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ABSTRACT
The main purpose of this study is to investigate, through experimental testing the utility and efficiency of using
volcanic ash with other source materials as a binder for civil engineering applications. Volcanic ash powder
from YEMEN was used as the principle source of aluminusilicate. Investigation of the effect of replacing
volcanic ash by different source materials namely rice husk ash, fly ash, silica fume, and GGBS with a
percentage of 0%, 10%, 20%, 30%, 40%, and 50% was done. The Alkali activators used in this study were
sodium hydroxide (NaOH) mixed with sodium silicate (Na2SiO3) in the ratio of 2.5 and the concentration of
sodium hydroxide was 8 M. The geopolymer concrete specimens were casted and tested for 28 days at
ambient temperature. From compressive strength results, replacement of volcanic ash by 50% GGBS gave
greater strength (52MPa). Further investigation was done for the mixture of 50% volcanic ash and 50% of
GGBS for mechanical properties, sorptivity, water absorption and microstructure by using SEM. Hence, the
study concludes that volcanic ash – GGBS geopolymer concrete can be used for the development of a
sustainable construction material to replace OPC for the production of economically and echo-friendly
geoplymer concrete.
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1. INTRODUCTION
Concrete is the most popular material for construction on earth. It is widely known that the
production of Portland cement consumes considerable energy and at the same time contributes a
large volume of CO2 to the atmosphere. However, Portland cement is still the main binder in
concrete construction prompting a search for more environmentally friendly materials. The
contribution of Ordinary Portland Cement (OPC) production worldwide to greenhouse gas emissions
is estimated to be approximately 1.35 billion tons annually or approximately 7% of the total
greenhouse gas emission to the earth’s atmosphere [1].
Geopolymer is such an alternative construction material which can act as a binder replacing cement.
Geopolymers are members of the family of inorganic alumino-silicate polymer synthesized from
alkaline activation of various aluminosilicate materials or other by-product materials like fly ash,
metakaoline, blast furnace slag etc. [2]. It mainly makes use of waste or by-product substances like
fly ash, metakaolin, silica fume, and rice husk ash which are cheap and will reduce environmental
pollution to a large extent.
The amorphous nature of volcanic ash due to its high non-crystalline silica content accounts for the
dissolution of this material in alkaline solution. This led to the idea of using volcanic ash for the
development of strengthened structural materials by dissolution, polymerisation and polycondensation. It is reasonable to assume that volcanic ash, which is an amorphous alumino-silicate, will
form geopolymers similar to metakaolin or fly ash. The present work investigated volcanic ash as an
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alternative raw material for geopolymer structural products. Among the raw materials investigated
up to now for geopolymerisation, metakaolin has been identified as the alumino-silicate with the
highest release per weight of both silicate and aluminate even after only a few hours in alkaline
solution [3].
2. OBJECTIVES






To assess the optimum mix proportion of geopolymer concrete with resource material replaced in
various percentages by volcanic ash.
To assess the strength development, namely compressive strength, flexural strength, modulus of
elasticity of the optimized mixtures.
To investigate some durability properties such as water absorption, and sorptivity of the
optimized mixtures.
To study the microstructure aspects of geopolymer concrete for different source materials using
Scanning Electron Microscopy (SEM)

3. EXPERIMENTAL PROGRAM

An experimental program has been planned. Samples of each and every constituent material are
tested in the laboratory for their physical properties. The casting and testing of volcanic ash-based
geopolymer concrete specimen were done according to the specification followed for ordinary
Portland cement concrete.
3.1 Materials

The materials used in present investigational study are volcanic ash ,rice husk ash, fly ash, silica
fume, and GGBS as source material, aggregate (coarse and fine), alkaline liquid (sodium hydroxide
and sodium silicate), superplasticizer, and water. The properties of materials used are presented in
details in tables below.
Volcanic Ash

Volcanic ash used in this work comes from the volcanic deposit of Hamdan, SANAA – Republic of
Yemen located N 15° 21' 7.3044''andaltitude 1250 meters (Near the capital city of Yemen).This
volcanic ash is currently used by a local cement industry (Ammran Cement Industries) aspozzolanic
materials in blended cement.
Table-1Physical and chemical properties of volcanic ash
Properties
Experimental values
CaO
10.558

SiO2
45.009

Al2O3
15.856

Specific gravity
Bulk density, g/cc
2.77
1.67
Oxide composition (% by mass)
Fe2O3
SO3
MgO Na2O
K2O
P2O5
11.007 0.034 9.486 3.653 1.131 0.426

Color
black
TiO2
2.40

LOI
1.0

Ground Granulated Blast Furnace Slag (GGBS)

GGBS is the by-product of the manufacture of the iron and steel manufacture. For the present
investigation GGBS was obtained from JSW steel plant, Bellary, Karnataka. The physical and
chemical properties of GGBS are supplied by manufacturer and found satisfying the values as per IS:
12089-1987 as given in table-2.
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Table- 2 Physical and chemical properties of GGBS

Specific gravity

Bulk density, g/cc

Fineness,m2/kg

2.88

1230

375

Soundeness Le-chatelier
expansion (mm)
1.6

Oxide composition (% by mass)
CaO

SiO2

Al2O3

Fe2O3

SO3

MgO

Na2O

P2O5

LOI

40.3

35

10

1.3

2.39

8

0.15

0.6

1.8

Rice husk ash (RHA)

Rice husk ash is one of the agricultural wastes and pozzolanic material .for the present study rice
husk ash was obtained from Galaxy Agro Industries – Nizamabad the specific gravity and bulk
density were 1.91and 0.3 g/cc respectively. The physical and chemical properties of Rice husk ash
are given in table (3).
Table-3 Physical and chemical properties of Rice Husk Ash
Properties
Experimental values
CaO
0.55

SiO2
95.58

Specific gravity
Bulk density, g/cc
1.97
0.3
Oxide composition (% by mass)
Al2O3
Fe2O3
0.56
0.43

Color
black
MgO
0.4

Silica Fume

The commercially available silica fume obtained from local market (shown in figure 3.4) was used in
this study. The physical properties and chemical composition of silica fume is given in the following
table - 4.
Table-4 Physical and chemical properties of Silica fume
Properties
Experimental values
CaO
SiO2
2.25
90.58
*Provided by Manufacturer
Fly Ash

Specific gravity
Bulk density, g/cc
2.163
1.08
Oxide composition (% by mass)*
Al2O3
Fe2O3
MgO
2.77
1.43
1.14

Color
dark
LOI
1.14

For the present study fly ash used conforming to ASTM class F and obtained from KTPC Kaktpally
thermal project. Fly ash passing 90 micron sieve was used.The physical properties of the fly ash were
tested in the laboratories of Osmania University whereas chemical properties were tested IICT,
Tarnaka, Hyderabad. The properties tested were found to satisfy the code provisions of IS 3612-2003
as given in table-5.
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Table-5 Physical and chemical properties of fly ash
Properties

Specific gravity

Experimental values

2.08

SiO2
0.52
Aggregates

Fe2O3
4

Al2O3
33.9

Bulk density, g/cc

Fineness, m2/kg

1.16
290
Oxide composition (% by mass)
CaO
MgO)
TiO2
K2O
1.2
0.81
0.27
0.83

Colour
Cream white

SO3
0.4

K2O
0.83

LOI
1.45

The aggregates are the main components of the concrete.Local aggregates, comprising coarse
aggregates of size 20mmand fine aggregates, in saturated surface dry condition (SSD) condition were
used
Alkaline Activators
A combination of sodium hydroxide and sodium silicate was used in this study. Both of these
chemicals are commercially available in the local market. The alkaline liquid should be made prior to
one day before mixing due to the huge amount of heat generated while mixing NaOH and Na2SiO3.
Super plasticizer
Superplasticizer is used in the production of geopolymer concrete to improve workability of concrete
mixtures. Conplast SP 430 was used.
3.2Mixture Proportions
The mix design described in previous section was followed. Five geopolymer mixtures were
prepared by varying the ratio of (FA, SF, GGBS, and RHA) quantity. The quantity of alkaline
activator and the aggregate content were kept constant for all mixtures. Superplasticizer and the
water were added according to the mix design data outlined in section. The proportioning of
ingredients was conducted based onthe weight method. The mixture proportions of geopolymer
concrete are given in Table-7.
Table-6 Mix Proportion of Geopolymer concrete
Replacement
of(FA,RHA,SF,GGBS)

0%
10%
20%
30%
40%
50%
3
3
3
3
3
[Kg/m ] [Kg/m ] [Kg/m ] [Kg/m ] [Kg/m ] [Kg/m3]

Volcanic ash

384

384

307.2

268.8

230.4

192

(FA,RHA,SF,GGBS)

0

38.4

76.8

115.2

153.6

192

Coarse aggregate

1185.6

1185.6

1185.6

1185.6

1185.6

1185.6

Fine aggregate

683.4

683.4

683.4

683.4

683.4

683.4

Sodium hydroxide

54.85

54.85

54.85

54.85

54.85

54.85

Sodium silicate

103

103

103

103

103

103

3.3 Preparation of Alkaline Liquid
The alkaline activator was a combination of sodium silicate and sodium hydroxide solutions. Sodium
hydroxide solution of 8M concentration was prepared by mixing 97-98% pure pellets with tap water.
The sodium silicate was added to enhance the formation of geopolymer precursors or the
polymerization process .The mass of NaOH solids was measured as 8×40 = 320 grams per litre of
NaOH solution of 8M concentration. Sodium silicate solution with SiO2to Na2O ratio by mass of 2.5
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(SiO2=30.0%, Na2O= 11.5% and water=58.5%) was used in this study.The sodium silicate solution
and the sodium hydroxide solution were mixed together at least one day prior to use to prepare the
alkaline liquid as shown in figure-1.On the day of casting of the specimens ,the alkaline liquid was
mixed together with the superplasticizer and the extra water (if any) to prepare the liquid component
of the mixture.

Figure-1 Preparation of alkaline liquid

4. RESULTS AND DISCUSSION
4.1 Compressive Strength
Strength developments of the concrete mixtures with different replacement percentages are plotted in
Figures -2. Figure-4 shows the efflorescence phenomenon of VA-FA geopolymer concrete. Figure-5
shows bulging of VA-SF geopolymer concrete after casting.

Compressive strength MPa

60
50
40
RHA
FA
GGBS

30
20
10
0
0%

10%

20%
30%
40%
Percentage of replacement

50%

Figure-2 Compressive strength of geopolymer concrete
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Unit Weight Denisity

3000
2500
2000
RHA

1500

FA
1000

GGBS

500
0
1

2

3
4
% of replacement

5

Figure-3 Unit weights densities of different sources materials

Figure- 4 Efflorescence of VA-FA GPC



Figure-5 Bulging of VA-SFGPC

Discussion on compressive strength
 Figures-2 shows a graph plotted between different percentages replacements (x- axis) versus
compressive strength of different source materials (y-axis). Figure-3 show bar chart for different
percentages replacement (x-axis) versus unit weight densities of different source materials (yaxis).
 It is observed that 10% replacement of volcanic ash by RHA decreases 52.63% and 15% of
compressive strength and unit weight density respectively whereas 50% replacement decreases
81.57% and 21 % of compressive strength and unit weight respectively
 The variations of compressive strength and unit weight densities with different percentages of
fly ash replacement were given in table 4.1. From figure 4.1 it was observed that the maximum
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compressive strength was obtained for mix GVF3 with 70% volcanic ash and 30 % fly ash. It is
observed that 10%, 20%, and 30% replacement of volcanic ash by fly ash slightly increase the
compressive strength by 5.26%, 15.78%, and 26.31% respectively. Further replacement of 40 %
of volcanic ash by fly ash, the strength dropped marginally to 16.3 Mpa.
 Figure-4 shows formation of white salts deposits on the surfaces of specimens which is
known as efflorescence phenomenon of VA-FA geopolymer concrete. Because geopolymer
concrete contains high soluble alkali content, efflorescence can be significant matter when the
geopolymer concrete exposed to humid air or in contact with water. It is reported that
efflorescence is mainly sodium carbonate nephthahydrate (Na2.CO3.7H2O). Reasons of
efflorescence might be due to much amount of soluble salts in the concrete, bad mixing or too
much free water. Efflorescence has negative effects on the compressive strength of geopolymer
due to the mechanical influence on binder.
 Figure-5 shows bulging of specimens that have volcanic ash and silica fume content. This
phenomenon may be related to the silica fume and volcanic ash nature minerals and because of
swelling properties of their minerals during absorbing moisture. When the samples are subjected
to wetting condition, they start swelling. Swelling is due to the adsorption of water by the natural
minerals in VA-SF gel. The water molecules act against the cohesive force and tend to force the
gel particles further apart as a result of which swelling takes place. In addition, the ingress of
water decreases the surface tension of the gel.

Figure-2 shows that compressive strength of volcanic ash-GGBS geopolymer concrete get
increased as the percentage of the GGBS increased in rate of 10%,20%30%40%50% of volcanic
ash volume.
 It is observed that 10% replacement of volcanic ash by GGBS increases 10.52% and 0.17%
of compressive strength and unit weight density respectively whereas 50% replacement increases
168% and 6 % of compressive strength and unit weight respectively.
 Because of good compressive strength and reasonable setting time obtained, volcanic ash and
GGBS geopolymer concrete was selected for further investigations.
 50% replacement of volcanic ash by GGBs was selected to be investigated for mechanical
properties, sorptivity test, water absorption test and microstructure of concrete by using SEM.
4.2 Flexural Strength (As per IS: 9399-1979)
The flexural strength of volcanic ash was calculated by testing 3 specimens of two point loaded
prism with standard size of 100 mm x100 mmx500 at the age of 28 days from day of casting. The
results of flexural strength are persented in Table-7.
Table-7 Flexural strength of VA-GGBS Geopolymer concrete with 50% GGBS
S.No

Sample

Flexural strength (MPa)

1.

GVA501

5.5

2.

GVA502

5

3.

GVA503

5

Average

5.17 MPa

From the table 4.2 it shows that the average flexural strength of VA-GGBS geopolymer concrete
with 50 % of GGBs at 28 days is 5.17 MPa and the limiting value of flexural strength is 0.7√𝑓𝑐
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which is 4.49. Hence it is observed that geopolymer concrete achieved 10% more than the limiting
value from the equation mentioned above.
4.3 Modulus of elasticity (As per IS: 516-1959)
The stress - strain values of the specimens are shown in table-8 below .
Table-8 Modulus of elasticity VA-GGBS GPC with 50%GGBS
S.No

Specimen

Modulus of elasticity (N/mm2)

1.

Sample A

2 x 104

2.

Sample B

2.1 x 104

3.

Sample C

2.4 x 104
2.17 x 104Mpa

Average

The average Young’s Modulus of elasticity of 28 days for the GVA-GGBS geopolymer concrete is
2.17 MPa. A normal weight concrete usually has a Young’s modulus in range of 2.1 x 104 – 4.2 x
104 MPa. GVA-GGBS geopolymer performed a lower Modulus of elasticity than ordinary Portland
cement concrete although its compressive strength is high. It can be concluded that modulus of
elasticity relies on the microstructure of geopolmer concrete not on aggregate or volcanic ash type.
4.4 Water absorption test (As per AS 1012.21)
Table-9 shows that the average water absorption (WA) = 5.75 %.The water absorption of 50% replacement of
volcanic ash by GGBS was lower than 6% which can be classified as excellent as per AS 1012.21. Water
absorption is dependent on the mixture composition and curing.
Table-9 Water absorption of VA-GGBS GPC with 50% GGBS
Sample
GVA1
GVA2
GV3
GV4
GV5
GV6
Average

Mass of air-dried
sample (kg)
2.455
2.482
2.452
2.475
2.422
2.400

Mass of surface dried sample (kg)
2.492
2.465
2.490
2.496
2.460
2.485

Mass Oven-dried
sample (kg)
2.325
2.335
2.330
2.355
2.332
2.356

4.4 Sorpitivity test (As per ASTM C1585)
. In this research, only the initial sorptivityduring the first six hours was measured.
Table-10 Results of Sorptivitywith 50% GGBS
Sample Code
GVI
GV2
GV3
GV4
GV
`GV6
Average
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Water
absorption
6.7
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5.64
5.2
5.29
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Table-10 shows the results of sorptivity for six specimens. The initial slopes from the sorptivity
results were measured by calculating the average rate of uptake of water during the first 6 hours of
the measurement. The sorptivity of the samples of VA-GGBS geopolymer concrete containing 50%
GGBS varied in the range of 0.0761-0.0845 mm/min0.5. Based on the experimental values, the
geopolymer concrete in this research was classified as having a good quality. It was recommended
to limit sorptivity index less than 0.2000 mm/ min0.5as per ASTM C1585 to maintain its water
tightness. The same finding was also confirmed by previous researchers.
4.5 SEM (scanning electron microscopy)
SEM analysis was performed to study the pore morphology and to view the reacted and unreacted
regions of the specimen. Figures 6 to 8 present the SEM micrograph for geoplymer concrete
specimens GV50, SGV50, and WGV50, along with their EDAX traces which cured at ambient
temperature for 28 days.

Figure-6 (a) SEM image of GVA50,(b) EDX spectrum of GVA50

Figure-7 (a) SEM image of S GVA50 specimen, (b) EDX spectrum of SGVA50
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Figure-8 (a) SEM image of WGVA50 specimen, (b) EDX spectrum of WGVA50

In all the micrographs of specimens whether volcanic ash with GGBS, it depicts a microstructure
having some unreacted or partially reacted particles embedded in the Geopolymer gel.

Unlike fly ash whose particles have spheres shapes, volcanic ash particles do not have
common shapes which cannot lead to specific morphology. Figure-6a shows the micrograph of
specimen with 50 % VA and 50% GGBS. The micrograph indicates that there is a strong bond and
particles appeared as flake-like structures. A grain structure is still appeared, but the intervening
materials is of more homogenous nature with small pores and this the reason of getting high
compressive strength. EDX spectra of GVA50 shows major elements such as oxygen (O), aluminum
(Al) , silicone (Si) , calcium (Ca), and Sodium (Na). The weight percentages of the elements are
shown in figure-6b.

Figures-7 and 8 show the micrograph of specimens after sorptivity and water absorption
tests respectively. They show that the sample consist of both agglomerated and angular properties
with cracks detected along the interface. The major components found on both samples from EDX
spectra are oxygen (O), aluminum (Al), silicone (Si), calcium (Ca), and Sodium (Na) other elements
such as Mg, K, and Pb were also found in much lower quantity.
5. CONCLUSION
The following conclusions can be drawn
 With replacement of 10% to 50% of volcanic ash by rice husk ash, the compressive strength
gradually decreases from 19 MPa to 3.5MPa. Hence, rice husk ash cannot be used as an
alternative material replaced with volcanic ash due to low strength obtained, slow setting and
reduced unit weight.
 For volcanic ash and fly ash geopolymer concrete, strength increased gradually until 30%
replacement (24 MPa), while further replacement of fly ash beyond 30% showed a significant
reduction in the strength (13 MPa) beside formation of efflorescence on the surfaces of
specimens .
 It is observed that 10% replacement of volcanic ash by GGBS increases 10.52% and 0.17% of
compressive strength and unit weight density respectively whereas 50% replacement increases
168% and 6 % of compressive strength and unit weight respectively.
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 Bulging phenomenon of volcanic ash and silica fume specimens may be related to the silica fume
and volcanic ash nature minerals and because of swelling properties of their minerals during
absorbing moisture.
 The density of the GGBS-VA was in the range of 2440-2550. The values are still in the range of
normal concrete, which are 2200-2600 kg/m3.
 Mixture with 50% of volcanic ash and 50% of GGBS considered as the optimum mixture for
high compressive strength (52 MPa) in ambient curing condition with a setting time comparable
to that of OPC.
 The flexural strength of VA-GGBS geopolymer concrete at 28 days was 5.17 MPa and the
limiting value of flexural strength is 0.7√𝑓𝑐 / which is 4.49. Hence it is observed that achieved
geopolymer concrete flexural strength is more by 10%. This might be due to good bonding
between aggregate and geopolymer gel.
 The Young’s modulus of elasticity of 50%VA-50%GGBS geopolymer concrete at 28 days was
2.1x104 MPa and the young’s modulus range for a normal weight concrete is 2.1 -4.2 x104 MPa.
 Sorpitivity of 50% replacement of volcanic ash by GGBS was 0.0733 mm/min0.5 which is very
low comparing to OPC.
 The water absorption of 50% replacement of volcanic ash by GGBS was lower than 6% which
can be classified as excellent. Water absorption is dependent on the mixture composition and
curing.
 The microstructure of the optimum strength of geopolymer appeared to be homogenous and
contained the minimum proportions of unreacted volcanic ash.
 The good densification behavior, good mechanical properties and lower sorptivity and water
absorption of volcanic ash based geopolymer concrete seem to be suitable for building
application.
 The geopolymer concrete produced with different combinations of volcanic ash and GGBS are
able to produce structural concrete by ambient curing only.
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