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1. Introduction

Abstract:

Due to the significant amount of carbon dioxide gas discharged into the
atmosphere by the cement industry and the massive amounts of byproduct fly
ash also turning into a significant concern. Geopolymers are demonstrating
promise in lowering greenhouse gas footprints. The results of testing
geopolymer ferrocement elements reinforced with varying numbers of wire
mesh layers are presented in this article. The primary objective was to
investigate the flexural behavior for geopolymer ferrocement elements by
applying a uniformly distributed load by means of a layer of sand. Ferrocements
measuring 600*600*25 mm were reinforced with 0, 2, 4, 6, and 8 layers of
welded square meshes. Test results showed that first crack and ultimate loads
increase with increase in wire mesh layers embedded in the ferrocement
samples. The element with 6 layers of wire mesh displayed highest deflection.
It has been determined that geopolymer ferrocements are versatile materials
with excellent deflection capacity along with environmental sustainability.

Keywords: Geopolymer; Geopolymer Mortar; Fly Ash; Ferrocement,
Applications; Wire Mesh

Ferrocement denotes basically the employment of wire meshes plus cement mortar. Early ferrocement

applications include boats and other water-retaining structures. As described by ACI-549;

“Ferrocement is a form of reinforced concrete using closely spaced multiple layers of mesh and/or
small diameter rods completely infiltrated with, or encapsulated, in mortar. The most common

reinforcement is steel mesh”. Figure 1 shows a section of a typical ferrocement element. Ferrocements

can have a wide range of applications. Both temporary and permanent buildings have used ferrocement

in their construction [1; 2].
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Figure 1: Typical segment of ferrocement with many layers of densely packed welded wire mesh [2]

Due to the substantial quantity of carbon dioxide gas released into the atmosphere by ordinary Portland
cement (OPC) concrete, and also the fact that it is becoming increasingly problematic for power plants
to dispose of the fly ash they create as a byproduct. In this regard, geopolymers are displaying great
potential. Geopolymer concrete/mortar is still a relatively new material and has been developed as a
result of the demand for environmentally sustainable concrete for building as there is an increasing
trend towards environmental conservation globally [3].

Geopolymer is made of inorganic components (mostly industrial waste matters such as fly ash, slag,
etc.) that are pozzolanic in nature and inert until they are activated by an alkali solution during a process
known as polymerization (or geopolymerization), which produces materials with good mechanical
attributes that mostly depend on the silicate and aluminate ratio, particularly the quantity and
concentration of alkaline materials that will react with aluminosilicate to form a gel.

Compared to OPC-based concrete/mortar, geopolymers enjoy better resistance to fire, chemical (acid)
attack, corrosion of reinforcement, carbonation, permeation, frost resistance, etc. [4; 5]. These facts
make geopolymer employment as the matrix material in ferrocement applications a better alternative
to OPC in many circumstances. Hereby, it is intended to experiment on behavior in terms of deflection
for geopolymer ferrocement elements (GFEs) in this article.

Despite having many advantages over conventional ferrocement, geopolymer ferrocement is much less
widely used. This may be attributed to somewhat lack of widespread availability of basic materials. In
reality, the idea of thin elements reinforced with closely spaced continuous uniformly dispersed
reinforcing materials is definitely one of the most essential routes to impart excellent crack control to
the otherwise brittle mortar matrix, also impart outstanding flexural behavior, and aesthetics. Using
geopolymer as matrix material in fabrication of ferrocement gives us a novel material with relatively
superior durability. Geopolymer ferrocement has the potential to address the need to use an eco-
friendly solution in various applications e.g., linings, pavement slabs, entrances, decorative structures,
etc.

2. Literature Review

Geopolymer ferrocements do not have a wide array of researches upon them particularly regarding
their applications. A number of researchers have experimented on geopolymer ferrocements. Sushma
[6] studied folded and trough shaped GFEs.

Sakkarai & Soundarapandian [7] examined how fiber and layers of wire mesh affect a flat and folded
geopolymer panel's behavior.

Vinu et al. [8] carried out an experiment to determine the flexural strength of slab elements made of
hardened geopolymer concrete and reinforced with several kinds of wire meshes.
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A few other authors have also conducted experimental investigations on behavior of geopolymer
ferrocements such as Satyanarayana & Patil [9], Baskara Sundararaj et al. [10], Malathy et al. [11],
Magudeaswaran et al. [12], and Srikrishna & Rao [13]

3. Materials and Methods

Sample GFEs were prepared by installing wire-meshes in molds of defined dimensions to determine
their deflection capacity.

3.1 Materials

Fly ash-based geopolymer mortar was prepared. The geopolymer mortar was made using fly ash, fine
sand, and a sodium-based alkaline solution (NaOH+Na,SiO3). Figure 2 illustrates the geopolymer
mortar constituent components.

B
Sand

Alkaline Solution B :
= et LN

Figure 2: Geopolymer mortar constituent materials
3.1.1 Fly Ash

Fly ash of (Class F) was used as a base for geopolymer binder. The fly ash used was provided by Sika
Company and is compliant with BS EN 450 (2005) [14]. The chemical composition of the fly ash
shown in Table 1 was issued by the Scientific Research Center of Soran University. The fly ash had a
specific gravity of 2.05.

Table 1: Composition of fly ash

Element | Content (%) | Element Content (%) | Element Content (%)
MgO 3.9677 Vanadium | 0.0047 Zirconium 0.1511
Al,03 25.0776 MnO 0.0298 Niobium 0.0061

SiO; 60.1602 Fe,Os 5.5167 Molybdenum | 0.0152

P.Os 0.2506 Cobalt 0.0048 Silver 0.0030
Sulfur 0.2495 Nickel 0.0057 Tantalum 0.0085

K20 0.5423 Zinc 0.0095 Lead 0.0252

CaO 3.5760 Strontium | 0.1839 Yttrium 0.0084
TiO; 0.2035

3.1.2 Fine Aggregate

As fine aggregate, locally available natural river sand was utilized to make geopolymer mortar. To
make sure that the geopolymer mortar can penetrate the small gaps in between the wire meshes, the
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sand was sieved through sieve no. 8 (equivalent to 2.36 mm). The sand particle size distribution
depicted in Table 2 complies with ASTM C33/C33M — 18 [15].

Table 2: Fine aggregate size distribution

Sieve No. Size (mm) | % Passing | % ASTM Permissible
4 4.75 100 95-100
8 2.36 98 80-100
16 1.18 85 50-85
30 0.6 55 25-60
50 0.3 28 5-30
100 0.15 9 0-10
200 0.075 - 0-3
Specific gravity 2.4
Fineness modulus 2.17

3.1.3 Alkaline Solution

Locally purchased sodium-based solution (a combination of sodium silicate (Na,SiOs3) and sodium
hydroxide (NaOH) solution was chosen to be the alkaline activator for geopolymer mortar.

NaOH flakes of 98% purity were used to form 12 M NaOH solution. Commercially available Na,SiO3
solution with Si0,/Na,O = 2 was used with a composition of 14.7% Na,O, 29.3% SiO- and 56% water.

3.1.4 Water

The geopolymer mortar was made easier to work with by using potable tap water. 20% of the fly ash's
weight in water was added to the mixture.

3.1.5 Wire Mesh

High-quality square welded hot-dipped galvanized steel meshes of 1mm size with apertures of 20*20
mm and adhering to EN 10143 (2006) & TS EN 10346 made up the wire meshes that were employed
(Figure 3). Up to 8 layers were used. The wire-meshes were provided from Gokhangil Co. from
Ankara, Tiirkiye. The characteristics of the welded wire meshes listed in Table 3 were provided by
Gokhangil Co.
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Table 3: Characteristics of welded wire mesh

Yield Strength 319 N/mm?
Tensile Strength 400 N/mm?
Density 7900 kg/m?®
Elastic modulus 194.1 GPa
Elongation at break 24 %

Figure 3: Square welded wire meshes
3.2 Methods
3.2.1 Mix Proportions

The constituent materials used for geopolymer mortar were determined in adequate proportions.
Quantity of fly ash was set at 600 kg/m3. The geopolymer mortar mix ratios are shown in Table 4.
These ratios were ideal in accordance with various earlier studies on geopolymer mortar/concrete
based on fly ash such as in [16—18]. Extra water added for workability purposes was 20% by weight
of fly ash. This quantity of water was due to fineness of sand particles (< 2.36 mm) thus having an
increased surface area.

Table 4: Geopolymer mortar mix ratios

Geopolymer mortar Fine aggregates Sand
Fly ash: Fine aggregates 1:2

Alkaline solution: Fly ash 0.45

Sodium hydroxide molarity 12M

Na,SiOs/NaOH 25

3.2.2 Sample Preparation, Casting and Curing

For this research, square elements with dimensions of 600*600*25 mm were created (Figure 4 and
Figure 5) by means of installing differing number of square welded wire meshes in molds (Figure 6)
and thus using geopolymer mortar (Figure 7), the GFEs (Figure 8) were casted. The NaOH flakes shall
be prepared 24 hours prior to casting by dissolving in water. NaOH solution’s molarity was set at 12
M. Otherwise, similar procedure follows for preparation of geopolymer mortar as OPC mortar. The
wire-meshes were installed in 0 (control), 2, 4, 6, 8 layers corresponding to volume fractions of wire-
mesh reinforcement as 0, 0.63%, 1.26%, 1.89% and 2.51% respectively according to eq. (1) and
specific surface of 0, 25.2, 50.4, 75.6 and 100 m2/m3 according to eq. (2) provided in ACI 549.1R-18
[19]. Cover ranging from 2-5 mm in compliance with ACI 549.1R-18. The GFEs were compacted for
1 minute using a vibrating table. Total water/geopolymer solids ratio was 0.39.
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1) Vr:Nnd,E,( 1 n 1 )

4h DLong. Drrans.
A, in both directions
() Sy = v,

For square mesh, both directions are equal, so from the above equations, the following can be derived;

Nmd?,
3) v, =2

4v,
(4) ST = al
Where;

Vr = Volume fraction of reinforcement (wire-mesh), N = number of wire-mesh layers, dw = diameter
of wire-mesh, h = thickness of ferrocement element, D = center-to-center wire spacing, Sr = specific
surface of reinforcement, Ar = area of reinforcement, V¢ = volume of composite.

'

20mm c/c
600.0mm %@1mm

600.0mm

Figure 4: GFE sample model
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Figure 7: Geopolymer mortar




Eurasian J. Sci. Eng., 9(2) (2023), 160-177 Page | 167

Figure 8: Geopolymer ferrocement element

Intermittent heat curing at 60°C was employed for duration of 5 hours for 4 days totaling 20 hours. A
heating chamber was used for curing. Prior to curing, a 48-hour rest period was used to slow down the
rate of water loss through evaporation so as to prevent excessive shrinkage. The effectiveness of
intermittent heat curing has been confirmed by [20]. Table 5 shows the details of the GFE samples. A
high temperature during the early stages of curing is necessary to provide the strength needed to attain
high mechanical qualities [21].

Table 5: Geopolymer ferrocement sample details

No. of sample Sample name Thickness No. of mesh layers
1 GF25-0 25 mm 0 (control)
2 GF25-2 25 mm 2
3 GF25-4 25 mm 4
4 GF25-6 25 mm 6
5 GF25-8 25 mm 8

3.2.3 Experimental Proceedings
3.2.3.1 Setting Time

The initial and final setting durations for the geopolymer mortar used to create the GFEs were
determined using a standard Vicat instrument. The ASTM C191-08 [22] procedure was followed.
According to ASTM C191, the standard criteria for OPC pastes are that the initial setting time must be
at least 45 minutes and the final setting time must not exceed 10 hours. Depending on various
conditions, the initial setting timeframes for fly ash-based geopolymer pastes might be much longer.

3.2.3.2 Slump Test

Slump testing was done to determine the flowability and workability of the aforementioned
geopolymer mortar. Slump testing was done in accordance with ASTM C143-12 [23] guidelines.

3.2.3.3 Compressive Strength

For testing of compressive strength at ages of 7, 28 and 56 days, 12 (100*200 mm) cylindrical
geopolymer mortar samples were created. Their compressive strength was evaluated using Amsler
hydraulic compression machine (Figure 9). ASTM C39-18 [24] guidelines were followed. Capping
was done according to ASTM C617-12 [25] by using high-strength stone powder (see Figure 10).
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Figure 10: Capped cylinder samples

3.2.3.4 Split Tensile Strength

The indirect tensile strength of geopolymer mortar, used to cast GFEs, was tested using (100X200
mm) cylindrical samples. Standards outlined in ASTM C496-11 [26] guidelines for splitting tensile
strength were followed.

3.2.3.5 Flexural Behavior

The flexural capacity of the ferrocement samples were evaluated using a universal testing instrument.
To measure deflection, an LVDT device was mounted on the samples’ bottom side. Figure 11 shows
the configuration for testing the GFEs. The load was applied in uniformly distributed manner through
a layer of sand of 12 cm height on top of each GFE sample. This was achieved by placing a hollow
steel base on top of the GFE samples (see Figure 12).
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Figure 12: Uniform distribution of load by sand layer
4. Results and Discussions
4.1 Setting Time

As stated by Ghazy et al. [27], fly ash based geopolymer pastes’ ability to set is influenced by a number
of variables including the type and concentration of the activator, alkaline activation of fly ash, etc.
The silicate to hydroxide ratio in alkaline solution has a strong effect on setting time, also higher
alkaline solution to fly ash ratio significantly delays the setting process. Results for initial and final
setting times are tabulated in

Table 6. Final setting time took place shortly after initial setting time. The difference between them
was only 45 minutes. Due to the various aforementioned conditions, the setting time may have been
affected by the alkaline solution to fly ash ratio (0.45) and possibly the proportion of NaO in Na,SiOs.
The relatively high consistency of the geopolymer mortar is also a probable cause for prolonged setting
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times. Further research is necessary on setting times of geopolymer paste to fully understand the setting
process of geopolymer paste.

Table 6: Setting time results for geopolymer paste

Material NaOH Na;SiO3/NaOH Setting time (min)
molarity Initial Final
Geopolymer paste 12 2.5/1 450 495

4.2 Slump Test

The geopolymer mortar experienced a total collapse with a consistency similar to self-compacting
mortar observed. This could be attributed to the fact that geopolymer mortar consisting of fly ash (finer
than OPC) and fine sand (< 2.36 mm) in addition to relatively high alkaline solution/fly ash and 20%
added extra water by weight of fly ash. T50 and the average diameter from two separate tests were
calculated as 4.8 seconds and 660 mm respectively. The average diameter for two separate trials was
60 mm apart. The slump of the mortar is illustrated in Figure 13.

Figure 13: Slump test for the geopolymer mortar

4.3 Compressive Strength

Average compressive strength test results of cylinders for 7, 28 and 56 days are depicted in Figure 14.
The samples were heat cured intermittently at 60°C for 5 hours each day for 4 days then left at ambient
temperature. Geopolymer mortar averaged 15.5, 18.2 and 36 MPa for 7, 28 and 56 days respectively.
Figure 15 shows cracked cylinders under compression. The results showed that there is only slight
difference from 7-day to 28-day strength but the strength grew considerably from 28-day to 56-day
age.
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Figure 14: Compressive strength of geopolymer mortar

Figure 15: Failure pattern of cylinders under compression at A. 7, B. 28 and C. 56 days
4.4 Split Tensile Strength

Average split tensile strength test results of intermittently heat cured cylinders for 7, 28 and 56 days
are depicted in Figure 16. Geopolymer mortar averaged 1.1, 1.42 and 2.07 MPa for 7, 28 and 56 days
respectively. Figure 17 shows cracked cylinders under split tensile testing for geopolymer. Same
pattern can be seen from compressive test results. The 56-day result is considerably greater compared
to the close proximity of 28 and 7-day results.
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Figure 16: Split tensile strength of geopolymer mortar

Figure 17: Failure pattern of cylinders under indirect tension at A. 7, B. 28 and C. 56 days
4.5 Flexural Behavior

Weight of the layer of sand was added to the load applied on GFE samples. Results of testing the GFEs
have been tabulated in

Table 7. Load-deflection graphs are provided in Figure 18. First crack loads were recorded at the sight
of first visible crack at the underside of each sample. The deflections, denoting maximum deflections
at failure, were recorded at midspan. Maximum crack widths at failure were measured by means of a
set of crack width rulers. With the increase in number of wire mesh layers embedded in the GFEs, both
the first crack and ultimate loads went upwards incrementally. Thus, it was observed from the results
that number of wire mesh layers had direct impact on the strength of GFEs. Samples with 2, 4, 6 and
8 layers of wire-mesh saw 202.8, 394.4, 497.2 and 536.1% increase in ultimate load respectively.
Figure 19 shows percentage increase in ultimate load in terms of control sample. This was not the case
regarding maximum deflection. The sample GF25-6 with 6 layers of wire mesh displayed highest
deflection. The sample GF25-8 with 8 layers of wire mesh can be considered as possibly having a very
dense arrangement of wire meshes with spacing tight for sufficient geopolymer mortar to form a better
bond with the meshes. Despite the aforementioned fact, the GFE with 8 layers of wire mesh had highest
ultimate load and maximum deflection was still admirable. Samples GF25-2, and GF25-4 also showed
decent values in terms of deflection and load capacity.
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Table 7: GFE test results

o n o £ X c X =
S = = o S o £
s |85 |Eg|25 /82 |82 |2¢|SE
€ = < s—- | ST | EYD ) ;
Z |35 SE|°g (3% |ET = E | x$
g |ET|sg|E8 |58 |87 |£%
1 GF25-0 25 0 2.6 3.6 7 -
2 GF25-2 25 2 3.2 10.9 33 1.00
3 GF25-4 25 4 3.6 17.8 39.7 2.50
4 GF25-6 25 6 3.8 21.5 62.4 4.50
5 GF25-8 25 8 3.7 22.9 48.1 2.50
Load-Deflection
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Figure 18: Load-Deflection curves for GFEs
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Figure 19: Percentage increase in ultimate load for GFE samples
4.6 Cracking Pattern

The cracking pattern at failure was quite consistent among all the GFE samples. Figure 20 and Figure
21 show the pattern of cracking and the extent of deflection for all the GFE samples used for this
experiment. It is apparent that the sample GF25-6 had the greatest extent of deflection at middle. The
GFE without embedded wire meshes failed rather quickly after the occurrence of first crack which
tended to develop diagonally and disintegrated at failure. The region about the center of the bottom
side that was subjected to tensile (flexural) load was where the cracking for the GFEs began (with the
exception of the sample with no wire mesh reinforcing). As the deflection grew so did the number of
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cracks. At early stages of loading number of cracks increased quite rapidly whereas crack widths
increased slowly, but at the latter stages of loading the crack widths increased rapidly particularly just
before failure. The cracking pattern eventually took the shape of squares that matched the wire mesh
configuration in the samples. The GFEs underwent considerable deflections. This caused the some of
the cracks to open more and widen. The failure for sample GF25-6 occurred at the yielding and then
snapping of the wire mesh strands at the lowest position due to the high deflection causing crack
widening at this position.

Figure 20: Cracking pattern of GFE samples with A. 0 layers, B. 2 layers, C.4 layers, D. 6 layers &
E. 8 layers of wire mesh
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Figure 21: Extent of midpoint deflection of GFE samples with A. 0 layers, B. 2 layers, C. 4 layers, D.

6 layers and E. 8 layers of wire-mesh

5. Conclusion

Ferrocement is a beneficial product. It may be modified to become a potentially superior material
in present and future applications by using geopolymers as the binding medium due to enhanced
durability and readily available industrial wastes like fly ash and reduced CO2 emissions.
Using fine sand and relatively high alkaline solution to fly ash ratio resulted in a geopolymer
mortar of high consistency also causing prolonged setting times.

For compressive and split tensile test results, only a slight increment in strength occurred
between 7 and 28 days of age. In contrast, the 56-day results showed a quite remarkable jump
in strength.

The number of layers of wire-mesh employed in the ferrocement elements significantly effects
both the flexural loads at the first crack and the ultimate loads.

The ductility of the components is greatly increased by adding wire-mesh layers, going from 0
to 8 layers.
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