the permeability as part of the design. The analysis
methods which are presented may also be used to confirm the reliability of
any individual test.

The importance of this work was stated by Whitmore and Ball (2004) as
follows:

‘According to a recent study completed by the US Federal Highway

Administration, the annual direct cost of steel corrosion to the US economy

is estimated at $276 billion, or 3.1% of the US Gross Domestic Product. If

indirect costs such as loss of productivity are included, the annual cost is

conservatively estimated at $552 billion, or over 6% of GDP. While these
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XXii Introduction

statistics are specifically related to the overall cost of corrosion, some estimates
indicate that up to 30% of this total is related to corrosion in concrete structures.’

It is shown in Chapter 13 that this corrosion is directly controlled by the
transport properties.

Computer codes

The computer code that was used for the models in this book is written in
the Basic computer language. This language has been in use for at least 40
years and has been made far easier to use by being adopted as the macro
language in Microsoft Excel. The way in which the fundamental equations
are expressed as code is explained in Chapter 2. Due to the improvements
in processing speed of common computers, very little attempt is made to
optimise the code, but they all still run in a few minutes.

These simple programmes are quick to develop and very versatile. In
recent work, the author has also used them to model heat evolution in
concrete. The reader is referred to Walkenbach (2010) for a guide on how
to write programmes in Excel. The full spreadsheets, including the code in
the macros for the two main programmes, are free to download from the
author’s website (http:www.claisse.info/Landfill.htm and http:www.claisse.
info/Coulomb.htm) for use as examples of the type of code used.

The derivation of equation (6.2) in Chapter 6 was an excellent example
of using analytical methods in combination with numerical modelling. The
author used numerical computer modelling while Dr Harris (lead author
of the paper — see Appendix 1) used analytical methods. Work continued
until agreement was reached. This is an approach that the author
recommends. In particular,computer code should be checked with analytical
solutions even if this can only be done for special cases as described in
section 2.3.

Structure of this book

The fundamental equations are presented in Chapter 1. Chapter 2 explains
how simple computer programmes can be written to use the equations in
models. Chapters 3, 4 and 5 look at the surface tests for transport, showing
analytical solutions for the transport equations and discussing how the tests
can be improved to obtain values for the permeability. Chapters 6, 7 and 8
discuss gas migration and, in particular, how it is affected by moisture.
Chapter 9 presents data showing factors affecting the measurement of
water permeability at high pressure. Chapters 10, 11 and 12 are about
electrical tests. It is shown that the commonly used solution to Fick’s law is
highly inaccurate in these tests even if there is no applied voltage. Finally,
Chapters 13, 14 and 15 discuss applications of which the most common is
durability of reinforced concrete in Chapter 13.
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Experimental data

The experimental data and analytical derivations presented in this book
have been taken from a number of journal papers published by the author.
These papers are listed in Appendix 1 and full copies are available on the
author’s website (http:www.claisse.info/Publish.htm).

Summary of contents
This book explains:

e What the transport properties are and how they move ions and fluids
through concrete.
e How to write computer models for the transport processes.

e How to choose a method to measure surface absorption of concrete —
and how much of the sample it actually tests.

e How to prepare the concrete surface for testing — particularly if it is wet.

e How water vapour moves during the drying of concrete.

e How porosity affects the transport processes.

e What happens in the concrete if you apply a voltage for rapid testing of

chloride migration.

e  Why chloride migration generates a voltage in a test even if you don’t
apply onc — and why this affects the results.

e How transport properties control the durability of structures.

e How to use transport properties to model waste containment structures.

e How to prepare cracked samples for permeability testing that don’t fall
apart (see photograph on front cover).

References

Darcy (1856) Les fontaines publiques de la ville de Dijon, Victor Dalmont, Paris.

Fick A (1855) On liquid diffusion, Philosophical Magazine, 10, 30.

Knudson A A (1907) Electrochemical corrosion of iron and steel in concrete,
Transactions of the AIEE, 26, pp. 231-245.

Powers 'T" C, Copeland L E, Hayes J C and Mann H M (1954) Permeability of
Portland cement paste, ACI Journal, 51, pp. 285-298.

Rosa E B, McCullom B and Peters P (1912) Electrolysis of concrete. Engineering
News, 68, pp. 1162-1170.

Walkenbach J (2010) Excel VBA Programming for Dummies, Wiley, Hoboken NJ.

Whitmore D W and Ball J C (2004) Corrosion management, Concrete International,
26 (12), pp. 82-85.



Acknowledgements

I would like to acknowledge the major contribution to the work published
in this book made by the co-authors of the papers listed in Appendix 1. All
of their research was significant; however, particular mention must go to
Esmaiel Ganjian, Juan Lizarazo Marriaga and the late Joe Cabrera.

I would also acknowledge the financial support for the work from UK
Nirex, the Engineering and Physical Sciences Research Council, ENTRUST
(landfill tax), the Waste Resources Action Programme, the Minerals Industry
Research Organisation and the European Union.

XXV



1.2

1.3

1.4
1:5

Contents

Author contact details Xy
Woodhead Publishing Series in Civil and

Structural Engineering Xvii
Introduction xxi
Acknowledgements xxv
The transport properties of concrete and the

equations that describe them

Introduction 1
1.1.1  Molecular and ionic transport 1
1.1.2  Variability in the properties of the materials 1
The transport processes 2
124 Permeability (advection) 2
1.2.2  Diffusion 5
1.2.3  Electromigration 8
1.2.4  Combining diffusion and electromigration 10
1.2.5  Thermal gradient 10
Processes which increase or reduce the transport 11
1.3.1 Adsorption 11
1.3.2  Diffusion with adsorption 12
1.3.3  Capillary suction 13
1.3.4  Osmosis 14
1.3.5  Electro-osmosis 16
Conclusions 16
References 16
Computer models to predict the transport

processes in concrete 17
Introduction 17
Expressing the basic equations as computer code 18
22.1  Input data 18
22.2  Code example 1: calculation of Darcy velocity 19
223  Code example 2: updating input to cell 19

224  Code example 3: advection and diffusion calculation 20



Vi

2.3

24
2:5
2.6

34
32
33
3.4

3:5

3.6

3.7
3.8

4.1
4.2

Contents

2.2.5 Code example 4: calculating change in contents
of cell

2.2.6  Code example 5: updating concentration in cell

Other elements of the code

2.3.1  Checking the code

2.3.2  Time step

Example: calculations for a waste containment barrier

Conclusions

Reference

Surface tests to determine transport properties of
concrete — [: the tests

Introduction

The initial surface absorption test (ISAT)

The Figg air permeation index

Other tests

3.4.1  The cover concrete absorption test (CAT)

3.4.2  'The air permeability of near surface
(APNS) test

Vacuum preconditioning: a development of

the ISAT test

3.5.1  Use of indicating silica gel desiccant

3.5.2  Development work

3.5.3  Preparation of test samples

3.5.4  Time for silica gel to indicate drying

3.5.5 Progressive change of ISAT values

3.5.6  Comparison with BS 1881 methods

3.5.7  Discussion

3.5.8  Proposed test procedure

Vacuum preconditioning for other tests

3.6.1  Further development of the test apparatus

3.6.2  Experimental procedure

3.6.3  Results and discussion

Conclusions

References

Surface tests to determine transport properties
of concrete — lI: analytical models to calculate
permeability

Introduction

Additional tests

4.2.1  The sorptivity test

422  The high pressure permeability apparatus

21
21
21
21
22
22
25
25

26

26
26
27
28
28

29

29
3l
81
32
32
33
33
36
37
37
39
39
39
42
42

43

43
43
43
44



4.3

4.4

4.5

4.6
4.7
4.8

5.1
52
5.3

5.4

5.5

3.6
5.7

Contents

Modelling of the absorption tests

43.1  The general model for water flow
432  Modelling the ISAT and absorption
4.3.3  Modelling the CAT test
Experimental testing for absorption

4.4.1  Preparation of test samples

4.42  Test procedures

443  Experimental results

444  Results for the model

Tests using a vacuum to measure air flow
45.1  Approximations

452  General model for the vacuum tests
453  The APNS test

454  Modelling the Figg test

The choice of test for practical applications
Conclusions

References

Surface tests to determine transport properties
of concrete — lll: measuring gas permeability

Introduction

Theoretical analysis

Investigation of methods for sealing the

drilled holes

53.1  The different methods

5.3.2  Mortar mixes

5.33  Experimental procedure

5.3.4  Selection of experimental method

Determination of pressure decay profile

5.4.1  Experimental procedure

542  Concrete mixes

543  Results

5.4.4  Discussion

Comparison of in situ test methods

5.5.1  Test methods

5.5.2  Theoretical relationship between water
permeability and gas permeability

5.5.3  Experimental programme

5.5.4  Results

5.5.5  Discussion

Conclusions

References

Vii

47
47
48
49
51
51
51
52
52
53
55
55
56
56
S7
59
59

60

60
60

63
63
63
64
64
67
67
67
67
71
72
72

72
73
73
7T
80
81



Vil

6.1
6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

71
1.2

Contents

Measurements of gas migration in concrete

Introduction

Experimental method

6.2.1  Production of samples

6.2.2  Specimen preparation

6.2.3  Specimens containing interfaces

6.2.4  Experimental apparatus

Analysis of experimental data

6.3.1  Analytical solution

6.3.2  Numerical solution

6.3.3  Pressure at the completion of a test

Results for gas permeability of concrete

6.4.1  Gas migration at constant average pressure

6.4.2  Variation in gas permeability with pressure

Comparison with gas permeability of grouts

6.5.1  Gas migration at constant average pressure

6.5.2  Variation in gas permeability with average pressure

The effect of interfaces on gas permeability

6.6.1  Influence of reinforcement on gas migration

6.6.2  Influence of construction joints on gas migration

6.6.3  Variability in the measurements

Discussion

6.7.1  Bulk gas flow in dry material

6.7.2  Bulk gas flow in water-saturated material

6.7.3  Gas migration in grouts

6.7.4  Comparison with water intrinsic permeability
values

6.7.5 Interaction between gas and water in cementitious
materials

Conclusions

Reference

Water vapour and liquid permeability
measurements in concrete

Introduction

Experimental methods

7.2.1  Sample preparation

7.2.2  The drying test

7.2.3  Oven drying

7.2.4  Water permeability

7.2.5 The ISAT test

7.2.6  Water absorption (sorptivity) test
7.2.77  Test programme

82

82
82
82
84
85
86
89
89
90
91
91
91
93
96
96
97
99
99
99
100
100
100
101
102

103

104
105
106

107

107
107
107
108
108
108
109
109
109



i3

7.4

)
7.6

8.1

8.2

8.3

8.4

8.5

8.6

8.7

Contents

Methods of analysis of results

7.3.1  Transport processes

7.3.2  The drying test

7.3.3  Calculation of porosity from weight loss during
oven drying

7.3.4  The absorption and ISAT

7.3.5  The high pressure test

Results and discussion

7.4.1  Comparison of permeabilities from mass loss with
those from drying depth

7.4.2  Relationship between liquid and vapour
permeabilities

Conclusions

References

Measurement of porosity as a predictor of the
transport properties of concrete

Introduction

Sample preparation and testing programme

8.2.1  Sample preparation

8.2.2  Sample testing programme

Tests for porosity

8.3.1  Helium intrusion

8.3.2  Mercury intrusion

833  Weight loss

Tests for properties controlled by transport

8.4.1  Carbonation

8.4.2  Resistivity

8.4.3  Chloride transport

Oxygen transport

85.1  Apparatus

8.5.2  Preparation of the samples

8.5.3  Testing procedure

8.5.4  Calculation of the coefficient of permeability

8.5.5  Relationship between readings at different
pressurcs

Vapour transport

8.6.1  Preparation of the samples

8.6.2  Blank tests

8.6.3  Analysis of the data

Results and discussion

8.7.1  The mechanisms of oxygen and vapour transport

8.7.2  The effect of test age

109
109
109

112
113
113
113

113

117
118
118

119

119
120
120
121
121
121
123
123
125
125
125
125
126
126
127
127
127

128
128
128
129
130
134
135
137



