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Featured Application: Cement bound granular mixtures for base and sub-base layers of road
pavements.

Abstract: Construction and demolition waste (CDW) and coconut husk are frequently discharged into
landfills, creating an environmental problem. However, the CDW can be used to obtain good-quality
recycled aggregates (RA), and the coconut husk can be processed into coconut fiber (CF). These
materials can be used in the construction of cement bound granular mixtures (CBGM) to be applied
as base and sub-base layers of road pavements. Such a large-scale application would bring value
to these materials and reduce the extraction of non-renewable natural resources. In this work, the
mechanical performance of CBGM with RA and CF reinforcement was evaluated and compared
with a conventional CBGM with natural aggregate (NA). The mechanical performance was assessed
through the immediate bearing index (IBI), unconfined compressive strength (UCS), indirect tensile
strength (ITS), and flexural strength (FLS) tests. The results of the experimental program allow the
conclusion that the CBGM with RA present similar performance to the CBGM with NA. Furthermore,
the use of CF effectively reinforced the integrity of the CBGM specimens at post-test, indicating
potential gains in durability after cracking occurrence.

Keywords: cement bound granular mixture; mechanical performance; recycled aggregate; fiber
reinforcement; construction and demolition waste; coconut fiber

1. Introduction

The construction of road pavement consumes a considerable amount of natural re-
sources, particularly aggregates. The European Aggregates Association (UEPG) indicates
an average annual demand of six tons per capita (in EU+EFTA space, 2018), which amounts
to three billion tons per year, placing the aggregates sector as by far the largest consumer of
natural resources among the non-energy extractive industries [1]. The UEPG estimates that
20% of the end use of aggregates is in transport infrastructure: roads, runways, railways,
and waterways [1]. The majority of the aggregates used is obtained from crushing natural
rocks. This permanent consumption of non-renewable resources is not sustainable. In
addition, some regions already possess low reserves of quality aggregates [2–6].

Concomitantly, demolition and renovation actions produce significant waste, com-
monly designated as construction and demolition waste (CDW). Over the last years, a
big portion of these materials was discharged into landfills [2]. As a result, the European
Parliament and the European Council issued directives to promote the rational and efficient
use of natural resources to tackle this environmental problem [7,8]. These directives are
being transposed into national legislation. For example, in the case of Portugal, DL 102-
D/2020 [9] recently increased the cost of CDW disposal into landfills from 11 to 22 EUR/ton
and already predicts an increase to 35 EUR/ton in 2025. However, if properly processed,
CDW can be used to obtain recycled aggregates (RA).
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The use of RA, as the total or partial replacement of natural aggregates (NA), has
already been validated for cement concrete [4,10–14] and unbound granular layers [15–23].
Compared to NA, in general, RA tend to present lower dry density, higher water absorption,
and higher wear by abrasion. When crushed concrete materials mainly constitute the
RA, these differences can be explained by the residual mortar adhered to the aggregates.
Furthermore, when released and hydrated, this adhered mortar promotes self-cementing
reactions that enhance the overall mechanical strength [15,18,24,25].

Regarding cement bound granular mixtures (CBGM), the use of RA has already been
evaluated, generally presenting a lower maximum dry density and requiring a higher
moisture content [3,26–28]. In addition, some authors evaluated the performance of CBGM
in full-scale pavement test sections, and when testing with falling weight deflectometers,
found the deflections of the sections with RA to be equal to or lower than those of the
sections with NA [29–31]. Thus, the use of RA allowed a higher modulus in the pavement
layer, which indicates enhanced mechanical behavior.

In bound materials, such as concrete and CBGM, the incorporation of fibers can
cause a reinforcement effect. Regarding reinforcement, a material with the potential to be
used in CBGM is coconut fiber (CF). CF, a natural fiber, is obtained from coconut husk.
Coconut husk is a residue from the food sector, which extracts several products from the
coconut. Currently, there is a lack of large-scale applications for this waste material, which
is generally discharged into landfills, posing an environmental problem.

As natural materials, some variability in properties can occur. However, several
authors have already highlighted the good mechanical properties of CF, such as tensile
strength (90–286 MPa), tensile modulus (1.1–13 GPa), and a high maximum tensile strain
(15–51%) [5]. CF also presents high durability due to its low cellulose and high lignin
contents that retard its natural degradation [32].

Several authors have previously explored the use of CF in bound materials (mostly
cement concrete) and concluded that such an application was interesting [5]. The use
of CF enhanced the mechanical performance of the bound material, producing gains in
indirect tensile strength (ITS), flexural strength (FLS), toughness, impact resistance, and
restraining crack development [33–41]. However, incorporating high dosages of CF can
increase voids and decrease density, which may affect performance [36,37,42]. The use of
CF, particularly at high dosages, affects workability, and in the case of cement concrete,
decreases the slump value [42,43]. In the case of CBGM, the CF dosage should be optimized
to ensure the integrity of the material, i.e., maximize durability. Currently, there is a gap in
the knowledge regarding the mechanical performance of CBGM incorporating CF, as no
literature was found on this matter.

Large amounts of CDW and coconut husk are produced, both of which lack significant
large-scale applications. In this regard, the construction of road pavement is a possible
application, as it is an activity that consumes large amounts of aggregate. In this study,
to explore the use of fibers, these materials were included in bound layers, particularly
sub-base and base layers. The consumption of RA and CF, which are obtained from waste
materials, would enable savings in the consumption of natural resources and reduce the
volumes of such materials in landfills.

This work promotes the use of recycled materials, RA and CF, in CBGM by presenting
the results of an experimental program designed to understand their effects in the me-
chanical performance of CBGM. Following the materials characterization, the mechanical
performance of the CBGM was assessed according to the current European specifications
framework. The mechanical performance was evaluated in the laboratory through the
immediate bearing index (IBI), unconfined compressive strength (UCS), ITS, and FLS tests.

2. Materials and Methods
2.1. Materials

The materials required for the production of conventional CBGM are aggregates, ce-
ment, and water. The variables under study were the type of aggregate and the incorporation
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of CF to promote a reinforcement effect. To isolate the effects of these variables, the same
cement and water source (tap water) were used throughout the experimental program.

In total, six CBGM were studied, according to the compositions indicated in Table 1.
In Table 1, the cement and the CF dosages are given as a percentage of dry aggregates mass
and as a percentage of dry solids mass (cement and aggregate), respectively.

Table 1. Designation and constituents of the six CBGM compositions studied.

CBGM Designation Type of Aggregate Cement Dosage CF Dosage

NA_2_0 Natural 2% 0%
NA_2_0.1 Natural 2% 0.1%
RA_2_0 Recycled 2% 0%

RA_2_0.1 Recycled 2% 0.1%
RA_3_0 Recycled 3% 0%

RA_3_0.1 Recycled 3% 0.1%

Two types of aggregates were used: one NA and one RA. Table 2 presents the particle
size distribution of the aggregates and the grading envelope indicated by the Portuguese
infrastructure agency for the aggregate 0/31.5 to be used in CBGM [44]. The RA was
obtained by processing CDW through a jaw crusher. Regarding lithology, the original
aggregate of the RA was mainly derived from granodiorite.

Table 2. Aggregate particle size distribution and specification limits used as reference.

Sieve of Square
Aperture (mm)

Cumulative Percent Passing

Type of Aggregate Specification Limits

NA RA Minimum Maximum

40 100 100 100 100
31.5 97.4 96.1 80 99
16 72.8 75.5 63 77
8 55.1 51.8 43 60
4 38.3 36.7 30 52
2 24.6 25.8 23 40
1 15.6 19.6 14 35

0.5 11.0 13.9 10 30
0.063 2.8 4.0 2 7

The RA can be classified according to its constituents. According to EN 933-11 [45],
which establishes a classification for the constituents of coarse RA (≥4 mm), the consti-
tution of the RA was: 81.0% concrete, concrete products, and mortar; 18.3% unbound
aggregate, natural stone, and hydraulically bound aggregate; 0.3% clay masonry, calcium
silicate masonry, and aerated non-floating concrete; and 0.3% bituminous materials. For
instance, under the AASHTO framework [46], this RA would classify as reclaimed concrete
aggregate (RCA).

Table 3 presents the properties of the NA and RA. The Portuguese specifications [44]
set a maximum of 30 and 40 for the flakiness index and Los Angeles coefficient, respectively.
The specifications also indicate that when the percentage of fines is higher than 3%, the
sand equivalent should be higher than 50. If the percentage of fines is higher than 3% and
the sand equivalent is lower than 50, methylene blue must be lower than two. Finally, if the
percentage of fines is lower than 3%, the characteristics of the fines are considered irrelevant
to the general performance of the aggregate mixture. Thus, both aggregate types match the
requirements of the specification. Regarding the RA, the higher Los Angeles abrasion and
water absorption can be partially explained by the residual adhered mortar. Other authors
also identified higher Los Angeles abrasion and water absorption of RA [10,17,20,47].
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Table 3. Properties of the natural and recycled aggregates.

Property Test Standard NA RA

Fines (% under 0.063 mm) EN 933-1 2.8 4.0
Flakiness index (FI) EN 933-3 11 8

Shape index (SI) EN 933-4 12 8
Sand equivalent (SE) EN 933-8 39 70

Methylene blue (g/kg) EN 933-9 10 7
Los Angeles coefficient (LA) EN 1097-2 33 38

Fraction 0/4—Apparent particle density (Mg/m3)

EN 1097-6

2.43 2.43
Fraction 0/4—Water absorption (%) 4.1 6.0

Fraction 4/31.5—Apparent particle density (Mg/m3) 2.66 2.75
Fraction 4/31.5—Water absorption (%) 2.3 4.9

In all mixtures, the cement used was Portland CEM II/A-L 42.5 R. This type of cement
was selected because it is the one most used by the Portuguese industry. Aligned with the
objective of reducing the consumption of natural resources, low cement dosages (2% or 3%)
were used throughout the study. In addition, the use of a higher cement dosage can promote
better mechanical strength, but it would also increase the possibility of shrinkage cracks.

The CF was obtained by processing waste from coconut husk. A sample of CF used for
the CBGM production is presented in Figure 1. The properties of the CF are presented in
Table 4. The CF dosage in the CBGM (0.1%) was selected according to the literature [5]. In
the CBGM with CF, the fibers were added last, after mixing aggregates, cement, and water.
Moreover, as CF presents high water absorption, it was soaked in water prior to mixing.
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Figure 1. Sample of coconut fiber.

Table 4. Properties of the CF.

Property Value

Length (mm) 130
Apparent density (Mg/m3) 1.42

Water absorption (%) 140

2.2. Specimens Preparation and Test Methods

A 180 L drum mixer was used to produce the specimens in the laboratory. For the
IBI, UCS, and ITS tests, the cylindrical specimens (approximately 150 mm in diameter and
150 mm in height) were compacted using a vibrating hammer following EN 13286-51 [48].
For the FLS tests, the specimens (approximately 400 × 100 × 100 mm) were compacted
in rectangular molds, simulating the compaction conditions adopted for the cylindrical
specimens. The target maximum dry density (MDD) and optimum water content (OWC)
were previously determined according to EN 13286-1 [49], using the vibrating hammer
compaction in EN 13286-4 [50]. As a result, an MDD of 2.19 and 1.96 Mg/m3 and an OWC
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of 4.1% and 9.2% were obtained for the mixtures with NA and RA, respectively. Following
compaction, the specimens were conditioned in a curing chamber at 20 ◦C and 95% relative
humidity for the curing age indicated in Table 5.

Table 5. Type of test and curing age adopted in the experimental program.

Type of Test Test Standard Reference Curing Age

IBI EN 13286-47 [51] n.a.
UCS EN 13286-41 [52] 7 days
ITS EN 13286-42 [53] 7 and 28 days
FLS EN 12390-5 [54] 28 days

n.a.—not applicable.

The mechanical performance of the CBGM was assessed through a laboratory experi-
mental program involving the tests presented in Table 5. IBI was evaluated through the
immediate California bearing ratio (CBR) test. In this case, the CBR test was carried out
60 to 90 min after the preparation of the CBGM specimens, and no surcharge was applied.
The UCS tests were conducted under constant load, ensuring that rupture of the specimen
occurred within 30 to 60 s, as indicated by the respective test standard. The ITS tests were
conducted under constant displacement (50 mm/min), ensuring that the stress increase
was no greater than 0.2 MPa/s, as indicated by the respective test standard. In the case of
FLS, we followed the test standard for hardened concrete, as no dedicated test standard is
available for CBGM. The center-point loading method was used and loading was applied
under constant displacement (1.27 mm/min), ensuring that the loading rate of 0.05 MPa/s
was not exceeded.

3. Results and Discussion
3.1. Immediate Bearing Index

The results of the IBI are presented in Figure 2. As the IBI was performed within 60 to
90 min after the specimen preparation, the strength gain due to cement hydration should
be negligible. Thus, as expected, the cement dosage had no clear effect on IBI. Additionally,
the use of CF had no clear effect on IBI. However, the 2% cement CBGM with NA and RA
presented an increase in IBI with the use of CF. Conversely, the CBGM with RA and 3%
cement showed lower IBI when the CF was added.
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Figure 2. Immediate bearing index of the CBGM.

The CBGM constituents can explain the high values of the IBI. The good-quality
aggregates and controlled particle size distribution, within the limits of the specification,
can explain the IBI values. Possibly, the differences in the IBI among the studied mixtures
can be explained by a better (or worse) aggregate interlocking being achieved in some of
the specimens.
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For the CBGM supporting immediate trafficking, the European specification for CBGM,
EN 14227-1 [55], recommends a minimum IBI of 40%. However, all the studied CBGM
presented an IBI equal to or higher than 150%, indicating no problems regarding immediate
trafficking.

3.2. Unconfined Compressive Strength

The results of the 7 days UCS are presented in Figure 3. For each CBGM, the average
values and standard deviations shown in Figure 3 were determined from three tested
specimens. All CBGM presented good UCS results, with average values higher than 5 MPa.
Such strength levels allow them to easily comply with the UCS requirements set by most
infrastructure agencies. The values largely exceed the minimum UCS set by the Portuguese
infrastructure agency [44], a 28 days UCS higher than 1 MPa, and the minimum UCS
indicated by the Australian Guide to Pavement Technology [56], a 28 days UCS higher
than 2 MPa. Regarding UCS, some of the more demanding specifications are the Spanish
PG-3 [57] that requires a 7 days UCS higher than 4.5 MPa and the South African Pavement
Engineering Manual, SAPEM [58], which indicates a minimum 7 days UCS of 4 MPa and
6 MPa for the CSM-C2 and CSM-C1 classes, respectively.
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Figure 3. Unconfined compressive strength of the CBGM at 7 days of curing.

In the case of the CBGM with 2% cement, the use of CF caused a slight decrease in
the UCS, 11% and 10% for the CBGM with NA and RA, respectively. On the other hand,
in the CBGM with RA and 3% cement, the use of CF increased the UCS by 2%. These
variations indicate that the CF reinforcement did not contribute to increasing the UCS.
However, on a smaller scale, this was to be expected, as some studies about the use of CF
in cement concrete noted that the presence of the CF could promote an increase in voids
with a respective decrease in density, which in turn affects UCS.

For the CBGM using RA, the increase in cement dosage from 2% to 3% increased UCS
by 34% and 51% for the CBGM without CF and using CF, respectively.

3.3. Indirect Tensile Strength

The ITS test results at 7 and 28 days of curing are presented in Figure 4, where the
bars represent the average results, and the error marks represent the standard deviation.
For each CBGM and curing age, three specimens were tested. The lowest ITS values were
obtained with the RA_2_0 mixture, with 0.374 and 0.542 MPa at 7 and 28 days of curing,
respectively. Thus, all CBGM exceed the minimum ITS indicated by several references
such as a former Portuguese specification by Junta Autonoma de Estradas (JAE) [59] and
SAPEM [58]. SAPEM indicates a minimum ITS at 7 days of 0.20 and 0.25 MPa for the
CSM-C4 and CSM-C3 classes, respectively (for CSM-C2 and CSM-C1, the minimum ITS is
not set). JAE indicates a minimum ITS of 0.20 and 0.30 MPa at 7 and 28 days, respectively.
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Figure 4. Indirect tensile strength of the CBGM at 7 and 28 days of curing.

The use of RA, as a substitution of the NA, did not compromise the ITS. In the case
of the CBGM with 2% cement, if compared with the CBGM with NA, the CBGM with RA
presented a variation in ITS of −38% and −24% without CF and −6% and +17% with CF at
7 and 28 days, respectively. For the CBGM with RA, at 7 days, the increase in the cement
dosage from 2% to 3% increased ITS by 56% and 26% for the CBGM without CF and with
CF, respectively. For the CBGM with RA, at 28 days of curing, the increase in the cement
dosage from 2% to 3% increased ITS by 58% and 21% for the CBGM without CF and with
CF, respectively.

Regarding the use of CF, the effects in the ITS of the CBGM were not obvious. In the
CBGM with NA, the use of CF led to a reduction in ITS of 23% at both the 7th and 28th
days. The use of CF in the CBGM with RA caused variations in ITS of +16% and +18% in
the mixture with 2% cement and −6% and −9% in the mixture with 3% cement at 7 and
28 days, respectively.

However, the effects on strength were not clear. The use of CF highly enhanced the
integrity of the CBGM specimens post-test. Figure 5 presents an example of CBGM with
RA at post-test, without CF (left) and with CF (right). While the specimens without CF
tended to split into two halves and presented some disaggregation, the specimens with CF
maintained their integrity, and the loss of particles was minimal. Such an effect is visually
more impactful on the ITS and FLS tests than on the others analyzed. However, a similar
effect occurred with the UCS post-test.
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Figure 5. Example of CBGM specimens, without CF (left) and with CF (right), after the indirect
tensile strength test.

3.4. Flexural Strength

The results of the FLS test are presented in Figure 6. In Figure 6, the bars represent
averages and the error marks represent standard deviation. For each CBGM, two specimens
were tested. Generally, due to the much lower cement dosage, the CBGM presented an
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FLS that is much lower than a conventional cement concrete. Thus, the FLS tests were
conducted only at 28 days of curing and not earlier.
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Figure 6. Flexural strength of the CBGM at 28 days of curing.

In the CBGM with 2% cement, all FLS values ranged from 0.5 to 1.0 MPa. Accordingly,
the CBGM with RA and 3% cement presented a higher FLS. For the CBGM with RA, the
increase in the cement dosage from 2% to 3% increased FLS by 102% and 237% for the
CBGM without CF and with CF, respectively. Such an increase was expected, as a 2%
cement content is a particularly low dosage.

The use of CF caused a variation in FLS of +16%, −13%, and +45% for the CBGM with
NA and 2% cement, the CBGM with RA and 2% cement, and the CBGM with RA and 3%
cement, respectively. Thus, in the case of FLS, the use of CF seems to be more effective if the
original FLS (without CF) is higher, as in the cases of the CBGM with RA and 3% cement
and the CBGM with NA and 2% cement. In addition, a visual effect of the use of CF in the
CBGM was that the specimens did not break, splitting into two halves, after reaching the
peak load (Figure 7).
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4. Conclusions

The construction of pavement layers demands a significant amount of materials,
particularly aggregates and, generally, natural aggregates (NA) are used. In this work, we
evaluated the feasibility, in terms of mechanical performance, of using recycled aggregates
(RA), mostly crushed concrete, derived from construction and demolition waste (CDW)
and coconut fiber (CF) obtained from discarded coconut husk in the construction of cement
bound granular mixture (CBGM). Such CBGM are commonly used in sub-base and base
layers of road pavement. The use of RA and CF, obtained from actual waste materials,
would enable savings in the consumption of non-renewable natural resources.
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An experimental program was developed in the laboratory to evaluate the mechan-
ical performance of CBGM incorporating the abovementioned materials. The studied
CBGM were tested for immediate bearing index (IBI), unconfined compressive strength
(UCS), indirect tensile strength (ITS), and flexural strength (FLS). The obtained results
highlight the suitability of RA for CBGM application and the potential of CF to provide
a fiber reinforcement effect. Furthermore, the experimental results allowed the following
conclusions:

• Regarding immediate trafficking, the IBI results indicate good performance for all
CBGM, underlining the suitability of RA to replace NA.

• The mechanical performance tests—UCS, ITS, and FLS—revealed that the CBGM with
RA presented a reasonably similar performance to the CBGM with high-quality NA,
clearly indicating that the use of RA does not compromise the overall performance
of the CBGM. Furthermore, notwithstanding the low cement dosages considered, 2%
and 3%, all CBGM exceeded the usual minimum strength requirements set by the
specifications of infrastructure administrations.

• The use of CF promoted the effect of fiber reinforcement. However, in the cases of
UCS and ITS, it did not have clear effects in the peak resistance of the CBGM. On the
other hand, it effectively enhanced FLS at a higher cement dosage (3%). Generally,
in all the tests, the use of CF maintained the integrity of the specimens at post-test.
Furthermore, if compared to the CBGM without CF, the specimens of CBGM with CF
presented minimal loss of particles and splitting during test loading and at post-test.
Such an effect highlights the potential of CF to enhance the durability of the CBGM
and its response under damaged (post-cracking) conditions.

More studies are needed to quantify the effects on durability. For example, further
studies will be conducted to evaluate durability following the mass loss due to brushing
methods as indicated by AASHTO T 135 [60] and AASHTO T136 [61]. In addition, to better
understand construction feasibility and in-service performance, the construction of a full-
scale test section is ongoing. This test section will have different pavement stretches, using
CBGM with NA and RA and without CF and with CF. Following construction, the bearing
capacity will be periodically evaluated using falling weight deflectometer equipment.
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