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Abstract: At present, the conservation of the environment represents an objective that everyone
wants to achieve. The construction industry has influenced the advancement of alternative materials
that comply with sustainable development. In this article, reinforced concrete was obtained by
mixing 80% blast furnace slag and 20% fly ash. These concentrations were chosen because they
provide the lowest porosity in the cementitious matrix. Rice husk ash was used as an activator.
Guadua angustifolia fibers were used to evaluate the mechanical performance of the concrete. The
composition of the raw material was determined by X-ray fluorescence, the microstructure of the
fibers by AFM, and the SEM technique was used to determine the surface characteristics of guadua
fibers and concrete mixes. The structural characterization using XRD, the structure of the molecules
of the guadua fiber, and the composition of the mixture’s molecular mixtures were determined by
FTIR spectroscopy. Its properties, such as tensile strength and flexural strength, were analyzed. The
results indicated that the concrete with the addition of Guadua angustifolia fibers. The results indicated
that the concrete with the addition of guadua angustifolia fibers showed the best mechanical behavior.
Tensile strength was optimized, establishing values of 2.68 MPa for unreinforced concrete and up to
3.12 MPa for fiber-reinforced concrete. The flexural strength values increase at ages after 28 days due
to the pozzolanic reaction generated. Values of 2.8 MPa were obtained for concrete without fiber and
3.5 MPa for concrete reinforced with guadua angustifolia fiber.
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1. Introduction

Concrete is the most used material in construction due to its physical-mechanical
properties. It has excellent compressive strength but deficient tensile strength [1]. Rein-
forced concrete is used in structures subjected to tensile and bending efforts, generally
with steel rods [2]. These reinforcements improve the system’s behavior under tensile
stresses, reducing the susceptibility to failure when the structures are exposed to the action
of winds, thermal cycles, and traffic [3]. However, when steel is exposed to corrosive
environments, a bond between steel and concrete is lost. Bond failure affects the structure’s
integrity due to the reduction of the cross-sectional area of the steel [2]. To improve the
resistance in concrete, adding artificial and natural polymeric fibers has been proposed. The
most significant environmental problem in Portland-type concrete is related to high CO,
emissions [4]. Developing low-energy consumption ecological constructions with good
resistance and durability has been proposed to counteract this situation [5]. Therefore, in
the last two decades, research has been carried out on the production of geopolymers using
by-products from industrial sectors such as steel, thermoelectric, and rice production [6].
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The most common cement alternatives include fly ash (FA), ground granulated blast
furnace slag (GGBFS), and silica fume (SF). Fly ash is a by-product of coal-fired electric
power stations. There are two general classes of FA: Low-calcium fly ash (ASTM C618 [7]
Class F, CaO < 10%) and high-calcium fly ash (ASTM C618 [7] Class C, CaO > 10%).
The low-calcium FA is considered a normal pozzolan, consisting of silicon oxide and
aluminum oxide, and to a lesser extent, by iron oxide. This type of FA requires calcium
hydroxide (Ca(OH);) because it has pozzolanic properties, and its particles need the
presence of Potlandite, produced during clinker hydration, to react [8]. The addition of fly
ash leads to lower heat of hydration, improves durability, and increases concrete strength
by pozzolanic and filler effects at long ages [9]. Ground granulated blast furnace slag is
a waste product from the iron manufacturing industry. The main components of GGBFS
are CaO (30-35%), SiO; (28-38%), Al,O3 (8-24%), and Mg (1-18%). The slag has hydraulic
properties. Therefore, it would start to react since the setting moment. The slag’s presence
reduces the hydration heat and leads to an essential refinement of mortars and concrete
microstructure [10]. Therefore, adding FA and GGBFS reduces the permeability of concrete
and improves its resistance to aggressive environments [9].

The development of binary, ternary, and quaternary blended concretes, depending on
the number of additions and their combinations used as partial replacement materials, is
taking place to meet the requirements of strength and durability demanded by concrete
technology. The utilization of fly ash and blast furnace slag provides an interesting alterna-
tive. Some researchers have carried out using the combination of these two by-products
with Portland cement in the last decades. Shenchun Xu et al. [11] observed that increasing
GGBEFS (from 30% to 50%) while the content of FA was kept at 10% implied a reduction
of compressive strength of about 14% at 28 days. An increase of FA amount (from 10% to
20%) while the content of GGBFS was 30% also reduced the compressive by about 12% at
the same age. The sample with 30% slag and 10% fly ash presented the highest compres-
sive strength, surpassing even those of the reference cement. The durability properties
of the ternary concrete, containing fly ash and blast furnace slag, were also evaluated
by immersion into 2% H,SO; solution for one year. The ternary concrete (25% FA and
15% GGBFS) was superior against sulfate attack, with minor weight loss and a slower
decreasing rate of compressive strength [12]. Fernandez et al. [13] studied the influence of
these two by-products on the physical and mechanical properties of ternary binders using
two different types of cement. The initial heat of the hydration and the setting time was
significantly reduced and delayed in the Portland cement with high alkali and high C3A
content. In contrast, they were slightly delayed both in the Portland cement with low alkali
and low C3A content.

The new engineering materials seek to satisfy mechanical, design, and cost require-
ments, reducing their environmental impact in the production or service phases. World-
wide, the growth of the construction industry has set itself the goal of supplying increasingly
economical and environmentally friendly materials [14]. The development of alternative
materials for producing cement and concretes has improved mechanical performance and
durability, with results superior to those established for traditional concretes [15]. Concern-
ing durability, natural fibers have been implemented due to their ease of obtaining and low
contamination rate for other types of fibers currently used [4]. Specifically, some studies
have focused on using guadua fibers due to their excellent physical-mechanical properties.

Research has allowed the development of new materials that are more resistant,
durable, environmentally friendly, and suitable for the needs of the construction industry,
with characteristics very similar to cement [16]. Consequently, most of the studies in the
area of materials have focused on the replacement or modification of traditional cement [17].
Additionally, it has been proposed to reduce the carbon footprint by using waste from the
iron and steel, thermoelectric, and rice processing industries. Specifically, blast furnace slags
are combinations of clayey materials from iron ore and the chemical reaction between coke
and sulfur [18]. The fly ashes produced in thermoelectric plants are considered polluting
due to their very little use [19]. Another material from controlled combustion processes is
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agro-industrial waste, such as rice husk ash [20]. Additionally, adding Guadua angustifolia
fibers to the cement will allow its potential use in construction [5].

This study obtained reinforced concrete with mixtures of 80% steel slag and 20% fly
ash. In previous works, it was shown that these concentrations reduce the porosity in the
cementitious matrix. Rice husk ash was also used as an activator. Guadua angustifolia fibers
were added to the cementitious matrix to determine the flexural properties. The research
objective was to compare the mechanical performance of reinforced concrete with concrete
samples without reinforcement.

2. Materials and Methods
2.1. Materials

Activated granulated blast furnace slag (BFS) was used as a cementing agent. It comes
from the steel industry Acerias Paz del Rio S.A., located in Boyaca—Colombia, dedicated
to producing steel from iron ore, coke, and limestone. Class F fly ash (FA) was obtained
from the Termopaipa thermoelectric plant and produced during coal combustion and
gasification. The ashes are spherical particles (Figure 1) composed mainly of SiO; and
AlO3, and to a lesser extent by oxides of Ca, Fe, and S. Likewise, rice husk ash (RHA)
obtained through heat treatment of rice husks in a combustion furnace was used. The raw
materials were characterized using a Malvern Panalytical X-ray fluorescence kit, reference
Epsylon. The composition of the raw materials is reported in Figure 2.

10pm 11 47 25Pa

40y ~ Electron Image 1
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Figure 1. SEM micrograph of fly ash. (a) Morphology, and (b) chemical composition zone.

Table 1 shows the composition of the mixtures of blast furnace slag BFS and fly ash
(FA) prepared in this research.

Table 1. Composition of blast furnace slag (BFS) mixtures and fly ash (FA).

Sample Binder Material

Raw fiber 80% BFS, 20% FA
The embedded fiber in concrete 80% BFS, 20% and Guadua angustifolia fibers
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Figure 2. Chemical composition of blast furnace slag (BFS), fly ash (FA), and rice husk ash (RHA).
2.2. Alkali Activation of the Mixtures

Concrete mixes were manufactured using class F fly ash and blast furnace slag weight
in different concentrations. The mixtures were activated by combining sodium hydroxide
and rice husk ash/sodium silicate. This combination of activators was assigned based on
the studies by Criado et al. [21]. The concretes’ liquid /solid (L/S) ratios were calculated
based on the mixing proportions and the chemical composition of the raw materials
and activators. The proportions of the mixtures were 80% steel slag and 20% fly ash
and subsequently activated by the combination of 85% NaOH 14M and 15% rice husk
ash/sodium silicate [22].. The Guadua angustifolia fibers were added manually together
with the aggregates in a percentage of 3% for the total weight of the mixture [23].

The sodium hydroxide/rice hull ash activating solutions were premixed and stored at
room temperature and humid conditions for 24 h before use. For the manufacture of con-
crete, the aggregates and cementing materials were incorporated into a mixing pot for five
minutes. Subsequently, the corresponding amounts of activating liquid were added to the
dry materials, mixing at 22 rpm for five minutes. Each mixture in its fresh state was poured
into molds, tamped, and compacted following the procedures described in the ASTM-
C-109M standard [24]. After 24 h, the specimens were unmolded to undergo the curing
process at 85 °C for another 24 h. Finally, the specimens were stored at room temperature.

2.3. Techniques

The ASTM C33 [25] standard determined the proportions of fine and coarse aggregates
and the sizes of aggregates used in concrete mixes. Guadua angustifolia fibers and concrete
mixes were characterized by Fourier Transform Infrared Spectroscopy (FTIR). A thermal
analyzer was coupled to an FTIR spectrometer (IS20, Thermo Fisher Scientific Co.). The
data acquisition frequency for FTIR spectrometry was 5 s, range of 400 cm ~'-4000 cm !,
and spectral resolution of 1 cm~!. The crystalline character was determined by X-ray
diffraction (XRD) using a PANalytical XPert PRO MRD instrument. This equipment has
a copper tube (k = 1.54060 A), a goniometer with standard geometry resolution (6-26), a
minimum step size of 0.002, and a proportional X-ray counter.

Additionally, the Guadua angustifolia was determined by scanning electron microscopy
(JEOL equipment) in backscattered electron mode (15 keV) and atomic force microscopy
(AFM) in a Nanosurf Flex equipment configured in contact mode to determine the rough-
ness values additionally. The fiber preparation process was carried out manually, guaran-
teeing that any chemical or biological agent did not alter the fibers. The fibers were cut to 3
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and 0.034 cm in diameter, guaranteeing better workability and adherence to the rest of the
mixture.

2.4. Tensile Strength and Flexural Testing

The tensile strength was determined at the age of 28 and 90 days using the tensile
splitting method for specimens with dimensions of 15 x 30 cm in cylinders, according
to the recommendations of ASTM-C-496 [26]. The load was applied by a hydraulic press
controlled by an automated system until failure, and the load’s application speed was
1290 N/s. In addition, prismatic specimens with dimensions of 150 x 150 x 600 mm were
tested by bending at 90 days following the procedure of ASTM-C-78 [27]. The load was
applied using a servo-controlled load frame with a maximum capacity of 100 kN. The load
rate was 130 N/s and consisted of applying two continuous point loads without impacting
the specimen’s central third or middle third span.

3. Results and Discussion

Figure 3 shows the results of the FTIR analysis of the Guadua angustifolia fibers. After
the immersion treatment in Ca(OH);, 3 Molar for 24 h, the functional groups present in
the fibers were identified. The objective of the treatment was to eliminate biological and
chemical agents that affected the quality of the concrete mixtures. The spectra (Figure 3)
show a peak at 1021 cm ™}, corresponding to the modification of the chemical bonds related
to the C-O group, indicating the existence of an amorphous phase [28]. The properties
related to low molecular weight polysaccharide compounds are characterized by the asym-
metric axial deformation of the C-O-C group according to the peak at 1250 cm !, which
would confirm, in turn, the loss of lignin [29]. In general, the FTIR analysis established that
the chemically treated Guadua angustifolia samples exhibited bands referring to crystalline
cellulose. Modifications were also observed in the bands corresponding to hemicellulose
and lignin components, indicating the elimination of these substances or the modification
of their chemical bonds. The results infer the decrease in moisture absorption on the speci-
mens. The bands at 1250 and 1506 cm ™! indicate a lower water absorption capacity and
an increase in the crystalline phase. The peak at 1638 cm ! is due to the modification of
the cellulose phases. The peak at 1730 cm ! is attributed to the carbonyl groups (C=0) of
cetyl-esters of hemicellulose. Due to the alkaline treatment with Ca(OH); on the lignocellu-
losic material, the peak has low intensity, and it is possible to relate this behavior to the
conformation of amorphous material [30]. The band at 3358 cm 1 is due to the stretching of
the -OH group, associated with the modification of the -OH bond of the cellulose molecule
caused by the reactions with the Ca(OH), solution. These last two bands indicate the
presence of aldehydes that make up the solutions used during infiltration.

Figure 4 shows the concrete’s FTIR spectrum without adding Guadua angustifolia fibers.
In the zone from 400 to 900 cm !, small peaks are evident that confirm the formation of
a geopolymer network between Si and Al, linked by oxygen bridges due to hydration
processes. A band at 1021 cm ™! is related to the partial replacement of silicon by aluminum
due to the composition of the steel slag and its addition to the mixture (80% by weight) [31].
The peak with the lowest intensity is related to the formation of the weak Al-O bond
due to the dissolution of the precursor during geopolymerization and its subsequent
reincorporation into the network, modifying the chemical environment of the bond. The
band corresponding to the vibration at 1506 cm ! is related to the carbonyl group’s bonding
due to the slag’s CaO concentration [32]. This factor can be correlated with the mechanical
properties of the concrete. The bands at 1638 and 1730 cm ™! are attributed to the reaction
of SiO4 2 in the C-S-H bonds in the hydration of the concrete [33]. The peak at 2925 cem™!
indicates the presence of water and sodium hydroxide. The peak displacement below
3000 cm ™! is due to high concentrations of the alkaline activator. The peak at 3358 cm !
corresponds to the reaction of the activator with the calcium sulfate present in the mixture.
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Figure 3. FTIR spectrum of Guadua angustifolia fibers.
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Figure 4. FTIR spectrum of concrete samples with added fly ash and steel slag, activated by rice
husk ash.

Figure 5 shows, by scanning electron microscopy, the morphology of the Guadua
angustifolia fibers, a concrete sample without reinforcement, and a concrete sample rein-
forced with Guadua angustifolia fiber [34]. Figure 5a reveals details of the guadua fibers
instead of sheets. Figure 4b is the detailed view (Figure 5a) of the surface of the Guadua
angustifolia fibers. A rough surface and stretching are observed, forming undulations at
the edges and minor fractures, indicating moderate fiber fragility [35]. Figure 5c shows the
morphological characterization of the concrete mix without fiber reinforcement. In this
micrograph, particles with various granulometry and irregular shapes are identified due
to chemical reactivity and the action of surface tension forces during mixing to minimize
free energy.
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Figure 5. SEM micrographs. (a,b) Guadua angustifolia fiber, (c) concrete mix without guadua fiber
reinforcement, and (d) concrete mix with guadua fiber reinforcement.

Additionally, two zones are observed, one compact and another region with very
porous intergranular spacing related to the alkaline activation generated by rice husk ash.
In Figure 5d, the morphology of the concrete samples is observed as a combined result
of the contraction and expansion forces due to the interaction of the Guadua angustifolia
fibers [36]. The different morphologies are more explicit in this micrograph Figure 5d
because the hydrated products and sheet forms are more clearly revealed.

The characterization of the Guadua angustifolia fibers by AFM is shown in Figure 6.
The analysis consisted of evaluating a section of 35.8 x 35.8 um and determining the
changes in the surface morphology of the fibers [37]. The surface irregularity provides
greater adherence between the ceramic matrices and the fibers. The roughness value was
determined at 2.7832 um. AFM analysis of the concrete samples was not possible due to
the high porosity of the material.
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Figure 6. Morphology of Guadua angustifolia fibers obtained by AFM. (a) Two-dimensional, and (b)
three-dimensional.

Figure 7 shows the diffractogram for the lignocellulosic samples analyzed by XRD.
The samples show diffraction peaks related to the cellulosic fibers at position 25. 85°
corresponds to the crystallographic plane (002). The other peak, with less intensity, is at
18.77° relative to the crystallographic plane (101) [38]. These two peaks are related to the
bands exhibited by the cellulose, indicating a high concentration of cellulose in the Guadua
angustifolia fibers. Therefore, the XRD analyses allow us to infer that the chemical treatments
lead to obtaining amorphous material, according to the intensity of the characteristic peak
of the grid plane (002) and the depression in the peak at 18.77°.

(U R)

Intensity

10 15 20 25 30 35 40
20 (degree)

Figure 7. X-ray diffraction spectrum for Guadua angustifolia fibers.

The X-ray diffraction spectrum for the concrete samples with fibers is shown in Figure 8.
The study established abundant glassy phases in the cementitious mix due to the high
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percentages of fly ash and steel slag aggregation [39]. The identification of the phases was
carried out from the interatomic distribution densities. The spectrum determined that the
steel slag comprises a significant percentage of calcium silicate hydrates C-S-H, evidenced
by a high-intensity peak centered around an angle (20) of 32.2°. Other peaks indicating the
presence of C-5-H are found at positions of 29.9°, 50.7°, and 69.7°. In addition, amorphous
zones are evident in the silica gel’s 20° to 25° indicator. The other compound corresponds
to Calcium aluminosilicate, which is mixed with crystals of calcium oxide, aluminum oxide,
and silicon oxide, its chemical formula Al,CaOgSiy (JCPDS 00-034-1236) corresponding to
positions 27.87°, 36.83°, 42.32°, and 48, 16° [40]. In this compound (Al,CaOgSiy), some or
all free oxygen ions are replaced by other anions within the range kept in a Ca and Si crystal
and a cell structure formed by the AlO type compound. Electrons replace the oxygen in the
cells through treatment. Another compound is Tridymite (66.93°, 82.57°), also known as
Silicon Oxide (SiO;), stabilized with an alkali metal corresponding to an inorganic mineral
with a Monoclinic crystalline system [41]. Tridymite is obtained at temperatures of 1100 °C.
Another mineral, but with minimal percentages in the mix, is the alumina-rich mullite
with AlgSi,O1, (JCPDS 00-033-1161) composition. Its large number of oxygens leads to the
formation of tetra-clusters. Mullite is the mineralogical composition in the silicoaluminate
fly ash and influences the pozzolanic reactivity of the mixture [42].
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Figure 8. X-ray diffraction spectrum for the samples studied concrete with fibers.

Figure 9 shows the results obtained in the tensile strength tests. The concrete samples’
highest tensile strength values were determined by mixing Guadua angustifolia fibers. After
28 days of curing, it was evident that concrete reinforced with guadua fibers increased
resistance values by 28% compared to concrete without reinforcement [43]. Additionally,
the study allowed increasing tensile strength at 90 days due to the incorporation of fly ash.
At early ages, the fly ash fills the pores of the matrix. Therefore, at more prolonged periods
of concrete evaluation, it was evident that the tensile strength values increased by 11%
for mixtures with the addition of Guadua angustifolia fibers and 21% for mixtures without
adding Guadua angustifolia fibers. This behavior is due to the slow pozzolanic reaction of the
fly ash [29]. However, the slag hydrates more rapidly over time, improving tensile strength.
The low reactivity values in concrete mixtures with the addition of fibers are due to the
typical chemical reaction of the fibers concerning the other concrete components. It must be
taken into account that reactions can occur, which can modify the total composition of the
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mixture, forming expansions and alkalinity between the added materials. As mentioned,
adding fly ash delays hydration due to 28.8% aluminate ions, as shown in Figure 9. Steel
slag provides adequate flexural strength at early ages (28 days). However, at tiny grain
sizes and in the presence of moisture, the concrete mix chemically reacts with rice husk ash
to form cementitious compounds. A pozzolanic reaction can only occur over time with a
ternary mixture of fly ash, steel slag, and rice husk ash. Therefore, this rapid reaction is
due to the incorporation of steel slag in additions of 80%, as shown by the results of other
investigations.

Tensile strength / MPa

0.0 | , ! s ! s |
90 days fibre-reinforced 90 days non-fibre 28 days fibre-reinforced 28 days non-fibre

concrete concrete concrete concrete

Figure 9. Variation of tensile strength values at 28 and 90 days in concrete mixes with and without
adding Guadua angustifolia fibers.

Figure 10 lists the flexural strength values for the concrete samples with and without
the addition of Guadua angustifolia fibers at times of 28 and 90 days [37]. The results show
that the mixture with the addition of Guadua angustifolia fibers showed the highest values in
flexural strength at 90 days. For mixtures without fiber reinforcement evaluated at 90 days,
it was found that the flexural strength was 19% higher compared to the mixture evaluated
at 28 days. In addition, the flexural strength results showed a 7% higher flexural strength
than the mix evaluated at 28 days. In general, adding fly ash, steel slag, and activation with
rice husk ash results in lower flexural strength as a function of time, and adding Guadua
angustifolia fibers in the mix increases flexural strength. The flexural resistance values of
the concrete mixtures added with Guadua angustifolia fibers were the highest, regardless
of the curing time. These results are in agreement with the trends found in the analysis of
tensile strength, where it has been shown that cementitious compounds typically gain less
resistance due to the addition of Guadua angustifolia fibers [42,44]. The results here show
that adding fibers affects the ternary mixtures more. This effect is related to the pozzolanic
reaction over time. However, it has been observed that, at ages after 28 days, ternary mixed
concretes have very little long-term strength because the effect of adding reinforcing fibers
on flexural strength is high for early ages.
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Figure 10. Variation of flexural strength values at 28 and 90 days in concrete mixes with and without
adding Guadua angustifolia fibers.

4. Conclusions

Guadua angustifolia is a renewable and sustainable material. Therefore, it is an attractive
option from an environmental point of view. By incorporating guadua fibers into alkaline-
activated concrete, the dependence on traditional construction materials, such as steel,
which have a more significant environmental impact, can be reduced.

X-ray diffraction identified the presence of cellulose in the Guadua angustifolia fibers.

Employing X-ray diffraction, the hydration products were identified as calcium silicate
gels, C-5-H (calcium silicate hydrate), and other crystalline compounds.

The mixture with additions of Guadua angustifolia fibers had the best mechanical
behavior compared to the concrete without reinforcement. Incorporating guadua fibers
into the ternary mixtures establishes the use of the mechanical properties of the Guadua
angustifolia with the benefits of the materials that make up the alkaline-activated mixture.
Tensile and flexural strength improve at ages older than 28 days due to the pozzolanic
reaction attributed to the slag’s hydraulic nature and the fly ash’s slow pozzolanic reaction.
FTIR determined these characteristics.
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