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Abstract: Reinforced concrete is the most widely used building material in history. However,
alternative natural and synthetic materials are being investigated for reinforcing concrete structures,
given the limited availability of steel in developing countries, the rising costs of steel as the main
reinforcement material, the amount of energy required by the production of steel, and the sensitivity
of steel to corrosion. This paper reports on a unique use of bamboo as a sustainable alternative to
synthetic fibers for production of bamboo fiber-reinforced polymer composite as reinforcement for
structural-concrete beams. The aim of this study is to evaluate the feasibility of using this novel
bamboo composite reinforcement system for reinforced structural-concrete beams. The bond strength
with concrete matrix, as well as durability properties, including the water absorption and alkali
resistance of the bamboo composite reinforcement, are also investigated in this study. The results
of this study indicate that bamboo composite reinforced concrete beams show comparable ultimate
loads with regards to fiber reinforced polymer (FRP) reinforced concrete beams according to the
AClI standard. Furthermore, the results demonstrate the potential of the newly developed bamboo
composite material for use as a new type of element for non-deflection-critical applications of
reinforced structural-concrete members. The design guidelines that are stated in ACI 440.1R-15
for fiber reinforced polymer (FRP) reinforcement bars are also compared with the experimental
results that were obtained in this study. The American Concrete Institute (ACI) design guidelines are
suitable for non-deflection-critical design and construction of bamboo-composite reinforced-concrete
members. This study demonstrates that there is significant potential for practical implementation of
the bamboo-composite reinforcement described in this paper. The results of this study can be utilized
for construction of low-cost and low-rise housing units where the need for ductility is low and where
secondary-element failure provides adequate warning of collapse.

Keywords: bamboo; fiber reinforced polymer; sustainable reinforcement; reinforced concrete

1. Introduction

Reinforced concrete is described as the “most fruitful and generous of all building materials” by
Pier Luigi Nervi, an engineer and contractor and one of the greatest 20th-century structural designers
in reinforced concrete [1,2]. Over the past century, reinforced concrete has significantly transformed
the built environment.
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The most common type of reinforcing bar is steel reinforcement. Steel reinforcement has been
used in a variety of structural concrete applications over the past decades. However, the susceptibility
to steel corrosion is the major drawback. Corrosion is often initiated by either concrete carbonation or
exposure of the concrete element to chloride ions, as discussed in many studies [3-5]. The concrete
matrix creates a protection layer around the reinforcement steel member by providing an alkaline
environment with a pH level of 12 to 13, where a thin oxide layer forms on the steel reinforcement
prevents iron atoms from dissolving. Hence, steel reinforcement remains in a passive state and the
corrosion is prevented or largely reduced [3,6,7]. The corrosion process will be initiated the moment
that this protective layer around the steel reinforcement is damaged through either carbonation or
exposure to chloride ions [8,9].

Various methods have been investigated by researchers worldwide to overcome the corrosion of
the steel reinforcement in concrete. Improving the quality of concrete, employing protective coating on
reinforcement bars, and the application of non-ferrous and non-metallic reinforcement materials are
some of the many ways to reduce the problems that are associated with corrosion of steel reinforcement
bars in concrete [10-13]. When comparing the methods of minimizing the impact of corrosion, technical
advantages and disadvantages as well as cost need to be considered. For instance, the initial cost
of applying epoxy coating on reinforcement bars on average can add up to 30% to the cost of the
reinforcement, while the galvanizing process can add up to 50% to the initial cost [11,14].

Steel reinforcement is not only costly; problems that are associated with corrosion and the
additional investment required to minimize corrosion have led to many challenges, particularly in
developing countries. For instance, very few developing countries have the required resources of steel
for development of their infrastructure. According to the report that was published by World Steel
Association in 2015, out of 54 African nations, only two produce steel in noticeable quantities [15].
According to the United Nations Population Division’s report, it is expected that world population will
increase to 11 billion people by 2100 and most of this increase will take place in countries in developing
regions, mostly in Africa and Asia [16]. Therefore, difficult challenges will be faced by these countries
to meet the demand for steel reinforcement bars for the housing and construction industry.

Steel reinforcement is not without alternatives. There is an alternative renewable natural resource
that grows in the tropical zone of earth that coincides with the location of developing countries—bamboo.
Bamboo belongs to the botanical family of grasses and it has relatively high tensile capacity, thus making
it a potential reinforcement alternative for steel [17,18]. Some species of bamboo have shown tensile
strength of up to 600 MPa and single bamboo fibers can reach a tensile strength as high as 2000 MPa [19].

The idea of employing bamboo for concrete applications is not new. In 1914, Hou-kun Chow,
at MIT tested for the very first time small diameter raw bamboo as reinforcement materials for concrete
members [20]. Later on, in 1935, Datta and Graf from Stuttgart investigated the potential applications of
raw bamboo in concrete, However, they were not successful in implementing full-scale applications due
to problems that are associated with debonding of natural bamboo from the concrete matrix as a result
of water absorption and swelling [21]. More extensive research was carried out in 1950 after World
War II, at Clemson University, where small diameter bamboo culms were employed as reinforcement
in concrete structures [21]. However, most of the structures built with bamboo as reinforcement for
concrete during this period collapsed shortly after being constructed due to shrinkage and swelling of
the raw bamboo and degradation over time due to insect and fungus attacks.

Between 1995 and 2005 more recent research in the field of bamboo as reinforcement for concrete,
as carried out in Brazil [22-24]. Seven species of bamboo were selected to find the most appropriate
species to be used as reinforcement in lightweight concrete beams. The results from this study showed
that concrete beams with bamboo reinforcement had significant load-bearing capacities when compared
with non-reinforced beams and the strength was similar to that of concrete beams that were reinforced
with steel.

Unfortunately, the long-term behavior of bamboo in concrete structures has since remained a
challenge for many researchers. When natural bamboo is exposed to the concrete matrix, through time,
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it absorbs water from the concrete. This will result in the swelling of bamboo elements. Repetitive
swelling and shrinkage of the natural bamboo has often led to sudden de-bonding of the bamboo
element from the concrete matrix. This caused a near-complete loss in the structural load-bearing
capacity of the reinforced concrete member.

The results from studies on the application of natural bamboo from 1914 till today have indicated
that raw bamboo has potential for replacing steel in reinforced concrete beams [25-30]. However,
new solutions need to be developed to overcome the problems that are associated with durability issues,
such as water absorption, the effect of alkaline environment of concrete on raw bamboo, the difference
in thermal-expansion coefficients between bamboo and concrete, as well as the bonding mechanism of
raw bamboo with concrete matrix. Furthermore, a reinforcement system that is designed based on the
physical dimensions of the raw bamboo culm will always be limited to available dimensions according
to the natural characteristics of bamboo.

In an earlier study by the authors, a new technology was developed to process bamboo culms
into fibers that are suitable for application in the form a novel bamboo composite material [31].
Advantages of using bamboo fibers over traditional synthetic fiber materials are the abundance,
renewability, biodegradability of the fiber, and low production costs. The fibers are obtained by
processing entire bamboo culms. They are then added to epoxy resin system and fabricated into
high-tensile-strength composite materials while using a hot-press fabrication method. The process
yields a bamboo composite material, which may then be cut into different sizes to be used in concrete
as reinforcement in place of steel bars [32].

The main objective of this paper is to report on an investigation into the possibility of using
this newly developed bamboo composite material for reinforcement in structural-concrete beams.
The development of the bamboo composite reinforcement system and the durability properties, such as
water absorption, swelling, shrinking, and chemical resistance are evaluated. Additionally, challenges
that are related to thermal expansion and the bonding mechanism are studied through an extensive
series of tests. Finally, comparisons of the design parameters with reference to the design guidelines
stated in ACI (American Concrete Institute) 440.1R-15 for FRP (Fiber Reinforced Polymer) reinforcement
in concrete [33] help to place the contributions in a more general context.

2. Materials and Methods

2.1. Bamboo Species

Dendrocalamus asper, known as Petung Putih bamboo, was selected from a bamboo forest on
the Java island of Indonesia. Dendrocalamus asper is widely available in Java and is being used for
small housing projects. The bamboo samples used in this study had an average culm length of 20 m.
The outer diameter of the selected culms was between 70 mm and 160 mm. Figure 1 shows the type of
bamboo used in this study.

Figure 1. Bamboo Dendrocalamus asper used in this study to fabricate the bamboo composite materials.
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In an earlier study that was carried out by the authors, the mechanical properties of Dendrocalamus
asper bamboo from Indonesia with respect to culm physical properties, including culm diameter,
wall thickness, height, moisture content, and specific density, were investigated and correlations
between mechanical properties, including tensile strength, modulus of rupture and modulus of
elasticity in flexure and tension, and culm physical properties have been studied [34]. For the purpose
of this study, bamboo samples with various culm diameters and wall thicknesses were selected to
ensure the average properties of the culms for composite fabrication.

2.2. The Matrix

There are various types of matrix that can be used for composite fabrication. The role of the matrix
is to hold the dispersed fibers together and transfer the load to the fibers. The matrix phase of any
fiber reinforced polymer composite can be classified as either thermoset or thermoplastic. Among the
various thermosetting matrices, the epoxy system is considered to be one of the high-performance
systems used mostly for advanced composites with high qualities. A commercially available two-part
epoxy resin system was chosen based on three main criteria;

- Low Volatile Organic Compounds (VOCs) content;
- acceptable mechanical properties;
- sustainable sources.

Table 1 displays the properties of the commercially available epoxy resin system that was chosen
in this study based on the criteria described earlier.

Table 1. Selected properties of epoxy-resin system investigated in this research.

Property Value

Tensile Strength 73 MPa
Modulus of elasticity in tension 4067 MPa
Modulus of rupture 125 MPa
Modulus of elasticity in flexure 3624 MPa
Compressive strength 117 MPa

Mix ratio 100 to 33 by weight
Mixed Specific Density 1.105

Pot Life at room temperature 30 min

Min curing time @ 80 °C 20 min
Required total curing time @ 25 °C 7 days
Bio-based content 20% by weight

SUPER SAP® epoxy systems are produced by Entropy Resins Inc. in the US and according to the
manufacturer, these contain up to 20% bio-based and renewable contents sourced from waste materials,
such as wood pulp and bio-fuels production.

2.3. Production of Bamboo Composite Materials

The bamboo composite samples were produced following a patented processing technology that
was developed by the authors [35]. Patented processing tools were developed to process bamboo
culms into bamboo fiber bundles of varying thicknesses, width, and length in a detailed study that
was recently carried out by the research team [31]. In this process, the bamboo sections were first
boiled at 80 °C in normal water in a closed container for 8 to 20 h. The boiling helped to soften the
microstructure of the bamboo sections through weakening the lignin interface’s adhesion with the
cellulose fibers and, thus, the processing of the sections into fiber bundles became easier. The processed
fiber bundles had thicknesses that were in the range of 0.40 mm to Imm. The processed bamboo
fibers were first dried in an air-circulated oven at 80 °C until the moisture content was less than 10%.
The moisture content was measured according to the ASTM D4442-07 standard test method for direct



Materials 2020, 13, 696 5of 25

moisture content determination of wood and wood-based materials [36]. A hand lay-up technique
was used for producing the composite samples. The bamboo fibers were firstly impregnated with the
epoxy resin matrix and, secondly, the layered impregnated bamboo fiber bundles were placed into the
mold of a hot-press machine along the fiber direction. A simple yet effective semi-automatic hot-press
compression molding machine was employed for this purpose with a maximum pressure of 25 MPa
and a maximum temperature of 140 °C. Figure 2 shows the sample of bamboo composite material that
was developed in this study.

250mm
1500mm

h

Figure 2. Bamboo composite sample developed in this study.
2.4. Bamboo-Composite Reinforcement Systems

Bamboo-composite reinforcement systems for reinforcing concrete beams of up to 1300 mm in
length were fabricated following the details that are explained in Section 2.3. The length of the concrete
beams was chosen according to the availability of testing facilities and Universal Testing Machine’s
(UTM) loading capacity of 100 kN. There were two types of reinforcement used in this study for
reinforcing the concrete beams: longitudinal and transverse (shear) reinforcement. The longitudinal
reinforcements were placed parallel to the long axis of the beam to provide the required tensile and
flexural capacity, while transverse reinforcements were employed to provide sufficient shear strength
perpendicular to the long axis of the concrete beam.

2.4.1. Longitudinal Bamboo Composite Reinforcement

The longitudinal bamboo composite reinforcement elements were produced by using a steel mold
that was employed within the hot press machine that had a width of 150 mm and length of at least
1200 mm. As mentioned earlier in this section, the length of the concrete beams was 1300 mm and,
therefore, the additional 100 mm was designed as the cover of the reinforcements on the both ends of
the reinforced concrete beams. The impregnated bamboo fiber layers were placed into the rectangular
mold of hot-press and pressed at a temperature of 100 °C and a pressure of 20 MPa for 30/30 min. of
curing/post-curing duration. The final composite board was cured for an additional 48 h in a curing
oven at a temperature of 50 °C after removing from the hot press to ensure that the full cross-linking
of the epoxy resin could take place. The final board had a length of 1,200 mm, a width of 150 mm,
and a thickness of 10 mm. The final bamboo composite boards were then cut into reinforcement of
size 10 X 10 X 1200 mm for reinforcing the concrete beams. The square cross section was the result of
the production process of the bamboo composite materials and the rectangular steel mold of the hot
press. Figure 3 shows the longitudinal bamboo composite reinforcement with a dimension of 10 x 10 x
1200 mm.
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10mm

Figure 3. Longitudinal reinforcement made from bamboo composite material.

2.4.2. Transverse (Stirrup) Bamboo Composite Reinforcement

The stirrups were placed perpendicular to the long axis of the beam to resist the shear forces and
provide sufficient anchorage to the longitudinal reinforcements. Therefore, the load transfer within
the bamboo fibers in the bamboo composite samples for stirrup production should be directed in a
continuous loop, unlike in longitudinal reinforcement, in which only a unidirectional load transfer
in one axis was required. To do so, a U-shape mold was fabricated from heat-treated steel for the
production of the bamboo composite stirrups in this study. The cross-section of the mold was designed
according to the preliminary reinforced concrete beam design before the casting and production of the
concrete samples by considering the shear design concept of reinforced concrete member. Furthermore,
the wide-angle corners of the cross sections of the mold gave the corners and sides of the stirrups
sufficient pressure from the hot-press compression molding machine during production. This design
ensured sufficient epoxy penetration into the bamboo fiber layers at the corners and along the sides of
the composite samples. The stirrups were prepared by aligning the impregnated stacks of bamboo
fibers along the short axis of the U-shape mold covering the two sides and bottom section of the mold.
The fiber direction of the veneer layers was maintained along the sides of the steel mold, as shown in
Figure 4. Similar curing/post curing conditions as used for the fabrication of the longitudinal bamboo
composite reinforcement were employed.

Figure 4. A schematic of bamboo-fiber placement into U-shaped molds for stirrup manufacture.

500mm
Fiber direction

‘ ‘ ‘ ‘ ‘ 130mm 130mm

1000mm 150mm

Maintaining the fiber direction along the shorter axis of the steel mold had the advantage of
achieving the highest axial strength (e.g., tensile, shear, or compressive) of the stirrups along the fiber
direction by utilizing the unidirectional properties, which would give the bamboo composite stirrups
their maximum mechanical properties. The final bamboo composite board of stirrup was then cut
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along the fiber direction into pieces with cross sections of 15 mm in width and 6mm in thickness,
as shown in Figure 5. This width and thickness were chosen following the calculations of the shear
capacity of stirrups with respect to the loading capacity of the UTM in the laboratory.

Figure 5. Transverse reinforcement (stirrup) made from bamboo composite material.

A closed loop shape would provide sufficient development length along both vertical (parallel)
sides of the stirrups, according to the American Concrete Institute ACI 318 “Building Code Requirements
for Structural Concrete and Commentary” [37]. Therefore, to prepare the closed loop stirrups,
two stirrups were used and the two wide-angled single stirrups shown in Figure 5 were bent slightly,
so that the two legs of the stirrups could stay parallel. The final stirrups had dimensions of 130 mm x
130 mm. The squared shape of the stirrups would lead to a square cross section for the final concrete
beams. Figure 6 displays the reinforcement system that was prepared in this study consisting of
longitudinal and transverse bamboo composite reinforcement. A high modulus stainless steel wire-tie
system was employed to hold the stirrups together in a close loop shape, side by side, and to the
longitudinal reinforcement bars. Epoxy was also used to attach the stirrups and the longitudinal bars
together to prevent their movement during pouring the concrete mix.

Figure 6. Bamboo composite reinforcement system.
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2.4.3. Properties of Bamboo Composite Reinforcement Systems

Before preparing the reinforcement bars from the final bamboo composite boards, the tensile
and flexural properties, including strength and modulus of elasticity, were measured according to
ASTM D3039-08, “Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials”
and ASTM D7264, “Standard Test Method for Flexural Properties of Polymer Matrix Composite
Materials”, respectively. The compressive strength of the boards was obtained according to ASTM
D6641, “Standard Test Method for Compressive Properties of Polymer Matrix Composite Materials”,
along the fiber direction. For each series of tests, five samples were prepared from each composite
board. A total of 10 boards were prepared for the longitudinal reinforcement and at least 50 samples
were tested for each property. The samples were taken from various locations along the boards to
obtain average values that represented the composite properties along the full length and width of
the boards.

2.5. Bamboo Composite Reinforced Concrete

There are various factors that are involved in the design and proportioning of concrete beams
reinforced with the newly developed bamboo composite reinforcement. The bond between bamboo
composite reinforcement and the concrete matrix and the effect of water penetration as well as
alkaline environment of concrete on the mechanical properties of bamboo composite reinforcement are
investigated in this study.

2.5.1. Evaluation of the Bond Mechanism between Bamboo Composite Reinforcement and Concrete

Acceptable bond between bamboo composite reinforcement and the concrete matrix ensures a
smooth stress transfer between the two materials and, therefore, contributes to the overall load bearing
capacity of the reinforced concrete element. In the event of weak bonding between reinforcement and
concrete, the stress transfer between reinforcement and concrete matrix will be disrupted and, thus,
failure of the member will follow, especially in the tension zone of the concrete element. Therefore,
ensuring perfect and smooth bond between concrete and bamboo composite reinforcement would
contribute to higher ultimate load-bearing capacity of the reinforced concrete member by activating
the maximum mechanical capacities of the bamboo reinforcement through providing an interfacial
microstructure that would ensure continuous tensile stress transfer between the two materials.

A detailed study was previously carried out by the authors where a series of pull-out tests were
designed to find the most suitable method to enhance the bonding between the two materials to
understand the bonding mechanism between bamboo composite reinforcement and concrete, [32].
In the work that was carried out by the authors, four types of coatings were investigated by applying
them on the surface of the reinforcements before being placed into the concrete cylinders to evaluate
the bond strength through pull-out tests. The work that was carried out by [32] showed that an
epoxy-based coating with the addition of sand particles provided extra protection without loss of
bond strength.

Therefore, a two-component, water-based epoxy system was chosen in combination with sand
particles. The waterproof system would block the moisture and water from the interface of the concrete
and bamboo composite reinforcement, thus the stress transfer between concrete and reinforcement
would be enhanced. Furthermore, the addition of sand particles could improve the surface roughness
of reinforcement, which results in an improved bonding strength with the concrete matrix through
creating physical and mechanical interlocking systems with the aggregates of the existing concrete
matrix [32].

Normal strength concrete with an average compressive strength of 20 MPa was used to prepare
the concrete samples for the beam and pull-out tests. Half dog-bone shaped bars with a cross section
size of 10 mm X 10 mm were prepared from the bamboo composite boards that were produced in
this study. The dog-bone shape for the grip of the UTM machine helped to eliminate the risk of
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slippage during the tests. An embedment length of 200 mm was used in this study, which showed
the highest bending strength in the earlier work that was carried out by the authors [32]. Cylinders
of 300 mm in height and 150 mm in diameter were used to prepare the concrete pull-out specimens.
The recommendations of ASTM C900-15 standard titled “Standard Test Method for Pull-out Strength
of Hardened Concrete” were largely followed. Figure 7 shows the pull-out sample and Table 2 shows
the test set-up and the concrete mix for a volume of 1 m3 concrete.

r -
E)SHIMADZU

Figure 7. Pull-out test setup to evaluate the bond strength of bamboo composite reinforcement

to concrete.

Table 2. Concrete mix proportions.

Mix Characteristics Value Unit
Water 182 kg/m3
Cement 280 kg/m3
Sand 850 kg/m3
20 mm Aggregates 1050  kg/m3
Water/Cement 0.65

Density 2362 kg/m?
Slump 100 mm

Average tensile strength and elastic modulus in compression of the concrete samples were 6.8 MPa
and 26,100 Mpa, respectively, after 28 days of curing. For the purpose of the study’s pull out tests
have been carried out by preparing a custom-made insert for the Shimadzu UTM machine of type
AG-IC 100 kN following the works that were described by [32]. The setup was made from hardened
steel to hold the position of the concrete cylinder during the pull-put test. The loading rate was set
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to 2 mm/min. Figure 8 shows a schematic representation of the forces that are associated with the
bond strength between the concrete and the bamboo composite reinforcement. P is the pull-out force,
1, is the embedment length in mm, T is the bond strength in MPa, and a4 and b are the cross-sectional
dimensions of the reinforcement in mm.

o - — — ——— o P

—
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b

Figure 8. Equilibrium of forces in bond strength evaluation of bamboo composite bar and concrete
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during the pull-out test [32].

Equilibrium in Figure 8 leads to the following;:
7.(2a42b).l; =P 1)

From Equation (1), the bond strength, T, is determined while using Equation (2):

P

"T 2at2n)l, @

A total of 20 pull-out specimens were tested in this study.

2.5.2. Durability Assessment of the Bamboo Composite Reinforcement

The alkaline environment of concrete could potentially affect the properties of bamboo composite
reinforcement when used in concrete. There are several factors that might have negative impacts on the
physical and mechanical properties of bamboo composite reinforcement in concrete. Water penetration
occurs over time through the concrete matrix when it is exposed to humid air and rain. In this study,
the effect of water penetration and alkaline environment of concrete on the mechanical properties of
bamboo composite reinforcement is investigated through a series of laboratory tests.

Water Absorption Properties

The samples of 10 X 10 x 10mm in size were prepared from bamboo composite boards for water
absorption tests. The samples were immersed in distilled water with a temperature of 23 °C and
60 °C. The higher temperature was chosen to evaluate the effect of water uptake at higher temperature
on the properties of bamboo composite reinforcement in comparison with room temperature water
absorption. The water absorption tests were carried out in accordance with ASTM D5229M-14
“Standard Test Method for Moisture Absorption Properties and Equilibrium Conditioning of Polymer
Matrix Composite Materials”. The weight changes were recorded every 2 h during the first week of
the experiment when the water uptake rate was relatively high; subsequently, measurements were
only carried out once per day for up to three months” immersion in water (2160 h) when the rate of
water absorption was reduced. 10 samples were prepared for each testing condition. At various stages
of soaking, the percentage of the weight gain was calculated by measuring the difference in weight
between the dry condition and the weight after water immersion
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Alkali Resistance Properties

The alkaline resistance of bamboo composite reinforcement in concrete was investigated according
to ASTM D7705-12 “Standard Test Method for Alkali Resistance of Fiber Reinforced Polymer (FRP)
Matrix Composite Bars used in Concrete Construction”. The tensile test samples were prepared
according to ASTM D3039-08 and coated with the water-based epoxy coating before being subjected to
an alkaline solution consisting of 118.5 g of Ca(OH);, 0.90 g of NaOH, and 4.2 g of KOH in one liter of
tap water with an initial pH value of 12.6 to 13.0, similar to the pH value of the pore water inside the
concrete matrix. The samples were immersed in the alkaline solution at 60 °C for a period of up to
three months (2160 h). At different intervals, the samples were removed from the alkaline solution and
carefully washed with tap water to remove the excess alkaline solution before measuring their tensile
strength and modulus of elasticity in tension. The tensile capacity retention was calculated according
to Equation (3).

F
Ret(%) = #‘; x 100 ®3)
u

where:

Rt = tensile capacity retention (%)
F1,0 = initial tensile capacity before immersion in alkaline solution, in Newton
Fy,1 = tensile capacity after immersion in alkaline solution, in Newton

2.5.3. Design of the Bamboo Composite Reinforced Concrete Beams according to ACI 440.1R-15

The Bamboo composite reinforcement system has different behavior when compared with steel
reinforcement in terms of the physical and mechanical properties. The behavior of bamboo composite
reinforcement systems is similar to typical FRP reinforcement that is produced with carbon fiber (CFRP)
or glass fiber (GFRP). Bamboo composite materials display an elastic behavior up to the ultimate failure
point and do not yield like steel.

In general, bamboo composite reinforcement displays low stiffness when compared with traditional
construction materials. Therefore, it is difficult to compete in the mass construction market, where, for
instance, the deflections of the building can be critical for medium to high rise structures. Such structures
would likely develop cracks due to the lower elastic modulus of the bamboo composite reinforcement.
However, there are applications where deflections are not critical in the design, such as low rise, low
cost housing solutions for developing countries where the demand for ductility is low and the failure
of secondary elements will provide adequate warning of collapse.

ACT 440.1R-15 “Guide for the design and construction of structural concrete reinforced with Fiber
Reinforced Polymer (FRP) bars” has provided design guides for the application of FRP materials as
reinforcement in concrete. These guides account for the lower ductility of the FRP reinforced concrete
when compared with steel reinforced concrete members.

Given the consideration of ductility by ACI 440.1R-15, this design guide was the primary and
most relevant guide to be used in this study for evaluating the performance of bamboo composite
reinforced concrete beams. The design guides provided by ACI 440.1R-15 are based on the concepts
of equilibrium and compatibility (American Concrete Institute, 2015). The ultimate strength design
method was preferred over the working stress design approach to achieve comparable results with the
methods employed by other standards, such as ACI 318 for steel reinforced concrete design, to design
the concrete beams reinforced with bamboo composite reinforcement.

The serviceability limit state could govern the design of concrete members reinforced with
bamboo composite materials to prevent excessive deflections as a result of lower ductility given the
lower modulus of elasticity of bamboo composite reinforcement compared to steel. Furthermore,
ACI 440.1R-15 recommends applying reduction factors to the guaranteed tensile strength to include
the effect of various environmental conditions on the properties of FRP reinforcement.
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In this study, a conservative reduction factor of 0.80, similar to that for GFRP reinforcement not
exposed to earth or extreme weather conditions, has been used for designing the concrete beams for
laboratory conditions. No reduction factor has been recommended by ACI 440.1R-15 for the modulus
of elasticity, thus a similar reduction factor (0.80) has been used for the design modulus of elasticity
of the bamboo composite reinforcement. A similar reduction factor (0.80) was also employed for the
rupture strain to calculate the design rupture strain for the determination of the serviceability limit
states of design. The average guaranteed rupture strain measured during the tensile tests was 1.35%
for bamboo composite reinforcement.

In the case of bamboo composite reinforced concrete member, no ductile behavior is observed when
compared to steel reinforcement. Significant elastic elongation is expected for the concrete beams that
were reinforced with bamboo composite reinforcements. According to ACI 440.1R-15 and depending
on the reinforcement ratio, two modes of failure are expected for bamboo composite reinforced
concrete members: bamboo composite reinforcement rupture and concrete crushing according. If the
reinforcement ratio is less than the balanced reinforcement ratio, the bamboo composite reinforcement
rupture occurs first; otherwise, concrete crushing controls the failure mode.

ACI 440.1R-15 has recommended using the following formulae to calculate the design tensile
strength of FRP bars at a bend and in this study for the bamboo composite stirrups.

fro = (0.05x ;—Z +0.30) fru < fru W

where:

fp: is the design tensile strength of the bend portion of FRP reinforcement (MPa),

rp: is the radius of the bend (mm),

dy: is the diameter of reinforcing bar (mm), and

fru: is the design tensile strength of FRP reinforcing bar after employing the reduction factor (MPa).

The nominal flexural strength of FRP or bamboo composite reinforced concrete member can be
calculated while using the following formula that was recommended by ACI 440.1R-15 only when the
concrete crushing limit state controls the failure.

pfff]bdz )

Mn = pfff|:1 —-0.59——

fe

where f; is the stress in reinforcement in tension in MPa and can be computed according to the
recommendation of ACI 440.1R-15.

In the case of bamboo composite reinforcement rupture mode of failure, the nominal flexural
strength can be determined by using the following formulae as per the recommendation of ACI
440.1R-15.

Prc

Mn:Afffu( - 2) (6)

This formula involves the unknown parameter (c), which is the depth to the neutral axis of the
concrete cross section. A minimum amount of reinforcement is required for the section during the
design process to ensure adequate resistance is provided to the minimum tensile stresses developed
as a result of external loadings to prevent sudden failure of the reinforced member due to concrete
crushing. The minimum amount of reinforcement for FRP reinforced concrete members according can
be found according to ACI 440.1R-15.

Besides cracking, the serviceability limit state needs to be satisfied according to ACI 440.1R-15,
where for a simply supported beam one-tenth of the span is recommended as the minimum thickness.
Therefore, in this study for a simply supported reinforced concrete beam with a span length of 1050 mm,
the minimum required depth is 105 mm. Furthermore, ACI 440.1R-15 recommends the determination
of the cracking moment (M) and evaluation of the flexural moment when the member has cracked
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after deflection, given the lower modulus of elasticity of FRP. ACI 440.1R-15 recommends using the
cracked moment of inertia (I.+) to calculate the cracking moment.

Given the variation in stiffness along the length of the reinforced concrete member, ACI 440.1R-15
recommends using an effective moment of inertia (I,) to estimate the deflection of FRP reinforced
concrete beams, according to the following formulae.

Iy

M2 Iy
1_7/(1\/1,,) [1_§

I =

< Ig Where Mg > Mcr (7)

where: M, is the maximum service load moment and Y accounts for the variation in stiffness along the
length of the concrete member and it can be calculated by the following formulae.

MCV

a

y=172-072(—) ®)

Further calculation of cracking moment is described in ACI 440.1R-15. Through the procedure
described in ACI 440.1R-15, the initial size of the cross section of the beam is estimated and the
deflection limits are checked. However, the shear design of the bamboo composite reinforced concrete
beam should also be controlled by providing sufficient stirrups at regular spacing. Concrete shear
resistance of FRP reinforced concrete members can be computed according to ACI 440.1R-15.

Furthermore, ACI 440.1R-15 recommends using the following to check the tensile strength of the
FRP stirrups for shear design.

ffv = 0.004Ef < ffb )

where f, is the tensile strength of the bent portion of FRP stirrup, which can be calculated according to
the following formula.
’
frp = (0.05% i +0.30) fru < fru (10)
where ;—Z is the ratio of the internal radius of the bent portion of the stirrup to the diameter of the FRP
stirrup. Therefore, the required spacing (s) between the stirrups along the reinforced concrete beam
can be computed by following formulae.

Af 4 (Vu—0Ve)
—_— = (11)
5 ¢f fUd
The design and calculations of the concrete beams reinforced with bamboo composite reinforcement
are carried out according to ACI 440.1R-15, as it is the only relevant design standard available for fiber
reinforced composite materials used as reinforcement in concrete, as stated earlier for the purpose of
this study.

2.5.4. Bamboo-Composite Reinforced-Concrete-Beam Preparation and Testing

In this study, the cross section of the concrete beams was designed according to the dimensions
of the produced bamboo composite reinforcement system and the limitation of the UTM and its
capacity, as explained earlier. Closed-loop testing under deformation control was performed on
bamboo composite beam having dimensions of 130 X 130 mm. A concrete cover of 15mm around the
stirrups following the recommendations of ACI 440.1R-15 was chosen, which results in a concrete cross
section of 160 x 160 mm, as shown in Figure 9.
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160 mm

15 mm

Stirrup
15 mm) —

160 mm

Longitudinal bar

f ]

Figure 9. Cross section of bamboo composite reinforced concrete beam.

A total of 16 concrete beams were prepared based on three parameters affecting their design,
including the number of longitudinal bars at the bottom of the beam, spacing of the stirrups, and the
distance between the load introduction points in the middle section of the beam. The four-point
loading set-up was used in this study to allow for a zero shear zone along the middle section of the
bamboo composite reinforced concrete beam. Figure 10 shows a typical shear (V) and moment (M)
distribution of the applied loads (P) during the four-point flexural test. The zero shear zone permits
the elimination of the shear reinforcement, thus the longitudinal reinforcement is completely loaded in

tension and flexure.

I~
I~o

DI

|

(Sllae!
(Sl

(Sl

=
1~y

T

Figure 10. Typical load distribution for a four-point loading set-up.

Table 3 summarizes the arrangement of the reinforcement and the loading distance according to
the respective beam design. Four samples were prepared and tested per design. Two reinforcement
bars were used as top compression reinforcement for all of the beams. During each test, ultimate
failure load, ultimate flexural capacity (MOR), load corresponding to first crack, and flexural capacity
at the time of first crack were obtained. Figures 11-14 display the sketches of the beam designs that
were prepared in this study. All of the dimensions are in mm.
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Table 3. Details of the bamboo composite reinforced concrete beams.

Number and Spacing of  Distance between Load

];?’:saimn Nlll{I:iZi:):cfe];)et::m the Stirrups at Each Introduction Points
& Side of Beam (mm) (mm)
A 2 6@70 350
B 4 6 @70 350
C 4 4@115 350
D 4 4@75 600
1300
350 - 160 .
: 6@70 || 7
Q 1050 A

1200

Figure 11. Design of beam A.

1300
350 160
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a
. 130
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q) 1050 Zh

1200

Figure 12. Design of beam B.

1300
350 - 160 .,

s@115 | [ ?

o
o
a
~ 130 _

(D 1050 Zh

1200

Figure 13. Design of beam C.

1300
600

~160 .
‘ 4@75 [ ]%
o o

) 1050 4

1200

Figure 14. Design of beam D.
For comparison purposes, four concrete beams without reinforcement were also tested in this study.
3. Results

3.1. Properties of Bamboo Composite Reinforcement

Tensile and flexural properties, including strength and modulus of elasticity of the bamboo
composite reinforcement, were measured according to ASTM D3039-08, while the compressive strength
of the samples was obtained according to ASTM D6641. The average properties of the Dendrocalamus
asper, known as Petung Putih bamboo, used in this study have been previously reported by the authors,
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as shown in Table 4. The variation in the properties are the result of the tests carried out on different
sections of the bamboo culm, as explained by the authors in their previous work [34].

Table 4. Average properties of bamboo Dendrocalamus asper used in this study [34].

Mean Specific Mean Tensile Strength ~ Mean Tensile Modulus Mean Modulus of
Density along the Fiber (MPa) of Elasticity (MPa) Rupture (MPa)
0.72-0.91 216-323 1960026110 130-205

Table 5 displays the average mechanical properties and standard deviations of the final bamboo
composite reinforcement systems. The average specific density of both longitudinal and transverse
reinforcement systems was 1.33.

Table 5. Average mechanical properties of bamboo composite reinforcement systems produced in

this study.
Property Lor.lgitudinal Tra.nsverse Reinforcement
Reinforcement (Stirrups)

Tensile Strength (MPa) 346 + 25 275 + 26

Modulus of elasticity in tension (MPa) 33,100 + 3200 30,800 + 2900

Modulus of rupture (MPa) 262 + 22 244 + 20

Modulus of elasticity in flexure (MPa) 29,200 + 2900 24,900 + 2200
Compressive strengthalong the fiber (MPa) 162 £12 137 £ 11

The average mechanical properties of bamboo composite reinforcement materials are higher than
the average mechanical properties of raw bamboo, except in the case of transverse reinforcement,
where the tensile strength is slightly lower than the upper limit of the strength of the raw bamboo, as
shown in Table 5. All of the mechanical properties that were measured for the transverse reinforcement
were lower in comparison with longitudinal-reinforcement mechanical properties. The reduction of
mechanical properties for transverse reinforcement was due to the production process of the stirrups
in comparison with the production of longitudinal reinforcement. The inclined side legs of the stirrups
received less pressure when compared to the bottom flat sections of the steel mold due to the wide
angle chosen for the mold on the two sides, given the complexity of the shape required for the steel
mold during the hot-press compression molding process. The reduced pressure on the inclined sides
of the steel mold would subsequently lead to lesser penetration of the epoxy matrix into the bamboo
fiber layers. Thus, the interface between the epoxy and fibers could not be completely developed to its
full strength compared to longitudinal reinforcement, resulting in lower mechanical properties.

As explained in earlier with regards to the fabrication of the stirrups, the inclined side legs of the
stirrups received less pressure when compared with the bottom flat sections laid on the bottom side of
the steel mold due to the wide angle chosen for the mold on the two sides due to the complexity of the
shape required for the steel mold during the hot-press compression molding process. The reduced
pressure on the inclined sides of the steel mold subsequently led to lower penetration and infusion
of the epoxy matrix into the veneer layers. Thus, the interface between the epoxy and fibers was not
completely developed to its full strength due to the lack of complete infusion of the epoxy matrix into
the various layers of bamboo fibers. As a result, the weak interfacial bond strength between bamboo
fibers and epoxy system subsequently led to lower mechanical properties. However, the results
in Table 5 show that the novel techniques for processing the bamboo into fiber bundles together
with new production methods used in this study improved the mechanical properties of the final
bamboo composite as compared to raw bamboo sections. This has also been observed by [31,34,38,39].
For instance, when the modulus of rupture of the longitudinal bamboo composite reinforcement is
compared with the upper limit of the mean modulus of rupture values for raw bamboo, an improvement
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of up to 27% is observed. Similarly, the tensile strength and modulus of elasticity in tension of the
longitudinal bamboo composite reinforcement are enhanced when compared with the upper limit of
the mean values for raw bamboo by up to 7% and 26%, respectively.

3.2. The Bond Strength between Bamboo Composite Reinforcement and Concrete

In this study a two-component, water-based epoxy system was chosen in combination with sand
particles to enhance the bonding mechanism between bamboo composite reinforcement and concrete,
while an embedment length of 200mm was used following the earlier work that was carried out by the
authors, as discussed in Section 2.5.1. The maximum failure load was recorded in each test and the
bond strength was determined while using Equation (2). Table 6 displays the average and standard
deviation of the bonding strength together with the observed mode of failure.

Table 6. Bond strength values for bamboo composite reinforcement.

Bond Strength (MPa) Mode of Failure Embedment Length (mm)

3.68 +0.23 Bamboo composite failure 200

The results show that similar bond strength values were obtained through the techniques used in
this study, as reported by [32]. The bond strength and the mode of failure were in accordance with
the results of the earlier studies. The embedment length of 200mm was also sufficient for developing
the necessary bonding strength between bamboo composite reinforcement and concrete. Therefore,
to reinforce the concrete specimens in this study with bamboo composite reinforcement, the same
technique was employed to ensure sufficient bond strength between the two materials.

3.3. Water Absorption Properties

Water absorption tests were carried out in accordance with ASTM D5229M-14 while the weight
changes were recorded every 2 h during the first week of the experiment and, subsequently,
measurements were only carried out once per day for up to three months” immersion in water
(2160 h). Figure 15 displays the average water absorption behaviour in percentage by mass for the
three-month measurement for the two temperature conditions.

The water absorption of the bamboo composite reinforcement samples reached a maximum
of 0.5% of the weight of the dry sample. The low rate of water absorption indicates the high
resistance of the bamboo composite samples to water and moisture ingress, even at extreme conditions.
A quasi-equilibrium state was achieved in both 23 °C and 60 °C temperatures after 170 h of immersion in
water. However, the water absorption values for samples that were immersed in water at a temperature
of 60 °C were slightly higher than samples that were immersed in room temperature water for a
similar period of time. This difference could be attributed to the moisture diffusion behaviour into the
composites, in which the polymer matrices are affected by the temperature. At higher temperatures,
the diffusion rate tends to be influenced by the faster movement of the individual molecules when
compared to lower temperatures; therefore, the moisture or water absorption would increase as a
result of a higher diffusion rate.

Nevertheless, water-based coating was applied on the surface of all reinforcements when used in
concrete to minimise humidity infusion and water absorption effects on the integrity of the bamboo
composite reinforcement. The water-based coating had two functions; firstly, enhancing the bonding
strength of the bamboo composite reinforcement and, secondly, deterring the water from infusing into
the bamboo composite reinforcement while in concrete.



Materials 2020, 13, 696 18 of 25

0.6

0.5 -

0.3 -

Water uptake (%)

0.2

0.1 - at 60°C

~#-at 23°C

0 10 24 48 170 340 500 670 1000 1340 1680 2160
Time (hr)

Figure 15. Measurement of water absorption of bamboo composite reinforcement for up to three months.
3.4. Alkali Resistance Properties

The alkaline resistance of bamboo composite reinforcement in concrete was investigated according
to ASTM D7705-12. The tensile capacity retention was calculated according to Equation (3). Figure 16
displays the tensile capacity retention (R,;) for the tensile strength and modulus of elasticity of the
samples. The reduction in both tensile properties followed a similar trend. The modulus of elasticity
was shown to be more influenced by the exposure to alkaline solution over time. However, it has been
observed that tensile properties reach a steady state after one month’s exposure to the alkaline solution.

1 Week 1 Month 2 Months 3 Months

=B-Tlastic Modulus (MPa)
=o—Tensile strength (MPa)

Ry ()
B

-10

-12

Figure 16. Tensile capacity retention (Ret).
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3.5. Properties of the Bamboo Composite Reinforced Concrete Beams

A total of 16 concrete beams were prepared based on three parameters affecting their design,
including the number of longitudinal bars at the bottom of the beam, the spacing of the stirrups,
and the distance between the load introduction points in the middle section of the beam. Table 7
displays the results of the flexural tests for the 20 concrete beams.

The initial cracking load where the first crack was observed in the concrete beam started to increase
by the increase in the number of bottom reinforcement while maintaining the same load introduction
points. The lowest initial cracking load was observed for non-reinforced concrete beams and the largest
initial cracking load was observed with beam design C samples with four reinforcement bars at the
tension face of the concrete cross section and four stirrups on each side of the beams. It was observed
that, by reducing the spacing between the stirrups, initial cracking and ultimate failure load were
both improved. This is the result of the enhancement in shear span of the beam by preventing the
shear failure and, thus, the bamboo composite longitudinal reinforcement could be activated up to its
ultimate tensile capacity.

In general, three modes of failure were observed: rupture of bamboo composite longitudinal
reinforcement in tension, crushing of concrete in compression, and shear failure of the beams. In concrete
beam series of “A” with a stirrup spacing of 70 mm and two bottom tension reinforcement, two concrete
beams experienced shear failure, while two concrete beams had a concrete crushing mode of failure.
By increasing the number of bottom longitudinal bars with similar spacing of stirrups or with an
increase in spacing while maintaining the four bars at the bottom side of the beam the shear capacity
was improved to the point that no shear failure was observed within the samples of concrete beams
belonging to the “B”, “C”, and “D” series.

Table 7. Summary of results obtained for the four-point flexural test of concrete beams.

. Initial Ultimate Initial .
Reinforcement . . . Ultimate
Beam . Ratio Cracking Failure Cracking MOR
Design Specimen Load Load MOR
(%) (kN) (kN) (MPa) (MPa)

1 10.2 32.8 2.6 8.4

2 11.6 32.1 3 8.2

A 3 0.93 12.1 34.3 3.1 8.8

4 11.3 34.8 2.9 8.9
1 15.8 441 4.1 11.3
2 16.3 41.3 4.2 10.6

B 3 1.86 15.1 43.1 3.9 11
4 155 44.8 4 11.5
1 18.9 46.4 4.8 11.9
2 14.5 40.8 3.7 104
c 3 1.86 17.5 47.8 45 12.2
4 16.8 443 4.3 11.3

1 13.5 48.4 2 7.1

2 15.2 49.3 2.2 7.2

D 3 1.86 14.8 52.3 2.2 7.7

4 13.1 46.4 1.9 6.8

1 4.5 6.3 1.2 1.6

. 2 49 6.8 1.3 1.7
Non-reinforced 3 0 47 6.1 12 18
4 44 6.5 1.1 1.7

The concrete crushing mode of failure was caused by the high amount of compressive stresses
at the distance between the load introduction points. The concrete beams belonging to the “B”, “C”,
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and “D” series experienced crushing mode of failure in concrete. Furthermore, the concrete crushing
was accompanied by the tensile rupture of the bamboo composite reinforcement at the tension face of
the beam. The various spacing of stirrups that were used in this study and the failure modes observed
showed the importance of stirrups in preventing the shear failure and the effectiveness of newly
developed bamboo composite stirrups in enhancing the shear capacity of the concrete beams when
used with appropriate spacing.

Figure 17a,b, respectively, show the load-displacement curves for bamboo composite reinforced
concrete beam and non-reinforced concrete beam. The failure modes observed in this study are brittle
failure modes in comparison with steel reinforced concrete beam in which the yielding behavior of
steel reinforcement allows for a ductile behavior of concrete beam. The ACI 440.1R approach in design
is to prevent the longitudinal bamboo composite reinforcement rupture or shear failure of the stirrups
by having sufficient amount of tensile reinforcement in order to have concrete crushing mode of failure
at the first place. This method of design ensures that there will be no sudden failure of concrete beam,
but there will be some warning signs from concrete crushing before the final failure when the rupture
of the bamboo composite longitudinal reinforcement takes place.

7000 40000 b
a
-
6000 /
5000 30000 r
= 4000 =
Y g 20000
S 3000 S
k3 L@
2000
10000
1000
0 0
0 0.1 0.2 0.3 0.4 0 2 4 6 8
Dispalcement (mm) Displacement (mm)

Figure 17. Typicalload displacement curves for (a) non-reinforced and (b) bamboo composite reinforced
concrete beam.

Furthermore, when the maximum mid-span deflection of the beams was measured during the
tests, it was observed that the mid-span deflection decreased by increasing the amount of tensile
reinforcement Figure 18 displays the average maximum mid-span deflection of the beams tested.
The non-reinforced concrete beams” maximum mid-span deflection was found to be lower than the
bamboo composite reinforced concrete beams. This is the result of the lower ultimate failure load that
was experienced while testing the non-reinforced concrete beams and it was not a result of the stiffness
characteristics of the beam. The non-reinforced beams failed much earlier than bamboo composite
reinforced concrete beams and at lower ultimate failure loads, thus smaller deflection was recorded
during the tests. In general, it was observed that bamboo composite reinforcement was efficient in
enhancing the ultimate load capacity of the concrete beams, while also improving the stiffness of the
beams by the addition of more reinforcement bars at the tension side of the beams.

A series of calculations were also carried out to estimate the failure load and deflection limits to
compare the results obtained from the tests on the ultimate failure load and the maximum deflection
as well as the mode of failure with the calculations specified in ACI 440.1R-15.



Materials 2020, 13, 696 21 of 25

A B C D

Non Reinforced

14

Deflection (mm)
— —
+= (=)} =] = L]

2

=

Beam series

Figure 18. Maximum mid-span deflection of the beams investigated in this study.

4. Discussion

Concrete beams from design “A” Series display the lowest failure load that was obtained both
from the experiments and ACI design guide. However, the cracking loads obtained from the ACI
design guide remain the same for beams from design “A”, “B”, and “C” series, while beams from
design “D” series display the lowest ACI cracking load. This indicates the effect of reinforcement
ratio on the ultimate failure load and the cracking load. Furthermore, the interaction of longitudinal
reinforcement and stirrups helps to enhance the shear capacity of the bamboo composite reinforced
concrete beams. The shear capacity of the beams plays an important role in determining the ultimate
failure modes. The ACI 440.1R-15 standard enforces the required spacing of the stirrups to prevent any
potential shear failure of the beam and to activate either concrete crushing or reinforcement rupture as
the desirable modes of failure. Only beams from design “A” series have experienced shear failure
mode while no shear failure was observed within the other design series, as described earlier.

Figure 19 displays the comparison of the failure and cracking load results that were obtained in this
study from the experiments and ACI standard. As shown in Figure 19, bamboo composite reinforced
concrete displays better initial cracking load and higher ultimate load-bearing capacity in comparison
with the design values obtained through calculations according to ACI 440.1R-15. The estimated
design cracking loads that were obtained according to ACI 440.1R-15 are lower than the experimental
values obtained by testing the bamboo composite reinforced concrete beams. The cracking loads
that were measured during the flexural test of the bamboo composite reinforced concrete beams,
on average, are larger than the design values of the ACI 440.1R-15 standard, thus confirming the
superior performance of the bamboo composite reinforced concrete in comparison with the estimates
according to the ACI standard. Furthermore, the results indicate the higher reserve capacity of strength
that the bamboo composite reinforcement has to offer in comparison with FRP reinforcement according
to the ACI design guide. For instance, when the distance between the load introductions points are
increased from 350mm to 600mm, the reserve flexural capacity of the bamboo composite reinforcement
can be activated, developing a balance stress transfer from the concrete matrix to the bamboo composite
reinforcement within the beam. This reserve strength is largely effective in maintaining the overall
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load-bearing capacity of the bamboo composite reinforced concrete beams in comparison with the FRP
reinforced concrete beams that are designed according to the ACI guidelines.

60
m Experimental ultimate failure load m ACI design failure load
Experimental cracking load m ACI cracking load

50

40
£ 30
o
o]
o}
—

20

) I I I

: N i i m
A B ) C D
Beam series

Figure 19. Comparison of the loads obtained through lab tests with the design loads obtained based on
ACT 440.1R-15 standard recommendations.

This finding points to the importance of the safety factors and strength reduction factors in the
design and evaluation of bamboo composite reinforced concrete beams, which are in the scope of
the ACI standard. The safety factors and strength reduction factors allow the engineer to include
uncertainty in materials properties, including tensile and flexural strength. In the case of bamboo
composite reinforcement, where a natural-based fiber (bamboo) composite material was employed
as the main load-bearing element, the safety factors and strength reduction factors should also
be incorporated in the design, similar to the recommendation that is given in ACI 440.1R-15 for
FRP reinforcement.

The deflection results, as shown in Figure 20, also confirms the effect of lower elastic modulus
of bamboo composite reinforcement in comparison with steel reinforcement and some of the FRP
reinforcement on the deflection behavior. Lower stiffness of bamboo composite reinforcement is
the main reason for the relatively higher deflection values that were obtained during the flexural
test. However, it is shown that by increasing the reinforcement ratio from two tensile reinforcement
elements to four tensile reinforcement elements, a significant increase in the overall stiffness of the
beams is possible.
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Figure 20. Maximum deflection limits comparison between ACI standard and experiments.

5. Conclusions

Earlier studies on the application of natural bamboo from 1914 have indicated that raw bamboo
has the potential for replacing steel in reinforced concrete beams, However, problems that are associated
with durability have impeded the widespread use of bamboo in the construction industry. This research
demonstrates the potential of the newly developed bamboo composite material for use as a new type of
element for non-deflection-critical applications of reinforced structural-concrete members. Durability
is greatly enhanced since fibers are embedded in epoxy. The results of this study lead to the following
additional conclusions:

e  Flexural test results demonstrate the suitability of the ACI 440.1R-15 guidelines for the application
of newly developed bamboo composite reinforcement in structural concrete beams.

o  The results of the concrete beam test series carried out in this study validate the expected
performance that has been indicated from small-specimen tests of tensile and pull-out properties
of bamboo composite materials.

e  The results of this study can be utilized for the design of low-cost and low-rise housing units
where reinforcing steel is hard to obtain, where the demand for ductility is low, and where
secondary-element failure provides adequate warning of collapse.

Author Contributions: Conceptualization, D.E.H.; Investigation, A.]J.; Methodology, A.].; Project administration,
D.E.H.; Supervision, I.LEC.S. and D.E.H.; Validation, I.EC.S.; Writing—original draft, A.J.; Writing—review &
editing, LE.C.S. All authors have read and agreed to the published version of the manuscript.

Funding: The research was conducted at the Future Cities Laboratory at the Singapore-ETH Centre, which was
established collaboratively between ETH Zurich and Singapore’s National Research Foundation (FI 370074016)
under its Campus for Research Excellence and Technological Enterprise programme.

Acknowledgments: The authors would like to gratefully acknowledge the support of Sawiris Foundation for
Social Development and ETH Global.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2020, 13, 696 24 of 25

References

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

Nervi, P.L. Structures; EW. Dodge Corp: New York, NY, USA, 1956.

Javadian, A. Composite Bamboo and its Application as Reinforcement in Structural Concrete; ETH Zurich: Zurich,
Switzerland, 2017.

Bentur, A.; Berke, N.; Diamond, S. Steel Corrosion in Concrete: Fundamentals and Civil Engineering Practice;
Taylor & Francis: Derby, UK, 1997.

Slater, J.E. Corrosion of Metals in Association with Concrete: A Manual Sponsored by ASTM Subcommittee G01. 14
on Corrosion of Reinforcing Steel, and Metal Properties Council; ASTM International: West Conshohocken, PA,
USA, 1983.

Broomfield, J.P. Corrosion of Steel in Concrete: Understanding, Investigation and Repair; CRC Press: Boca Raton,
FL, USA, 2002.

Almusallam, A.A. Effect of degree of corrosion on the properties of reinforcing steel bars. Constr. Build.
Mater. 2001, 15, 361-368. [CrossRef]

Yoon, S.; Wang, K.; Weiss, W.J.; Shah, S.P. Interaction between loading, corrosion, and serviceability of
reinforced concrete. Mater. J. 2000, 97, 637-644.

Tan, Z.; Hansson, C. Effect of surface condition on the initial corrosion of galvanized reinforcing steel
embedded in concrete. Corros. Sci. 2008, 50, 2512-2522. [CrossRef]

Lee, H.-S.; Noguchi, T.; Tomosawa, F. Evaluation of the bond properties between concrete and reinforcement
as a function of the degree of reinforcement corrosion. Cem. Concr. Res. 2002, 32, 1313-1318. [CrossRef]
Grantham, M.; Mechtcherine, V.; Schneck, U. Concrete Solutions 2011; Taylor & Francis: London, UK, 2011.
Thompson, N.G.; Dunmire, D.J.; Yunovich, M. Corrosion Costs and Maintenance Strategies—A Civil/Industrial
and Government Partnership. Mater. Perform. 2005, 44, 16-21.

Bertolini, L.; Elsener, B.; Pedeferri, P.; Redaelli, E.; Polder, R.B. Corrosion of Steel in Concrete: Prevention,
Diagnosis, Repair; John Wiley & Sons: Hoboken, NJ, USA, 2013.

Virmani, Y.P.; Clemena, G.G. Corrosion Protection-Concrete Bridges; Turner-Fairbank Highway Research Center:
McLean, VA, USA, 1998.

Thompson, N.G.; Yunovich, M.; Dunmire, D. Cost of corrosion and corrosion maintenance strategies.
Corros. Rev. 2007, 25, 247-262. [CrossRef]

World Steel Association. World Steel in Figures; World Steel Association: Brussels, Belgium, 2015.

U.N.P.D. (UNDP). World Population Prospects; United Nations: New York, NY, USA, 2015; Volume 145.
Liese, W. Anatomy and properties of bamboo. In Proceedings of the International Bamboo Workshop,
Hangzhou, China, 6-14 October 1985; pp. 196-208.

Ardle, J. Bamboos & Grasses; HarperCollins: London, UK, 2005; 144p.

Osorio, L.; Trujillo, E.; Van Vuure, A.; Verpoest, I. Morphological aspects and mechanical properties of single
bamboo fibres and flexural characterization of bamboo/epoxy composites. J. Reinf. Plast. Compos. 2011, 30,
396-408. [CrossRef]

Chow, H.-K. Bamboo as a Material for Reinforcing Concrete. Massachusetts Institute of Technology; Department of
Naval Architecture and Marine Engineering, Cambridge: London, UK, 1914.

Hidalgo-Lopez, O. Bamboo The Gift of The GODS, 1st ed.; D’'VINNI LTDA: Bogota, Colombia, 2003.
Ghavami, K. Bamboo as reinforcement in structural concrete elements. Cem. Concr. Compos. 2005, 27,
637-649. [CrossRef]

Torgal, F.P; Jalali, S. Cement Composites Reinforced with Vegetable Fibres. In Eco-Efficient Construction and
Building Materials; Springer: London, UK, 2011; pp. 143-156.

Ghavami, K. Ultimate load behaviour of bamboo-reinforced lightweight concrete beams. Cem. Concr. Compos.
1995, 17, 281-288. [CrossRef]

Geymayer, H.G.; Cox, F.B. Bamboo Reinforced Concrete; US Army Engineer Waterways Experiment Station:
Vicksburg, MS, USA, 1970.

Kankam, J.; Ben-George, M.; Perry, S. Bamboo-reinforced concrete beams subjected to third-point loading.
Struct. |. 1988, 85, 61-67.

Lima, H.C,, Jr.; Willrich, EL.; Barbosa, N.P.; Rosa, M.A.; Cunha, B.S. Durability analysis of bamboo as concrete
reinforcement. Mater. Struct. Mater. Et Constr. 2008, 41, 981-989. [CrossRef]


http://dx.doi.org/10.1016/S0950-0618(01)00009-5
http://dx.doi.org/10.1016/j.corsci.2008.06.035
http://dx.doi.org/10.1016/S0008-8846(02)00783-4
http://dx.doi.org/10.1515/CORRREV.2007.25.3-4.247
http://dx.doi.org/10.1177/0731684410397683
http://dx.doi.org/10.1016/j.cemconcomp.2004.06.002
http://dx.doi.org/10.1016/0958-9465(95)00018-8
http://dx.doi.org/10.1617/s11527-007-9299-9

Materials 2020, 13, 696 25 of 25

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Mansur, M.; Aziz, M. Study of bamboo-mesh reinforced cement composites. Int. J. Cem. Compos. Lightweight
Concr. 1983, 5, 165-171. [CrossRef]

Surjokusumo, S.; Nugroho, N. A study on Dendrocalamus asper as concrete reinforcement. In Proceedings of
the Vth International Bamboo Workshop and the IV International Bamboo Congress; International Network
for Bamboo and Rattan: Bali, Indonesia, 1995; pp. 92-98.

Kankam, J.; Perry, S. Variability of the Bond Strength Between Bamboo and Concrete. Mater. . 1989, 86,
615-618.

Hebel, D.E,; Javadian, A.; Heisel, F.; Schlesier, K.; Griebel, D.; Wielopolski, M. Process-controlled optimization
of the tensile strength of bamboo fiber composites for structural applications. Compos. Part B Eng. 2014, 67,
125-131. [CrossRef]

Javadian, A.; Wielopolski, M.; Smith, L.E; Hebel, D.E. Bond-behavior study of newly developed
bamboo-composite reinforcement in concrete. Constr. Build Mater. 2016, 122, 110-117. [CrossRef]
American Concrete Institute. ACI 440.1R-15 Guide for the Design and Construction of Structural Concrete
Reinforced with Fiber-Reinforced Polymer Bars; ACI Committee 440: Farmington Hills, CA, USA, 2015.
Javadian, A.; Smith, LEC.; Saeidi, N.; Hebel, D.E. Mechanical Properties of Bamboo Through Measurement
of Culm Physical Properties for Composite Fabrication of Structural Concrete Reinforcement. Front. Mater.
2019, 6. [CrossRef]

Hebel, D.; Heisel, F. Bamboo Composite Material for Structural Applications and Method of Fabricating the
Same. U.S. Patent 10,087,630, 2 October 2018.

ASTM International. Standard Test Methods for Direct Moisture Content Measurements of Wood and Wood-Base
Materials; ASTM D4442-15; ASTM International: West Conshohocken, PA, USA, 2015. [CrossRef]
American Concrete Institute. Building Code Requirements for Structural Concrete (ACI 318-08) and Commentary;
American Concrete Institute: Farmington Hills, CA, USA, 2008.

Rahman, N.; Shing, L.W.; Simon, L.; Philipp, M.; Alireza, J.; Ling, C.S.; Wuan, L.H.; Valavan, S.; Nee, S.S.
Enhanced bamboo composite with protective coating for structural concrete application. Energy Procedia
2017, 143, 167-172. [CrossRef]

Wielopolski, M.; Aigner, N.; Griebel, D.; Hebel, D.; Zimmerman, T. Griiner Stahl—Hochfeste
Naturfaserverbundwerkstoffe fiir strukturelle Anwendungen in der Industrie. In Projekt Abschlussbericht
KTI-Commission for Technology and Innovation; ETH Zurich, Empa Dubendorf: Bern, Switzerland, 2016;
Volume 1.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/0262-5075(83)90003-9
http://dx.doi.org/10.1016/j.compositesb.2014.06.032
http://dx.doi.org/10.1016/j.conbuildmat.2016.06.084
http://dx.doi.org/10.3389/fmats.2019.00015
http://dx.doi.org/10.1520/D4442-15
http://dx.doi.org/10.1016/j.egypro.2017.12.666
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Bamboo Species 
	The Matrix 
	Production of Bamboo Composite Materials 
	Bamboo-Composite Reinforcement Systems 
	Longitudinal Bamboo Composite Reinforcement 
	Transverse (Stirrup) Bamboo Composite Reinforcement 
	Properties of Bamboo Composite Reinforcement Systems 

	Bamboo Composite Reinforced Concrete 
	Evaluation of the Bond Mechanism between Bamboo Composite Reinforcement and Concrete 
	Durability Assessment of the Bamboo Composite Reinforcement 
	Design of the Bamboo Composite Reinforced Concrete Beams according to ACI 440.1R-15 
	Bamboo-Composite Reinforced-Concrete-Beam Preparation and Testing 


	Results 
	Properties of Bamboo Composite Reinforcement 
	The Bond Strength between Bamboo Composite Reinforcement and Concrete 
	Water Absorption Properties 
	Alkali Resistance Properties 
	Properties of the Bamboo Composite Reinforced Concrete Beams 

	Discussion 
	Conclusions 
	References

