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Featured Application: Geopolymers formulated with different types of natural fibers with im-
proved mechanical proper-ties can be obtained and used in civil engineering applications.

Abstract: The performance of different natural fibers (hemp, kenaf and bamboo) used to formulate
composites with an alkali-activated matrix based on metakaolin is evaluated. Short fibers were
randomly dispersed up to about 3% of the binder weight, and the fresh and cured properties of the
derived composites were determined. Up to the investigated fraction, it is still possible to obtain
adequate workability without the supply of additional water or additives. Upon modification with
fibers, the mechanical behavior changes from completely brittle to pseudoplastic with increased
toughness. The flexural strength increases by up to 80% at the highest bamboo amount and up to
20% for kenaf. Hemp fibers have a negligible effect on flexural strength but strongly improve the
materials” toughness. Moreover, the addition of fibers does not change the manner in which the
material interacts with moisture. Indeed, the water uptake of the modified samples was comparable
to that of the unmodified samples, and the composites showed a decreased rate of water diffusion as
the amount of fiber increased.

Keywords: geopolymer; natural fibers; mechanical properties; pseudoplastic behavior

1. Introduction

Geopolymers represent a possible way to reduce the environmental impact caused by
building materials based on traditional binders. While they possess promising mechan-
ical properties, i.e., compressive strength, they suffer from extreme brittleness and from
limited dimensional stability. These features, as well as the absence of a well-established
standardization, presently limit the application of these materials in civil engineering,
although some commercial applications have already been reported [1]. In order to over-
come this problem, a common strategy is to modify the material through the addition of
fibers [2-5]. Synthetic fibers, either organic (PVA, PP, carbon) or inorganic (basalt, steel),
have been used. The possibility to insert recycled fibers has also been tested in order to in-
crease the environmental benefits [6,7]. A further alternative is to insert renewable natural
fibers of different origins [8-11]. Among these, flax has been frequently studied [12-15],
as has bamboo [16-19]. Other types have received less attention, such as cotton [20,21],
hemp [22,23] and kenaf. The use of natural fibers may cause some problems related to
their hydrophobicity, porosity and the presence of incoherent material on their surfaces. In
some cases, pretreatments have been made in order to overcome these problems, although
this increases the overall economic and environmental impact of the process [24-28]. An-
other problem related to the use of natural fibers as substitutes for synthetic fibers is the
variability of the chemical composition, which affects the final mechanical properties. In
the present paper, for the first time, the effects of three different types of natural fibers
inserted in an alkali-activated matrix based on metakaolin on fresh and cured properties
have been compared. Bamboo, kenaf and hemp fibers have been selected to modify a
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geopolymeric matrix based on metakaolin. The fibers were not submitted to any specific
surface treatments, and the composites have been cured at a low temperature, which is
the most favorable condition to minimize the environmental impact. Their effects on the
workability, microstructure, mechanical properties and dimensional stability have been
investigated. A comparison among the different types of fibers is performed, and an
attempt to link the results to the fibers’ characteristics is made. Moreover, concerns related
to the stability of the natural fibers in relation to moisture have been expressed. Indeed,
durability is a key aspect in view of the final application of these materials. Accordingly, a
test based on moisture permeation has been carried out to get a preliminary evaluation of
the mortars” durability.

2. Materials and Methods
2.1. Materials
2.1.1. Binder

Metakaolin (Argicem, France) with dqg = 4.815 um, dyg = 40.778 pum, dop = 117.829 pm
was used as binder. The chemical composition (wt%) is the following: SiO, 68.8, Al;O3 27.0,
Fe; O3 2.6 and CaO 1.2.

2.1.2. Activators

An 8 M water solution of sodium hydroxide (NaOH reagent grade Carlo Erba, Milano,
Italy) and sodium silicate solution (NaySiOs, Ingessil, Verona, Italy), a viscous liquid
produced for the cement industry with a water content of 57 wt% and a SiO, /Na,O ratio
of 3 were used as alkaline activators.

2.1.3. Fibers

Bamboo fibers (Phyllostachys iridescens species from Italy) deprived of the parenchymal
fraction by a mechanical method and by soaking in a 0.1 N NaOH solution, 6 & 1 mm
long and 0.8-2.0 mm thick were prepared. Bast kenaf fibers (Hybiscus cannabinus from
Liberia) with a length of 7 + 2 mm and thickness between 0.2 and 0.8 mm, as well as bast
hemp fibers (Cannabis sativa L. from the Netherlands), were used as the other types of
reinforcement. Figure 1 reports the morphology of the three fibers.

Figure 1. Morphology of the bamboo (a), kenaf (b) and hemp (c) fibers.

The bare fibers were submitted to a thermogravimetric analysis in a nitrogen at-
mosphere at 10 °C/min, from room temperature to 850 °C, using a PerkinElmer TGA7
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(Perkin Elmer, Waltham, MA, USA) apparatus (gas flow 40 mL/min). Before testing, sam-
ples were kept overnight at 50 °C. The test was performed to investigate the composition
of the investigated reinforcements in order to try to explain their different behaviors.

2.2. Composites Preparation

The mix compositions are reported in Table 1, where the labelling code, hereafter
used to classify the composites, is also included. Mixing was performed by first adding
sodium hydroxide to the metakaolin and subsequently pouring the silicate into the vessel.
After 3 min of stirring, fibers were added to the paste, followed by deionized water. The
whole procedure lasted for 10 min. Composite workability was obtained according to a
mini-slump test. Mixed components were cast in a truncated conical mold with a circular
base (40 mm of diameter at the bottom, 20 mm of diameter at the top and 60 mm of height).
After mold removal, the area of three collapsed, uncured composites was evaluated for each
composition. The amount of deionized water used in all formulations was kept constant.
Consequently, the workability was changed upon the addition of fibers. However, the
rheology of the mortars still allowed specimens to be cast in the molds without the creation
of macroscopic defects. Prisms (15 x 20 x 75 mm) were prepared for flexural tests. Steel
jolts were applied to the same specimens in order to evaluate their dimensional stability.
Squared specimens (50 x 50 x 50 mm) were used for compression tests, and cylinders
(25 mm diameter, 60 mm high) were used for water absorption and water permeability
tests. Composite specimens were kept in polyethylene bags at 23 & 2 °C for 24 h. After
demolding, they were stored in sealed polyethylene bags at 23 4+ 2 °C and 90 + 5 RH%
until testing.

Table 1. Composition and labelling of the investigated composites.

Sample Code Metakaolin Na,SiO3; + NaOH Water Fibers wt% *

Metakaolin MTK-0 100 15+15 5 0 0.00
Metakaolin + 1%Kenaf Kel 100 15+ 15 5 1 0.73
Metakaolin + 2%Kenaf Ke2 100 15+15 5 2 1.46
Metakaolin + 3%Kenaf Ke3 100 15+ 15 5 3 217
Metakaolin + 1%Hemp Hel 100 15+15 5 1 0.73
Metakaolin + 2%Hemp He2 100 15+15 5 2 1.46
Metakaolin + 3%Hemp He3 100 15+15 5 3 217
Metakaolin + 1%Bamboo Bal 100 15+15 5 1 0.73
Metakaolin + 2%Bamboo Ba2 100 15+15 5 2 1.46
Metakaolin + 3%Bamboo Ba3 100 15+15 5 3 217
Metakaolin + 4%Bamboo Ba4 100 15+ 15 5 4 2.88

All amounts are expressed in grams. * Last column shows the wt% fiber amount in the composite.

2.3. Characterization Tests
2.3.1. Water Absorption

The amount of absorbed deionized water at room temperature and atmospheric
pressure was determined following the EN 772-21 Standard on cylinders (six samples,
25 mm diameter, and 60 mm high) at 28 days of curing. A Sartorius balance Model CP225D
(Sartorius, Gottingen, Germany) was used.

2.3.2. Mechanical Tests

Three-point flexural strength tests as well as compression tests were performed at
a speed rate of 0.5 mm/min with a Wolpert 4000 kN test machine (Wolpert, Neu Ulm,
Germany), at 23 £ 1 °C and 65 & 10 RH%. The span length for the flexural tests was 70 mm
with a support radius of 2 mm. At least three samples were tested in flexural mode and six
for compressive mode after 28 days of curing at 23 £ 2 °C in sealed plastic bags. Apart
from the reported parameters, the procedure followed the instructions of the EN 196-1
Standard, which is formulated for Portland cement composites.
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2.3.3. Water Permeability

The water permeability of the composites was evaluated, following the EN 15801
Standard, on three cylindrical specimens with 25 mm diameters and 60 mm lengths,
cured for 28 days at 23 & 1 °C. A Sartorius balance Model CP225D (Sartorius, Gottingen,
Germany) was used to evaluate moisture absorption as a function of time.

2.3.4. Dimensional Stability

The dimensional stability testing was performed according to the ASTM C1012/C1012M
Standard on three prisms (25 x 20 x 75 mm) cured at 25 °C and 35 &+ 5 RH%.

2.3.5. Microstructure

A microstructural analysis was performed by means of scanning electron microscopy
(SEM XL20 type, FEI Instruments (FEIL, Hillsboro, Oregon, USA)) on unperturbed fractured
samples obtained after the flexural test and metallized under vacuum with aluminum.
Operating conditions were set at 20 kV and the vacuum condition was below 10~* Torr.

3. Results and Discussion

Table 2 reports the composition of the different fibers, as derived from the TGA re-
ported in Figure 2. The results enable the investigation of the fibers’ compositions. After a
first weight loss deriving from the loss of water molecules, two overlapping peaks appear
from 180 °C to 350 °C, deriving from hemicellulose and cellulose decomposition. After-
wards, at higher temperatures, the degradation of the lignin fraction takes place [29-33].

Table 2. TGA data of the fibers.

Fibers Tiax Moisture Pectin and/or Cellulose Lignin  Residue
Q) (%) Hemicellulose(%) (%) (%) (%)
Kenaf 388 ~4 ~10 ~74 / 12
Hemp 363 ~3 ~12 ~48 ~14 23
Bamboo 339 ~3 / ~60 ~10 26
100 0
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Figure 2. TGA (a) and dTGA (b) profiles of the fibers.

Figure 3 reports the relative workability of the fresh composites after the mixing stage,
i.e., the ratio between the slump of the composite and the slump of the bare matrix. Since
the water amount was unchanged, the addition of fibers reduced the slump values. As can
be seen, the behavior of bamboo fibers is different from those of hemp and kenaf. A limited
decrease in workability takes place as the amount of fibers increases, and consequently,
a higher amount of added fiber was achievable (4 wt%). In kenaf and hemp modified
materials, after a slight decrease in workability at the lowest amount (1 wt%), a large drop
takes place at 2 wt% loading. This may be related to the formation, at this amount, of a
3D structure, i.e., a connected medium among the single fibers that constrains the matrix
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flow induced by the slightly different morphology of the fibers. Nevertheless, it should be
underlined that despite the reduced workability of the composites, it was still possible to
cast all of the specimens without the visible creation of macro-porosities.
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Figure 3. Relative workability of the investigated composites.

This last macroscopic evidence was further supported by the results of the water
absorption test reported in Figure 4.
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Figure 4. Absorbed water as a function of the fiber amount.

Water absorption is generally accepted as an indication of the overall open porosity
of materials. Indeed, all samples, except Ba4, show a comparable or even lower amount
of absorbed water (and, therefore, of the overall porosity) as compared to the metakaolin
matrix. It should be considered that the matrix is a porous medium, as determined by
mercury intrusion porosimetry [7]. The substitution of a porous phase, i.e., the matrix,
with a less porous one, the fiber, decreases the overall porosity. In theory, a contribution
to the overall porosity could derive from the scarce adhesion of the organic fibers to
the inorganic matrix. However, this effect, if present, should be limited. Consequently,
a positive interaction of the fibers with the matrix, leading to the creation of a quite
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continuous transition zone between the two phases, can be proposed based on the mutual
presence of hydroxyl groups in both phases. The progressive increase may derive from air
bubble entrapment.

Figure 5 reports the flexural strength of all investigated materials. A linear increase is
found for bamboo and kenaf samples, the positive effect being stronger for the bamboo
samples (about 80% for bamboo and about 20% for kenaf at the highest amount). Hemp
samples show, instead, an almost constant value with a slight positive effect at the highest
content (5%). Although it is difficult to compare these data with the existing literature,
ceteris paribus, in similar metakaolin systems, [34] a comparable increase was obtained by
the addition of sisal and pineapple fibers.

OBamboo & Kenaf OHemp

Flexural strength (MPa)
-1
——

0 1 2 3 4

Fiber amount (wt%)

Figure 5. Flexural strength of the investigated materials.

Figure 6 shows the fracture surfaces of the broken samples, highlighting the morphol-
ogy of the fibers. All of the fibers appear to be quite embedded in the matrix without
the presence of large porosities at the interface or spherical-shaped porosities deriving
from entrapped air during the mixing stage. Bamboo and kenaf fibers show some matrix
fragments still adhering while the surface of hemp fibers is rather clean. Bamboo fibers
also show evidence of disaggregation caused by the tensile breaking.

The plot of the applied force vs. the midspan deflection for the reinforced 3 wt%
samples is shown in Figure 7. From the completely brittle behavior of the unmodified
sample, after fiber addition, the mechanical behavior becomes pseudoplastic. The effect is
more intense in the kenaf and hemp samples. Indeed, the average absorbed energy for the
specimens is reported in Figure 8 as a function of fiber content.

As to the compression tests, the addition of fibers does not significantly alter this
parameter (Figure 9). A slight increase in compressive strength takes place at the lowest
wt%, but as wt% increases, the positive effect levels off and He3 specimens show a 20%
decrease in compressive strength. This is, however, lower than the decrease in strength
reported elsewhere [35], although with a higher fibers’ content. A similar trend has been
found in other papers concerning the modification of natural fibers [17,36,37].
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Figure 7. Force vs. displacement for 3 wt% samples and the unmodified matrix.
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Figure 8. Absorbed energy for the different composites during the flexural test.
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Figure 9. Compressive strength of the investigated materials.

The dimensional stability of the unmodified material and of all the samples containing
a 3 wt% of fibers is reported in Figure 10. As can be seen, an increase in stability is obtained,
and this effect is independent of fiber type. Since measurements began 24 h after mortar
casting, dimensional stability on the fresh state was not included in the experiment. Thus,
the positive effect may be even higher than the reported one.

Finally, the results concerning water permeability are shown in Figure 11. The plot
concerns all of the 3 wt% samples, and the square root of time is reported on the x-axis.
After an initial linear trend, common to all samples, an asymptotic value is reached. At
the longest investigated times of the experiment (20 days, not reported in the figure), the
values were still constant, confirming Fickian behavior of all materials, i.e., no swelling
phenomena taking place, leading to a continuous increase in the absorbed water. Contrary
to what could be expected, the modified samples have a lower absorption rate than that of
the bare matrix.
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Figure 11. Water uptake of the plain matrix and the samples at the highest amount of fibers.

This result confirms again that the fibers and the interface between the fibers and the
matrix do not create a preferential path for water diffusion. Indeed, the subtraction of a
small volume of porous matrix by the fiber substitution creates a slightly impervious path
to water diffusion. The final water uptake of modified samples is lower than that of the
MTK sample, and this agrees with what was previously found in the water absorption test
(Figure 4).

As a general consideration, the addition of all of the investigated fibers has, apart
from workability, a positive effect on the investigated properties, or they at least do not
compromise the geopolymer performance. However, the influence is different when the
type of fiber is considered. Bamboo fiber-modified composites have stronger mechanical
properties than hemp ones, a feature reflected by the flexural and, albeit partially, compres-
sive strength. Contrarily, hemp fibers provide the highest toughness but do not increase
compressive and flexural strengths. Kenaf samples have intermediate behavior. The adhe-
sion between fiber and matrix plays a fundamental role. Strong interaction between the two
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phases increases the maximum sustainable load, but the energy dispersion should derive
mainly from the pull-out effect after the matrix failure. Hemp has the highest amount
of the fraction containing pectin. This incoherent matter may decrease the interlocking
between fiber and matrix, favoring energy dissipation through the pulling-out process
instead of the breaking event that should affect bamboo fibers. A correlation between the
mechanical properties and the amount of cellulose is, however, not evident. This feature is
lacking, also, in the existing literature but deserves further investigation by techniques able
to characterize the chemical composition of the external surface of the fibers, such as the
infrared technique. Moreover, a quantitative investigation of surface roughness by atomic
force microscopy (AFM) could improve the understanding of the pull-out mechanism in
the different fibers.

4. Conclusions

The addition of all of the investigated fibers has positive effects on the materials’
properties. Although the mortars” workability is decreased, samples’ casting can be ob-
tained without the use of additives. The flexural strength of samples modified by kenaf
and bamboo increases up to 80% and 20%, respectively, in the best conditions. A general
increase in toughness and dimensional stability is observed, regardless of fiber type. The
contribution to the compressive strength is not relevant. Moreover, fiber addition does not
increase the permeability of water, a feature that should not compromise the durability
of the composites. Further studies are needed to establish a robust correlation between
fibers” composition and the mechanical contribution to the composite materials as well as
long-term tests to evaluate the materials’ durability as a function of time and environmental
conditions. Indeed, all types of investigated fibers contribute to making up for the main
problems related to geopolymer matrices in civil engineering, which are brittleness and
low dimensional stability.
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