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Highlights:

o Two hemp fibre alkali-activated mortars (fly ash and fly ash+slag based) were examined.

« The addition of fibres, decrease the density and flexural strength, increase the water absorption rate
and compressive strength.

« Significant increase in energy absorption capacity under flexure with increasing fibre dosage.

o The initially more brittle matrix exhibited significantly higher relative toughness increase.
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1. Introduction

The construction industry is one of the largest sectors in the world contributing 23% (5.7 billion tons in
2009) of the total carbon dioxide (CO;) emissions produced by the global economics activities [1]. Because
of its huge impact, intensive efforts are directed toward the development and use of regenerative
construction design approaches along with a new generation of sustainable, low embodied carbon building
materials [2] in order to overcome the traditional take-make-dispose model.

Concrete is the most used building material on Earth. The production of concrete leads to large raw
resources consumption, high-energy demands and high pollution. The production of Portland cement, as one
of the main components of concrete, has a vast carbon footprint. Approximately one ton of CO; is released
for each ton of Portland cement clinker produced [3]. In order to improve the overall environmental
performance of concrete the amount of cement should be reduced (or completely replaced) with less
resource-demanding materials (e.g. industrial by-products such as ashes, slags) [4-5].

Alkali-activated (AA) binder is so far the most commonly researched alternative to the traditional cement-
based binder in the past decade. In AA materials, different natural and waste materials are activated using
various alkaline solutions. Waste material that is greatly used in the production of AA binder is fly ash,
which is thermal power plant coal combustion residue. It can be used as the only solid prime material within
AA binder or in combination with ground granulated blast furnace slag (GGBFS) [6-10]. Available research
results show that both types of previously mentioned AA binders can provide adequate mechanical
properties for structural concrete if properly designed and cured [9, 11-13]. Based on the AA product
formed after the activation of the solid prime materials, two different categories can be defined [14]: i)
calcium silicate hydrate gel; ii) alkaline alumino-silicate hydrate gel (also known as inorganic or geopolymer
gel). In the following, both terminologies, i.e. AA binder and geopolymer will be used, according to the
naming used in the cited literature.

Alkali-activated mortars, similarly as cement-based mortars, are so-called quasi-brittle materials, which have
low crack resistance and reduced energy absorption capacity under tensile load. The incorporation of fibre
reinforcement into the matrix significantly reduces these deficiencies of the composite shifting its behaviour
toward quasi-ductile or even ductile one with significantly improved energy absorption capacity in the post-
peak region of the stress-strain curve [15-17]. The common fibre reinforcement in AA mortars (like in
cement-based mortars) are made from steel, synthetic or glass [18-20]. These fibres are highly dependent on
virgin material resources and are extremely resource and energy-intensive to manufacture.

Due to the growing environmental awareness natural plant-based fibres, such as hemp, coir, flax, sisal, jute,
cotton, etc. have been recently increasingly considered as a possible sustainable substituent for traditional
fibres in cementitious matrices [21-29]. Because of their low price, worldwide availability, biodegradability,
renewability, small energy consumption during their production, positive environmental impact, natural
fibres are becoming more and more attractive [21, 28, 30, 31]. Natural fibres could be a viable replacement

42 for synthetic (micro and macro) fibres since they have similar geometry, tensile strength and modulus of
43 elasticity. The properties of the most common natural fibres are listed in Table 1.

if—,' Table 1. The physical and mechanical characteristics of natural fibres [32-36]

j; Fibre plant origin Fibre diameter | Tensile strength | Elastic Elongation at failure
49 [um] [MPa] Modulus [GPa] | [%]

gf{‘ Abaca 18 400-980 6.2-20.0 1.0-10

gg Bamboo 12-30 140-800 11.0-32.0 2.5-3.7

54| Coir 10-460 95-230 2.8-6.0 15.0-51.4

55 Cotton 10-45 287-800 5.5-12.6 3.0-10.0

5; Flax 12-600 343-2000 27.6-103.0 1.2-3.3

gg Hemp 8-600 270-900 23.5-90 1-3.5

60| Jute 20-200 320-800 30 1.0-1.8

61
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64
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https://www.sciencedirect.com/topics/engineering/embodied-carbon

Luffa Cylindrical 200 385 12.2 2.65
Pineapple leaf 50 180-1627 1.44-82.5 1.6-14.5
Raffia 5 148-600 12.3-36 2.0-4.0
Sisal 8-200 363-700 9.0-38.0 2.0-7.0
Wool 18-35 160-240 2.0-3.5 0.8
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One of the major challenges in the application of natural fibre composites is still the assurance of their long-
term performance (durability). In the alkaline environment of cement-based or AA matrices, natural fibres
are exposed to i) alkaline attack and ii) fibre mineralization. In the first case, natural fibres could degrade as
a consequence of dissolving of lignin and hemicellulose in the middle lamella of the fibre through the
alkaline pore water and of alkaline hydrolysis of cellulose molecules (degradation of molecular chains). In
the second case, mineralization is caused by migration of calcium hydroxide toward fibre walls and into the
fibre’s lumen [23, 37-44]. As a consequence, the composite may undergo strength reduction and loss of
toughness (overall embrittlement). The most effective way of mitigation of the natural fibres degradation in
the alkaline environment is the fibre surface protection (with sodium hydroxide, hornification, etc.) and

decrease of matrix alkalinity [45].

Table 2. Overview of published work dealing with AA materials reinforced with natural fibres

Fibres’ Fibres’ plant origin | Fibres’ dosage | Fibres’ length | Solid binders References

type [wt%] [mm]
Coconut 1 30-50 [46]
Coir 1 3 [47]
Cotton 1 10; 30 Fly ash [47-49]
Raffia 1 3 [47]

short ﬁweet sorghum 1:2:3 0-50 [50]

agasse

Bamboo 5 0-40 [51]
Pineapple leaf 3* 25 Metakaolin [52]
Sisal 3* 25 [52]
Abaca 1 [53]
Cotton 45;6.2; 8.3 Fly ash [54,55]
Flax 4.1 [56,57]
Corn husk n/a . [58]

aligned Curaua 10 ﬂa]ﬁgth ofenttlr:g . [59]
Jute n/a; 10 sample Metakaolin [60]
Luffa Cylindrical 10* [61]
Sisal 10 [59]
Flax 4;7;10 Dehydroxylated | [62]
Wool n/a halloysite [63]

oo uIaouoooabhbhbdDbD
OORAWNPFPOOONOOODUOARAWNPFPOOWONO®

wt% = weight percentage; * in volume percentage (vol%); n/a = information not available

For optimal final mechanical properties of natural fibres composites a well-chosen fibre length and dosage,
their good dispersion within the matrix as well as an optimal fibre-matrix bond is crucial. Very limited
research work is published dealing with AA materials reinforced with natural fibres (Table 2) and in
following their main findings are summarized.

Generally, with the addition of natural fibres the composites porosity increases. This is the result on one side
of the fibres’ porous structure and on the other side of the air entrapped during mixing. With increased
porosity the density of AA composite decreases and consequently its water absorption capacity increases
[49, 50, 55].

In case of compression strength of natural fibre reinforced AA matrices (pastes) an interesting different
trend than in cementitious composites were reported. With the addition of lower dosages of natural fibres
(<1.0 vol% or wt%), the compressive strength of the composite generally increases [48] and only at higher
dosages (>1.0%) it starts to decrease [47, 50, 51]. In the case of flexural strength under lower fibre
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reinforcement dosages (0.5 wt%), it was reported that the AA pastes’ flexural strength increases whereas
with a further increase of fibre dosage (to 1.0 wt%) the flexural strength starts to decrease [49]. Chen et al.
[50] reported an increase in flexural strength even under much higher fibre dosages (up to 2%) and first at
3% fibre dosage the flexural strength started to decrease.

However, the most relevant contribution of fibre reinforcement generally is in the significant improvement
of the energy absorption capacity of the material under tensile-, flexural- or impact load. Alomayri et al. [49]
showed that if fly ash-based geopolymer pastes were reinforced with 10-mm long cotton fibres in a dosage
of 0.5 wt% the toughness of the material under flexural bending (three-point bending test) increased for
60%. At a higher dosage (0.7 wt% and 1 wt%) a pure dispersion of fibres within the matrix and
consequently decrease in toughness were observed. Chen et al. [50] in contrary reported that reinforcing fly
ash-based geopolymer pastes with 1%, 2% and 3% (to the mass of fly ash) of sweet sorghum short (less
than 5 cm) fibres improved significantly the post-peak toughness of the matrix under splitting tensile load,
i.e. for up to 1100%, 1600% and 700% respectively. In terms of impact strength, it is shown that
reinforcement of fly ash-based AA pastes with both short and aligned cotton fibres significantly improves
the characteristics of the material [48, 54, 64].

The predominant part of the published research work is focusing on reinforcing AA matrices with bundles of
longitudinal aligned natural fibres and not on short discrete fibre reinforcement. Yet, these composites by
definition do not belong to the category of so-called fibre-reinforced composites [15] containing randomly
distributed short discrete fibre-reinforcement within the matrix. There is a significant difference in the
reinforcing mechanisms of the two reinforcement types, in their effect on the matrix and consequently in the
final properties of the composite itself.

Additionally, all the literature is focusing on matrices based solely on natural fibre AA pastes not containing
any (fine or coarse) aggregate. Yet, due to their limited mechanical characteristics and high costs generally
pastes (either cement-based or alkali-activated) could not be considered as potential building materials in
civil engineering applications. In order to be a possible replacement for traditional fibre reinforced concrete,
i.e. in applications where high energy absorption capacity, resistance to impact- and dynamic loading or
prevention of cracking is required (industrial floors, columns hinge area, tunnel lining, shotcrete application,
etc.), fibre reinforced AA pastes should inevitably contain aggregate also.

Motivated by this lack, this research is a first “upscale” of natural fibre AA pastes toward the development
of potential building material by incorporating fine aggregate (0.0-4.0 mm) into the AA paste. In such a way
natural fibre AA mortars were obtained which with the gradual addition of coarse aggregate could be further
upscaled toward natural fibre AA concretes.

As reinforcement fibres of industrial hemp (Cannabis Sativa L) were selected, on one side since they are the
most widely available natural fibres in the category of microfibres, are widely used as fibre reinforcement in
cementitious composites, had a long tradition in Europe, are recently increasingly recultivated, revitalized
and becoming locally available, and on the other side because there is still no work published (Table 2) on
hemp fibre reinforced AA matrices [65].

Two groups of AA mortars based on different solid prime materials, i.e.: i) fly ash and ii) a combination of
fly ash and ground granulated blast furnace slag (GGBFS) were used. So far there is no research published
dealing with fly ash/GGBFS systems reinforced with natural fibres. As fibre reinforcement short discrete
hemp fibres (dosages of 0.5 vol% and 1.0 vol%) were used and the mortars physical- and mechanical
properties in term of the density, water absorption, compression- and flexural strength, as well as its energy
absorption capacity under flexure experimentally evaluated. Additionally the composites microstructure and
the fibre/matrix interaction under scanning electron microscopy (SEM) were analyzed.

2. Experimental methods
2.1. Materials

The AA mortars tested in this study were made with locally available fly ash ("Nikola Tesla B" power plant
in Obrenovac, Serbia) and GGBFS from pig iron production at the facility “Zelezara Smederevo” (Serbia).
Two different samples of fly ash (F1 and F2), which are both by-products of lignite based coal combustion,
were collected from the power plant and used without further treatment and GGBFS was additionally
grounded to its specific surface area of 400 m#/kg (according to the Blaine test). The chemical composition
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of used fly ash and GGBFS samples was determined by X-ray fluorescence analysis and are shown in Table
3. As can be seen, both fly ash samples satisfy the ASTM-C618 [66] criteria for class F fly ash:
Si0,+AlL,O3+Fe;,03 > 70% and loss on ignition—LOI < 6% with similar chemical composition. The size
distribution of fly ash and GGBFS samples was tested using the Malvern Instruments Mastersizer 2000 and

% presented in Figure 1, whereas the specific gravity was determined according to EN 450-1 (CEN 2012) [67].
3 The average mean particle size of F1 and F2 was 16.78 um and 3.98 um respectively whereas GGBFS 15.49
4 um. The density of the two fly ashes F1 and F2 is in the same range, i.e. 1960 kg/m* and 2075 kg/m®
2 respectively, whereas the GGBFS is much higher 2880 kg/m?.
7 Table 3. The chemical composition of fly ashes (F1 and F2) and GGBFS
8
9 S|02 A|203 F6203 CaO 803 Na,O K>O MgO LOI
10 ) ) &) () () () () () (%)
1 Fl 5738 1847 589 1005 148 053 189 158 165
13 F2 61.14 19.22 435 8.32 2.21 0.36 0.66 0.01 4.68
14 GGBFS 39.88 6.68 0.97 39.34 0.20 0.42 0.61 8.61 1.23
12 *the percentage of oxides within the corresponding material was given by mass (wt%);
17 LOI - loss on ignition at 1000 °C.
18
19
50 100
21 90
22 80
23
24 = 1 — — GGBFS
25 &, 60
26 —_—
o g 50 fly ash F1
28 g D A fly ash F2
29 > 30
30 20
31
32 10
33 0 » =t
34 0.1 1 10 100 1000
35 : :
36 Particle Size [um]
37
38 Figure 1. The cumulative particle size distribution of a) fly ash F1, b) fly ash F2 and ¢) GGBFS
39
j‘i AA mortars were prepared with commercially available sodium silicate solution (28.08 wt% of SiO, and
4o 14.7 wt% of Na,O) from Serbia. Sodium silicate solution had a module of n=SiO,/Na,0=1.91 and a density
43 of 1514 kg/m®. The aggregate used in mortar preparation was river sand with water absorption of 0.385%
44 and dry density of 2670 kg/m®. The particle size distribution of sand is given in Table 4.
45 . e
46 Table 4. The particle size distribution of sand
47
48 Sieve size[mm] 0.125 0.25 050 100 200 4.00 8.00
49
gg Passing [%0] 2.19 20.31 51.06 61.38 74.38 97.31 100.00
52
53
54 In this research, primary bast hemp fibres (Cannabis sativa L) with a diameter of 8-60 um cultivated and
gg processed (through the retting process) in Hungary were used (Figure 2). Hemp fibres consist mainly of
57 cellulose (74.4%), hemicellulose (17.9%), lignin (3.7%), pectin (0.9%) and wax (0.8%) [33, 68]. The density
sg Of the fibres was 1500 kg/m® and they absorb water nearly in 2.5 times of their weight. The tensile strength
59 of hemp fibres varies significantly since it depends on the fibres cross-section, humidity, harvesting time,
28 etc. It is reported to be between 270-900 MPa [33].
62 5
63
64
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Figure 2. Bundle of hemp fibres (left) and hemp fibre image under a scanning electron microscope (right)

2.2. Mortar mix design

For the AA mortar matrices, two different types of mix designs (Table 5) in terms of density and
compressive strength were prepared. The amount of the activator to the solid prime material (i.e. 10.0 wt%
Na,O with respect to the solid prime material mass) was chosen based on the trial mixtures testing according
to the work given in Komljenovic et al. [69]. The first group of mortar mixture (denoted with FA1) was
made only from fly ash type F1, whereas the second one (denoted with FA2S) with the combination of the
finer fly ash type F2 and GGBFS (Table 5). The amount of water in the mortar was determined based on the
similar workability between the two mortar mixtures and on the additional water needed for the fibres’
uptake.

The dry hemp fibres were cut from a bundle of 10 mm in length, separated by hand before mixing and added
to the mortar matrix in two different dosages, i.e. 0.5 vol% and 1.0 vol% (volumetric percent). The two
dosages were chosen as optimal values for a compromise between mechanical properties in the hardened
state and fresh state properties such as workability and fibres good dispersion within the matrix. In hemp
fibre reinforced mixtures an additional amount of water was added according to their absorption rate. The
control (plain non-reinforced) mortar mixtures are denoted with XXX 0 while the hemp fibre reinforced

series with XXX_0.5 and XXX_1.0 for 0.5 vol% and 1.0 vol% dosage of fibres respectively (Table 5).
Table 5. Mortars mix design
Notation  Fine aggregate AA* Flyash GGBFS Water Hemp fibres
[d] o] [d] [d] [g] [0l  [vol%]
FA1 0 1350 306 450 — 70 — —
FA1 05 1350 306 450 — 70 +15** 6.25 0.5
FAL1 1.0 1350 306 450 — 70+ 30** 1250 1.0
FA2S 0 1350 306 225 225 50 — —
FA2S 0.5 1350 306 225 225 50 +15** 6.25 0.5
FA2S 1.0 1350 306 225 225 50 + 30** 1250 1.0

*AA-alkali activator; ** Additional water for fibres absorption

2.3. Specimens preparation
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Preparation of all mortar specimens was done in standard RILEM-CEM mixer [70]. First, the entire quantity
of sodium silicate solution, additional water and fly ash or fly ash and GGBFS were added to the mixer.
Then the paste was mixed for about 60 seconds at low speed (140+5 rev/min). Next step is 30 seconds of the
rest period, which is used to add sand and dry hemp fibres (followed with additional water for their uptake)
in the mixer. The mortar was then mixed for an additional 90 seconds at medium speed (285+10 rev/min).
After mixing, mortars were cast into standard prismatic mortar specimens (40x40x160 mm3), vibrated and
placed in plastic bags. After approximately one hour at laboratory conditions (temperature of 20 + 2°C and
relative humidity of 50+£5%), the specimens were placed in a heating chamber and cured 24 hours at 80°C.
After curing at elevated temperatures, specimens were further stored at standard laboratory conditions until
testing.

2.4. Experimental campaign
2.4.1. Mineralogical analysis

For mineralogical analysis, bulky mortar specimens after three-point bending tests were crushed to smaller
pieces and dried at 60 °C in an oven to the constant weight (for 3 days). The dried, still bulky material was
then ground to particle sizes bellow 0.063 mm. Such prepared powders were regarded as analytical samples
suitable for measuring X-ray Powder Diffraction (XRD) records.

To study the mineral composition of samples the powder XRD measurement was applied using an automatic
theta/theta X-ray diffractometer STOE & Cie GmbH (Germany) in a 20 range of 5-65°. CuKa radiation and
Ni filter were applied. The XRD records were evaluated by the Bede ZDS pre W95/98/NT program. The
samples used for XRD measurements were the two different AA pastes used as the matrix by the AA
mortars (FA1 and FA2S). The pastes used for XRD analysis have the same water/binder ratio as the AA
mortars but contain neither aggregate nor hemp fibres.

2.4.2. Physical properties

The physical properties of the mortars are tested at the 28 days of the specimens’ age.

The measurement of the bulk density was conducted on the six mortar prisms (40x40x160 mm3) and the
mean value is used as a representative for each mortar group. The bulk density was calculated as follows:

D [kg/m3] = M/V 1)
where M is the mass of specimens and V is the volume of specimens.

The standard ASTM C20 was adopted to calculate the water absorption. For the water absorption test
(Figure 3), six halves of the mortar prism specimens with a dimension of 40x40x80 mm?® (halves of the
specimens after 3PBT) were used. The specimens were immersed in a water bath (supported by a plastic
holder on a bottom side in order to provide a contact to water for all surfaces) at room temperature (20 °C)
for two days to reach water absorption equilibrium. Afterwards, the mean value is calculated and used as a
representative.

The percentage of the water content was determined using the following equation:

Mt [%]= (Wt-Wo) x 100 / Wo (2)
where Wt is the weight of water-saturated specimens and Wo is the weight of dry specimens.
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Figure 3. Water absorption testing
2.4.3. Mechanical properties

All mechanical tests were conducted at specimens’ age of 28 days. According to the norm ONORM EN
1015-11 (2018) [71], three-point bending tests (3PBT) on six identical prisms specimens (dimensions of
40x40x160 mm?3) were conducted and on split halves of the specimens compressive tests (on 40x40 mm?2
area) were done (in summary on 6 halves). The tests were carried out on a mechanical testing machine
Zwick/Roell Z250 with a load capacity of 200 kN, rigidity of 8x10° mm/kN at a room temperature of 21°C
and relative humidity of 50%. The 3PBT was performed under controlled displacement of 400 wm/min
(closed-loop test) in order to obtain a stable post-peak part of the curves, and compressive test with the
loading rate of 0.5 MPa/s (Figure 4).

The peak of the force-displacement (force-mid deflection) curve (Figure 5) represents the specimens’
flexural strength whereas the effectiveness of the fibres is represented by the post-peak part of the diagrams.
By the definition, the energy absorption capacity (or the toughness) of the composite is the area under the
force-displacement curve divided by the specimen’s cross-section [72, 73]. Thus, the higher the post-peak
branch of the curve, the tougher the composite is, whereas a sudden force drop accompanied with small
displacements indicates a highly brittle matrix.

Since during the tests the increment of the specimens’ energy absorption capacity beyond a 98% drop of the
maximal force was negligible, the upper limit of the integration was chosen at the deflection corresponding
to this point.

98% of Fmax

0 0.5 1 15 2 235 3
Displacement [mm]

Figure 5. A force-displacement (mid-span deflection) curve after 3PBT of a FAL1_ 1.0 specimen



©CO~NOOOTA~AWNPE

2.4.4. Microstructural analysis

To investigate the fracture surface of the samples scanning electron microscopy (SEM) VEGA TS
5130 MM, Tescan was used. SEM imaging of the sample surface was performed at an accelerating voltage
of 10 kV. In each specimen group, for the SEM analysis, the prism with the flexural strength closest to the
mean value was selected. After the 3PBTs (28 days of the specimens’ age), the samples for the SEM
analysis were taken from the fractured surface of the specimens. The pull-out trace of fibres could be tracked
only at the fractured surface. For uniformity, all SEM samples (with and without fibres) have been taken
from the fractured surface. For SEM analysis, selected fragments of the samples were immersed in isopropyl
alcohol for 24 h and then dried at 50 °C for 2 h. The samples were rinsed in acetone in an ultrasonic bath for
3 min and finally dried in a laboratory oven at 50 °C for 2 h. Prior to SEM analysis, the samples were Au-
coated.

3. Results and discussion
3.1. Chemical analysis

In Figure 6 XRD measurements of the two series of AA paste used in this study as matrices for the two AA
mortars (FA1 and FA2S) are presented.

FAl

Angle 26[°]

Figure 6. X-ray Powder Diffraction measurements of the FA1- fly ash based AA paste and FA2S- fly ash
and GGBFS based AA paste

Both samples (FA1 and FA2S) are specified by the presence of quartz (Q: SiO,), mainly coming from sand,
co-existing with minor minerals mullite (Mu: AlgSi,O13) coming from fly ash and calcite (CC: CaCO3)
which comes as a consequence of the natural carbonation of present calcium. The crystalline character of the
FA2S sample is suppressed and approved by the lower diffraction intensities of the identified minerals. This
difference is mainly distinguishable at quartz, mainly at 31.342 °20. The raised XRD record between 5 and
15° 20 indicates the occurrence of amorphous products as the result of the proceeded alkali-activated
reaction. The FA2S sample shows a larger raised XRD record within 5 and 15 °26 compared to that of FA1.
This indicates that more amorphous products are formed within the sample FA2S than in FAL. The presence
of slag in the FA2S matrix contributes to generate more amorphous products and consequently refine the
pore structure of the matrix [74]. More amorphous products within the FA2S mortar leads to its more
compact structure than in FA1 [75].

Besides, Figure 1 shows that the mortar FA2S has lower particle sizes of the solid prime materials than the
mortar FA1 which leads to the more compact structure of the FA2S with lower pores [75], which can be
seen in Figure 7.
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Figure 7. SEM images of non-reinforced FA1-fly ash based AA mortar (left) and FA2S-fly ash and GGBFS
based AA mortar (right)

3.2. Physical properties

The measured values of mortar specimens’ bulk densities are presented in Table 6 with an average value
and standard deviation of the results. In the AA fly ash-based specimens (FAL), the mortar's bulk density
ranged between 1830-1860 kg/m®, whereas in AA fly ash and GGBFS-based specimens (FA2S) was on
average 14% higher. The higher density of the solid materials (GGBFS and fly ash F2), the higher amount of
smaller particles (in range of 1-10 um, Figure 1) which could fill the spaces between larger particles, and the
lower amount of water used in FA2S mixture resulted in denser matrix compared to the FAL.

Table 6. Bulk density average value (with standard deviation) results for FA1-fly ash based AA mortars and
FA2S-fly ash and GGBFS AA based mortars

Notation Bulk density
(kg/m?)

FA1L O  1857.85(23.9)

FAL1 05 1832.77 (8.1)

FA1 1.0 1829.46 (11.5)
FA25.0 211496 (221)

FA2S 0.5 2074.66 (18.0)

FA2S 1.0 2067.43 (14.4)

With the addition of hemp fibres, a slight decrease in the bulk density of the matrix was observed. In
comparison to non-reinforced AA fly ash mortars (FA1) the density of reinforced mortars decreased by
1.34% and 1.53% for 0.5 vol% and 1 vol% of fibre dosage, respectively. A slightly stronger decreasing trend
was observed in AA fly ash and GGBFS mortars (FA2S), i.e. in case of 0.5 vol% and 1.0 vol% fibres dosage
the density decreased for 1.9% and 2.25%, respectively.

Generally, the decrease in density of fibre reinforced mortars is the result of the higher porosity caused by
entrapped air within the matrix during the mixing of fibres. Additionally, the lower density of hemp fibres
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itself compared to the density of the AA matrix results in a lower final density of fibre-reinforced
composites. However, the density decrease was still within the 5% margin for all tested specimens.
Generally, using natural fires the density of the matrices slightly decreases, regardless of the type of
composites. The matrices in the studies of Chen et al. [50] and Alomayri et al. [49] were pure pastes
containing no aggregate, the mix design was different, and the additional water needed for fibre absorption
was not equally added in all pastes. However, it can be noticed the decreasing density trend after the
addition of the short natural fibres to the mixture, as in the conducted present research. Chen et al. [50] used
short, sweet sorghum fibres (in a dosage of 1%, 2% and 3% of the fly ash mass) in fly ash-based geopolymer
pastes. The density of the plain matrix decreased by 2%, 4% and 7% when reinforced with 1%, 2% and 3%
of fibres respectively. Alomayri et al. [49] reported a much more pronounced density decrease by
geopolymer paste reinforced with 10-mm long cotton fibres, i.e. 5% and 10% for fibre dosages of 0.5 wt%
and 1.0 wt% respectively. In the case of 1.0 wt% fibres dosage, additional water was used to increase the
matrix workability that left empty pores after evaporation (during the curing period) and consequently
decreased the density of the composite.

The total water absorption (mean value and standard deviation) of mortars are shown in Figure 8. The
specimens’ water absorption capacity could be correlated to the specimens’ porosity. Water is able to ingress
in open pores that are larger than approximately 1 um, i.e. opened macropores and large capillary pores. As
these occupy the majority of the total pore volume of the material, capturing this range of pores can give a
sufficiently accurate estimation of the specimens’ total porosity.

As a consequence of the higher compactness of the FA2S matrix compared to FALl (see Chapter 3.1.
Mineralogical analysis) it has about 17% lower water absorption capacity that in turn results in its lower
porosity.

In general, the addition of fibres resulted in an increase in the total water absorption of the specimens. It is
due to the increased porosity (in range of open macropores and large capillary pores) of the matrix and due
to the relatively high water absorption capacity of the fibres itself (2.5 times their weight). The addition of
both 0.5 vol% and 1.0 vol% of fibres to the first matrix (FAL) resulted in about 23% higher water absorption
compared with non-reinforced specimens. A similar trend was noticed for the second group of specimens
(FA2S) where the addition of 0.5 vol% and 1.0 vol% of fibres resulted in 15% and 21% higher water
absorption, respectively.

The increase of the fibre dosage (from 0.5 vol% to 1.0 vol%) did not influence significantly the composites
total water absorption in neither of the two groups of mortars (FAL and FA2S), however, they are consistent
with the density trend (Table 6).
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Figure 8. Total water absorption of FA1-fly ash based AA mortars and FA2S-fly ash and GGBFS based AA
mortars

Since no results of water absorption of natural fibre reinforced AA materials is published so far in the
literature, comparison could be made only with results of cementitious materials reinforced with natural
fibres. In these materials, a similar increasing trend in water absorption capacity with the addition of natural
fibre reinforcement was reported. In Li et al. [76] the composites water absorption ratio increased by 10%
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with the addition of 0.54 wt% of 10-mm long hemp fibres. Page et al. [77] measured water accessible
porosity of cementitious mortars through vacuum saturation and obtained approximately 60% higher water
absorption by flax fibre reinforced mortars (1.0 wt% fibres, length of 12 mm) than in case of plain mortars.

3.3. Mechanical properties

The compressive strengths of both mortar mixtures are presented in Figure 9. The mean value of non-
reinforced AA fly ash specimens (FA1) was 21.79 MPa and it was considered as sufficient for low to
middle-grade structural application. On the contrary, the second group of non-reinforced mortar specimens
(FA2S) had a 48% higher compressive strength (32.24 MPa) compared with the corresponding AA fly ash
mortar specimens (FA1). In the FA2S matrix more amorphous products are generated (indicated by XRD
results, Figure 6), which refines the pore structure, enhances the compactness of the matrix and improves its
compressive strength [74]. This correlates with the obtained higher density of FA2S specimens compared to
FA1 specimens (Table 6).

Based on the basic correlation of porosity, density and compression strength of the material it would be
expected that with the addition of natural fibres the AA materials compression strength decreases (since the
porosity increase and the density decrease), similarly as in the case of natural fibre reinforced cementitious
composites are reported [25, 31, 78].

However, in FA2S mortar an interesting, different behaviour was observed. Namely, with the addition of
fibres (irrelevant from their dosage), no decrease in compressive strength at all was observed, even a minor
increase (i.e 1% and 3% for 0.5 vol% or 1.0 vol% fibres dosage respectively).

In FAL matrix in case of 0.5 vol% hemp fibres similarly, an unexpected 10% increase in compression
strength compared to the plain matrix was observed. Solely in case of 1.0 vol% fibres, a 5% decrease in
compression strength occurred.

Based on these results it seems that lower-density matrices (i.e. less compact matrix with a higher ratio of
open macropores and large capillary pores) are more sensitive to higher fibre dosages than higher-density
matrices (i.e. more compact matrix with a lower ratio of open macropores and large capillary pores) which
are able to withstand a strength decrease even at high fibre dosages. It is the result of the fact that the
compression strength is predominantly governed by the strength of the matrix itself (resulting from density
and porosity) and way less with the effect of fibres itself. Thus as denser the matrix, more pronounced of
this effect is.
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Figure 9. Compressive and flexural strengths of FA1-fly ash based mortars and FA2S-fly ash and GGBFS
based AA mortars

A similar trend was reported in the literature for AA pastes reinforced with natural fibres. Alomayri and
Low [48] showed that in fly ash-based geopolymer pastes reinforced with cotton fibres (10-mm long and
dosage of 0.3, 0.5, 0.7 and 1.0 wt%) first at 0.5 wt% of fibres the compressive strength increased by 140%
and then with an increase of fibres dosage (0.7 wt% and 1.0 wt%) the compression strength started to
decrease (by 24% and 38% respectively). This was attributed to the agglomeration of fibres resulting in their
pure dispersion within the matrix, however, it could be also due to the higher water/binder ratio (namely in
matrices with 0.7 wt% and 1.0 wt% a non-specified quantity of additional water was added).
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Korniejenko et al. [47] tested fly ash-based geopolymer pastes reinforced with coir-, raffia- and sisal fibres
(3-mm long) as well as cotton fibres (30-mm long) and reported about an increase in compression strength
even at a relatively high fibre dosage of 1.0 wt%. The compressive strength increased by 27%, 15% and 2%
(in case of coir-, cotton-, and sisal fibres respectively), and only in case of raffia fibres, a decrease by 45%
was observed. The strength decrease was believed to be the result of the pure cohesiveness between the
fibres and the matrix.

In all other works with a higher fibre dosage (>1%) a decrease in compressive strength was reported. Chen
et al. [50] showed that fly ash-based geopolymer pastes decreased the compressive strength by 9%, 17% and
26% when reinforced with short, macro sweet sorghum fibres in dosages of 1%, 2% and 3% (of the fly ash
mass) respectively. Sa Ribeiro et al. [51] also reported a decrease of the compressive strength by 50% in
metakaolin-based geopolymer pastes reinforced with 5 wt% of bamboo fibres (up to 40 mm in length).

The force-displacement (mid-span deflection) diagrams of the FA1 and FA2S mortar groups under 3PBT are
given in Figure 10. The specimens exhibited single cracking visible in the initiation of one discrete crack at

the peak and a strain-softening behaviour in the post-peak region. The peak of the curve represents the
flexural strength of the composite.
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Figure 10. Force-displacement curves under 3PBT of: a) FAl-fly ash based AA mortars (upper) and b)
FA2S-fly ash and GGBFS based AA mortars (lower)

Concerning the flexural strength (Figure 9) of non reinforced mortars, it is interesting to note that by the
FAL1 group the flexural strength is slightly higher (6.15 MPa) than by FA2S (5.85 MPa) although their
compression strength is on average 32% lower.
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Generally, in fibre reinforced composites, the addition of fibre reinforcement to the matrix does not have a
significant influence on the composite’s flexural strength since flexural strength is basically determined by
the strength of the matrix itself and the fibres becoming active in carrying stresses after the matrix is cracked
[15].

With the addition of hemp fibres, the trend of the flexural strength in FA2S mortars follows the trend of their
compression strength, i.e. only a slight increase by 9% and 2% in case of 0.5 vol% and 1.0 vol% fibres
respectively. Contrary, by FA1 mortars with the increase of fibre dosage, the flexural strength trend differs
from trend of their compressive strength and it decreases by 7% and 21% for 0.5 vol% and 1.0 vol% fibre
dosages respectively. This indicates that in terms of flexural strength a matrix with a higher density and
compactness (such as FA2S) could remain its flexural strengths even at high fibre dosages (1vol%).

In terms of the fibre dosage regarding the flexural strength of the tested composites, the 0.5 vol% seems to
be an optimal value. With an increase of the dosage to 1.0 vol%, the flexural strength decreases in both
mortar series (FA1 and FA2S).

Alomayri et al. [49] reported a similar trend in flexural strength in fly ash-based geopolymer pastes
reinforcement with cotton fibres (length of 10 mm). In the case of 0.5 wt% reinforcement, the flexural
strength increased by 12% whereas with the further increase of fibre dosage (to 1.0 wt%) the flexural
strength decreased by 1%. Under higher fibre dosages (of sweet sorghum fibres) in fly ash-based
geopolymer pastes Chen et al. [50] reported a similar trend in flexural strength. At a 1% and 2% (of fly ash
mass) fibre dosages, the flexural strength increased for 34% and 52% respectively, whereas the further
increase of the dosage (to 3%) resulted in an 8% decrease of the flexural strength. Sankar et al. [79] reported
a 67% increase in flexural strength by metakaolin-based geopolymer pastes when reinforced with 5 wt%
bamboo fibres (length 40 mm).
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Figure 11. Energy consumption under flexure of FA1l-fly ash based AA mortars and FA2S-fly ash and
GGBFS based AA mortars

The most relevant contribution of a fibre reinforcement generally is in the significant improvement of the
energy absorption capacity (under tensile-, impact load, bending and even under compression) of the plain
matrix. Fibres effectively prolong the crack initiation and propagation within the brittle matrix, and in the
cracked state of the composite (in the so-called post-peak region), they significantly improve the energy
absorption capacity of the material by providing stress transfer through bridging the cracks.

The improvement of the behaviour of the composite in the post-peak region of the force-displacement
curves under 3PBT, when reinforced with hemp fibres, could be nicely seen in Figure 10. Plain matrices
(series XXX_0) exhibit almost no deformation capacity in the post-peak. After reaching a maximum force a
sharp drop of the force in the peak region occurs, indicating a negligible energy absorption capacity
(calculated as the area under the curve) of the material. In contrary hemp fibre reinforced mortar matrices
(series XXX _0.5 and XXX_1.0) exhibit a significantly higher deformation capacity in the post-peak region,
which is apparent from the appearance of a plateau in curves indicating a way higher energy absorption
capacity. Thus when reinforced with hemp fibres the deflection capacity of AA mortar specimens is
significantly higher than the deflection of plain matrices under the same external load. Or reversely, hemp
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fibre reinforced AA mortars are able to carry much higher residual load in the cracked state under the same
deflection than non-reinforced matrices. With increasing the hemp fibre content the deflection capacity of
mortars increases even further.

The energy absorption capacity under flexure (Figure 11) of non-reinforced AA fly ash based mortars
(FA1) is 169.43 N/m whereas the GGBFS based mortars (FA2S) have 17% lower values, i.e. 141.05 N/m.
This was expected since FA2S is a more brittle matrix (denser and more compact matrix results in a lower
level of aggregate/particles interlock which in turn results in lower energy absorption capacity).

However, by reinforcing the matrices with hemp fibres a very interesting significantly different behaviour
has been observed, namely, the two matrices showed exactly the opposite characteristics. The more brittle
matrix became tougher (than the originally tougher one) independent of the fibre dosage.

With the addition of 0.5 vol% and 1.0 vol% of hemp fibres, the energy absorption capacity of the fly ash-
based AA mortars (FA1) (the tougher one) increased solely by 21% and 134%, respectively, whereas by
FA2S series (the more brittle matrix) increased significantly more, i.e. by 177% and 266%, respectively.
Thus even if the plain FA2S mortar started with 17% lower energy absorption than FAL, after reinforcing it
with hemp fibres it exhibited 91% and 30% higher energy absorption capacity compared to FAL1 mortar for
0.5 vol% and 1.0 vol% of hemp fibres respectively. In the force-displacement curves (Figure 10) by FA2S
composite after the matrix cracked (peak of the curve), the pull out of the fibres in the post-peak region
starts much earlier (at 64% and 33% drop of the force for 0.5 vol% and 1.0 vol% of fibres respectively) than
by FA1 composite (at 81% and 49% drop of the force for 0.5 vol% and 1.0 vol% of fibres respectively), i.e.
a lower force drop is apparent after the peak. This results in a higher plateau of the curves and consequently
increased energy absorption capacity of the composite. It seems that the density, porosity and size of the
particles within the plain matrix has a more decisive influence on the end-energy absorption capacity of the
hemp fibre AA mortar than it would be expected.

Alomayri et al. [49] reported a 60% increase in toughness under flexural bending (three-point bending test)
by fly ash-based geopolymer pastes reinforced with 10-mm long cotton fibres (dosage 0.5 wt%), however
under a higher dosages (0.7 wt% and 1.0 wt%) a pure fibre dispersion within the matrix and consequently a
decrease in toughness occurred. Chen et al. [50] in contrary reported a significant improvement (up to
1100%, 1600% and 700%) of the post-peak toughness of fly ash-based geopolymer pastes under splitting
tensile load, when reinforced with 1%, 2% and 3% (to the mass of fly ash) of sweet sorghum fibres
respectively.

However, there is no work published where the influence of the matrix density and size of the particles on
the toughness of the material is examined. Assaedi et al. [57] reported about 58% increase in toughness of
(aligned) flax fibre reinforced (dosage of 4 wt%) fly ash-based AA materials when the dosage of added
nano-silica to the matrix was increased from 1.0 wt% to 2.0 wt% and consequently the density of the
composite increased (porosity decreased). The reason was believed to be in a higher gel content that in turn
improved the interface between fibres and matrix.

Generally in AA fibre reinforced composites [65, 80] similarly as in case of cementitious materials [81] the
interfacial stress transfer between the fibres and matrix - and consequently the behaviour of the composite in
the post-peak region - is governed by the following three mechanisms: i) chemical bond (adhesion) between
fibre and matrix, ii) friction between the fibre and matrix during fibre pull-out from the matrix and sliding
within the channel and iii) the resistance provided by the anchorage of fibres (hooks or deformed geometry
in case of steel fibres). The first mechanism (chemical bond) is usually a relatively small part of the entire
stress transferred and the third one (anchorage) in case of straight fibres such as hemp does not exist. Thus in
our case, the main relevant stress transfer mechanism is the friction between hemp fibres and AA mortar
matrix along with a minor contribution of the adhesion (chemical bond) between fibre and matrix.

The two AA mortar matrices FA1 and FA2S differ in the size and density of their constituent particles and
consequently in their overall compactness, density and porosity (Figure 7, Table 6, and Figure 8). FAl
contains in average particles of larger sizes (fly ash F1 in an average of 16 um), is less compact, has a lower
density and higher porosity, whereas FA2S has in average particles of smaller sizes (fly ash F2 in average 4
um and GGBFS in average 15 pm), is more compact, has higher density and lower porosity. As a
consequence of this FA2S is generally a more brittle matrix and contains fewer air voids than the FA1
having consequently lower energy absorption capacity (Figure 11).
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Since the addition of hemp fibres does not significantly change the density of the matrix itself (Table 6),
solely the initial density (and porosity) of the plain AA matrix itself and the fibre/matrix mutual interaction
controls the overall energy absorption capacity of the composite.

As a result of the higher compactness of the FA2S matrix and its lower porosity compared to the FAl
matrix, the fibre/matrix interfaces themselves have also a lower porosity (with much lower surface asperity)
that in turn results in way more overall fibre/matrix contact points (Figure 12).

The larger number of contact points provide a much larger overall contact area between the hemp fibres and
matrix which in turn provides a stronger (we are discussing a general mechanism) fibre/matrix interfacial
bonding and stress transfer mechanism. This is apparent in SEM images of fracture surfaces of AA matrices
reinforced with 1.0 vol% of hemp fibres (Figure 13). In the case of FA2S composite (Figure 13) a lower
fibre/matrix interface porosity with larger overall fibre/matrix contact area and smoother fibre surface
(containing smaller matrix particle rests) after pull-out are evident.
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Figure 12. Differences in fibre/matrix interface of the two hemp fibre AA mortars: a) FAL (fly ash based
AA mortar) with higher interface porosity and surface asperity (left); b) FA2S (fly ash and GGBFS based
AA mortar) with lower interface porosity and surface asperity (right)

After the interfacial bond strength is reached, de-bonding between fibres and matrix occurs and the fibres
are being pulled out from the matrix and are sliding in the matrix channel. In the FA2S matrix, the channels
have a smoother surface than in FAL1 matrix (Figure 13), however, because of the lower surface asperity, the
fibres and the matrix channel are in contact at more asperity points, resulting in more overall contact area
between two surfaces which in turn results in a higher overall frictional resistance. This is evident in SEM
images, whereas in case of FA2S both the fibres surfaces and the matrix channel surfaces are smoother
containing smaller matrix particle-rests after fibre pull-out.

Thus, despite a lower initial energy absorption capacity of the FA2S matrix compared to FAL, after
reinforcing it with hemp fibres in FA2S matrix an ideal fibre/matrix interface formed providing a way more
optimal bond- and frictional stress transfer with the significantly higher energy absorption capacity of the
composite.

FAl FA2S
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Figure 13. SEM images of fracture surfaces of AA mortars (1.0 vol% of hemp fibres) with fibre/matrix
interface and the matrix channel after fibres pull-out: a) fly ash based AA mortar - FA1 1.0 (left) ; b) fly ash
and GGBFS based AA mortar - FA2S 1.0 (right)

Conclusion

In this research, the physical, mechanical and microstructural properties of AA mortars (containing fine
aggregates of particle size 0.0-4.0 mm) reinforced with short discrete hemp fibres (0.5 vol% and 1.0 vol%
dosages; 10 mm in length) were evaluated. Two different series of AA mortar matrices based on different
solid prime materials were used.

The first AA mortar (FA1) contained only fly ash and had lower density with higher porosity (was less
compact) than the second AA mortar (FA2S) that contained a combination of fly ash and ground granulated
blast furnace slag (GGBFS). The FA2S mortar had 48% higher compressive strength, with 5% lower
flexural strength and was more brittle (had 17% lower energy absorption capacity under flexure) than the
less compact FA1 mortar.

Based on the results of this research, with the addition of hemp fibres to these mortars, it could be concluded
that:

« the density of both mortar series slightly decreases (up to 5%) irrespectively from the fibre dosage;

« the water absorption rate of FA2S mortar increases by 15% and 20% (for 0.5 vol% and 1.0 vol%
fibre dosage), whereas in FA1 series it increases up to 23%, irrespectively from the fibre dosage;

o the compressive strength of both mortar series only slightly change (up to 10%) irrespectively from
the fibre dosage;

« the flexural strength of FA1 series decreases by 7% and 21% (for 0.5 vol% and 1.0 vol%). By FA2S
series it remains almost constant;

o by both mortar series the energy absorption capacity under flexure significantly increases, i.e. with
the increasing dosage of fibres up to 134% and 266%. However, in FA2S series (the initially more
brittle plain matrix) there is a significantly higher (2 times) relative energy absorption capacity
increase with the addition of hemp fibres than in the FA1 matrix. Due to its smaller particle sizes, the
FA2S matrix is denser with lower porosity that in turn results in a lower fibre/matrix interface
porosity and smoother fibre/matrix interface (with lower surface asperity). Consequently, in FA2S
matrix way more fibre/matrix contact points exist than in FA1 matrix that ensures a stronger (more
optimal) fibre/matrix interfacial bond- and frictional resistance.
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As a result of their significant energy absorption capacity combined with good compression and flexural
strength, hemp fibre AA mortars could be a potential replacement for traditional cementitious mortars in
applications where high toughness and crack resistance is needed, i.e. hinge area of clamped columns or
cores of buildings which are generally designed to sustain high lateral (seismic or wind) loads.

However, hemp fibre mortars based on a combination of fly ash and ground granulated blast furnace slag of
this study are expected to have a better long term performance compared to fly ash based mortars since, in
terms of durability the compactness, density and porosity of the composite plays a decisive role.
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