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SUMMARY

An investigation was undertaken to study the effect of poor curing
simulating hot climatic conditions and remedies on the durabilty of steel
in concrete. Three different curing environments were used i.e. (1)
Saturated Ca(OH), solution at 20°C, (2) Saturated Ca(OH), sclution at

50°C and (3) Air at 50°C at 30% relative humidity. The third curing
condition corresponding to the temperature and relative humidity typical
of Middle Eastern Countries.

The nature of the hardened cement paste matrix, cured under the above
conditions was studied by means of Mercury Intrusion Porosimetry for
measuring pore size distribution. The results were represented as total
pore volume and initial pore entry diameter. The Scanning Electron
Microscope was used to look at morphological changes during hydration,
which were compared to the Mercury Intrusion Porosimetry results.
X-ray diffraction and Differential Thermal Analysis techniques were also
employed for looking at any phase transformations.

Polymer impregnation was used to reduce the porosity of the hardened
cement pastes, especially in the case of the poorly cured samples.

Carbonation rates of unimpregnated and impregnated cements were
determined. Chiloride diffusion studies were also undertaken to establish
the effect of polymer impregnation and blending of the cements.

Finally the corrosion behaviour of embedded steel bars was determined by
the technique of Linear Polarisation. The steel was embedded in both
untreated and polymer impregnated hardened cement pastes placed in
either a solution containing NaCl or an environmental cabinet which
provided carbonation at 40°C and 50% relative humidity.

KEY WORDS cements, porosity, polymer impregnation,
carbonation, corrosion.
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CHAPTER 1 INTRODUCTION AND LITERATURE SURVEY

1.1 INTRODUCTION

Reinforced and prestressed concrete structures are used widely and generally
give satisfactory performance showing excellent durability in service (1).
However, a small proportion of structures do undergo significant deterioration,
the most common cause being corrosion of the embedded steel (2) which may
result in cracking, spalling or in extreme cases loss of serviceability and

structural integrity.

In good quality concrete, steel is normally passive as a result of the high
alkalinity of the associated pore solution, which may have a pH value in excess of
13. Corrosion problems which do occur are as a result of depassivation of the
embedded steel owing to either excessive carbonation of the concrete cover or the
presence of an agressive environment, especially chloride ions which can promote

corrosion even in highly alkaline conditions (3).

The presence of chloride ions in concrete may have been added as an original
constituent of the mix e.g. admixtures containing calcium chloride, or as
contaminants in the aggregate and mixing water. Alternatively they may result

from exposure to marine environments or the use of deicing salts.

There are many reports (4-10) suggesting that concrete structures in hot arid
environments tend to deteriorate more rapidly than those in temperate parts of
the world. The reasons for this, in the first instance, are related to the climatic
conditions. Solar radiation can lead to very high surface and air temperatures.
Rapid daily temperature variations of 20-30°C and relative humidity fluctuations
of 70%, are not uncommon. Rapid evaporation of moisture may occur and is even
more pronounced with increase in wind velocity. The effects of hot weather are

most critical during periods of rising temperature and falling humidity.
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These climatic conditions can have a pronounced effect on the mixing, placing and
curing characteristics of fresh concrete and the properties of hardened concrete.
Rapid evaporation of mixing water can lead to large and rapid slump loss causing a
high water demand. Evaporation of moisture from the surface may be greater than
internal moisture movement, leading to plastic shrinkage cracks and surface
crazing. Increased drying shrinkage resulting from greater water demand and
subsequent cooling from a high temperature at which the concrete hardens, both

increase the cracking tendency of the concrete.

Concretes placed and cured at elevated temperatures normally develops higher
early strengths than concrete produced and cured at normal temperatures, but
later strengths are generally lower. The higher temperatures can give rise to
more rapid hydration and accelerated setting with resultant lower strength due to

the establishment of a less uniform framework of gel.

Admixtures such as retarders plus water reducers and superplasticizers are often
used to offset some of these undesirable aspects, particularly in relation to the
placing of concrete, but require careful control. Poor mixing, placing and curing
of concrete giving rise to reduced strength, increased porosity and cracking leads
to increased permeability and subsequent reduced durability of the concrete. Other
factors often associated with these problems, include poor quality and
contaminated aggregate, contaminated mixing water, variable cement quality and
poor workmanship which aggravates the problem. Coatings on the reinforcement,
inhibitors in the concrete, surface barrier coatings and polymer impregnation
have been suggested to reduce the problem. However there is little information

available on their use in hot weather environments.

This thesis covers various aspects of the effect of hot weather curing conditions on

the durability of reinforced concrete.
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1.2  Literature Survey

1.2.1 Effect of Time and Temperature on Workability

Freshly mixed concrete stiffens with time. Some water from the mix is absorbed
by the aggregate, some is lost by evaporation, particularly if the concrete is
exposed to sun or wind, and some is removed by the initial chemical reaction. The
exact value of the loss in workability varies with the richness of the mix, the type
of cement, the temperature of the concrete and the initial workability (11-15).
Also workability depends on the moisture content of the aggregate, the loss in
workability being greater with dry aggregate owing to the absorption of water, as
would be expected. The workability of a mix is also affected by the ambient
temperature; it is apparent that on a hot day the water content of the mix would
have to be increased for a constant workability to be maintained. Up to a
temperature of 40°C and with a relative humidity within the range 20-70%, no
effect of temperature on slump has been observed; only above 50°C or with

humidity lower than 20% does the slump fall off rapidly.

Moreover, it seems that the loss of slump in hot and dry air is greater than the
decrease in ease of placing. There is therefore no corresponding large increase in
the water requirement. These findings apply within 20 minutes of mixing, but
over longer periods there is an unmistakable loss of slump, so that for instance,
with a long haul of ready-mixed concrete, high temperature would increase the

water requirement for a given workability.

Admixtures such as retarding, or water reducing and retarding, as recommended
by A.C.I (ll), have been found to be beneficial in offsetting some of the undesirable
characteristics of concrete placed during periods of high temperatures.
Admixtures may be used in varying proportions, so that, as temperature

increases, higher dosages of the mixture may be used to obtain a uniform setting
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time (16-18).

In order to obtain good concrete, the placing of an appropriate mix must be
followed by curing in a suitable environment, especially at early ages. Good
control of temperature and of moisture movement from and into the concrete is
required (19-21). During curing the concrete should be kept saturated, or as
nearly saturated as possible, until the original water filled space in the fresh
cement paste has been filled to the desired extent by the products of hydration of
cement. Hydration at a maximum rate can proceed only under conditions of

saturation.

It must be stressed that for a satisfactory development of strength it is not
necessary for all the cement to hydrate, and indeed this is rarely achieved in
practice. The quality of concrete depends on the gel/space ratio of the paste. If
however the water-filled space in fresh concrete is greater than the volume that
can be filled by the products of hydration, greater hydration will lead to a higher
strength and a lower permeability. Evaporation of water from concrete soon after

placing depends on the air temperature, relative humidity and wind velocities.

The method of curing, depends on the site condition and the size, shape, and
position of the concrete section. In the case of concrete sections with a small
surface/volume ratio, curing may be aided by oiling and wetting the forms before
casting, the forms may be wetted during hardening, and after stripping the

concrete should be sprayed and wrapped with polythene sheets.

Large surfaces of concrete, such as road slabs, present a more serious problem. In
order to prevent crazing of the surface on drying-out loss of water must be
prevented even prior to setting. As the concrete at that time is mechanically weak,
it is necessary to suspend a covering above the concrete. Once the concrete has set,
wet curing can be provided by keeping the concrete in contact with a source of
water. This may be achieved by spraying or flooding, or by covering the concrete

with wet sand, earth, or periodically wetted hessian or cotton mats. Another means
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of curing is to use an impermeable membrane or water proof paper.

The period of curing cannot be simply prescribed, but it is usual to specify a
minimum of seven days for ordinary portland cement concrete. With slower

hardening cements such as OPC/BFS a longer curing period is desirable (22).

It is clear that a rise in the curing temperature speeds up the chemical reaction of

hydration and benefits the early strength of concrete.

However, later strengths from about 7 days onwards may well be adversely
affected. The explanation is that a rapid initial hydration appears to form products
of a poorer physical structure, probably more porous, so that a large proportion
of the pores will always remain unfilled. It follows from the gel/space ratio rule
that this will lead to a lower strength, compared with a less porous, through
slowly hydrating paste in which a high gel/space ratio will eventually be reached.
Verbeck and Helmuth (23) suggested that rapid rates of hydration produce a
non-uniform distribution of products within the paste. The reason for this is that
at high rates of hydration there is insufficient time available for the diffusion of
the products of hydration away from the cement grains, for uniform precipitation
in the interstitial space. As a result, a high concentration of the products of
hydration is built up in the vicinity of the hydrating grains, and this retards
subsequent hydration and adversely affects long-term strength. In addition, the
non-uniform distribution of the products of hydration adversely effects the
strength because the gel/space ratio in the interstices is lower than would be

otherwise the case for an equal degree of hydration.

1.2.2 Durability of Concrete

It is essential that concrete should withstand the conditions for which it has been
designed without deterioration, over a long period of time. Durability may be

affected either by the environment to which the concrete is exposed or by causes

28




within the concrete itself. The external factors may be physical, chemical or
mechanical. They may be due to weathering, occurrence of extreme temperature,
abrasion, and attack by natural or industrial liquids and gases. The extent of
damage mainly depends on the quality of the concrete especially its permeability
(24). Internal causes are alkali-aggregate reaction and volume changes due to

differences in thermal properties of aggregate and cement paste.

Penetration of concrete by materials in solution may adversely effect its
durability e.g. when Ca(OH), is leached out or an attack by an aggressive liquid

takes place. This penetration depends on the permeability of the concrete (25).

The permeability of concrete is not a simple function of its porosity, but depends
also on the size, size distribution, and continuity of the pores. Also in a mature
paste, permeability depends on the size, shape, and concentration of the gel and on

whether or not the capillaries have become discontinuous (26).
1.2, rbonation

Carbonation is regarded as the neutralisation of a porous cementitious material by
acidic gases such as CO,, which diffuse into the structure. The action of CO, takes
place even at small concentrations such as are present in rural air, when the COy
content is about 0.03% by volume. As carbon dioxide reacts with hydrated cement
compounds in the presence of moisture, the greater the concentration of CO, the
greater the rate of carbonation (27-30). In the presence of Ca(OH)2, NaOH and
KOH which are products of hydration, the pore solution may have pH values in

excess of 13.5. The CO, will react with and decompose these compounds; i.e.

Ca(OH), + CO, . CaCOg + Hy0
2NaOH + CO, . NayCOg + HyO
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As carbonation proceeds, other products such as calcium silicates, aluminates and
aluminoferrites are attacked resulting in the formation of calcium carbonate.
Calcium carbonate may exist in three mineralogical forms, calcite, vaterite and

sometimes aragonite as reported in the literature (31,32). Vaterite is the most
unstable form of CaCOq4 and is the first product of carbonation especially if the

cement or concrete is subjected to accelerated carbonation and it will eventually

convert to a stable form of calcite (33).

Work by Kondo et al (34) showed that by carbonating mortar prisms through one
surface only, some variation of the CaCOg modifications with increasing depth was

observed. Since the carbonation had been relatively fresh at deeper parts of the

specimens, the more amorphous vaterite was found. As the depth decreases i.e.
nearer the surface, calcite was formed. They have also pointed out that hydrated C3S
tends to produce calcite, but the unhydrated form produces vaterite. As for physical
aspects, the depth of carbonation depends upon the transport of CO, through the

pores of cement. Good quality cement paste with very low porosity, or kept at very
high relative humidity conditions reduces the carbonation reaction. For the
carbonation reaction to carry on, the humidity within the pores must not be too high

or too low e.g. (100%, 30%) see figure 1.1. (35). At a high relative humidity
most pores are full of water and the diffusion of COy into the paste becomes
restricted, conversly, for a low relative humidity there is insufficient water in the
pores for CO, to form carbonic acid. The rate of carbonation depends on the moisture

content of the concrete or cement and the relative humidity of the ambient medium

30




Carbonation rate

0 20 40 60 80 100

Relative humidity (%)

Figure 1.1 Rate of carbonation of hardened cement paste
as a function of relative humidity (after Tuutti).
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(27). There is an optimum for rapid carbonation at around 65%.

Carbonation of cement or concrete results in increasing strength (27,36),

shrinkage increases, probably due to the dissolving of crystals of Ca(OH), while

under a compressive stress and depositing of CaCOg in spaces free from stress.

Powers (37), showed that at intermediate relative humidities shrinkage will
accompany carbonation. His explanation of this was that partial drying of the cement

paste causes a compressive stress on the calcium hydroxide crystals. Therefore in
the pore solution as the dissolved Ca(OH), carbonates, this leads to more dissolution
of stressed crystals, which slowly releases the compressive stresses, followed by
the deposition of CaCOj in stress free regions. The newly formed CaCOg will

nucleate and grow in the pores so even though there will be an increase in mass, it
would not necessarily prevent shrinkage. The calcium silicate hydrate gel,

carbonates later by topochemical reaction therefore shrinkage would not occur.

Skalny and Bajza (38) showed that the real effect would then be a decrease in
porosity leading to a more compact structure. Furthermore higher strength is

obtained as a result of higher compaction.

Such a strength increase was observed by Manns and Weshe (39) for some
carbonated cement pastes, but a decrease was found in others. There is a general
agreement in published literature on the effect of carbonation on porosity
(34,40,41) work by Rozental and Alekseev (40), with the aid of mercury
intrusion porosimetry had shown that pores in the range of 0.01-1mm diameter in
carbonated mortars of 0.5 and 0.6 water/cement ratios, had decreased by about half

the volume.
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Finally since carbonation results in a reduced pH value of the cement (27), it
therefore has an undesirable influence on the protection of the embedded steel, in
the presence of oxygen and moisture. The drop in pH will destroy the normally

passivating medium and aiso the higher pH buffering capacity offered to steel by
soluble phases such as Ca(OH),. This is therefore the most significant aépect of

carbonation.

It is normal to explain the resistance of cement to carbonation in terms of the
increase of the carbonation depth with time; e.g. according to Alexander (42) the
rate of carbonation depends on the hydration of the concrete, on storage conditions
(relative humidity chiefly) and compactness factors (water/cement ratio, cement

content, compaction etc.).

Several formulae have been proposed by other researchers in this field for

determining a constant for the rate of carbonation; e.g. Page (43) suggested that for
a uniform concrete with the simple unidirectional diffusion of CO, into it can be

shown that the rate of increase of the carbonation front if there is no variation of

the diffusion coefficient D, with time t, or depth, x, would be:

dx DC

dt Ax

A, represents the quantity of alkaline substances reacting per unit volume of
concrete, providing the temperature, relative humidity and CO, concentration, C,

are constant.
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On integration this yields a parabolic relationship,

2DCt
X2 =
A
or x = kit

where k is a constant

Efes and Schubert (44) have found a similar relationship for the rate of

carbonation of concrete cubes stored at 20°C in a 65% RH environment which were

subjected to either air or 10% CO, and their formula was:

dk=k0+Vk\]t

where,

vk : the rate of carbonation ( mm/day”2 )

ko : is a constant for a particular condition
t :is the time for carbonation ( days )

dy : is the depth of carbonation ( mm )

For air cured samples typical values of vy ranged from less than 1, for CO, cured

prisms up to 8. As they observed higher water/cement ratios of the original mix
meant higher carbonation rates. Mayer (36) had observed a similar relationship
for the carbonation of the mortars after an induction period where carbonation
appeared to commence a certain time after exposure. His comment was that for long

carbonation times, such an induction period is negligible.

Alekseev and Rozental (45) in similar experiments also showed that the

relationship between carbonation depth and the square root of time under natural
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conditions was linear for short term studies. They also found deviations between the
rates for longer as opposed to shorter periods of exposure, which they explained by

the following reasons.

1) A continuing hydration of cement resulting in a higher density concrete and a
reduction on CO, penetration.
2) A reduction of concrete permeability with an increasing carbonation layer.

3) A counter diffusion of Ca(OH), so that when the flow of Ca(OH), gets close in

its magnitude to the CO, flow, displacement of the chemical reaction zone slows

down or stops altogether. Smolczyk (31,46) worked on a long term study on
the rate of carbonation where his aim was to produce a formula which could
predict carbonation rates of most types of concrete. His work involved the
statistical calculation of 16 cements, 3 water/cement ratios for 8 years of

carbonation.

The outcome were two formulae with correlation coefficients of 0.97. They were of
the general form.
w/c

a(—— — bt
Ny

X

it

x : depth of carbonation
t : time of carbonation
w/c : water/cement ratio of the concrete

a & b : constants which depend on carbonation conditions

Nt :is the compresive strength of the cement at T days

At first approximation, T is the age of the concrete when the carbonation begani.e. 7
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days. For times greater than 7 days, T was not taken as a constant value in order to
take into account the influence of later hardening of the cement. It appeared that the
reference time T is a very slightly increasing function of the carbonation time t. He
assumed the value T to increase at the rate of 1 day per year. To support the above
formula theoretically he turned to Verbeck and Helmuth (47) who showed that
compressive strength is inversely proportional to its capillary porosity. Mills

(48) also showed that there is an increase in capillary porosity with increasing

CaO/SiO,, ratio at constant strength so Smolczyk developed the expression:

f' (Ca0)

strength
f" (Capillary porosity)

From

f ' (capillary porosity)

carbonation ~
f" (Ca0)
he arrived at,
]
carbonation ~ ————
Vstrength

Mayer (36) and Hamada (49) in their experiments looked at the BFS or Pozzolanic
addition on the rate of carbonation of cements.
Mayer had illustrated that slag cements containing varying amounts of BFS had

carbonated faster as the amount of BFS was increased. As already shown,

carbonation ~

\f (Ca0)

So the carbonation rate increases with the decreasing CaO content of the slag

cements.
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1.2.4 Penetration of Chlorides

Transport phenomena in a hardened cement paste are very important not only to its
hydration and durability but also in applications such as the use of cementitious
materials in the isolation of hazardous waste materials.Regarding the durability of
concrete especially corrosion of steel by carbonation or contamination from CI” ion
have become serious problems. The CI™ diffusion in a given cement may be
influenced by many factors and is affected by many properties, such as chemical
composition of cement, pore size distribution, texture, species of codiffusing ion,

concentration and temperature (50-55).

When sufficient amounts of CI” ion reach the surface of steel embedded in cement or
concrete, depassivation of the steel may occur, normally in the form of pitting,
(56,57). There is also evidence that pitting is related to the ratio [CI)/[OH7] and
not simply on the CI” level (58). The levels of free chloride and hydroxyl ions in
the pore solution are governed by several factors. The concentration of hydroxyl
ions would be expected to increase with the alkalinity of the cement, although

several processes have been suggested which may tend to reduce particularly high

alkalinities (59). There is considerable evidence that CgA content of the cement is

important since it is known that CgA may form an insoluble complex, calcium

chloroaluminate hydrate (Friedel's salt) thus reducing the concentration of chloride
in the pore solution (60,61). The presence of sulphate ions may result in

liberation of CI” owing to preferential formation of calcium sulpho-aluminate of
hydrates (62). Other factors such as temperature, crystallographic form of CgA

and the decomposition of calcium chloroaluminate hydrate by carbonation may also
be important in determining the extent of chloride complexation. Furthermore, it
has been suggested that chloride, present on mixing is complexed to a greater extent

than chloride penetrating hardened concrete from an external environment (63).
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This process by which chloride ions penetrate the structure from the external
source is normally one of diffusion. The passivity of the embedded steel is only
affected provided the chloride ions are moving freely around the interface between
the steel and cement and concrete (64). Provided this process of CI” ions migration
is diffusion controlled, it is therefore possible to say that for a given temperature,
the mobility of the CI” ions in cement or concrete is directly proportional to the

diffusion coefficient (65) as stated by the Nernst - Einstein relationship

D = UKT

where,
D = the coefficient of diffusion
U = the mobility of the ions
K = the Boltzmann constant

T = the temperature

so calculated values of the diffusion coefficient D, would be representative of the CI°
ions mobilities. Fick in the middle of the last century developed the laws of diffusion

to allow the determination of diffusion kinetics from measurable quantities.

Fick's first law states that the flux is proportional to the concentration gradient, the
diffusion coefficient D, being the constant of proportionality in the relationship
dc
J=-D—
dx
where,
J = Flux or diffusion current density - the amount of material diffusing in
a unit time per unit area perpendicular to the x-axis

D = Diffusion Coefficient
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¢ = Volume concentration

x = Distance along direction of diffusion under steady-state conditions

As the units of flux are mass over area by time and those of concentration are mass
over volume then the diffusion coefficient has units of area over time and may be

expressed in terms of square centimetres per second (66).

There are mainly two different methods to determine the diffusion kinetics of
chlorides in cement successfully (67). One was that used by Page et al (68) and was
applied on fault free cement paste cylinders. After an initial curing of 60 days in
lime water such cylinders were cut into discs of around 3 millimeters in thickness
from the centre portions of the cylinders with a diamond saw. In a specially designed
glass cell the discs were then exposed to chloride solution. This glass cell consists of
two compartments with the cement discs fitted in between. Both compartments were
filled with saturated calcium hydroxide solution while in one of the compartments
one molar sodium chloride was also added. The effective diffusion coefficients were
then determined from the measuring of the level of chloride ion in the low
concentration side solution with time. This was possible by using Flick's first law as

applied to quasi - steady - state diffusion.

From the slope of the rectilinear plot of the chloride ion concentration in the low
side against time the value of D was calculated. The technique is described in detail

in chapter 2 section (2.6). Similar work has been carried out (58,69,70) on a
number of ionic species such as (D¢ D+, DNg#*s DLj+,) to determine the

effective diffusion coefficients and all were in the order of 10°7 -10-8 cm2 s 1.

Takagi et al (53) used the same method on different cements to measure diffusion
coefficients for Na* and I". They suggested that because of the existence of the

electric double layer the cation diffused slower than the anion. This they claimed
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was caused by the adsorption of Ca** ions on the surface of cement hydrates which
become positively charged (71).

The anions are then attracted towards the surface enabling them to enter the
micro-pores and hence diffuse easier, whereas the repelled cations are reluctant to

do so.

Collepardi et al (72-74) used an alternative technique for measuring effective
diffusivities. After exposing the end faces of cement cylinders, cast under vacuum to
eliminate air bubbles, to 3% calcium chloride solution (74) the specimens were
sliced into discs at increasing depths which were then subjected to specific chemical
analysis to determine the total chloride ion concentration. A solution to Fick's 2nd
law was then applied to steady-state condition for a semi-infinite solid to determine
the value of D.
X
Cx = Cs[1-erf ——]
2VDt
for the boundary conditions

Cx = 0att =0

D<Xx<oo

Cx = Csatx =0

O<t<oo
where,
Cx = chloride ion concentration of slice (M cm3 )
Cs = chloride ion concentration of external solution (M cm™3 )

x = thickness of disc (cm)
t = time of exposure (sec.)

D = diffusion coefficient (cm2 s")
Diffusion coefficients for chloride ions did not depend on the concentration of the
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solution and were in the range of 108 cm2 s°1-

Spinks et al had used this method even earlier 1952 (75) by using solutions .
labelled with radioactive isotopes (45¢ 4, 35g, 131 or 22y 5). After exposing the

one side of cylindrical OPC pastes for a length of time. They measured the radiation
at different depths of the pastes and translated their readings into concentration of
the particular ion under investigation. They used the above solution to Fick's second
law of diffusion into a semi-infinite solid, so they were able to calculate diffusion
coefficients for each of the ions, which ranged in the order of 1011 to0 10-9
2

cm 5_1 .

1.2.5  Corrosion as an _Electrochemical Process

Corrosion is an electrochemical process. In other words, it is a chemical reaction
involving the transfer of charge (electrons) from one species to another (56,76).
Exposed steel will corrode in moist atmospheres due to differences in the electrical
potential on the steel surface forming anodic and cathodic sites. The metal oxidises

at the anode where corrosion occurs according to
Fe (metal) g Fe2+(aq.) + 2e” (1)

At the cathodic site the excess free electrons in the metal are consumed reducing

dissolved oxygen to form OH" ions or by liberation of hydrogen gas according to:

/3 0p + HpO + 2" =N 20H (aq) (2)

2HY (aq.) + 267 — Ho (gas) (3)

The electrons produced during this process are conducted through the metal whilst

the ions formed are transported via the electrolyte (77).
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In non-acidic environments the oxygen reduction reaction predominates so the

overall reaction is:

Fe + Hp0 + 17505 __ Fe™ + 2(0H) ___ Fe(OH),

Ferrous hydroxide

In neutral solution, ferrous hydroxide is unstable and combines further with oxygen
by the reaction:

2 Fe?* + 40H™ + 1/, 0, 2Fe 0.0H + Hy0

>

Brown deposit (rust)

Normally the presence of the hydroxides of sodium, potassium and calcium in good
quality concrete provide an alkaline environment to the iron (78). This high degree
of alkalinity is normally sufficient to induce passivation of embedded steel

(79-81).

The bulk of surrounding concrete acts as a physical barrier to many of the steel's

aggressors. Corrosion problems that arise in concrete structures are therefore

associated with conditions leading to depassivation of the embedded steel and these
circumstances are commonly brought about either by excessive carbonation of the

concrete or by the presence of chlorides (82).

The transformation of the protective alkaline pore solution in concrete to a
corrosive condition may be caused by reaction with acidic substances i.e. (COy) or

depassivating anions such as chloride, as is illustrated by the Pourbaix diagrams

(83) figures 1.2 and 1.3.
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Until recently, corrosion of steel in concrete was most frequently studied by
exposing samples to known environments for long peroids of time, then removing
the concrete cover and either weighing or measuring the steel to determine the |
amount of material corroded. Such experiments take many years to complete and
are, obviously destructive in nature. It is generally only used as a source of
secondary information when the main sequence of corrosion monitoring has been

completed.

As an alternative electrochemical techniques have come to be used in the study of
reinforcing steel, particular the linear polarization technique. This method is quick
and easy to carry out, and non-destructive in nature (84-86). Andrade and
Gonzalez (87) have shown a good correlation in the determination of corrosion rates
between gravimetric weight loss measurements and the linear polarization

technique.

The other method which is widely used due to gain quickness in testing and is
non-destructive in nature is Rest Potentials which can be measured instantaneously
without the need to know the area of the steel electrode (88). 1t is the most simple
to carry out, the only equipment required being a reference electrode and a high

impedance voltmeter.
The main disadvantage of potential measurements is that they only indicate the
balance between the anodic and cathodic area of the steel and cannot be used to
determine actual corrosion rates.
For this work however linear polarisation technique was used and is described in

detail in Chapter 2, section 2.7.1.
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1.2.6 Protection

To protect concrete from chemical or general external attack such as carbonation or
penetration of chloride ions a number of protective methods have been suggested and

assessed (79).

Polymer Impregnation, which involves impregnating concrete with a liquid
monomer, and subsequently polymerising by thermal means results in filling or
partial filling of the pores. Such a process improves the structural and durability
properties of cement or concrete . As a result of these superior properties,
Polymer Impregnated Concrete (PIC) has been considered for applications requiring

high strength (89 , low permeability and water absorption, (90) the reduction in
diffusion of CO,, and CI” (91) and subsequently increasing the corrosion resistance

(92). Application uses of PIC in bridge decks structural elements, and pipes have
been examined. Unfortunately, the impregnation process is complex and the costs of
monomers are very high. Therefore, most current uses are in applications where

the gain in service life is believed to compensate for the high cost.

Other methods, like surface coating of concrete have been applied in order to reduce
diffusion of oxygen and chloride ions to the metal surface (93-95). The coatings
should be alkali resistant, able to cure at low temperatures and cover damp
surfaces. A wide range of coatings including paints, asphalts, coal tar, linseed oil,
epoxy and bituminous systems have been tried with variable success. They may
however do more harm than good since they have a tendency to maintain high
moisture contents within the concrete. Reinforced vinyl - elastomers and PVC
membranes have gained some acceptance for protecting foundations, repairing

walls, banks and pipes (96). Cathodic protection has been applied successfully in
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some cases (97). Care is required, however, since the criteria for cathodic
protection of reinforced and prestressed concrete structures are different to
comparable steel structures. The main problem from a practical point of veiw is
obtaining a close control of potential and current densities over the entire

reinforcements.

Anodic inhibitors such as chromates, nitrites and benzoates have been found to be
effective (98,99). They are, however, only effective in high concentrations
otherwise corrosion may be intensified locally. Conversely high concentrations may
adversly affect the properties of the concrete. Mixtures of nitrite and benzoate seem
to offer best solution, although more complete and fundamental investigations are

needed.

The most widely used forms of protection include organic and inorganic coating over
the reinforcement themselves. Varieties of non-metallic coatings have been applied
to reinforcing steel including dense cement mortar, asphalt, chiorinated rubber,
vinyl and epoxy systems (100,101). These are barrier coatings in that they keep
corrosive agents away from the steel. However, this gives rise to possible
accelerated local corrosion at breaks in the coating. Metal coatings which have been
investigated for use as protective coatings on steel reinforcement include Zn, Cd, Ni,

Sn, Pb, Cu (101,102).

46




1.3 _Aims Of The Project

An investigation was undertaken to elucidate relevant factors affecting the
durability of steel in concrete subjected to poor curing conditions, which for

example, may be found in hot climates.

Studies were carried out in order to investigate the effect of poor curing conditions

on the following;

1. Microstructure, mineralogy, pore size distribution, in relation to
durabilities.

2. The rate of carbonation.

3. Chloride penetration through cement paste.

4. Electrochemical behaviour of mild steel embedded in cement paste.

5. To investigate the introduction of Polymer Impregnation of concrete as a

means of resolving the above mentioned poor curing.

1.4 Plan of Presentation

After an introduction to the work, in Chapter 1 the relevant literature is reviewed
on the topics of Durability, Carbonation, Penetration of chlorides, Corrosion and
Protection of cement pastes. This is followed by a description of the scope of this

research.

The materials used were Ordinary Portland Cement (OPC), Sulphate Resisting

Portland Cement (SRPC), Ordinary Portland Cement/Blast Furnace Slag (OPC/BFS)

and Ordinary Portland Cement/Pulverised Fuel Ash (OPC/PFA) these, together with
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Chapter 3 describes the effect of curing conditions on porosity and pore size
distribution and measurements of total pore volume by both Mercury Intrusion

Porosimetry (MIP) and Pycnometer techniques.

Chapter 4 describes studies using Scanning Electron Microscope to look at
microstructural features of the OPC and OPC/BFS using different curing conditions.

Also X-ray diffraction and DTA were used to analyse the different phases.

In Chapter 5, polymer impregnation was introduced to combat cement pastes

weaknesses occurring as a result of poor curing.

Chapter 6 and 7 describe carbonation studies and chloride penetration in both plain

and impregnated cement pastes

In Chapter 8 the corrosion behaviour of steel embedded in hardened cement paste

again for untreated and polymer impregnated cement pastes is described.

Chapter 9 contains the general discussion and conclusions and recommendations for

further work.




CHAPTER 2 MATERIALS AND EXPERIMENTAL TECHNIQUES

In this chapter the materials used, the sample preparation and the experimental

techniques, are explained in detail.

2.1 MATERIALS AND PREPARATION OF SAMPLES

211 MATERIALS

All of the specimens used in this research have been prepared from four different

types of cement.

A) Aston ordinary Portland cement (OPC) from a single batch of research
grade.

B) Sulphate resisting Portland cement, (SRPC) 'Ketton'.

C) A blended cement prepared from 70% OPC and 30% pulverised fuel ash
(PFA) as prescribed by BS 3892: 1965 (OPC/PFA)

D) A blended cement prepared from 35% OPC and 65% ground granulated

blast furnace slag (GGBFS) as prescribed by BS 146: 1973 (OPC/BFS)

All the above mentioned cements were stored in airtight drums until required and

before use passed through a 150um seive. The compositions of the various
materials expressed in percentages by weight of the constituent oxides are shown
in Table 2.1. Four compounds are usually regarded as the major constituents of

cement: They are listed in Table 2.2 together with their abbreviated symbols.

Using the Bogue's formula (103) the composition of OPC and SRPC cements can be

determined.
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Name of Compound Oxide Composition Abbreviation

Tricalcium Silicate 3Ca0 Si0, C3S
Dicalcium Silicate 2Ca0 SiO, CoS
Tricalcium Aluminate 3Ca0 Al,O4 C3A
Tetracalcium 4Ca0 Al,03 Fe, 04 C4AF

Alumino-Ferrite

Table 2.2 Main compounds of Portland cement

For the OPC and SRPC used in the present work the percentages of main compounds

are given below.
OPC: C3S =41.15, CoS = 27.23, CaA = 14.25, C4AF = 8.21.
SRPC: C3S =64.42, C5S = 9.40, C3A =191, C4AF = 16.11.

SPECIAL CEMENTS
SRPC

Sulphates which may exist in the environment surrounding the concrete, tend to

penetrate the concrete or cement paste structure, and eventually attack the
calcium aluminate hydrates. The C3A hydrates can react with the sulphate salts,

such as magnesium and sodium sulphates, to form fresh expansive calcium

sulphoaluminates. This reaction can cause a gradual disintegration of concrete. The

remedy lies in the use of cement with a low C3A content, and such a cement is
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known as sulphate-resisting Portland cement. -

PULVERISED FUEL ASH

Pulverised fuel ash, is ash precipated electrostatically from the exhaust fumes of
coal-fired power stations, and is the most common artificial pozzolana. A
pozzolana is a natural or artificial material, containing silica in a reactive form.
The ASTM specification C618-78 describes it as “A siliceous or siliceous and
aluminous material, which in itself possesses little or no cementitious value but
will, in finely divided form and in the presence of moisture, chemically react with
calcium hydroxide at ordinary temperatures, to form components possessing

cementitious properties".

Portland cements can be mixed with pozzolanas, such as PFA, to provide the

necessary Ca(OH), as it liberates during its hydration.

BLAST FURNACE SLAG

Blast furnace slag is a waste product in the manufacture of pig iron. The slag is a
mixture of iron ore with the limestone flux, that is the same oxides that make up

OPC, namely lime, silica and alumina, but in different proportions.

Blast furnace slag can make a cementitious material in different ways, i.e. can be
mixed with a suitable proportion of limestone, as a raw material for the

conventional manufacture of Portland cement, or straight with a Portland cement.
As in the case of OPC/PFA, the blast furnace slag tends to react with the Ca(OH)2
formed. However in the case of a high substitution of OPC by blending agents such

as BFS, the chemical reactions occurring during hydration, tends to leave little or
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no free Ca(OH), (104). This may have the effect of diminishing the protection of

the steel on the reinforced concrete.

STEEL

Mild steel bars of diameter 4.64mm were embedded in cement for corrosion

experiments. The analysis of the steel is given in Table 2.3.

MONOMER (METHYL METHACRYLATE)

Methyl methacrylate was used to impregnate the cement pastes. Its properties
were stated as:-

Minimum assay 99.5%

Weight per ml at 20°C 0.941 to 0.943 g

Refractive index 1.413 to 1.415,

Maximum limits of impurities, free acid 1 ml N%, water 0.1% and stabilised

with 0.01% quinol.

2.1.2 Sample Preparation

The cements used for making the specimens were first passed through a 150um
sieve. De-ionised water was added to the cements to give a water/cement ratio of
0.4 or 0.6. The cement pastes were mixed thoroughly and cast into cylindrical PVC
moulds, 47mm diameter, 74mm length, and vibrated for 2 minutes to remove

trapped air and bring about good compaction. The layer of bubble-laden




Carbon

Silicon

Manganese

Sulphur
Chromium
Molybdenum
Nickel

lron

Phosphbrouéj '

0.38
0.21
0.74
0.018
0.12
0.04
0.06

0.04
Balance

Table 2.3 Chemical analysis of mild steel (%)




cement on the surface of the specimen was removed and the mould topped up with

fresh paste, and vibrated for another 2 minutes.

The completely filled moulds were tightly sealed and subjected to continuous
rotation at 10rpm about a horizontal axis. This served to prevent significant

segregation within the pastes, whilst their condition remained fluid.

The specimens were demoulded after 24 hours and cured in three different

environments:

(1) Saturated Ca(OH), solution at 20°C referred to as ce(1)

(2) Saturated Ca(OH), solution at 500C referred to as cc(2)

(3) Air at 50°C and 30% relative humidity referred to as cc(3)

The environment for curing condition 3 was maintained with the use of a "FISONS"

environmental cabinet.

Steel
Steel bars for corrosion studies were grit blasted, degreased with AR grade acetone

and kept in a desiccator containing silica gel for a period of two weeks, in order to

produce a uniform oxide film on the surface of each bar.
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2.2 Measurment of Pore Size Distribution and Total Porosity

2.2.1 Introduction

It is widely recognized that the porosity of a material exerts an enormous
influence on its physical and chemical properties. This is especially true for
hydraulic materials such as Portland cement, where a large volume of porosity is
inherent in the set structure (105-108). This porosity is derived mainly from
the excess water which is required to lubricate the powder particles so that the
plastic mass may be placed. The pores that exist within the structure of set
cements are present in two main forms, capillary pores and gel pores. The
capillary pores represent that part of the gross volume which has not been filled
by the products of hydration (109,110). Because these products occupy more
than twice the volume of the original solid cement pasie alone, the volume of the

capillary system is reduced with the progress of hydration.

Initially, all the pores are capillary pores and as hydration proceeds the capillary
volume is reduced since the capillary space becomes filled with hydration
products and the gel porosity increases. This leads to a net reduction in total
porosity. According to Powers (111) in a fully hydrated cement paste, at a
critical water/cement ratio of about 0.38, only gel pores would be present, which
account for about 28% of the gel volume. The gel pores are in fact interconnected
interstitial spaces between the gel particles. In the Powers model the gel itself
consists of colloidal C-S-H particles of up to two or three layers, arranged
randomly and bonded together by surface forces, as in clay, with occasional strong
ionic-covalent bonds linking adjacent particles (112) figure 2.1(i). There is not
sufficient long-range order to consider the material crystalline. The pores of

these interstitial spaces are orders of magnitude finer than capillary pores being
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between 15 and 20 /?\ in diameter (111-113). For this reason, the vapour
pressure and mobility of adsorbed water are different to the corresponding

properties of free water.

In the Feldman-Sereda model see figure 2.1(ii) (114) the C-S-H structure is
present as an irregular array of single layers which may come together randomly
to create interlayer space, as is observed in clay minerals, but in no regular
ordered way. Bonding between layers is considered to be through solid-solid
contacts which are visualised as bonds intermediate in character between weak
Van der Waals' and strong ionic-covalent bonds. The solid-solid contacts form on
drying but are disrupted by wetting. Interlayer bonding is a special kind of
chemical bonding and cannot be considered as resulting from interactions between

free surfaces. Water can move reversibly in and out of the interlayer space.

Daimon et al (115) further modified the Feldman-Sereda model see figure
2.1(iif) because, according to them, only then was the true pore structure
revealed. Adsorption measurements indicated the existance of two kinds of pores: a
wider inter gel-particle pore which can be seen even in the inner C-S-H by SEM,
and a smaller intragel pore existing within the gel particles which cannot be
observed by SEM. The intragel pores are further classified into an intercrystallite
pore similar to the micropore reported by Brunauer et al (116), but which may
enlarge in the presence of water, and intracrystallite pores corresponding to the
interlayer space mentioned by Feldman (117) . Alford and Rahman (118,119)
see figure 2.1(iii) concluded that closed spherical voids, or macropores, that
cannot be intruded by mercury, contribute significantly to the total porosity of
hardened cement paste, affect the ‘pore size distribution, modify surface area
determined by mercury intrusion porosity (MIP) and thus contribute to "lost"
porosity.

If the water/cement ratio is sufficiently high (i.e according to Powers higher than
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0.38) the volume of the gel after full hydration is not sufficient to fill all the
space available, so that there will be some volume of capillary pores left even
after the process of hydration has been completed. According to Verbeck and
Helmuth (23) the size of capillary pores can vary between 50 and 350 nm and is
dependant on water/cement ratio. They vary also in shape and may exist as an
interconnected system if the water/cement ratio is sufficiently high or if
hydration is incomplete, and are randomly distributed through the cement paste.
These capillary pores are mainly responsible for the permeability of hardened
cemert paste. Such pores have a very complex geometry but to facillitate some
understanding of their properties they are considered as having more simple

shapes such as ( those shown in figure 2.1(iv)a,b,c,d (119).

Figure 2.1(iv)a shows a system where low-pressure porosimetry would produce
reliable results. Figure b, ¢ and d show systems where low-pressure porosimetry
would produce erronius results. Figure 2.1(iv)b shows a system where
porosimetry would only "see" the first large opening and interpret the second
opening as the diameter of the connecting channel i.e. the pore entry diameter. In
figure 2.1(iv)c the large spherical pore is connected by pore channels which are
available to admit mercury under the maximum pressure available. Figure
2.1(iv)d shows a large spherical void surrounded by hydration products which

are too fine and closely-packed to be intruded by mercury.

2.2.2 Determination of Pore Size Distribution

There are many methods for determining pore size distribution including
Mercury  Intrusion Porosimetry (MIP), Sorption Isotherms, Optical and

Electron Microscopy (120,121). MIP is mostly used to determine the sizes of




Spherwal pore
intracrystatlite -

Figure 2.1 (iii.and iii) Schematic presentation of various models of C-S-H-gel
() Powers and Brunauer adapted from (112), (i)
Feldman and Sereda (114) (iii) Feldman and Sereda,
Successively modified by Daimon et al (115) and
Rahman (118).
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Figure 2.1(iv) Schematic representation of variation in pore geometry
(after Alford).
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relatively large pores, or macro pores > 30 nm whilst sorption isotherms are
best suited in the case of smaller pores, including micro and ultramicro pores <

30 nm. Optical means may be used to analyse sections of the sample in the rahge of

2. Most complete information on pore size distribution may be obtained by

using MIP jointly with optical or electron microscopy methods (122,123).

MIP is the most commonly used technique and is effective in directing evaluating

porosity and pore size distrbution.

As the main area of interest in this work is the macroporous region of cement
paste and since MIP is the technique most commonly used in evaluation of cement
macroporosity, considerable attention has been devoted to this method and its

limitations.

2.2.3 Mercury Intrusion Porosimetry (MIP)

The theory of Mercury Porosimetry is now widely reported (124,129), and is
used commercially for a growing number of porous materials. The principle of the
instrument is to determine the quantity of a nonwetting liquid, mercury, which

will penetrate a porous material under pressure.

The system is first evacuated to remove adsorbed gases and vapours. By applying
pressure, mercury will be forced into the evacuated pores. If the pores are
assumed to have a simple shape, e.g. cylindrical, the relationship between
pressure and diameter of pores is given by the Washburn displacement equation
(130):-
p.-4yCOS@
d
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where,
P = the applied pressure ( N/mm2)

d = the pore diameter filled at the pressure P (nm)

the .surface tension of the liquid = dynes/cm (474 mJ/ m)

2
I

@
I

the contact angle between the liquid and solid, (degrees)

The mercury porosimetry method enables the widest range of pore-size
distribution to be measured. The lower limit can be as small as 30 nm, depending

on the pressure and the contact angle used in the calculation.

The mercury porosimeter used in the present work was a Micromeritics model
900/910 series, capable of producing a pressure of 50,000 psi (351 N/mm2)
figure (2.2). It should be noted that, because of the operational characteristics of
the intrusion measurement system, the term "diameter" may be better defined as
‘pore entry diameter”. This is because at the outset of a mercury intrusion
determination, the sample is surrounded by mercury. As pressurisation proceeds,
mercury is forced from the surface of the sample towards its centre, through
whatever pores are available to it. If the path the mercury must follow to reach a
particular internal pore is smaller in diameter than the internal pore itself, that
internal pore will be intruded only after sufficient pressure is applied to intrude

the narrower pathway (109).
Finally isolated pores having no communication with the exterior of the sample

cannot be measured in any event, regardless of the pressure used. Corrections

have to be made for the compressibility of the mercury.
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Figure 2.2 Mercury Intrusion Porosimeter Model 900/810
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In general, mercury porosimetery has left open the question of the contact angle
(6) formed by mercury on the interior surface of porous solids. Despite the
evident need, it has not been possible to obtain measurements of these contact

angles. Measurements on macroscopic surfaces of a solid cannot be relied upon,

because an internal surface will, in general be rough and in the case of cement

paste, heterogeneous.

Good (131) has suggested that on account of roughness and void area, the contact
angle of mercury on macroscopic samples of hardened portland cement paste was
at least 170°. Winslow and Diamond (109) have on the other hand reported the

contact angle of mercury on simulated pores in hardened portland cement paste to

be 1179, this value was obtained by drilling small holes in hardened cement paste
and measuring the pressure required to intrude mercury into them. The problem
remains of determining which value, if either, is correct. The surface of a drilled
hole can be expected to have a higher surface energy (131) than that of a crystal
formed by a growth process, such as occurs in the hydration of portland cement,
which would lead to a lower contact angle. If a value of contact angle is to be
assumed rather than measured the experience of other workers would suggest that
1179 is most suitable for oven dried specimens (109,129) while 130° should be

assumed where vacuum drying has been employed (109,129). The value used for

surface tension (y) of mercury is 474 mJd/m, and the proof of the Washburn

equation and also an example calculation of pore size distribution is given in

Appendix 1.

224 Samples Used

In these experiments samples of OPC and OPC/BFS, SRPC and OPC/PFA were

made with water/cement ratio of 0.4 and 0.6. After the samples were demoulded
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they were cured in three different environments curing conditions cc(1), cc(2)

and cc(3).

The preparation of the samples and conditions of each environment have been
explained in this chapter, section 2.1.2. The curing times of 7, 28 and 60 days
were considered for this test. After curing thin sections were sliced from the
mid-section of the cylindrical samples using a diamond cutting wheel. Care was
also taken to use the area close to the centre of the sliced disc. The samples were
then broken by hand into small pieces, approximately 8mm wide and 15mm long.
The specimens were then oven dried at 105 °C until a constant weight was
obtained, in order to remove the evaporable water. The dried specimens were then

stored in a desiccator containing silica gel and "Carbosorb" until needed for test.

2.2.5 Determination of Total Porosity

The determination of total porosity involved the measurement of the bulk (or

apparent) density and the true density of the dry cement paste.

The bulk density may be calculated from the mass of dry specimen énd its external
volume obtained by the displacement of a non-wetting liquid (i.e. Mercury). A
specially designed 'bottle and top' (pycnometer) was used, which was capable of
reproducing a fixed volume of mercury. The top was levelled with a glass slide,
figure 2.3, the 'bottle’ was filled with mercury, and the 'top’ inserted and the
meniscus of mercury levelled with the glass slide. The outside was carefully
cleaned with a brush, and weighed. The 'top' was opened and the weighed oven dried
sample inserted. The 'top' was replacedv and the exuded mercury carefully removed

and the bottle re-weighed.
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The true density was determined using a density bottle. The paste was ground to
powder, whose volume was determined by the mass difference between the density
bottle filled with a wetting liquid (paraffin) Figure 2.4 and the same density
bottle with the powder in it, filled up with paraffin. The filling operation was done
under vacuum to ensure that the liquid completely wetted the powder.

An example calculation of total porosity of cement paste is given in Appendix 2.

2.3 MORPHOLOGICAL STUDIES

2.3.1 Scanning Electron Microscopy

The Scanning Electron Microscope (SEM) has been used in studies of the hydration
of cements. Fracture surfaces of cement specimens are relatively easy to prepare
and the high resolution and excellent field depth allow hardened cement paste

microstructures to be examined in detail (121,123,132-134).

Prior to observation, the specimens were cut and then dried by means of vacuum
drying. This was carried out as follows. After cutting, the specimens were quickly
transferred to a small glass cell and evacuated with use of a vacuum pump until
the pressure dropped to 2x103mm Hg which was maintained at that level for at
least 4 days. The samples were then kept in a desiccator containing silica gel and
carbosorb for as short a time as possible. The specimens were finally mounted on
aluminium stubs and coated with a thin conducting film of gold to carry the
incident electrons from the SEM away to earth. The thickness of gold layer was

about 250 nm.
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2.3.2 X-Ray Diffraction Analysis

Samples were ground to a fine powder and placed in the specimen holder of a

Philips X-ray Diffractometer (figure 2.5) with proportional counter and a

copper tube with a Ni KB filter.

The number of counts per second for OPC powder was chosen to be 4x102 and for
OPC/BFS powder 1x102, The OPC has a higher count rate than the OPC/BFS,
since it is much more crystalline. However the conditions that must be satisfied
for the reflection of rays of a specific wave length are given by Bragg's law (135)

which states that

nA=2d Sing
where
n = the order of reflection (1,2,3 etc)
A = the wave length of the X-rays
8 = the angle of the incidence or reflection of X-ray beam

d = the spacing of the crystal planes
Hence for a given wave length and angle of incidence where reflection occurs, the
atom spacing may be calculated. The analysis of powder specimens has been
carried out with an electronic counter tube to measure the intensity of the X-ray

reflections.

The counter and specimen are both rotated in the X-ray beam. The counter tube is

moved at twice the speed of the specimen so as to maintain the correct angle for
each Bragg reflection. The output from the spectrometer is a trace of intensity
against Bragg angle from which the 'd"- values may be determined and compared
with standard data (136).

An example of identification of XRD trace is given in Appendix 3.
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2.3.3 Differential Thermal Analysis

Ditferential Thermal Analysis, provides a convenient method of measuring the
physicochemical changes in a hardened cement paste, while it is being heated or

cooled at a controlled rate (137). Prior to testing, the cement paste samples were

ground by hand using a pestle and mortar until passing through a 150um seive.

The ground specimens were dried over silica gel in a CO,-free system at ambient

temperature. A small portion of the sample to be tested was then packed into a
platinum/rhodium crucible and placed in the furnace of the analyser next to a
similar crucible packed with a thermally inert substance (alumina). At a rate of
20°C/min, the furnace raises the temperatures of the crucibles from ambient to
950°C. Thermocouples measure the difference in temperature between the two
crucibles and this was plotted against furnace temperature on a pen recorder.
Position of the peaks on the chart are characteristics of the compounds present and

the peak heights proportional to the amount of a specific compound.

Thus the effect of environment and time on curings of certain compounds, may
therefore be compared between specimens, and the traces produced checked against
standard data, see Appendix 4. Also figures 2.6 and 2.7 show schematic diagrams

of its analyser layout and analyser.
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Figure 2.6 Schematic diagram of Differential Thermal Analyser (DTA).
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24 POLYMER IMPREGNATION

International interest in the use of polymers in concrete, dates back to the early
1950's. This work expanded into large scale research in the 1960's and early
1970's. Since then many attempts have been made to incorporate polymers into
concrete, to improve the ultimate properties of it. This is normally achieved by
filing a percentage of pores of the cement paste with a liquid monomer, which can
undergo polymerisation and hence provide a composite material with superior

properties, compared to ordinary concrete, (96,138-146).

As previously mentioned, there could be an increase in strengh (89), durability
(91,146), corrosion resistance (92,96) and a reduction in permeability (140),
water absorption (92), and gaseous transfer.This would suggest that polymer

impregnated concrete may have many practical applications.

The effect of the diffusion of gases such as (CO5,505) and ions like CI” through

unimpregnated cement paste are well known.

However these effects are reduced when polymer impregnated samples were used
(92,96). In the late 1960's, several exploratory experiments were carried out
on impregnation of concrete with monomers such as Styrene, Methyl
Methacrylate, and other vinyl monomers. Liquid monomers were found to be
generally easy to handle, as most of them have fairly low vapour pressures and
low viscosity, which in this case is slightly lower than water, thereby facilitating
the easy impregnation into the well dried hardened cement paste. There are
several polymerisation techniques after impregnation of the monomers into
cements or concretes (138,139), but normally, three types have been

employed:-
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(1) Thermal-catalytic, (2) Promoted-catalytic, and (3) Radiation.

Thermal-catalytic which is the most popular, and the simplest method of
polymerisation is through the addition of small amounts of a compound which will
generate free radicals on heating. Several of the commercially available
compounds such as Benzoyl Peroxide, Azobis (isobutyronitrile) can be used in
forming polymer impregnated cement or concrete. These compounds decompose at
different rates over a range of temperatures to generate free radicals. The
selection of type and concentration of initiator and the optimum polymerisation
temperature were seen to be the important factors in the production of a
uniformly good quality polymer impregnated cement or concrete. Benzoyl
Peroxide catalyst is well suited for most vinyl monomers, in this case Methyl
Methacrylate, because it decomposes well below its boiling points. The chemical
reaction between Benzoyl Peroxide and Methyl Methacrylate is discussed later.
However, there has been some concern expressed in the literature about the use of
Benzoyl Peroxide in polymer impregnated cement or concrete, due to its easy
susceptability to induced chemical decomposition, thus increasing the risk of an
accidental bulk polymerisation, if the catalyzed monomer is stored. For this
method a higher temperature at 85°C is required for polymerisation and the
associated potential hazard of explosion, due to the presence of catalytic agents

constitute positive disadvantages.

However the conversion of the monomer Methyl Methacrylate to Polymethyl
Methacrylate is normally via radical chain polymerisation, which involves three

stages viz; initiation, propagation and termination.

Initiation is normally achieved by addition of activating agents, such as Benzoyl
Peroxide (or Azobisisobutyronitrile) which form free radicals by thermal

decomposition, thus:-
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Initiation is produced when the free radical adds to the double bond of the Methyl

Methacrylate monomer to produce another radical.

H CHg H  CHg
I | |
O .+ C=C 5 _c_¢C-
| | |
H  COOCHj H  COOCH

Methyl Methacrylate

The chain radical thus produced in the above step is then capable of adding
succesive monomers to propagate the chain. Propagation would continue until the
supply of monomer had been exhausted, were it not for the fact that radicals tend
to react with each other with consequent loss of activity. This does, however, tend

to be compensated for, by the fact that the concentration of radical is small

compared to the concentration of monomers.

Termination can take place by combination .'.

H CH3 CH3 H H CH3 CH3 H
Lo | 1 I | |

C-C+ + +C—0C —> -C-C- c C-
| 1 1 I | :

H COOCHS COOCHS H H COOCHS COOCHS H

or by disproportionation ..




H CHj CHy H HCHy  CHy H
| L | .

C-Ce ++6—C —> CC-H +C =C-
| L | s

H COOCHy COOCH; H H COOCH3 COOCH;

Termination is normally by disportionation at temperatures above 60°C and

partly by each mechanism at lower temperatures.

2.4.1 The Impregnation Technique

The hydrated cement paste specimens after the original curing regime and their
particular drying, were submerged in methyl methacrylate containing 3% by
weight benzoy! peroxide. After a duration of 24 hours the samples were gently
removed from the methyl methacrylate, since after 20 hours, there was no
further increase in weight. The specimens were then carefully removed from the
liquid monomer and covered in aluminium foil and placed in an oven at 850C for a

duration of 5 hours, (144) at which polymerization was completed.
A film of polymer which deposited on the surface due to evaporation was then
carefully removed. Finally the samples were checked for any possible defects or

cracks.

However it is important to mention that in some cases, a double impregnation

technique was undertaken to improve the percentage of polymer loading.
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2.5 CARBONATION STUDIES

A study of measuring the rate of carbonation through samples of hardened cement
paste, originaly cured under two different conditions cc(1) and cc(3) for the

duration of 28 days, was carried out.

Four different types of cement were used,

(@) OPC (b) SRPC (c) OPC/BFS and (d) OPC/PFA.

Each type of cement was made up at 0.6 and 0.4 water/cement ratio, into
cylindrical specimens, as described in Para 2.1.2. Six specimens were made for
each condition i.e. 4 cements specimens which were exposed to two curing
conditions. After the duration of the original curing period, as mentioned above,
each set of cylinders (three) were cut into 2cm thick discs using a hacksaw. Then

each of the discs were cut into three sections of 4.7cm length and 1.8cm width.

About half of the test specimens were impregnated with methyl methacrylate and
the remaining samples were kept in their original environment. Finally all the
samples were placed in an environmental condition of 40°C and 50% RH, which
was taken to simulate harsh conditions in parts of the Middle East, and speed up
carbonation. The depth of carbonation was measured at different time intervals,

until about 15 readings were collected.

Various methods can be undertaken to detect or demonstrate the reaction of COy in
cement. Optical Microscopy may be used to show accurately the border between
newly formed CaCOg4 and unaffected hydrated cement phases, in thin sections . An

indicator like a 2% solution of phenolphttalein in ethyl-alcohol can show the
modification on the cement paste by carbonation, but does not allow the

determination of the exact pH of the concrete.
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As for the colouring effect, the uncarbonated cement, after applying
phenolphthalein, shows a pink colour, where as the carbonated region, due to the
reduction in pH level from about 13.5 to approximately 9-8 remains colourless.
Apart from phenolphthalein, thymolphthalein and alizarin yellow are used by
other workers as indicators (36). Phenolphthalein was used as the indicator in
this work as it shows a more distinct colouring. Figure (2.8) shows the depth of
carbonation as determined by the phenolphthalein method.

To carry out the carbonation measurements the test pieces were split into a
further three parts to give required fracture surfaces, onto which
phenolphthalein was applied. The carbonation measurements were based on the
average of different fracture surface readings, and from each surface minimum
and maximum readings were taken, where the difference between the readings in
most cases was 0.5mm. The carbonation lines in almost all cases were straight or
nearly parallel to the surface except in the case of OPC/BFS cc(1) for both
water/cement ratios, where initially, readings were eratic but as the time
proceded they tended to improve. Figure (2.9) shows the definition of the depth of

carbonation.

In order however to show the carbonation reaction for unimpregnated samples
with a different method, and also to ensure and support the method used earlier for
measurements of depth of carbonation with phenolphthalein, X-ray diffraction and

D.T.A was undertaken, to verify and identify the carbonation products.
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Uncoloured or carbonated
part

7
/ Pink colour uncarbonated
area of the sample

Figure 2.8 Schematic diagram of the carbonated test specimen

| K ' - Affected area

Unaffected area

(Form a) for OPC,SRPC,OPC/PFA

Affected area <€—— K I _ ‘
e = 0 Vs W K= Depth of carbonation

/ 7 K'= Maximum depth of
Unaffected area <@—| / carbonation
_

(Form b) for OPC/BFS

Figure 2.9 Schematic diagram of the definition of the depth of carbonation
(after Mayer).
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2.6 CHLORIDE DIFFUSION STUDIES

In these experiments, samples of OPC and OPC/BES were made, with
water/cement ratio 0.4 and 0.6 cured under cc(1) and cc(3) for a duration of 28

days.

Samples were cut by means of a micro slicer to provide discs of ~3mm thickness,
which were then lightly ground until both surfaces became parallel. Half the discs
were oven dried for 24 hours at 85°C and then impregnated with methyl
methacrylate (as described in section 2.4.1). From weight measurements made
before and after impregnation, the degree of impregnation could be calculated. It
was found that discs of 3mm thickness could not be impregnated satisfactorily and

the thickness had to be increased to 6mm.

The experimental procedure follows closely that of earlier work (68) and has

been used at Aston University for some years.

Each disc was mounted between the ground flanges of two half cells as shown in
figure (2.10). Lightly greased rubber gaskets were placed between the discs and
flanges, and the cells held together with elastic bands. The joints were further
supported with P.T.F.E. tape. The gaskets ensured a leak tight fit and allowed a
known area of the disc to be exposed. The high concentration side of each cell was
filled with 1M/l Sodium Chloride solution, saturated with calcium hydroxide,
while the low concentration side was filled with saturated calcium hydroxide. The
cells were then sealed with stoppers to prevent evaporation and atmospheric
carbon dioxide from reacting with the solution and supported in water baths at the

experimental temperature (25°C), by plastic cradles.
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CEMENT PASTE DISC

GASKET PTFE TAPE

COMPARTMENT COMPARTMENT
(1) (2)
| M NaCl in , SATURATED Ca(OH),
SATURATED Ca(OH),

Figure 2.10 Diffusion cell (68). .




After an initial period of time, over which the diffusion through the disc became
established, 0.1ml aliquots of solution were taken from the low concentration side
of each cell and analysed for chloride ion content by a standard spectrophotometric
technique (147). Each 0.1ml aliquot of solution containing CI” ions was made up

to 10ml with distilled water in a test tube. Added to these were 2ml of 0.25 M/
ferric ammonium sulphate (Fe (NHy4) (S04)o, 12H50) in 9M nitric acid and

2ml of saturated mercuric thiocyanate in ethanol. Chloride ions displace
thiocyanate ions and these combine with ferric ions to produce a highly coloured

complex:

2CI" + Hg (SCN), + 2Fe3* —> HgCl, + 2[Fe (SCN) J2* (147

This solution is placed in a glass cell, in a spectrophotometer along side another
cell containing a blank solution as reference.

The selected wave length of light used in this analysis is 460nm. The amount of
chloride ion present, is proportional to the difference in absorption between the
blank and test solution and may be found in terms of molarity by constructing a
calibration curve of standard chloride solutions against absorption. See Appendix

5.

The Beer - Lambert equation, describes the relationship between concentration

and intensities.

li = lg exp (-€cx)
where

ly = intensity of transmitted light

lg = intensity of incident light

82




€ = molecular extinction coefficient

concentration of solution

@)
t

pas
I

optical path length through solution

Therefore for a constant path length, the intensity of beam of monochromatic light

is inversely proportional to the concentration of the absorbing substance it passes

through (148). The spectrophotometer optics are shown in figure (2.11).

83




‘Jelewoloydosoeds weeq umj B §o we.belp onewsyog T2 3inoid

o
&>

3J0¥NOE LHOIT

NOTLNTOS
NIWIO3IdS

A

- e

yd

4 _

YOWHIN ONILVYIO

Wy




2.7 CORROSION STUDIES

Mild steel bars of 4.64mm diameter were cut into lengths of 70mm and the cut
ends, finished on 600 grade emery paper. All the specimens were then grit blasted

and degreased with AR grade acetone, so as to produce a consistent surface

condition.

In an attempt to avoid problems of crevice attack, specimens were masked in the
form of a collar around the top 20mm of each bar, this was made out of a mixture
of 50% Styrene-Butadiene rubber (SBR) + 50% water added to a volume of
cement making a convenient paste. The thickness of this added paste was
maintained at around 2mm. Once the cement paste was hardened, a covering of
PTFE tape was applied, so as to seal totally the top of the steel specimen. Care was
taken to ensure that the tape did not come into contact with the bottom edge of the
paste collar. In such a manner that the paste collar ensured that no crevice existed
at the interface with the cement. The bars were then placed in a desiccator
containing silica gel for a period of two weeks, in order to produce a uniform oxide
film on the surface of each bar. Meanwhile the tops to the PVC cylinders which
were used for casting the cements, were geometrically designed in such a way that
two steel bars and also a carbon counter electrode bar were inserted parallel to
each other, into the three previously punched equidistant holes, figure 2.12, at a
distance of 10mm from the circumference of the cylinder. As steel bars were
inserted the top 5mm of masked ends were left protruding from the surface of the
cylinder cap, together with the top 10mm of the 7mm diameter of carbon rod, and
they were introduced in a way that after the cylinder cap was resealed with molten
wax, the bars were parallel to one another. The cements were OPC and OPC/BFS at
0.6 water/cement ratio. The procedures employed for sieving, mixing, casting and

vibrating are given in this chapter, section 2.1.2. The cement pastes were
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Carbon Rod

Counter Electrode \

SBR

Cement Paste

Figure 2.12 Schematic diagram of the arrangement
of the corrosion specimens.




cast in cylindrical PVC moulds of 49mm diameter, by 74mm length. Then the
already prepared cap was placed carefully onto the cylinder; it was then placed in
a ball mill for a period of 24 hoUrs, which as explained in chapter 2, section
2.1.2 was rotating continually. After removing the samples from the ball mill,

they were then demoulded and some were placed in cc(1) and the rest in cc(3) for

a period of 28 days.

After this original curing regime, half of the samples from each of the curing
conditions were then subjected to polymer impregnation. For samples of OPC
taken from cc(1) after being subjected to single impregnation, the polymerisation
of monomer to polymer was not complete, due to constant evaporation of monomer,
therefore these samples were subjected to double impregnation. This is explained
fully in chapter 5. In order to proceed with the corrosion test, for each type of
cement and curing condition, cc(1) and cc(3), four samples either impregnated
or unimpregnated each containing steel bars were placed in three different

environments.

(a) The samples were placed in the environmental cabinet at 40°C and 50%

relative humidity, i.e. fast carbonation.

(b) Saturated Ca(OH)» solution with the addition of 1M/l of sodium chloride.

These samples each being 7.4 cm in depth, were immersed into the solution
to a depth of 6cm. There were two reasons for this, firstly to prevent the
solution from directly being in contact with the steel bars and secondly to

encourage availability of oxygen from the top surface.

(c) The samples were placed at 100% relative humidity.

From the samples placed in environments (a) and (b), rest potential readings
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were taken after 10 days and then every 3-4 weeks versus a saturated calomel
reference electrode. All the samples from environment condition (a) were

removed from that environment 24 hours previous to the potential reading and
were placed in a saturated Ca(OH), solution the reason for using in Ca(OH), is

explained in chapter 8 . After recording the potential reading they were placed

back into environment (a).

Two of each type of specimen from each environment were opened after 6 months

and their appearance compared with the lcorr @and Eqorr data.

2.7.1 Polarisation Resistance Measurement

Polarisation resistance or linear polarisation is an electrochemical method, which
can be used for determining the corrosion rates of steel reinforcement. The
technique is carried out by applying a potential scan over a small range, i.e. 20
mv either side of the rest potential. The current produced per unit area (current
density) is plotted against the potential and the polarisation resistance is obtained

from the slope, figure 2.13.

This is translated into corrosion intensity (loor,) by the Stearn and Geary

relationship (149).

AE Ba BC

Al (23) (Icorr) (Ba"'ﬁc)




where,

AE

— = the polarisation resistance or slope of the plot.
Al

lcorr = the corrosion current

BaPc = the anodic and cathodic Tafel constants.

This relationship only applies when AE is small. The Tafel constants are the

gradients of the anodic and cathodic polarisation curves. They were assumed to be

equal to 0.12 volts/decade enabling the calculation of leorr

Andrade et al found that by making these assumptions the values of leorr Obtained

correlated well with weight loss measurements (87). The polarisation resistance
measurements have been carried out on an EG and G/PAR model 350
microprocessor controlled corrosion measurement console equiped with an IR
compensation module which compensates for the IR drop between the working
electrode and the reference electrode. The corrosion measurement console was

Ccapable of carrying out a preprogrammed scan over a range of 20 mv either side
of the rest potential (Ecorr) @nd presenting the results by means of an integral

'X-Y' plotter.
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CHAPTER 3 EFFECT OF CURING CONDITIONS ON POROSITY AND

PORE SIZE DISTRIBUTION

As previously discussed in Chapter 2 section 2.2, the porosity and pore size
distribution of a hydrated cementitious material depends upon the water/cement

ratio and degree of hydration. This is especially true at early ages.

During hydration, voids become partly filled with gel and micro crystalline
hydrate particles. The manner of filling depends on the particle size distribution
of the cement, the original water/cement ratio, availability of water during

hydration and the temperature at which hydration takes place. Rapid evaporation

of mix water will alter the hydration reactions and hence the porosity and pore

size distribution.

3.1 MERCURY INTRUSION POROSIMETRY (MIP)

3.1.1 Presentation of Results

Values of penetration volume versus pore diameter do not usually fit a simple
functional relationship. Data may be expressed as plots of the cumulative intruded
pore volume or the change in intruded pore volume versus pore diameter. The
latter case produces a plot which is the differential of the cumulative plot. If a
differential volume axis is selected, and the pore diameters span more than an
order of magnitude, then the slope must be calculated on the basis of changes in the
logarithm of the pore size (A volume per A log size). Failure to do this will
greatly distort a differential plot (125). There are several other difficulties with

the use of differential plots. Since the distribution will rarely fit a mathematical
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function, its differential cannot be evaluated continuously and approximate
numerical methods are required. Another, and major disadvantage is that the total
intruded pore volume is not readily apparent from the plot. Differences in total
volume between plots for different materials are likewise obscured. To
summarise, the differential plot is subject to distortion in appearance, and may
obscure important aspects of the pore size distribution. It does not convey any
information that is not also available on the cumulative plot. A peak of the
differential plot is, after all, a steep region on the cumulative plot. Therefore, in

this work as in many others (108,109), a cumulative type of plot has been used.

3.1.2 Results and Discussion

Typical cumulative curves are shown in figures 3.1 and 3.2. These show extreme
cases for the effect of temperature and relative humidity. Further traces are
presented in Appendix 6. Due to the large number of plots obtained, direct
comparison between different cements and curing conditions, is facilitated by
plotting histograms of maximum penetration volume (which represent total
porosity) and initial pore entry diameter (which indicates the coarseness of the
pores). These plots can be seen in figures 3.3 to 3.6, and values of maximum
penetration volume and initial pore entry diameter are given in tables 3.1 and
3.2. Figures 3.3 and 3.4 compare the effect of temperature on curing different
cements at water/cement ratio 0.4 and 0.6, whilst figure 3.5 and 3.6 compare the

combined effect of temperature and relative humidity.

It was evident from the literature (68) that total porosity and pore size

distribution are very significant with regards to durability, since they effect the

rate of ingress of aggressive agencies.
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(b)(c) (b)(c) (b)(c) (b)(c)
OPC/BFS SRPC

(b) 28 days old sample | Curing condition (1)
(c) 60 days old sample Curing condition (2)

Figure 3.3 Histograms showing maximum penetration volume and
initial pore entry of 0.4 W/C ratio cement pastes,
comparing cc(1) and cc(2).
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1 curing condition (2)

Figure 3.4 Histograms showing maximum penetration volume and
initial pore entry of 0.6 W/C ratio cement pastes,
comparing cc(1) and cc(2).
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OPC OPC/BFS OPC/PFA SRPC
(b) 28 days old sample /7] Curing condition (1)
(c) 60 days old sample 2 Curing condition (3)
Figure 3.5 Histograms showing maximum penetration volume and

initial pore entry of 0.4 W/C ratio cement pastes,
comparing cc(1) and cc(3).
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Figure 3.6 Histograms showing maximum penetration volume and initial
pore entry of 0.6 W/C ratio cement pastes,
comparing cc(1) and cc(3).
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0.4 w/c ratio 0.6 w/c ratio
Cement Days
cc(1) cc(2) | cc(3) ce(1) cc(2) cc(3)
7 0.39 0.36 0.38
OPC 28 0.15 0.15 0.17 0.27 | 0.30 0.33
60 0.12 0.12 0.17 0.24 0.27 0.33
7 0.41 0.33 0.42
OPC/BFS | o8 0.12 0.10 028 | 030 | 025 | 0.47
60 0.12 0.08 0.24 0.31 0.23 0.35 1
> 1!
OPC/PFA 8 0.22 0.27 0.38 0.46 L
60 0.18 0.25 0.38 0.45 '
SRPC 28 0.17 0.17 0.22 0.38 0.32 0.39
60 0.16 0.17 0.22 0.40 | 0.31 0.40
_T_M_ ‘Maximum penetration volume (cc/g) for different cement pastes at two
water/cement ratios and variable curing conditions. :

0.4 w/c ratio 0.6 w/c ratio
Cement Days '
ce(1) cc(2)| cc(3) | cc() cc(2) cc(3)
7 ' 8500 3000 8100
OPC 28 150 150 | 250 300 300 6000
60 150 150 250 250 250 - | 6000
7 8500 | 4400 | 9000
OPC/BFS| 28 150 100 2000 400 150 9000
60 100 100 7000 350 300 8000
7000 9200
OPC/PEA L 28 120 6400 2
60 105 | 3800 6800 8000
450 300 | 400 8000
SRPC 28 150 150 5
60 150 150 400 800 250 8000

Table 3.2 Initial pore entry diameter (nm) for different cement pastes at
two water/cement ratios and variable curing conditions.
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Figure 3.3 shows values of total pore volume (TPV) and initial pore entry
diameter (IPD) for three types of cement, OPC, OPC/BFS and SRPC 0.4

water/cement ratio, cc(1)and cc(2) and after 28 and 60 days curing.

Consider first the case of OPC. For both cc(1)and cc(2) there is little difference
between the two specimens at 28 and 60 days. When the curing time increases
from 28 to 60 days the total pore volume is only marginally reduced. The results
for the initial pore entry for the above samples show no difference between the
values obtained. Thus little effect of increased temperature is noticeable after 28

days curing.

For the slag blended cement, total pore volume is slightly less than OPC
particularly so after curing at the higher temperature. With regards to initial
pore entry at 28 days cc(1) values are the same as with OPC. However at longer

curing times and higher temperature it is somewhat reduced.

In the case of SRPC the total pore volume is slightly greater than OPC and initial
pore entry is about the same. The effect of temperature is not noticeable after 28

days.

Results for the same range of cements and curing conditions at 0.6 water/cement
ratio are shown in figure 3.4. At this water/cement ratio samples for OPC and
OPC/BFS were examined at 7, as well as 28 and 60 days. As would be expected the
total porosity and coarseness of the pores is greater than that for water/cement
ratio 0.4 for a given cement, time and curing condition, (compare figures 3.3 and

3.4)

For the OPC it can be seen that total pore volume diminished appreciably between
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7 and 28 days and then slightly between 28 and 60 days, as was the case with the
0.4 water/cement ratio samples. Similar trends are found for initial pore entry

but particularly marked, is the change between 7 and 28 days, especially as

results are plotted on a log scale. This is probably due to insufficient hydration
products at an early age of curing, i.e. 7 days, but as the time of curing increases
to 28 days, the larger amount of these products produced will cause segmentation
of capillary pores. It would seem that the effect of temperature is greatest at early
ages, and at low temperature, the reactions "catch up" as it were. Similar values

and trends in results were found for the OPC/BFS blend.

In the case of SRPC as with water/cement ratio 0.4, there is again a slightly

higher value of total pore volume compared to the other cements. Effect of time, is
not as clearly defined since there are no 7 day results. Values of initial pore entry
are similar to those for the OPC, the value of cc(1) at 60 days, being considered

somewhat spurious.

It seems from the above mentioned results that the temperature used for this work
i.e.(50°C) did not significantly affect the pore structure of OPC, OPC/BFS and
SRPC. A similar observation was made by Parker and Roy (150 ) for 60/40 slag

cements, in an investigation of the affect of water/cement ratio and curing

temperature on the porosity and the critical pore radius of the pastes. Curing
temperatures up to 60°C did not significantly increase the coarseness of the pore
structure at water/cement ratios <0.5. At higher temperatures they observed an

increase in the coarseness of the cements. This may be attributed to the suggestion

by Roy and Idorn (151 ) that the solubility of calcium hydroxide is suppressed at

higher temperatures so its ability to activate slag hydration is reduced.

Pratt et al (152) studied the influence of curing temperature on OPC pore
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structure. They discoverd that an increase in temperature to 40°C will accelerate
the hydration of OPC pastes, but the mechanism of hydration does not appear to be
altered greatly, with similar microstructures appearing at equivalent times as
judged by calorimeter curves . On the other hand Helmuth (23) suggested that the
rapid initial rate of hydration at higher temperatures retards the subsequent
hydration and produces a nonuniform distribution of the products of hydration
within the paste. The reason for this is that at the high initial rate of hydration
there is insufficient time available for the diffusion of the products of hydration
away from the cement grain and for a uniform precipitation in the interstitial
space ( as in the case at lower temperatures ). As a result, a high concentration of
the products of hydration is built up in the vicinity of the hydrating grains, and
this retards the subsequent hydration and adversely affects the long-term

strength.

The effects of relative humidity as well as those of temperature, for cc(1)and
cc(3) on total pore volume and initial pore entry can be seen in figures 3.5 and
3.6. The cements used were OPC, OPC/BFS, OPC/PFA and SRPC at 0.4 and 0.6
water/cement ratio and examined in all cases at 28 and 60 days but also in a few

cases at 7 days.

Considering first, the case of samples made with water/cement ratio 0.4, figure
3.5. Generally, for a given cement and curing condition, there is little difference
between samples cured at 28 and 60 days. That the initial pore entry diameter for
the OPC/BFS specimen at 60 days is greater than at 28 days indicates scatter in
the results obtained using cc(3) (as was noted earlier). With the OPC, bad curing
results in only a slightly higher total pore volume but there is a noticeable
increase in initial pore entry, which indicates that although total porosity does not

increase there is a coarser pore structure. This may be caused by the
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segmentation of the larger pores leading to a reduced initial pore entry, but the

total porosity in effect remains the same.

In the case of the OPC/BFS blended cements poor curing leads to an increase in
both total pore volume and initial pore entry. This may however be due to slow

rate of hydration reaction for BFS based cement, kept at cc(3).

Results for the samples of OPC/PFA are very similar to those found for OPC/BFS
blended cements. The trends in results for SRPC are very similar to those for
OPC, and show only slight increase in total pore volume and initial pore entry

when compared to the OPC.

In the case of the samples made with water/cement ratio 0.6, there were a few
extra samples examined after 7 days. The effect of time on these, has already been
discussed for cc(1).

The values of total pore volume and initial pore entry for all the cement types that
have been badly cured, are very similar and show only small changes with time of
curing. In the case of the OPC and SRPC these results are significantly greater

than at water/cement ratio 0.4.

The combination of the higher water/cement ratio (i.e 0.6) and poor curing, has
substantial effect on total pore volume and in particular the initial pore entry for

the OPC and SRPC specimens (comparing figures 3.5 to 3.6).

In the case of the blended cements OPC/BFS and OPC/PFA, the total pore volumes

are greater than at water/cement ratio 0.4, but the initial pore entries are very

similar.
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In the case of the 0.6 water/cement ratio cc(1) PFA specimens, cured at 28 and
60 days, hydration occurs more slowly as the pozzolanic reaction only becomes
significant at later ages (153). Porosity remains, therefore, high even after 60
days of hydration. This is evident from the results of the initial pore entry and
total porosity measurements figure 3.6. Initial pore entry for the 0.4
water/cement ratio OPC/PFA specimens does not appear to be influenced in the
same way, however, suggesting that the retardation of the hydration process is

more prominent at higher water/cement ratios.

3.2 RESULTS AND DISCUSSION FOR TOTAL POROSITY

MEASUREMENTS

In this set of experiments, the aim was to cross-check the total porosity
measurements carried out by the MIP using a different method. This was achieved
by determining the bulk or (apparent) density of the hydrated pastes, cured for
28 days, under two different curing conditions cc(1 )and cc(3) both at 0.4 and
0.6 water/cement ratios for four different cements. The total porosity data has
been derived from calculations of true density and bulk (or apparent) density
measurements, which are presented in appendix 2. However, total porosity, as a
function of water/cement ratio for all different cements, are shown in table 3.3
(in combined) and compared with total porosity obtained by the MIP method. The
main objective of using the total porosity measurements as a technique, were
simply to compare the results obtained by this method to those found by the MIP.
These data showed apart from one condition, that there was no significant
difference between the results obtained by both methods as can be seen from table

3.3.

The one condition was slag cement cured under curing condition (3) which showed
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a higher total pore volume when subjected to MIP (0.47 cc/g) compared to the
pycnometeric technique (0.40 cc/g). One explanation for this is that put forward
by Feldman (154 ) and supported by Marsh and Day ( 155). Feldman subjected a
number of ordinary and blended cement pastes to MIP and found, in many cases,
higher total pore volumes for blended cements compared to results obtained by
helium pycnometery. They concluded that pore size distributions of hydrated
cement blends measured by mercury intrusion appear to be incorrect owing to
structural damage that occurs at high intrusion pressures during measurement.
Day and Marsh carried out similar studies comparing porosities of PFA and silica
fume pastes obtained by either MIP or alchohol resaturation (155). They too
observed that for the blended cement porosities were higher when determined by
MIP. They explained it as follows:

Hydration products by pozzolanic reactions block off pores making them
inaccessible to alchohol. As the walls of these pores are relatively weak, the
intrusion of mercury at high pressures breaks through the blocked regions. Pores
which exist behind the blockages are then filled and are correspondingly assigned
to a smaller pore radius than they may actually possess. The net result is that an
inaccurate assessment of the pore size distribution is obtained. Of particular
significance is their observation that the tendency of the pore size distributions of
these cements is to become convex towards the radius axis in the high-pressure
region (beiow 10nm pore radius). A number of cements in this study had shown
such a tendency (see page 260 for cc(1) and cc(2) in appendix 3). This effect did
not however appear to significantly alter the measured total poresity and, as
already mentioned, the porosities determines by the two techniques were in the

main comparable (table 3.3).
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Total porosity (cc/g)

0.4 w/c ratio

0.6 w/c ratio

Cement ce(1)| cc(1)] cc(3)| cc(3) | cc(1)| cc(1)| cc(3) ] cc(3)

pycno | MIP pycno| MIP | pycno| MIP | pycno| MIP

opPC 0.16 | 0.15| 0.17 | 0.17 | 0.30 | 0.27 | 0.34 | 0.33

OPC/BES | 945 | 0.12| 026 | 0.28 | 0.32| 0.30 | 0.40 | 0.47

OPC/PFA | 023 | 0.22 | 0.27 | 0.27 | 0.38 | 0.38 | 0.45 | 0.46

SRPC 0.8 | 0.17 | 0.23 | 0.22 | 0.33 | 0.38 | 0.38 | 0.39
Table 3.3  Total porosity (cc/q) for different cement pastes and curing

conditions, cured for 28 days obtained by both the_pycnometric

and MIP methods.
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3.3 CONCLUSIONS

As expected for the cements studied, curing at higher temperature with 0.6
water/cement ratio, reduces porosity, which suggests that the rate of hydration is
increased, particularly at early ages (<28 days). In the case of OPC and SRPC,
témperature has little effect on total pore volume and initial pore entry after 28

days although with OPC/BFS blend, the effect is noticeable up to at least 60 days.

Compared to OPC at 60 days, the OPC/BFS blend exhibits a slightly lower total

pore volume and less coarse pore structure, whilst the opposite is true for SRPC.

For the temperatures studied in this work the effect of temperature on its own, is
likely to have little effect on durability from the point of view of altering pore
structure, (although it may well speed up ingress of aggressive agencies and

degradation reactions).

Combined high temperature and low relative humidity results in a slightly
coarser pore structure for OPC and SRPC of water/cement ratio 0.4, but has little
effect on total pore volume. There is a much more dramatic effect with the
OPC/BFS and OPC/PFA blends, there being a significant increase in total pore
volume and a much greater increase in coarseness of pores. At 0.6 water/cement

ratio, all cements exhibit high total porosity and coarse pore structure.

It would appear that relative humidity is more important than temperature, and
that blended cements are more likely to become prone to poor curing than OPC and

SRPC, although even these will be affected at higher water/cement ratio.

The total pore volume values obtained by both the MIP and the TP technique,

suggest that there is no significant difference between the two methods.
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CHAPTER 4 MORPHOLOGICAL STUDIES

4.1 INTRODUCTION

In this work an atiempt was made to explain the morphology of the cement paste
and to relate and compare this to the results obtained by Mercury Intrusion
Porosimetry (MIP). Examination of the individual products of hydration of
different cement pastes, OPC and OPC/BFS, required the study of fracture
surfaces of cement pastes, with different times of curing. The work
concentrates on the extent of major phase changes during the hydration of the
above named cements in two curing conditions, which can be detected by X-ray
diffraction and D.T.A. Results were related to the hydration behaviour of the
cements and to pore size distribution. As previously mentioned, little effect on
porosity was observed during high temperature curing so cc(2) (50°C in
Ca(OH)o) was eliminated for this chapter. Only cc(1) and cc(3) were
therefore studied. Time considerations and the fact that the change in curing
condition had least effect on the 0.4 water/cement ratio specimens resuited in
the decision to use only 0.6 water/cement ratio specimens for the work

described in this chapter.

4.2 RESULTS AND DISCUSSION

Figures 4.1 and 4.2 show SEM micrographs of the fracture surfaces of OPC
cc(1) 2 and 8 days after casting. It can be seen that clusters of individual
cement grains have become covered with a shell of hydrous, gel like material. A
network of intertwinning fibres can be seen to have grown radially from the
cement paste particles, which are most probably C-S-H gel. There is little
difference between the 2 and 8 day samples. Figure 4.3, shows the sample at 29
days, where further hydration has led to the outgrowing fibres interlocking
with one another, leading to the development of a denser structure. Figure 4.4,
shows the structure at 61 days. It is now evident that there is a more solid
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structure and platelets of Ca(OH)2 can now be observed. The results of X-ray

diffraction for the above samples, at 2 , 8 , 28 and 61 days are shown in figure
4.10. It is apparent that the relative height of the Ca(OH)2 peak increases with
time, due to the formation of Ca(OH), as cement grains react with water
leading to the precipitation of Ca(OH), (Portlandite) (156). The CgA peak
virtually disappears after 2 days, whilst C3S and C»S peaks gradually decrease

with time, as would be expected .

Figures 4.5 - 4.8 show SEM micrographs of samples of OPC cc(3) at 2 , 8 , 29
and 61 days. At two days, figure 4.5, the fracture surface is granular,
consisting essentially of the original unbonded grains, which are only sparsely

covered with a network of fibres, unlike in the case of cc(1) figure 4.1.

At 8 days, more fibres are present, figure 4.6. The reason for this would
appear to be the unavailability of moisture during the confinement of samples
in cc(3). As a result, partial drying occurs, leading to the lack of hydration

products, which can normally be seen as in the case of cc(1) figure 4.2.

At 29 days, figure 4.7, there is very little change in the fracture surface of the

cements, as compared to the 8 day samples.

At 61 days, figure 4.8, it is evident that the fracture surface was not as
compact as for the samples of OPC cc(1) at the same age, figure 4.4, and that
the hydration reaction was retarded. Generally the hydration behaviour of the
cc(3) samples was, however, somewhat erratic, making it difficult to compare
with those of cc(1) at different times (see for example the 8 day samples,

figure 4.6).

The X-ray diffraction results for OPC cc(3) at 2,8,29 and 61 days, are shown
in figure 4.11. In comparing the 2 day hydrated samples with the results of
unhydrated OPC, as shown in figure 4.9, it is evident that some hydration has
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already taken place. There is still however a large amount of C3A remaining,
figure 4.11, which is less evident in the sample cured in cc(1) for the same

age, figure 4.10.

Furthermore the decrease in the unhydrated cement constituents for cc(3) (i.e.
C3A, CoS and C3S), with hydration time is not as marked as for cc(1) which
can be clearly seen by comparing figures 4.10 and 4.11. This indicates a
retardation in the hydration process, caused by the harshness of cc(3). The
results of DTA on OPC paste for cc(1)and cc(3) as shown in figures 4.12 and
4.13, which are typical for the materials. In the case of OPC cured under cc(1)
the peaks at 190°C, and ~500°C, representing the gel and Ca(OH)o

respectively indicate that OPC is normally hydrated.

For OPC cured at 50°C and 30% relative humidity, figure 4.13, these peaks
are again present, but with an additional small peak at 900°C, indicating the
presence of some CaCOgz. The main difference however between the two, is the
amount of C-S-H gel and Ca(OH),. If it is assumed thét the area under the DTA
peaks represent the quantity of the appropriate phase and that the mass of each
of the specimens is constant, then it is possible to compare two DTA
thermographs, by the size of their peaks. In this case, both the peaks
representing the gel and the calcium hydroxide phases are larger for the cc(1)

specimens revealing a more complete hydration.

Figure 4.14 and 4.15 shows the fracture surface of OPC/BFS cc(1) for 2 and 8
days, where it can be seen that at this stage of the hydration reaction the cement
particles are thinly covered with a spongy film of hydration product i.e. C-S-H
gel on the top surface. In hydration of the BFS added cement, OPC is the first to
hydrate and produce C-S-H gel and Ca(OH),. The gel covers the cement

particles (157).

In comparing the fracture surface micrographs of the BFS based cement to OPC,
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figure 4.1, 4.2 - 4.14, 4.15, in cc(1) at the same age, there is little sign of
clusters of fibres outgrowing from the top surface of hydrated particles of the
blended cement as is the case for OPC, but in both cases there is some C-S-H
gel and Ca(OH),. During the hydration of OPC Ca(OH),, is liberated out, which
will later act as an activating agent and will encourage BFS to hydrate

(22,157-159).

There is little difference in appearance between the 2 and 9 day samples of
OPC/BFS cured in cc(1). Figure 4.16 forOPC/BFS after 29 days. Shows a
different texture of the fracture surface. The hydration reaction at this age for
blended cements is relativly active, and more C-S-H gel formation which
surrounds the remaining BFS grains. In comparing the blended cement to OPC at
this stage, both show that hydration is well in progress. Figure 4.17 shows that
61 days, is, for the BFS based cement sample a compact and continuous
structure, which compares well with OPC. Results generally confirm the
slower rate of hydration of OPC/BFS at an early stage of curing compared to

OPC.

The X-ray diffraction for the above samples of OPC/BFS using cc(1) at 2 , 8,
29 and 61 days, can be seen in figure 4.22. In comparing the X-ray diffraction
traces for the 2 day samples, to unhydrated blended cements, figure 4.9, a
clear difference can be seen between the two set of peaks, indicating that
hydration has taken place even after 2 days of curing. For the hydrated blended
cements at the different ages, apart from the normal sharp peaks there is also

a distinct broad line, which represents the glassy phases of the slag (157).

During hydration under cc(1) the Ca(OH), peaks are evident after 2 days, and
thereafter remain almost constant, presumably as a result of the interaction
between the phases of the slag and Ca(OH)o. The C3A peak eventually
disappears but takes longer than for the OPC, similarly there is some decrease
in the C4S and C,S peaks, but in comparison to OPC, it is much less.
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The DTA for the above samples, as shown in figure 4.24 indicate the different
characteristics of the two types of cement, when subjected to cc(1). Calcium
hydroxide is evidently reduced by blending the OPC with BFS. Furthermore an
exothermic peak appears at about 950°C for the OPC/BFS cement, which is due

to the devitrification of the glassy phase (160).

The fracture surface for OPC/BFS at 2 , 9, 29 and 61 days for cc(3), are as
shown in figures 4.18 - 4.21. At 2 days, the surface texture was similar to
cc(1). There was also little change in the structure after 8 days, under cc(3).
The structure of the surface texture at 29 and 61 days was still very porous
and there was little difference between them, suggesting that hydration had

slowed down considerably.

Results for X-ray diffraction for the same samples are shown in figure 4.23.
There is little difference between the relative height of the peaks at 2 , 8 , 29
and 61 days, which indicates that there was little change in the degree of

hydration, even after 61 days, as was previously observed in the SEM study.

Comparing the DTA thermographs, figures 4.24 and 4.25, there appears to be
only a minimal difference between cc(1) and cc(3), except for the presence of
the carbonation peak at 800°C, which is more prominent for cc(3), suggesting

a minor carbonation reaction.

The results of the SEM and X-ray diffraction for cc(1) at 8 , 29 and 61 days
for both OPC and OPC/BFS compare favourably with the results of the MIP
experiment discussed in chapter 3. For example after 28 days of hydration the
total volume of pores as determined by the MIP is lower for both cement types,
than after 7 days as hydration progresses. In the case of cc(3) for both cement
types at 7 , 28 and 60 days, the total volume of pores were all equally high,
which indicates that the hydration reaction has slowed down considerably, as

compared to cc(1).
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Figure 4.1 SEM micrograph of the fracture of OPC paste after 48 hours

hydration under cc(1),

Figure 4.2 SEM micrograph of the fracture surface of OPC after 8 days

hydration under cc(1),

113




igure 4. SEM micrograph of the fracture surface of OPC
after 29 days hydration under cc(1).

Figure 4.4 SEM micrograph of the fracture surface of OPC
after 61 days hydration under cc(1). .
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Fiqure 4. SEM micrograph of the fracture surface of OPC
after 48 hours hydration under cc(3).

Figure 4.6 SEM micrograph of the fracture surface of OPC
after 8 days hydration under cc(3).
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Figure 4.7 SEM micrograph of the fracture surface of OPC
after 29 days hydration under cc(3).

Figure 4.8 SEM micrograph of the fracture surface of OPC
| after 61 days hydration under cc(3).
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Figure 4.14 SEM micrograph of the fracture surface of OPC/BFS
after 48 hours hydration under cc(1).

Figure 4.15 SEM micrograph of the fracture surface of OPC/BFS
after 8 days hydration under ce(1).
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Figure 4,16 SEM micrograph of the fracture surface of OPC/BFS
after 29 days hydration under cc(1).

Figure _4.17 SEM micrograph of the fracture surface of OPC/BFS
after 61 days hydration under cc(1).
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Figure 4,18 SEM micrograph of the fracture surface of OPC/BFS

after 48 hours hydration under cc(3).

Figure 4.19 SEM micrograph of the fracture surface of OPC/BFS
after 8 days hydration under cc(3)-
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Figure 4.20 SEM micrograph of the fracture surface of OPC/BFS after
29 days hydration under -cc(3),

Figure 4.21 SEM micrograph of the fracture surface of OPC/BFS after
61 days hydration under cc(3),
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4.3 CONCLUSIONS

For well cured samples of OPC, it was shown that a relatively long network of
C-S-H fibres, grows radially from the top surface of the calcium silicates,
this being observed at an early age of hydration, i.e. 2 days to 29 days.
These fibres interlock with neighbouring particles to form eventually a
compact continuous structure. Hexagonal plate-shape crystals of Ca(OH)o

are also present in the matrix. Calcium silicate hydrate and calcium hydrate

result from the hydration of calcium silicates.

For the blended cement OPC/BFS the needle-shaped fibres are shorter
figures (4.1 , 4.14 ). This is because the granulated BFS reacts at a slower

rate than the OPC constituents.The hydration of the BFS is activated by
Ca(OH)o produced during the hydration of OPC. This was evident from the

DTA results, which indicated that Ca(OH)o, peak intensity for OPC were

nearly three to four times as much as for blended cements.

XRD for the above cements and same curing conditions showed there are

major phase changes occuring, even after 48 hours of hydration, i.e. CgA

peak for OPC disappears at this age, but in the case of blended cements since
the hydration is slower, this peak can still be seen but not as much as for

unhydrated samples.

For badly cured samples of OPC and OPC/BFS, it is clear that because of the
fast evaporation of the moisture when samples are subjected to cc(3) the
hydration reactions are almost immediately terminated. From the results
obtained it is evident that a very loose structure, where the particles are
independent of one another exists. This observation agrees with the MIP
results where higher porosities and coarser pore structure were obtained for

these conditions (see chapter 3).

XRD for the poor curing condition, shows that C3A is normally the first

compound to hydrate. However after 61 days this can still be detected, for

both OPC and OPC/BFS and is more so for blended cement.
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CHAPTER 5 POLYMER IMPREGNATION OF CEMENT PASTES

5.1 RESULTS AND DISCUSSION

5.1.1  Changes in Properties of Polymer Impreanated Cement

The samples used in this part of the work were cylinders of 47mm diameter
and 74mm length. Preparation of the cement paste has already been explained
in chapter 2. section 2.1.2. The cements used were OPC, OPC/BFS, OPC/PFA
and SRPC, at 0.4 and 0.6 water/cement ratio, both at cc(1) and cc(3).
Initially polymer impregnation was confined to OPC and OPC/BFS of

water/cement ratio 0.6 cured under curing condition 3, for 28 days.

Physical Changes

Table 5.1 shows the percentage of polymer loading by weight, from which it is
possible to calculate the volume of polymer within the pores of the samples.
Using volume of total porosity determined in chapter 3. it is then possible to
calculate the % of pores filled by polymer, (an example calculation can be seen
in appendix 7). These results show that for OPC pastes up to 70% of the total
pore volume of the samples are filled or blocked with polymer, this figure
being 62% for OPC/BES cement. Thus there is a reduction in total pore volume,
which is reflected in the pore size distribution. This can be seen from MIP
cumulative pore size distribution curves shown in figure 5.1, where curve (a)
is for an unimpregnated sample and curve (b) for a similar impregnated

sample. The difference between the two curves can be explained as follows.

It is evident that there is a substantial drop in total pore volume, a large
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number of pores having been filled with polymer. Monomer penetration takes
place within the samples during the soaking period and eventually converts to
polymer at a temperature of 85°C for a duration of 5 hours. The monomer that
has formerly filled the pores will shrink to a smaller volume and may vacate
part of the pores. The MIP curves show that there are still some pores which

are not polymer filled and into which mercury can still be intruded.

The MIP results for OPC/BFS, figure 5.2, show a similar pattern to the OPC
results, except that the total pore volumes for both impregnated and

unimpregnated samples are greater than for OPC.

Fracture surfaces of the samples were examined in the SEM at two different
depths (a) outer layer (area of the sample close to the circumference of the
cylinder) and (b) inner layer (from the core of the cylinder, about 23mm in
from the circumference). Figure 5.3a,b, shows OPC samples from depth (a).
By comparing the SEM photomicrographs of the impregnated sample with those
of unimpregnated material, figure 4.7a, chapter 4. cured under the same
condition and water/cement ratio, a clear difference in their appearance is

visible.

Figure 5.4a,b, shows OPC samples for depth (b). By comparing these
micrographs with others for unimpregnated samples, figure 4.7, Chapter 4. of
the same age and curing condition, it can be seen that polymerisation has taken
place even at this depth, the normally fairly clear structure of the
unimpregnated samples is no longer evident as it appears 10 be coated by the
polymer. It is not clear however from the micrograph, whether the amount of

polymer is the same as for the specimens from the outer layer of the cylinder.

SEM photomicrographs for the OPC/BFS sample are shown in figure 5.5a,b, for
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Figure 5.3a

Figure 5.3b

SEM micrographs of different magnification of the fracture
surface of the (outer layer) of polymer impregnated OPC of

0.6 water/cement ratio cured under cc(3).
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Figure 5.4a

SEM micrographs of different magnification of the fracture
surface of the (Inner layer) of polymer impregnated OPC of
0.6 water/cement ratio cured under cc(3)-
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Figure 5.58

SEM micrograbhs of different magnification of the fracture

surface of the (outer layer) of polymer impregnated

OPC/BFS of 0.6 water/cement ratio cured under cc(3).
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the outer layer of the samples (depths a). As in the case of the OPC samples,

polymerisation has taken place in this region and polymer has converted the

hydrated cement into a very compact mass.

By comparing photos 5.3(a) and 5.5(a) to ones of untreated OPC/BFS, figure
4.20, Chapter 4., a clear difference on the fracture surface can be seen. (b)
figure 5.6a,b, are of the same samples but taken from the core. The existence of
polymer at this depth can be seen. In comparison to an untreated sample figure

4.20, Chapter 4., shows how great this difference is.

X-ray diffraction was carried out on pastes of 0.6 water/cement ratio, cc(1)
and cc(3) both for impregnated and unimpregnated samples of 28 days curing.

These are represented by figure 5.7a and b. For the impregnated and badly

impregnated samples, the intensity of the Ca(OH)o peaks have been reduced

drastically, even though there is a general reduction of the C5S, CoS, C3A,
peaks as well. Apart from these differences there was no sign of any other peaks

corresponding to the formation of any new compound, such as CaCOs.

It is interesting also to note that for the one condition where no polymerisation
had actually taken place due to the evaporation of the monomer (i.e. 0.6
water/cement ratio cc(1) the same reduction in the relative intensity of the

XRD peaks was observed figure 5.7a,(impregnated).

The intensity of the Ca(OH), peaks of the OPC impregnated sample (of figures

5.7 a and b) were found to be consistantly lower than the value of the

unimpregnated sample. As an example the peak at 18° had a relative intensity
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Figure 5.6a

Figure 5.6b

SEM micrographs of different magnification of the fracture
surface of the (Inner layer) of polymer impregnated
OPC/BFS of 0.6 water/cement ratio cured under cc(3).
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of 45 for the unimpregnated sample compared to 3.5 for the impregnated

sample (see figure 5.7a). This would suggest that substantial amount of
Ca(OH), was consumed by chemical interaction with the monomer. A similar

reduction of peak intensity was found for the other calcium bearing phases of

the sample.

Ramachandran (161) using a different technique e.g. (DTA) has also found that

the intensity of the Ca(OH), peak in impregnated specimens was reduced, but

he related this finding to a reaction between methyl methacrylate and Ca(OH),

during heating in the DTA furnace, a suggestion which cannot apply in this
work, since X-ray diffraction did not involve any heating. However he did not
rule out the possibility of some reaction at the interface between polymer and
cement paste, a fact suggested also by Gebauer and Cougglin (162), but the

amount so reacted would be small and be undetected by DTA.

The conversion of the monomer to a polymer with a catalyst agent such as
Benzoyl peroxide, which is an unstable chemical, produces active species,
which attack the monomer, resulting in the chemical reaction described in
chapter 2. section 2.4. It may be possible therefore that some kind of a
reaction may take place with the hydrate phases, which may produce some
non-crystalline or very fine crystalline compound, which was not detected by
the X-ray diffraction method. Clearly there is a need for further work in this
area to identify any chemical changes that may be occuring and how they may

be influencing the properties of the hydrated cements.
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51.2 Effect of Sample Shape and Size. Geometry.

Water/Cement Ratio and Curing Condition _on Polvmer

Impregnation of Cement Pastes

As it was necessary to use a variety of geometrical shapes and sizes for the
different experiments, it was necessary to determine the effect of sample
geometry on the extent of polymer loading. There were three shapes of
specimens used throughout the investigation which required polymer
impregnation, and these are summarized in table 5.2. The kind of experiments
carried out on each type of specimen is also shown in the same table as are the
variety of cements, water/cement ratios and curing conditions. In some cases
double impregnation was carried out, as indicated in table 5.2. The results are
represented in terms of percentage of polymer loading by weight of cement and
percentage of total volume of pores filled with polymer. These are summarised

in tables 5.3, 5.4,and 5.5, and figures 5.8 and 5.9.

Single impregnation was not always successful as some of the monomer did not
convert to the hardened mass of polymer within the cement matrix leading to
its eventual evaporation. Re-impregnation of the samples with polymer

resulted in a higher volume of pores filled with polymer.

In some of the earlier polymer impregnation attempts, the volume of pores
filled with polymer appeared to be somewhat higher (compare tables 5.1 and
5.5 ). The reason for this was the difficulty in removing excess polymer that
had deposited on the surface of the samples during impregnation which led to an
overestimation of the final mass. As the technique was perfected, more care was
taken in removing this excess polymer so the results were more reliable. For a

large number of samples reproducibility of polymer loading involved an
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error of £ 9% for any one set of specimens.

Thickness Of Discs

The thickness of the disc appears to play a major role in the degree of polymer
loading as far as 0.4 water/cement ratio, OPC discs cured under curing
condition (3) are concerned. Polymer loading has more than doubled when the
thickness of the disc was increased from 3mm to 6mm, figure 5.9. As will be
shown later in Chapter 7., such a difference in polymer loading had a

considerable influence on the diffusivity of chloride ions through the discs.

The 6mm discs for all the other conditions compared well with the other

geometrical shapes in terms of polymer loading. Tables 5.3, 5.4, 5.5.

Effect Of Water/Cement Ratio

Samples with a relatively higher water/cement ratio always showed greater %
of polymer loading by weight of cement. This is due to increased porosity as a
result of the higher water/cement ratio. This effect can be seen for different

types of cement on table 5.3. and histogram figure 5.8.

Effect Of Curing Condition

Regardiess of the type of cement used curing in two different environments i.e.

cc(1) and cc(3) showed the following effects:-

a) Samples originally cured under cc(1) and then subjected to single

impregnation, almost in all cases were not successful. A second
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Cement

Curing

% of

Volume Total % of
condition | polymer of the porosity volume
loading polymer | of the of pores
by wt within sample filled
the by with
sample (pycno) polymer
(cc/g) (cc/g)
OPC 3 28.6 0.238 0.34 70.1
OPC/BFS 3 29.6 0.247 0.40 61.7
Table 5.1 Percentage of polymer loading by weight of the sample and

percentage of volume of pores filled with polymer for cement

pastes of 0.6 water/cement ratio.
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Cement OPC OPC/BFS
wi/C 0.6 0.6
CcC 1 *& 3 1 &3

Prisms (47 x 18 x 18 mm) used for carbonation studies

Cylindrical (7 4 x 47 mm) used for SEM , MIP |, corrosion studies

Cement OPC OPC/BFS | OPC/PFA | SRPC
W/C 0.4 0.6 04| 06 |04 |06 |04 ] 06
cC 183 | 183 | 1&3| 1&3| 183 | 183 [1&3 | 1&3

Disc 3-6 mm thick used for diffusion studies

Cement OPC OPC/BFS
WiC 0.4 0.6 0.6
CcC 3 |1*&3 3

" Include those which are double impregnated

Table 5.2

Summary of the different geometry of specimens

used for the polymer impregnation test.
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Cement W/C Curing % of Volume | Total % of
ratio condition | polymer of the porosity volume
loading polymer |of the of pores
by wt within sample filled
the measured with
sample | by(pycno) | polymer
(cc/q) {ce/q)
0.4 1 6.3 0.053 0.16 33.1
3 10.5 0.088 51.8
OPC 0.4 . 0.17
0.6 1 8.6 0.072 0.30 24.0
0.6 3 24.0 0.200 0.34 58.8
0.4 1 5.3 0.044 0.18 24.4
SRPC 0.4 3 11.8 0.098 0.23 42.6
0.6 1 7.0 0.058 0.33 17.6
0.6 3 32.4 0.270 0.38 711
0.4 ; 5.7 0.048 0.15 32.0
0.4 3 21.2 0.177 0.26 68.1
OPCIBES 06 1 10.2 0.085 0.32 26.6
0.6 3 31.0 0.258 0.40 64.5
0.4 1 6.0 0.050 0.23 21.7
3 . 35.9
OPC/PFA 0.4 11.6 0.097 0.27 9
0.6 1 11.4 0.095 0.38 25.0
0.6 3 27.6 0.230 0.45 51.1

NOTE: Values are average of 9 prism shaped specimens

Table 5.3

Percentage of polymer loading by weight of the sample and
percentage of volume of pores filled with polymer for cement

pastes at two water/cement ratio
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Total pore volume (cc/g) 0.4 W/C ratio

Total pore volume (cc/g) 0.6W/C ratio

0.4 - (1) : Curing condition (1)
(3) : Curing condition (3)

= — <—b P — - —
OPC OPC/BFS OPC/PFA SRPC

S—

1n @ 1 © M © 1 O
- Fraction volume of the pores filled with polymer.

D Unfilled pore volume.

Figure 5.8 Histograms showing the total pore volume measured by the
pycnometric method and the pore volume remaining empty

after cement pastes were polymer impregnated.
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Total pore volume (cc/g) 0.6 W/C ratio

Total pore volume (cc/g) 0.4W/C ratio

0.5 4
(1): Curing condition (1)
0.4- (3): Curing condition (3) -
0.3- < B ;,
- & N 3
o SRR ©
=R QR Q3 -
3
0.2~ 0
R
«
29
©
0.1— v al
0
e (3) (3)
OPC/BFS
0.4 < > < &
?
0.3- g
L
£
E
E
0.2 ™
N
u o
Xe -
24
- & 7
0.1 0 2\r_ ///
2V
N
/]
%
; Z]
Prism shape samples B Cylinder shape samples
[ ] Unfilled pore volume
Disks shape samples * Include those which are
double impregnated
Figure 5.9 Histograms showing the total pore volume measured by the

pycnometric method and the fraction of pores filled with
polymer for different shapes of sample.
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5.2

impregnation was required to improve the degree of polymer loading of
the curing condition. The reason for this was explained in an earlier part

of this chapter.

Samples cured under cc(3) always showed a good polymer loading and

required no further impregnation.

CONCLUSIONS

The introduction of liquid monomer (methylmethacrylate) containing
3% (by weight) benzoyl peroxide as a dissolved initiator into samples of
hydrated cement paste and the subsequent polymerisation of the monomer
at 85°C for 5 hours, produces a polymer impregnated cement (PIC)
which in extreme cases i.e. poorly cured cement, can have up to 70% of

the total pore volume filled with the polymer.

Fracture surfaces from polymer impregnation cements have been
examined by means of the SEM. The resulting micrographs showed the
presence of hardened polymer matrix surrounding the cement hydration

products, both near to the surface of the specimens and in the centre.

Mercury intrusion porosimetry has been carried out on impregnated and
unimpregnated samples of hydrated OPC and OPC/BFS blended cement
pastes. It has shown that polymer impregnation results in substantial
reduction but not complete elimination of the total pore volumes of the
cement. However, it may be that polymer blocks the entrances of pores

and prevents complete penetration of pores.

The results obtained by X-ray diffraction for cement paste samples both

before and after impregnation, has showed that the measured intensity for
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the peaks relating to Ca(OH)Q, CSS,CQS and C3A have diminished

drastically, following polymer impregnation. The actual mechanism is not
clear, but it may involve some chemical reaction with the hydrated

phases, resulting in non-crystalline compounds.

The degree of polymer loading exhibited by a hydrated cement paste is
greatly affected by the initial water/cement ratio of the pastes; higher
water/cement ratio leading to greater amounts of polymer loading for a
particular mix. Polymer loading is also greatly influenced by the regime
adopted for curing the cement pastes, poorly cured pastes i.e. cc(3),
showed far higher levels of polymer loading than well cured ones, i.e.
cc(1). For well cured samples, pastes of both water/cement ratio
examined, required a second impregnation to be carried out for maximum

loading to be achieved. This may be in some part due to the possible
reaction between Ca(OH), and the CO, released during polymerisation.

Alternatively there may be a molecular sieve effect where the larger
molecules of the benzoyl peroxide may be restricted in entering the finer

pore network of some specimens

The geometry of the hydrated cement paste samples has been shown to
greatly influence the level of polymer loading that may be achieved. In
particular samples with a high surface area to volume ratio, i.e. thin
discs, tend to lose a greater amount of monomer due to evaporation during
the polymerisation process. This effect may be of significance when
considering the suitability of polymer impregnation for pre-cast
concrete units, such as cladding panels, where the surface area to volume

ratio is likely to be high.
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CHAPTER 6 CARBONATION STUDIES OF PLAIN AND IMPREGNATED

CEMENT PASTES

6.1 INTRODUCTION

A typical plot of depth of carbonation versus time is depicted in figure 6.1; this
shows that the rate of carbonation decreases with time, as was shown in chapter 1
section 1.4. The increase in the depth of carbonation with time is normally
parabolic, so more information can therefore be drawn from a plot of depth of

carbonation versus Vtime as shown by figure 6.2. In the present work an
induction period ty when carbonation is first detected is followed by a fast and

approximately linear increase in the depth of carbonation up to time t; where the
change in depth of carbonation with the square root of time, Ko (the rate of

carbonation) is given by:-

KO = ————— where t1 > tO (6.1)
Vty - Vg

Lo = Depth of carbonation at t; (mm)
At t; the carbonation rate, as will be explained later, is reduced, but still remains

approximately parabolic producing a second distinct line. The new value of rate

of carbonation K is given by :-

K = ——— where t>ty (6.2)

151

COIFTAGES ) T



Dhetriud i § e2gUIEl s

(190 JopuN paINo oljel WUBWso/ialem 9'0 eised OdO 40} W sNsiaA yidep uoleuoqieo jo joid [eoidAy 1§ BInDlg
0} X (sAep) sinsodxa jo auH|
. 0t 6 8 L 9 S b £ z . 0

L ] T T T 1

152

(wuw) uogeuoqsed o yideQ




Shdrew iy weaddsrHUi B

-uorjenbe 8y} ui Pasn $8|qeueA 8y} Buimoys

"auu} Jo Joos alenbs snsioa Yyidap UONBUOQIED JO10d 27§ SInbid

i (G §hep) ounL b o

_
|
_
_
_
,

I
_
_
|
_
|
|
_
|
|
|
|
_
_
_

{ww) vopeuogsed ;'o yideqg

153




An overall formula for representing the depth of carbonation, L, can therefore be

written as follows:-

L = Ky (Vg -ty ) + K(+t- Yty ) (6.3)

where,

L = depth of carbonation (mm)

Ko and K = rate constant mm/day 172

ty) t4 and t = time of carbonation (days)

In many cases however, the first faster rate of carbonation Ko is absent so, one

single straight line is observed and formula of :-

L =k (Vt-Vty) (6.4)

can be used directly for determining the carbonation rate, as the first term of the

overall formula is eliminated.

6.2 RESULTS FOR PLAIN CEMENT PASTES

Figures 6.3 to 6.10 represent the change in carbonation depth with the square

root of time for all the studied conditions (see chapter 2 section 2.5) values of the

Ko first faster rate of carbonation, L, the depth of carbonation due to K, (where

applicable) and K normal rate of carbonation and Lyqq the theoretically calculated

depth of carbonation at 100 days, as shown in appendix 8, are tabulated in tables
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(6.1 and 6.2). A high correlation coefficient was obtained for each plot of depth of

carbonation against square root of time (days). The histograms in figure 6.11

show the complete results of the calculated depth of carbonation at 100 day

(Ligg) for both impregnated and unimpregnated samples. In the case of

impregnated samples the % of polymer loading by weight for each indiviual
cement at different water/cement ratio is also shown. The calculation of polymer

loading was described in Chapter 5.

6.2.1 The Depth of Carbonation Lo, for Plain Cement Pastes

The first rapid carbonation rate K, observed for some conditions, led to a depth of

carbonation L, the values of which are tabulated in table 6.1. It is interesting
that this occurred only for specific conditions. In the case of the portland cements
(OPC and SRPC) K, values were recorded only when the specimens were badly

cured. The reason may be associated with further hydration of the specimens as
they were subjected to a somewhat higher relative humidity (i.e. 50% RH as
opposed to the original 30% during the curing period). This may not be the
complete explanation since hydration at 50% RH is considered to be very low
(163-165). Aliernatively the carbonation products formed during carbonation

may have altered the pore structure near the surface in such a way as to reduce
the subsequent diffusion of CO,. Well cured OPC/BFS specimens also exhibited a

variable carbonation rate which is difficult to explain since the rate of hydration
of this type of cement is slower than OPC ( see chapter 4.) it may again be caused
by continued hydration during their carbonation, or by alteration of the pore
structure near the surface [ as is the case for the above mentioned portiand

cements cc(3)].
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comrt |12 | Snie| o g fie 10 5, T comer
-ion Ko K 1 (mm) |at 100 days(mn) coefficient

0.4 vV | — | o028 | — 1.89 0.94

OFC 04 3 2.50| 0.20 | 2.40 4.42 0.88
0.6 1 —— | 0.43 | —— 4.06 0.96

0.6 3 | 4.16 | 1.28 | 3.85 12.46 0.99

0.4 1 e 0.34 | —— 2 51 0.96

SRPC 0.4 3 1.82 | 0.56| 2.04 5.75 0.95
0.6 1 — | 057 T 5.08 0.95

0.6 3 498| 1.99| 2.83 16.89 0.95

0.4 1 1.56 | 0.32] 1.60 3.91 0.95

oPC/BFS |04 o — | 226| = 18.77 0.97
0.6 1 290 | 0.45| 2.74 5.92 0.80

0.6 3 — | 438 | — 34.46 0.99

0.4 i — | 0.44| — 3.56 0.98

0.4 3 — | 0.99| — 8.88 0.93

OPCIPEA 0.6 1 —— | 0.83| — 7.85 0.98
0.6 3 | — | 437 — 34.24 0.99

Table 6.1 Values of the calculated constants K,, K and Lo and the depth of -
carbonation at 100 days for a range of cement pastes of 'two
water/cement ratios and two curing conditions.
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carbonation at 100 days for a range of polymer impr

pastes of two water/cement ratios.

165

Cement W/C Curi 1, 1L
Ratio Co::gi?on K mm/day "z 1oo,¢eptf1 off Correlation
carbonation | coefficient
at 100 days
(mm)
0.4 1 0.025 0.28 0.46
oPC ) ‘
0.6 1 0.65 5.26 0.99
0.4 1 0.03
. . 0.28 0.46
SRPC
0.6 1 1.32 10.59 0.99
0.4 1 0.60 5.91 0.89
OPC/BFS
0.6 1 1.25 11.03 0.98
0.4 1 0.12 1.36 0.80
OPC/PFA
0.6 1 1.44 12.31 0.94
Note : For 0.4 and 0.6 W/C ratio -cc(3) no carbonation took place
Table 62 Values of the calculated constant - K and Lqq and the depth of

egnated cement
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This was not the case however for poorly cured samples where carbonation rate
were so fast that the effect of the initial rate of carbonation Ko was simply not

detected.

The OPC/PFA blend did not show this effect under any of the curing conditions used

and more experimental work using a wide range of curing conditions is required

for further elucidation.

The importance of Loythe depth of carbonation due to Ko is that for two specimens
exibiting similar rates of carbonation (K) the depth of carbonation will be higher
for the specimen with the faster original carbonation rate by a value related to Los

as will be shown later.

6.2.2 The Rate Of Carbonation K Calculated

Table (6.1) shows K the rate of carbonation values for the four types of plain
cement pastes OPC, OPC/BFS, OPC/PFA and SRPC at both 0.4 and 0.6
water/cement ratio after an original curing period of 28 days, in either curing
condition (1) and (3), but not subjected to impregnation. Carbonation rates for
the 0.4 water/cement ratio cements were in an increasing order of OPC,
BFS/OPC, SRPC, OPC/PFA, but all values, except for OPC/PFA, were fairly low.

As will be shown later, however the combination of the rate of carbonation, K, and

the early faster carbonation rate K, represented in table 6.1 by L, the depth of

carbonation due to Ko caused an overall increase in the depth of carbonation. In
this case, although the OPC/BFS cement had a lower rate of carbonation K, the
value of L, had caused the actual depth of carbonation at 100 days to be even

higher than that of OPC/PFA (see table 6.1). This concept will be discussed
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further in a later section. The increased water/cement ratio (0.6) resulted. in

higher carbonation rates for all the cements but particularly so for the OPC/PFA

cement.

Poor curing cc(3) of the 0.4 water/cement ratio specimens increased the rate of
carbonation of the portland cements, but not as drastically as those of the blended
cements; such a curing for the 0.6 water/cement ratio had a more dramatic effect,
however, for all the cement types leading to significantly higher carbonation
rates. This effect was still more pronounced for the blended cements where
carbonation rates were an order of magnitude higher, compared to the 0.6

water/cement ratio pastes under cc(1).

6.2.3 Depth Of Carbonation For Samples At 100 Davs

The calculated depths of carbonation, for the plain cement pastes at 0.4 and 0.6
water/cement ratio cc(1) and cc(3) can be seen in table 6.1 and in the form of
histograms in figure 6.11. It was thought that such values could represent better,
the ability of a cement paste to carbonate, as it takes into account the early faster

carbonation rate of some cements.

It can be seen that at 0.4 water/cement ratio cc(1) all four types of cement pastes
have fairly low carbonation depths, with a general trend of , OPC < SRPC <

OPC/PFA < OPC/BFS.
For 0.4 water/cement ratio cc(3) in all cases the depth of carbonation has risen,

compared with samples kept under cc(1), the effect being more pronounced for

the blended cements and in particular for OPC/BFS.
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It is evident that for 0.6 water/cement ratio cc(t) in all cases the depth of
carbonation was greater than for 0.4 water/cement ratio cc(t), most values
increasing roughly by a factor of two. For 0.6 water/cement ratio cc(3) the depth
of carbonation was much greater when compared to 0.6 water/cement ratio ce(1).
Comparing the different cements at this water/cement ratio, it can be seen that
OPC resulted in the lowest carbonation depth, but is only marginally smaller than

SRPC, whereas both OPC/BFS and OPC/PFA resulted in far greater values than

OPC.
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6.3 RESULTS OF X-RAY DIFFRACTION OF PLAIN CEMENT PASTES

Figure 6.12(a-d) represent the X-ray diffraction traces for OPC, 0.6
water/cement ratio for the carbonated and uncarbonated samples, for both curing

conditions.

With cc(1), a noticeable drop in the height of the Ca(OH), peak (at 18.1, 28.7,

34.1 and 470) occurs following carbonation. The formation of new peaks are

observed at 23, 29.5, 31.5 and 45° which are normally associated with calcite,
one of the three mineralogical forms of CaCO3 (31-33). This phase is stable and
mainly forms when a well cured sample is subjected to "natural" carbonation.
Vaterite, one of the other forms of CaCOg is also observed at 25, 27 and 43.8°,

which is the first to form and does not have a regular crystal pattern (31). The

vaterite is unstable, but as the time proceeds will convert to calcite.

The XRD traces for OPC 0.4 water/cement ratio cc(1) figure 6.13a also show
similar results. XRD traces of uncarbonated 0.6 water/cement ratio OPC cc(3)
when compared with X-ray traces of carbonated samples figure 6.12c,d, indicate

once more the obvious phase change occurring on carbonation. Poor curing has
resulted in a different proportion of the two CaCO5 phases figures 6.12b,d.

Although the peaks at 25, 27 and 43.89 representing vaterite, are present in both
cases, for 0.6 water/cement ratio cc(3) figure 6.12b, the peak intensity is
relatively greater. On the other hand, the peaks representing calcite are smaller.
This means for samples cured under cc(3), because of the high porosity and slow
rate of hydration, an ideal condition for fast carbonation was provided, which
resulted in the production of vaterite. However, it is important to observe that for

0.4 water/cement ratio cc(3) the X-ray trace for the carbonated sample was
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Figure 6.12 XRD traces of OPC of 0.6 W/C ratio for both
carbonated and uncarbonated samples originally

cured for 29 days.
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similar to 0.4 and 0.6 cc(1) figure 6.13b, largely because of the relatively low

porosity.

In the case of OPC/BFS, the XRD trace for the 0.6 water/cement ratio cc(1)

sample, shows a greater decrease in peak intensity of Ca(OH), after carbonation

(compare figures 6.12b with 6.14b). At the same time the formation of the CaCO3

peaks in the form of vaterite and caicite were detected, but there was not as great a
proportion of calcite as for the OPC cement at the same curing condition. This
suggests that because of the faster rate of carbonation for OPC/BFS the vaterite is
first to form. There is also not much difference between the X-ray traces of cc(1)
at 0.4 and 0.6 water/cement ratio figure (6.14b and 6.15a). The results of the
carbonated and uncarbonated OPC/BFS samples at 0.6 water/cement ratio cc(3)
figure 6.14c,d, show similar results to the cc(1) 0.6 water/cement ratio
samples. In general there is little difference between the X-ray traces for all
carbonated OPC/BFS samples, regardless of water/cement ratio and curing
condition. With SRPC, the XRD traces obtained for the carbonated samples were
not too dissimilar to the ones found for OPC figure 6.16a-d, similarly, the traces

in the case of OPC/PFA were almost the same as for OPC/BFS figure 6.17a-d.

6.4 RESULTS OF DTA

The results of DTA analysis for the four different types of plain cement pastes at
0.6 water/cement ratio after an initial 28 day curing period in cc(3) which were
then fully carbonated, are shown in figures 6.18a,b,c,d. In all cases, the peak for
the gel at 150°C has broadend cosiderébly as compared to the DTA results of
Uncarbonated samples, Chapter 4. figure 4a-d.

For all the cement pastes the intensity of the peak at 500°C was reduced greatly

following carbonation, whereas a peak at 850-900°C indicating calcite was now
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evident. A broad shallow peak at about 700°C was observed , which is normally

related to the amount of vaterite present (32).

6.5 RESULTS FOR POLYMER IMPREGNATED CEMENT PASTES

6.5.1 The Rate Of Carbonation K For Impregnated Samples

Table 6.2 shows the carbonation rates (K value) for the same cement pastes, at
0.4 and 0.6 water/cement ratio, following polymer impregnation after curing
under condition (1) and (3). Samples of cc(3) both at 0.4 and 0.6 water/cement
ratio did not show any sign of carbonation, therefore these results are not shown

in table 6.2. The reason for this will be refered to later.
The results for OPC,SRPC and OPC/PFA 0.4 water/cement ratio cc(1) indicate

that the K rate of carbonation value was reduced compared with the unimpregnated

samples, but for OPC/BFS cement K the rate of carbonation has actually increased.

6.5.2 Calculated Depth Of Carbonation For Impregnated Samples

At 100 Days

The calculated depths of carbonation at 100 days for the above cements at 0.4 and
0.6 water/cement ratio[cc(1) and cc(3) can be seen in table 6.2. These are also
represented in the form of histograms in figure 6.11. For 0.4 water/cement ratio
cc(1) the results show that for polymer impregnated samples of OPC, SRPC and
OPC/PFA with a polymer loading value of between 5.3% and 6.6% by weight of
cement paste, the depth of carbonation compared to the unimpregnated samples

was reduced considerably. This was not true however for OPC/BFS where the
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depth of carbonation has actually increased by a small margin. The 0.6
water/cement ratio cc(1) polymer impregnated samples, had a polymer loading
value of between 7% and 11.5% by weight. It is clear however, from the results

that depth of carbonation for all types of cement, has increased.

This may be related to the subsequent evaporation of the monomer. As was shown
in chapter 5. When a cement paste is polymer impregnated its porosity decreases
sharply. This was not the case however for the 0.6 water/cement ratio cement
pastes subjected to curing condition 1. Figure 6.19. representing OPC before and
after impregnation, shows clearly that the pore size distribution has remained
virtually the same. This would suggest therefore, that full impregnation has not

taken place but this phenomenon will be discussed more fully later.

With regards to the results of % of polymer loading for 0.4 water/cement ratio
cc(3) as indicated in figure 6.11 the percentage of polymer loading for OPC,
SRPC, OPC/PFA increased by twice as much. Because of the high degree of loading,
the depth of carbonation for all cements was reduced to zero. Similarly for 0.6
water/cement ratio cc(3) the % of polymer loading by weight, figure 6.11,
increased to between 25% and 32% for all cements, and because of this there was

no sign of carbonation.
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ts used at 0.4 and 0.6

water/cement ratio cc(1) show very good resistance to carbonation, compared

with samples kept under cc(3). Thé chief reason fér’ this is because samples kept

under cc(3) are more porous than well cured samples at both water/cement ratio.
As mentioned in earlier chapters samples cured under cc(1) eventually develop a

very sound and"‘dense's’tr%uct'ure‘, s,é;e’ ch.afpter 4 which would slow down the
penetration of CO, into the structure. As was shown earlier, the speed of

carbonation for all 0.6 water/cement ratio"éem'eﬁtf’pés;té‘s was faster than for 0.4

’ water/cement ratlo This can also be explamed by the dtfference in porosnty The
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water/cement ratio- have a somewhat 1an the portland

cements, figure 3.3, so the resultant carbor ashtgh jas,z.am‘ig'hisesbe‘ ‘
expected. For samples subjected to cc(fS:)f;:" however, 7a_s ,th:é,,p,ore;- structure of the
bler_jded ce\ments is considerably coarser, particularly at 0.6 water/cement ratio,
(see also chaptersqs and 4) the carbonatipné/ra;gggare much higher. Curing

condition appears to have a lesser effect on the porosity of portland cements,

therefore the increase in the rate of carbonation is not as marked as for the

blended cements.

Badly cured samples i.e cc(3) of all types of impregnated cement pastes,

regardless of water/cement ratio resulted in little or no carbonation. This was

true also for OPC, SRPC and to some extent for the OPC/PFA blend samples of 0.4

water/cement ratio ec(1). The reasonforthls ‘

polymer which: will block most pores withir
the CO, has to overcome this physical barrier

and neutralize the cement matrix, figure 6.11. . -

For 0.6 water/cement ratio cc(1) for all types of cements, carbonat;on after
lmpregnatnon was greater than those samples ~wnthout lmpregnatron This appears

to be contrary to the expected results By studymg table 53 (page 144). Some

suggestions can be made. One obser\“/atldn*’ls hat

iperg:e.ntag of pore volume

filled polymer after impregnation was low for all water/cement ratio well

cured samples cc(1) (between 18 and 27% compared to 51 -71% for the badly
cured samples cc(3). Polymerisation did not therefore appear to reduce porosity

1o a desired level. Nevertheless any reduction in porosity should still have been

beneficial in reducing-the carbonation rate. The fact that in all cases an increase in
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carbonation was observed points to a phenomeno er than it was suggested |

earlier (chapter 5, section5.1) that a chemical on may have taken place

during ‘polymerisation which affected hyd_rétiom products such as Ca(OH),. This

may have reduced the total amount of carbonatable material to such a level so that

even with a lower porosity the carbonation rate increased.

In the case of the badly cured samples cc(3) even though some chemical reactions

may still-have accured, the better polymer loading would have reduced porosity to
a low enough level so that the physical barrier to CO5 penetration would have been

more important.

Even though the percentage of pores filled with polymer of the 0.4 water/cement
ratio well cured samples cc(1) was still low (21 to 32%) in most cases it
appears to have been sufficient to reduce the rate of carbonation as the porosity of
these samples was already low. The oneexceptlon in this group is the OPC/BFS
samples. As wés the’ caée with welklv cured06 wa,ter/ce’meﬁi;atio .cc(1i) sampleé,
carbonation was actually faster after impregnation of the samples, this may be

related to the lower carbonatable material content of this particular cement, thus

making somewhat easier to carbonate, see figures 4.10 and 4.22.

1. Some conditions produce a fast initial carbonation rate followed by a second
slower rate, which make direct comparisons between conditions difficult,
therefore only the rate of carbonation K is considered. A more representative

value was thought to be the depth of carbonation of 100 days.

2. The rate of carbonation was found to be related tothe water/cement ratio,
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where 0.6 water/cement ratio p.asté‘s:;;qhad:sh;ewed/; _greater tendency to

carbonate. This was thought to be due to ~thé'¢oarser-pore structure of the 0.6

water/cement ratio cement pastes, alldwing easier penetration of COs.

Curing condition also had a marked effect on the rate of carbonation,
"badly-cured" specimens always resulting in much higher depth of
carbonation attributed to the pore structure, where curing condition (3) had

always produced higher porosities for all cement pastes.

Blended cements had showed a somewhat higher tendency to carbonate than
portland cements, a fact which could not be attributed wholly on porosity. It
appears that the lower amount of carbonatable material contained in such

cements may have been responsible for the observation.

Polymer impregnation of cement pastes subjected to cc(3) had, in all cases,

reduced carbonation to a minimum, 'asﬂpar/e/s were Zﬁjlly or partly blocked
producing a physical barrier which the CO, could not penetrate. Cement

pastes subjected to cc(1) were not however always succes_sful. in. reducing
carbonation. All the 0.6 water/cement ratio cement pastes and that of
OPC/BFS 0.4 water/cement ratio, had actually allowed faster carbonétion to
occur, which suggests a possible reduction of the carbonatable material of the
cement. The reason for this is unclear but some form of reaction between the
cement hydration products and the -monomer cannot be ruled out. As was
discussed in chapter 5., however, it may be possible to eliminate this

difficulty by double impregnation of the samples
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CHAPTER 7 DIFFUSION OF CHLORIDE IONS THROUGH HARDENED

CEMENT PASTE DISCS

7.1 RESULTS

Values of chloride ion concentration, as measured in compartment (2) of each

diffusion cell, described in chapter 2.6, were plotted against time. Typical plots

are shown in figures 7.1 - 7.3.

Over the period of experiments the chloride concentration in the diffusion cell
compartment (1) figure 2.10 which is the high concentration side, remains
effectively constant. This is assumed with conditions of quasi - steady - state
diffusion across the disc and therefore the chloride ion flux and activity are
constant throughout all sections of the discs. The flux (J) in mole cm2s71 of

chloride ion entering compartment (2) is then given by Fick's first law.

J = ) = (C1“02)

where

D = effective diffusivity of chloride ion through the disc ( cm? g1 )
V = is the volume of solution in compartment 2 (cm3)

A = is the cross - sectional area (cm2)

186




0ee

B} UM []80 UoISNYIP 8y}l o 2 Juswiedwod ui uoieiusouod o,._co_ jo wmmohoc_l joold 7 einbig

00¢€

*(£)20 lepun Painod Ollel JuswWwad/18lem 9°Q 4O mom_u_ 2d0O pateubaidwi tewAjod 5

(shep)awiy

0L¢ 0ve ¥4 081 0St . .02t 06

09

o€

T T T T T ™ o |

¢0'0

0°0

900

800

0L'0.

L0

1ANY

910

uolle1iuaduo)d

(811l/ N

187



*(1)00 pue oljes JUsW=SY/181EM 90 JO SOSIP' DdO nmﬁcmmaE_ JawAjod 1o}

B} YIM [[90 UOISNYIP BY} JO Z JuSWNEAWOO Ui UOEIUBIUSO IO JO BSESIOU] JO 10|d

2'L @unbiy
(sAep)owi]
0S5k Okl 0L 02ZL OLL  00F 06 08 0L 09 05 oy o¢g 02 oL 0
/ | I I T ] B DO — s |

¢0'0

$0°0

90°0

80°0

UOIIBIIUBOUOD

<3 N o
o c o
(a1u/W)

©
-~
o

188




*(£)00 J8puUN PBIND OBl JUBWISV/IBIBM 9°0 JO SISIP S48/0d0 Paleubeidwiun oy

aWI} YIM |89 uoisnyip ey} 40 2 Juswnedwod uj uoieuaduco d1uot Jo mmmm._oc._ j010/d

(sAep)awi ]
gLz L 0l 6 8 L 9 g 14 >

v L] L] L L ¥ ¥ L) v ] L

¢0°'0

¥0°0

90°0

80°0

uojjeljuadouod

N o
el ~—
o 1=

<
-
o

(eaml/ W)

189




I = is the thickness of the disc (cm)

C,= chloride concentration in compartment (1) (M/cm3)

C,= chloride concentration in low side (M/cm3)

For the conditions t > t,, C4 >> C, this can be simplified to :-

DAC;,

Thus the values of D were calculated for 45 disc samples subjected to diffusion
test. Normally an induction period, during which diffusion becomes established
across the disc is observed (45). In some cases further hydration during the
period of diffusion, appears to have caused some slowing down of the chloride
migration. This phenomenon was particularly evident in the case of the "badly"
cured OPC/BFS cement pastes, figure 7.3. The effective diffusion coefficient
values for these specimens were therefore estimated from the earlier part of the

curve as will be discussed later.

The increase in concentration in compartment 2 for the impregnated samples was
normally very slow and fairly consistent over periods of up to 320 days, figure

7.1, but in some cases for the well cured 0.6 water/cement ratio impregnated OPC
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cement pastes after the normal slow increase there was a sudden increase in the
diffusion, figure 7.2. In such cases the calculated effective diffusion coefficients

were based on the first part of the curve.

The effective diffusivities for the two types of cements OPC and OPC/BFS for both

impregnated and unimpregnated samples are given in table 7.1.

In the case of OPC, results were obtained for all conditions i.e. 0.4 and 0.6

water/cement ratio, both for curing condition (1 and 3) except for existing
values 0.4 and 0.6 water/cement ratio cc(1)» which were taken from (166).

Whereas in the case of OPC/BFS only values for samples of 0.6 water/cement

ratio cc(3) were obtained. These were also compared to existing values for

unimpregnated samples of cc(1)« (166).

Considering first the case of OPC at 0.4 water/cement ratio for samples of cc(1)
and cc(3) it is clear that the average D-value for well cured samples was greatly
reduced, compared with badly cured samples. The "badly - impregnated" samples
of cc(8) (as explained in chapter 5) show a slightly higher CI” diffusion
coefficient, than the unimpregnated samples, whereas the samples that were well
impregnated with polymer show a much lower CI” diffusion even when compared

to well cured samples of OPC.

An increased water/cement ratio i.e. 0.6, enabled higher CI” diffusion for
unimpregnated samples both at cc(1) and cc(3). However this difference was
more dramatic for the poorly cured samples than for the well cured ones. As for

impregnated samples of both curing conditions at 0.6 water/cement ratio, it can
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be seen that CI” diffusion was much slower, compared with the unimpregnated

samples, particularly for the cc(3) specimens.

Results for blended cements at 0.6 water/cement ratio show that the calculated
chloride effective diffusivities of samples cured in cc(1) have exceptionally lower
values than samples cured under cc(3). As was the case for OPC, well impregnated
OPC/BFS samples showed a substantial reduction in CI” effective diffusivity,
compared to the unimpregnated samples. Also this value is only slightly lower
than that for the unimpregnated samples of cc(1). Comparing the results of CI”
diffusion between the unimpregnated OPC and OPC/BFS samples at 0.6
water/cement ratio, it can be seen that for samples under cc(1) CI” diffusion for
OPC was considerably greater than for blended cements (166). Whereas for
samples under cc(3) the reverse effect was true. As for impregnated samples for

both cements, a very similar value was obtained.

MIP cumulative pore size distribution curves for 0.4 and 0.6 water/cement ratio
for OPC cc(3) and OPC/BFS cc(3) for both impregnated and unimpregnated
samples before and after subjecting to diffusion were obtained, (figures 7.4 -

7.6).

Considering first the case of OPC 0.4 water/cement ratio for badly impregnated
samples, figure 7.4 shows nearly the same pore size distribution value and total

volume of pores, showing little effect of the diffusion process on porosity.

Figure 7.5 summarises the MIP results for samples of OPC at 0.6 water/cement
ratio cc(3) both in the impregnated and unimpregnated condition. Figure 7.5b
shows the way in which the pore size distribution of the pores changes and the

total porosity is reduced for impregnated
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discs compared with figure 7.5a. Both samples were tested before they were
subjected to diffusion. As was the case for 0.4 water/cement ratio, there is little
difference between figures 7.5a, and 7.5¢, and also 7.5b, and 7.5d, before and

after subjecting to diffusion.

In a similar manner MIP was carried out for OPC/BFS, figure 7.6, at 0.6
water/cement ratio cc(3). There was a considerable reduction for total pore
volume for the unimpregnated condition after diffusion compared with before, i.e.
curve a and c. This is caused by the increased curing of the cement pastes while
subjected to diffusion. As the porosity decreased, the diffusion of CI” was slowed
down as can be seen in figure 7.3. Effective diffusion coefficients for these
specimens were therefore calculated by taking the gradient of the curve during the

early diffusion period.

7.2 DISCUSSION

As shown earlier, well cured samples show less CI” diffusion, compared to sample
kept under cc(3), but particularly so for the blended cement. The reason for this
is mainly due to the higher porosity for poorly cured samples, which encourages

the faster diffusion of CI” ion from compartment (1) to (2).

The much slower diffusion of chloride in the well cured blended cement cannot
however be explained entirely by the porosity. There may also be an increased
surface interaction between the diffusing ClI” ions and the surface of the cement
paste particles, as suggested by (52). The observed faster chloride diffusion in
the OPC 0.6 water/cement ratio cement pastes compared to 0.4, appears to be
mainly due to higher porosity. In the main, polymer impregnation of the samples

was shown to decrease the chloride effective diffusivities. the effect was however
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less after a length of time for some 0.6 water/cement ratio OPC impregnated
samples when chloride diffusion showed a sudden increase, figure 7.2. The reason
for the decreased chloride effective diffusivities is not known but may be related
to some kind of break down of the polymer with time. The chief reason for the
decrease in the chloride effective diffusivities for the polymer impregnated
samples is because by impregnating, the porosity of the samples is reduced as
shown in table 7.2 -7-3. and figure 7.5 and 7.6 for MIP pore size distribution.
Hence it will be far harder for CI” ions to diffuse through. For badly impregnated
samples of OPC 0.4 water/cement ratio cc(3) the value of diffusion had actually
increased by a small margin. By looking at MIP pore size distribution for all
cases, figure 7.4 it can be seen that there is little difference among curves,
therefore it could well be that by badly impregnating the samples, somehow the
interaction between CI” ion and cement paste mentioned earlier might have been
reduced therefore allowing CI” ion to move from one side to the other with less

resistance.

7.3 CONCLUSIONS

1. Badly cured OPC and OPC/BFS cements showed higher D-values than well

cured ones, because of the increased porosity.

2. Regardless of curing conditions higher water/cement ratio means faster CI°

diffusion, again due to an increase in porosity.

3. Well impregnated samples showed a substantial reduction in D-values, as
pores were filled or blocked by polymer. In a few cases however there could
have been some kind of break down of the polymer, allowing an increase in
diffusion. For badly impregnated samples there may even have been an

increase in diffusivity.
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Well cured 0.6 water/cement ratio cc(1) OPC/BFS cement, normally showed
a slower CI” diffusion than either well cured, 0.4 or 0.6 water/cement ratio
OPC (68). For the badly cured 0.6 water/cement ratio cc(3) OPC/BFS
cement, diffusic_m was significantly faster than either badly cured 0.4 or 0.6
water cement ratio OPC. This may just be explained by the increased

porosity.
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. Number of Discs 1 2 3 4 5 Mean
Cement :Ziii _ggii;i% % Of polymer loading by weight
OPC 0.6 1 28.6 25.5 29.8 28.8 27.9 23 .4.
OPC 0.4 3 |15.8 |154 [ 138 |150 |434 |12.2
OPC 0.6 3 25.1 26.5 28.1 24.8 29.6 22.3
i OPC/BFS 0.6 3 22.3 25.8 25.5 24.6 31.4 21.6

Table 7.2 Percentage of polymer loading by weight of the discs for cement
pastes at two different water/cement ratios and curing conditions.

Number of Discs 1 2 3 4 5 | Mean
Curing
W/C e : ,
Cement | ... |Conditi % Of volume of pores filled with polymer
- on
OPC 0.6 1 79.4 70.8 82.8 80.0 77.5 78.1.
OoPC 0.4 3 77.5 75.5 67.7 73.5. 64.2 71.7
OPC 0.6 3 61.5 65.0 68.8 60.8 72.5 65.7
OPC/BFS | 0.6 3- | 46.5 |53.8 53.1 51.3 65.4 - | 54.0

Table 7.3  Percentage of volume of pores filled with polymer for cement
pastes at two different water/cement ratios and curing conditions.
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CHAPTER 8 THE CORROSION BEHAVIOUR OF STEEL EMBEDDED IN

HARDENED CEMENT PASTES

8.1 INTRODUCTION

In earlier chapters it was shown that the rate of carbonation and CI” ions
diffusion in hardened cement pastes, depends on such parameters as type of
cement, curing condition, water/cement ratio and also on the degree of polymer

loading of the samples.

In chapter 1. section 1.1 it was explained that corrosion of embedded steel can be
effected by the presence of CI” ion diffusion and carbonation, as the normally

passive layer of the steel can depassivate under such conditions.

Experiments were therefore set up to measure the rate of corrosion of steel
embedded in a selection of cements exposed to potentialy aggressive environments

viz a carbonated inducing environment of 50% RH and 40°C and immersion in 1M
NaCl solution in saturated Ca(OH),, the results are described in this chapter. The

preparation of samples used in this part of the work has already been explained in
chapter 2. section 2.7 as well as the linear polarisation technique, which is in

section 2.7.1.

2 RESULT

Results are presented as plots of | versus time and E versus time. All

corr corr

values shown are an average of 8 replicates for the NaCl condition or of 6
replicates for the carbonation condition. Plots of E.g,, versus |, were also

constructed using all individual values and a correlation coefficient was

determined for each condition.
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lcorr @nd Eqqpp values of parallel duplicate specimens kept in a 100% relative

humidity environment, were recorded after about 6~months of exposure.

For polymer impregnated samples the results of percentage of total polymer
loading by weight and percentage of total volume of pores being filled with

polymer, can be seen in tables 8.1 and 8.2.

8.2.1 Samples Kept At 100% Relative Humidity

All the specimens exposed to 100% relative humidity, impregnated and

unimpregnated, as shown in table 8.3 indicated a passive behaviour of low leorr

(< 102 nA/cm? ) and fairly high E (> - 200mV ) (86) measured after a
corr

period of 6 months.

The chief reason for this would appear to be that there are no aggresive agencies to
cause the depassivation of the steel bars. The results are in good agreement with

visual observation, an example of which can be seen in figure 8.1 and 8.2.

8.2.2 Samples Kept In A Rapid Carbonating Environment

lcorr @nd Eqqyp values for steel embedded in unimpregnated OPC cc(3) kept at

50% relative humidity and 40°C and then exposed to saturated Ca(OH), for 24

hours show some corrosion at 120 days. This is most likely to be due to
carbonation of the surrounding cement paste. As was shown in chapter 6. table 6.1
at 100 days the depth of carbonation for this particular sample is above

10mm, which is the depth of the embedded steel in this work.

Samples of curing condition (1) showed no corrosion of embedded steel (table 8.4,

figures 8.3). This was to be expected from the results of [chapter 6. table 6.1]
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. Wt. olf Wt. of © | Wt gain % Of % Of volume
Curing Impregnation ;ampe sample afteq after polymer of pores
. efore . . loadi . .
conditon impreg (q) impreg (g) | impreg (g) oading filled with
. preg (g by wt. polymer
1 Doubie 174.3 222.9. 48.6 27.9 77.5
" ) 176.4 223.5 47 .1 26.7 74,2
“ " 178.6 222.7 44 1 24.7 68.6.
n - 175.7 226.5 50.8 28.9 80. 3
- " 173.2 221.3 48.1 27.8 77.2
" " 174.8 2241 49.3 28.2 78.3
" " 175.8 224.6 48.8 27.8 77.2
" “ 172.2 218.1 45.9 26.7 74.2
The megan values
27.3 75.9
3 Single 169.8 211.6 41.8 24.6 60.3
1 L]
" 169.3 210.2. 40.9 24.2 59..3
" ) 172.6 208.2. 35.8 20.6 50. 5
. ) 167.5 211.5. 44.9 26.3 64.5
: . . 170.7 212.0 41.3 24.2: 59.3
i
n " 171.6 213.8. 42.2 24.6 80.3
" " 169.6 215.7. 46.1 27.2 66.7
" " 172.9 208.8 35.9 20.8 51.0
The mepn values
24.1 59.1

Table 8.1 Percentage of polymer loading by vyeight and volume of pores filled with polymer,
for OPC pastes subjected to single or double impregnation.
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Curing Impregnation | Wt. of Wt. of Wt. gain % Of % Of volume

conditon sample sample aftef after polymer | f hores
before impreg (g) | impreg (g) loading filled with
impreg (g) by wt. polymer
1 Single’ 189.1 215.5 26.4 14.0 36.5
" " 180.6 209.3 28.7 15.9 41.4
" " 183.4 211.6 28.2. 15.4 40.1
" " 182.8 208.9 26.1. 14.3 37.2
" " 182.8 211.6 28.8 15.8 41.2
" " 181.4 212.0 30.6: 16.9 44.0
" " 181.4 210.9 28.7 15.8 41 .1
" " 176.3 204.5 28.2 16.0 41.7

The mean values

15.5 40.3.
3 . 162.8 206.5. 43.7 26.8 55.8
" " 161.9 204.3 42.4 26.2 54.5
" " 160.3. 200.9 40.6 25.3 52.7
" " 155.5 199.6 44.1 . 28.4 59.2
; ; 162.9 203.2 40.3 24.7 51.5
; . 161.5 203.0 41.5 25.7 53.5
" ; 163.5 198.3 34.8 21.3 44.6
. " 159.0 200.9 41.9 26.4 55.0.

The mean values
256 | 53.3

Table 8.2 Percentage of polymer loading by weight and volume of pores filled with
polymer for OPC/BFS pastes.
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. . Lo I
Cement Unimpregn Curqu corr corr Ecorr ECorr
-ated / Im| conditions mean mean
pregnated (nA/cm?) ” (mV)
_ (nA/em*®) (mV)
(imp)/
(unimp)
unimp 1 4.127E1 -0.103
. 5.961E1 -0.151
unimp 1 7.79E1 -0.199
unimp 3 5.688E1 -0.173
) | 4.472E1 -0.177
unimp 3 3.256E1 -0.181
OPC
imp T -0.378
N P BT -0.273
imp A -0.168
im 0.832 -0.169
P 3 0.903 -0.171
imp 3 0.974 -0.173
unimp TS R R R
. 7.054E1 -0.226
unimp 1 7.054E1 -0.226
unimp 3 4.947EA1 -0.190
6.571E1 -0.190
unimp 3 8.195E1 -0.190
OPC/BFS —
imp 1 2.948E1 | , ., 00, | 0102 | 4 g9
imp. 1 5.353E1 -0.097
imp 3 0.539 0.539 -0.166 -0.210
imp 3 | ----- -0.253

JTable 8.3 values of |

corr and Ecory

for steel embedded in either polymer

impregnated or unimpregnated OPC and OPC/BFS cement pastes

kept at 100% RH over a period of about 6 months.
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Figure 8.1 Photograph showing no corrosion of steel embedded in OPC
paste placed in 100% RH and 25°C over a period of about 6

months.

Figure 8.2 Photograph showing no corrosion of steel embedded in
OPC/BFS paste placed in 100% RH and 25°C over a

period of about 6 months.
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which suggested that the depth of carbonation for this particular cement type
would be about 6mm even after 160 days, i.e. less than the depth of cover, (at 6

months).

The above results are in good agreement with what was observed under visual

observation where an example can be seen in figure 8.4.

No I €valuations were possible for the impregnated samples exposed to the
carbonating environment, possibly because of the high resistivity of the polymer
impregnated cement pastes. Eqorr Values were higher, and always noble (table 8.4

figure 8.3) suggesting no corrosion of the embedded steel. It was demonstrated in
chapter 6., that OPC samples of cc(3) which were polymer impregnated and had a
high polymer loading, had shown no tendency to carbonate. Although some
carbonation was observed for the single impregnated cc(1) samples, (chapter
6. table 6.2), the double impregnation procedure adopted here should have
reduced carbonation considerably. Figure 8.5 also supports the evaluation that

there was no corrosion of the steel.

As was mentioned in Chapter 2, samples were immersed in saturated Ca(OH),

solution 24 hours prior to the corrosion measurement. This may not have been the

most realistic electrolyte as the pH of the pore solution would have tended to
increase, but at the time it was thought the leaching of Ca(OH), from within the

specimen may have been more'detrimental. This wet-dry cycle had immediately
encouraged corrosion of the susceptible samples (see for example figute 8.8) so
that very high corrosion rates were obsérved for the steel specimens embedded in
OPC/BFS cement pastes of either curing condition, when exposed to the
carbonating environment, table 8.5, figure 8.6. This was particularly true for

cc(3). By refering to the carbonation chapter, it is obvious that for samples of
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2
| corr. (nA/ecm”)

Ecorr. (MV,SCE scale)

¥

10E4

e cc(1} unimp
X : cc(3) unimp

1 ce(1) imp
: cc(3) imp

Ov

10E3

10E2}

10E1}
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-300]
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Figure 8.3  Plots of |, and E ., versus time for steel embedded in
polymer impregnated (imp) and unimpregnated (unimp) OPC
paste of 0.6 water/cement ratio cured under cc(1) and cc(3)
and exposed at 50%RH and 40°C. *
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Figure 8.4 Photograph showing no corrosion of steel embedded in OPC
paste of 0.6 water/cement ratio cured under cc(1) kept
at 50%RH and 40°C.

Figure 8.5 Photograph showing no corrosion of steel embedded in
polymer impregnated OPC paste of 0.6 water/cement
ratio cured under cc(1) kept at 50%RH and 40°C.
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Figure 8.6 Plots of |, and E,, versus time for steel embedded in
polymer impregnated (imp) and unimpregnated (unimp) .

OPC/BFS pastes of 0.6 water/cement ratio cured under
cc(1) and (3) and at 50%RH and 40°C.
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cc(3) carbonation reaches the depth at which the steel bars are embedded in a
matter of 25 to 40 days, and from then onwards due to the aggresive environment
into which steel is subjected the corrosion value increases rapidly. As for the
samples of well cured OPC/BFS cc(1) the depth of carbonation does not quite reach
the depth of cover, but the uneven progression of the carbonation front as was
explained in chapter 2. means that some points of the steel are exposed to
carbonated hardened cement paste and figure 8.7, shows this patchy corrosion of

the steel quite clearly. Results for the same cement of cc(1) but impregnated
(table 8.5 figure 8.6) show that the lcorr value was low until 120 days. From

then onwards this tended to increase rapidly. This is due to penetration of the
carbonation front to the steel surface at 10mm depth. In the carbonation chapter
6. table 6.2, it was shown that at 100 days the depth of carbonation for this
sample is about 11mm. Double impregnation, as was mentioned in chapter 5., was
not possible, as this led to cracking of the specimens, so protection against

carbonation was minimal.

As for cc(3) no I, values were recorded, because of the high resistivity of the

samples. Also as was shown in chapter 6 no carbonation was possible so corrosion
was unlikely and again visual examination supported the above results, Figure

8.9.

8.2.3 Samples Kept In A NaCl Solution

The steel specimens embedded in unimpregnated samples of OPC for both cc(1) and
cc(3) kept in 1M NaCl solution containing saturated Ca(OH), showed a steady

increase in corrosion intensity, as can be seen in table 8.6. figure 8.11 to 8.13.
Presumably this was due to chloride ions reaching the surface of the steel. Also

they do not appear to depend on curing conditions, although the CI™ diffusion
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Figure 8.7 Photograph showing corrosion of steel embedded in -
OPC/BFS paste of 0.6 water/cement ratio cured under

cc(1) kept at 50%RH and 40°C.

Eigure 8.8 Photograph showing severe corrosion of steel embedded in
OPC/BFS paste of 0.6 water/cement ratio cured under
cc(3) kept at 50%RH and 40°C.
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Figure 8.9  Photograph showing no corrosion of steel embedded in
polymer impregnated OPC/BFS paste of 0.6 water/cement
ratio cured under cc(3) kept at 50%RH and 40°C.

Figure 8.10 Photograph showing corrosion of steel embedded in
polymer impregnated OPC/BFS paste of 0.6 water/cement

ratio cured under cc(1) kept at 50%RH and 400°C.
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Figure 8.11 Plots of I, and E,, versus time for steel embedded in
polymer impregnated (imp) and unimpregnated (unimp)
paste of 0.6 water/cement ratio cured under cc(1) and (3)
and exposed to 1M NaCl solution saturated with Ca(OH)s.
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Figure 8.12 Photograph showing corrosion of steel embedded in OPC
paste of 0.6 water/cement ratio cured under cc(1) kept in
1M NaCl solution saturated with Ca(OH)o.

Figure 8.13 Photograph showing corrosion of steel embedded in OPC
paste of 0.6 water/cement ratio cured under cc(3) kept in

1M NaCl solution with Ca(OH),.
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coefficient,as shown in chapter 7. table 7.1. is considerably lower for cc(1).

It is however still sufficiently high to allow CI” to reach the steel surface fairly
rapidly and as OH" ions diffuse outwards to lower the internal pH, the critical
[CI"]/[OH"] ratio for corrosion to occur (167) can be reached with a lower CI°
concentration. Steel in impregnated OPC where percentage of polymer loading by
weight is shown in table 8.1 samples cc(3) showed a low rate of corrosion at the
beginning, which rose steadily with time. Corrosion rates were however lower

than for either of the unimpregnated conditions, table 8.6. figure 8.11.

In chapter 7. it was shown that the diffusion of CI" ions was greatly reduced for
the polymer impregnated samples, which explains the delay in the onset of
corrosion. Visual observation confirmed some corrosion for this condition (figure

8.15).

The double impregnation of the cc(1) specimens appears to have improved the
corrosion resistance of the specimens as no corrosion was detected (figure 8.14)
even though their CI” diffusion coefficient was no slower than for the cc(3)

impregnated specimens figure 8.15, chapter 7. table 7.1.

The loopr @nd Eoq,, versus time curves for the steel samples embedded in
unimpregnated OPC/BFS for cc(3) kept in 1 molar NaCl solution containing
saturated Ca(OH), can be seen in table 8.7. and figure 8.16; they suggested a

relatively high corrosion rate at an early stage, which continued to increase
steadily. In chapter 7. it was shown that the value of the CI” diffusion is high for
this particular condition. Furthermore BFS based cements may not provide a lime

rich layer at the steel interface to protect steel as suggested by Page (168).
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Figure 8.14 IPhotograph showing mild cotrosion of steel embedded in
polymer impregnated OPC paste of 0.6 water/cement ratio
cured under cc(1) kept in 1M NaCl solution saturated with
Ca(OH)».

Figure 8.15 Photograph showing some corrosion of steel embedded in
polymer impregnated OPC paste of 0.6 water/cement ratio

cured under cc(3) kept in 1M NaCl solution saturated with
Ca(OH)2.
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Figure 8.16 Plots of I, and E, versus time for steel embedded in
polymer impregnated (imp) and unimpregnated (unimp)-
OPC/BFS pastes of 0.6 water/cement ratio cured under
cc(1) and cc(3) and exposed to 1M NaCl solution saturated
with Ca(OH)».
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Figure8.17 Photograph showing severe corrosion of steel embedded in
OPC/BFS paste of 0.6 water/cement ratio cured under cc(1)

kept in 1M NaCl solution saturated with Ca(OH)2.

Figure8.18 Photograph showing severe corrosion of steel embedded in
polymer impregnated OPC/BFS paste of 0.6 water/cement
ratio cured under cc(1) kept in 1M NaCl solution saturated

with Ca(OH)s.
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The corrosion value found however for cc(1) was surprisingly high as the rate of
chioride diffusion is quite low. This may be related to the absence of lime to act as
a buffer, which may then require a lower [CI"}/[OH"] ratio to initiate corrosion

figure 8.17. This will be discussed fully later.

Steel in impregnated OPC/BFS samples of cc(1) showed high | from early

corr
days of testing, figure 8.18. unlike those of cc(3) where initiation of corrosion
was delayed. The reason for this is probably due to a poor degree of polymer
loading as can be seen in table 8.2 as double impregnation caused cracking. For
cc(3) polymer loading was already high only with single impregnation resulting

in the better behaviour observed.

8.2.4 The Relationship Between Ecorr And Icorr

Figures 8.19(a-m) show plots of E.,,, versus I, for all individual readings

and table 8.8 gives the slopes of the lines, and the correlation coefficients for most

cases. There is often a Linear relationship with a fairly good correlation
coefficient, suggesting anodic control. i.e. as Ecorr becomes less noble leorr

increases, figure 8.19c. (85).

Where there is a combination of a dense structure from high polymer loading and
submersion in a solution, normal anodic control is not observed, possibly

because of the low availability of oxygen, which can lead to low potential active

situations as some points on figures 8.19e, to 8.19m, show where E., ., is very

low but is associated with a low value of 'corr-
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different curing conditions and exposed to two
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231

10E5



Cement | Environ - | Original Unimpreg | Pseudo- |Correlation
ment curing nated / Im| tafel coefficient
conditions | pregnated | constant
(unimp) / | mV/decads
(imp)
i unimp | 54766 | -0.85
40°C 3 unimp | 495,08 | -0.83
50 RH ’ imp | ... |
3 mp | |
OPC
1 unimp -224.93 -0.75
1 Mol _
NaCl 3 unimp -238.26 -0.76
sat. ’ ’mp __________
Ca(CH), 3 imp -101.98 | -0.68
1 unimp - -344.4 | -0.89
unimp’ . .
40°C 3 P 126.95 | -0.88
50 RH 1 imp -243.76 | -0.96
3 imp | ... | ...
OPC/BFS -
1 unimp | .138.22 | -0.69
1 Mol '
NaCl 3 unimp | _____ | ._...
t. .
sa : imp  |-202.85 | -0.79
CalOH)2 3 imp -38.41 -0.27
Table 88 Pseudo-Tafel constants determined from Ecorr verses lcorr plots
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8.3 DISCUSSION

As was shown in the results polymer impregnation of cements does appear to
stop corrosion of the steel from carbonation |, provided the polymer loading is
high, but is still not very effective for BFS specimens cured under cc(1) where

the polymer loading was low.

As was discussed earlier, double impregnation of this cement was not possible as it
leads to cracking of the specimens. Similar work must be carried out for

specimens which are polymer impregnated to a depth lower than the depth of cover
of the steel. This would allow any protection that the Ca(OH), present in portland
cements normally offers to continue to work whilst having the extra protection of
the polymer to delay either the CI” or the CO, from penetrating the structure.

Such a combination may be more desirable and perhaps more realistic in practice.

As the results had shown, exposure of the unimpregnated specimens to a chloride
solution had resulted in the eventual corrosion of the embedded steel, as chloride
caused its depassivation. As already mer)tioned, the leaching of sodium and
potassium hydroxides from within the cement specimens in these particular

experiments would tend to reduce the pH of the internal pore solution to that of
saturated Ca(OH), i.e. ~ 12.6. If the main parameter for corrosion initiation is a

critical ratio of [CI']/[OH"] as was suggested in the literature (167) then
corrosion in this case can occur at lower CI” concentrations as OH™ concentration
is also lower. This observation may be particularly true for the well cured
OPC/BFS cement which although it shows a low diffusion coefficient for CI” see

chapter 7. corrosion of the embedded steel is observed early on.
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The absence of Ca(OH)2 to act as a buffer and as a protective barrier at the steel

cement interface for this particular cement (168) also increases the risk of
the embedded steel. The present results appear to contradict those of Andrade -
Page (169) who had shown that OPC/BFS is no less protective than portland
cements. There were however two main differences in these studies. Firstly the
chloride source was fixed as that added during mixing so a large proportion could
be complexed by cement paste constituents, whereas in the present study the
source was from a continuous outside source. Secondly the OH™ concentration of
the pore solution of the Andrade - Page study (169) was unaffected and could
remain high, whereas that of the present study could have been influenced by
leaching of the soluble hydroxides, as already mentioned. Nevertheless results are
still surprising because of the short length of time required for the onset of

corrosion. i.e. 165 days. This is clearly one area where more research is needed.

Polymer impregnation did not generally stop corrosion altogether, but delayed the
onset of corrosion, which is again surprising, as CI~ diffusion coefficients were
shown to be extremely low for these conditions. If the protection offered to the
steel by the lime phase is for some reason minimised with polymer impregnation
as was mentioned in chapter 6. then the same argument of a lower CI

requirement for corrosion may apply here too.

8.4 CONCLUSION

1. Good polymer impregnation of both cements was quite effective at stopping
carbonation and preventing corrosion by this route, but was not so successful
for the cc(1) BFS based cements with a lower polymer loading where

corrosion was at best only delayed.
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In this particular study, corrosion of steel could not be prevented by blending
the cement with BFS, eventhough diffusion experiments suggested that CI

penetration was much lower for the well cured BFS cements.

Similarly polymer impregnation was not altogether effective at stopping
corrosion, possibly because any protection mechanism may have been simply
"blocked off" by the polymer allowing even a small amount of CI” to cause

corrosion.
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CHAPTER9 GENERAL DISCUSSION AND CONCLUSION

91 DISCUSSION

An attempt has been made to study the effect of poor curing conditions on the
durability of steel in concrete. This is likely to be a problem in Middle Eastern
countries, during the hot and mainly dry summer. It has been suggested in the
literature that the characteristic behaviour of cement pastes cured under elevated
temperature and low relative humidity, substantially differs to those of well
cured concrete. In order to evaluate such effects, a study was carried out involving
a selection of cements, namely OPC, SRPC, OPC/BFS and OPC/PFA. This involved
physicochemical studies on untreated specimens cured in a range of environments
aided by scanning electron microscopy. The effect of polymer impregnation on the
hardened cement pastes properties was investigated mainly to establish whether
carbonation and chloride diffusion rates could be reduced and to what extent steel
reinforcement corrosion would be avoided. More specifically, MIP studies were

conducted on specimens cured in a range of curing conditions, i.e.

(1) Saturated Ca(OH), solution at 20°C, cc(1)

(2) Saturated Ca(OH), solution at 50°C, cc(2)

(3) Air at 50°C and 30% relative humidity, cc(3)

Comparing cc(2) with that of cc(1) the former appears to increase the rate of
hydration and reduces total porosity but the effects are only noticeable at short

times i.e. < 28 days.

When the relative humidity of curing was also altered, a combination of high
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temperature and low relative humidity resulted in a coarser p