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Abstract: This paper investigates the effects of incorporating dispersed fibrous reinforcement in
hydraulically bound granular 0/16-mm mixtures. The evaluated fibrous reinforcement comprised
a mixture of polypropylene and alkali-resistant glass fibers in a 1:2 weight ratio. The fibrous re-
inforcement was added to the mixtures in amounts of 0.05% and 0.10% by weight. The prepared
mixtures utilized 1% of CEM II/B-V 32.5 R Portland cement together with 3.5%, 7%, and 14% of fly
ash, characterized by a high content of reactive calcium oxide. It was found that the fibrous additives
had only a small effect on the maximum dry densities and virtually none on the optimum moisture
contents of the mixtures. The use of the fiber mix significantly improved the compressive strength of
the reinforced samples resulting after 42 days of curing, with a performance comparable to a reference
mixture bound with 8% of Portland cement. The addition of fibrous reinforcement increased the
indirect tensile strength of the mixtures by up to 300%, resulting in a performance similar to that of a
reference mixture with 5% of Portland cement. It was found that the use of this particular fibrous
reinforcement significantly improved the performance of predominantly fly-ash-bound granular
mixtures, allowing the reduction in cement content used in this type of material.

Keywords: dispersed fiber reinforcement; polypropylene fiber; alkali-resistant glass fiber; compressive
strength; indirect tensile strength; CBGM; hydraulically bound granular material; fly ash

1. Introduction

The present study investigates the properties of a hydraulically bound granular mix
utilizing Portland cement and fly ash as binding agents, reinforced with a mixture of
polypropylene (PP) and alkaline-resistant glass fibers. We have focused on the effects
of fiber reinforcement on the improvement of the compressive and tensile strength of
predominantly fly-ash-bound granular material intended for road bases.

The introduction of fibrous additives is an effective way to improve the performance
of paving materials subjected to compressive, tensile, and flexural stresses and strains [1-3].
The investigated uses include asphalt mixtures, particularly for improving fatigue life and
performance properties [4-8]; cementitiously bound granular materials (which are otherwise
not capable of bearing significant tensile loads); and unbound materials, subgrades, and soils
for improving their bearing capacity [9]. On the other hand, such additives contribute to the
production costs, which may vary greatly depending on the availability and demand of the
fibrous additives, their type (composition), source, and other economic factors. To make such
construction materials feasible, fibrous additives may be joined with other independently
devised solutions aiming at decreasing the energy intensity of the production processes (such
as warm and half-warm techniques in asphalt mixtures [10]) and the utilization of alternative
binders in hydraulically bound materials (e.g., based on fly ash [11]).

Currently, on an industrial scale, dispersed reinforcement is primarily used in the
composition of cement concrete, mainly using steel, polypropylene, basalt, or glass fibers.
Depending on the type of fibrous reinforcement used in the cement concrete, it can be
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used to improve mechanical properties such as tensile, flexural, and shear strength, impact
strength and toughness, overall durability, and to reduce the extent of plastic shrinkage
cracking in fresh concrete [12]. In pavement engineering specifically, the use of dispersed
reinforcement permits decreasing the thickness of concrete pavement slabs by as much as
40% [13,14].

Based on the vast experiences of concrete technology, numerous works investigating
the effects of fibrous additives on the properties of cement, lime, and otherwise stabilized
soils and granular mixtures have been published.

A study conducted by the US Army Corps of Engineers has shown that the addition
of 0.5% of PP fibers to a 5% cement-stabilized sand and the addition of 0.3% of PP fibers to
a 5% lime-stabilized clay significantly improved the service life (by up to 100%) of such test
sections subjected to traffic [15]. Similar results were obtained by Santoni, Webster, and
Tingle [16,17], but by using up to 1% of fibrous, tape, and mesh PP reinforcement.

Hazirbaba and Gullu [18] have evaluated the bearing capacity of fine soils stabilized
using a chemical agent with the addition of PP fibers and tapes. It was found that the
incorporation of dispersed reinforcement in amounts of up to 0.5% significantly improved
the properties of the stabilized fine materials. Similar results were observed in the triaxial
performance of cement-stabilized clay with the addition of 0.1 to 0.4% of glass fibers [19].

Shalabi et al. [20] found an up to 42% improvement in the compressive strength of
cement-stabilized dune sand after adding 0.2 to 0.6% of glass fibers. Farhan, Dawson,
and Thom [21] have investigated the effects of steel fibers recycled from vehicle tires
on the fracture performance of cement-bound granular mixtures consisting of limestone
aggregates with a size of up to 10 mm. Major increases in strains at ultimate stress,
toughness, and indirect tensile strength were observed when the fiber reinforcement was
used in the mixtures, with a higher efficacy being observed at higher cement contents
(5 and 7%). The increases in the indirect tensile strength were up to 41%, while the material
toughness was increased 2- to 5-fold. Ma et al. [22] investigated the effects of reinforcing
coarse-cement-stabilized aggregate mixtures with filament PP fibers, showing increases
in their flexural strength (up to 10%) and fatigue performance (up to 30%). Brasse, Tracz,
and Zdeb [23] also observed a significant increase in fracture performance during bending
experiments involving PP-fiber-reinforced soil-cement samples with crack mouth opening
displacement measurements.

One key issue when incorporating different additives into cement-bound mixtures
is their possible effect on the durability of the resulting material. Particularly, due to
the alkaline nature of cement-bound materials, alkaline-resistant glass fiber should be
used. The use of such fibers in pavement Portland cement concrete was investigated by
Xiaochun et al. [24], who found their high efficacy in increasing the mechanical properties of
the composite. Despite the corrosion of the glass fibers not being completely halted, it was
found that the strength of the reinforced samples was significantly improved. It was also
confirmed that, by adding 40% of fly ash (by the weight of the cement), the performance of
the glass-fiber-reinforced material was improved, as shown by other researchers [25].

Other works investigating fly-ash-stabilized soils and granular mixtures were also
conducted. Gailitis et al. [26] have investigated the use of 0.5% to 5% steel, polypropylene,
and polyvinyl alcohol (PVA) by mass in fly-ash-bound geopolymer mixtures. This study
showed that the improvement of certain mechanical properties (compressive strength,
shrinkage, and creep) was possible with different fibers and their dosages—the increase
in compressive strength was up to 11.4%. Kaniraj and Gayathri [27] in their work have
observed significant changes in the stress—strain performance of fly ash mixtures with 0.5
to 1.0% of polyester fiber, obtaining an up to 150% increase in unconfined compressive
strength. The inclusion of the fibers also provided residual strength to the material, which
otherwise exhibited brittle behavior.

Based on the conducted literature review, it was concluded that different types of
fibrous reinforcement materials can be used to significantly improve the performance
of both low- and high-quality granular materials stabilized with different cementitious
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materials. Therefore, we have investigated the possibility of improving the performance
of aggregates stabilized with a mixture of a small amount of Portland cement (1%) and
increasing amounts of fly ash (3.5-14%) by using a mixture of polypropylene and alkali-
resistant glass fibers added in amounts of 0.05-0.10%.

2. Materials and Methods
2.1. Experimental Plan

The experimental plan involved the preparation of hydraulically bound granular
mixtures with dispersed fiber reinforcement composed of a mixture of two different fi-
brous materials—polypropylene and alkali-resistant glass fibers. We intended to use the
highest possible ratio of fly ash in the investigated mixtures, supplemented with a low
dosage of cement, as per the guidance of the EN 14227 standard [28]. In addition, two
reference continuously bound granular mixtures (CBGMs) were produced without fibrous
reinforcement. The contents of the binding agents were aligned with a goal to produce
mixtures corresponding with the C; 5/, and C3,4 classes of CBGMs intended for road bases
and sub-bases.

Based on the aforementioned assumptions, two ratios of fiber reinforcement—0.05%
and 0.10%—and three ratios of cement and fly ash—1-3.5, 1-7, and 1-14 (% cement—% fly
ash)—were investigated. The reference CBGMs contained no fiber reinforcement, with 5%
and 8% of cement as a binding agent. The designations and framework compositions of
the evaluated hydraulically bound mixtures are provided in Table 1.

Table 1. Designation of the evaluated hydraulically bound mixtures.

Mixture Binding Agents’ Contents (%, m/m) Fiber Reinforcement
Designation Cement Fly Ash Content (%, m/m)
5-0-0 5 0 0
8-0-0 8 0 0
1-3.5-0 1 3.5 0
1-3.5-0.05 1 35 0.05
1-3.5-0.10 1 3.5 0.10
1-7-0 1 7 0
1-7-0.05 1 7 0.05
1-7-0.1 1 7 0.10
1-14-0 1 14 0
1-14-0.05 1 14 0.05
1-14-0.10 1 14 0.10

2.2. Materials
2.2.1. Fiber Reinforcement

The fiber reinforcement used in this study consisted of cut polypropylene (prod.
Hermes Sp. z o0.0., Stupno, Poland) and alkali-resistant glass fibers (prod. Rozenblat Sp.
7 0.0., Mosina, Poland) prepared in a 1:2 ratio by weight, which resulted in an approximately
1.5:1 volumetric ratio between the fibers. Both types of fibers had a length of 12 mm. The
assumption for using the mixture of fibers was to exploit the low deformability of the glass
fibers while reducing their content to mitigate the effects of their degradation in time caused
by the alkali environment. The properties of the fibers used in this study are provided in
Table 2. The polypropylene fibers conformed to the EN 14889-2 standard [29], and the glass
fibers conformed to the EN 15422 standard [30] specifying the polymer fibers and glass
fibers used in Portland cement concrete. The fiber reinforcement is presented in Figure 1.
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Table 2. Properties of the fibers used in the evaluated hydraulically bound mixtures.
Property Fiber A Fiber B
Material Polypropylene, Alkali-resisstant glass,
In acc. with EN 14889-2 In acc. with EN 15422 (ZrO, > 16%)
Density 0.91 Mg/m3 2.68 Mg/m3
Length 12 mm 12 mm
Diameter 0.034 mm 0.014 mm
A B
‘i E.‘
e j

il
L/
o

e | C= A & B mix

Figure 1. Fiber reinforcement used in the evaluated hydraulically bound mixtures: polypropylene
fibers (A), alkali-resistant glass fibers (B), and mixture of both types of fibers (C).

2.2.2. Portland Cement and Fly Ash

The evaluated hydraulically bound mixtures used CEM II/B-V 32.5 R Portland cement
(in acc. with EN 197-1 [31]). The fly ash used in the mixtures is a byproduct from the
co-combustion of biomass in a cellulose processing plant. The basic properties of the used
fly ash are provided in Table 3.

Table 3. Properties of the fly ash used in the evaluated hydraulically bound mixtures.

Property Result ng;\}liigz\;ﬂ;le Testing Method
Particle size (passing):
0.315-mm sieve 96.9% >95% EN 196-6 [32]
0.090-mm sieve 75.1% >70%
Volume expansion 3.2 mm <10 mm EN 196-3 [33]
Reactive calcium oxide 40.6% >5% EN 197-1 [31]

2.2.3. Aggregate Mix

The base material for producing the hydraulically bound mixtures was a continuously
graded 0/16-mm natural aggregate. The grading curve of the aggregate mix used in
this study is presented in Figure 2. The coarse aggregate in the aggregate mixture was
characterized by water absorption WA4 = 1.3% (WA42), flakiness index FI = 34 (FI35),
shape index SI = 29 (Sly), and abrasion resistance LA = 26 (LA3p), measured in acc. with
EN 1097-6 [34], EN 933-3 [35], EN 933-4 [36], and EN-1097-2 [37], respectively.
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Figure 2. Grading of the aggregate mixture used in the evaluated hydraulically bound mixtures.

2.3. Methods

To evaluate the effectiveness of the fiber reinforcement on the performance of the
hydraulically bound mixtures, a set of mechanical characteristics were evaluated, as follows:

e  The uniaxial compressive strength of cylindrical samples (Rc), in accordance with EN
13286-41 [38], after 14, 28, and 42 (only fly-ash-bound mixtures) days of curing;

e  The uniaxial compressive strength after 14 freeze-thaw cycles (Rc.pr) performed after
full curing (28 days in cement-bound and 42 days in fly-ash-bound mixtures) in
accordance with EN 13286-41. The resistance to frost (Rc_gr) was calculated as a ratio
of Rcrr = Rerr/Re;

e  The indirect tensile strength R;; in accordance with EN 13286-42 [39] after 28 (cement-
bound mixtures) or 42 days (fly-ash-bound mixtures).

The samples for all of the tests were prepared using the Proctor compaction method
in acc. with EN 13286-50 [40]. The effects of the addition of fiber reinforcement were also
measured by evaluating the optimum moisture content in the compacted mixtures and
their maximum dry density.

All tests were performed with 5 replicates, and the effects of the evaluated factors
were presented by the calculated mean values and their 95% confidence intervals.

3. Results
3.1. Maximum Dry Density (MDD) and Optimum Moisture Content

The results of the Proctor tests conducted on the investigated hydraulically bound
mixtures are presented in Figure 3 (moisture content vs. dry density) and in Table 4
(optimum moisture contents).

The type of binder used had a measurable effect on the optimum moisture content of
the mixtures. The optimum moisture contents of all of the fly ash mixtures were constrained
to a narrow range of 8.75-9.25%, while the maximum dry densities of the reference cement-
bound mixtures were obtained at 7.25% and 7.75% moisture content, respectively. The type
of binding agent had no visible impact on the maximum dry density of the mixtures.

Regarding the effects of the fiber reinforcement content on the Proctor results, it had
little-to-no effect on the optimum moisture contents of the mixtures. In the case of the
maximum dry density, however, in two of three cases (Figure 3b,c), the mixtures with 0.05%
of fiber reinforcement reached a maximum dry density of equal to or higher than that of the
mixtures without fibrous additives, while the 0.10% addition of fibers in all cases resulted
in a decrease in MDD.
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Figure 3. Results of the Proctor tests for evaluating the optimum moisture content in the evaluated
mixtures: (a) reference CBGMs, (b) mixtures with 3.5% of fly-ash, (c¢) mixtures with 7% of fly-ash,
(d) mixtures with 14% of fly-ash.

Table 4. Optimum moisture content of the evaluated hydraulically bound mixtures.

Optimum Moisture Content

Cement Fly Ash Fiber Content (%)
Content (%) Content (%) 0.0 0.05 0.10
5.0 0.0 7.25% - -
8.0 0.0 7.75% - -
1.0 3.5 8.75% 9.25% 9.00%
1.0 7.0 9.25% 9.25% 9.25%
1.0 14.0 9.50% 9.25% 9.25%

3.2. Compressive Strength (R¢ 144, Rc 284, and Re 424)

The results of the uniaxial compressive strength of the investigated mixtures after 14,
28, and 42 days of curing are presented in Figure 4.

Based on the presented results, it can be stated that all of the evaluated factors in the
analyzed mixtures had a significant impact on their compressive strength—the composition
of the binder, its amount, and the amount of fiber reinforcement used. Of the two reference
mixtures, the 8-0-0 mixture achieved higher strengths (R¢ p84 = 4.4 MPa), which corresponds
to the C3 4 class of hydraulically bound mixtures, while the 5-0-0 mixture was characterized
by an average strength of Rc 754 = 2.3 MPa, which classifies it as a Cq 5/ CBGM. Among
the mixtures containing fly ash, their compressive strength after 28 and 42 days was almost
directly related to the amount of the binding agent. After 14 days, all of the non-reinforced
fly ash mixtures exhibited very low compressive strengths of 0.3-0.4 MPa. The 1-3.5-0
mixture bound with fly ash was characterized by the lowest values of compressive strength
of all of the analyzed mixtures (Rc 504 = 0.8 MPa). Increasing the amount of fly ash to 14%,
relative to the weight of the entire mixture, resulted in a significantly higher strength of the
cured material. In the case of this mixture (1-14-0), its 42-day strength was 3.0 MPa, which
is higher than that of the reference 5-0-0 mixture.
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Figure 4. Compressive strength results of the evaluated hydraulically bound mixtures after 14, 28,
and 42 days.

The evaluation of the mixtures bound with fly ash and containing dispersed fiber rein-
forcement showed that its use significantly improved the compressive strength throughout
the mixtures’ curing periods.

Regarding the final curing period, which, for the fly-ash-bound mixtures, was consid-
ered after 42 days, the R¢ values obtained for the content of 0.05% fibers in the ash-bound
mixtures amounted to 1.3 MPa for the 1-3.5-0.05 mixture, 2.6 MPa for the 1-7-0.05 mixture,
and 4.9 MPa for the 1-14-0.05 mixture. The mixtures with 0.10% fiber content had lower
compressive strengths, for which the R¢ 44 amounted to 1.2 MPa (1-3.5-0.10), 2.2 MPa
(1-7-0.10), and 4.1 MPa (1-14-0.10). Consequently, it was found that the highest values of
the R. parameter in all cases were obtained in the fly ash mixtures containing 0.05% of fiber
reinforcement, which resulted in an average of 142% higher compressive strength through-
out the curing period, while the mixtures containing 0.10% of fibers had, on average, a
108% higher compressive strength than the mixtures without fiber reinforcement.

In most cases, the greatest relative increases in compressive strength due to the intro-
duction of fiber reinforcement were observed after the first 14 days of curing, which, on
average, amounted to 242% and 169% for the 0.05% and 0.10% fiber mixtures, respectively.

3.3. Frost Resistance (FR)

The evaluation of the frost resistance of the investigated mixtures is presented in
Figure 5.

The addition of fiber reinforcement had different effects on the frost resistance of
the tested mixtures. In the mixtures containing 3.5% of fly ash, the addition of fiber
reinforcement resulted in a small but consistent increase in frost resistance from 0.5 to
0.58. On the other hand, the mixtures containing 7% of fly ash, which, overall, had the
best performance of the fly ash mixtures in this scope, exhibited a decrease in frost resis-
tance after adding the reinforcement. In the mixtures containing 14% of fly ash, the
1-14-0.05 formulation performed the best. When comparing the results of the fiber-
reinforced mixtures with the fly ash binder to the cement-bound reference mixtures, only
the 1-7-0 and 1-7-0.05 mixtures performed similarly.
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3.4. Indirect Tensile Strength (R;;)

Figure 6 presents the results of the indirect tensile strength of the evaluated hydrauli-
cally bound mixtures.
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Figure 6. Indirect tensile strength results of the evaluated hydraulically bound mixtures.

The fly-ash-containing granular mixtures without fibrous reinforcement exhibited
significantly lower indirect tensile strengths than the reference cement-bound mixtures.
Additionally, the R;; values observed in the non-reinforced samples of the 1-3.5-0 and 1-14-0
mixtures were comparable, and only the use of the intermediate dosage of the binding
agents (1-7-0 mixture) resulted in a slight increase in the splitting strength.

The addition of fiber reinforcement significantly improved the tensile performance
of the fly ash mixtures, particularly when 0.05% content of the fiber mix was used. The
observed increases in the R;; values amounted to 73%, 129%, and 300% in the case of the
1-3.5-0.05, 1-7-0.05, and 1-14-0.05 mixtures, respectively. As can be seen, the changes in the
indirect tensile performance were greater at the higher contents of binding agents—fly ash
in this instance. Increasing the fiber content up to 0.10% did not result in a further increase
in splitting strength, but the mixtures still performed better than the non-reinforced ones.

Consequently, the 1-14-0.05 mixture performed in this respect similarly to the cement-
bound 5-0-0 reference mixture, which did not incorporate any fiber reinforcement.
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4. Discussion

The investigated material solution was developed under a commission from an in-
dustry partner. Certain constraints were stipulated in the development of the presented
mixtures regarding their cost-effectiveness, which were reflected in low contents of cement,
fibrous reinforcement, and utilization of fly ash as a binder.

The specific factor in the presented study was the utilization of a mixture of polypropy-
lene and alkali-resistant glass fibers, which has not been thoroughly investigated or pre-
sented in the literature. Additionally, the investigated mixtures contained significantly
smaller amounts of fiber reinforcement than those found in the works of other researchers.
The typically investigated amounts of fiber reinforcement in this type of setting range from
0.10 to 1% by mass, while the presented work used 0.05 and 0.10% of fibrous reinforcement.
It should also be noted that, in most cases, other researchers investigated the use of fiber
reinforcement in fine soils rather than in high-quality and controlled aggregate mixtures.

The incorporation of the fiber mixture in the hydraulically bound mixtures yielded
results that were comparable to or more desirable than other similar solutions utilizing
one type of fiber—polypropylene or glass. The optimum performance in both uniaxial
compression and indirect tensile tests was obtained with a 0.05% fiber content, which was
significantly less than the average content of fibrous reinforcement found in the literature.
The obtained increases in the uniaxial compressive strength and indirect tensile strength of
the tested mixtures due to the introduction of the fiber reinforcement amounted to as much
as 142% and 300%, respectively.

The utilization of alternative binders, such as fly ash, may alter the rate at which the
required strength of the hydraulically bound material is attained. For fly ash mixtures, the
ultimate compressive strength is typically evaluated after 42 days of curing, as opposed to
28 days in cement-bound mixtures. The obtained results have not only shown that the fiber
reinforcement increased the compressive strength of the fly ash mixtures, but also that the
largest magnitude of this increase was seen after the first 14 days of curing. Therefore, the
fiber reinforcement significantly contributed to the early strength of these mixtures and can
be considered an additional advantage of such formulations.

5. Conclusions

In this study, we investigated the effects of dispersed fiber reinforcement (mixture of
polypropylene and alkali-resistant glass fibers, in 1:2 ratio by mass) on the performance
of hydraulically bound granular mixtures utilizing a small amount Portland cement and
increasing amounts of fly ash as the binder.

The most substantial findings of the presented work include the following:

e  The mixtures bound with Portland cement and fly ash with 0.05% (m/m) of fiber
reinforcement yielded the most favorable compressive and indirect tensile strengths,
surpassing those obtained with a higher amount of reinforcement (0.10%);

e The compressive strengths of the mixtures containing fly ash and 0.05% of fiber
reinforcement exceeded those of the reference, non-reinforced CBGMs;

e In the case of indirect tensile strengths, only the mixture containing 1% of Portland
cement and 14% of fly ash with 0.05% of reinforcement performed comparably to the
weaker reference CBGM (bound with 5% Portland cement);

e Increasing the contents of fly ash from 3.5% to 14% in the investigated mixtures (also
containing 1% of Portland cement) resulted in an improved mechanical performance;
moreover, this improvement was magnified when dispersed reinforcement was used;

o  The effects of fiber reinforcement on the frost resistance of the mixtures could not be
clearly established because inconsistent results were obtained in mixtures containing
different percentages of fly ash.

The findings suggest that it is possible to produce high-quality hydraulically bound
granular mixtures, in which fly ash substitutes most of the Portland cement, by means of us-
ing relatively small amounts of fiber reinforcement composed of a mixture of polypropylene
and alkali-resistant fibers. Future studies should attempt to explain these results by using
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more controlled mechanical tests (e.g., investigating the fracture mechanics of the material)
together with imaging and analytical techniques in tests involving different compositions
of fiber reinforcement. Additionally, the long-term performance of such mixtures should
be evaluated.
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