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ABSTRACT

This paper presents information on the effect of fly ashes on the microstructure
of high volume fly ash (HVFA) pastes and how this affect the crack pattern and
the stress-strain relationship. The HVFA pastes were prepared incorporating 58%
of fly ashes. Fly ash particles appear to act as microaggregates in the pastes.
Crack propagation generally deviates around the fly ash particles. Compared
with that for the Portland cement paste of similar strength, the stress-strain
curves for the HVFA pastes are less linear and begin to deviate at about 60-70%
of the ultimate strength at 28 days. Based on these information, it was proposed
that the HVFA paste may be considered as a composite material microscopically
with fly ash particles as reactive microaggregates embedded in a matrix of
hydration and reaction products. The effect of high volumes of fly ash on
various properties of the concrete such as the modulus of elasticity, shrinkage
and creep, as well as permeability were also discussed.

INTRODUCTION

Research has been conducted on the replacement of high volumes of Portland cement by fly
ash in structural grade concrete at CANMET since 1985 [1,2,3,4]. Termed high-volume fly ash
(HVFA) concretes, these materials are proportioned to contain more fly ash than Portland
cement. From the perspective of their application for structural purposes, the most significant

features of these concretes relate to their economy of production, mechanical properties, and
durability.

Traditionally, fly ash content for structural concrete has been limited to about 20 to 25% of the
cementitious materials. Codes and standards in many countries still set maximum limits of fly
ash content for structural concrete. For concrete with 20 to 25% of fly ash, most of the fly ash
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will generally react as a pozzolanic material. In the latest revision of the American Concrete
Institute Building Code for Reinforced Concrete (ACI 318), fly ash and other pozzolans are
recognized as a component of cementitous material when calculating water/cementioious
materials ratio. In HVFA concrete, however, pozzolanic reaction of fly ash may not be
complete because the fly ash content is relatively high in proportion to cement., A part of the
fly ash may remain in the system even after a long time of curing. This may affect
microstructure and various properties of HVFA paste, and consequently properties of HVFA
concrete.

Previous investigations by CANMET have shown that HVFA concrete has excellent
mechanical properties and durability [2,3]. The concrete has a higher modulus of elasticity,
lower shrinkage and creep, and lower water permeability compared with those made with
Portland cement of similar strength. Though considerable information is available on the
engineering properties of HVFA concretes, basic properties of these materials are not well
understood and many questions remain unanswered.

This paper presents information on the effect of fly ash on the microstructure of HVFA paste
and how the microstructure affects the crack pattern and the stress-strain relationship. Based
on this information, it was proposed that the HVFA paste may be considered as a composite
material with fly ash particles as reactive microaggregates embedded in a matrix of hydration
and reaction products. For information on the chemical factors of the HVFA system, reference
is made to a paper by Berry et al. [5].

EXPERIMENTAL

An ASTM Type I cement and two types of fly ashes, a Class F ash from Georgia and a Class
C ash from North Dakota were used in this study. Chemical composition and physical
properties of the cement and the fly ashes are summarized in Table 1. The superplasticizer
selected was a naphthalene based and was used as supplied by the manufacturer in the form
of an aqueous solution containing 41.2 % solids by weight.

Pastes with a water to cementitious materials ratio of 0.3 and a 58 % mass replacement of
portland cement by fly ash were prepared. The mix proportions and nomenclature used are
given in Table 2. The pastes, designated GB and GL, were used for the examination of
microstructure development; while those, designated E2 and E3, were used for the
determination of mechanical properties and the examination of crack modes. A reduced
quantity of superplasticizer was employed in Mixtures E2 and E3 in order to reduce bleeding
in the larger specimens required for the testing of the mechanical properties.

After mixing, the paste samples for the examination of microstructure were sealed in plastic
vials (about 25x40 mm) and cured at 21°C. The paste samples for the examination of crack
propagation were also cast in the plastic vials, but were cured in lime saturated water after
demolding until the time of testing. For the determination of stress-strain relationships,
specimens (50x150 mm cylinders) were prepared. Pastes from Mixtures E2 and E3 were
demolded after 3 days and cured in lime saturated water at 20+3°C until the time of testing.

The microstructure of the pastes was examined after 1, 7, 28, 56, 90, 180, and 365 days of
curing using a Philip 515 scanning electron microscope (SEM) operating in a secondary
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Table 1. Chemical and Physical Properties of Cements and Fly Ash
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Cement Class F Class C
ash ash

Physical Tests
Specific gravity 3.14 2.23 2.45
Fineness

-passing 45um, % 94.9 78.6 72.7

-specific surface, Blaine, m*/kg 376 221 239
Compressive strength of 51 mm cube, MPa

-3-day 31.5

-7-day 34.5

-28-day
Pozzolanic Activity Index, % 84.5 87.7
Chemical Analyses, %
Silicon dioxide (SiO,) 19.20 53.64 46.20
Aluminum oxide (Al,0,) 5.79 2742 15.60
Ferric oxide (Fe,0,) 2.03 7.74 7.70
Calcium oxide (CaO) 63.48 2.88 14.93
Magnesium oxide (MgO) 2.52 0.99 4.34
Sodium oxide (Na,O) 0.33 0.38 5.52
Potassium oxide (K,0) 1.16 242 1.86
Phosphorous oxide (P,0;) 0.10 0.34 0.18
Titanium oxide (TiO,) 0.28 1.66 0.74
Mangnese oxide (MnO) 0.06 0.02 0.03
Sulphur trioxide (SO;) 3.50 0.37 1.72
Loss on ignition 2.61 1.49 0.45
Total 101.06 99.35 99.27
Bogue Potential Compounds
Tricalcium silicate C,S 63.65
Dicalcium silicate C,S 7.03
Tricalcium aluminate C;A 11.91
Tetracalcium alimonoferrite C,AF 6.18

Table 2. Mix Proportions of the Pastes

Nomenclature Type of fly Fly ash content (%) | W/C+F SP content (% of
ash C+F)
GB (E2) Class F 58 0.3 1.2 (0.5)
GL (E3) Class C 58 0.3 1.2 (0.5)
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electron image (SEI) mode. The SEM was equipped with a Link exL energy dispersive X-ray
analyzer. For the examination of the paste samples, fragments were taken from the center of
each specimen such that all surfaces were free of the mold wall impression. Hydration was
arrested by freeze-drying. The samples were coated with gold for the examination.

Selected paste samples were also examined by scanning electron microscope in a backscattered
electron image (BEI) mode using polished sections. To prepare samples for BEI examination,
a fragment of paste free of the mold wall were embedded and vacuum impregnated in a low
viscosity epoxy resin’. The specimen was then polished using a series of diamond grits,
finishing with 0.25 um. Alcohol was used as a lubricant and coolant for cutting and polishing
to avoid further cement hydration and dissolution of hydration products.

Samples for the examination of crack path were obtained by splitting cylinder specimens along
the vertical diameter to introduce a crack path. A section of the sample containing a segment
of the crack path was then embedded in epoxy and polished as described above.

All the polished specimens were coated with carbon and examined in a JEOL JSM 6400
scanning electron microscope.

The stress-strain relationship of the pastes under uniaxial compression was determined after 28,
56, 90, 180, and 365 days of curing. Three specimens for each mixture were tested using an
MTS 815 system. Before testing, cylinders were cut to a length of about 120 mm by removing
a portion from each end. The ends were then ground to make them parallel. The load was
applied at a constant axial strain of 15 pe/sec. Signals from the load cell and axial linear
variable differential transformers (LVDTs) were scanned every 3 seconds and the data stored
digitally.

RESULTS AND DISCUSSION
Microstructure

1. Paste with the Class F fly ash

Fig. 1 shows a micrograph of the paste cured for 1 day. Fly ash particles appear to be acting
as sites for growth and deposition of C-S-H and sulphoaluminate (AF,) hydrates produced
through cement hydration with little evidence of significant reaction of the fly ash itself. By
7 days, circular deposits are noted in localized regions of some fly ash particles (Fig. 2).
Etching of glassy materials is also visible on some ash particles (Fig.3).

By 28 days, many ash particles show etching of glassy material from the boundaries of crystals
(probably mullite) oriented in the plane of the particle surface and in circular regions
surrounding crystals oriented perpendicularly to the particle surface (Fig. 4). Also by 28 days,
deposits of material, oriented radially to the fly ash surface, are observed as boundary zones
around some ash particles (Fig. 5).

At various ages beyond 28 days, typical reaction products of round, toroidal plates, with

* Epofix resin (Struers)
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Fig. 1. SEM micrograph of a part of a fly ash
particle from the paste with Class F fly ash
cured for | day. The fly ash particle appears to
be covered partly by C-S-H and ettringite (AFt)
hydrates.

Fig. 2. SEM micrograph of the paste with Class
F fly ash cured for 7 days. Circular deposits
are noted in localized regions of the fly ash
particle on the left side of the picture,

Fig. 3. SEM micrograph of the paste with Class
F fly ash cured for 7 days showing etching of
glassy material on the ash particie in the center
of the picture.

Fig. 4. SEM micrograph of a part of a fly ash
particle from the paste with Class F fly ash
cured for 28 days. It shows etching of glassy
materials from the boundaries of crystals
oriented in the plane of the particle surface and
in circular regions surrounding crystals oriented
perpendicularly to the particle surface.

compositions consistent with C-S-H, and a well defined hexagonal crystalline form were seen
in the indentations formed by fly ash particles which were removed during fracturing (Fig.6).
Because of the relatively small size of the hexagonal plates and the fact that most of them were
embedded partly in the matrix of hydration products, it is difficult to determine their chemical
composition by energy dispersive X-ray analysis.
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Fig. 5. SEM micrograph of the paste with Class
F fly ash cured for 28 days showing deposits of
material, oriented radially to the surface of the
fly ash particle in the center of the picture, as
a boundary zone around the ash particle.

Fig. 6. SEM micrograph of an indentation
formed by a fly ash particle removed during
fracturing. The paste was made with Class F
fly ash and cured for 56 days. Reaction
products in the indentation comprise round,
toroidal plates with compositions consistent
with C-S-H and plates with a well-defined
hexagonal crystalline form.

The electron microscopic examination reveals evidence for extensive ash reactions. However,
it must be noted that even at 365 days, large proportions of the paste comprise spherical
(though extensively etched) ash particles embedded in hydration products. These particles,
though mostly etched, retain the spherical morphology typical of fly ash.

Figures 7 and 8 show backscattered electron images from the paste cured for 28 and 180 days,

Fig. 7. Backscaltered electron image (BEI) of
a polished section of the paste with the Class F
fly ash cured for 28 days. There appears to be
a porous zone around some fly ash particles,
manifested as black rings around fly ash
particles in the BEIL.

Fig. 8. Backscatiered electron image of a
polished section of the paste with the Class F
fly ash cured for 180 days. Significant
densification has taken place at this age,
although residual fly ash particles remain in the
system.
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respectively. At 28 days, there appears to be a porous zone around some fly ash particles,
manifested as black rings around fly ash particles in the BEL By 180 days, significant
densification has taken place, although residual, typically spherical fly ash particles remain in
large quantities in the system. Compared with the condition after 28 days, the microstructure
of the paste is more unified and the hydration and reaction products are more evenly distributed
in the system in general. The porous zone around the fly ash particles appears to have densified
substantially, although some regions of higher porosity persist.

The observation of a porous zone between fly ash particles and the matrix of hydration and
reaction products suggests that the bonding between these two phases may be weak at early
ages of curing. Subsequent densification of these regions indicates that bonding may improve
as curing continues. This improvement would increase the resistance to splitting stress, reduce
the deformation under load, and increase the modulus of elasticity.

2. Paste with the Class C fly ash

For the paste containing the Class C fly ash, most of the fly ash particles were covered by a
layer of fibrous CSH on the surface with ettringite filling porous spaces (Fig. 9) at 1 day. It
is, therefore, difficult to determine whether there are reactions of the fly ash itself. Signs of fly
ash reaction were visible at 7 days. A typical reaction product for this fly ash was a fibrous
deposit oriented radially around the fly ash particles. X-ray analysis indicates that the deposit
consists mainly of calcium and silicon, sometimes also aluminum. As the size of fly ash
particles decreased with hydration and reaction, the radiating fibers probably grew inward to
fill the space. It appears that the connection between the reaction products and the fly ash
particles was relatively weak, thus many pits as shown in Fig. 10 were observed, where fly ash
particles were probably pulled out from their original locations during the preparation of the
sample. The observation is in agreement with that of Grutzeck et al. [6].

Fig. 9. SEM micrograph of the paste with the Fig. 10. SEM micrograph of the paste with the
Class C fly ash cured for 1 day. Most of the Class C fly ash cured for 7 days showing a pit
fly ash particles were covered by a layer of where a fly ash particle was probably pulled
fibrous CSH on the surface with ettringite out from its original location during the

filling porous space. preparation of the sample.
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Fig. 11. SEM micrograph of the paste with the
Class C fly ash cured for 365 days. Some of
the fly ash particles appear reacted completely,
so the radially fibrous reaction product had

Vol. 25, No. 6

Fig. 12. Backscattered electron image of a
polished section of the paste with the Class F
fly ash cured for 28 days with the fracture path
shown on the right side of the picture. Crack

grown inward filling the space originally
occupied by the fly ash particle itself (e.g. "A"
and "B").

propagation deviated around fly ash particles.

Even by 365 days, there were still a large quantity of residual fly ash particles remained in the
system. However, some of the fly ash particles appear reacted completely. The radially fibrous
reaction product thus had grown inward filling the space originally occupied by the fly ash
particle itself (Fig. 11).

It seems that the distribution of hydration and reaction products was relatively uneven in the
system with this fly ash. Some areas appear very dense, while others relatively porous. Even
by 365 days, ettringite could still be observed filling some porous space. This indicates a low
mobility of the reaction products and may be attributed to a quick early hydration and reaction
of the fly ash, which may hinder subsequent hydration and reactions as well as distribution of
the hydration and reaction products.

The backscattered electron images of the paste with the Class C fly ash also show the relatively
porous zone between the fly ash particles and the matrix of the hydration and reaction products
as that observed in the paste with the Class F fly ash.

Crack Pattern

Baldie and Pratt [7] examined Portland cement paste with introduced cracks. They found that
for portland cement pastes, crack propagation passes almost exclusively through calcium
silicate hydrate and Ca(OH),, making significant deviation around unhydrated cement particles.
They also observed that the rims of inner calcium silicate around C,S appear to be strongly
bonded to the underlying C,S, whereas not well bonded to C,S and interstitial material. They
suggested, therefore, that the unhydrated cement cores may act as "microaggregate" in cement
paste. However, microcracking was not observed at the immediate core/hydrate bond. In
concrete, the aggregate/mortar matrix is believed to be the nucleation site for microcracks
which coalesce to form a macro-crack as fracturing progresses.
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The fracture of the fly ash pastes has some features in common with Portland cement pastes,
but also has their own characteristics. Crack propagation generally deviated around fly ash
particles (Fig. 12). In some circumstances, the surface layers (outer regions) of the fly ash
particles were fractured as well. This may simply be because of a higher porosity in the outer
region of certain fly ash particles as a result of hydration and reactions. By 365 days, crack
paths were straighter than those at early ages due to, at least partly, a reduced size of the fly
ashes, though cracks still deviated around fly ash particles.

In the HVFA pastes, fly ash particles are generally much harder, stronger, and of a higher
modulus of elasticity than the matrix of hydration and reaction products because of their glassy
nature. The difference of the modulus of elasticity between two phases in a material generally
causes stress concentration when the material is subjected to various loadings.

As an example, Fig. 13 shows a general model of stress distributions in concretes as two-phase
composites with a coarse aggregate particle embedded in a continuous mortar matrix when they
are subjected to compressive loading. The stress distribution is determined primarily by the
relative modulus of elasticity between the two phases. Under the condition where the
interfacial zone between the aggregate and the matrix is weaker than either the aggregate or
the matrix, if the modulus of elasticity of the aggregate is higher than that of the matrix, tensile
stress will develop in the interfacial zone. If the tensile stress exceeds the tensile strength,
cracks will deviate around the aggregate (Fig. 13(a)). If the modulus of elasticity of the
aggregate is lower than that of the matrix and the interfacial zone, tensile stress will develop
immediately above and below the aggregate and, therefore, cracks will often go through the
aggregate (Fig. 13(b)). The magnitude of this tensile stress is influenced not only by the elastic
modulus of both phases but by the size of the aggregate as well.

Ex>Em Ex <Ep
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Fig. 13. General model of the stress distribution
when two-phase composites with a spherical
inclusion embedded in a matrix are subjected to
compressive loadings. Ea=modulus of elasticity
of inclusion; E_=modulus of elasticity of
matrix [8].
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The fracture pattern observed in the fly ash pastes is consistent with a weak bond between fly
ash particles and the matrix of hydration products discussed in the previous section.
Alternatively, the same type of fracture might result from the fly ash particles having a higher
modulus of elasticity than the matrix of hydration products. Such differences in modulus of
elasticity would cause stress concentrations in the bond area discussed above. For the high
volume fly ash pastes, it is probable that both weak bonding and stress concentration effects
operate simultaneously. In either case the fly ash particles appear to function as microaggegates
in the paste. Thus, the HVFA paste may be considered as a composite material microscopically.

Stress-strain relationship

The shape of the stress-strain relationship is generally related to physical characteristics as well
as internal microcracking of materials. Because of such a relationship, a stress-strain curve may
be used as a means to determine indirectly the homogeneity of the material and some
characteristics of the fracture.

Figure 14 shows typical stress-strain curves for concrete, its aggregate component, and its
cement paste component with a compressive strength of about 35 MPa as an example. The
stress-strain curve of the aggregate shows linearity to failure, consistent with its generally
homogeneous nature. The stress-strain curve of the cement paste is similarly linear to about
90% of its strength, indicating good homogeneity. The stress-strain curve of the concrete, being
inhomogeneous, deviates greatly from linearity at the stress less than 50% of the strength. This
deviation from the linearty has been related to the bond cracks between coarse aggregate and
mortar matrix [10].

The stress-strain curves (Figs. 15 and 16) for the two HVFA pastes examined indicate that both
pastes behave as non-homogeneous materials.

Compared with that of the Portland cement paste of similar strength (see Fig. 14), the stress--
strain curves for the paste with the Class F fly ash (Fig. 15) and the paste with the Class C fly

50
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/Aggxe@te
30 ,/

s
/94

0 1000 2000 3000

Stress (MPa)

Fig. 14. Stress-strain relations for cement paste,
aggregate, and concrete [9].
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Fig. 15. Stress-strain curves for the paste with the Class F fly ash at 28 and 365 days.

ash (Fig. 16) are less linear and begin to deviate at about 65-70 % and 60-65 % of the ultimate
strengths at 28 days, respectively. This is probably related to the increase of cracks between
the fly ash particles and the hydrates with the increase of loading. With further curing, the
stress-strain curves become steeper, and deviate from linearity at higher stress/strength ratios
(~85% of ultimate strength at 365 days for both pastes) indicating an improvement of bond and
densification of the matrix. The densification of the matrix of hydration and reaction product
as well as the leaching of substances from the fly ash particles with time may reduce the
difference in the modulus of elasticity, and consequently reduce the stress concentration
between the fly ash particles and the matrix of hydration and reaction products. The reduction
of such a stress concentration, together with the improvement of bonding between the fly ash
particles and the matrix explains the higher stress levels at which stress-strain curves deviate
from the linearity for the HVFA pastes at later ages.
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Fig. 16. Stress-strain curves for the paste with the Class C fly ash at 28 and 365 days.
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Proposed model of HVFA paste as a composite

A composite material is defined as a solid which is made by physically combining two or more
existing materials to produce a multi-phase system with different physical properties from the
starting materials. Some chemical interactions often occur in the process, so that one phase may
differ from the starting materials, but in many cases the phases remain substantially unchanged.
In addition, an interface may be formed at the phase boundaries, which may differ from the
starting materials.

The microstructure and the crack pattern, together with the evidence of the deviation of the
stress-strain curves from linearity indicate that the HVFA pastes may be considered as
composite materials microscopically. Fly ash particles in the HVFA pastes may act in part as
reactive microaggregates embedded in a matrix of hydration and reaction products. In addition,
there is an interfacial zone between the fly ash particles and the matrix, which is more porous
and weaker than either the fly ash particles or the matrix of hydration and reaction products.

The proposed model may be used to explain some observed properties of HVFA concretes, for
example, the higher modulus of elasticity, lower shrinkage and creep, as well as lower water
permeability [4].

The modulus of elasticity of a composite is dependent on the modulus of elasticity of each
component, the bond between them, and the relative volume of each component. The
improvement of the bond between the fly ash particles and the matrix makes the fly ash
particles become a more effective part of the material. Therefore, the HVFA paste would have
a high modulus of elasticity due to the contribution of high modulus of elasticity of the fly ash
particles. As concrete can be considered as a composite material with coarse aggregate bonded
together by mortar; mortar with sand particles bonded by cement paste; Portland cement paste
with unhydrated cement particles embedded in the matrix of hydration products; or HVFA
paste with fly ash particles embedded in the matrix of hydration and reaction products, the
higher modulus of elasticity of the HVFA concrete compared with portland cement concrete
of similar strength observed by Carette et al. [2] may be attributed to the high modulus of
elasticity of HVFA paste.

Another effect of fly ash particles as microaggregates with a higher modulus of elasticity than
that of the matrix of hydration and reaction products is the restriction of deformations such as
drying shrinkage and creep of the HVFA pastes. Consequently, the shrinkage and creep of the
HVFA concrete may be reduced. Data on the drying shrinkage and creep reported by
CANMET [2] supported this concept.

According to reference [4], the HVFA concretes showed a very low water permeability. For
the HVFA concretes, in addition to the pozzolanic reaction normally considered to contribute
to the low water permeability, there may be several other factors affecting the resistance of
concrete against water intrusion. As discussed before, fly ash particles have a glassy nature and
are generally much denser than surrounding hydration and reaction products. Even though the
density and the size of the fly ash particles were reduced with continuous curing, the density
of the remaining fly ash particles may still be higher than that of the matrix of hydration and
reaction products. With the continuous hydration and reactions of the HVFA pastes and the
improvement of the bond between the fly ash particles and the matrix, the fly ash particles
become more effective inclusions in the system. This may contribute positively to the
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resistance of the HVFA concretes against water intrusion. Also since a part of the paste volume
may be occupied by fly ash particles even after a long term curing, the hydration and reaction
products are required to fill a much smaller space compared with that of Portland cement paste
of similar strength. This may be another factor contributing to the good resistance of the HVFA
concrete against water intrusion. It is unclear at this stage, however, whether the interfacial
zone between coarse aggregates and mortar matrix is improved by the incorporation of high
volume of fly ash in the concrete, which is an important factor affecting the resistance of the
concrete against water intrusion.

Overall, the HVFA pastes behave as composite materials that are subjected to changes in terms
of the nature, quantity, and properties of the various phases as curing progresses.

SUMMARY AND CONCLUSIONS

Based on the limited number of experiments conducted, the following conclusions can be
drawn:

(1) For the HVFA paste with the Class F fly ash, indications of leaching and reaction of the
fly ash were observed initially at 7 days, however, even after 365 days of hydration and
reaction, there still exist residual fly ash particles and calcium hydroxide in the pastes. Typical
reaction products around the fly ash were round, toroidal plates with compositions similar to
C-S-H and hexagonal plates.

(2) For the fly ash paste with Class C fly ash, signs of fly ash reaction were also visible at 7
days. A typical reaction product around this fly ash was a radially fibrous material. The
chemical composition of the material consists mainly of calcium and silicon, sometimes also
aluminum.

(3) A region develops around the fly ash particles which appears to be the reaction products
of fly ash. This zone of reaction products appears porous under the SEM, which indicates that
the bond between the fly ash particles and the matrix of hydration and reaction products is
relatively weak. The level of porosity, however, appears to be substantially reduced at later
ages.

(4) For the pastes with the fly ashes, crack propagation generally deviates around the fly ash
particles. This is consistent with the bond between fly ash particles and the matrix of hydrates
being weak and/or the higher modulus of elasticity of the fly ash particles compared to the
matrix of hydrates.

(5) Compared with that for the Portland cement paste of similar strength, the stress-strain
curves for the HVFA pastes are less linear and begin to deviate at about 60-70% of the
ultimate strength at 28 days.

(6) Fly ash particles in HVFA pastes appear to act in part as reactive microaggregates.
Overall, the HVFA pastes behave as composites microscopically that are subject to changes
in terms of the nature, quantity and properties of the various phases as curing progresses.
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