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ABSTRACT

Silica fume (SF) has been used as a partial replacement for cement in concrete and
experiments have been carried out to measure the durability of the mixes. The SF
mixes were made with 20% SF replacement of cement and water/cement (w/c) ratios
of 0.3 and 0.46. Three different curing conditions were used to simulate different site
conditions and tests were carried out at 3, 28 and 90 days after casting. The following
properties were measured for the two SF mixes and the two control (OPC) mixes for
each of the ages and curing conditions: corrosion rate of embedded steel by linear
polarisation, electrical resistivity, carbonation depth, water vapour permeability,
chloride permeability, oxygen permeability and porosity from helium and mercury
intrusion. Samples were also investigated by thermogravimetric analysis.

The resulting data matrix was analysed by using the method of analysis of variance to
quantify the effect of the SF on the properties tested and their sensitivity to age and
curing. It was also analysed by multiple regression to identify major effects of one
property on another.

It was concluded that SF will reduce the corrosion rate and that the major contributing
factor is the substantial increase in resistivity that the SF causes. This increase in
resistivity was found to be highly sensitive to cold curing in the short term but this
effect was not permanent. The cause of the increase in resistivity is believed to be the
depletion of calcium hydroxide which is caused by the pozzolanic activity of the SF.
The analysis also indicated that the SF reduces the porosity in the .01-.15um size
range and that this has a major influence on the durability.



LIST OF CONTENTS

List of tables
List of figures
Abbreviations
Definitions
Notation

1 Introduction

1.1 Silica Fume
1.1.1 Objective and methods
1.1.2 Production of silica fume

1.2 Review (properties measured in this project)
1.2.1 Introduction
1.2 2 Electrical corrosion measurements
1.2.3 Carbonation
1.2.4 Chloride permeability
1.2.5 Vapour permeability
1.2.6 Oxygen permeability
1.2.7 Pozzolanic activity
1.2.8 Pore size distribution
1.2.9 Mechanical properties

1.3 Review (properties not measured in this project)
1.3.1 Introduction
1.3.2 Freeze-thaw durability
1.3.3 Sulphate resistance
1.3.4 Alkali silica reaction
1.3.5 High pressure water permeability
1.3.6 Creep

1.4 Supply and use of silica fume
14.1 Transport and storage
1.4.2 Use of SF in concrete
1.4.3 Uniformity of supply

2 Mix design and curing
2.1 Mix design
2.1.1 Materials
2.1.2 Mix design
2.1.3 Mixing methods
2.2 Curing conditions

10
11
15
15
16

20
20

21
21
22
22
23
23
23
23
24

25
25
25
26
26
27

27
28
28

29
29
30



(list of contents cont.)

2.2.1 The 3 conditions 31
2.2.2 Samples for testing 31

3 Electrical measurements
3.1 Introduction

3.1.1 General 33

3.1.2 Types of measurement 33

3.1.3 Types of chloride 33
3.2 The equivalent circuit

3.2.1 The concept of the linear equivalent circuit 33

3.2.2 The linear equivalent circuit for concrete 34

3.2.3 The linear equivalent circuit for the corroding steel/concrete

interface 36
3.2.4 The complete linear equivalent circuit. 38
3.3 The effect of higher voltages
3.3.1 General 38
3.3.2 Anodic voltages 39
3.3.3 Cathodic voltages 39
3.3.4 A.C. voltages 39
3.4 Methods of measurement
3.4.1 Measurement of impedance 39
3.4.2 Linear polarisation measurements 40
3.4.3 A.C. resistivity measurements 43
3.4.4 Rest potential measurements 43
3.4.5 Measurement of current under applied voltage 43
3.4.6 The computer interface 43
3.5 Experimental procedure
3.5.1 Concrete samples 44
3.5.2 Mortar samples 45
3.6 Results
3.6.1 Linear polarisation 45
3.6.2 Rest potential 46
3.6.3 A.C. Resistance 47
3.6.4 Current at +100mV. 47
3.6.5 Corrosion rates 47
3.7 Conclusions 48

4 Carbonation and drying shrinkage
4.1 Apparatus for accelerated carbonation



(list of contents cont.)

4.1.1 The apparatus
4.1.2 Control of RH
4.1.3 Control of temperature
4.1.4 Control of pressure
4.1.5 Control of CO, content
4.1.6 Control of the total system
4.2 Measurement of strain
4.3 Measurement of carbonation
4.3.1 Strain
4.3.2 Phenolphthalein
4.3.3 Resistivity
4.3.4 TG analysis
4.4 Experiments
4.4.1 Exposure environments
4 4.2 Mortar prisms
4.4.3 Mortar cylinders
444 Mortar cups
44.5 Concrete samples
4.5 Results
4.5.1 Drying shrinkage
4.5.2 Carbonation
4.6 Conclusions

5 Chloride transmission
5.1 Introduction
5.2 Gravity assisted diffusion
5.2.1 Experimental method
5.2.2 Calculation of results
5.3 High voltage system
5.3.1 Experimental method
5.3.2 Calculation of results
5.4 Results and discussion
5.4.1 Results
5.4.2 The mechanism of conduction
5.5 Conclusions

6 Vapour transmission
6.1 Experimental method
6.1.1 General description

70
70
70
71
71
71
71

72
72
72
72

72
73
73
73
73

73

74

75

84

84
84

85
85

85

86
86

92



(list of contents cont.)

6.1.2 Procedure - set 1
6.1.3 Procedure - set 2
6.2 Analysis of the data
6.2.1 Initial preparation
6.2.2 Analysis of the steady state
6.2.3 The initial processes
6.2.4 Results for weight loss
6.3 Calculation of coefficient
6.3.1 Effect of sample thickness
6.3.2 Effect of RH
6.4 Discussion
6.4.1 The mechanism of transmission
6.4.2 The initial processes
6.4.3 High energy mixing
6.4.4 The effect of RH
6.4.5 The effect of curing
6.4.6 The initial mass loss
6.4.7 The rate constant
6.5 Conclusions

7 Oxygen transport
7.1 Experimental method
7.1.1 Introduction
7.1.2 Preparation of samples
7.1.3 Testing procedure
7.2 Calculation of coefficient
7.2.1 Basis of the method

7.2.2 Relationship between readings at different pressures

7.3 Results and discussion
7.3.1 General
7.3.2 Dependence on curing
7.3.3 Diffusion
7.3.4 Liquid permeability
7.4 Conclusions

8 Helium intrusion
8.1 Introduction
8.2 Experimental apparatus
8.2.1 General

92
92

93
93
93
95

96
96

97
98
98
99
99
99
99
99

106
106
106

106
107

108
108
108
109
109

112

112



(list of contents cont.)

8.2.2 Error from sample size
8.2.3 Error from temperature
8.3 Procedure
8.3.1 Sample preparation
8.3.2 Testing procedure
8.4 Results and discussion
8.4.1 Results
8.4.2 Materials tests
8.4.3 Calculations
8.5 Conclusions

9 Mercury intrusion

9.1 Method and limitations
9.1.1 General
9.1.2 Theory
9.1.3 The contact angle
9.1.4 The effect of "ink bottle pores”
9.1.5 The effect of closed pores

9.2 Experimental method

9.2.1 Apparatus
9.2.2 Procedure

9.3 Analysis of results
9.3.1 Choice of ranges
9.3.2 Other variables
9.3.3 Calculations

9.4 Discussion
9.4.1 Dependence on age and curing
9.4.2 Different ranges
9.4.3 Recovery
9.4.4 Use of the results

9.5 Conclusions

10 Measurement of weight loss and density
10.1 Introduction
10.1.1 Calculation of specific gravity
10.1.2 Dry density
10.2 Experimental procedure
10.2.1 Measurements on specially cast samples
10.2.2 Measurements on mechanical test sample

112
112

112
113

113
113
113
114

118
118
118
118
119

119
119

120
120
120

120
121
122

122

129
129

130
130



(list of contents cont.)

10.2.3 Superplasticiser

10.3 Results and discussion
10.3.1 Results foe weight loss
10.3.2 Results for dry density

10.3.3 Results for high energy mixing

10.3 4 Calculations of porosity
10.3.5 Comparison of porosities
10.3.6 Results from concrete cubes
10.3.7 Progress of hydration

10.4 Conclusions

11 Thermogravimetric analysis
11.1 Apparatus
11.1.1 The basis of the method
11.1.2 The thermobalance
11.1.3 The data retrieval system
11.2 Experimental procedure
11.2.1 General
11.2.2 Paste samples
11.2.3 Concrete samples
11.3 Results
11.3.1 System of analysis
11.3.2 Pure chemicals
11.3.3 Results: paste samples
11.3.4 Results: concrete samples
11.4 Discussion
11.4.1 Mecnanisms of gain and loss
11.4.2 Paste samples
11.4.3 Concrete samples
11.5 Conclusions

12 Mechanical tests
12.1 Procedure

12.1.1 Sample preparation
12.1.2 Compressive strength
12.1.3 Flexural strength
12.1 4 Tensile strength
12.1.5 Static modulus
12.1.6 Dynamic modulus

130

131
131
131
132
133
133
133

142
142
142

143
143
143

143
144
144
144

144
145
145
146

154
154
154
154
154
154



(list of contents cont.)

12.1.7 Poisson's ratio
12.2 Results and discussion
12.2.1 Effect of curing

12 2.2 Relationships with compressive strength

12.3 Effect of heating
12.3.1 Introduction
12.3.2 Mix design for heated samples
12.3.3 Experimental procedure
12.3.4 Results
12.3.5 Discussion

12.4 Conclusions

13 Data analysis

13.1 Introduction

13.2 ANOVA
13.2.1 Introduction
13.2.2 Analysis of two typical properties
13.2.3 Graphical representation
13.2.4 Results

13.3 Multiple regression
13.3.1 Introduction
13.3.2 Analysis of a typical property
13.3.3 Results

13.4 Measurements of porosity
13.4.1 Calculation for pozzolanic materials
13.3.2 Results for porosity

13.5 Correlations with porosity and resistivity

13.6 Conclusions

14 Conclusions
14.1 The purpose of using SF
14.2 The effect of SF on the corrosion rate.
14.2.1 Overall effect
14.2 .2 Sensitivity to curing
14.2 3 Sensitivity to wic ratio
14.3 The effect of SF on the porosity
14.3.1 Pore size distribution
14.3 .2 Effect on O, permeability
14.4 Conclusions from the TG analysis

154

155
155

156
156
156
157
157
158

166

166
166
168
168

170
170
171

172
173
173
174

194
194
195
195
195

195
196
196



- 10 -

14.5 The effect of low energy mixing

14 5.1General

14.5.2 Vapour permeability
14.5.3 Helium intrusion
1454 Weight loss

14.5.5 Porosity

14.5.6 Conclusions

14.6 The effect of drying
14.7 Recommendations for further study

Appendix 1 Data retrieval from thermogravimetric balance

Appendix 2 Procedure for high voltage chloride diffusion apparatus

Appendix 3 Tables of data

References

List of tables

Tables in main text

2.1 Mix designs

6.1 Set 2 vapour transmission samples
9.1 Different ranges for pore sizes
10.1 Set 2 weight loss samples

12.1 Additional mix designs for heating
12.2 Results for heated samples

13.1 ANOVA for compressive strength
13.2 ANOVA for flexural strength

13.3 Summary of results from ANOVA
13.4 Correlation coefficients

Main data tables in appendix 3

A33 Results from chapter 3

A34 Results from chapter 4

A35 Results from chapter 5

A3.6 Results from chapter 6

A37 Results from chapter 7

A38 Results from chapter 8

A39 Results from chapter 9

196
197
197
197
197
197
198
198

200

205

206

233

30

95

121
132
156
157
167
167
170
174

208
214
217
218
221
222
223



A3.10
A3.11
A3.12
A3.13

- 11 -

Results from chapter 10
Results from chapter 11
Results from chapter 12
Results from chapter 13

List of figures

2.1
2.2
31
3.2
3.3
34
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
4.1
4.2

Cabrera slump
Cabrera slump

Basic circuit
Equivalent circuit
Corroding interface
Currents

Currents

Equivalent circuit
Equivalent circuit
Potentiostat
Potentiostat circuit
Resistivity circuit
Interface circuit
Corrosion sample
Current decay
Polarisation measurements
Polarisation measurements
Current vs Potential
Current vs Potential
Current vs Potential
Current vs Potential
Carbonation vs Potential
Resistances
Resistance vs Current
Corrosion vs Current
Initial Corrosion

28 day corrosion
Carbonated corrosion
Control corrosion
Carbonated corrosion
Control corrosion
Carbonation apparatus
Carbonation sample

225
228
230
232

32
32
49
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
63
64
64
65
65
66
66
67
67
68
68
69
69
76
77



(list of figures cont.)

4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
5.1
52
53
54
5.5
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
7.1
7.2
7.3
8.1
8.2
8.3
8.4
8.5
9.1
9.2
9.3
94
9.5
9.6

Strain curing

Strain drying
Strain

Strain 4 days
Strain 18 days
Carbonation depth
Carbonation depths
Carbonation depths

- 12 -

Resistance vs Carbonation

Resistance vs Carbonation

Inner carbonate
Outer carbonate
Chloride apparatus
Typical outputs

Chloride concentration

Total charge

Concentration vs Charge

Vapour apparatus
Typical output
Loss bin 1

Loss bin 2

Loss bin 3
Permeability
Intercept

Rate constant
Oxygen cell
Different pressures
Oxygen permeability
SG paste

SG mortar

SG Concrete
Concrete vs Paste
Concrete vs Mortar
Intrusion output
Intrusion output
SG paste

DD paste

Total porosity
10-170 um pores

78
78
79
79
80
80
81
81
82
82
83
83
88
89
90
90
91
101
102
103
103
104
104
105
105
110
111
111
115
115
116
116
117
123
123
124
124
125
125



- 13 -

(list of figures cont.)

9.7 .15-10 um pores
9.8 .01-.15 um pores
9.9 .003-.01 pm pores

9.10 Recovery porosity
9.11 Porosity vs Recovery

10.1 Concrete vs Paste
10.2 Concrete vs Mortar
10.3 Concrete vs paste
10.4 Concrete vs Mortar

10.5 Porosity model
10.6 Porosity model
10.7 Paste porosity

10.8 Mortar porosity
10.9 Concrete porosity
10.10 Concrete porosities
10.11 Concrete porosities
10.12 Concrete porosities
10.13 Concrete porosities
10.14 Fraction hydrated
11.1 TG circuit

11.2 Typical output

11.3 Curve fitting

11.4 Water loss

11.5 Hydroxide

11.6 Carbonate

11.7 Hydroxide temperature
11.8 Inner lime

11.9 Outer lime

11.10 Inner carbonate
11.11 Outer carbonate
12.1 Cube strength

12.2 Cube strength

12.3 Rupture

12.4 Tensile strength
12.5 Static modulus
12.6 Dynamic modulus
12.7 Poisson's ratio
12.8 Cube strengths
12.9 Rupture vs Compressive

126
126
127
127
128
135
135
136
136
137
137
138
138
139
139
140
140
141
141
147
148
149
150
150
151
151
152
152
153
153
159
159
160
160
161
161
162
162
163



- 14 -

(list of figures cont.)

12.10 Compressive vs Tensile
12.11 Compressive vs modulus
12.12 Compressive vs Modulus
12.13 Compressive vs ratio
13.1 Compressive

13.2 Rupture

133 Tensile

13.4 Static modulus

13.5 Initial current

13.6 28 day current

13.7 Initial resistance

13.8 28 day resistance

13.9 Carbonated resistance
13.10 Control resistance
13.11 Vapour permeability
13.12 Oxygen permeability
13.13 Lime

13.14 Carbonate

13.15 Vapour permeability
13.16 Oxygen permeability
13.17 AC resistance

13.18 AC resistance

13.19 Strength

13.20 Carbonation

13.21 Chloride

13.22 Corrosion current
13.23 Corrosion current
13.24 Porosities

13.25 Porosities

13.26 Mortar porosities
13.27 Concrete porosities
14.3 Resistance vs. lime

163
164
164
165
176
176
177
177
178
178
179
179
180
180
181
181
182
182
183
184
185
186
187
188
189
190
191
192
192
193
193
200



- 15 -
Abbreviations.

ANOVA Analysis of variance

CC Curing condition

C ceLsevs

DD Dry density

Ln Natural logarithm

Log Logarithm to base 10

MS Mild steel

OpPC Ordinary portland cement
RH Relative humidity

SF Silica fume

SG Specific gravity

SRPC Sulphate resisting portland cement
TG Thermogravimetric

w/c water/cement
Definitions

The following definitions will be used to define the Silica Fume (SF) and control
(OPC) mixes:

w/c ratio : water/cementitious ratio i.e. water/(cement+SF)

X% SF addition : addition of SF without removing cement from the control mix such
that by weight SF/cement=X%

X% SF replacement at a ratio of 1:Y : replacement of cement in the control mix with
SF such that by weight (cement removed)/(SF added)=Y and in the SF mix
SF/(cement+SF)=X%. If the ratio Y is not specified it is assumed to be unity as in this
project where all mixes tested had 20% SF replacement.

The following definitions will be used to define the porosity and related parameters.

Bulk Volume : | The total volume of a sample defined by its outside
dimensions.

Skeletal Volume : The volume of solid matter in a sample excluding all pores.

Porosity : The volume of the pores as a percentage of the bulk volume.

Specific Gravity (SG): The mass divided by the skeletal volume.
Dry Density (DD): The mass divided by the bulk volume.
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Notation

Electrical measurements

A Constant

B,B,.B, Tafel constants

b constant

C Capacitance

Ca Double layer capacitance

C; Interface film capacitance

E, Rest potential

I Current through sample

I Anode current

Lo Anode exchange current

L Cathode current

I, Cathode exchange current

Loap Current through capacitance

O Current through double layer capacitance

| G Corrosion current

L Current through concrete resistance

L Current through polarisation resistance

k Decay constant

R, Concrete resistance

R; Interface film resistance

R, Polarisation resistance

\" Voltage across sample

V.o Anode exchange voltage

V. Cathode voltage

Voo Cathode exchange voltage

V. Voltage across double layer capacitance

\A Voltage across concrete resistance

0 Angular velocity = 2n*frequency

Vapour Transmission

A Cross section area of sample

C Steady state mass loss per 100 days
(raw data used to calculate permeability)

K Rate constant for decay

(raw data used to calculate k)
k Rate constant (corrected for vapour pressure drop)
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(notation cont.)

M Mass loss
M, Initial additional mass loss
(raw data used to calculate intercept)
Prorrr Vapour pressure drop across sample
t Time
X Fraction of initial mass loss which has occured
Oxygen Permeability
A Cross section area of sample
e Viscosity
K Coefficient of permeability
P Pressure
P, Low pressure
P, High pressure
Q Volume per second passing through sample
\% Velocity of gas from high to low pressure
X Distance from surface of sample

Mercury intrusion

D Pore diameter
Y Surface tension
p Pressure

0} Contact angle

Porosity and related parameters

DD Dry density of total sample

Lope Calcium hydroxide measured in OPC sample
L Calcium hydroxide measured in SF sample
L Calcium hydroxide used in pozzolanic reaction
SG Specific gravity of total sample

SG, Specific gravity of aggregate

SG, Specific gravity of cement

SG_, Specific gravity of coarse aggregate

SGg, Specific gravity of fine aggregate

SG, . Specific gravity of hydrated cement

SG, Specific gravity of paste
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Specific gravity of superplasticiser
Mass of total sample

Mass of aggregate

Mass of absorbed water

Mass of cement

Mass of unhydrated cement

Mass of coarse aggregate

Mass of sample after drying

Mass of fine aggregate

Mass of hydrated cement

Mass of paste

Mass of superplasticiser

Initial mass of water in mix

Mass of sample when mixed
Porosity of total sample

Calculated volume of sample when mixed
Fractional weight loss of total sample
Fractional weight loss of aggregate
Fractional weight loss of paste
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1. Introduction.
1.1 Silica Fume.

1.1.1 Objective and methods.

The aim of this research is to measure the effect of the partial replacement of cement
with silica fume (SF) on the durability of concrete structures. The mixes which are
investigated have very high strengths, would be expensive to produce, and are
intended for special applications where the performance of concrete made with
ordinary cement would not be adequate. The majority of the experiments concern the
effect of the SF on the rate of corrosion of the reinforcing steel.

The production processes in which the different types of fume are produced are
discussed in section 1.1.2. Sections 1.2-1.4 contain a brief review of the literature on
the properties of SF concretes and their supply and use. Details of the mixes and
curing conditions used in this project are given in chapter 2.

In chapter 3 the results of direct measurements of corrosion rates are presented. The
physical properties of a concrete mix which determine the rate at which embedded steel
will corrode are the electrical resistivity, the rate of carbonation and the permeability to
chlorides, water and oxygen (Arup 1983). Chapters 3-7 contain results from
measurements of these properties. The more fundamental measurements such as
porosity are in chapters 8-11 and the mechanical properties are in chapter 12. The
interpretation of the results from all of the experiments in terms of their effect on the
durability of the mixes is analysed statistically in chapter 13.

1.1.2 Production of Silica Fume.

Silica fume is a byproduct of the production of silicon or silicon alloys in submerged
arc electric furnaces. The reactions which take place in the furnaces are described by
Rath (1983) and produce liquid metal which is drawn off at the bottom of the furnace
and the fume which rises to the top. In western countries it has recently become
environmentally unacceptable to release the fume into the atmosphere and thus it 1s
collected (Rau and Aitcin 1983). The fume has a very high electrical resistivity so that
separation in an electrostatic precipitator is nearly impossible and it is thus trapped in
fabric filters. The type of collection system depends on whether a heat recovery system
is in use. If it is used the fume is ducted directly into a heat exchanger at about 800° C
and at this temperature any carbon is burnt. If a heat recovery system is not used the
fume is mixed with air to cool it to about 200°C immediately above the furnace. The
residual carbon in fumes from this type of furnace gives them a dark grey or black
colour while fumes from plants with heat recovery systems are normally light grey or
white.
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SF is principally composed of SiO, The proportions of other compounds will depend
on the type of alloy being produced in the furnace. Alloys containing more than 96%
silicon are known as silicon metals and give rise to a fume containing at least 94%
Si0,. The specification for the fume used in this project was a minimum of 85% SiO,.
This may be be derived from the production of ferrosilicons with silicon contents
greater than 75%. Hester (1986b) quotes a specification from the U.S. army corps of
engineers which requires 85% SiO, but also requires that the SF shall be obtained
solely from silicon metal production. Other types of fume arise from the production of
ferrochromium silicon, silicomanganese and other alloys. Many of these are unsuitable
for use in concrete. For example the fume from calcium-silicon production may
contain calcium carbide which produces acetylene (an explosive gas) when mixed with
water (Aitcin 1983a). A variety of different alloys may be produced in the same

furnace so an effective system to prevent cross-contamination of the fumes is essential.

1.2 Literature Review - Properties which were measured in this project.

1.2.1 Introduction.

This part of the literature review is intended to indicate the extent of the published
research in areas which are investigated in this project. It may be seen that a large part
of the literature has been published since this work was started in 1984. An extensive
review of 161 papers on SF including large numbers in Norwegian, Swedish and
Danish has been published by Sellevold and Nilsen (1986). Their review concentrates
on normal strength mixes in contrast to the special mixes which are the main subject of
this project. Any major disagreement with the conclusions of Sellevold and Nilsen has
been noted. Where possible results for mixes containing superplasticisers have been
considered in preference to those without.

1.2.2 Electrical corrosion measurements.

The use of electrical measurements to assess corrosion rates is discussed in chapter 3.
There are four measurements which can be made: linear polarisation resistance, a.c.
resistivity, rest potential and anodic d.c. resistivity (potentiostatic polarisation).

Page and Havdahl (1985) have carried out linear polarisation measurements on pastes
with w/c ratios of 0.5 and SF replacement levels of 10-30% some of which also had
added chlorides. When the chloride was added SF increased the corrosion rates but in
the absence of chloride it did not significantly change the rates. It has been shown
(Vennesland 1981 and Gjorv 1983) that the addition of SF causes a massive increase
in the a.c. resistivity. This means that all electrical measurements must be interpreted
with great care because this effect is so great that it may mask other changes. Preece,
Arup and Frolund (1983) report that 20% SF replacement caused no significant change
in the potentiostatic current when samples were first tested despite the SF samples



- 22 -

having a much lower w/c ratio than the control. However the SF caused a marked
decrease in current when the voltage was used to cause the ingress of chloride.
Gautefall and Vennesland (1983) tested cracked samples and found that 10% SF
addition caused no significant change in the anodic current for w/c=.37 - 1.0.

This data indicates that in the absence of chlorides or carbonation SF has little effect on
corrosion rates.

1.2.3 Carbonation.

Vennesland (1981) measured carbonation depths on specimens which had been
exposed to ordinary air or 5% CO, for just over one year. He measured the depth with
phenolphthalein and found the SF caused a very slight decrease of carbonation for 10
and 20% SF additions (w/c=0.45-2.0). Johansen (1981) made observations on similar
samples after three years in air and found that the SF caused an increase in depth.
Skjolsfold (1986) tested a number of structures with w/c=.55-.8 and found a small
increase caused by the SF replacement of about 10% at a ratio of about 1:3. He also
found a much greater variation in depth on the SF structures.

All that may be concluded from this data is that at w/c > .5 and replacement ratio > 1
carbonation rates will be greater in SF concretes.

1.2.4 Chloride Permeability.

Wolsiefer (1984) reports that chloride penetration into a concrete with 20% SF
addition and w/c=.22 was only 10% as high as the control sample with w/c=.38 in a
ponding test. Marusin (1986) immersed samples with w/c=.4 in a sodium chloride
solution and found reductions of about 50% in chloride penetration in the SF samples
at replacement levels of 10%, 20% and 30%. Vennesland (1981) exposed samples to
the sea for 13 months and obtained results which showed some improvement for 10%
and 20% SF additions at w/c=2 but no clear trend for w/c=.9 or .45.

Li and Roy (1986), Christensen et.al.(1984) and Gee (1986) all report results from the
high voltage test described in chapter 5. They found that the charge passing was often
100 times less for the SF samples. The validity of their assumption that this is a true
measure of chloride diffusion is open to doubt and is discussed in chapter 5. The high
resistivity noted in 1.2.2 could easily distort these readings.

Several workers have measured diffusion rates through thin discs of paste immersed in
Ca(OH), solution. 1M NaCl is normally added to the solution on one side of the disc
and the chloride level on the other side is monitored. Byfors (1987) found reductions
of around 50% at 10% SF and a reduction of 80% at 20% SF for w/c=.4 - .6.
Gautefall (1986) observed a similar effect with greater reductions at w/c=.9. Preece
(1983) concluded that a 20% SF mix with w/c=.15 was impermeable but had no
effective control. Kumar and Roy (1986) used .05M CsCl as a source of chloride and
tested a 10% SF mix with w/c=.4 and found a reduction factor of about 10.

The conclusion from all of the data is that SF reduces chloride diffusion and is more



- 23 -

effective at higher concentrations and higher w/c ratio.

1.2.5 Vapour Permeability.
Preece (1983) measured the water vapour diffusion rate through SF paste but
unfortunately the control mix had twice the w/c ratio of the SF mix so the results are

difficult to evaluate. Had the w/c ratios been the same the results would probably have
been comparable for the SF and the control.

1.2.6 Oxygen Permeability.

Vennesland (1981) measured oxygen diffusion by measuring the d.c. resistivity of
samples with an applied potential of -950mV (SCE) as described in chapter 3. The SF
was not found to cause any overall difference for 10% and 20% additions and
w/c=.45-2.0. Nagataki and Ujike (1986) measured the air permeability and found that
the SF reduced it at replacement levels of 10-30% and w/c=.4.

1.2.7 Pozzolanic activity.

In a review paper Hjorth (1982) observes that there is a considerable discrepancy in
the literature on the rate of pozzolanic activity in SF mixes. This may be caused by the
strong temperature dependence as observed in this project (chapter 11). Cheng-yi and
Feldman present results for mortar with w/c=.45 and .6 (1985a) and paste with
w/c=.25 and .45 (1985b) cured at 21°C. They found that in mixes with 10% SF there
was an initial increase in calcium hydroxide percentage but this was less than that for
the OPC and after about 7 days it fell. At 180 days it was well below the OPC level but
not zero. With 30% SF there was no calcium hydroxide in any mixes after 14 days.
They also (Feldman and Cheng-yi 1985a) observe that none remained in any of the SF
samples after exposure to sodium chloride solution. Grutzeck et.al.(1982) found no
calcium hydroxide after only 7 days for 22% SF addition (w/c=.36) at 45°C. This
would be expected from the results in chapter 11of this project but contradicts the
conclusion in the review by Sellevold and Nilsen (1986) which states that 24% SF
addition is required to react with all of the calcium hydroxide. Meland (1983) stored
samples at "room temperature” and found calcium hydroxide remaining with 30% SF
at 180 days. Chatterji et.al. (1982) kept some samples at room temperature and some
outside (in Norway) and understandably found varying rates of pozzolanic activity.

1.2.8 Pore size distribution.

The pore size distribution of pastes and mortars has been measured by mercury
intrusion (see chapter 9 for details of this method). It has been claimed (Feldman
1986b, Cheng-Yi and Feldman 1985¢) that the method gives totally misleading
readings unless a second intrusion is carried out on each sample. The increased
intruded volumes at high pressures on the first intrusion in SF samples is interpreted
as breakdown of the divided structure of large pores rather than the usual interpretation
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as evidence of fine pores. If interpreted in this way their results indicate that this effect
is less important for paste than mortar.

Kumar et.al.(1987) use the value of the median pore radius in the range .002-7.5 um
as a convenient measure of the effect of SF. Increasing temperature and time increase
the effect and at 28 days at 60°C the median radius for 10% SF paste is less than 40%
of the radius for OPC (w/c=.4). Another method of analysis of intrusion data is to
calculate the total intruded volume over ranges of pore radius. This method is sensitive
to the choice of range and Tenoutasse and Marion (1987) report a decreased volume in
their smallest range which was .05-.006 um (60 day paste samples at 20°C w/c=.5).
The use of the range .01-.003 um would almost certainly change this observation (see
chapter 9 for the basis of selecting this range). Analysis of the range of 1-2 um shows
an increase in pore volume for SF in many results and Buil and Delage (1987) claim to
have located these pores using an electron microscope.

Some workers (Feldman and Cheng-Yi 1985b, Hooton 1986) present results with no
analysis. As far as can be seen their graphs indicate a reduction in mean pore radius.
The conclusion is that mercury generally penetrates SF mixes at higher pressures than
OPC mixes. There is a divergence of opinion on the cause for this.

1.2.9 Mechanical properties.

In a review of internationally available literature on SF Jahren (1983) found that 70%
of the papers contained little else but data on mechanical strength. The situation has
probably improved (a recent emphasis on freeze/thaw durability has been evident) but
there are still a large number of papers on mechanical strength. Many of these papers
(e.g. Loland and Hustad 1981b) use the concept of the efficiency factor which 1s
intended to be a measure of the efficiency of the SF in the mix relative to the cement.
This may be calculated for any given property but unfortunately different authors have
failed to agree a standard method for calculating it. For compressive strengths of
grades of concrete in normal use it is often reported at about 4 which neatly coincides
with the cost difference of the materials. Jahren (1986) describes the use of efficiency
indexes as "meaningless at best, and misleading at worst".

Dingsoyr et.al.(1985) report a variation of up to 30% in the strengths of high strength
mortars caused by the use of different aggregates and failure of aggregate was found to
be an important factor in this project (see chapter 12).

Low temperatures have been reported to have a greater effect on SF concretes than
control mixes at 28 days (Maage 1986 and Jahren 1986) but the long term effect was
not investigated. The long term effect of permitting the mix to dry out during curing
has been investigated (Johansen 1981, Sellevold and Radjy 1983). SF concretes were
found to be more sensitive to this than the OPC mixes.
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1.3 Properties which were not measured in this project.

1.3.1 Introduction.

This part of the literature review is intended to assess the conclusions which have
been made on some properties which were not measured in this project.

1.3.2 Freeze-thaw durability.

Opshal (1981) tested concretes without air entrainment and concluded that the SF
improved the durability. Both Cheng-Yi and Feldman (1985c) and Sorensen (1983)
conclude that it is possible to make a durable mix with 10% SF without air
entrainment. They all found, however, that using more than 10% SF caused less
predictable and generally worse results.

Traetteberg (1980) reported that air entrainment did not affect the SF mixes but this has
not been found by other workers. Virtanen (1983) observed that it is necessary to use
more air entraining agent in 10% SF mixes to get the same air content but that it greatly
improves the durability. Carette and Malhotra (1983a) had great difficulty in entraining
air into 20% and 30% SF mixes and found that they were not as durable as the OPC
mixes. Malhotra (1986) directly tested the effect of the air entrainment and found that it
had a very major effect but again experienced difficulty in entraining air into mixes
with 30% SF. Yamato et.al. (1986) found that at w/c=0.25 the difficulty with
entraining air was not important as the mix was durable without air entrainment. With
increasing wj/c ratios the high SF mixes performed steadily worse than the OPC mixes
until at w/c=0.45 the 20% SF mix had a durability factor less than half that of the OPC
mix. Pigeon et.al. (1986) found 10% SF mixes with w/c=0.5 to be more susceptible
to internal cracking but less so to surface scaling.

Aitcin and Vezina (1984) report initial results from a field trial. The major difference
between laboratory results and the field trials is that the laboratory mixes generally
have SF replacing an equal weight of cement but on site the ratio is about 1:3 in order
to enjoy economic benefits from SF. This discrepancy is probably caused by the fact
that the researchers are still trying to get SF put to a more appropriate use than cost
cutting in standard mixes. The results of Aitcin and Vezina are not conclusive because
the SF appeared to stop alkali-silica reaction which was observed in the OPC mix and
confused the readings. Aitcin and Pigeon (1986) carried out more extensive field
studies and found that the SF was generally performing adequately but they only
checked for surface scaling and even then they found great variability.

The conclusion for freeze/thaw durability is that in conditions of severe exposure the

use of SF in high concentrations or with high w/c ratios is not advisable.

1.3.3. Sulphate resistance.
Mather (1980) tested mortars with 30% SF replacement and w/c about 0.5 and found
that the SF decreased the expansion due to sulphates by several orders of magnitude.
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Popvic et.al. (1984) tested mortars with 10% SF addition and w/c=0.6 and measured
the loss in flexural strength caused by the sulphate. The SF mix performed better than
the control. An attempt by Hooton (1986) to test 20% SF samples failed because they
broke up. He attributed this to early dessication. Helland (1986) reports on a 30 year
site trial in acid ground water. The OPC control samples disintegrated but the 15% SF
samples (w/c=0.62) performed as well as the SRPC samples (w/c=0.5). The
conclusion from the above is that SF may be used to prevent sulphate attack.

1.3.4 Alkali silica reaction (ASR).

Asgeirsson (1986) measured mortar bars to ASTM C277 and found that 5% SF
addition reduced the expansion to 30% of the control and 10% SF reduced it to 10% of
the control using Icelandic aggregate. He also reports that the presence of sea water
greatly increased the expansion indicating that the ability to keep sea water out would
be highly beneficial. Tests in Yugoslavia by Popvic et.al.(1984) with 17% SF
replacement indicate zero expansion. Replacement ratios of 1:1.4 were used in South
Africa by Oberholster and Westra (1981) and Davies and Oberholster (1987) and
reductions in expansion were found at all replacement levels from 5% to 30% with the
30% being the most effective. Perry and Gillott (1985) in Canada observed delayed
expansion with SF. At replacement levels below 20%, however expansion did take
place and at an elevated temperature (50° C) the expansion of the 5% SF sample
became greater than the control within a year. Kawamura et.al.(1986) found that in
Japan the 5% and 10% SF samples expanded more than the control almost
immediately. The 20% SF sample did not expand. Field trials carried out in Canada by
Aitcin and Regourd (1985) showed no visible damage at 15% SF and above. Silicate
gel was identified in samples from the 15% SF mix but not in the 20% and 40%
mixes.

The conclusion from the above is that experience in different countries seems to differ
but 20% SF or more will prevent ASR.

1.3.5 High pressure water permeability.

Hooton (1986) tested pastes with w/c=0.25 and found the permeability at 0.7 MPa
approximately halved at 10% SF and reduced further at 20% SF. Li and Roy (1986)
tested a sample with 10% SF and w/c=0.5 at 10 MPa and found that the SF reduced
the permeability by three orders of magnitude.

Kohno and Komatsu (1986) tested concrete samples with w/c=.53 at 2 MPa and
obtained 50% reductions with 10% SF addition. Hustad and Loland (1981) tested a
number of mixes at 4 MPa. At w/c=0.44 they found a small increase in permeability
for 10% addition and a small decrease at 20%. At w/c=0.8 they found a decrease of an
order of magnitude for 10% and 20% additions and at w/c=2 the decrease was three
orders of magnitude.

Maage (1984) tested cores from structures with approximately 10% SF replacement at
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a ratio of 1:3. The test pressure was 4MPa. A decrease in permeability was observed
but there was very little data for w/c below 0.45.

The conclusion for water permeability is that for dense mixes with w/c about .35 the
SF will have little effect. At high w/c it causes a marked improvement.

1.3.6 Creep.

Buil and Acker (1985) tested a single mix with 25% replacement and w/c=0.4. The
control mix had no superplasticiser and had w/c=0.43. The compressive strengths
were 76MPa for the SF and 53MPa for the OPC. Both samples were tested for creep
with an applied load of 10MPa and the deformation of the SF sample was less. The
difference was less for sealed samples. The free shrinkage of the SF samples was
found to be less and formed a substantially lower proportion of the total creep. Tazawa
and Yonekura (1986) tested mixes at 30% replacement and found that in all cases the
specific creep of the SF mixes was greater except for a mix with high w/c (0.65) tested
in water. They applied the load of 30% of the compressive strength by stressing a
tendon through the centre of the sample. No restressing was carried out and loss of
prestress was compensated for in the results. The free drying shrinkage of the SF
mixes was less than the OPC particularly at high w/c ratios.

This is a difficult experiment to carry out because of the high stresses required to reach
30% of the compressive strengths and no conclusive data has been located.

1.4 The supply and use of silica fume.

1.4.1 Transportation and storage.

The economics of the production of silicon alloys depend heavily on cheap energy and
the process is therefore not viable in the U.K. All of the fume used in this country is
therefore imported and the cost of transport forms a major part of the selling price.

In its raw form SF is a very fine powder with a bulk density of 150-250 Kg/m>
(approximately a quarter of the density of OPC). This is the form in which it was used
in this project but transport costs are high and the dust may pose a health hazard (Jahr
1979 and 1983). Aitcin (1983b) describes some of the processes which may be used
to decrease the volume. The following three types are known to be available in the
U.K.:

1. If SF is mixed with an equal weight of water to make a slurry its volume is reduced
to 45% of the volume of the powder. Elkem chemicals supply SF from Norway in this
form but apart from the obvious cost of transporting the water it also requires
continuous agitation to ensure a uniform concentration. "Emsac” is the same slurry
with pre-mixed superplasticiser.

2. If compressed air is introduced into the bottom of an SF silo the particles tend to
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agglomerate and the density may be increased to about 500 Kg/m3. Corrocem (Anon

1986a) is a product of this type and also contains Norwegian SF and a
superplasticiser.

3. SF from the only ferrosilicon plant in Iceland is formed into micropellets of 0.5-1.0

mm. diameter (Bradley-Williams 1986). These have a bulk density of about 600
Kg/m3.

ACI committee 226 (1987) compared the three types and show that they all have
different advantages for different applications.

1.4.2 Use of SF in concrete.

Aitcin (1983c) gives a historical summary of the introduction of SF concrete. All
cement produced in Iceland now contains 7.5% SF in order to combat ASR
(Asgeirsson and Gudmundsson 1979). The use of SF in readymixed "normal
strength” concrete has been reported in Canada (Skrastins and Zoldners 1983) and in
the U.K. (Anon 1986b). The use of this type of mix in building frames has been
reported (Anon 1983). All of the reports of the use of "high strength" mixes of the
type investigated in this project come from the North America. Holland et.al.(1986)
report the use of high strength concrete with w/c=.3 and 15% SF addition to control
abrasion damage in the stilling basin of a dam and Radjy et.al.(1986) report further
projects such as a flood control channel. Dumbleton (1987 a and b) describes other
applications including a tall office block in Canada. Burge (1983a) describes the use of
SF to improve the strength of lightweight concrete.

1.4.3 Uniformity of supply.

Regourd (1983) compared the pozzolanic activity of various fumes and found
considerable differences. Only one if them, however, had more than 85% SiQ,.
Reinhold et.al. (1986) tested 19 different fumes with SiO, contents down to 65% at
cement replacement levels of up to 60% but failed to carry out a consistent test regime
on all of the samples. Nebsar and Carette (1986) sampled the fume from two furnaces
at intervals for 180 days and found standard deviations of 4% and 2% in the SiO,
content from a silicon metal and a ferrosilicon furnace respectively. Pistilli et.al.(1984)
collected samples from a plant over 30 days and their results appear to be similar.
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2 Mix Design and Curing.
2.1 Mix Design.

2.1.1 Materials.

Silica fume was supplied by Elkem Chemicals from their works in Norway. The
colour of the material was black and the specification indicated a minimum 85%
content of Si02.

Ordinary Portland Cement was used. Initial supplies were from the Blue Circle
Tunstead works and later from the Cauldon works.

Quartzitic aggregate from a quarry in Nottinghamshire was used. (Zone 2-3 sand and
5-20mm. coarse aggregate).

Feb SP2 superplasticiser which is made from the salt of napthalene formaldehyde
condensate was used.

2.1.2 Mix Design.

The proportions of cement and aggregate in the control mixes were calculated using the
minimum porosity method developed by Cabrera (1988). 20% cement replacement
was used for the SF mixes. The water/(cement+SF) ratios were derived using the
"Cabrera slump" method which is described below. Sufficient superplasticiser was
then added to ensure that both the SF and control mixes had slump values which
would be acceptable for site placement (about 100mm). Because of the high water
demand of the SF this has to be approximately double the maximum recommended
dose for ordinary concrete.

The "Cabrera slump".

A modified V.B. remoulding apparatus (Neville 1981) is used for this test. The slump
cone is fixed down to the vibrating table by means of two bolts which pass through
flanges welded to opposite sides of the cone. The detailed procedure is as follows:

1) Approximately 20 Kg. of the dry mix is placed in a small mixer and sufficient water
is added to give it a w/c ratio approximately 0.1 below the anticipated desired value (no
plasticiser is used).

2) The concrete is mixed for 2 minutes.

3) The slump cone is filled in 3 layers in the usual way.

4) When the slumn cone is full the vibrating table is turned on for 20 seconds and the
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distance from the top of the cone to the resulting concrete level at the centre of the cone
is then recorded.

4) The sample is returned to the mixer and sufficient water is added to raise the wj/c
ratio by about 0.05.

5) The concrete 1s mixed for a further 1 minute and the process is then repeated.

The slump is plotted against the w/c ratio and when about 4 points have been obtained
it should be observed to have risen to a maximum and started to fall. If further points
are required it is necessary to make a fresh mix. The optimum mix is taken to be at the
maximum slump value. For both high and low strength mixes the value chosen was
between the optimum values obtained with and without SF The results for the 2 mixes
are presented in figures 2.1 and 2.2.

The final mix designs are in table 2.1. The percentages of superplasticiser were
calculated from the quantities of solids which form 40% of the total weight of the
solution as supplied.

Mix A B C D
Cement ( Kg/m3) 344 430 252 315
Silica ( Kg/m?) 86 0 63 0

Water/(cem+silica) 3 3 46 .46

Superplasticiser (% of c+s) 1.4 1.4 1.9 1.9
5-20 mm. aggregate /(c+s)
Fine aggregate /(c+s) 1.5 1.5 2.3 2.3

W
(W8]
BaN
EuN

Table 2.1 Mix Designs.

Pastes and mortars were made with the same proportions without the aggregates.

2.1.3 Mixing methods.

For all mixes the superplasticiser was mixed with the water before being added to the
other components which had already been mixed dry. Concrete samples were
generally in batches of 200-300 Kg. Mortar batches less than 10Kg were mixed in a
Hobart mixer and those greater than 10Kg in a small concrete mixer. The consistency
of the samples when mixed in the Hobart mixer was very variable and for the very
liquid ones it was not possible to use the fastest speed because it caused them to be
ejected from the mixer. For the less liquid ones the fastest speed was used. Paste
samples were mixed in the Hobart mixer but for some samples they were then

subjected to high energy mixing in a liquidiser. The liquidiser was evacuated in order
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to reduce the amount of entrained air. All of the mixes were mixed in this way for 2

minutes but for mix D some bleeding was still observed so it was necessary to mix it
for a further 3 minutes.

2.2 Curing Conditions.

2.2.1 The 3 conditions.

All samples were cast in a laboratory at approximately 20°C and covered and kept
there until being struck the next day. Where permitted by the test procedures three
different subsequent regimes were used :

Curing Condition 1 (CC1) : Curing in fog room ( 20°C and 99% RH) until test age.
Curing Condition 2 (CC2) : Treated with Febcure aluminium pigmented curing agent
and stored at 20° C and 70% RH until 7 days old and then in water at 6°C.
After initial trials with a spray the best method of applying the curing agent was found
to be a brush. All surfaces of the samples were fully saturated until the surplus ran off
but the quantity applied was substantially below the recommended coverage rate (12cc.
for a 100mm. cube). This was probably because the coverage rate is intended for
application to concrete which has dried in the sun in a hot climate.

Curing Condition 3 (CC3) : Curing in water at 6°C.

These 3 curing conditions are intended to simulate the best, average and worst
conditions likely to be found on a reasonably well run site.

2.2.2 Samples for testing.

Mechanical tests were carried out and exposure tests started with samples at 3, 28 and
90 days.

Tests were carried out on samples at each of the 3 test ages for each of the 3 curing
conditions, i.e for a total of 9 different sample conditions.
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In Fig. 2.1 and 2.2 the optimum water cement ratio for
8 mix is taken to be at the maximum Cabrera Slump. The
discontinuity in the !ine for mix B indicates thet 8
fresh batch was made.
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3 Electrical Measurements.
3.1 Introduction.

3.1.1 General.

In this chapter results from the measurement of the properties of electrical circuits
passing through steel bars cast into concrete and mortar samples are presented. In
order to make an electrical contact to the outer surface of the samples they were
partially immersed in a salt solution. This had the important consequence that all of the
samples remained saturated. The general arrangement is shown in fig.3.1.

In section 3.2 the linear equivalent circuit for samples at voltages close to their rest
potential is discussed. The effect of voltages outside this range is outlined in section
3.3. The external circuits required for measurements and the experimental procedures
used are described in sections 3.4 and 3.5 and the results are in section 3.6.

3.1.2 Types of measurement.

There are only two types of measurement which can be made. Either the circuit is left
open and the voltage (rest potential) is measured or a voltage is applied and the
impedance is measured.

3.1.3 Types of chloride.

In earlier work on chloride induced corrosion such as Ost and Monfore (1966) calcium
chloride has been used and Hansson et.al.(1985) have shown it to be more aggressive
than sodium chloride. The use of calcium chloride accelerators in reinforced concrete
in the U.K. has, however, ceased but the use of sodium chloride for de-icing has
clearly not ceased. For this reason sodium chloride has been used for all experiments
in this project. Buenfeld and Newman(1984) have shown that other chemicals in sea
water have a major effect on the permeability of concrete but the concentration of
sodium chloride in the sea is always substantially greater than that of other salts.

3.2 The Equivalent Circuit.

3.2.1 The concept of the linear equivalent circuit.

The simplest way to interpret the results obtained from electrical measurements is by
representing them in terms of an assembly of standard linear electrical components in
an equivalent circuit. A linear component is one in which the voltage across it is
linearly dependent on the current flowing through it (resistors) or the differential of the
current (inductors) or the integral of the current (capacitors). It is a mathematical
property of the sine function that an addition of two sine waves with different
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amplitudes and phases will always give another single sine wave therefore the current
flowing through a circuit of linear components under a sinusoidal applied voltage will
be sinusoidal. This effect may be shown on phase diagrams (e.g. fig.3.2) where the
amplitude of the impedance is represented as a distance from the origin and the phase
difference between voltage and current is represented as an angle to the horizontal axis.
Any non-linear components in the circuit will mean that the current is not sinusoidal
and the impedance cannot be directly represented on a phase diagram. Suitable
components for inclusion in the circuit are as follows:

1. Resistances. A typical example is the passage of an ion through a system of open
pores in concrete. The velocity (i.e. the current) will be proportional to the applied
force (i.e. the voltage).

2. Capacitances. These arise when charge carriers are free to move up to a barrier
which they cannot pass. An example occurs at a steel/concrete interface where
corrosion is not occuring. If a constant voltage is applied the current will decay to zero
as the charge carriers build up a back emf equal to the applied voltage. The current is
proportional to the differential of the voltage.

3. Voltage steps. These are theoretical concepts in that they have no internal resistance.
However much current flows through them the voltage across them remains the same.
The fact that a corroding sample will develop a voltage without an external circuit
indicates that there must be a voltage source at the steel/concrete interface (the diffusion
potential).

In an equivalent circuit although the sample will clearly not resemble the collection of
components which are used to represent it some physical relationships will remain the
same. In order to pass through the circuit the current must pass through both the bulk
of the concrete and the interface with the steel. Thus the impedances of the concrete
and the interface are in series and may be considered separately.

3.2.2 The linear equivalent circuit for concrete.

Before selecting a suitable circuit to use it is necessary to decide on the level of
accuracy required. Greater accuracy would require a more complicated circuit. It is
known that silica fume replacement causes an increase in resistance of one or two
orders of magnitude depending on curing condition (Vennesland 1981). Due to this
wide range of resistances an accuracy of around 5% was adequate to differentiate
between the samples.

Hammond and Robson (1955) working with samples which contained some moisture,
but were not saturated, proposed a capacitance and a resistance in parallel (fig.3.2).
The current through this will be comprised of a component through the resistance in
phase with the voltage and a component from the capacitance 90° ahead of it. Using
the following notation:
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C Capacitance
I cap Current through capacitance
R, Concrete resistance
L Current through resistance
® Angular velocity=2n*frequency
\% Applied voltage
I = Rl 1)

I =VoC (ms) (2)

cap

The term which is normally used to indicate the relative sizes of the two currents is the
power factor which is defined as :
Power loss in resistance / Total power passing through

The power is proportional to the square of the current. Thus:

I2

Power factor = —~— (3)
C+1
r ' “cap
The conclusion from this is that increasing ® (i.e. increasing the frequency) will
increase the relative effect of the capacitance. Hammond and Robson conclude that if
the frequency is restricted to 50 Hz the load is almost purely resistive and the power
factor approximately one.
Monfore (1968) discussed the possibility of the capacitance being caused by a thin gas
film on the surface of the electrode in the solution which would be in series with the
resistance. He subsequently chose to use the parallel circuit of Hammond and Robson
but in order to avoid the possibility of gas build up it is indicated that it 1s advisable to
keep the voltage low. Monfore's results also show the capacitance to be very low and
actually decreasing with increasing input frequency. Whittington et al.(1981) and
McCarter et al.(1981) proposed a highly complex circuit to take account of conduction
paths through the aggregate but then concluded that they are not significant.
Because the current through the capacitance depends on the differential of the applied
voltage an applied square . wave will theoretically produce an infinite current. In
practice the current will depend on the quality of the apparatus. Despite this Hughes et
al (1985) propose a measurement system based on a square wave source. Their final
results are within 5% of their measured a.c. resistances.
“An example of the correct way of measuring impedance is given by Perez-Pena et al.
(1986). They used a proprietary impedance analyser to give an instant readout of the
capacitance and resistance at any frequency required. This type of machine was not
readily available to the earlier workers. The materials that they tested were, however,

very dense and very dry so their observed high capacitances are not relevant to wet
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concretes.

The conclusion for these concretes is that at low frequencies and voltages the
impedance may be represented with adequate accuracy as a simple resistance.

3.2.3 The linear equivalent circuit for the corroding steel/concrete interface.

It is universally agreed (Arup 1983, Wilkins and Lawrence 1983) that corrosion of
steel in concrete depends on two processes which are arranged as in fig. 3.3. The
external current I is zero when there is no external circuit. This is not a linear
equivalent circuit because the two processes are non-linear. Details of the chemical
processes are frequently quoted in the literature and show that iron atoms are lost from
the steel at the anode and oxygen reduction occurs at the cathode. As the reactions
occur electrons are liberated in the steel at the anode and combine at the cathode thus
causing current to flow in the direction shown. If both processes are in the same area
this is a micro circuit but they can be well separated to give a macro circuit. For
example at sea level on a marine structure the cathode may be in the splash zone and
the anode below the water level. If a structure is not submerged macro circuits will be
severely limited by the connection between the two processes which must pass
through the concrete resistance. Linear polarisation measurements are usually only
relevant to micro circuits. Macro circuits for testing in this way can, however, be
created by cracking the sample e.g. Leeming (1983).

Wilkins and Lawrence (1983) present theoretical voltage current relationships for the
separate processes over a range of voltages. The effect of applying higher voltages for
the purpose of accelerating or inhibiting corrosion will be discussed later in section
3.3. It is, however, only possible to draw a linear equivalent circuit at voltages close to
the rest potential i.e. the potential the system will develop when there is no external
current. The full analysis of the circuit near this potential was published by Stern and
Geary (1957) and the part of it that is relevant to steel in concrete may be simplified as
follows:

Stern and Geary propose that the exponential voltage current relationship which 1s

normal in electrochemical systems applies.

Thus for the anode :
V-V,
Bl
€ 4)
Where

L is the anode current

Ia = IaO

V is the voltage across the system
B, is a constant for all samples
Vo and I, are constants for the particular sample.



- 37 -

V,o and I, are called the exchange voltage and current because there is actually a
second component to the current:

V.V
Bl
1 =1 ¢

a- a0

)

It may be seen that if V is well above V_, this second component is negligible but at
V =V yan equal "exchange” current I, will flow in each direction.
Thus at the anode

I
a
V=V _, +B1Log['1a—0] (6)
Similarly at the cathode :

I
C
V=V_ -B,Log [f‘(‘)‘] (7)

At the rest potential E

I =1, =1, (the corrosion current)
Thus :

ICOIT corr
E, =V, *+B,Log I, =V, - ByLog I, ®)

Thus subtracting from (6) and (7)

I I
a [
V-E, =B1Log[1 ]=—B2Log[1 ] ©)

coIrr corr

But when x is close to 1 : x-1 = Ln[x]
Thus (x-1)Ln[10] = Log[x]

Thus when I, and I are closetol_

a C

I I
V—E0=B1Ln[10]*[1 -1] =-B2Ln[10]*[1 -1] (10)

corr coITr

With the following definitions:

BB, 1
Constant B = B +B,) Ln (10] (11)
and
N . B
Polarisation resistance R, = i (12)
coIr
Equation (10) reduces to:
V-E,
External current 1 = I - I = R (13)

P
UNIVERSITY LiBRARY LEEDS
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Thus the relationship between voltage V and external current I is equivalent to a
resistance of value R, and a voltage step E, in series. The purpose of linear
polarisation measurements is to measure the resistance R} and obtain from it the
corrosion current I___and thus the rate of loss of mass from the steel.

The linear effect is shown graphically in fig.3.4 which shows computer plots of two
logarithmic functions and their sum. The values of the constants were chosen as
typical for the system. In fig.3.5 two different theoretical samples are shown. Both
samples have the same voltage current relationship at the cathode but the one with the
higher anodic current has a lower rest potential and a lower linear gradient.

3.2.4 The complete linear equivalent circuit.

In sections 3.2.2 and 3.2.3 it was shown that the complete circuit must contain a
resistance to represent the bulk concrete in series with another resistance and a voltage
step to represent the interface. In order to obtain the rest of the circuit it is necessary to
use impedance analysis. In its simplest form this would involve measuring the
complex impedance at various frequencies and then testing circuits made up with actual
resistors etc. until a similar response was found. The response of circuits is, of
course, normally calculated rather than physically measured.

John et.al.(1981) measured the impedance and proposed the circuit shown in fig.3.6
in which the circuit for the interface may be seen to be in parallel with a capacitance
(the double layer capacitance). Dawson (1983) reports later work from the same
laboratory. In this work the impedance at different frequencies was measured by
applying a random (white noise) signal and analysing the input and output by fast
Fourier transform. The values of the components were then obtained from further
computer analysis. Dawson suggests that the additional components C;and R
represent a film which develops on the surface of the steel and is chemically different
from the bulk of the concrete. John et.al.(1983) presented an idealised Nyquist
impedance plot for this circuit (see fig.3.6). Hope et al (1986) suggested that while
this circuit is correct for a non-corroding system the simplified circuit of fig.3.7 may
be used for a corroding system.

3.3 The effect of applying higher voltages.

3.3.1 General.

As indicated in 3.2.3 the complete linear equivalent circuit is only valid for applied
voltages close to the rest potential. Referring to figs.3.6 and 3.7 the combination of R
and the voltage step becomes a non-linear impedance but the rest of the circuit remains
the same. Outside the linear range of about 50mV but within the Tafel region of about
200 mV the d.c. response is logarithmic. QOutside this range saturation polarisation

occurs and there is no simple dependence of current on voltage.
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3.3.2 Anodic voltages.

If a large anodic voltage is applied the cathodic process will not be significant and the
anodic process will be greatly accelerated. Following the method of Preece (1983) an
applied potential of +100mV vs. saturated calomel electrode (SCE) was used to
accelerate corrosion in this work. Publishing under the name of Hansson (1984) she
further suggests that the ingress of chloride ions which is accelerated by the applied
voltage will cause a sudden increase in current when the ions reach the embedded
steel. Experimental results from this method have been presented by Hansen et.al.
(1986). Many workers have measured potentiostatic polarisation curves. In order to
measure these the voltage is increased in steps of about 50mV and the current is
permitted to stabilize for 1 hour or 1 day and then measured. The conclusion that a
lower current measurement indicates a better protected bar is probably more valid for
macro corrosion cells where large voltages may occur. If only one voltage is required
and its size is not important the potential which developes between mild and stainless
steel may be used (Gautefall and Vennesland 1983). The stainless steel may even be
fixed to the corroding sample and cast into the concrete with it (Beeby 1985).

3.3.3 Cathodic voltages.

In this instance the cathodic process of oxygen reduction will dominate. Since this is
harmless to the steel it is the basis of a system used to protect it (cathodic protection).
For this system the voltage must be carefully set because if it is too large other
processes which do not occur without an applied voltage will start. The great
advantage of this protection system is that it also drives the chloride ions out of the
concrete.

Gjorv et.al.(1976) have proposed the use of an applied voltage of -900mV vs. SCE to
measure oxygen permeability. Continuous aeration of the solution is recommended.

3.3.4 A.C. voltages.

As would be expected from the linear equivalent circuit the non-linear effects which
apply to d.c. at higher voltages do not affect a.c. and the impedance is not greatly
changed. Measurements in this project at up to 4 volts did not show any significant
change in the resistance. Hansson and Hansson (1983 and 1985) chose to apply low
frequency square wave voltages and describe the effect of Cy on this wave form.

3.4 The methods of measurement.

3.4.1 Measurement of impedance.

It is possible to measure the impedance by using a bridge circuit but in this work it was
done by simply applying a voltage and measuring the current. The current was
measured by measuring the voltage across a resistor (the count resistor) in series with
the sample as shown in fig.3.1. It may be seen that if the two voltages are measured to
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the same accuracy the accuracy of the system is highest when they are equal i.e. the
impedances of the sample and the count resistor are equal.

34.2 Linear polarisation measurements.

There are a number of simple d.c. methods for measuring R which are possible with

a knowledge of the linear equivalent circuit. The procedure for all of them is basically
as follows (Fontana and Greene 1967):

1 Let the system seek its rest potential E,
2 Apply a potential V within 20mV of the rest potential
3 Measure the current flow I

V-E,

4 Calculate Rp= from eq.(13)

X

B
| . -R—P from eq. (12)

The systems differ in their methods used to correct for the effect for the concrete
resistance R and the double layer capacitance C . There is also some variation in the
chosen values for the constant B. This constant may theoretically be obtained by
measuring the response in the logarithmic Tafel region outside the linear range but it is
usually obtained from measurements of actual mass loss.

The usual way of compensating for the effect of C is to introduce a time delay of
possibly a few minutes between the application of the voltage and the measurement of
current (e.g.Stratfull 1983). Using the circuit in fig.3.7 the rate of decay of the
transient may be calculated as follows:

Let

Voltage acrossR_=V_

Voltage across Cy =V 4

Current through C, =1 4

Current through R, =1,

thus
dv
cd
ca=Ca dat (14)
V .-E
_ cd 0
L% (15)

The total current through the sample
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dav V .-E \Y
_ _ cdl d 0
I_chl+1x_cd1 n + CR =.R_r (16)
P c

The total voltage applied across the sample
V=V_g+ V_is constant

thus
dv dv
cd r o _ dI
dt @ R dt a7
and
dl VIR -E,
I_—CleCd T (18)
- This reduces to :
1dI
[+——.
@ b=0 (19)
where
RP+Rc
= m——e (20)
ClePRc
and
V—EO
B RP+R 21)
(&
The solution to this is
I=Ac ™ +b 22)
The boundary condition is that when the voltage is applied at time t=0
V—E0
VC = E0 , I= R
[
thus
1 1
A =LV-EO)[§C- Ty (23)

From equation (22) it may be seen that with increasing time the current decays to I=b
which is the current which would flow if Cj; was not in circuit. The initial value
I=(V-Ey)/R_ only gives a measure of the concrete resistance and not the polarisation
resistance. For constant R _ and C, a rapidly corroding sample with low R}, will have a
high decay constant k. This means that the current will decay faster making the
measurement easier. The risk involved in using a delay is that a voltage is being
applied during the delay and chemical movements will be caused which may change
the anodic exchange current.

Some of the systems of measurement are as follows:

Andrade and Gonzalez (1978) report results obtained using calcium hydroxide solution
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in place of the concrete. '

o _ . In this
situation they report that the IR drop (i.e. R o) was low and make no mention of Ca

Their data fits reasonably well with a value of 26mV for B in corroding samples.
Gonzalez, Vazquez and Andrade (1982) report the use of apparatus which
compensates automatically for R_. Its method of operation is not stated but it is
probably the "instant off" method. In this the measurement is made immediately after
the voltage is removed. The voltage across R goes immediately but that across the rest
of the circuit is maintained by the capacitance. In later work (Gonzalez et. al. 1985a)
various A.C. impedance systems are reviewed.

Stratfull (1983) gave great detail of a method of measurement to be used on bridge
decks. The effect of R was overcome by using a biased square wave input which
effectively turned the supply off for half of the cycle and the reading was made during
this half. A delay of 2.5 minutes was used to permit C,; to equilibrate. Stratfull also
suggested that the measurements should be continued into the Tafel region both
anodically and cathodically in order to obtain B, and B, directly and calculate B from
equation (11).

Page et al (1985 and 1986) found that R _ could be ignored probably because they made
the second connection to the sample by embedding a second electrode in the concrete
rather than forming a contact to the surface. Their method of compensating for C, was
to apply a steadily increasing voltage V which increased to 20mV in 2 minutes. This
rate is sufficiently slow that the current through C, which is proportional to dV/dt will
be negligible. The value of 26mV was used for B.

In the present work a delay of 30 seconds was used to permit C, to equilibrate. R was
measured separately and subtracted.

Measurement of linear polarisation resistance with d.c. requires the use of a
potentiostat. This is required because reference electrodes do not work if currents are
passed through them. The potentiostat is essentially a power supply which is
connected between the sample (the working electrode) and the secondary (auxiliary)
electrode which in this case was a length of R6 mild steel rebar extending around the
perimeter of the tank immersed in the salt solution. The voltage output from the
potentiostat is controlled so that a constant potential difference is maintained between
the sample and a reference electrode. The size of this potential difference may either be
controlled with a potentiometer control on the potentiostat or by an external input to it.
A circuit showing how this may be achieved with an operational amplifier is shown in
fig.3.8 and is based on one from Bracher (1983). A Hermes series 10R potentiostat
which had terminals for mounting the count resistor on the front of it was used for this
work. Fig 3.9 shows the potentiostat circuit indicating its relationship with the linear
equivalent circuit of the sample. Count resistors of 10kohms and 100kohms were

used.
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34.3 A.C. resistivity measurements.

If an a.c. voltage is applied C; will present an impedance which decreases with
increasing input frequency. If the effective impedance of the sample is found to be
independent of frequency it may be assumed that the impedance of C is negligible and
R_ is being measured. In the present work S0Hz was used and the results were found
to be unchanged at 1kHz. In a less corroding sample where the circuit in fig.3.6 may
be more appropriate than that in fig.3.7 the use of values of R obtained in this way as
a correction factor for linear polarisation could introduce an error because no account is
taken of R;. Fig.3.10 shows the a.c. resistivity measuring circuit. The 100mv supply
was obtained by stepping down the mains supply through a variable and then a fixed
transformer. For the check of frequency independence a signal generator was used.
Count resistors of 150 Ohm and 2000 Ohm were used.

3.4.4 Rest potential measurements.
It may be seen from fig.3.7 that when there is no external circuit the voltage across the
whole sample will be equal to the diffusion potential E,,

A relationship between E; and the corrosion rate may be seen from equation 8 :

corr
Ey =V, ByLlog| T (24)

If a comparison is made between systems with the same cathode conditions (i.e. the
same cathodic exchange currents I ;and V) but differing anode conditions and thus
different corrosion rates it may be seen that the rest potential will be proportional to the
log of the corrosion current.

For these measurementgan instrument with a high input impedance (>10Mohm) is
required to avoid disturbing the sample. The hand held Fluke instrument which was
used for other readings could not be used and the measurements were made with a

Jenway PHM6 high impedance voltmeter.

3.4.5 Measurement of current under applied voltage.

In order to measure current the circuit was arranged so that a variable count resistance
could be introduced into it without disconnecting the applied voltage. The resistance
was then adjusted to give a voltage drop of about ImV across it and when the circuit
had stabilized (approx. 30 seconds) the current was known from the voltage drop

across the count resistor and its resistance.

3.4.6 The computer interface.
A computer interface to a BBC microcomputer using an MF1010 interface (Anon
1985¢c) was used for rest potential and linear polarisation measurements. In order to

provide the high impedance mentioned in 3.4.4 all inputs to the interface were put
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through operational amplifiers as shown in fig.3.11. The circuit is shown in two
separate halves because due to a design fault in the MF1010 it could not all be used at
the same time to provide a complete system. (This fault caused an interruption to the
output voltage when a reading was taken on any of the inputs). The voltage controllin g
circuit was used to measure the rest potential and set the offset voltages for some of the
samples but it was then necessary to record the current by hand. For measuring current

decay the voltage was set manually and the current measuring circuit was used.
3.5 Experimental procedure.

3.5.1 Concrete samples.

Cylindrical samples of concrete containing a 12mm. diameter round bar were prepared
as shown in fig. 3.12. The bar was degreased before casting. After curing as
described in chapter 2 an electrical connection was made to the top of the bar. In order
to make an effective connection with solder it was necessary to heat the end of the bar
to the melting point of the solder with a blow lamp so a continuous flow of water
across the steel/concrete interface was maintained to prevent de-bonding of the bar in
the concrete. The samples were then placed in a tank containing 10% sodium chloride
solution at about 20°C with the level of the solution 30mm. below the top of the
concrete as shown in fig. 3.12.

Two sets of samples were cast and the following procedures were used:
Set 1 (one sample per condition)

1. Immersion in salt solution

2. Initial measurements: Rest potential, ac resistivity.

3. +100mV applied for 28 days.

4. Measurements at 28 days: Rest potential, ac resistivity.

5. +100mV applied until all samples reached 10 months old (from casting).

6. Measurements: Rest potential, linear polarisation (time delays of 10,20 and 30
second, voltage changes set by computer interface to -10,-5,+5,+10,+30,+50 and +70

mYV), ac resistivity.
Set 2 (two samples per condition)

1. Immersion in salt solution.

2. Initial measurements: Rest potential, linear polarisation, ac resistivity, current at
+100mV.

3. +100 mV applied for 28 days.

4. Measurements at 28 days: Rest potential, linear polarisation, ac resistivity, current at
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+100mV.

note :

1. The linear polarisation for set 2 was measured with a time delay of 30,60 and 90
seconds. The potential change was in the range +10 to +30mV for one sample and -10
to -30mV for the other.

2. There was a delay of 24 hours after disconnecting the +100mV before linear
polarisation and rest potential readings.

3. There was a delay of 24 hours after applying the +100mV before measuring the
current

3.5.2 Mortar samples.

The cylinders which were used for electrical measurement of carbonation (which is
described in chapter 4) were used for this test. (100mm long by 25mm diameter with
100mm long 6mm diameter ms bar on the axis projecting 20mm from one end -
immersed in 10% NaCl solution to a depth of 90mm). The carbonation system is
described in chapter 3. For each condition two samples were carbonated in the tank
and two were kept in the room as controls.

The following procedure was used:

1. Immersion in salt solution on removal from carbonation tank after 28 days of
exposure.

2. Measurements at 28 days: Rest potential, linear polarisation and ac resistivity.

3. Left in open circuit in salt solution for 21 days.

4. Measurements at 49 days: Rest potential, linear polarisation and ac resistivity.

note :

The linear polarisation was measured with a time delay of 30,60 and 90 seconds. The
potential change was in the range +10 to +30mV for one sample and -10 to -30mV for
the other.

3.6 Results.

3.6.1 Linear Polarisation readings.

Fig.3.13 shows the decay of the current for one of the samples over 1.5 hours which
shows that waiting for a long time does not achieve a steady state because the
corrosion processes are affected by the applied voltage as indicated in 3.2.5. For the
analysis the three readings at different times were used and two further values were
obtained by fitting an exponential decay function (as eq.(22)) to the three
measurements and calculating its value for zero and infinite time. One of the lines on
the graph in fig.3.13 is a fit of this type to readings at 10,20 and 30 seconds and the
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other is a fit to readings at 30,60 and 90 seconds.

The linear behaviour indicated in eq. (13) is shown for a highly corroding concrete
sample from set 1 in fig.3.14 and for an effectively non-corroding one in fig.3.15. 1t
may be seen that the linear relationship holds over a greater range of voltage for the
non-corroding sample but the effect of the time delay is much greater for the
non-corroding sample. All of the results were investigated to see if there was any
systematic difference between the results obtained from polarising anodically and
cathodically but none was found.

The results were then plotted on graphs of rest potential against log polarisation
resistance which should give a straight line as indicated in equation (24). With the
exception of the mortar samples (which had just been introduced into the tank and had
not had time to seek their true rest potentials) the correlation coefficients R2 for the
linear relationships were found to be in the range 0.7-0.925 for the 30 second results.
For both types of reading (10,20 and 30 second and 30,60 and 90 second) the 30
second correlation coefficient was the best. By calculating the correlation before and
after applying the correction for R _ this correction was found to systematically increase
R2. The value of 26mV was used for the constant B. The final values were therefore
based on readings taken after a delay of 30 seconds and were averages of anodic and
cathodic readings. Gonzalez et.al. (1985b) also recommend a 30 second delay and
justify it from an analysis of the equivalent circuit.

3.6.2 Rest potential.

The relationships of rest potential with corrosion current which were discussed in the
previous paragraph are shown in figs.3.16-3.19 for the final values of corrosion
current. The main set (set 2) may be seen to be an improvement on the set 1 concrete
samples (figs.3.16 and 3.17). These graphs would indicate that potential surveys of
structures will give a good indication of corrosion. Fig.3.20 shows, however, that
carbonation caused a marked increase in potential of mortar samples immediately after
placing them in the tank. This phenomenon has been reported previously by Gonzalez
et.al.(1983) and Browne et.al.(1983). Gonzalez et. al. consider the situation where the
carbonation has reached the steel and show that the consequential reduction in pH
would be expected to raise the potential at the interface. Browne et. al. suggest that if
the carbonation front has not reached the steel a liquid junction potential will be present
between the carbonated and uncarbonated regions due to the increased hydroxy! ion
concentration in the uncarbonated region. The junction potential will, however, have a
maximum magnitude of 100mV. The effect of the phenomenon is to create difficulties
in interpreting potential surveys because a more positive voltage which normally
indicates that the structure is in good condition with a low corrosion rate could also

indicate the opposite due to extensive carbonation.
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3.6.3 A.C. resistance.

Fig 3.21 shows the excellent repeatability of this measurement and fi g.3.22 shows the
relationship with corrosion current. If independence of voltage is assumed calculation
of the resistivity from the resistance for cylindrical samples is relatively simple except
for the ends. The inaccuracies caused by the end effects are, however, too great to
make useful comparisons with absolute values from other workers.

3.6.4 Current at +100mV.

Fig.3.23 shows the relationship with corrosion current. The correlation between the
two measurements indicates that the current at +100mV gives a good measure of the
corrosion rate.

3.6.5 Corrosion rates.

The final values for corrosion rates obtained from linear polarisation are shown in fi gs
3.24-3.29 (all of the results are given in the data tables in Appendix 3). Fig 3.24
shows the results for the concrete samples when first exposed. Apart from the 3 day
CC2 samples which had a low corrosion rate because they were dry the expected
decrease with increasing age of sample generally occured. The corrosion rates after
exposure (fig 3.25) were actually lower for most samples than the rates before
exposure. This reduction will have been due to the enhancement of the oxide layer
caused by the anodic current. The current only increased for the mix D CC1 and CC2
samples where the chloride had evidently reached the bars. The reason why this
increase in current did not occur for mix D from CC3 in not clear. None of the six
samples tested from CC3 (2 per age) showed significant increases in corrosion current
or current under applied voltage but all twelve samples from CC1 and CC2 showed
significant increases in both. Possibly the low temperature curing left the matrix less
hydrated and thus more reactive for chloride binding.

In order to check the extent of the protection given to the steel in the SF samples
against the effect of the applied voltage by the potential drop across their high concrete
resistance the value of this drop was calculated from the known currents and
resistivities. The maximum value was only 2 mV for the SF samples but some of the
mix D samples with much higher currents had values over 100 mV. No special
protection was thus available to the SF samples.

Fig.3.27 shows that the initial rate of corrosion for the mortar control samples was
lower for the OPC mixes. This did not occur for the concrete samples (fig.3.24) and
may thus have been a result of the OPC mixes drying out to a greater extent than the
SF mixes. The initial corrosion rates for the carbonated samples (fig.3.26) show an
increased spread in the data but are all greater than the range of OPC readings for the
control samples. Fig.3.28 for the carbonated samples and fig.3.29 for the control
samples show the combined effect of carbonation and exposure to chlorides. There is a
considerable spread in the data which may have been caused by cracking in the
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samples before they were placed in the chloride solution. The results are, however,
very different from those for the concrete samples where the SF mixes showed the
lowest corrosion rates (fig.3.25) and indicate that mix B performs best under these

conditions. This apparent loss of benefit from the SF when the samples dry out is
discussed further in chapter 14.

3.7 Conclusions.

The interpretation of the results in relation to the effect of the silica fume will be
discussed in association with the results from other experiments in chapter 13 and 14.
The present conclusions relate to the method only.

1. The results obtained from electrical measurements on a corroding steel/concrete
system may be explained by the linear equivalent circuits shown in figs.3.6 or 3.7.

2. The four measurements: Linear polarisation, a.c. resistivity, rest potential, and
current at +100mV all give a broadly similar ranking for the mixes but the linear
polarisation is considered to be the most important for durability because it is a direct
measure of the corrosion rate.

3. The following improvements to the apparatus for further work are suggested:

a) Alterations to make the computer interface fully automatic would improve the
accuracy of the results.

b) The installation of a circulating pump would ensure uniform salt concentrations and
could be arranged so as to aerate the solution for oxygen permeability measurements.
c) For this work three tanks were used with connecting 25mm.i.d. siphon tubes.
These did not prevent the build up of potential differences of up to 100mv. between
the tanks which had to be corrected for. The use of a single large tank would prevent
this occurring. the potentiocastatic polariesgation current
d) It has been shown that both R (Monfore 1968) and A (Beeby 1985) are
temperature dependent. Although the apparatus is in a basement room and not subject
to major variations the temperature of the solution could be recorded.

e) If the bars were accurately machined to size before casting into the concrete the
depth of corrosion could be physically measured at the end of the experiment.
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4 Carbonation and Drying Shrinkage.
4.1. Apparatus for accelerated carbonation.

4.1.1 The apparatus.

It is known that the rate of carbonation of cementitious materials is stron gly dependent
on relative humidity (RH) and decreases at very low and very high humidities (Neville
1981). Carbonation is a chemical reaction caused by the ingress of carbon dioxide gas
into the sample and will therefore also be dependent on temperature, gas pressure and
CO, concentration. The apparatus to accelerate carbonation was therefore constructed
to expose the samples to an environment where these four variables could be
controlled.

The apparatus went through a number of stages of development but since the changes
were primarily intended to make it easier to use and more reliable and did not greatly
affect the samples it will only be described here in its final form. The original
construction was started as part of another project (Cabrera et.al.1985) but the external
circuit to condition the gas outside the sample tanks and pump air into the system was
introduced as part of this project. The apparatus is shown schematically in fig.4.1. A
larger apparatus without the capability to sustain pressure has been described by Dhir
et.al.(1985).

4.1.2 Control of relative humidity.

In the apparatus it is at present only possible to lower the humidity, not to raise it.
Because water is produced in the carbonation reaction it is necessary to have a
relatively powerful de-humidification system. This consists of a pair of heaters rated at
100W and 150W to warm the gas followed by a cold radiator to precipitate the
moisture. The cooling system for the cold radiator is similar in mechanism and size to
a domestic refrigerator with a compressor. The gas is blown across the cold radiator
by a fan and may return through a large bypass pipe. This enables gas to pass across
the heater and cold radiator several times before continuing round the circuit. The
water is extracted through a drain. The humidity is measured with an electronic probe

in one of the sample tanks.

4.1.3 Control of temperature.

The temperature was controlled by keeping the apparatus in a temperature controlled
room. The sample tanks were made of aluminium which has a high thermal
conductivity and the temperature of the gas was checked with the same probe as the
RH. It was not found to be necessary to use the heating and cooling systems in the
de-humidifier to control temperature but this is available if required.
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4.14 Control of pressure.

The system was designed for a safe working pressure of 1 atmosphere above ambient.
The pressure vessels containing the samples are substantially built aluminium castings
originally made for paint spraying. The humidity control vessel is constructed of
welded 6mm. steel plate. The connecting pipes are reinforced 12mm diameter flexible
PVC. The pressure is measured with pressure gauges on both sample vessels.

4.1.5 Control of CO, content.

A standard cylinder of industrial grade CO, is used. In order to achieve 88%
concentration used in this project the following procedure was used:

1. Start with apparatus full of air at 1 atmos.(i.e.ambient)

2. Pressurise with CO, and mix by running pump to give 50% CO, at 2 atmos. (i.e 1
atmos. above ambient)

3. Release through vent to lower pressure to 1 atmos.

4. Repeat stages 2 and 3 to give 75% CO, at 1 atmos.

5. Pressurise to give 87.5% CO, at 2 atmos.

Small samples may be drawn from the exhaust for testing for CO, content with a
system that depends on measuring the loss of volume when the gas is exposed to
potassium hydroxide which absorbs the CQO,. The concentration may then be adjusted
by introducing CO, from the cylinder or air with the pump.

4.1.6 Control of the total system.

The system is at present controlled manually but the switching has been collected into a
single box in preparation for automatic control. This will include sensors for the four
variables and control of the electrical components and the valves. The solenoid cut out
is necessary because the pump cannot start under pressure and when left running it
would otherwise burn out in the event of a temporary power failure.

4.2 Measurement of strain.

The samples for strain measurement were cast measuring 25mm. square by 200mm.
long. Each prism had a set screw with a rounded tip cast in each end as shown in fig.
4.2. The strain of the samples was measured both with a mechanical dial gauge and
with an electronic linear displacement transducer. By comparing the strain readings at
two different exposure times for each system a better correlation was found for the
electronic system (R? was .89 compared to .76). For this reason the results from the
electronic system were used but both systems are considered to be basically
comparable. The improved resultyfrom the electronic system were probably due to the
better condition of the contacts to the samples. Any small particle of corrosion or dirt
on the contacts causes a major error. The electronic system was calibrated from the
mechanical gauge with a best line fit to all of the readings and checked with feeler
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gauges.
4.3 Measurement of carbonation.

4.3.1 Strain.

Carbonation causes shrinkage in concrete (Neville 1981) and this effect may be used to
detect it. Unfortunately drying also causes shrinkage and it is difficult to separate the
two effects if they occur at the same time. The carbonation measured from shrinkage is

a combined effect of the depth of carbonation and the exact degree of carbonation
within the carbonated layer.

4.3.2 Phenolphthalein.

The traditional method of measuring carbonation is by spraying a freshly broken
surface with phenolphthalein. This is a simple method to use and specially suited for
site measurements (e.g. Smith and Evans 1986). This method gives an indication of
the depth of carbonation but no indication of the relative degree of carbonation at a
particular point beyond the binary information from the colour change. A particular
hazard has been observed when mortar samples are carbonated under pressure in that
an area was observed on the mix D samples with small spots of colour about 1mm.
across with clear areas between them. At first sight this appears to be uncarbonated
(coloured) but comparison with other readings indicate that it is definitely carbonated.
This effect is probably caused by CO, being forced under pressure down large pores,
possibly associated with the aggregate, but not penetrating the areas between them.

4.3.3 Resistivity.

The electrical a.c. resistivity of carbonated samples has been measured (see chapter 3).
The ratio of resistivities of carbonated and uncarbonated samples is proposed as a
measure of carbonation. The increase in resistivity caused by carbonation has been
observed by previous workers (Browne et.al. 1983) and is believed to be a result of
the calcium hydroxide being an important agent in the conduction process.
Measurements of carbonation in this way would be of the combined effect of depth

and degree as with strain measurements.
4.3.4 TG analysis.
The degree of carbonation in samples has been measured by thermogravimetric

analysis (see chapter 11 for details). This will give no indication of the area of

carbonation just of the degree of carbonation at one point.
4.4. Experimental procedure.

4.4.1 Exposure environments for all samples.
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The carbonation tanks were kept at 70% RH, 21°C, one atmosphere pressure above
ambient and 88% CO,. Some samples were also kept in the controlled environment
test room outside the tanks where the conditions were identical except for the CO,
content. Samples kept in the room were used as controls for short term exposure but
concrete samples kept in it for one year were tested for carbonation.

4.4.2 Mortar samples (prisms).

Prisms were cast as shown in fig.4.2 for measurement of strain. After curing, the
prisms were placed in the test room for 24 hours to dry. They were then placed in the
carbonation tanks. The length of the prisms was measured after casting, after curing,
after drying, after 4 days of exposure, and after 18 days when the samples were
removed from the tanks. When the final measurement was completed the prisms were
broken and the depth of carbonation was measured by spraying the broken surfaces
with phenolphthalein.

4.4.3 Mortar samples (cylinders).

Cylinders measuring 100mm long by 25 mm diameter were cast with 100mm long by
6m diameter ms bars on the axis projecting 20mm from one end as shown in fig.4.2.
After curing and 28 days in the tanks the ac resistivity was measured. 2 cylinders per
condition were exposed and 2 more were kept in the test room for control.

4.4.4 Mortar samples (cups).

Two samples per condition were cast in plastic cups and after curing and 28 days in
the tanks they were broken and the carbonation depth was measured with
phenolphthalein. Due to the geometry of the samples the maximum measurable depth
was 20mm.

4.4.5 Concrete samples.

Two 100mm cubes were cast for each condition and after curing they were stored in
the test room. After one year of exposure they were broken and the carbonation depth
was measured with phenolphthalein. Samples were also drilled from the outer 1mm.
and from the centre of one of the cubes and tested by thermogravimetric analysis.

4.5 Results and Discussion.

4.5.1 Drying shrinkage.

The results for strain measured during curing are in fig.4.3, those for the 24 hour
drying period are in fig.4.4 and the combined strain during curing and drying is
shown in fig.4.5. The anomalous readings (such as that for mix A CC2 age 28 in
fig.4.4) were caused by dirt on the contacts as discussed in section 4.2.

The differences between the low w/c ratio mixes (A and B) and the high w/c ratio
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mixes (C and D) give rise to two opposing effects. The change in w/c ratio would be
expected to cause less shrinkage in mixes A and B but they also have lower aggregate
contents which would tend to make them shrink more. Neville (1981) presents data
which indicates that the effect of w/c ratio would be slightly greater than the effect of
the aggregate so mixes C and D would be expected to shrink sli ghtly more.

In fig.4.3 it may be seen that in wet curing (CC1 and CC3) mixes B and C expanded
most. The swelling seems to have been very rapid and did not increase with continued
curing after 3 days. In dry curing (CC2) the SF mixes A and C showed greatest
shrinkage. The shrinkage of the OPC samples was substantially recovered by 28 days
(CC2 samples were placed in water after 7 days) but, assuming that the mix A 28 day
reading was not accurate, there is no evidence of the shrinkage of the SF mixes
recovering to the same extent. Fig.4.4 shows that the 3 day samples showed greatest
shrinkage during drying as expected. The combined effect in fig.4.5 is of interest
because the CC2 results give evidence of the SF mixes shrinking more at all ages.

4.5.2 Carbonation.

The shrinkage during carbonation is shown at 4 days in fig.4.6 and at 18 days in
fig.4.7. The increase of shrinkage with age is due to the slower drying of the older
samples, causing them to dry during exposure, rather than during the 24 hours of
drying outside the tanks. The main effect was, however, that the low w/c mixes
shrank substantially more than the others. This can be seen for the 18 day results and
to a lesser extent for the 4 day results. All of the other measures of carbonation show
conclusively that the low w/c mixes carbonated most so the only explanation can be
that a drying shrinkage effect has dominated the readings.

The carbonation depth measured with phenolphthalein on the mortar cups is shown in
fig.4.8 and its relationship with that measured on the mortar prisms and the concrete
cubes is in figs.4.9 and 4.10. These graphs indicate that this measurement is not very
repeatable but the repeatability is not any worse between mortar exposed in the tank
and concrete exposed in the room than between two sets of mortar samples exposed in
tank.

The relationship between the resistivity measurement and the phenolphthalein
measurement on the mortar cups and the concrete is shown in figs.4.11 and 4.12. It
may be seen that the carbonation causes the resistivity to increase by a factor of up to
10. It is difficult to assess the resistivity measurements from the phenolphthalein
results because of the known limitations of the phenolphthalein method.

No relationship was found between the thermogravimetric readings and the other
measurements. The ratio of the calcium carbonate to the total of calcium
carbonate+calcium hydroxide was calculated to give a measure of the proportion of
available hydroxide which had carbonated but still no relationship was found. The
results for the inner samples from the centre of the cubes are in fig.4.13 and those for
the surface are in fig.4.14. (The calcium hydroxide contents of these samples are
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shown with the other thermogravimetric results in figs.11.8 and 11.9). It is of note
that in the outer samples (fig.4.14) the carbonate content is highest for mix C (SF)
despite the relative lack of calcium hydroxide available for carbonation.

4.6. Conclusions.

1. An apparatus has been constructed which will form the basis of an automatic system
for providing a fully controlled environment for accelerated carbonation.

2. In order to measure carbonation strain it would be an advantage to dry the samples

in a CO, free environment before exposure. Vacuum drying might be a good method
for this.

3. Measurements of carbonation with phenolphthalein were not found to be very
repeatable.

4. Measurement of resistivity may be a good way to measure carbonation. Further
research in this area would be necessary to prove the method. It could be used on site
by measuring the resistance between the surface and the reinforcement while carrying
out a potential survey. It could indicate areas of carbonation which would be useful
when interpreting the survey and assessing the state of the structure.
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5 Chloride transmission.
5.1 Introduction.

Chloride transmission has been measured by two methods which employ different
systems both to cause the chloride to move through the samples and to detect it. The
first method, which is discussed in section 5.2, only uses gravity to assist the chloride
to penetrate the sample and uses analysis of drilled samples to measure penetration.
The second method, which is in section 5.3, uses an applied voltage to cause rapid
electro-migration and measurement of current to monitor it.

5.2 Gravity Assisted Chloride Diffusion.

5.2.1 Experimental method.

Concrete beams were cast in moulds 500mm long by 100mm square. A rebate 20mm
deep by 40mm wide and 300mm long was formed in the top of each beam. After
curing, four 32mm. diameter holes were drilled in each beam in the bottom of the
rebate just deep enough to form the shape of the tip of the drill (approximately 10mm
deep at the centre). A heavy rotary hammer drill was used. The rebate was then filled
with saturated sodium chloride solution and the beam was kept at approximately 20°C.
After 28 days samples were drilled from the bottom of the holes and tested for acid
soluble chloride content by the titration method of BS 1881 (1971) part 6.The depth of
drilling for samples was controlled by the drilling time because it was not possible to
provide accurate direct control. The exact procedure for sampling was as follows:

1 Remove salt solution and wash off remaining salt with cold water.

2 Wait for concrete to surface dry at room temperature.

3 Drill for 10 seconds and discard dust.

4 Drill for 5 seconds and retain dust as sample 1 (approx Smm. depth).

5 Drill for 5 seconds and discard dust.

6 Drill for 5 seconds and retain dust as sample 2. (approx. 10mm. depth).

This method produced samples of about 2-4 grammes. Material from the 4 holes in the
same beam was mixed to provide sufficient for testing.

5.2.2 Calculation of results.

The depth was calculated by weighing the total amount of material collected. (This
method was checked by measuring with a vernier caliper for one third of the samples).
The results were calculated by fitting an exponential decay function to the two
readings.

It was observed that the predicted concentration was near zero by 20mm depth. The
integral was therefore calculated over the range 0-20mm and from it the average
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concentraton in that area was obtained.
5.3 High Voltage Chloride Migration.

5.3.1 Experimental method.

Mortar samples were tested for chloride transmission with a voltage of 40 volts applied
across them. The diffusion rate was recorded by measuring the current passing. This
method is very similar to the FHWA test developed by Whiting (1981). This apparatus
was built as part of another project (Lynsdale 1987) but some additions to the software
were written as part of this project.

The samples were cast as cylinders 100mm diameter by approximately 55mm long.
The apparatus is shown in fig.5.1. At the test age the samples were installed in the test
cells with NaCl (30g/L) on the negative side and NaOH (12g/L) on the positive side.
Before testing, the 3 day CC2 samples were saturated in water under an applied
vacuum for 2 hours, because they were dry. All other samples were wet from curing.
A rubber membrane was used to seal the curved surfaces of the samples and at each
end this was sealed to the cell with silicon rubber.

The current was recorded by measuring the voltages across 0.1 Ohm shunts in the
circuit as shown in fig.5.1. The readings were taken every five minutes with an
intelligent analog to digital converter unit which was connected to a BBC
microcomputer. The temperature was also recorded with a thermocouple in the sodium
chloride. All of the results were written direct to computer disc. The detailed procedure
for the apparatus is included as appendix 2.

5.3.2 Calculation of results.

A typical output of the raw data is shown for three samples in fig.5.2. The second
trace on the graph shows the temperature. Correction for the effect of temperature on
the resistivity has not been applied. If temperature correction was applied it would
increase the spread of the readings because the samples with lower resistances
generally reached higher temperatures.

The initial current, final current, and total charge passing during the 6 hours of
measurement were calculated. The lengths of the samples were measured and a small
correction factor was applied to normalise the results to exactly S5Smm length, (i.e. if
the length of the sample was 56mm. the readings were multiplied by 56/55).

5.4 Results and discussion.

5.4.1 Results.

The development of the chloride concentration and the total charge passing with age at
the time of testing is shown in fig.5.3 and fig.5.4. The relationship between the two is
shown in fig.5.5. Although the relationship between them which was observed by
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Whiting (1981) is confirmed, inspection of the data reveals that the major dependence
of charge passing on the age and curing condition of the pozzolanic mixes is not

reflected in the chloride sampling results. The results of the two experiments are
presented in table A3.5 in appendix 3.

5.4.2 The mechanism of conduction of d.c..

It has been established (Monfore 1968) that conduction is almost all through the pore
water, conduction through the cement matrix and aggregate is negligible, (It has been
observed by Hansson (1984) that a closed pore structure would allow almost no
current). Thus the current at the cathode may be assumed to be largely composed of
chloride ions migrating towards the sample. Assuming normal isotope concentrations
the ions will have an average mass of 35.5 atomic units i.e. 5.94*10726 Kg and one
electronic charge i.e. 1.6*10°1 coulomb. Thus for each Coulomb of charge recorded
0.37 mg of chloride ions will enter the sample.

When the ions have entered the sample the situation becomes more complicated. Each
ion will penetrate a given distance and then stop. Whiting (1981) measured the
concentrations of chloride in samples after the diffusion test and found that they decay
to zero within the thickness of the sample and do not extend to the opposite face. From
the point where the chloride ion stops another ion such as a hydroxyl ion must start in
order to conduct the electron to the anode.

The precise point at which the ions stop will be dependent on the existing
concentration of chloride and other factors such as the ability of the matrix to bind
them. If the only factor is the initial concentration the current may be expected to
increase linearly with time. (The resistance must be lower in the areas with chloride in
them or the ions would go straight through). Whatever the final distribution is it
follows that the first ions to enter the sample will initially stop at the surface. Thus the
initial current will be dependent on the mobility of the ions already in the sample
(primarily hydroxyl ions) and not the chloride ions.

It may be seen from table A3.5 (Appendix 3) that the current flow in the OPC samples
increases during the test indicating that the main controlling factor is the extent of the
existing penetration into the sample. For the SF samples, however, it decreases
indicating a different mechanism. It is proposed that this mechanism is the depletion of
hydroxyl ions. This would explain the strong dependence on age and curing condition
because the supply of these ions will be reduced with the progress of the pozzolanic
reaction. This depletion is purely a property of the electrical test and has no direct
connection with the chloride permeability under normal circumstances.

5.5 Conclusions.
Conclusions on the effect of the SF are discussed in association with the results from

other experiments in chapters 13 and 14. The risks of drawing conclusions from single
experiments are very clearly shown by the results from the high voltage experiment
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which actually gave a result for resistivity (see chapter 13).

1 A simple measure of chloride penetration into concrete has been obtained by filling

drilled holes with chloride solution and sampling by continuing drilling with the same
bit.

2 The results from comparing this test with a rapid chloride determination show that
the relationship between charge passing in the FHWA rapid chloride permeability test
and chloride penetration into OPC samples does not hold for silica fume samples.

3 The reason for this difference 1s that the current is controlled by the hydroxide ions
in the silica fume samples and by the chloride ions in the OPC samples.

4 A useful addition to the experiment would be to measure the ac resistivity and
possibly the rest potential of the cells before and after the test. The correlation of the
results with resistivity results from chapter 3 is discussed with other relationships in
the conclusions in chapters 13 and 14.
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6 Vapour Transmission.
6.1 Experimental method.

6.1.1 General description.

The vapour transmission rate through paste samples has been measured. The samples
were sealed into the top of sample bottles containing water and the rate of transmission
of vapour from the inside to a controlled humidity environment outside was measured
by measuring the weight loss of the bottles. Two sets of samples were tested: the main
set (set 1) which was made with paste mixed in the Hobart mixer in the normal way
and a small additional set (set 2) which was made from paste which had been mixed

using high energy mixing (see section 2.1). In set 2 some of the bottle tops containing
the samples were weighed separately from the bottles.

6.1.2 Procedure - Set 1.

Low energy mixing was used and the samples were cast in 100mm. cube moulds.
After 24 hours 25mm. cores were cut from them. At the test age thin discs were cut
from the central portion of the cores. The thickness of each disc was measured with a
micrometer and all were in the range 3.5-4.7 mm. The discs were the permitted to dry
at room temperature for approximately two hours and then set in epoxy resin in holes
formed in the lids of 125cc. sample bottles. The bottles were then part filled with
de-ionised water and the lids put on them and sealed as shown in fig. 6.1. The
effectiveness of the seals was checked by briefly inverting the bottles. The bottles were

then placed in trays in large storage bins. Details of the bins are as follows:

BIN 1 : Open to the atmosphere in a room controlled at 70% RH.

BIN 2 : Sealed with a quantity of sodium dichromate in the bottom to give an RH of
55.2%. (Sneck and Oinonen 1970).

BIN 3 : Sealed with a quantity of lithium chloride to give an RH of 12.4%.

All of the bins were kept at 21°C. The RH was checked periodically using an

electronic probe.

The transmission rate was measured by weighing the bottles. Two samples were tested
for each of the 4 mixes, 3 curing conditions, 3 test ages and 3 bins to give a total of
216 bottles.

6.1.3 Procedure - Set 2.

The purpose of the set 2 samples was to measure the effect of high energy mixing and
to measure the weight loss of some samples (i.e. bottle tops) separately from the
bottles. In order to remove the tops it was necessary to omit the silicone rubber seal so
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additional samples were made to check whether this affected the weight loss. All of the
set 2 samples were made using high energy mixing, cured in curing condition one for
three days and then tested in bin one. The method of cutting the samples and installing

them in the bottle tops was the same as for set 1. Three different types were tested (2
samples per mix of each):

Type 1 As main set (set 1)
Type 2 Silicon rubber seal omitted
Type 3 Seal omitted and tops weighed separately.

6.2 Analysis of the data.

6.2.1 Initial preparation.

The weights of the bottles were initially plotted against time, a typical plot showing 6
bottles is shown in fig.6.2. These plots were used to identify bottles where obvious
leakage was causing a wrong result. Out of the total of 216 in set 1 there were 3 of this
type and the results from them were not used.

6.2.2 Analysis of the steady state.

The physical interpretation of the steady state is simple. Whatever processes initially
change the sample they are bound to reach equilibrium and at this point the rate of
transmission will be constant. It was observed that during the first month the rate of
weight loss varied but after this it remained almost constant. A straight line was
therefore fitted to the data obtained after the first 30 days.

The equation used to describe the process is as follows:
M =xM, + Ct (D)

Where:

M is the cumulative mass loss until the current time t

x is a function of time which represents the fraction of the initial additional mass loss
M,, which has occu{ed‘ When the transmission rate is constant after 30 days x=1.

C is a constant for each sample. After 30 days C = dM/dt

Thus after 30 days the linear relationship is:
M=M,+Ct (2)
The constants M, and C were obtained for each sample from the straight line fitting to

the data.

6.2.3 The initial processes.
The total effect of the initial processes is measured by M,,. In order to quantify the rate
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at which they take place it is necessary to fit a curve to the initial data. The initial mass
loss is higher than the steady state. The following two processes contribute to this
effect:

1. When the samples were first installed they had a relatively constant moisture content
throughout. Whatever the final distribution it was certainly not constant across the
thickness of the sample. An increase in moisture content on the wet side would not
affect the measured weight but a loss from the dry side would cause a loss of weight.
The factors controlling the exact rate of moisture loss are complex because the rate of
migration of water will depend on the local humidity gradient and the total amount to
be lost from any given depth will depend on the final distribution. As a rough
approximation it is, however, reasonable to assume an exponential decay, i.e. the rate
of loss will be proportional to the amount remaining to be lost.

2. When the samples were installed they were not fully hydrated. Due to the presence
of moisture the hydration will have continued and the hydration products will have
formed in previously open pores. The factors controlling the transmission rate are
again complex because the rate of hydration will depend on the availability of water
and there is also a negative component caused by the loss of water to the reaction. An
exponential decay may be very approximately justified by assuming that the rate of
hydration depends on the quantity of cement remaining to hydrate and the rate of
transmission decreases linearly with the quantity of hydration products present. Thus
the rate of hydration will decay exponentially and the rate of transmission will follow
it.

If the two processes are assumed to proceed at approximately the same speed they may
be represented by a single term to describe the initial additional losses:

Myx e

where K is a rate constant to represent the effect of both processes.

thus

M=M, - 1\/10<»:KI +Ct 3)

-M+C
Kt=Ln[M0MO t] 4)

A value for K may be obtained by plotting the right hand side of this equation against
time t but it is greatly affected by small deviations from linear behaviour with
increasing time. Thus the best fit of the inverse to 1/t was used to obtain a value for K.

and

It may be seen from fig 6.2 that this procedure gives a good fit to the data.

Thus for each sample the constant C was used to measure the steady state loss and the
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the constants M, and k were used for the extent and duration of the initial additional
losses.

It would, of course, be possible to obtain the best values of all three constants by
fitting equation (3) to the data using multiple regression and avoid the assumption of
linearity after 30 days. The accuracy of the method of obtaining the constants in order
may, however, be seen to be good from fig.6.2 and it is quick and easy to use.

6.2.4 Results for weight loss.
The results for the steady state loss C for set 1 are presented in figs.6.3-6.5.

Summary of samples tested:

Main set (set 1) : Low energy mixing

Set 2 Type 1: Tested as main set (set 1)

Set 2 Type 2: Silicon rubber seal omitted

Set 2 Type 3: Seal omitted and tops weighed separately.

LOSS PER 100 DAY (C)

Mix w/c main set Type1 Type2 Type3
A(SF) 3 0.623 0.674 0.94 1.344
B(OPC) .3 1.710 1.650  2.262  2.759
C(SF) 46 2.456 1.487 1.385 1.701
D(OPC) .46 1.779 4.034 3970 4.106
INTERCEPT (M)

Mix wj/c main set Type 1 Type2 Type3
A(SF) 3 0.646 0.319 0324  0.229
B(OPC) .3 0.741 0.415 0378  0.188
C(SF) 46 1.213 1.426 1.362 1.263
D(OPC) .46 0.533 1.103 1.021 1.043
RATE CONSTANT (K)

Mix w/c main set Type1 Type2 Type3
A(SF) 3 0.099 0.161 0.139  0.069
B(OPC) .3 0.071 0.091 0.088  0.142
C(SF) 46 0.056 0.136 0.145  0.142

D(OPC) .46 0.075 0.082 0.078 0.082
WEIGHT LOSS OF SAMPLES (LIDS)
Mix A B C D

0.14 0.07 0.12 0.12

Table 6.1 Results for set 2
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The results for set 2 and the equivalent samples from set 1 are in table 6.1.
Droplets of water were observed on the underside of the lids after several weeks at low
transmission rates. The weight of the lids remained stable after 28 days.

6.3 Calculation of a coefficient.

6.3.1 Effect of sample thickness.

A number of different coefficients have been used for transmission rates. Henry and
Kurtz (1963) found the rate of transmission through concrete using the wet cup
method (i.e. with water in the bottles as used in this work) to be independent of the
sample thickness and used a coefficient which is independent of the thickness. Using
the dry cup method (i.e. with dessicant in the bottles) Woodside (1959), Wierig
(1965) and Spooner (1983) assume the rate to be proportional to thickness and Mills
(1985) derives a dependence on the square of the thickness.

The dependence on thickness in the data was checked by considering each similar pair
in set 1. For each pair the percentage difference in thickness and the percentage
difference in the constants C, M, and K were calculated. No correlation was found
between any of the constants and the thickness and it was thus concluded that the rate
is independent of thickness. The coefficient used did not, therefore, contain a term for
thickness.

6.3.2 Effect of Relative Humidity.

Henry and Kurtz (1963) found some dependence on RH but only after 100 days and
Wierig (1965) reports a non-linear dependence. The dependence of the measured
weight losses on relative humidity was investigated by checking for a constant ratio
between results from the different bins. The target RH for bin 1 was 70% and for bin
2 it was 55.2% and thus a linear dependence of rate on RH would give a ratio of
(100-55.2)/(100-70)=1.49

The other ratios are in table 6.2.

Ratio of C MO K

RH drop ratio ratio ratio
Bin 2/Bin 1 1.49 0.95 (.84) 1.13 (.86) 0.89 (.34)
Bin 3/Bin 1 2.92 1.73 (.83) 1.29 (.76) 1.03 (.06)

Table 6.2 Effect of RH

Figures in brackets after the ratios are the values of R2 for the relationship.
The relationship with RH is clearly non-linear. In order to provide equal weighting to
data from each bin when calculating an average the results were weighted in proportion
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to the ratios for C given above.

The permeability was therefore calculated from the average value over six readings of:

Kg/rnzPa s (5)

APDI FF

where:

C is the rate of mass loss in kg/s

A is the area of the sample in m?

Ppgg 18 the vapour pressure drop in Pa.

The initial mass loss (intercept) was calculated from the average of:

M,

APDI FF

Kgm’Pa  (6)

and the rate constant k was calculated from:
K Pppp Pafs @)
The results for the coefficients are shown in figs.6.6-6.8.

6.4 Discussion.

6.4.1 The mechanism of transmission.

The fact that the rate is independent of the sample thickness severely limits the choice
of possible mechanisms. The possibility of a continuously changing moisture content
across the thickness is ruled out. Bazant and Najjar (1972) observe that the mean free
path of a molecule of water vapour at room temperature is many times greater than the
size of continuous pores in concrete and Mills (1985) observes that at 96% RH pores
with diameters below 35nm. will sustain a meniscus. It may therefore be concluded
that, with the exception of an outer surface layer, the pores are all either full of water
or vapour at near 100% RH. Wierig (1965) shows experimental readings of the
vapour pressure across a wall with RH 95% and 0% on each side and it remains at
95% until the mid-point. He also shows a graph of transmission rate against thickness
which indicates that the transmission rate is independent of thickness for thin samples
but dependent for thicker ones (more than 10mm. thick for mortar samples). The
model proposed above would indicate that keeping one side at 100%RH would extend
the range for which the transmission rate is independent of thickness.

Further support for the theory that this is not a vapour diffusion process is gained from
the observation of water droplets on the underside of the samples. These droplets will
clearly prevent the ingress of any gas or vapour into the sample. Rose (1965)
discussed the various degrees of saturation possible in a porous body. He suggests
two mechanisms of transmission without full saturation but without a vapour pressure
gradient. One takes place when just the necks of the pores are filled with water where
vapour condenses on one side of the neck and evaporates from the other. The other
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mechanism is surface creep of a fine film of water coating the pore surfaces.

Powers (1960) proposes a mechanism for the loss of water from the dry side. He
observes that if it was necessary for water to evaporate from surfaces in the necks of
the outer pores as in the "ink bottle" analogy virtually no water would be lost. He
therefore proposes a mechanism where the process is controlled by the formation of
vapour bubbles in those pores which are of adequate size. This would indicate that the
rate would be linearly dependent on porosity. The porosity has been measured in

another part of this project and relationships between variables are discussed in chapter
13.

6.4.2 The initial processes.

The results from set 2 given in table 6.1 indicate that the measured loss of weight from
the samples formed almost 50% of the total initial loss M, in mixes A and B but only a
small part in mixes C and D. The relatively small differences between the results for
the Type 1 and Type 2 samples indicate the the omission of the silicone rubber seal to
enable the tops to be removed did not have a major effect on the observed sample
weight loss. This observed loss may only be used to indicate a lower limit of the
relative importance of the moisture loss in the total initial weight loss discussed in
section 6.2.3. This is because the uptake of water to the wet side including the
observed formation of droplets will reduce the observed weight loss. Morrison et.al.
(1979) used a method of direct measurement of the uptake of water to the wet side.
They had water in direct contact with the wet side but they suggest the the pressures
created by the humidity gradient are far greater than the hydraulic pressures so this
should have little effect.

64.3 High energy mixing.

The effect of high energy mixing may be seen by comparing the first two columns in
table 6.1. The steady state weight loss rate C is not greatly changed for mixes A and B
but for the mixes with higher w/c ratio it is reduced for the SF mix (C) and increased
for the OPC mix (D). The decrease for mix C is probably caused by improved
dispersion of the SE. The increase for mix D could be explained by the observation the
when only mixed at low energy it lost a large amount of water through bleeding and
thus had a higher density.

For mixes A and B the total effect of the initial processes (M) is reduced and the rate
at which they take place (K) is increased. This could either be caused by faster
hydration of a more closed pore system limiting the total water loss. For mixes C and
D it should be noted that increasing the straight line gradient C would be expected to
decrease M, and K (see fig 6.2) and decreasing C will have the reverse effect. The
increases in M, and K for mix D are therefore significant and could indicate greater
moisture loss as a result of reduced loss through bleeding at time of mixing.
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6.4.4 The effect of RH.

The effect of the different relative humidities in the bins may be seen from table 6.2. It
may be seen that for the bin 1 / bin 2 ratio the ratio for C is less than 1 while the RH
drop ratio is greater than 1. This may have been caused by vapour transmission in bin
1 being assisted by air circulation in the room (it was open while the others were
sealed). The ratio for C for bin 3 is as expected, a linear dependence on RH was not
anticipated. The ratios for K have very low R2 values indicating no effect of RH on the

rate of achieving equilibrium. The reason for the small increases in M, in bins 2 and 3
is not known.

6.4.5 The effect of curing.

The effect of age and curing condition on the steady state loss C for set 1 may be seen
for each bin in figs.6.3-6.5 and the average in fig.6.6. Extending curing has caused a
small reduction in C which is approximately equal for all of the mixes. Different curing
conditions have little effect. This indicates that there is sufficient moisture in the
samples during testing for hydration to proceed.

6.4.6 The initial mass loss.

Figure 6.7 shows that increasing curing time greatly decreases M, (the total effect of
the initial processes). Improved curing conditions also decrease it. This is clearly
caused by the greater progress of the hydration before the start of the test.

6.4.7 The rate constant.
Figure 6.8 shows the effect of age and curing condition on K (the rate of the initial
processes). An increase for longer curing times would be expected from the reductions

in M,,.

6.5 Conclusions.
The following conclusions only concern the method and the mechanism of

transmission.

1. The rate of transmission of water vapour through paste has been measured using the

apparatus shown in fig.6.1.

2. High energy mixing has a major effect on the water vapour transmission rate
through paste. This effect is sufficient to change the ranking of the mixes.

3. The transmission rate is independent of sample thickness over the range
3.5-4.7mm. because a major part of the sample is fully saturated during the experiment

and the degree of saturation only falls in the surface region.



- 100 -

4. The higher initial weight losses are caused by several processes including
movement to moisture equilibrium and continued hydration. Separation of the effect of

these by weighing the samples separately is complicated by uptake of water to the wet
side of the sample.

5. Wittmann (1987%) has measured the streaming potential caused by moisture
movement with a basically similar apparatus. He claims that this method could be used
in principle to determine the contribution of liquid water to the moisture transmission.

It might also separate out the initial effects and would make a useful addition to the
experiment.
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for lines is M = MB - MBxexp(-KT) + CxT

3.008 Sample 1.008 C=0.026 MBP=1.18B6 K=B.056
3.000 Sample 2.800 C=0.824 MP=1.240 K=8.855
78,000 Sample 1.000 C=D.019 MP=0.784 K=08.067
28.000 Sample 2.008 C=8.813 MB=08.688 K=0.861
890.900 Sample 1.800 C=0.216 MB=B.545 K=0.131
83.PPB Sample 2.088 C=0.815 MB=0.547 K=8.155

Fig 6.2 Typics! outputs for vapour transmission
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moisture content.
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7 Oxygen Transport.
7.1 Experimental method.

7.1.1 Introduction.

The rate of transmission of oxygen through mortar samples has been measured at
applied pressures of 1 and 2 atmospheres. The apparatus used for testing was
designed by Cabrera and Lynsdale (1988). The rate of flow was measured with a
bubble flow meter. The apparatus is shown in fig.7.1. The seal is formed by first

coating the sample with silicone rubber and then compressiﬂg it into a surround of
synthetic rubber.

7.1.2 Preparation of samples.

Mortar samples were cast as 100mm cubes. When they were struck (after 1 day)
25mm cores were cut from them and 20mm long samples were cut from the central
portion of the cores.

At the test age the samples were dried for 24 hours at 105°C and placed in a
dessicator. When they had cooled a thin film of silicone rubber was applied to the
curved surfaces and allowed 24 hours to set before testing.

Before testing the curing condition 2 samples any remaining curing agent on the end
surfaces was removed using No 40 grit sandpaper. Penetration of this material into the
pores could, however have reduced the flow rates.

7.1.3 Testing procedure.

The samples were tested at applied oxygen pressures of 1 and 2 atmospheres above
ambient. Two samples were tested for each condition. Before testing, the samples
were allowed a minimum of 30 minutes to equilibrate and to purge the air from the
system, and for samples with very low flow rates this was increased to several hours.
Two readings were made on each sample at each pressure and the average of these two
readings was used. Different diameter bubble flow meters were used ranging from
1.7mm. for very low flows to 10mm. for high flows.

Leakage was checked for with some spare samples by spreading the silicone rubber
over the flat surfaces as well as the curved surface and checking that there was no gas
flow. No flow was observed. If there had been any substantial leakage the range of the

data would have been reduced.
7.2 Calculation of a coefficient.

7.2.1 The basis of the method.
Lawrence (1981) discusses a number of different possible coefficients of permeability.
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In later work (e.g. Lawrence 1986) he uses a method based on Darcy's law. This has
also been used by Bamforth (1987), Nagataki and Ujike (1986) and Cabrera and
Lynsdale (1988) and is easily derived as follows:

For one dimensional flow Darcy's law states that :

K dp
=—— 1
v e dx 1
where :
v is the velocity of the fluid

K is the coefficient of permeability
e is the viscosity
x is the distance from the surface of the sample

p is the pressure at position x

If Q is the volume per second passing through the sample measured at the low
pressure P, (assuming an ideal gas) :
VA
i CG)

P)

where A is the cross sectional area of the sample

thus:
QP _Kadp 3)
Ap e dx
and:
dx AK
i (4)
dp QeP,
integrating across the sample:
2 2
AK(P,-P)) )
"= TIQep,
where:
P, is the high pressure
t is the sample thickness
thus:
2tQeP
K= L m’ (6

- 2.2
AP,-P))

The viscosity of oxygen gas e = 2.02*10-> Ns/m?
P, = 1 atmosphere = 0.101 MPa

7.2.2 Relationship between readings at different pressures.
The relationship between the readings at the two pressures is shown in fig.7.2. which
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is plotted logarithmically to spread the readings. It may be seen that the data lies very
accurately on the line of equality indicating that the use of Darcy's equation was
justified. The average of the two readings was used for all further analysis.

7.3 Results and discussion.

7.3.1 General.

The results are plotted in fig.7.3. Both Lawrence (1984) and Bamforth (1987) indicate
that the expected range for concrete permeability is 1013 10 10-18, It may be seen that
the present results for dense mortar are about half an order of magnitude below this
range as would be expected. The reason for any variability in the data must lie in the
samples or their installation and not in the readings because of the good relationship
between the independent readings for the two pressures. The repeatability between the
two samples tested was generally within 20% and checks were made to ensure that
there was no systematic difference in the readings from each of the four cells.

7.3.2 Dependence on curing.

The OPC results decreased with age as expected but for some reason the SF samples
from curing conditions 1 and 3 showed an increase in permeability with age. This
observed increase would not have been caused by different surface conditions of the
samples causing leakage past them because they were all cored at the same age
immediately after casting. There must therefore have been a genuine effect which
increased the permeability of these samples but did not affect the samples from curing
condition 2. A possible explanation is that the oven drying caused microcracking but
did not affect the curing condition 2 samples because the residual curing agent on them
prevented them from drying out so fast. A method of testing this theory would be to
use a different method of drying such as vacuum drying. A possible cause for a true
increase in permeability associated with an observed increase of porosity in a particular

pore size range is discussed in chapter 14.

7.3.3 Diffusion.

Lawrence (1984) has measured the coefficient of diffusion. This differs from the
permeability in that an oxygen free gas (nitrogen) is introduced adjacent to the low
pressure side of the sample and the oxygen is then detected in it. He suggests that the
diffusivity is more relevant to real structures but presents data to indicate that it is
linearly proportional to the permeability. Correlations to this permeability data should

therefore be relevant to the diffusivity.
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7.3.4 Liquid permeability.

Bamforth (1987) derived a relationship between gas and liquid permeability based on
experimental observations and gas slippage theory. His relationship indicates that the
water permeability corresponding to a gas permeability of 6%10°1% which was
measured for one of the mix A samples would be below 1*102, The highest readings
of 5*10°16 would give a water permeability greater than 5%10°17. This suggests that the

large range of readings for gas permeability would correspond to an even larger range
for water permeability.

7.4 Conclusions.

1. The oxygen permeability of small mortar samples has been measured.

2. The dependency of the results on pressure is accurately predicted by Darcy's law.
3. The permeability of the OPC results decreased with increasing age as expected. An

unexpected increase with increasing age was observed for the SF samples. This is
discussed in chapter 14.



- 110 -

POINT OF PRESSURE FROM CLAMP

PRESSURE
GAUGE S/5 LID

GAS N\
IN
5/5 % % .
MOUNTING — %// %
HOLDER % ’ % oL
/
. .
SYNTHETIC % - %
SBEEE?NG % % —— PVC SLEEVE
GAS bl
—1r QuUT <—+—5/S CASING
0 RINGl S/S BOTTOM PLUG
All machined parts drawn to scale
at full size, circular on plan,

VERTICAL SECTION THRDUGH SAMPLE HOLDER FOR
DXYGEN PERMEABILITY MESUREMENTS.

Fig 7:1



- 111 -

-15.0
|

-15.4 +

m?2

~-15.8 T
-16.2 + (SF)
{(OPC)
(S5F)
(OPC)

mix

K (D2)

mix

-16.6 +

~17.8 4 /gf

~17.4 4+

mix

¥ X + X
OO D>

mix

Log 2 Atmos

-17.8 +

-18.2 + x

T

-18.6 1

1 -3

-18.08 ~+ ~t $ t + t + -+ $ 4
-18 -18.2 -17.4 -16.6 -15.8 -15
Log 1 Atmos K (D2) m?2

Fig. 7.2 Showing the good relationship between mesasurements
of the oxygen permesbility K made at 1 estmosphere pressure
drop snd those st 2 atmospheres. The |ine drawn is thst of
equsel ity (Y=X)

-15.08 +Mix A 5F w/(c+s)=.3 ~Mix B DPC w/c=.3

-15.8 + 1
-16.6 + + A
o -17.44+ O 1
& \\,A"A [ Curing Conditions
~ -18.2 + - B-s + .
a —
= -19.0
x Age 3 28 90 Age 3 28 9@ o PP CC 2
Q
o ~15.8 Mix C SF w/{c+s)=.46 ._Mix D DPC w/c=.45 Ao cc 3
< -15.8 + +
@ A
o "
- -16.6 1 o +
\E-‘—"“m
-17.4 + +
"18-2 s o e
-19.09
Age 3 28 89 Age 3 28 80

Fig. 7.3 The final results for the oxygen permesbility K
celculated from sn sverage of the resdings 8t 1 and 2

atmospheres.



- 112 -

8 Helium Intrusion.

8.1 Introduction.
In this chapter and the three that follow it experiments are described that measure
fundamental properties of the mixes. These properties are not directly related to the

aggressive processes that cause the deterioration of the concrete but are measured in
order to understand and predict the processes.

8.2 Experimental apparatus.

82.1 General.
The helium pyconometer measures the volume of helium which a sample displaces.
The sample is positioned in one of two chambers in the machine which initially have
equal volumes. After evacuation an equal volume of helium is introduced into both
chambers and the pressure in each one is measured. The machine then calculates a
volume change to the empty chamber in order to make the volumes equal, i.e. to
compensate for the presence of the sample. This volume change is effected by means
of a piston and then helium is introduced again. The cycle repeats until equal pressures
are found in both chambers at which time the volume of the sample is known from the

position of the piston.

8.2.2 Error from sample size.
Initial tests were carried out on solid samples. It was found that if two identical

samples were tested but one was cut in half before testing the results were different.
This was interpreted as a failure of the gas to penetrate the closed pore structure which
may be partially exposed by cutting the sample. For this reason all of the samples were
ground before drying and tested as a powder.

8.2.3 Error from temperature.
The test is very temperature sensitive. In the machine the two chambers are formed in

the same aluminium casting in order to keep them at the same temperature. The system
is, however, badly disrupted if the sample is not at room temperature and testing
samples within two hours of removing them from the oven was found to cause errors.

8.3 Experimental procedure.

8.3.1.Sample preparation.

The samples were cast in disposable plastic cups. The cups were full for concrete
samples (approx 200cc) and half full for paste and mortar. Low energy mixing was
used for the paste samples. All samples were dried for 24 hours at 105°C and then
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stored in a dessicator in the same room as the testing machine for a further 24 hours
before testing in order to reach equilibrium at the same temperature as the machine. All
of the samples used were ground to pass a 1.18mm. sieve. It should be noted that
grinding was continued until the entire sample would pass through the sieve. Thus the

proportion of aggregate in the sample which was tested was representative of the
whole mix.

8.3.2 Testing procedure.

The specific gravity of the samples was measured on a Micromeritics Helium
Autopyconometer 1320. The samples were weighed before testing and the mass was
manually entered onto a register on the machine which then calculated the specific

gravity. Two samples were tested for each condition. The evacuation time was set to 3
minutes.

8.4 Results and discussion.

8.4.1 Results.
The specific gravity results for paste, mortar and concrete are presented in figures 8.1,
8.2 and 8.3. The maximum difference between pairs of readings was 0.03.

8.4.2 Materials tests.
The following values were obtained for the mix components after they had been
prepared in the same way as the other samples (i.e. the aggregate was ground before

drying).
Silica fume 2214
Fine aggregate 2.670

Coarse aggregate 2.681

8.4.3 Calculations.
The specific gravity of concrete may be simply calculated from that for paste. If a
sample of concrete of mass M and specific gravity SG contains a mass M, of paste and
M, of aggregate with specific gravities SGp and SG, it may be seen that:
M Mp . M,
SG~ SG, SG,

1)

The results of calculating the specific gravity of concrete from that of paste and mortar
is plotted against the measured values in figs.8.4 and 8.5. The graphs show the line of
best fit to the data and the line of equality. It may be seen that in fig 8.4 the line of best
fit is almost exactly coincidental with the line of equality. As was stated in section
8.3.1. the paste samples were made using low energy mixing and the good fit of the
line for the paste samples is considered to be evidence that even when mixed in this
way the paste has the same SG as the paste fraction of the concrete.
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8.5 Conclusions.

1. The specific gravity of paste, mortar and concrete samples has been measured by
helium intrusion.

2. In order to get repeatable readings it was necessary to grind the samples to powder
and ensure that they reached thermal equilibrium.

3. There is evidence that paste mixed with low energy mixing has the same SG as the
paste fraction of concrete.
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9 Mercury Intrusion.
9.1 The method and limitations.

9.1.1 General.

Mercury intrusion is similar to helium intrusion in that it measures the volume of fluid
displaced by a sample but it gives far more information. The mercury only penetrates
the pores under pressure therefore at low pressure the bulk volume is measured.
Subsequently the pore size distribution is obtained as the pressure increases. Solid
samples are used because grinding would destroy the pore structure and thus the
measured skeletal volumes include some closed pores and are greater than those
obtained from helium intrusion.

9.1.2 Theory.

The theory of mercury intrusion (Sneck and Oinonen 1970) is based on the effect of
surface tension limiting the entry of a fluid into small pores. The theoretical
relationship for small pores which are assumed to be cylindrical is :

_ -4ycosd
p

D (1)

where:

D is the smallest diameter pore which the fluid can enter
Y is the surface tension of the fluid

¢ 1s the contact angle of the fluid with the pore surfaces
p is the pressure

By measuring the volume of mercury that enters the sample at different pressures the
total volume of pores at the corresponding diameter is calculated.

9.1.3 The contact angle.

It may be seen from equation (1) that an error in the value for the contact angle will
cause an error in the calculated diameter. Provided the contact angle does not depend
on the type of sample or the pressure this is not a major cause for concern in this
project because it will have the same effect on all readings. Thus an observed increase
in fine pore volumes will be genuine but the actual diameters may be incorrect.
However, if comparisons are to be made with other methods of measuring actual

diameters this could be important.

9.1.4 The effect of "ink bottle"” pores.
Sneck and Oinonen (1970) discuss the effect of large pores with small necks. The
measured diameter will clearly be that of the neck and not the maximum internal
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diameter.

9.1.5 The effect of closed pores.

Closed pores will clearly not be measured. Feldman (1986b) claimed that in silica
fume samples the divided structure of some of the closed pores is broken down at high
pressures. He therefore attempted to dry all of the mercury out of the samples and
carried out a second intrusion and used the readings from it. He assumed that the
contact angle was the same for the second intrusions despite the effect of the wetting of
the surfaces in the first intrusion.

9.2 Experimental method.

9.2.1 Apparatus.

The pore size distribution of paste samples was measured on a Micromeritics
Auto-Pore 9200 mercury intrusion machine which has a maximum operating pressure
of 414 Mpa. The values used for the contact angle and the surface tension were 130°
and 484 dynes/cm so readings were obtained for pore diameters in the range 170 -
.003 pm.

The principle of operation of this machine is that the sample is held in a glass container
with a capillary tube extending from it (a penetrometer). The capillary tube is initially
full of mercury but as the system is compressed under the action of hydraulic oil
entering the open end of the tube the length of the mercury column in it is reduced. The
outer surface of the tube is coated with a conducting material and electrical contacts
are formed to this conductor and to the mercury. Because the oil and the glass are
insulators the capillary tube forms a cylindrical capacitor acting between the two
contacts. The value of the capacitance depends on the length of the column of mercury
and by measuring the capacitance the volume of mercury intruded may be calculated.
The machine evacuates the sample before introducing the mercury and after this the
penetrometer is removed from the machine and weighed before being pressurised with

hydraulic oil.

9.2.2 Procedure.

The mixes were prepared using high energy mixing and cast as 100mm cubes. After
striking 25mm diameter cores were cut from the cubes. After curing the cores were
dried for 24 hours at 105°C and permitted to cool in a dessicator. The tests were then
carried out on two samples approximately 15mm long cut from the central portion of
the cores.

Intrusion readings were taken at 40 different pressures while increasing the pressure
and 10 while reducing it (recovery). The equilibration time was set to 30 seconds.
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9.3 Analysis of results.

9.3.1 Choice of ranges.

The results were plotted in order to select ranges of pore size over which to calculate
the intrusion volume in order to characterise the curves. Typical plots for two different
sample conditions are shown in figs.9.1 and 9.2. These graphs show the cumulative
and differential intrusion in units of cc/g which is the form in which the data is output

by the machine. The following ranges were chosen:

170 -10 pm

10 -0.15 pm
0.15 - 0.01 um
0.01 - 0.003 um

0.003 - 10 pm (recovery)
These ranges are shown on the graphs and it may be seen that they permit a good
measurement to be made of the salient features of the curves.

9.3.2 Other variables.

Each sample was weighed at the start of the experiment and the bulk volume was
calculated from the volume of mercury displaced before pressurising. From the mass
and bulk volume the dry density (DD) was calculated. The maximum intruded volume
was subtracted from the bulk volume to give the skeletal volume and from this the
specific gravity (SG) and the porosity were calculated. The results for the specific
gravity, dry density and porosity are given in figs.9.3-9.5.

9.3.3 Calculations.

The intruded volumes were changed from the values of cc/g output by the machine to
percentages of the bulk volume by multiplying by the dry density. This was carried out
to make the total for the four ranges of intrusion add up to give the total porosity. The
results for the four intrusion and one recovery ranges are given in figs.9.6-9.10.

9.4 Discussion.

94.1 Dependence on age and curing.

There is a great variation in scale for the different ranges. The maximum porosity in
the .01-.15 pm range is 25% while the maximum in the 170-10 pm range is less than
1%. The absolute values of random errors will be the same for all ranges so the
percentage errors of the readings for ranges with low porosities will be substantially
greater. For this reason the effect of curing condition for the 170-10pum range indicated
in fig.9.6 may not be significant. Overall there is very little effect of curing condition.
With increasing age the SG decreases and the DD increases so the porosity decreases.
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The main contribution to this decrease is the .01-.15 Hm range, none of the other
ranges show a systematic decrease with age.

9.4.2 Different ranges.

In table 9.1 the effect of choosing some other ranges is shown for the curing condition
1 samples for mixes A and D at 3 and 90 days. The first four ranges shown are those
used in the analysis, the next group are some other possible ranges for the small pores
and the last group are for the small pores.

Range Range Mix A Mix A MixD MixD
Maximum Minimum Age3 Age 90 Age3  Age90
Hm pm volume volume volume  volume
170.000 10.000 0.314 0.516 0.411 0.270
10.000 0.150 0.863 0.829 0.352 0.195
0.150 0.010 6.255 6.122 27.026 21.223
0.010 0.003 8.461 4.970 1.700 1.524
170.000 100.000 0.125 0.100 0.131 0.109
170.000 30.000 0.201 0.266 0.297 0.236
170.000 3.000 0.596 0.799 0.485 0.310
170.000 1.000 0.884 1.113 0.544 0.338
170.000 0.300 1.027 1.275 0.654 0.397
0.030 0.003 12.620 10.552 6.619 5.545
0.100 0.003 14.659 11.042 28.205  22.635
0.150 0.003 14.716 11.091 28.800 22.747

Table 9.1 Intrusion volumes over different ranges for some CC1 samples. Volumes

are given as percentages of the sample volume.

For the largest pore size range the mix A sample showed an increase with age and the
mix D sample showed a decrease. The alternative ranges show the same trends except
for the 170-100 pm range for mix A. This is, however, a very small range so the
results are probably not significant. For the smallest range a decrease with age is
evident for all of the ranges tested.

The multiple regression analysis which is presented in chapter 13 is only valid if the
ranges are chosen using a pre-determined method (in this case using observed minima
in the differential). Thus if the analysis was repeated with different ranges it would
only be valid if a different but equally valid physical attribute was used to choose the
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ranges.

9.4.3 Recovery.

The relationship between the total porosity and the percentage recovery is shown in
fig.9.11. The lower percentage recovery for the SF samples could indicate a larger
number of "ink bottle" pores. It would not be caused by breakdown of the divided
structure because by the time the pressure was reduced such breakdown would be
complete and would not prevent the escape of the mercury.

9.4.4 Use of the results.

In this project the results from this experiment are considered to be mainly of use for
predictive applications. It may be that for some of the reasons given in section 9.1 the
measurements are not precisely related to the diameters shown. The readings are,
however very repeatable and if measurements of this type may be used to predict the
durability of a mix they are of value for that reason alone. Multiple regression is used
in chapter 13 to assess the relative influence of the different ranges on the principal
physical properties.

9.5 Conclusions.

1. The pore size distribution of paste samples has been measured by mercury
intrusion.

2. Some authors have cast doubt on the relationship between diameter and pressure
used in this experiment but these considerations do not reduce its value as a predictive
method for other properties such as durability.
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10 Measurement of weight loss and density.
10.1 Introduction.

10.1.1 Calculation of specific gravity.

The purpose of measuring the weight loss on drying a sample is to calculate the
amount of retained water. It is assumed that drying at 110°C removes the free water
and therefore to a reasonable approximation the amount remaining is the amount which
has been used in the hydration process. Thus:

M, - (M, - Mdry) =M, @)

where:

M,, = initial mass of water in mix

M,,., = mass of sample when mixed

Mdly = mass of sample when dried

M, = mass of absorbed water in sample

For OPC samples it is then possible to calculate the fraction of the cement which has
hydrated by assuming that it combines with water in a fixed ratio. Neville (1981 p.27)
gives the ratio of water to cement as .23 but the value of .25 (Cabrera 1985) is used
here. Thus:

M, =5M_, 2
Where:

M, . = mass of hydrated cement

When the proportions of all of the constituents are known it is possible to calculate the
specific gravity of the mix as follows (Cabrera 1985):
M_Ma+Mc’+NIhc+Msp
SG SG, SG, SG, ~SG

3)

sp

where:

M, SG are the mass and specific gravity of the total sample
M,, SG, are the values for the aggregate

M_., SG_ are for the unhydrated cement

Msp, SGsp are for the small amount of superplasticiser.

The calculations are not possible for SF samples without a knowledge of the progress
of the pozzolanic reaction. Calculations including data on the pozzolanic reaction from

thermogravimetric analysis are carried out in chapter 13.

10.1.2 Dry Density.
In order to calculate the porosity from the specific gravity it is necessary to know the
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dry density. This was obtained by measuring the density after curing and then

correcting it for dry samples by using the data for the weight loss on drying.
Measurements of density were made by weighing wet and surface dry samples.

10.2 Experimental procedure.

10.2.1 Measurements on specially cast samples.

For this purpose samples were cast in disposable plastic cups. This method was used
because the cups were convenient and did not require mould oil which would have
affected the weight. For each condition 2 samples of paste, mortar and concrete were
tested. For paste and mortar the cups were approximately half filled (about 80cc.) but
for concrete they were filled to the top. The following weights were recorded.

1. Wet weight when cast.

2. Weight of empty cup after sample struck (24 hours after casting).

3. For mortar and paste samples only, wet and surface dry weights after curing.

4. Dry weights after drying in a ventilated oven at 110°C until constant weight (up to
28 days).

The main set of paste samples described above were made using low energy mixing.
In order to assess the effect of high energy mixing four additional paste samples for
each mix were made. Two of these samples were made using high energy mixing and
two using low energy mixing. The samples were cured in curing condition 1 and
tested at 28 days.

10.2.2 Measurements on mechanical test samples.

Tests for concrete compressive strength were catried out after curing on three cubes
for each sample condition (these are called set 1 samples). A further two cubes were
stored in a room at 70%RH and 20°C for one year after curing and then tested. The
results of the mechanical tests are in chapter 12. Before testing each cube was weighed
wet and dry. After testing a fragment of the broken cube was weighed, dried at 110°C
for 24 hours, and weighed again.

10.2 .3 Superplasticiser.

The weight and volume of a sample of superplasticiser was measured. The sample was
then dried and weighed again. The solids content was confirmed to be 40% as
specified and the specific gravity of the solids was calculated to be 1.714 g/cc. This
figure is needed in order to include the superplasticiser as a minor component when

calculating the specific gravity.
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10.3 Results and discussion.

10.3.1 Results for weight loss.

By assuming that any mixing water which was absorbed by the aggregate was lost
during drying it is possible to work out theoretical values for the fractional wej ght loss
from the concrete from the results for paste and mortar as follows:

WL*M = WL *M, + WLp*Mp

where:

WL, M are the fractional weight loss and mass of concrete

WL,, M, are for aggregate

WLp, Mp are for paste

The results are shown plotted against the measured weight loss for the concrete
samples in figs.10.1 and 10.2. It may be seen that the best fit line on fig.10.1 lies
close to the line of equality and from the spread of the data it may be seen that the
weight loss from the paste was not significantly different from that of the paste fraction
of the concrete. The paste fraction of the concrete has undergone high energy mixing
due to the action of the aggregate.

10.3.2 Results for dry density.

Using the same routines as were used in chapter 8 to calculate the SG of concrete the
dry density has been calculated from the dry densities of paste and mortar and is
shown in figs.10.3 and 10.4. The immediate observation is that the density of the mix
C paste was much less than that of the paste fraction of the concrete.

10.3.3 Results for high energy mixing.
The results for the paste samples made using high energy mixing and the
corresponding samples from the main set are in table 10.1.

It may be seen that high energy mixing decreases the density of mix B and D and
increases the density of mix C. It would appear from fig.10.3 that this would make it
more representative of the paste fraction of the concrete. The reduction in the density
of the OPC mixes caused by high energy mixing was caused by a reduction in
bleeding. The effect of this on the vapour transmission was noted in paragraph.6.4.3.



- 132 -

High energy Low energy Low energy

Mix New samples Main set

A Weightloss 0.150 0.150 0.160
A Density 1.772 1.745 1.721
B Weightloss 0.120 0.126 0.148
B Density 1.670 1.893 1.866
B Calculated P 38.1 30.3 33.0

C Weightloss 0.223 0.226 0.245
C Density 1.468 1.412 1.342
D Weightloss 0.193 0.201 0.219
D Density 1.595 1.770 1.691
D Calculated P 39.2 33.2 37.5

Table 10.1 Showing the effect of high energy mixing.

10.3.4 Calculation of porosity.

The basis of calculation of porosity for the different samples was slightly different and
was as follows. For the paste and mortar samples the weight loss and dry density were
measured. The wet volume was calculated as a total of the sum of the volumes of the
ingredients as follows:

M, M M M M

_ ca c w sp 4
Viet SG,. ' SG,_. 'SG. ' SG, G “)
a ca c w sp

using the same notation as before with fa and ca being the fine and coarse aggregate.
The shrinkage measured as the difference between the wet volume and the measured
bulk volume was about 10% for the mix D paste samples but less than 5% for the
mortar samples.

The porosity was calculated as:

DD
P=100) 55 )

where

P = Porosity

SG = SG calculated from equation (3)
DD = measured dry density

In order to obtain the best value to use for the SG of hydrated cement different values
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were tested to see how the calculated porosities compared with those obtain from the
helium intrusion measurements. Fig.10.5 shows the effect of using a value of 2.51
taken from Neville (1981 p.29) for the SG of hydrated cement. Fig.10.6 shows the

improvement with experimental values obtained by using a lower value of 2.15. 2.15
was used for all subsequent calculations.

For the concrete samples zero shrinkage was assumed so the calculated wet volume

was used for porosity calculations and the bulk volume was not measured. The
porosity was calculated as:

Mdry
P = 100 [ 17,——53] (6)
wet
For the samples from the cubes the calculated wet density was needed to calculate the
weight loss from the dry density giving the following in place of equation (1):
M, =M, - M, - DD*V_ ) 7

The results for the paste, mortar and concrete samples cast in cups are shown in

wet

figs.10.7-10.9. It may be seen that the paste samples which had greater weight losses
and thus lower percentage errors appear to give the better results. The calculations
cannot be used for the SF mixes so the mix C samples which were most affected by
the low energy mixing are not included.

10.3.5 Comparison of porosities.

The comparison of porosities for paste, mortar and concrete is shown in figs.10.10
and 10.11. for the concrete samples which were cast in cups. The porosity of the
aggregate was not included in the original calculation of porosity so it was not used to
calculate this data. It was therefore possible to use the same routine which was used in
section 10.3.1 for weight loss. The calculated porosity of the paste was well below
that for the paste fraction of the concrete but for mortar the mixes lay each side of the
line of equality. The low porosity of the paste is caused by the high density of these
mixes which may be seen in fig.10.3. It may be seen from table 10.1 that high energy
mixing caused an increase in the porosity of mix B and mix D of about 10-20%. This
could account for the difference shown in fig.10.10. Because porosity is a marginal
variable small differences in SG or density cause major differences in porosity.

10.3.6 Results from concrete cubes.

Fig.10.12. shows that the calculated porosity for the concrete samples cast in cups
was less than that calculated from the cubes. These samples were cast from the same
batch of concrete and cured together so the actual porosities would have been identical.
Fig.10.13 indicates that the extra year of storage may have marginally decreased the

porosity.
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10.3.7 Progress of hydration.
Fig1£.14 shows the weight of hydrated cement as a fraction of the total weight of the
paste samples. Mix D hydrated more than mix B because of the greater availability of

water but the apparent maximum for CC2 must have been caused by experimental
erTor.

10.4 Conclusions.

1. Low energy mixing does not have a major effect on the amount of combined water

in paste mixes and it is therefore indicated that it does not greatly affect the rate of
hydration.

. . . AN
2. Low energy mixing decreases the density of the mix C (SF) samples/\veould
therefore be expected to increase their porosity.
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11 Thermogravimetric analysis.
11.1 Experimental apparatus.

11.1.1 The basis of the method.

When a sample is tested using thermogravimetric analysis it is heated and the loss of
mass is measured. At different temperatures different physical and chemical changes
take place depending on the constituents of the sample. Different components will
cause loss of mass at different temperatures and the amount of loss will be
proportional to the amount of the component that is present. It is not necessary to
know the details of the changes that take place because the system can be calibrated by
testing pure samples of the chemicals which are present in the test material.

11.1.2 The thermobalance.

A Stanton Redcroft TG750 Thermogravimetric (T.G.) Balance was used. This
apparatus can heat samples up to 1000° C. The samples are suspended on one side of
a balance which is kept level by a small electromagnet. If the weight changes and the
balance goes out of level this is detected by a photoelectric sensor and the current
through the electromagnet is changed to bring it back to level. In this way the balance
is kept level by a feedback circuit. The weight is measured from a voltage output
which is proportional to the current in the electromagnet.

The furnace which contains the sample also has two thermocouples in it. One is
located directly below the sample and is used to make readings of temperature. The
other is located at the side of the furnace and is used to control the furnace temperature.
This temperature may be made to to increase a pre-set rate and is controlled by a circuit
which turns the power to the furnace on and off.

11.1.3 Data retrieval system.

In order to facilitate the analysis of this, and subsequent data, the output from the
balance control unit was fed directly into the analogue to digital converter of a BBC
microcomputer. The BBC can only register positive voltages and has a theoretical
resolution of 0.4 millivolts. The T.G. output can be either positive or negative and is
accurate to 0.1 millivolts. It was therefore necessary to build an amplifier for the signal
to bias it positive and amplify it by a factor of 4. The circuit for the system is shown in
fig. 11.1 and is powered from the 5 V supply in the BBC.

The two stages are required because a single stage inverts the signal. The first stage is
therefore used to bias the signal by about 0.5 volts using the output from the regulator
and the second stage has the gain factor of 4. The output from the regulator has not
been used to power the amplifiers because the minimum drop of 2 volts across it only
leaves 3 volts which is not sufficient. The advantage to be gained if this was achieved
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is considered to be minimal because by powering the amplifiers directly from the same
source as the analogue to digital converter in the computer any increase in the supply to
the converter is automatically compensated for by an increase in signal.

In order to ensure that the best possible readings were being obtained form the balance
a separate converter with 3 microvolt resolution was temporarily connected to it. Both
systems showed the same fluctuations of about 0.05%

11.2 Experimental procedure.

11.2.1 General.

All samples were tested at a heating rate of 30°C per minute. A stream of nitrogen gas
was passed through the furnace during heating.

11.2.2 Procedure: paste samples.

Two paste samples were cast in plastic cups for each condition. High energy mixing
was used. For this experiment only an extra test age of 7 days was included. After
curing the samples were ground and then sieved through a 150 um sieve. The free
water was then removed by twice saturating them in acetone and drying them in
nitrogen.

11.2.3 Procedure: Concrete samples.

After curing in the normal way 100mm concrete cubes were exposed in a room kept at
70%RH and 20°C for one year. Samples were taken by drilling with a hand held
hammer drill with a 6mm masonary bit. One sample per condition was taken from the
outer 1mm of the cube and one from a surface near the centre exposed by crushing it.

11.3 Results.

11.3.1 System of analysis.

Because this system has been used on a number of other projects a full description of
the software has been written. This description is included in this document as
appendix 1. A typical example of the raw data from one sample is shown in fig.11.2
(it was plotted using the program GPLOT2 described in appendix 1).

The results were analysed by fitting a sum of normal distributions to each differential
mass curve. The mass loss was then calculated as the area under the curve which was
obtained from the amplitude and standard deviation. The position of the final optimised
curve is obtained by positioning the estimated curves.

For all samples the following positions were used for the 6 curves used:

Curves 1 and 2 to measure the water loss in the range 0-200°C .

Curve 3 to measure the calcium hydroxide.

Curve 4 to measure the carbonate.
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Curve 5 to measure the narrow peak at about 250°C.,

Curve 6 as a broad underlying peak to correct for uplift, machine drift and other losses
which occur&d in the temperature range of the other curves but were not part of them.

A plot of typical data and the curve fitting is shown in fig.11.3. For curve 5 there was
a poor correlation between the 2 samples tested for each condition which was assumed
to be caused by the rate of temperature gain being too rapid to map such a narrow
peak. Some difficulty was experienced in separating the peaks and a small number of

the results from the computer had to be corrected subsequent to inspection of the
graphical output.

11.3.2 Results: Pure chemicals.

Tests on samples of calcium hydroxide and carbonate gave losses of 22% and 45%.

The theoretical losses during calcination calculated from molecular weights would be
18/74 =.26 and 44/100 =.44.

11.3.3 Results: Paste samples.

The mass losses for water (peaks 1 and 2) , calcium hydroxide (peak 3) and calcium
carbonate (peak 4) are shown in figs.11.4-11.6. The calcium hydroxide readings have
been divided by .22 to give percentage concentrations in the samples. The temperature
of the centre of the calcium hydroxide peak is included as fig.11.7. This shows that
although there was apparently some variation in the calibration of the machine during
the 3 months of readings the three curing conditions which were tested on the same
day gave peaks at very similar temperatures.

11.3.4 Results: Concrete samples.

The results for the calcium hydroxide for the concrete samples are shown in figs.11.8
and 11.9. and the results for the carbonation are in figs.11.10 and 11.11. Note the
different scales on these graphs. Because of the generally small mass losses and the
unknown amounts of fine aggregate in the samples this data is not considered accurate
enough for use in correlations with other readings but the show clear trends for

qualitative analysis.
11.4 Discussion.

11.4.1 Mechanisms of gain and loss.

The only mechanism of gain of calcium hydroxide in the samples is the hydration of
the cement. The amount in the sample has been measured as a percentage of the weight
after removal of all of the free water and would thus be expected to be the same for any
fully hydrated paste sample made with the same cement at any w/c ratio sufficient for
full hydration. The total hydroxide produced in the SF samples if they hydrated fully
would be 20% less than the OPC samples because they were made with 20% less
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cement. Hydroxide could have been lost by three different mechanisms, pozzolanic
activity to form CSH gel, carbonation to form calcium carbonate and there may have
been some loss by dissolution in the curing water. The ratio of the weights of the
molecules carbonate/hydroxide is 100/74 so each 1% of hydroxide lost will have
formed 1.3% of carbonate. This will show as an additional 1.3*.45=0.6% mass loss
in the carbonate peak.

The calcium carbonate was all formed from the carbonation of hydroxide. The
evidence from fig.11.6 which shows that some of the samples had very low carbonate
contents indicates that almost all of the carbonation in the paste samples took place
while they were being prepared and tested. There was no mechanism for loss of
carbonate, any that formed remained and was measured.

11.4.2 The paste samples.

The maximum loss in the carbonate peaks was only about 4.5% which has been
shown above to account for 7.5% loss in the hydroxide percentage. The OPC samples
showed the expected increase in hydroxide content for the initial readings but at 90
days the CC1 and CC3 results were lower. This loss of about 3% cannot have been
caused by carbonation because the carbonate content decreased for CC1 and only
marginally increased for CC3, so it must either have been experimental error or caused
by dissolution of hydroxide in the curing water. It may be seen from fig.11.5 that
virtually no pozzolanic activity took place in the SF samples during cold curing (CC3)
but at 20°C (CC1) all of the available calcium hydroxide was used up after 90 days.
The paste samples should theoretically not have carbonated. As has been noted above
the very low readings for some samples indicate that little carbonation took place
during curing and the apparatus for testing used nitrogen to prevent carbonation during
heating. The data must therefore indicate that the older samples tended to carbonate
less during preparation for testing.

11.4.3 Concrete samples.

The results from the OPC concrete samples show the expected trends (allowing for the
random effect of the aggregate). For these samples the hydroxide has been plotted as a
mass loss and 1% mass loss corresponds to 4.5% hydroxide content and would cause
2.6% mass loss in the carbonate peak if carbonated. The hydroxide contents increase
with age for the inner samples but decrease with age for the outer samples because of
the high carbonate contents. At the outside of the one year SF concrete cubes
carbonation has clearly depleted the reserve of calcium hydroxide (figs.11.9 and
11.11) but at the centre (figs.11.8 and 11.10) the pozzolanic reaction has progressed
to completion for all types of initial curing. This implies that the effect of cold curing is
only temporary provided the temperature is eventually raised. The consequences of
this conclusion for concrete durability are that the benefits from the action of the SF
will eventually appear even if a structure is poorly cured. This is discussed further in
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chapter 14.

11.5 Conclusions.

1. A system for the retrieval an analysis of data from a thermogravimetric balance has
been built. Clear data on the progress of the pozzolanic reaction has been obtained.

2. For future work on this system a connection is being made between a relay in the
microcomputer and the system which increases the temperature in the thermobalance
furnace. This will enable an active system to be used which will stop the increase in
temperature when a major loss of mass is detected. This will permit analysis of fine

peaks but will mean that it will be necessary to sort the data into order of increasing
temperature before analysis.
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12. Mechanical Tests.
12.1 Experimental procedure.

12.1.1 Sample preparation.
Mechanical tests were carried out on concrete samples of each of the 4 mixes for each

of the 9 sample conditions (i.e 3 test ages and 3 curing conditions). No mechanical
tests were carried out on paste or mortar samples.

12.1.2 Compressive strength.
Three 100mm. cubes were tested for each condition using the method in BS 1881

(1983) part 116. A further two were tested after one year of exposure in a room kept at
70% RH and 20°C.

12.1.3 Flexural strength.
The flexural strength was measured using two 500*100*100mm. prisms for each
condition using the method in BS 1881 (1970) part 4.

12.1.4 Tensile strength.
Two 150mm. diameter cylinders were split for each condition using the method in BS

1881 (1983) part 117.

12.1.5 Static modulus.

The static modulus was measured on two 500*100*100mm. prisms for each
condition. Measurements were made over a length of approximately 200mm. between
points fixed with adhesive. Strains were measured for between 4 and 6 different
stresses up to approximately 33% of the measured cube strength and the result was
obtained by calculating the best line fit for all of the readings.

12.1.6 Dynamic modulus.

The acoustic resonance of two 500*%100*100mm. prisms for each condition was
measured and the modulus calculated as described in B.S.1881 (1970) part 5. The
density was calculated from wet and dry weights of cubes recorded before the

compression tests.

12.1.7 Poisson’s Ratio.

An estimate of the Poisson's ratio was obtained from measurements of the ultrasonic
pulse velocity in the prisms used for the measurement of dynamic modulus. The
results were calculated using the formula in B.S.4408 (1971) part 5.
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12.2 Results and discussion.

12.2.1 Effect of curing.

Each of the seven sets of results are plotted to show the effect of curin g in
figs.12.1-12.7. In figure 12.1 it may be seen that the compressive strength ot the SF
mixes is more sensitive to curing than the strength of the OPC mixes. Failure of the
aggregate was observed in the strongest mixes and with a stronger aggregate in the SF
mixes the increase from 28 to 90 days would probably have exceeded the incease from
3 1o 28 days giving the plots the same shape as for mix B. Fig.12.2 showing the "one
year" strengths indicates that the substantial effect of curing noted in fig 12.1 is only
temporary and the highest strength recorded was 148.9 MPa for mix A with 90 days
curing in CC3. The effect of age for mix C was probably caused by drying out early in
the hydration process. Failure of aggregate was also observed in the flexural strength
tests (fig.12.3) and had similar consequences to those for the compressive strength.
For some of the mix A samples inspection of the broken surface showed that every
visible piece of aggregate had broken. For the tensile strengths (fig 12.4) the effect of
curing is not so great (this is quantified in chapter 13), the shape of the graphs
indicates that aggregate failure may still have reduced the 90 day SF results.
Comparison of the static and dynamic moduli (figs 12.5 and 12.6) indicates that using
the dynamic modulus to predict the static modulus may underestimate the static
modulus for SF mixes because the SF caused a greater increase in it than for the
dynamic modulus. This greater effect is associated with a greater dependence on

curing.

12.2.2 Relationship with compressive strength after curing.

It is normal practice to estimate all other properties from the compressive strength
measured after curing therefore any change in the relationship is cause for concern.
The results are plotted in figs.12.8-12.13. In fig.12.8 showing the increase in
strength for the "one year" cubes the points of greatest interest are the 90 day results
whic