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ABSTRACT

Concrete is a man made rock composed of aggregate bound
rigidly in a paste composed of hydrous cementitious minerals. It is
a porous and permeable medium on both the macro and microscopic
scales. This study has revealed that the phases present in cement
pastes, in particular portilandite, can have random or preferred
orientations at the cement paste to aggregate interface. The
micro-mineralogy of the cement paste to aggregate bond interface
in concretes is texturally complex and concrete mixing techniques
can effect the phases present at the interface and the density of
the interface. In a core of concrete from a road bridge undergoing
active decay, pyrite and pyrrhotine were found to have oxidised by
interaction with percolating rainwater. The sulphate released by
the oxidised iron sulphides has been taken into solution and
eventually precipitated in large spherical cavities in the cement
paste, in the form of the mineral ettringite. Water flowing through
the structure has possibly been more significant in leaching
gypsum from the cement paste and depositing it in the cavities as
ettringite. The ettringite has a whisker crystal habit, and has
nucleated heterogenetically from solution on the walls of the
spherical cavities. The whisker crystal habit is propagated by a
screw dislocation in the crystal, the concentration of the elements
required for growth being in the solution at low enough
concentrations as to limit multi-directional nucleation. The fluid
that has percolated through the structure oxidising the iron

sulphides has become hyper-alkaline due to the leaching of
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portlandite from the cement paste. This fluid has reacted with
atmospheric carbon dioxide to produce a calcitic crust on the top of
the road bridge and a stalactitic growth on the underside of the
road bridge. Similar crusts and stalactites were collected from
other concrete structures in the Midland Valley of Scotland, and
analysed for 913C and 9180 values. The 913C values are in the
range of -18.8%. to -28.9% PDB. The 9180 values are in the range of
+8.5%. to +16.5%. SMOW. The calcites formed by the interaction of
the hyper-alkaline fluids that have percolated through the
structures, with atmospheric carbon dioxide (913C =  -7%. PDB,
0180 = +41%. SMOW). The stalactites have formed by the production
of successive calcite layers, by the diffusion of carbon dioxide into
the bulbs of hyper-alkaline solutions as they emerge on the
underside of the structure. The computer codes EQ3NR/EQ6 predict
- that rainwater flowing through a structure will oxidise iron
sulphides present in aggregate fragments, and precibitate
ettringite. They also predict that the residual fluid that emerges
from the structure has a pH in the range 12-13. It is this hyper-
alkaline fluid that reacts with atmospheric carbon dioxide to

produce the calcitic growths.
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1. INTRODUCTION
1.1 THESIS STRUCTURE

The format of this thesis consists of an introduction to the
project, an outline of the project and an introduction to the
basic mineralogy of concrete in Chapter 1. Chapter 1, also has a
separate reference list. Chapters 2 to 6 are presented in “"paper
style" format each with their own introduction. Two of the
papers have been accepted for publication, and are set out in the
manner stipulated for each particular journal. The other three
papers are set out in a standard paper format.

1.2 Outline of research and general objectives

This project is a study of the mineralogical aspects of
concrete decay. The mineralogy of concretes themselves and
their constituent components is complex. It is hoped that this
project has elucidated on the mineralogy of concrete, and the
methods with which these phases can be identified and studied.
More importantly, | hope that by the combination of
mineralogical and modern geochemical techniques | have shed
light on the problem of concrete decay. It is hoped that the
mechanisms of concrete decay and the symptomatic supergene
mineral growth, will be of interest to other mineralogists, and
more importantly, enable engineers and others with interests in
concrete to understand the decay of this man-made rock. The
objective of this project was to produce an interdisciplinary
study of concrete decay. In particular the project was to

concentrate on the mineralogical aspects of concrete decay, and



to make the results intelligible to all parties interested in
concrete decay. The project was originally based on the
mineralogy of cement powders, and Blue Circle cement works at
Weardale and Dunbar were visited to obtain first hand
information. From there | wished to apply mineralogical
techniques to concrete, and in particular concrete decay.

1.3 Concrete mineralogy, a basic introductory description
From a mineralogical point of view, concrete may be considered
as a man-made rock. Concrete is essentially composed of
aggregate fragments bound in a matrix of cement paste, which
is composed of a number of separate phases.

The aggregate found within concretes is variable in both its'
composition and size. In general aggregate fragments usually
have a heterogeneic mineralogy and are usually in the form of
rock fragments. Fine-grained sand particles may also be added
to the mix. There are numerous standards in both Britain and
the USA governing the quality of aggregate used in the
production of concrete. However, often in the problematic
structures that are undergoing decay the degradation of the
aggregate fragments plays a key role in the degradation
mechanism. lron sulphides in the form of pyrrhotine and pyrite
may oxidise readily to produce sulphuric acid, clay minerals
contained in aggregate fragments may also expand within the
concrete environment causing fracturing. Certain varieties of
quartz usually in the form of reactive flint, tridymite and

chalcedony may interact with the alkalis in the pore waters of



the concrete to produce a gel that may cause fracturing.

It is thus important to note that the mineralogy of aggregate
fragments is extremely variable and within this thesis where
necessary the mineralogy of the aggregates hosted in the
concrete being studied is discussed in more detail.

The mineralogy of cement pastes found in concrete is
extremely variable, and depends upon the type of cement powder
used in the preparation of the mix and the water to cement ratio
of the mix (Lea, 1970). The phases encountered within the
cement paste also depend on the age of the paste and whether
the concrete has undergone any chemical alteration, either due
to external or infernal reactions.

To understand the mineralogical aspects of concrete decay it
is necessary only to have a knowledge of the more common
cement pastes and their bulk mineralogy, and to study in detail
the mineralogy of pastes in concretes that have been subjected
to decay investigation, as required.

The simplest cement paste to understand is a paste that has
been produced from an Ordinary Portland Cement powder (OPC);
the mineralogy of a cement paste produced from a High Alumina
Cement powder will also be discussed in detail. Most other
cement pastes encountered are similar in mineralogy or
derivatives of these pastes.

The phase composition of OPC cement pastes has been
investigated and debated by many workers. It has been

suggested that the average OPC paste has a composition of: 70 %



C-S-H gel, 20% Ca(OH)2, 7% aluminates and sulpho-aluminates
and 3% unhydrated material (Diamond, 1976). A different
composition of 50% C-S-H gel, 13% Ca(OH)2, 12% aluminium
sulphate and 25% pore space has been proposed for an OPC
cement paste with a water to cement ratio of 0.5 (Jawed et al.,
1983). In general the difference in the C-S-H gel phase
chemistry mineralogy and structure is greatest between the
two suggestions. Much investigative work (Ramachandran et al.,
1981, Jawed et al., 1983, Suzuki et al, 1985), has been carried
out on the C-S-H gel phase and this detailed research extends
beyond the scope of this project. For this project it is
necessary only to understand that the C-S-H gel phase is a
poorly crystalline often amorphous material, composed of: Ca,
Si, O, OH, and H20, the material having a high surface area.
Previously the C-S-H gel phase has been likened to the naturally
occurring mineral tobermorite (CasSigO17.10.5H20, 14 X
variety).

The description of C-S-H gel as a type of tobermorite
(Grutzeck and Roy, 1981), has been succeeded by the
characterisation of the C-S-H gel phase by its morphology or
the Ca/Si ratio of the gel. When C-S-H gel is observed on a
Scanning Electron Microscope it can be characterised by its
morphology (Jawed et al., 1983), type | C-S-H is in the form of
needles radiating from clinker grains, type Il is reticulated,
type Il has indefinite morphology and type IV is in the form of
spherical agglomerates. Lea, 1970 suggested that C-S-H gel



could be simplistically divided into two types; C-S-H (lI) and C-
S-H (ll), C-S-H (I) being poorly crystallised foils or platelets
with a tobermorite type structure and a CaO/SiO2 molar ratio of
0.8 to 1.5, and C-S-H (ll) as having a fibrous structure with a
molar ratio of 1.5 to 2. Further work (Lachowski et al, 1981),
suggests that it is possible to further subdivide and classify
the C-S-H gel phase in terms of its Ca/Si ratio. This detailed
work | feel is beyond the scope of this thesis. C-S-H gel as
found in cement pastes can be said to have formed in the ternary
system CaO-SiO2-H20 (Glasser , 1986)(Fig 1a). The gel coupled
with the .portlandite (Ca(OH)2), is thought to control the pH

behaviour of cement pastes (Glasser and Macphee, 1987).

H20

Ca(OH)2

——
C3S C2S Si02

Ca0O

Fig. 1a. A simplified weight %, isothermal section (25°C),
through the ternary system Cao-SiO2-H20. Only condensed

phases are shown (After Glasser, 1986).



As the chemistry and mineralogy of the C-S-H gel phase is
contested, so to is the structure of C-S-H gel. A general
appraisal of the work in this field suggests that the gel is a
porous phase that contains micro-pores and connecting
tubercles. The amount of porosity and its' exact form are
discussed in detail in many texts such as (Neville and Brooks,
1985) and (Ramachandran et al., 1988).

The other common hydrous phases found within a typical OPC
paste are portlandite (Ca(OH)2), hydrogarnet (3Ca0O.Al203.6H20)
and the sulpho aluminate phases. Portlandite is a product of the
hydration of the cement clinker minerals alite (3Ca0.SiO2), and
belite (2Ca0.SiO2) (Neville and Brooks, 1985). Portlandite is
usually a ubiquitous phase throughout the cement pastes and is
also thought to concentrate in a complex double aureole around
aggregate fragments (Hayakawa and Itoh, 1982), and at the
surface of the structure. The portlandite is usually in the form
of hexagonal crystal platelets the mineral being a member of
the trigonal crystal system (Deer et al., 1985).

The hydrogarnet phase is dispersed randomly throughout the
cement paste and is often in the form of platelets (Lea, 1970).
The sulpho-aluminate phases are thought to exist as three
predominant discrete forms, mono-sulpho calcium aluminate,
di-sulpho calcium aluminate and
ettringite(CagAl2(S04)3(0OH)12.26H20) (Barnes, 1983).

The mineralogy of High Alumina Cement paste is more simple,

as most of the phases produced at an early stage in the mix tend



to convert with time to the stable hydrogarnet (Lea, 1970). In
fresh HAC cement pastes the mineral phases present include:
Ca0.Al203.10H20, 2Ca0.Al203.8H20, 3Ca0.Al203.6H20, Al203
hydroxy complexes and some C-S-H gel. The gel phase is
produced by the hydration of 2Ca0.SiO2, a contaminant in the
original HAC clinker. A solid solution series exists between
3Ca0.Al203 and 4Ca0.Al203.Fe203 (pleochroite) and it is
possible that a hydrogarnet of variable composition may be
present.

Numerous admixtures, fibres and other mineralogical and
chemical additives may be added to cement pastes. Pulverised
fuel ash and industrial slags may also be blended into clinkers
to produce various cement pastes with variable properties. To
discuss the mineralogy and structure of all cement pastes
would be an extremely difficult task; | have merely tried within
this chapter to discuss the basic mineralogy of OPC and HAC
cement pastes. | have only touched upon the debate on the
structure and phase composition of such pastes. | hope that this
chapter gives a basic understanding of the bulk mineralogy and
chemistry of some of the commoner cement pastes, allowing an
understanding of Chapters 2-6. If readers wish to further
explore the mineralogy of cement pastes, | refer them to;
Neville and Brooks (1987), Ramachandran et al.,, (1981), Barnes
(1983) and Lea (1970).
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Introduction and background

Chapter 2 (paper 1), is a paper concerned with a study of the
mineralogy and micro-mineralogy of cement pastes, and in
particular the cement paste to aggregate bond interface. The study
deals with both conventionally and two-stage mixed concretes.
This paper has been submitted for consideration for publication in
the American journal, Cement and Concrete Research.

The study of the benefits of two-stage mixing of concrete has
been carried out for some years. Dr. P. Ridgway of the Department
of Civil Engineering, at Strathclyde University has been supervisor
to numerous Ph.D research projects on the topic. Dr. A. Tamimi,
carried out an investigation of two-stage mixed concrete for his
Ph.D (Tamimi, 1990), supervised by Dr. Ridgway. Dr Tamimi's
research included an investigation of the strength of two-stage
mixed concretes and conventionally mixed concretes. He compared
the compressive strength and paste to aggregate bond density of
two-stage and conventionally mixed concretes produced with the
same water/cement ratio, at ages from one day to twenty eight
days. Two-stage mixed concrete is prepared by mixing all of the
cement powder and aggregate with only half the required amount of
water, this material is then mixed for 60 seconds and then the
other half volume of water is added and the mixing continued. The
portlandite would probably be precipitated before the second batch
of water was added (French, pers.‘ comm.).

Dr. Témimi found during his research, that the two-stage mixed

concrete, had a higher compressive strength at early ages than that
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of the conventionally mixed concrete. The failures within the
conventionally mixed concrete, when it was placed under
compression appeared to nucleate from the cement paste to
aggregate interface. He also found, by the use of Vickers
Microhardeness testing, that the cement paste to aggregate
interface in the two-stage mixed concrete was more dense than
that of the conventionally mixed concrete. Dr. Tamimi used glass
marbles as pseudo-aggregate within his prepared concretes, to
keep his aggregate surfaces and composition a standard.

Dr. Ridgway and Dr. Tamimi assumed, that the failure at early
ages in the conventionally mixed concrete was due to randomly
oriented portlandite crystals at the paste to aggregate interface
impinging upon one another and the aggregate (Fig. 2a). When the
concrete was loaded the crystals fractured and the micro-
fractures propagated outwards into larger more visible fract'ures.
The two-stage mixed concrete, had portlandite crystals present
with their c-axis perpendicular to the other portlandite crystals
and the aggregate (Fig. 2b), thus did not fail as easily, giving a
greater bond strength. Dr. Tamimi approached me and asked if it
would be possible to determine the orientation of the portlandite
crystals at the cement paste to aggregate interface and quantify
the phases present using Powder X-ray diffraction spectrometry
(XRD). A special holder was constructed by the Departmental
technicians to hold the concrete specimens in the sample chamber
of the XRD. This study was unsuccessful on two counts. The

spherical sockets left in the cement paste where the glass marbles
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were plucked out of the paste, were not suitable for orientation
studies even if a reasonable amount of the scattered X-rays were
detected. Secondly, the material bonded to the glass marbles
themselves could not be studied as the sphericity of the marble did
not allow a reliable study to be made.

A second suite of samples was prepared using glass microscope
slides as pseudo-aggregate. The samples were cleaved open at the
respective ages and an attempt was made to carry out an XRD study
of the surfaces of both the cement paste and the glass slide it had
been bonded to. Problems were encountered in retrieving the glass
slides from the mix and often they were fractured or damaged as
were the cement paste surfaces. Holding the samples in the sample
chamber also proved difficult as they were all of irregular sizes.

A third suite of samples were prepared for analysis. These
consisted of concrete samples that had small glass plates as
pseudo-aggregate. The plates were previously cut to size to fit
into a custom built sample holder for the XRD chamber. When the
concrete specimens were due for analysis they were cut on a trim-
saw allowing the glass plates and corresponding paste surfaces to
be cleaved more easily and ensuring that the samples were of
similar size and could be held in the custom built sample chamber.
This proved successful and a full XRD study of the samples was
carried out using computer stored diffractograms and programs for
peak identification and quantification.

After th'e'samples had been subjected to the XRD study, the same

samples were studied by Dr. Tamimi and Dr. Ridgway on a Scanning
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Electron Microscope equipped with an EDAX unit. By combining the
SEM study and the XRD study it was possible to relate the strength
differences at early ages between the two types of concrete to the
micro mineralogy of the cement paste to aggregate interface. The
following paper was the culmination of this work and is biased
towards the engineering aspects of the two-stage concrete mixing.
It does however, contain a lot of mineralogical study of the cement
paste to aggregate interface and in particular portlandite
orientation studies and phase textural relationships. Dr. Tamimi is
the senior author, Dr. Ridgway and Dr. Hall assisted in the
interpretation of the data. | was responsible for all mineralogical
aspects of the paper including XRD, crystallography and some of the
interpretation of the textures of the phases present. This project,
occurred at an early stage in my own research and | found that this
detailed study of the micro-mineralogy of the cement paste to
aggregate interface gave me a good footing to continue my study of
the mineralogical aspects of concrete decay.

| would like to acknowledge the work of other researchers who
have attempted to study the aggregate to paste interface. These
workers have carried out more detailed studies than | have, and
have estimated the accuracy of their results. Work has recently
been reported on the determination of the effect of silica-fume and
other replacement materials on the orientation of the phases
present at the interface(Bijen and Larbi, 1990). This study used
the method of CH orientation determination developed by Grandet

and Ollivier, 1980. Bijen and Larbi also determined the amount of
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CH in the bulk cement paste, a calculation | did not attempt to
make. Extensive studies of cement paste composition have been
made, and the zone at the cement paste to aggregate interface is
one of the most studied zones (Barnes, 1983). Following
discussions with W. French (London), | would like to acknowledge
the fact that we have possibly been erroneous in our study for
three reasons. Firstly the use of silicate glass slides as pseudo-
aggregate could have meant the interaction of the paste phases
with the glass effected the study (Baker, 1972). Secondly we only
carried out the study on one suite of samples and thus have no feel
for the reproducability of the results. Thirdly, the cleaving of the
slides from the paste at later stages could have fractured the
paste at some distance from the aggregate. The result of this
fracturing along planes of weakness, was that possibly the wrong
part of the paste was analysed in the older samples. The beam size
of the machine also limits the area of sample being analysed and
could also cause erroneous results.

None-the-less, | feel that the work still merits reporting, as long

as these problems are made clear.
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2. MICROSTRUCTURAL INVESTIGATIONS OF THE
INTERFACIAL ZONE OF TWO-STAGED MIXED CONCRETE.
(Draft May 1990)

(with minor additions in December 1990)

A. K. AL-Tamimi(1), G. Macleod(2), P. Ridgway(1) and A. J. Hall(2)
(1) Department of Civil Engineering, University of Strathclyde,
Glasgow, Scotland, G4 ONG.

(2) Department of Geology and Applied Geology, University of
Glasgow, Glasgow, Scotland, G12 8QQ.

2.1 Abstract
Samples of concrete with water/cement ratio of 0.65 have been
produced using both a conventional and a two-stage mixing
technique. In the two stage mixed samples the second batch of
water was added 60 seconds after the first. Compressive strength
testing was carried out at time intervals of 1,3,7,14 and 28 days.
At ages up to 7 days it was noted that the samples produced by the
two stage mixing technique gave compressive strengths that were
up to 25% greater than then those of the similarily aged
conventional mix blocks. An investigation of the micro-mineralogy
of the interfacial zone confirmed a higher concentration of
hydrated phases at early stages in the two-stage mix. The
investigation showed that the two-stage mix produced a stronger
dense bond between the paste and the aggregate, where small

portlandite crystals grow with their c-axis perpendicular to the
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aggregate. C-S-H gel is more abundant at the interfacial zone and
voids are considerably less in the two-stage mix than in the
conventional mix. Quantitative X-ray diffraction was used to
identify and quantify the phases present and also to determine the
crystallographic orientation of the portlandite crystals. Scanning
electron microscopy (SEM) with Energy Dispersive X-Ray Analysis
(EDXA), has been used to confirm the morphology of the phases and

to analyse the phases in the interfacial zone.

2.2 Introduction
The merits of two-stage mixing and conventional mixing of
concrete have been discussed and investigated by several workers
(1,2,3). Much of the previous work has been inconclusive and the
work reported here is an attempt to establish the effects of two-
stage mixing. Two sets of concrete samples were prepared, one by
conventional mixing and the other by two-stage mixing; both mixes
were prepared with a water cement ratio of 0.65. Earlier work (4),
has shown that the effects of two stage mixing, on both strength
and bleeding, were greatest for concrete mixes of water/cement
ratios in excess of 0.55 and the figure of 0.65 was chosen to

maximise the differences between the two techniques.

2.3 Mineralogical study and sample preparation
In order to allow a detailed mineralogical study of the interface
zone between the cement paste and aggregate by X-ray diffraction

(XRD) and SEM, different samples were prepared. Glass microscope
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slides that had been cut to size to fit in the XRD sample chamber,
were added to mixes as pseudo-aggregate. One set of samples was
prepared by the conventional mixing technique and the other by the
two-stage mixing technique.

The samples were cured for 1, 3, 7, 14 and 28 days. At the
respective ages the blocks were cracked open and the glass slides
were cleaved from the cement paste. The surface of each glass
slide and the corresponding paste contact surface which had been
bonded to the glass, were subjected to a XRD study: This method
differs from that of Grandet and Ollivier (5), in that glass plates
and not polished rock surfaces are used to give a bond surface. For
each sample the following procedure was carried out:- a
diffractogram was plotted but the diffraction profile was also
stored digitally on an ITT microcomputer in order to allow
quantitative X-Ray diffraction (QXRD) to be carried out, to estimate
the abundance of the phases present. The XRD analyses ‘were
undertaken on a Phillips machine using Fe filtered Co K alpha
radiation. The machine has a standard fixed specimen and a
scanning goniometer arrangement.

The method of preparation and analysis of the concrete
specimens also differs from that of Detwiler et al. (6), in that the
glass plates used were incorporated into the concrete mix as
pseudo-aggregate. The orientation of the portlandite crystals in
the interface zone was determined by the method used by Grandet
and Ollivier (5). For portlandite crystals in a random arrangement

(JCPDS 4-733), the XRD peak intensity ratio:-
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R = 1001)/(101) = Int(4.90 A)/Int(2.62A)
= 74/100 = 0.74
Higher values than 0.74 were taken as indicating that the
portlandite crystals were in a preferred orientation, having their
c-axis perpendicular to the aggregate. This calculation was
applied to the one day and twenty eight day old specimens only
(Table. 1). This was done to give an estimate of the trend of
orientation of portlandite crystals in the two different mixes,
more detailed work was carried out to determine the amount of the
phases present at the interface.
QXRD was carried out on the specimens to give the abundance of
the phases:- portlandite (P), C-S-H gel (C), and alite and belite (A).
The peaks selected for area measurement are listed in Table 2, and
were selected on the basis that each peak was not overlapped or
contributed to by another phase. The area under the specific peaks
for each phase (Table 2), was calculated for the diffractograms of
both the block and the glass slide for all the specimens. The area
under the specific peaks was used as an estimated measure of the
abundance of the phase, this did not take into account absorption
factors of the phases and preferred orientation problems,but none-
the less was felt to give a reasonable estimate of abundance. The
broad background pattern in the diffraction traces, due to the
effect of the glass slide, was taken into account by the computer
program used to determine the peak intensities and areas.
Following the XRD studies the, the surfaces of the glass slides

and blocks were studied using the SEM, to observe the morphology
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of the phases present at the interface and to study the micro-
structure of the cement paste in the interfacial zone. An energy
dispersive X-ray analysis unit (EDXA), attached to the SEM was
used to make elemental analyses of the phases present, and in

particular for the determination of Ca/Si ratios.

24 Results
Diffractograms of the glass slides and blocks for the samples at
one day (Figs. 1 and 2), are displayed for comparison. The contrast
between the diffractogram of the glass slides from the
conventional and two-stage mixes is clear. The diffractogram of
the glass slide from the conventional mix (Fig. 1a), has a large
broad spurious background that is similar to that of a
diffractogram of amorphous silica as found in a clean glass slide
with no material covering it. Thus it is reasonable to say that the
slide does not have a considerable amount of hydration prdduct
bonded to it. The diffractogram from the two-stage mix concrete
(Fig. 1b), has a considerably smaller effect from the glass, due to
the fact that it has more hydration product bonded to it. The
phases present in the thin film that is partially covering the glass
slide from the conventional mix are portlandite (P), and some non-
hydrated clinker particles of alite and belite (A). The only phase
present in the film covering the glass slide from the two-stage
mix is portlandite. The diffractogram of the block surface that had
been bonded to the glass plate‘in the conventional mix (Fig. 2a),
~ displays the presence of quartz (Q) (sand aggregate), portlandite
(P), C-S-H gel (C), ettringite (E) and the calcium silicates; alite
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and belite (A). Comparison of this diffractogram with that of the
two stage mix block (Fig. 2b), indicates that the same phases are
present. By comparing peak intensities it is clear that the two-
stage block has less quartz and more portlandite then the
conventionally mixed block.

At the stated ages, a similar study of each glass slide and block
was carried out and mineralogical variations in the specimens
noted; the film of hydration products on all the glass slides
increased with age and as a result the effect of the glass on the
diffractogram was reduced. This is effectively due to increase in
the distance of the cleavage surface from the glass. The areas
under the chosen peaks were measured for each diffractogram on
the computer system and the quantity (as relative intensity), of
each mineral present was plotted graphically against time (Figs. 3-
8).

The graphs of portlandite abundance against time for the glass
slides (Fig. 3), show that at early ages the amount of portiandite
left on the glass slide from the conventional mix compared to the
two stage mix was similar. However, at later stages the
difference becomes considerable. When the graphs of the amount of
portlandite left on the blocks are plotted (Fig. 4), it is clear that
more portlandite is left on the conventional mix sample than on the
two-stage mix sample. We suggest that the differences between
the two types of mixes and the amounts of CH left on the slides and
the block at later stages may be due to the fracturing of the
conventionally mixed concrete from the slides at a greater

distance from the aggregate, at the second zone of portlandite.
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Thus there is an enrichment in portlandite in the block for the
conventional mix. The two stage mix is cleaving from the glass
behind the first zone of portlandite, and thus the block surface and
the glass are apparently enriched with C-S-H. Thus the CH and C-
S-H abundance in the older samples probably varies as a function of
the position of cleavage between the glass and paste.

When the abundance of the C-S-H gel left on the glass is plotted
against time, it can be seen that from three days onwards a greater
amount of C-S-H gel has been left on the glass slide from the two-
stage mix than the corresponding slide from the conventional mix
as it appears in Fig. 5. The plot of C-S-H gel abundance on the
block surfaces (Fig. 6), aiso indicates a greater amount of gel
present in the two-stage mix. When the alite and belite abundances
are plotted (Figs. 7 and 8), it is apparent that their presence on the
slide and block is greater in the conventional mix than in the two-
stage mix at early stages, but, at 28 days they are similar. The
QXRD determination for ettringite abundance was considered to be
unreliable for graphical interpretation as the relative abundance of
ettringite compared to the other hydration products is small.
However, the ettringite presence was verified by SEM. The
different distance of fracturing through the paste from the slides
on cleavage may influence the QXRD results and we acknowledge
that plotting this against time data is tentative. We do however
suggest that the graphical plots display an unusual difference in
quantities with age and thus highlight the problem of obtaining

identical surfaces to study.
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SEM was applied to the samples to identify the phases present in
the interface zone and to observe the morphology and micro-
structure if the paste. Observation of a glass slide from the two-
stage mix (Fig. 9), revealed the glass slide to be covered in a film
of of small portlandite crystals with their c-axis perpendicular to
the glass. Patches of C-S-H gel can also be found directly behind
the portlandite crystals. The portlandite crystals are also
overlying and overlapping one another. This visual evidence
confirms the XRD results from the two-stage mix, in that
portlandite crystals are abundant and have taken up a preferred
orientation. The slide from the three day conventional mix has a
poor covering of hydration products (Fig. 10). EDXA analysis of
point (A), gave a Ca/Si ratio of 2.3 suggestive of the gel, and
unhydrated clinker grains. Figure 11, is a photomicrograph of the
block surface from the 28 day conventionally mixed specimen. A
film of portlandite (B), can be seen and some acicular gel is
present with a Ca/Si ratio of 3.16 suggesting type | (the Ca/Si
ratios were estimated from EDXA analysis and cannot be taken as
accurate as electron microprobe data.). Hadley shells (C), are
prominent and in the same specimen the presence of large euhedral
crystals of portlandite (Fig. 12), suggests that they had space to
nucleate and grow and, more importantly, the presence of abundant
voids in the interfacial zone, within the conventionally mixed
concrete. The voids are produced by the excessively high water to
cement ratio saturating the gel phase, and the remaining water is
then gradually .removed during curing leaving the voids. The voids

allow large portlandite crystals to nucleate and grow with a
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random orientation. The surface of the two-stage mix block (Fig.
13), has a mixed structure of C-S-H gel (type Ill), with a Ca/Si
ratio of 2.16, intergrown with portlandite crystals. The
portlandite crystals are growing with their c-axis perpendicular to

the glass.

25 Conclusions

Several micro-structural changes were detected by XRD, QXRD,
SEM and EDXA, and attempts were made to relate the observed
micro-structural features and their subsequent effects on the
strength behaviour of two-stage mixed concrete. The predominant
feature in the interfacial film of the two-stage mix concrete was,
a film of portlandite crystals on the surface of the aggregate. The
portlandite in this film was almost perfectly oriented, with the
crystal c-axis normal to the aggregate surface. A layer of C-S-H
gel was subsequently deposited on the surface of the portlandite
giving rise to a compound interfacial film. Needles of ettringite
were developed and bridged the spaces between the hydrating grain
particles. As a result, a dense, homogeneous microstructure was
produced containing limited voids, thus enhancing the contact zone
and increasing the bond strength. As evidence, larger quantities of
the hydration products were observed firmly attached to the
aggregate surface, and remained with it upon cleavage as seen in
Fig. 11. In the conventional mixed concrete, the portlandite
crystals are randomly oriented at the interface, and the crystals
are large and well developed in the porous zone (Fig. 12). |t

engulfed some hydrating grains, reducing its potential for complete
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hydration, thus producing a weak zone. SEM observations and QXRD
analysis also showed that the two-stage mixed method has reduced
dramatically the number of Hadley shells, alite and belite
(unhydrated silicates), and hence increasing the gel/space ratio.
The effects of these improvements would act to arrest the
propagation of cracks from the contact zone to the mortar matrix,
thus raising the stress level at failure. The experimental
techniques used may possibly have produced some experimental
error; in particular when the QXRD work is considered it should be
noted that the cleaving of the glass slide from the specimens at
variable distances from the sample may have produced some

variation in the results.
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2.8 Figure captions

Fig. 1. X-ray diffractograms for the material remaining on the
glass slide at one day, for conventional mix (a) and two-stage mix
(b). Portlandite (P), quartz (Q) and ettringite (E).

Fig. 2. X-ray diffractograms for the cleaved block surfaces at one
day, Conventional (a) and two-stage (b). Portlandite (P), quartz (Q),
ettringite (E), C-S-H gel (C) and alite/belite (A).

Fig. 3. Amount of portlandite left on the glass slide.

Fig. 4. Amount of portlandite remaining on the block.
Fig. 5. Amount of C-S-H gel remaining on the glass slide.
Fig. 6. Amount of C-S-H gel remaining on the block.

Fig. 7. Amount of alite and belite remaining on the glass.
Fig. 8. Amount of alite and belite remaining on the block.

Fig. 9. SEM photomicrograph of cleaved glass plate surface from
two-stage mixed concrete, three days old, scale markers = 100um.
Fig. 10. SEM photomicrograph of cleaved glass plate surface from a
conventional mix concrete, three days old, scale markers = 10um.
Fig. 11. SEM photomicrograph of a cleaved block surface of a
twenty-eight day old conventionally mixed concrete, scale markers
= 100um.

Fig. 12. SEM photomicrograph of cleaved block surface of a twenty-
eight day old conventionally mixed concrete, scale markers =
100pum.

Fig. 13. SEM photomicrograph of cleaved block surface of a twenty-
eight day old two stage mixed concrete block surface, scale

markers = 10pum.
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Table. 1. Orientation of portlandite crystals on the block and glass
slide surfaces, of the one and twenty-eight day old samples.
Table. 2. Peaks used for QXRD analysis of the paste to aggregate

interface.
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Figure 9.

Figure 10.
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Figure 12.
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Figure 13.
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Table 1.

RATIO (1(001)/1(101))

TWO-STAGE CONVENTIONAL

1 DAY 28 DAYS 1 DAY 28 DAYS
GLASS 3.28 1.80 2.09 0.78
BLOCK 1.80 7.20 1.13 3.28

Table 2.

PHASE hkl d-spacingx degrees 20, Co K-alpha
portlandite 001 4.90 21.05
portlandite 100 3.11 33.43
portlandite 101 2.62 39.83
portlandite 102 1.92 55.34
portlandite 110 1.79 59.82
C-S-H 3.06 34.02
C-S-H 1.82 59.82
ettringite 3.48 29.80
alite/belite 2.77 37.68
alite/belite 2.75 38.00
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Chapter 3



Introduction and background

Chapter 3 (paper 2), is a paper dealing with a general
mineralogical investigation of concrete decay. Standard techniques
such as hand specimen analysis, X-ray diffraction, petrography and
Scanning Electron Microscopy as well as stable isotope analyses,
were applied to a core of concrete taken from a road bridge in the
Midland Valley of Scotland, which is undergoing severe degradation.
A study of the degradation was made and mineralogical
mechanisms proposed. This paper has been accepted for publication
in the British Mineralogical Magazine.

In the early stages of this research project | carried out an
assessment of the usefulness of such mineralogical techniques as
X-ray diffractometry (XRD), Scanning Electron Microscopy (SEM) and
petrography in the study of concretes. | was already involved with
XRD studies of cement pastes with colleagues from Civil
Engineering at Strathclyde University. @ However, | wished to
determine the general application of XRD studies to concrete. |
started my assessment of XRD by first using XRD to study
unhydrated cement powders. The crystalline minerals found in
cement powders lend themselves to study by XRD. | loaded the
JCPDS data for the more common of these crystalline minerals into
the program XRDGRAPH, which was written by Dr. A. J. Hall, and is
run on an Archimedes microcomputer. The program allows
computer stored diffractograms to be studied on screen and JCPDS
data of minerals to be displayed over the diffractogram. The

program also allows peaks to be selected from the diffractogram
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and a small data base of minerals to be searched for peak position
identification.  After studying the unhydrated crystalline cement
powders, | began to hydrate cement powders and to try and study
the hydrous cementitious minerals that may be encountered in a
real concrete specimen. Unfortunately the lack of crystallinity of
the C-S-H gel minerals and indeed a poor JCPDS data base for such
minerals made identification difficult. Crystalline hydration
products such as portlandite and to a lesser extent hydrogarnet and
ettringite were identifiable, but exact identification of C-S-H gel
peaks proved difficult and indeed their poor crystallinity causes
the peaks of the crystalline compounds to be displaced. Similarily
when | a'ttempted to study concretes, that had been donated to the
project by local materials testing companies, | found the
identification of the cement paste phases even more complicated
as fine grained aggregate, usually quartz was present and small
rock fragments were also present in the pastes. Thus the
diffractograms were extremely complex, and often had so many
phase peaks overlapping that definite identification of the phases
proved impossible. It was apparent that general XRD studies of
concretes when both paste and aggregate are present are extremely
difficult to interpret. However, if specimens of supergene
alteration minerals or aggregate fragments or cement paste could
be picked out or concentrated, then XRD would be invaluable in the
identification of the phases involved.

SEM when applied to donated concrete specimens proved to be an

extremely useful tool. | had already used SEM to observe the
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texture of the phases present at the cement paste to aggregate
interface, and | extended this experience to studying general
concrete specimens. The micro-structure of cement pastes and
aggregates was greatly enhanced by SEM studies and supergene
alteration minerals could be identified easily and their textures
and crystal habits studied. The analyser unit (EDAX), attached to
the SEM was extremely useful in the identification of elements
present in phases. | also endeavoured to apply
Cathodoluminescence (CL), to concrete specimens, via the CL unit
attached to the SEM. Unfortunately the elements present in the
cement pastes and aggregates caused a general luminescence of the
samples and very little textural interpretation could be made.
Standard petrography of concretes using petrological
microscopes was found to be quite useful at high magnification,
when standard transmitted light petrography was used.
Petrography in transmitted light allowed aggregate petrologies to
be determined, alteration of aggregates to be noted and porosity
and fracturing of the cement paste to be studied. When thin
sections were stained for porosity only fractures and large pores
were highlighted; the microporosity of the cement pastes was not
revealed. The constituent phases of the cement paste were
generally revealed using optical microscopy. Reflected light
microscopy allowed the identification of opaque phases in
aggregates to be identified. It was apparent that neither XRD, SEM

or petrography was an answer in itself to the study of concrete
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decay, but a study involving all these techniques could prove
fruitful.

At this stage in my research, | became aware after discussions
with many industrial and academic parties interested in concrete
decay, that there was scope for the development of a technique
that could fingerprint the source of sulphur, carbon and oxygen
involved in the growth of sulphate and carbonate minerals in and
on the surface concrete. The reasons for such fingerprinting ranged
from legal action for structure failure to a general interest in the
mechanism of such mineral growth. If the source of sulphur for
sulphate growth could be labelled as sewage source, groundwater
source, road salt source or acid rain source, then the blame for
structure failure could be aportioned. Similarily if the source of
carbon and oxygen could be identified, then the carbonate mineral
growth on concrete structures could be understood, and steps taken
to rectify the problem in the future. Dr. Hall and |, felt that stable
isotopes would lend themselves to such a study, and when a core of
concrete from a major concrete road bridge in the Glasgow area
(Fig. 3a), was made available for study by Stra