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Summary of Doctoral Dissertation

Title of Doctoral Dissertation:

Experimental Study on Reactivity of Pyroclastic Flow Deposit called Shirasu and its Practical Use as
Cementitious Material

Name: Dhruva Narayana Katpady

Utilization of unused natural resources like volcanic ash and recycling and reusing of industrial wastes as

construction material is the major aim of the research. Shirasu, which is a pyroclastic flow deposit, is used

as one of the binders in mortar or concrete and also as fine aggregate from the view points of effective use

of unused natural resource and CO, free material. In this study, following three types of new materials are

developed in which Shirasu and additionally, recycled wastes like gypsum and fly ash are used;

(1) Study on pozzolanic reactivity of Shirasu as a cement replacement material is done by using fine
particles of Shirasu (size under 150pm) with different replacement ratios.

(2) The research on permeable pavement using Shirasu as fine aggregate with recycled gypsum from used
plasterboards as one of the binders is done.

(3) Geopolymer mortar is made with Shirasu of size under 75um as aluminosilicate source, and mixture of
NaOH and Na,SiOs solutions as alkaline activators to study the reactivity of Shirasu in polymerization
reaction.

Chapter 1

Cement industry produces about 5% of global man made CO, emissions and its production process also
releases volatile heavy metals which are hazardous in nature. Cement used in concrete construction and
pavement materials in practice also leaches out harmful heavy metals and other chemicals. Utilization of
pozzolans in concrete can solve the problems involved in use of cement in concrete. Pozzolans not only
improve quality of concrete and extend service life of structures but also reduce CO, emission significantly.
Therefore, in this study unused natural resource called Shirasu is used in production of new construction
materials. Shirasu is a natural pozzolanic material that chemically reacts with calcium hydroxide to form
compounds possessing cementitious properties. Shirasu is utilized as binder material and also as fine
aggregate in different construction materials from the view point of sustainable concrete. This chapter
explains the experimental strategy on development of new construction materials using Shirasu.

Chapter 2

This section explains the natural condition of Shirasu deposit. Shirasu is sandy but porous material with
large amount of very fine particles and has 80% of volcanic glasses in its mineral composition. The
properties of Shirasu are presented in this chapter based on type or location of deposit. Past researches on
Shirasu as fine aggregate in concrete (called as “Shirasu concrete”) confirmed Shirasu’s pozzolanic
reactivity and consequently showed long term durability of the concrete concerned to chemical attack in
harsh environments. It is expected that Shirasu as cement replacement material in concrete may also have
the same properties exhibited in Shirasu concrete where Shirasu is used as fine aggregate. Based on the past
researches on effective use of Shirasu, the present study is carried out to examine the behavior of Shirasu as
cement replacement material, fine aggregate and also as aluminosilicate source in geopolymer.



Chapter 3

Study on pozzolanic reactivity of Shirasu as binder is done by using fine particles of Shirasu of size under
150pum. Mortars with fly ash as binder are also made for comparative study. Two types of Shirasu and fly
ashes each (having different properties) are used in the research as binders. Three types of water binder ratio
(here-in-after called “W/B”), i.e., 40%, 50% and 60% are set and replacement ratios of Shirasu or fly ash are
fixed at 10%, 20% and 30% for each W/B. From the experiments on compressive and bending strength tests
with the material age, Shirasu/fly ash replacement of 10% with W/B=40% has the highest strength up to 1
year curing period. As the replacement ratio increases, there is decrease in strength for both Shirasu and fly
ash mortars. The compressive strength of fly ash mortars is higher than OPC and Shirasu mortars at 91 days
of curing period. But at longer curing periods (1 year), Shirasu mortar has almost equal strength when
compared to fly ash mortar confirming the long term pozzolanic reactivity of Shirasu. Shirasu as cement
replacement material in mortar has higher reactivity, and the strength of mortar is expected to increase at
much longer durations of curing beyond 1 year and to gain higher than the one of ordinary Portland cement
mortar. Also, strengths on mortars with mix proportions considering water absorption of Shirasu are almost
similar to that of mortars with mix proportions without considering water absorption. Shirasu is porous, but
pores in fine particles are lesser which results in lesser water absorption. Therefore, when using fine
particles of Shirasu as binder, it is not necessary to consider water absorption.

Chapter 4

Permeable pavement is a sustainable material and technique that allows the movement of storm water
through the surface and reduces runoff. In addition to reducing runoff, they effectively trap and filter
pollutants from the water. Previous researches have been carried out on permeable pavement where cement
is used as binder and sand as fine aggregate and is practically used. However, harmful chemicals can be
leached out from cement used in permeable pavements. To solve the problems encountered in ordinary
pavement materials using cement and to effectively utilize unused natural resource and recycled materials, a
study on permeable pavement using Shirasu as fine aggregate with recycled gypsum as one of the binders
for permeable pavement is done. Two types of Shirasu are used as fine aggregates and permeable pavements
are made with different mix proportions. In the case of mix proportions with variation in gypsum,
percentage of Shirasu is maintained at 75% of total weight of mixture while the gypsum/binder ratio is
varied. In addition, the pavements with the mix proportions in which gypsum/binder ratio is kept constant at
15% and Shirasu percentage is varied from total mixture are also examined. Strength and permeability test
results are compared with target values based on the data of good permeable pavement with commercial
materials to obtain the optimum replacement levels of gypsum and Shirasu ratio. From the experimental
results, both strength and permeability of the mortar reach target value when gypsum/binder is 15% or more.
Whereas, in the case of mix proportion with variation in Shirasu ratio, the target value is reached when
Shirasu ratio is 75% or less. Consequently, the most suitable mix proportion and construction methods for
permeable pavement using Shirasu and recycled gypsum can be proposed. Past researches confirmed that
Hexavalent chromium is leached from cement used in permeable pavement. Therefore in this research
permeable pavement using gypsum and/or magnesium oxide as binders with Shirasu as fine aggregate is
attempted and hexavalent chromium leached from the specimens are analyzed. Though the permeable
pavements made of cement is observed to leach hexavalent chromium from the experimental results, the
combination of gypsum and MgO as binders and Shirasu as fine aggregate is observed to leach very less
amount of hexavalent chromium.

Chapter 5

Geopolymer is a product of polymerization reaction of an alkali activated aluminosilicate material under
high temperatures. The long chain polymers have high strength and resistant to chemical attack and fire.
Extensive researches have been carried out on fly ash and metakaolin based geopolymers and it has been
confirmed that fly ash geopolymer is much stronger and durable than metakaolin geopolymer. Therefore, in



this study, geopolymer mortar is made with Shirasu of size under 75um as aluminosilicate source and
mixture of NaOH and Na,SiOs solutions as alkaline activators, and the properties of Shirasu geopolymer
mortar is compared with fly ash (Blaine specific surface area of 3990cm?/g) based geopolymer. Also, other
aluminosilicate sources like volcanic ash and Shirasu balloon (which is prepared by rapid heating of Shirasu
under fluidized sand bed furnace) are tried to use. River sand or Shirasu is used as fine aggregate. Mix
proportions with W/B of 40%, 50% and 60% are set for all geopolymers. Polymerization takes place at high
temperatures. Therefore, specimens are heat cured in different temperature conditions and performance of
Shirasu geopolymer mortar is compared with other geopolymer mortars. From the experimental
investigations, the compressive strengths of Shirasu and fly ash geopolymers show different characteristics
each other, though the strengths of all geopolymer mortar increase with increase in temperature of curing. It
is thought that silica and hydroxide balance in the mixture affects the reactivity in polymerization reaction
and strength gain. Therefore, silica to hydroxide ratio (“Si/OH”) is also considered in mix proportions of
Shirasu or fly ash based geopolymer. From the results, peak compressive strength is obtained in both
geopolymer mortars with mix proportions based on Si/OH and, it is suggested that Si/OH is one of the
important parameters to be considered in geopolymer mix proportion. Therefore, for a specific
aluminosilicate source, optimum Si/OH can be selected including other parameters like as paste volume and
ratio of aggregate to aluminosilicate source. The overall results of the experimental study on geopolymer
mortars show that fly ash has much higher reactivity in polymerization reaction. This is attributed to the fact
that Shirasu is a natural deposit which has undergone various environmental changes and may contain
impurities. Shirasu particles may not be easily available for dissolution process during polymerization
though the long term strength of Shirasu geopolymer would be comparable to fly ash one.

Chapter 6

Based on the experimental results, the present study can be summarized as follows;

(1) In the study on pozzolanic reactivity of Shirasu, even though higher strength is observed in fly ash
mortars at early ages, Shirasu mortars almost attains the same strength as fly ash at 1 year of curing
period, confirming Shirasu’s long term pozzolanic reactivity and strength gain. The development of
strength of Shirasu mortar is expected even at extended curing periods of more than 1 year.

(2) In the experimental study on permeable pavement using Shirasu as fine aggregate and gypsum as one of
the binders along with cement, gypsum replacement of 15% and Shirasu ratio of up to 75% is possible
to reach the target values of strength and permeability. This allows utilization of large amount Shirasu
as fine aggregate. Shirasu as fine aggregate also helped in attaining good permeability due its porous
nature.

(3) Shirasu in geopolymer gave considerably good results as well as of fly ash ones. Difference in strength
characteristics of geopolymer is attributed to the fact that the properties of aluminosilicate sources differ.
Silica to hydroxide balance in the mix proportion is found to be one of important factors. Optimum
Si/OH can be selected for a particular aluminosilicate source and by varying some of the parameters like
paste volume and aggregate to aluminosilicate source ratio.

Utilization of Shirasu as one of the binders relatively reduces cement content, total heat generated and cost.
Shirasu as cement replacement material in mortar has long term pozzolanic reaction. The strength is
expected to increase with extended period of curing and to improve the service life of structure. Shirasu as
replacement material not only improves the long term strength gain, but also reduce greenhouse emissions.
Since concrete with no cement is also possible in geopolymer using Shirasu, significant reduction in cost,
energy and CO; can be achieved. Hence, unused natural resource like Shirasu can be successfully used in
producing construction material which contributes to sustainability of concrete and environment.



