
































Chapter 10

Summary

he main purpose of the present work has been to study the properties,
classification and testing of certain Norwegian aggregates, in particular various

types of cataclastic rocks. The aim has been to achieve a better understanding of the
microstructural properties of these rocks in relation to the alkali-reactivity, in order to
improve existing test procedures and guidelines for engineering practise. The following
chapter summarises the main content of this work, both the theoretical section (chapters
2-4) and the experimental section (chapters 5-9).

Chapter 2: The level and effects of alkalies in the concrete system are reviewed
in this chapter. The so-called "safe" minimum levels of alkalis are considered on a wide
basis, and it has been shown that many different factors have to be considered when
assessing the effects of the amount of alkalis. It is also suggested that other damaging
mechanisms should be considered when investigating AAR, particularly when there is
doubts about which damaging process is likely to be the initial mechanism in
deterioration of the concrete.

Chapter 3: The petrographic properties of various types of alkali-reactive
aggregates are considered in this chapter. The description of reaction patterns and
microstructural features of various types of alkali-reactive aggregates are exemplified
with various micrographs of thin-sections. The petrographic properties of slow/late
alkali-reactive aggregates as the classification and nomenclature of certain rocks
subjected to deformation are introduced, and the frequently used petrographic method
of measuring the undulatory extinction angle of quartz is disputed. Various aggregate
properties affecting the onset and severity of the AAR are sited, particularly the effect
of reactive particle sizes. It is suggested that the grading is an important characteristic of
the aggregate and influences many important properties of fresh concrete. With respect
to AAR different grading curves can lead to different amounts of alkalies being made
available for a given particle. The critical amounts of slow/late alkali-reactive
aggregates are introduced and discussed. Possible differences between natural
aggregates versus chrushed aggregates with regards the alkali-reactivity are discussed.
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Finally in this chapter, a new approach is introduced based on the quantity of reactive
constituents in an aggregate, rather than the volume of potentially- and alkali-reactive
particles.

Chapter 4: The necessity of reliable test methods to determine the alkali-
reactivity of aggregates is covered in this chapter. Both the method of petrographic
examination, including the Norwegian method, and the method of accelerated mortar
bar testing are discussed, in light of results obtained in this study.

It is suggested that the only way to make proper classification of slow/late alkali-
reactive rock types is by point counting of aggregate particles in thin sections. This
examination should include a full quantitative description of the microstructural
features. The semi-quantitative petrographic method applied in Norway appeared to
give suitable results regarding the amount of potentially- and alkali-reactive aggregates.
However, it is claimed that the method requires experienced petro-graphers, and it was
found that test results variability can be associated with the methodology. It is also
emphasised that the method ignores the properties of the innocuous particles, and
potential differences in reactivity between various types of alkali-reactive rocks. A new
method of petrographic examination is introduced, based on a quantitative
determination of the total grain boundary area of quartz.

The development and use of accelerated mortar bar test both internationally and in
Norway, along with various factors affecting expansion of mortar bars are also covered
in this chapter.

Chapter 5: The experimental part of the thesis starts with the first paper which
deals with the occurrence and distribution of cataclastic rocks in Norwegian
glaciofluvial aggregates. These aggregates are assessed in light of various mechanisms
and processes which were thought to be the primary cause of the high amount of
cataclastic rocks observed. It has been suggested that as a result of the intense thrusting
and faulting, cataclastic rocks are widely distributed in Norway and should thereby be
expected to occur in many glaciofluvial deposits. It is also believed that during
comminution and transportation of glaciofluvial materials, more fragile materials would
be more quickly abraded into finer fractions, leading to an enrichment (or maintenance
of a high level) of quartz bearing rocks in other fractions in the deposits. In particular
this was thought to be the case for cataclastic rocks, which have been reported to show
very high abrasion resistance.

The data processing of results of petrographic examination of glaciofluvial
aggregates, gave guidelines that cataclastic rocks are a common constituent in the
majority of the investigated glaciofluvial sediments. However the amounts of cataclastic
rocks vary between different areas, governed by the local geology.
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It was evident that glaciofluvial materials near mylonite zones showed a higher
content of mylonitic rocks in the 2 to 4 mm fraction than in the 1 to 2 mm fraction. The
opposite trend was observed for samples located more remote, in the direction of
downstream ice-movement. Relatively high amounts of mylonitic rocks, were found in
the fine fraction (1 to 2 mm) in samples taken up to 30 to 40 km downstream of the
parent rock. The occurrence of particles of cataclasite in glaciofluvial materials was
shown to follow similar trends as for the mylonite. However, the cataclasite appeared to
be enriched in the 1 to 2 mm fraction in relation to the 2 to 4 mm fraction, for regions
closer to the parent rock (fault zone) than for mylonites. This suggested that cataclasite
is less durable to mechanical abrasion than mylonite, over such particularly long
distances.

Chapter 6: In the second paper, relationships between the amount of reactive-
and potentially alkali-reactive aggregates, obtained by the Norwegian petrographic
examination, and the expansion results obtained by the accelerated mortar-bar test are
discussed. Natural aggregates, crushed stones and blends of aggregates were included in
the investigation. The established limit of critical amount of reactive rocks in aggregates
was assessed in light of the knowledge of field performance of different Norwegian
aggregate types.

It was demonstrated that the mortar-bar expansion increased with increasing amount
of reactive- and potentially alkali-reactive rocks in the aggregate. However, no linear
correlation by statistical analyses was found. It was observed a "marginal" amount of
approximately 40 percent reactive rocks in the aggregates producing an upper limit of
0.25 to 0.30 percent mortar bar expansion. No additional expansion was found with
higher content of reactive rocks in the aggregates. However as mentioned in chapter 3,
later considerations give reason to believe that a logarithmic relationship will give a
better explanation of the distribution.

The established lower limit of 20 percent reactive rocks in aggregate appeared
sufficient in most cases, however, the established lower limit was not statistically
verified.

Chapter 7: The third paper investigated the sequential development of AAR by
accelerated mortar testing, in an attempt to identify possible differences in the behaviour
of different types of slow/late expanding reactive aggregate. In association with the
expansion development, the characteristics and the sequential development of the
products at the reaction site were examined, along with the evaluation of the formation,
properties and amount of the gel reaction product.

It was found that the accelerated mortar bar test appeared to reflect satisfactorily the
naturally occurring alkali-aggregate reaction, in terms of distinguishing between
different types of reactive aggregate, and properties of the gel reaction products.
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However, for extremely slow reactive aggregates, the accelerated test might show some
limitations regarding the predictions of service life for structures.

Results implied that AAR could continue in old structures, provided that the supply
of alkalies is not exhausted or alkalies are added to the structure. Coarser aggregate
particles appeared to contribute more to the total expansion. The rate of expansion was
observed to differ in time and extension for different types of reactive aggregate.

Two main processes were observed during the reaction; a process of dissolution, and
a process of cracking. Even though the process of dissolution appeared to produce the
greater quantity of the gel reaction products, the process of cracking appears to
contribute most to the expansion.

The reaction appeared to be associated with microcrystalline quartz, in particular
with the occurrence of subgrain development. No significant signs of reaction could be
associated with coarser quartz grains dominated by extensive undulatory extinction.

Na-rich gel reaction products were observed in 14 days specimens, however, a high
CaO content gives indications of the phenomenon of regeneration of alkalies. No
relation was found between the amount of gel reaction products and the total expansion.

Chapter 8: The fourth paper started by reviewing the literature relating to three
commonly used test, the ASTM C-289 Rapid Chemical Test, the ASTM C-227 Mortar
Bar Test, and what has become the ASTM C1260-94 Accelerated Mortar Bar
Expansion Test. The experimental work in essence represented a determination of the
errors to be expected from application of the accelerated mortar bar test to a single
aggregate and the factors that influenced these errors. These factors were examined
independently by two separate laboratories, and the precision and variation of the
results obtained were discussed. The variables examined were the size of the mortar
bars, the type of measurement points employed, the precision of the aggregate grading,
the ratio of the volume of alkali to the surface area of the mortar, and the cement type
employed.

The work showed that the repeatability of the test suggested an upper bound standard
deviation of 0.0365% expansion. This figure was used to established discriminant
criteria for the recognition of the potentially damaging materials. It was evident that
diagnosis of potentially highly reactive aggregate can be made with confidence, but that
a large number of tests are required to assess marginal types. No significant differences
were found with respect to the cement type or the details of the aggregate grading. The
storage conditions were found to greatly influence the result obtained and the early age
variability appeared largely to reflect the ratio of the volume of alkali solution to the
surface area of the mortar bar. Petrographic evaluation of the mortar following the test
was assessed as essential, particularly
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where the results are marginal. Much of the uncertainty in the test results was found to
be derived from inherent aggregate variability.

Chapter 9: In the last paper, the background knowledge of cataclastic rocks from
the various test methods were considered. The microstructural features, for certain rock
types as influenced by cataclasis were determined and quantified in an attempt to
identify methods which could be adequately used for the interpretation and prediction of
the alkali-reactivity.

According to an extensive literature review, it was proposed that the most probable
mechanism for enhanced reactivity of cataclastic rocks is due to the presence of
microcrystalline quartz, and in particular to the high strain energy (dislocations)
surrounding subgrain boundaries.

The experimental results demonstrated that the alkali-reactivity for cataclastic rocks
is clearly related to the value of the total grain boundary area of quartz. This parameter
which is strongly influenced by the subgrain development, appeared to provide a better
understanding of the reactive components in these selected materials, and it was
suggested that it should be used to improve the quantitative aspect of petrographic
examination. It was also suggested that considering only the mean grain sizes of quartz,
might give unpredictable results, in particular for materials containing a high or a low
amount of quartz.



Chapter 11

Conclusion

he main conclusions regarding the properties, classification and testing of certain
Norwegian cataclastic rocks are as follows:

Petrographic examination

• Cataclastic rocks are commonly found in glaciofluvial aggregates in
southern Norway, where the amounts of cataclastic rocks are governed by
the geology in the area. Particles of mylonitic rocks might however be found
in relatively high amounts in certain aggregate fractions tens of kilometres
from their origin.

• It is proposed that the petrographic examination of slow/late alkali-reactive
rocks includes a full quantitative determination of the microstructural
features by thin-section examination. When naming alkali-reactive rock
types subjected to deformation, nomenclatures associated with fault rocks
should be used rather than standard mineralogical nomenclatures.

• A new method of petrographic examination is introduced based on the
quantitative determination of the total grain boundary area of quartz.

The accelerated mortar bar test

• It is found that the accelerated mortar bar test echoes the naturally occurring
alkali-aggregate reaction, in terms of distinguishing between different types
of reactive aggregate, and the properties of the gel reaction products.
However, for extremely slow reactive aggregate, the accelerated test might
show some limitations regarding the predictions of service life for
structures, and that a large number of tests are required to assess marginal
types of reactive aggregate.
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• The enhanced expansivity of cataclastic rocks in the test is due to the
presence of microcrystalline quartz, and in particular to the high strain
energy (dislocations) surrounding subgrain boundaries.

• The rate of expansion was observed to differ in time and extension for
different types of reactive aggregate. Coarser aggregate particles appeared
to contribute more to the total expansion.

• Two main processes were observed during the reaction; a process of
dissolution, and a process of cracking. Even though the process of
dissolution appeared to produce greatest amount of the gel reaction
products, the process of cracking appears to contribute most to the
expansion.

• No relation was found between the amount of gel reaction products and the
total expansion.

• The repeatability of the test suggested an upper bound standard deviation of
0.0365% expansion.

• Petrographic evaluation of the mortar following the test was assessed as
essential, particularly where the results were marginal. Much of the
uncertainty in the test results was found to be derived from inherent
aggregate variability.

• No significant differences were found with respect to the cement type or the
details of the aggregate grading. The size of the mortar bar however is
critical and the ratio of the NaOH solution to the surface area of the mortar
bars is critical to the amount of expansion.

Petrographic examination and the accelerated mortar bar test

• Relationships between results from the currently used Norwegian
petrographic examination and accelerated mortar bar expansion, show an
increasing expansion with increasing amount of reactive- and potentially
alkali-reactive rocks in the aggregate. Later considerations suggest the data
to follow a logarithmic distribution. The use of a critical lower limit of
amount of alkali-reactive particles in an aggregate might be adequate as a
temporary assessment of aggregate's reactivity. However an improved
classification of aggregate's reactivity should be based upon the quantitative
determination of reactive constituents rather than the volume of potentially-
and alkali-reactive particles.
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• A logarithmic relationship is observed between the total grain boundary area
of quartz, and the 14 days mortar bar expansion. The measurement of the
total grain boundary area of quartz, enhances accuracy and improves the
effectiveness of the petrographical examination as an engineering tool to
screen potentially reactive aggregates. Considering only the mean grain
sizes of quartz, might give unpredictable results, in particular for materials
containing a high or a low amount of quartz.

• No significant signs of reaction were observed associated with undulatory
extinction of quartz. The undulatory extinction of quartz is not regarded as
an adequate parameter for assessing alkali-aggregate reactivity.
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