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ABSTRACT

Fibre can enhance the mechanical properties of cement-based composites, but fibre also degrades their workabil-
ity. However, the quantitative effects of fiber content and length-diameter ratio on alkali-activated materials are
still unclear. Various aspect ratio, volume fraction of polyvinyl alcohol fibre (PVAF), and various water-binder
ratio were employed to prepare a total of 26 groups of fibre reinforced alkali-activated composite (FRAAC).
The influence of PVAF fibre factor (product of fiber volume fraction and length-diameter ratio) on flowability,
compactness, strength, and crack fractal dimension of FRAAC was researched. The influence of water-binder ratio
on the plastic viscosity of FRAAC was more significant than that on the yield stress. When fibre factor was lower
than critical value of 150, the influence of fibres could be overlooked. The reason was that the space between fibres
was distant, so the flowability of FRAAC was not impacted by PVAF. At this time, fibres were challenging to
restrict the cracks in matrix and increase their mechanical properties. When fibre factor was higher than critical
value 150 and lower than density packing value 450, the flexural strength, compressive strength and crack fractal
dimension of FRAAC were considerably enhanced, and the FRAAC could still flow easily under dead weight.
When fibre factor were above 450, noteworthy fibre balling considerably decreased the flowability, leading to poor
solidity and reduced compressive strength. Hence, the ideal content of PVAF in alkali activated composite is
between 150/(l/d) and 450/(l/d).
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Nomenclature
FF Fiber factor
l /d Length to diameter ratio
Fc Critical fiber factor
Fd Dense fiber factor

1 Introduction

Alkali activated composite is a green, low emission, and low energy consumption substitute of Portland
cement. Alkali activated composite can absorb a large amount of solid waste and presents environmental
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protection, economic and social benefits [1–4]. Compared with Portland cement-based materials, alkali-
activated materials have more brittleness. Introducing fibre is one of the effective methods to improve the
tensile strength and toughness of alkali-activated materials [5]. Because the reaction mechanism and raw
material composition are fundamentally different from traditional Portland cement based materials, there
are obvious differences between the flowability of alkali-activated materials and cement-based materials.
For example, Criado et al. [6] revealed that the plastic viscosity of alkali activated fly ash paste was
significantly higher than that of Portland cement paste, but its yield stress is mostly lower than that of
Portland cement paste. Guo [7] indicated that conventional water reducing agent could not improve the
flowability of alkali-activated slag-silica fume high-strength mortar. But water reducing agent caused its
strength to decrease after hardening. These differences will also have a significant impact on the physical
and mechanical properties of alkali-activated materials after hardening. Therefore, it is necessary to carry
out a systematic study on the flowability as well as physical and mechanical properties of alkali-
activated materials.

Due to the brittle nature of concrete, various fibres are introduced to overcome this shortcoming [1–3,8–
32]. While the brittleness of alkali-activated concrete is higher than Portland cement concrete. The
application of steel fibre [33–37], polypropylene fibre [38–40], polyvinyl alcohol fibre (PVAF) [41–44]
and hybrid fibres [8,45–57] in cement-based materials and alkali-activated materials are the most widely
studied topic [58,59]. Among them, PVAF has become one of the most widely used fibre in cement-
based materials and alkali-activated materials due to its significant advantages of low cost, high chemical
stability and easy construction [43,60–62]. The international market prices of PVA fibre and steel fibre
are 1–15 and 1–8 $/kg, respectively. If the PVAF with lower density is mixed in the same volume, its
cost advantage is more prominent compared with steel fibre [59]. Therefore, PVAF has been used to
prepare PVAF reinforced alkali activated mortar (PFRAAC) in this paper.

High content and aspect ratio (the ratio of length to diameter) of the fibre can enhance the hardened
property of fiber reinforced cementitious composites significantly [63]. Unfortunately, fibers degrade the
workability of fresh cementitious composites. Swamy et al. [64] indicated the existence of a critical
content of fibres above which the cementitious composite could not flow under the action of self-weight,
even when the fibers were in large fluidity cementitious composite. Both fiber content and aspect ratio
have significant effects on the workability and mechanical properties of cement-based composites. Hence,
the fibre factor (FF, namely the product of fibre volume fraction and fibre aspect ratio) is proposed to
assess the working and mechanical properties of fibre cement matrix composites. For example, Said et al.
[43,65] pointed out that the flexural deflection, toughness and tensile strength of strain-hardened cement-
based composites increased linearly with FF of PE fibre and PVAF. Cao et al. [28] found that the
flowability and flexural toughness of hybrid fibre reinforced cement-based composites had a quadratic
function relationship with FF. Mehdipour et al. [66] studied the flowability, volume stability and
mechanical properties of glass fibre self-compacting mortar and found that the optimal FF of glass fibre
in self-compacting mortar was about 450. The optimal FF of polypropylene fibre in mortar is between
100 and 300 [67].

However, the effect of PVAF FF on the fresh-mixing properties and hardened properties of alkali-
activated materials is unclear. Moreover, the difference between PVAF and traditional fibre in cement and
alkali-activated based composites is unknown. Therefore, a total of 26 groups of FRAAC were prepared
by using two different fibre aspect ratio, six different volume dosages, and two water-binder ratios, in
order to study the influence of FF on slump flow, V-funnel flow velocity, apparent density, ultrasonic
wave velocity, compressive strength, bending strength, bending to compressive strength ratio, and fractal
dimension of cracks. The FF thresholds for loose and tight packing are determined and the differences
between FRAAC and conventional fibre-reinforced cement-based composites are discussed.
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2 Experimental Materials and Methods

2.1 Raw Material
Mineral admixtures used in this study included secondary fly ash (Hebei Kesu Building Materials Co.,

Ltd., China), S95 granulated blast furnace slag powder (Tianjin Yandong Mineral Products Co., Ltd., China)
and silica fume (Gansu Sanyuan Silicon Materials Co., Ltd., China). The composition of oxides of raw
materials is shown in Table 1. The particle size distribution curves of the mineral admixtures are
presented in Fig. 1. The activator includes sodium silicate solution (Jinan Mingchuan Chemical Co., Ltd.,
China, mass fraction of Na2O and SiO2 are 9.0% and 28.08% respectively, modulus was 3.22) and
sodium hydroxide (Cangzhou Shengqiang Chemical Products Co., Ltd. (China), purity is above 96%).
The water was municipal tap water. PVAF was produced by Anhui Wanwei Co., Ltd., China with 6 mm
and 12 mm length, 40 μm diameter, 1500 MPa tensile strength, 36.7 GPa elastic modulus and density of
1.29 g/cm3.

2.2 Mix Ratio and Mixing Process
Water-binder ratio was set as 0.44 and 0.47. The mass ratio of fly ash: slag: silica fume was set as

1:0.14:0.29. Fixed sand-binder ratio was 0.5. PVAF of 6 and 12 mm length was added, and the fibre
volume dosage was 0.0%, 0.3%, 0.6%, 1.0%, 1.5%, 2.0% and 2.5%, respectively. 26 groups of FRAAC
proportions with different fibre factors and water-binder ratios were obtained, as shown in Table 2.
Cement mortar mixer was used for mixing FRAAC. The mixing process is shown in Fig. 2.

After flowability test, the mixed FRAACwas poured into the mold and vibrated. Then the specimen was
covered with plastic film. The mold was removed 24 h later, and cured in a standard curing chamber with
standard temperature and humidity (20 ± 2°C, relative humidity ≥95%) for 28 days.

Table 1: Composition of oxides of raw materials as wt.%

Composition SiO2 CaO Al2O3 Fe2O3 MgO K2O SO3 Na2O

Fly ash 51.50 9.79 24.36 5.49 1.20 1.04 2.14 0.51

Slag 27.89 33.12 15.57 0.36 0.30 0.44 1.10 0.49

Silica fume 93.50 0.78 0.16 0.10 0.95 2.89 0.84 0.23

Figure 1: Size distribution of mineral admixtures
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2.3 Flowability Test of Fresh Mortar
A small V-shaped funnel was used to measure the flow velocity (FV) of the FRAAC. The V-funnel FV

was calculated as the volume of the V-shaped funnel (1134 mL) divided by the flow time (measured in s)
from the opening of the lower port switch to the light being seen through the lower port. A small slump

Table 2: Mixture proportion of FRAAC

Specimen
No. (X-Y-Z)*

Water-binder
ratio

Fibre volume
of PVAF/%

Aspect
ratio

Fibre
factor

0.44-0 0.44 0.0 150 0

0.44-6-0.3 0.44 0.3 150 45

0.44-6-0.6 0.44 0.6 150 90

0.44-6-1.0 0.44 1.0 150 150

0.44-6-1.5 0.44 1.5 150 225

0.44-6-2.0 0.44 2.0 150 300

0.44-6-2.5 0.44 2.5 150 375

0.44-12-0.3 0.44 0.3 300 90

0.44-12-0.6 0.44 0.6 300 180

0.44-12-1.0 0.44 1.0 300 300

0.44-12-1.5 0.44 1.5 300 450

0.44-12-2.0 0.44 2.0 300 600

0.44-12-2.5 0.44 2.5 300 750

0.47-0 0.47 0.0 150 0

0.47-6-0.3 0.47 0.3 150 45

0.47-6-0.6 0.47 0.6 150 90

0.47-6-1.0 0.47 1.0 150 150

0.47-6-1.5 0.47 1.5 150 225

0.47-6-2.0 0.47 2.0 150 300

0.47-6-2.5 0.47 2.5 150 375

0.47-12-0.3 0.47 0.3 300 90

0.47-12-0.6 0.47 0.6 300 180

0.47-12-1.0 0.47 1.0 300 300

0.47-12-1.5 0.47 1.5 300 450

0.47-12-2.0 0.47 2.0 300 600

0.44-12-2.5 0.47 2.5 300 750
Note: *: X represents water-binder ratio, Y represents fibre length, Z represents fibre volume fraction.

Figure 2: Mixing procedure of FRAAC
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cylinder was used to measure the slump flow (SF) of FRAAC. The instrument size and experimental method
used for flowability test can be referred to as references [32,68].

2.4 Compactness Test of Hardened Mortar
The mass of three specimens in each group was measured, and the apparent density (AD) of the

specimen was derived from the ratio of mass to volume. The velocity of ultrasonic pulse (UPV) wave
propagation in FRAAC was measured using a non-metallic ultrasonic analyzer manufactured by Earth
Products China Co., Ltd. (China) in accordance with ASTM C597 [69].

2.5 Mechanical Properties Test of Hardened Mortar
The flexural strength (ff) and compressive strength (fc) of FRAAC were tested in accordance with GB/T

17671 [70]. After FRAAC’s flexural strength test, digital camera was used to collect the surface crack
morphology of specimens after bending failure, and IMAGE PRO was used to extract cracks. The
method was referenced [56], and the fractal dimension (FD) of cracks was calculated.

3 Results and Discussion

3.1 The Impact of FF on FRAAC Flowability
For theoretical analysis a fibre factor (FF), defined as the product of fibre volume and aspect ratio

(length/diameter ratio), has been recommended to predict the workability and mechanical properties of
fibre reinforced cementitious composites [66,67,71]. One motive for using FF was that it has noteworthy
influence on the packing density of the fibre-particle system in fibre reinforced cementitious composites [21].

Fig. 3 shows the relationship between relative V-funnel FVand relative SF of FRAAC and FF at water-
binder ratios of 0.44 and 0.47. The FVand SF of FRAAC decreased significantly with increasing FF, but the
rate of decline gradually decreased and stabilized with increasing FF. According to Krieger and Dougherty’s
theory [72] and Philipse’s random contact equation [73], fibre reinforced cement-based composites could be
simplified as rigid spherical particles and rods suspended in slurry. Based on the value of FF, the flowability
index of fibre reinforced cement matrix composites could be divided into three stages [66,67,71]. Similarly,
FRAAC’s V-funnel FV and SF could be divided into three zones:

Figure 3: Relationships of (a) FF–V-funnel flow velocity and (b) FF–slump flow of FRAAC
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In the first stage, FF < Fc = 150, FRAAC was dilute suspension, and fibre had little influence on the
fluidity of mortar. The relative V-funnel FV and relative SF of FRAAC were both higher than 80% of
control group without PVAF. At this stage, the fibres were far enough apart to ignore fibre interactions.
As a result, the fluidity of FRAAC was essentially the same as that of fibre-free mortar. The SF of
FRAAC with a water-binder ratio of 0.44 was slightly higher than that of the control group, presenting a
relative SF higher than 100%, as shown in Fig. 3b. When the mortar flowed, the fibre dispersion was
good, and there was no fibre lap agglomeration phenomenon.

In the second stage, Fc = 150 < FF <Fd = 450, the contact between fibres increased and began to affect the
fluidity of mortar. For FRAACwith a water-binder ratio of 0.44, the increase in FF from 0 to 150 and 375 resulted
in a reduction in SF of approximately 10% and 40%, respectively. As shown in Fig. 3, increasing FF significantly
reduced the V-funnel FVand SF of FRAAC at stage 2. The relative V-funnel FV was between 80% and 40% of
control group without PVAF. The relative SF was between 80% and 60% of control group without PVAF. As FF
increased near Fd = 450, FRAAC workability was controlled by contact and collision of fibers. Experimental
phenomenon at stages 1 and 2 showed that the fibres were evenly dispersed without significant instability or
clumps, and the FRAAC remained fluid enough to flow freely under its own weight.

In stage 3, FF > Fd = 450, FRAAC’s liquidity deteriorated rapidly and was no longer free flowing. The
relative V-funnel FV and relative SF of FRAAC was lower than 40% and 60% of control group without
PVAF. Fibres were poorly dispersed and showed significant clumps, which greatly reduced the fluidity and
stability of the FRAAC. According to Krieger and Dougherty’s theory, FRAAC’s fibre volume fraction at this
stage approached the upper limit of random compact packing. In this case, improving the fluidity of FRAAC
by simply increasing the water-binder ratio might result in significant segregation and bleeding, which
severely degraded the workability of the mortar. Whether the water-binder ratio was 0.44 or 0.47, when FF
increased from 0 to 750, the SF decreased by about 50%, while the FV decreased by 100%. The FV was
more sensitive than SF to the change of FF. The SF and FV of FRAAC with a water-binder ratio of
0.47 were higher than those of FRAAC with a water-binder ratio of 0.44, but the difference in FV was also
larger than that of FRAAC with a water-binder ratio of 0.44. This indicated that FV was also more sensitive
to changes in water-binder ratio. That was to say, the effect of fibre/water-binder ratio on the plastic viscosity
of FRAAC was more significant than the effect of yield stress. Similarly, Mehdipour et al. [66] also showed
that the workability of glass fibre cement mortar measured by SF was not as stable as the V-funnel FV. This
is because SF evaluated the free deformation capacity of mortar, but SF could not reflect the deformation
capacity of mortar under constraints, especially in fibre reinforced cement-based materials.

Fig. 4 shows the comparison of relative SF of fibre reinforced mortar between this paper and literatures
[66]. In literature [66] and [67], except for the fibers, all other parameters i.e. the water to cement ratio
(w/c = 35%) and the superplasticizer dosage (0.5% of cement mass) were kept constant in all mixtures.
No matter the water-binder ratio was 0.44 or 0.47, the relative SF of PVAF alkali activated mortar was
lower than that of PP fibre cement mortar but higher than that of glass fibre cement mortar at FF ≈ 300 and
700. That was, PVAF degraded the workability of alkali activated mortar more significantly than PP fibre
degraded the workability of cement mortar, which was weaker than glass fibre degraded the workability of
cement mortar. This is because the greater the friction between the fibres, the more energy is required for
the fibre reinforced mortar to achieve the same workability [67]. The amount of friction between fibres is
proportional to the normal force between the fibres in contact, which is a function of fibre stiffness.
According to the theory of Martinie et al. [74], the stiffness index of fibre is defined as Eq. (1).

f

l
ffi s0

E
ðl=dÞ3 (1)

where, s0 is the yield stress of cement-based material, E is the elastic modulus of fibre, and l/d is the length-
diameter ratio of fibre. The rigidity index of PVAF used in this paper was less than 1% [74]. The stiffness
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indices of steel fibre, glass fibre and PP fibre in Portland cement-based composites in literature were 0.03%,
2% and 39-3500%, respectively [24]. The stiffness index PVAF of FRAAC in this paper was between 55%–

931% and higher than 1%. As a typical flexible fibre, its value was between PP fibre and glass fibre in
Portland cement mortar.

3.2 Effect of FF on FRAAC Apparent Density and Ultrasonic Wave Velocity
Fig. 5 shows the relationship between apparent density and FF. The apparent density of FRAAC with

w/b of 0.44 was higher than that of 0.47, and the data discretization of FRAAC with water-binder ratio of
0.47 was greater. The decrease of apparent density was caused by the increase of free water in alkali-
activated mortar, and the serious bleeding of water-binder ratio group also led to the deterioration of the
stability of the mixture. The results of apparent density after hardening were more discrete.

Figure 4: Comparison of relative flow spread of fibre reinforced mortar of this paper and literature [66,67]

Figure 5: Relationships of FF–apparent density of FRAAC
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With the increase of FF, the overall apparent density decreased. The apparent density was a measure of
the density and uniformity of FRAAC. During stage 1 and stage 2 (FF < 450), the apparent density decreased
at a lower rate. The workability of FRAAC was generally good, with no obvious fibrous clumping, resulting
in a denser FRAAC with a higher apparent density. At the third stage (FF > 450), the apparent density was
decreased significantly with the increase of FF, which was caused by fibre clumping and uneven dispersion.

The test results of ultrasonic wave velocity also confirmed the above analysis, as shown in Fig. 6. When
the water-binder ratio was 0.44, with the increase of FF, the ultrasonic wave velocity showed a trend of
increasing first and then decreasing, and reached the peak at the second stage (150 < FF < 450).
Ultrasonic wave velocity reflected the density and uniformity of mortar. During the first and second
stages (FF < 450), the apparent density of FRAAC was relatively high. The PP fibres bridged the defects
and initial cracks that facilitated ultrasonic transmission, thus increasing the ultrasonic wave velocity of
FRAAC [29]. In the third stage (FF > 450), the ultrasonic wave velocity decreased significantly with the
increase of FF. This resulted from the decrease of the apparent density of the matrix, and the uneven fibre
agglomeration and dispersion also reduced the ability to bridge defects and initial cracks. Similar to the
apparent density results, the ultrasonic wave velocity results of the high water-binder ratio group were
also more discrete.

3.3 Effect of FF on FRAAC Strength
The effect of FF on the flexural strength of FRAAC is shown in Fig. 7. The addition of PVAF

significantly improved the flexural strength of alkali-activated mortar. The PVAF bridged cracks to
transfer loads, limiting the development of cracks. In general, the FRAAC’s flexural strength was
increased with the increase in FF because both the number of fibres and the length of the fibres increased
its ability to bridge cracks. For FRAAC with a water-binder ratio of 0.44, the flexural strength began to
decrease significantly when FF > 450. When FF > 450, the flexural strength of FRAAC with a water-
binder ratio of 0.47 was higher than that of FRAAC with a water-binder ratio of 0.44. This indicated that
the improvement of tensile strength of mortar by fibre was more significant than the deterioration caused
by internal defects of matrix.

Figure 6: Relationships of FF–ultrasonic velocity of FRAAC
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Fig. 8 shows the comparison of flexural strength between fibre reinforced mortars in this paper and those in
literature. When FF was about 60 and 300, the flexural strength of PVAF alkAli, Mortar was lower than that of
PVAF cement mortar and glass fibre cement mortar. However, when FF was about 700, the flexural strength of
PVAF alkAli, Mortar was higher than that of PVAF cement mortar and glass fibre cement mortar. The main
reason was that the plastic viscosity of alkali-activated materials was significantly higher than that of
Portland cement based materials [6]. The distribution and orientation of PVAF in alkali-activated mortar
with 0.44 w/b ratio were worse than that in cement mortar, so the flexural strength of PVAF alkali-activated
mortar was generally lower than that of PVAF cement mortar. However, when the water-binder ratio was
large, the plastic viscosity of the matrix decreased. The distribution and orientation of PVAF were
improved, so the flexural strength of PVAF alkali-activated mortar with 0.47 w/b ratio was significantly
increased. When the fiber factor reached 700, the fibers in low w/b ratio mortar were easy to cluster, while
the PVAF alkali-activated mortar with 0.47 w/b ratio was more suitable for good fiber dispersion. Hence,
the FRAAM-0.47 reached the highest value of relative bending strength, shown in Fig. 8.

Figure 7: Relationships of FF–bending strength of FRAAC

Figure 8: Comparison of relative bending strength of fibre reinforced mortar between this paper and literatures
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Fig. 9 shows the influence of FF on compressive strength. The specific compressive strength is presented
in Table 3. The compressive strength was increased firstly (more than 6%). But when FF reaches about 450,
the compressive strength began to decline, which was close to the variation trend of ultrasonic wave velocity.
The reason was that when FF was less than 450, the fibre was generally well dispersed without obvious
agglomeration, and the fibre improved the energy dissipation capacity of mortar, as well as compressive
strength, flexural strength and ultrasonic wave velocity. However, when FF exceeded Fd = 450, fibres
tended to show significant clumping, resulting in more defects in mortar, which reduced the compressive
strength, apparent density and ultrasonic wave velocity of mortar. By comparing Figs. 7 and 9, it could
be found that when FF = 450 or so, the decreasing trend of compressive strength was more obvious than
that of flexural strength, because the compressive strength was more sensitive to the defects in the mortar.

Figure 9: Relationships of FF–compressive strength of FRAAC

Table 3: Compressive strength of FRAAC

Fiber factor Compressive strength/MPa
(w/b = 0.47)

Compressive strength/MPa
(w/b = 0.44)

0 22.1 24.5

45 22.20231 23.93412

90 22.94239 25.59255

90 23.57968 27.01659

150 24.90058 28.49152

180 25.83435 30.82468

225 28.40582 31.35865

300 29.5631 33.77845

300 30.42535 36.13674

375 32.18608 36.5351

450 30.57678 35.67206

600 28.53832 32.67599

750 26.92644 30.78918
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Fig. 10 shows the comparison of compressive strength of fibre reinforced mortars in this paper and
literatures [66,67]. When FF was about 60, 300 and 700, the compressive strength of PVAF alkali
activated mortar was greater than that of PVAF cement mortar and glass fibre cement mortar. That was,
PVAF had a relatively small deterioration effect on the compressive strength of alkali-activated mortar,
and even improved compressive strength to a certain extent. While PVAF and glass fibre had a more
significant deterioration effect on cement mortar. The reason was that the interface bond between fiber
and matrix in alkali activated mortar was stronger than that in cement mortar [75]. Shi et al. [76] believed
that the interfacial transition zone of alkali-activated materials was more dense and uniform due to the
water reducing effect of Na2SiO3 in pore solution and the higher initial concentration of (SiO4)

−4.

Fig. 11 shows the effect of FF on FRAAC and fibre-reinforced cement mortars. The flexural to
compressive strength ratio was often used to measure the toughness of cement-based materials. The
higher the flexural to compressive strength ratio, the higher the toughness of cement-based materials [77].
When FF < 150, there was no significant difference between FRAAC and fibre-reinforced cement mortar
in the flexural to compressive strength ratio. The flexural to compressive strength ratio of some FRAAC
specimens was slightly lower than that of fibre-reinforced cement mortar. The reason was that the number
of fibre at this stage was relatively small, which made it difficult to fully use its cracking resistance and
toughening effect. The strength and toughness of specimens were mainly controlled by the matrix. Ding
et al. [78] confirmed that the brittleness of alkali-activated materials without fibre was higher than that of
cement-based materials. With the increase of FF, the flexural to compressive strength ratio of FRAAC
was increased faster than that of fibre reinforced cement mortar. When FF > 150, PVAF toughened alkali
activated mortar better than cement mortar. When FF > 450, FRAAC with a water-binder ratio of
0.44 and 0.47 had a greater flexural ratio than fibre-reinforced cement mortar with the same FF ratio,
indicating that FRAAC was more ductile than fibre-reinforced cement mortar with the same FF ratio.
This was due to better interfacial bonding between PVAF and alkali activated mortar [75]. This dissipated
more energy when pulling out and breaking, and thus FRAAC had better toughness than fibre-reinforced
cement mortar.

Figure 10: Comparison of relative compressive strength of fibre reinforced mortar between this paper and
literatures
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3.4 Influence of FF on FRAAC Crack Characteristics
As FF increased, the crack morphology of the FRAAC under flexural failure also changed significantly,

in addition to the increased flexural strength. In general, high toughness concrete is usually accompanied by
multiple cracking failure mode. With the increase of RI, the crack morphology changes from single crack to
multi-crack cracking pattern, corresponding to the high toughness of concrete. In order to quantitatively
evaluate the influence of FF on crack characteristics during FRAAC failure, the images of cracks on the
side and bottom of the specimen were captured by digital camera firstly. Subsequently, the captured crack
images were processed and edited with software of IMAGE PRO to get a clear crack profile using
binarizing, thresholding, cleaning and filtering methods [79]. Fractal dimension could be used to describe
the complexity of concrete crack morphology, and box-counting dimension method was used to describe
the fractal characteristics of cracks quantitatively. Box-counting dimension method was a calculation
method for measuring fractal dimension of space. The crack binary image was placed on an evenly
divided box and the minimum number of boxes needed to completely cover the crack was calculated.
The box size was reduced step by step, the change in the required number of boxes was recorded [3].
Assuming that the box side length is a, the space was divided into N boxes, and the fractal dimension
was defined as follows:

Fractalbox crackð Þ ¼ lim
a!0

logN að Þ
logN 1=að Þ (2)

The change of fractal dimension of FRAAC surface crack with FF is shown in Fig. 12. With the increase
of the FF, FRAAC surface crack fractal dimension overall showed a trend of increase. The reason was that
with the increase of quantity and length of fibre, fibre bridged crack efficiency. This increased the twists, turns
and number of cracks. The cracks became more complicated and its fractal dimension was increased.

In general, the crack fractal dimension of FRAAC with a water-binder ratio of 0.44 was larger than that
of FRAAC with a water-binder ratio of 0.47 at the stage FF < 450. At the stage of FF > 450, the crack fractal
dimension of FRAAC with a water-binder ratio of 0.44 was smaller than that of FRAAC with a water-binder
ratio of 0.47. This was similar to the variation rule of flexural strength in Fig. 7, indicating that the fractal

Figure 11: Relationships of FF–flexural to compressive strength ratio of fibre reinforced mortar [66,67]
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dimension of cracks had a certain correlation with its flexural strength [34]. In addition, the changing rule of
fracture fractal dimension also confirmed that the introduction of PPF could significantly improve the
toughness of alkali-activated mortar.

4 Conclusion

(1) The fibre factor and water-binder ratio had a more significant effect on the flow rate than on the slump
spread of alkali-activated mortar. This indicated that the influence of fibre and water-binder ratio on the
plastic viscosity was greater than that on the yield stress of alkali-activated mortar.

(2) When FF was less than Fc = 150, the influence of fibre could be ignored. The distance between fibres
was far, and the workability of mortar was basically not affected. There was little difference in
reinforcing effect of PVAF, polypropylene fibre and glass fibre on workability and mechanical
properties of alkali activated mortar and cement mortar.

(3) When FF value was between Fc = 150 and Fd = 450, the flexural strength, compressive strength,
flexural to compressive strength ratio and fractal dimension of cracks of alkali-activated mortar
were significantly improved. PVAF had a better reinforcing effect on mechanical properties of
alkali-activated mortar than that of cement mortar by polypropylene fibre and glass fibre.

(4) When FF value was higher than Fd = 450, significant fibre balling greatly deteriorated the
workability of alkali activated mortar. The compactness and compressive strength of hardened
mortar became worse. PVAF FRAAC with 0.47 w/b presented much higher flexural strength,
flexural to compressive strength ratio and fractal dimension ratio than that of polypropylene fibre
and glass fibre reinforced cement mortar.

(5) The thresholds of PVAF reinforced alkali-activated mortar in loose and close stacking states were
150 and 450, respectively. The optimal volume content of PVAF in alkali-activated mortar was
between 150/(l/d) and 450/(l/d).
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