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ABSTRACT

In light of the increasing demand for sustainable building materials, the effectiveness of bamboo utilization in
various fields has become the object of scientists’ close attention. The increased interest in bamboo is explained
by its sustainable characteristics, which make it the most preferred material for environmentally friendly and cost-
effective construction compared to conventional ones. Applicability of bamboo is vast and diverse: from decora-
tion and furniture to structural members and reinforcement. Due to the low price, rich resources, and high
elasticity, bamboo culms have also been used as an alternative to steel reinforcement in concrete structures. Exten-
sive research has been done to assess feasibility of bamboo reinforcement in structural elements made of concrete.
This article discusses the mechanical properties of three types of structural bamboo reinforced concrete (BRC)
beams. Existing original papers on the mechanical behaviour of structural BRC members were studied, and
the fundamental properties including typical failure modes, reasons of failure, load-displacement relationships,
and influencing factors were discussed and described. Observations and conclusions of the review will contribute
to deep understanding of structural feasibility of BRC beams and serve as a base for future research.
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1 Introduction

With the development of sustainable design and construction technologies [1], such as Passive Housing,
Low Energy Buildings [2], and Net-zero Energy Buildings, the requirements for building materials have
increased dramatically. According to recent studies on sustainable construction [3–5], building materials
are responsible for 60%–80% of emissions and energy consumption due to the depletion of non-
renewable resources, energy-intensive production, and transportation [6]. The development of resilient
building materials has become one of the essential tasks to improve the sustainability of the construction
sector. Over the past decade, original bamboo has received much attention due to its sustainability and
strength [7–9]. The mechanical characteristics of bamboo may vary depending on the species and
moisture content. In general, the mechanical properties of original bamboo can be compared with that of
mild steel [10], cast iron, aluminium alloys, and wood [11–16]. Considering the excellent mechanical
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properties of bamboo, many scientists have studied its use as reinforcement for concrete structures in order to
reduce the environmental impact of steel reinforcement without reducing strength. Table 1 shows the tensile
properties of bamboo compared to conventional reinforcing materials [17,18].

Concrete is one of the most widely used building materials in the world. Unlike wood and bamboo,
concrete is an isotropic material, and its mechanical properties are uniform in any direction. Despite its
increasing strength over time, concrete is brittle and weak under tensile loads [28]. Due to the non-
renewable aspect and high cost of steel, many researchers have developed various ways to increase the
ductility of concrete by reinforcing it with natural fibres such as coir, malva, sugarcane, kenaf bast,
bamboo, banana, pineapple leaf, date, sisal, vakka, palm, jute, hemp, elephant grass, Hibiscus
cannabinus, abaca leaf, ramie bast, flax, sansevieria leaf, and wheat straw [28–32]. Since 1950, bamboo
has been used for concrete reinforcement [33].

The mechanical properties of bamboo reinforced concrete (BRC) were compared with plain concrete
(PC) and steel-reinforced concrete (SRC). It was reported that the strength of the BRC members
increased twice compared to PC and constituted 35% of the strength of SRC [33]. Various BRC members
were tested, including beams, columns, and slabs. Ghavami [34] conducted a review on BRC application
in structures, and Archila et al. [35] gave a critical assessment of the applicability of BRC based on a
case study. Both authors highlighted the advantages and disadvantages of the material in terms of
environmental friendliness, durability, and mechanical properties, comparing it with SRC. However, there
is still no review of the current state of the art in BRC research focusing on fundamental mechanical
properties and failure mechanisms.

The current study attempted to review existing literature on the mechanical properties of BRC structural
beams. The review is not all-encompassing and includes selected original articles that focus on the
mechanical properties of BRC members, particularly beams, which were published over the past ten years
and included in the ScienceDirect and Engineering Village databases. The research boundaries include
concrete beams reinforced with bamboo bars and their structural performance in particular failure
mechanisms, reasons for failure, influencing factors, load-deflection, and stress-strain relationships. The
summary of the paper will contribute to a better understanding of the mechanical properties of BRC
structural beams and serve as a base for future research.

2 Production

In the engineering sector, steel is preferred as a reinforcing material due to its yielding characteristics,
which helps to inform people in the building about its impending destruction. In contrast to steel, bamboo, as
well as concrete, are brittle materials [36,37]. Numerous studies recommended applying excessive
reinforcement or a lower workload than the strength limit of the composite [38]. Despite the lower

Table 1: Selected mechanical properties of bamboo and other reinforcing materials

Reinforcing material Yield strength, MPa Tensile strength, MPa MOE, GPa

Bamboo [7,19] 201 309 27

Steel [19–21] 442 620 207

GFRP [22–24] 680 3100–4150 57–86

CFPR [24,25] – 3500–6000 230–600

AFRP [24,26] – 1540–3400 70–140

BFRP [24,27] – 3000–4840 79–93
Notes: GFRP–Glass Fibre Reinforced Plastic; CFPR–Carbon Fibre Reinforced Plastic; AFRP–Aramid Fibre Reinforced
Plastic; BFRP–Basalt Fibre Reinforced Plastic; MOE–Modulus of Elasticity.
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ductility of bamboo, its elasticity, superior durabillity when compared to steel, and its ability to absorb
energy, have made it a fairly strong alternative for concrete reinforcement [39,40].

2.1 Selection of Raw Bamboo
The production of bamboo bars is not much different from bamboo strips for laminated bamboo lumber

and has similar stages of sampling, processing, and treatment [41–45]. However, at the stage of drying and
treatment, the preparation of bamboo bars ends, while bamboo strips for laminated bamboo lumber undergo
further bleaching or carbonization with subsequent gluing and pressing [46–48].

According to the articles reviewed, the bamboo species of Dendrocalamus and Bambusa were often
chosen as reinforcing material (Fig. 1). It is known that the strength of bamboo depends on the bamboo
species. In their study, Yeh et al. [49] compared the mechanical properties of bamboo species
Phyllostachys pubescens (Moso) and Dendrocalamus latiflorus (Ma) (Fig. 1).

According to the results of bending tests, the modulus of rupture (MOR) of Moso bamboo strips was
48.7% higher than that of Ma bamboo. It was explained by the difference in bamboo density; Moso
bamboo was 21% higher in density than Ma bamboo. However, the effect of this factor on the bending
properties of BRC beams was not taken into account in the reviewed studies.

Similar to the production of laminated bamboo lumber, 3–4-year-old bamboo culms of brown colour are
selected to produce bamboo bars. It is necessary to avoid using green culms of freshly cut bamboo from
March to June since this type of bamboo absorbs more moisture and has a low strength capacity [39]. It
should be noted that the bigger the diameter of the bamboo culm, the stronger it is [39].

2.2 Bamboo Bar Processing
After harvesting, the culms are cut into bamboo strips and processed. Full culms are not recommended

for use as concrete reinforcement, as they are hollow and less resistant to swelling than bamboo strips.

Bamboo strips are seasoned outdoors for two to four weeks. The seasoning is carried out to reduce the
moisture content in bamboo before using it. This is also known as the bamboo drying process. This step is
carried out to prevent insect and fungi attacks and to reduce problems that may appear during further
processing of bamboo, such as warping or smoking [39,53,54]. The outdoor seasoning process is
traditional and differs from oven drying, in which moisture is removed at high temperatures.

Figure 1: Bamboo species (a) Dendrocalamus; (b) Bambusa; (c) Phyllostachys (taken from [50–52])
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After drying, bamboo strips are leached to remove the juice after cutting the bamboo. This process is
carried out by photosynthesis or mechanical processing.

2.3 Bamboo Bar Treatment
The durability of bamboo depends on changes in its chemical composition in cellulose, hemicellulose,

and lignin, which are breeding grounds for bacteria, fungi, mold, and food for insects [35]. When bamboo
reaches maturity, its tissues and cells begin to decompose. At the same time, the outer part of the bamboo
culm is stronger and more durable than its inner part [21]. Such strength grading of bamboo also needs to
be considered when designing a BRC composite.

Over the past decade, scientists have conducted several studies to increase the durability of bamboo for
reinforcing cement materials using various methods. Many studies have looked into the effect of an alkaline
environment on the durability of bamboo previously. According to the experimental results, the highly
alkaline medium destroys the cells of lignocellulose materials, such as bamboo and wood, and promotes
the best adhesion to the concrete mixture [39,55–57]. To protect against insects, scientists have proposed
chemical treatment with a solution of tap water and calcium hydroxide [39].

Bamboo is also susceptible to rotting and this contributes to cracks in the concrete due to the bamboo’s
ability to absorb and release moisture [34]. Moisture absorption contributes to the swelling of bamboo strips
and pushes back the walls of concrete. With the evaporation of moisture, bamboo shrinks in size, leaving
voids leading to the appearance of cracks. This problem occurs when curing concrete (Fig. 2).

In addition, the differential coefficient of thermal expansion (CTE) of bamboo can also lead to cracking
concrete. According to previous studies, the CTE of bamboo was five times lower than that of concrete or
steel in the axial direction and two times higher in the transverse direction [35]. It was reported, that the
longitudinal CTE of bamboo was from 2.5 to 10 × 10−6/C, while transverse CTE was about an order of
magnitude larger [35,59]. Researchers have proposed a number of measures to improve the water-
resistance of bamboo reinforcement while improving the adhesion between bamboo and concrete and the
friction properties of the bamboo surface. The types of treatments proposed by the researchers include
epoxy coating followed by sand spraying, processing with asphalt paints, tar-based paints, and specific
bituminous materials [60].

2.4 Mix Proportion
The international or national standards are used for concrete mix design, such as IS 10262, [60,61], and

the mix proportions vary from the purpose of the study and can be seen in Table 3. The bamboo must be
properly tied down before the concrete can be poured. Bamboo should be fixed in a logical sequence to
prevent it from floating up in the concrete during the placement and vibration [62]. Fig. 3 shows the steps
of the BRC manufacturing process.

Figure 2: Dimensional changes of bamboo in concrete: (a) bamboo strip in concrete; (b) swelling of the
bamboo strip; (c) shrinking of the bamboo strip (reproduced from Javadian et al. [58])
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3 Bonding Performance of BRC

The strength of the BRC beams depends primarily on the bond strength, which is determined by the
following factors: the adhesion strength of bamboo reinforcement with concrete mix, the water-repellent
properties of bamboo, and the friction properties at the bamboo-concrete interface. To study the bond
strength of the BRC specimens, the researchers conducted a series of shear pull-out experiments
considering different types of treatments and bamboo surface modifications (Fig. 4).

Figure 3: BRC material production process

Figure 4: Pull-out test of the bamboo-concrete specimen

JRM, 2022, vol.10, no.12 3633



3.1 BRC with Surface Coating
Ghavami [34] examined the bond strength of bamboo-concrete specimens. Part of the bamboo bars were

treated with Negrolin (bituminous product), wrapped with wire of 1.5mm diameter, and coated with sand.
Another part was coated with Sikadur 32 Gel. All the specimens were subjected to pull-out tests, and
according to the results (Table 2), the specimens with bamboo bars treated with Sikadur 32 Gel showed
the best performance with increased bond strength by 5.29 times.

Agarwal et al. [63] examined the interfacial performance of bamboo-concrete specimens treated with
different adhesives, including Araldite (epoxy glue), Araldite with binding wire, Tapecrete P-151 (acrylic-
based polymer), Anti Corr RC, and Sikadur 32 Gel (epoxy glue). Similar to the findings of Ghavami
[34], specimens treated with Sikadur 32 showed the highest strength (Table 2), while Araldite with
binding wire showed similar strength. According to the results, most of the specimens failed due to the
slipping of bamboo bars from the concrete cylinders (Fig. 5a).

Javadian et al. [58,65,66] considered the effect of several coatings and embedding lengths of 100 and
200 mm on the bonding between the bamboo and concrete. Treatment included a waterproof vapour
barrier membrane, a bio-based epoxy resin (Exaphen), a two-part epoxy resin (TrueGrip EP/BP), and a
two-part epoxy resin with and without sand coating. According to the results, bamboo bars with an
embedment length of 200 mm and treated with waterproof vapour barrier membrane and sand particles
showed a similar bond strength as plain Glass Fibre Reinforced Polymer (GFRP) in normal strength
concrete. The enhancement in bond strength was explained by the water and moisture repellent property
of the coating. The addition of sand helped improve the roughness of the bamboo surface, resulting in
improved mechanical interlock with concrete matrix aggregates.

Similar to previous studies, Kumar et al. [39] and Mengistu [67] stated that epoxy-based adhesives
increase the bonding strength of the bamboo with the concrete. Terai et al. [68] reported that bamboo
treated with synthetic resin and synthetic rubber enhanced the bond stress capacity of the BRC composite
twice compared to the plane specimen. According to Jung [69], an increase in bond strength could be
achieved by keeping bamboo at a distance of 1.5 inches from the center of the specimen. Santos et al.
[70] attempted to increase the bonding strength of bamboo by a pozzolanic reaction between the silica
(SiO2) contained in bamboo and the Ca (OH)2 in Portland cement. However, the increase in bond

Figure 5: Failure patterns of bamboo-concrete specimens in pull-out tests: (a) slipping of bamboo;
(b) concrete cone failure; (c) bamboo tensile failure (extracted from Javadian et al. [58] and Muhtar et al. [64])
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strength turned out to be negligible since silica located in the epidermic of bamboo culms or splints could not
be exposed to the concrete properly to ensure the successful pozzolanic reaction.

3.2 BRC with Surface Modification
Considering the weak bonding performance of bamboo strips with concrete matrix, most studies

developed new approaches, including grooving, wire wrapping, hose-clamping, and other modifications
to the bamboo surface (Fig. 6).

Qaiser et al. [72] examined the pull-out strength of bamboo bars with different surface modifications,
including semi-circular corrugations with a pitch of 5–25 mm depth, binding wire of 2 mm thick wrapped
at a distance of 10–25 mm. According to the results, corrugated bamboo strips showed better bonding due
to concrete filling into pitches (Table 2). Wired bamboo showed higher (17%) resistance to slipping than
plain bamboo specimens. However, both plain bamboo and wired bamboo exhibited low bonding strength
and failed due to slipping, while corrugated bamboo increased pull-out strength by 80% when compared to
plain ones and broke outside the cylinder since it could not be pulled out from the concrete (Fig. 6c).

Similar to the previous study, Mali et al. [73,74] examined the bond behaviour of grooved bamboo bars
coated with Bond Tite 26 adhesive and sand and wrapped with steel wire. The authors considered different
parameters affecting the bond strength of the bamboo-concrete cylinders, such as groove shapes (V-notch,
rectangular, semi-circular), embedded lengths (50%, 75%, 100% of cylinder height), and the ratio of
groove size to its spacing (1:1, 1:2, 1:3). Based on the results, the specimens with semi-circular grooves,
50% embedding length, and a ratio of 1:1 exhibited the highest bond strength due to the mechanical
interlock. However, the processing of bamboo strips with semi-circular grooves was practically difficult.
Instead, bamboo bars with rectangular grooves were suggested since they were easy to corrugate. Based
on the results of pull-out tests, bamboo bars with rectangular grooves of 10 mm width and 5 mm depth
made in a zigzag manner at 20 mm distance showed the highest bond with concrete mix.

Muhtar et al. [64] carried out shear pull-out tests on bamboo-concrete specimens with the following
treatments: a hose-clamp of 10 cm span, Sikadur-752, Sikadur-752 with a hose-clamp of 15 cm span, and
Sikadur-752 with a hose-clamp of 20 cm span. Based on the results, bamboo bars treated with Sikadur-
752 having hose-clamps of 15 and 20 cm spans and coated with sand increased the bond strength by 214%
and 200%, respectively. Specimens coated with epoxy glue and sand without hose clamps showed a 125%
increase in bond strength. Bamboo bars with hose-clamps including a 10 cm span with no glue and sand
coating increased the pull-out strength by only 8%. The specimens showed different failure patterns

Figure 6: Modification of bamboo surface: (a) bamboo bars with hose-clamps; (b) bamboo bars with semi-
rectangular grooves; (c) bamboo bars with semi-circular corrugations; (d) bamboo bars with wire wrappings
(extracted from Muhtar et al. [71], Qaiser et al. [72], and Mali et al. [73])
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corresponding to the treatment type [64]. Specimens with Sikadur-752, hose-clamps, and sand failed in bond
and concrete cone failure (Fig. 5b), showing excellent attachment of bamboo to the concrete matrix. Although
specimens with Sikadur gel and sand showed strong bond strength, the specimens failed due to the slipping of
bamboo bars from concrete (Fig. 5a). Specimens with hose clamps only showed weak bond strength and failed
due to bond-slipping. The authors stated that the bond-slip failure pattern occurred due to the swelling and
shrinking of bamboo during concrete curing. Water absorbed by bamboo caused dimensional changes,
which led to a loosening of the hose clamps and a corresponding weak bond between bamboo and concrete.

Table 2 shows the changing trends in the bond strength values corresponding to the bamboo treatment type.

Table 2: Bond strength of BRC cylinders with different bamboo treatments

Study Treatment Cylinder size
(diameter × height), mm

Embedding
depth, mm

Bond
strength,
MPa

Ghavami
[34,63,72]

Bamboo with no treatment 150 × 300
100 × 200

100 0.127–0.52

Javadian et al. [66] No coating – 100
200

3.61

Ghavami [34] Negrolin, sand 150 × 300 100 0.73

Negrolin, sand, wire 0.97

Sikadur 32 Gel 2.75

Agarwal et al. [63] Araldite 100 × 200 100 0.232

Araldite, wire 0.539

Tapecrete P151 0.315

Anti Corr RC 0.159

Sikadur 32 Gel 0.588

Muhtar et al. [64] Hose-clamps 10 cm 150 × 300 200 1.1

Sikadur-752 2.25

Sikadur-752, hose-clamps 15 cm 3.4

Sikadur-752, hose-clamps 20 cm 3.2

Qaiser et al. [72] Corrugated – 300 0.293

Wired 0.190

Mali et al. [73,74] Grooves – 50%–100% of
cylinder height

–

Javadian et al. [66] Cement epoxy in the concrete mix – 100
200

2.75–3.52

Water-based epoxy 3.47

Water-based epoxy, fine/coarse
sand

3.61/365

TrueGrip EP/BP 3.30/2.42

TrueGrip EP, coarse sand 3.45

TrueGrip BP, coarse sand 2.62

Exaphen 3.36

Exaphen, sand 3.46

Enamel 3.40

Ghavami [34] Steel with no treatment – – 3.25
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Overall studies on the shear pull-out behavior of bamboo reinforcement in concrete cylinders
recommend using waterproof coatings of bamboo to ensure moisture barrier that protects the bamboo
from dimensional changes, increases the attachment of bamboo to the concrete matrix, and improves
the physical and mechanical properties. As shown in Table 2, bamboo surface grooving, wrapping
with binding wire, corrugation, and adding hose clamps improve the frictional properties of bamboo,
leading to a better bond with the concrete through the mechanical interlock. Without waterproof
coating, the idea of bamboo surface modification has no significant effect due to the water absorption
of bamboo.

4 The Mechanical Behaviour of BRC Beams

The review covered the following questions: what the fundamental mechanical properties of BRC
structural members in terms of flexural and compression strength are; and what are the most typical
failure mechanisms, modes, load-deflection behaviour, and influencing factors.

Beams are structural elements that are subjected to bending forces. Over the past decade, most
research has been done on the mechanical properties of the BRC beams compared to other structural
elements. For this part, 12 experimental studies on the flexural behaviour of the BRC beams of
different sizes were selected. Table 3 shows the details of selected studies on bending performance. The
review focuses on research conducted over the last decade, from 2011 to 2021. The review also
included a survey undertaken in 2005.

Table 3: Summary of selected studies on BRC beams

Study Size, mm;
bamboo q, %

Confinement
material@spacing,
mm

Bamboo species Treatment
type

Mix design
(cement: fine
aggregate:
coarse
aggregate)/
design code

Admixture

Ghavami
[34]

120 × 300 ×
3400;
0.75–5.00

– – Sikadur
32 Gel

1:1.4:2.4
1:3.22:0.78

–

Terai
et al. [75]

125 × 250 ×
1500;
0.6–2.0

Steel@100, pp-
band@50, pp-
rope@50, flax
rope@50

Black bamboo,
Japanese timber
bamboo

– – –

Kathrik
et al. [76]

100 × 100 ×
500;
0.8

– Bambusa
vulgaris

Binding wire,
surface
greasing

1:2:4 Granite, 12.5%
of fly ash,
12.5% of
GGBS

Agarwal
et al. [63]

75 × 150 ×
1000;
1.49

– Melocanna
bambusoides

Sikadur
32 Gel

IS 10262:2009 –

Mishra
et al. [77]

75 × 150 ×
1000;
1.49

– Melocanna
bambusoides

Sikadur
32 Gel

IS 10262:2009 –

(Continued)
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4.1 Failure Modes of BRC Beams
One of the first attempts to evaluate the fundamental flexural characteristics of BRC beams was made by

Ghavami [34]. The investigation focused on the structural performance of BRC beams considering different
q. For the bending test, BRC beams with the size of 120 mm × 300 mm × 3400 mm were prepared. The
reinforcement system was made of split bamboo culms of 30 mm wide, wrapped with 1.5 mm wire at a
distance of 10 mm. The reinforcement was coated with an impermeable layer and sand to improve
bamboo’s water resistance and bonding performance. The q was set as 0.75%–5.00%. The purpose of the
study was to find out the optimum q for BRC beams. Before the experiment, BRC beams were curried
for 28 days. According to the 4-point bending test results, all beams failed due to the tensile failure of
bamboo and concrete. There were three failure modes: when the beam was under-reinforced and failed in
bending, when the beam was over-reinforced and failed in compression, and when both concrete and
bamboo collapsed simultaneously. Terai et al. [75] also evaluated the flexural behaviour of BRC beams
with dimensions of 125 mm × 250 mm × 1500 mm considering different shear to span ratios (0.6–2.0).

Table 3 (continued)

Study Size, mm;
bamboo q, %

Confinement
material@spacing,
mm

Bamboo species Treatment
type

Mix design
(cement: fine
aggregate:
coarse
aggregate)/
design code

Admixture

Muhtar
et al. [64]

75 × 150 ×
1100;
1.24–4

– Dendrocalamus
asper

Hose-clamps,
Sikadur
32 Gel, sand

1:1.8
1:2.8
2:0.52

–

Qaiser
et al. [72]

230 × 230 ×
1880;
4

Cheer bam
boo@150

- semicircular
corrugations,
wire

1:2.6:4.5 –

Mali et al.
[73]

140 x 150 x
1100;
1.2–3.8

Bamboo@100 Bambusa
arundinacea

Grooves,
Bond Tite
adhesive,
sand

IS 10262
IS 456

–

Wen et al.
[78]

38.1 × 76.2 ×
177.8; 0.83–
1.24

– – MICP 900 g of sand
mixed
with 250 mL
of bacteria
solution

Bamboo fibres,
sands, discrete
randomly
distributed
fibres

Javadian
et al. [66]

160 × 160 ×
1300;
0.93–1.86

Bamboo
composite@70,
@115, @50

Dendrocalamus
asper

Water and
alkaline
resistant layer

ACI 318 –

Javadian
et al. [65]

160 × 160 ×
1200

Bamboo
composite@75,
@115, @70

Dendrocalamus
asper

Water and
alkaline
resistant layer

ACI 318 –

Adom-
Asamoah
et al. [79]

110 × 275 ×
2000;
1.6–3.1

Steel@100 Bambusa
vulgaris

– 1:1.82:1.27 –

Note: q–reinforcement ratio; GGBS–ground granulated blast furnace slag; MICP–microbial induced calcite precipitation.
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According to the results of 4-point bending tests, the beams had the same failure behaviour as SRC beams,
characterised by the crack appearance on the bottom of the beam,propagating to the top layer.

Karthik et al. [76] investigated the effect of manufactured sand (m-sand) and mineral admixtures on the
flexural performance of BRC beams. The research included three types of mixes for the specimens:
conventional mix 1:2:4 of cement, sand, and granite; mix 2 was composed of m-sand, granite, and
cement as the binder; mix 3 was made of m-sand, granite, 75% of cement, 12.5% of fly ash, and 12.5%
of Ground Granulated Blast-furnace Slag (GGBS). The reinforcement matrix contained four bamboo bars
of 10 mm × 10 mm × 480 mm; the bamboo bars were wrapped by binding wire (y6@300), and their
surface was greased to improve water resistance and increase bond strength. The dimension of the beams
was 100 mm × 100 mm × 500 mm; the curing period was 28 days. Based on the 4-point bending test
results, the failure mode of the conventional mix of BRC beams was similar to previous studies and
characterised by diagonal tension failure at the middle part (Fig. 7a). In contrast, both mixes exhibited
brittle mode failure due to the poor bonding of bamboo and concrete (Fig. 7b).

In most studies, the authors mentioned that the smooth surface of bamboo led to a poor bond between
reinforcement and concrete matrix, which negatively affected the flexural strength and failure mode of BRC
beams. Considering the weak bond between bamboo interface and concrete, Agarwal et al. [63] and Mishra
et al. [77] used the adhesive Sikadur 32 Gel to improve the bonding strength and overall flexural performance
of BRC beams. The dimensions of BRC beams were 75 mm × 150 mm × 1000 mm and q = 1.49%. The
reinforcement was composed of 2 longitudinal bamboo bars with an area of 70 mm2 each. According to
the 4-point bending test results, BRC beams with untreated bamboo reinforcement failed due to bond
failures and were characterised by cracks appearing along the bamboo bars. In contrast, BRC beams with
treated bamboo bars failed due to the simultaneous effect of shear and bending loads which led to crack
formation on the bottom of the beam. The following crack propagation to the top surface of the beam and
spalling of concrete caused the beam’s failure (Fig. 7c) [63,77].

Muhtar et al. [64] suggested the hose clamping approach. The experimental part included 75 mm ×
150 mm × 1100 mm beams with two bamboo bars installed as tensile reinforcement. The reinforcement
area constituted 140, 200 and 450 mm2. The distance between hose clamps was 150, 200, and 250 mm
(Fig. 6a). With finite element modeling, the authors gave a better understanding of the failure modes in
BRC beams. Similar to previous studies, the initial cracks appeared on the tensile surface, i.e., in the
middle span of the bottom of the beam. The major cracks branched into small cracks in the position of
bamboo bars and propagated right, left, and upward following the bamboo reinforcement direction
(Fig. 8a). Hose-clamps worked as barriers that transferred the load to the concrete.

Figure 7: Failure patterns of BRC beams: (a) conventional BRC beam; (b) Mix 1/2 BRC beam; (c) BRC
beam with Sikadur 32 Gel (extracted from Karthik et al. [76] and Agarwal et al. [63])
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Qaiser et al. [72] suggested open-loop stirrups to improve the BRC beams’ flexural performance. The size
of the beams was 230 mm × 230 mm ×1880 mm, q = 4%. In addition, the authors considered the effect of
different thicknesses of bamboo bars 10, 15 and 20 mm. The bamboo strips were subjected to 2 types of
modifications to achieve a better bonding with the concrete matrix: bamboo bars with semi-circular
corrugations having a pitch, width, and depth of 25, 10 and 5 mm, respectively; bamboo bars wrapped by
2 mm wire with 25 mm pitch and 10 mm extension (Figs. 6c and 6d) [72]. According to the results, all
beams failed in pure flexure caused by the propagation of cracks from the bending zone (Fig. 9) [72].

Mali et al. [73] evaluated the flexural performance of BRC beams with longitudinal bamboo
reinforcement ratios of 2.8% (BV) and 3.8% (BO). Similar to Muhtar et al. [64], the authors improved
the bond strength of bamboo bars by making semi-circular grooves of 10 mm in width and 5 mm in
depth made in a zigzag manner (Fig. 7b). BRC specimens were divided into the following groups:
untreated plain (UP), untreated grooved (UG), treated plain (TP), and treated grooved (TG). The
treatment included coating with a Bond Tite chemical adhesive and sand particles. BV type of BRC
beams stands for q = 2.8%, BO for q = 3.8%. The BV beams failed due to shear cracks, which were
caused by a weakening of the bamboo stirrups capacity (Fig. 10a), while the BO beams failed due to
shear cracks that occurred on the tensile part of the beam and propagated to the top layer. It should be
noted that the BO beams with untreated grooved bamboo bars failed in the middle of the 1/3 span due to
flexural crack (Fig. 10b) [73].

Figure 8: Failure patterns of the beams: (a) BRC beam with hose-claps; (b) SRC beam (extracted from
Muhtar et al. [64])

Figure 9: Failure patterns of the beams: (a) SRC beam; (b) grooved BRC beam; (c) wired BRC beam; (d)
PC beam (extracted from Qaiser et al. [72])
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Researchers have considered their use in reinforced structural elements with the increased development
of biocomposites made of bamboo fibres and adhesives. For instance, Wen et al. [78] combined bamboo
fibres and bamboo bars to enhance the flexural performance of bio-beams. The manufacturing process of
bio-beams includes sands and discrete, randomly distributed fibres treated by MICP that develop
cementation between soil particles. The detailed manufacturing process of bio-beams can be found in the
respective research [78]. For the experiment, the following types of bio-beams were manufactured:
unreinforced bio-beams, bamboo fibre reinforced (BF) bio-beams, bamboo bars reinforced (BA) bio-
beams, and bio-beams reinforced with bamboo fibres and bamboo bars (BFBA). The size of bio-beams
was 38.1 mm × 76.2 mm × 177.8 mm, q = 0.83%, 0.93%, and 1.24%, and the proportion of fibres was
0.1%, 0.2%, 0.3% and 0.4% by weight of dry sand. BA bio-beams were reinforced longitudinally by 2,
3, 4, and 6 bamboo bars on the tensile side. BA bio-beams mostly failed under a 4-point bending load
due to shear cracks that appeared on the bottom of the beams (Fig. 11).

BA bio-beams represented the beams that collapsed in a major failure mode with q of 0.83% and 0.93%
(Fig. 11a). The specimens with a q of 1.24% did not show any significant changes in flexural behaviour. The
beams that failed before the bamboo reinforcement could contribute to any improvement by spalling sandy
soil from bamboo bars and the bottom of the beams (Fig. 11b) [78].

Another research by Javadian et al. [66] used bamboo-composite made of fibre bundles and epoxy as
concrete reinforcement. The bamboo-composite reinforcement is shown in Fig. 12b. The detailed
processing method of the material can be found in the respective study [66].

Figure 10: Failure pattern of BRC beams: (a) BRC beams (q = 2.8%); (b) BRC beams (q = 3.8%) (extracted
from Mali et al. [73])

Figure 11: Failure modes of the BA bio-beams: (a) q of 0.83%–0.93%; (b) q of 1.24% (extracted from Wen
et al. [78])
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BCRC beams prepared for the study had a size of 160 mm × 160 mm × 1300 mm. The cross-section of
bamboo composite bars was 10 mm × 10 mm (Fig. 12a). The number of bottom reinforcements constituted
2 and 4 bars and q = 0.93% and 1.86%. The system had shear reinforcement, including different spacings
(6@70, 4@115, 8@50); the reinforcement system was coated with water and an alkaline resistant layer.
BCRC beams with 2 reinforcement bars broke due to reinforcement failure, while specimens with 4 bars
failed in the compression side of the beam due to concrete crushing (Fig. 12b).

Depending on the type of bamboo treatment, the BRC beams were destroyed in 3 modes–bonding
failure between bamboo and concrete, pure bending, and shear failures. Destruction in the mode of
bonding failure was typical for beams in which bamboo reinforcement was not subjected to additional
treatment to improve adhesion to concrete. It is worth noting that the addition of admixtures such as fly
ash, granite, and ground granulated blast-furnace slag (GGBS) worsened the adhesion to the concrete
matrix. As a result, the overall behavior of beams with untreated bamboo and admixtures was weak
and brittle.

Failure in pure bending mode occurred in beams that had bamboo bars with a modified surface in the
form of grooves or binding with wire. This behavior was caused by better adhesion between bamboo
reinforcement and concrete due to the mechanical interlock, leading to a better ductility similar to the
behavior of SRC beams. At the same time, beams with bamboo reinforcements were covered with
adhesives, and BRC beams with bamboo fibres and hose-clamping collapsed in shear mode. The grooves
and the wire contributed to the improved ductility of the beam due to the mechanical lock, while the
hose-clamping turned out to be a kind of bridge transmitting stress from bamboo bars to cement. It is
worth noting that the beams reinforced with bamboo composite bars collapsed in the form of shear,
compression, and reinforcement rupture in tension.

4.2 Load-Deflection Behaviour
According to the results, BCRC beams with q = 1.86% improved ultimate failure load and modulus of

rupture constituting 42.2 kN and 10.84 MPa, respectively. The authors stated that BCRC beams showed
better initial cracking load and ultimate load-bearing capacity and could substitute GFRP and steel in
concrete reinforcement. However, the authors did not compare the tested beams’ flexural performance
values with the materials mentioned above [66]. In the subsequent investigation, Javadian et al. [65] tested
BCRC beams with two types of bamboo-composite reinforcement: longitudinal and transverse. BCRC
beam was prepared based on recommendations of ACI 440.1R-15 with dimensions 160 mm × 160 mm ×
1200 mm. During the experimental investigation, three parameters were considered: the number and
spacing of the stirrups (4@75, 4@115, 6@70) and the distance between loading points (350, 600). The
beams failed in three modes: reinforcement rupture in tension, compression failure, and shear failure [65].

According to reviewed articles, the following factors can affect the beams’ strength: reinforcement
material, materials composition, reinforcement ratio, span-to-depth ratio, bamboo bar treatment or

Figure 12: Bamboo-composite reinforced concrete (BCRC) beam: (a) bamboo-composite (b) bamboo-
composite reinforcement; (c) failure of the BCRC beam (extracted from Javadian et al. [65,66])
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modification method, and size of coarse aggregate. Ghavami et al. [34] found that the beams with q = 3%
showed the best flexural performance among BRC beams with q of 0.75%–5.00%. The ultimate bearing
capacity of the beams increased by 400% compared to that of the PC beams [34]. Mishra et al. [77]
compared load-deflection relationships of BRC (q = 1.49%), PC, and SRC beams (q = 1.07%) (Fig. 13a).

As can be seen, BRC beams could bear more deflection than SRC and PC beams and were more ductile.
According to the results, the first cracks of BRC beams appeared at 80% of the ultimate load. The study’s
goal was to investigate the feasibility of the neural-network approach (ANN) for predicting the flexural
capacity of the beams. The results obtained from ANN matched the experimental values by 99%, proving
the method’s reliability (Fig. 13a) [77].

The bamboo reinforcement treated by Sikadur 32 Gel showed improved bending capacity compared to
untreated specimens (Fig. 13b) [63]. BRC beams with bamboo bars treated with Sikadur 32 Gel showed
higher energy absorption and a much higher deflection than PC beams. BRC beams with untreated
bamboo bars showed negligible improvement in flexural behaviour due to the low bond between
reinforcement and concrete. It should be noted that treated BRC beams exhibited a comparable bending
capacity and ductility to SRC beams with the same size and q of 0.89%. Average ultimate load and
deflection at failure constituted 10.136 kN and 0.36 mm, 9.838 kN and 1.68 mm, 13.117 kN and
2.18 mm, 12.521 kN and 1.97 mm for PC, untreated BRC, treated BRC and SCR beams, respectively. As
a result, the treatment with Sikadur 32 Gel showed a better bonding strength at the bamboo-concrete
interface than other adhesives such as Tapecrete P-151, Araldite, and Anti Corr RC. The following
improvement of the load-carrying capacity constituted 29.41% showing almost the same strength and
behaviour as SRC beams with q = 0.89% [63].

The surface modification of bamboo bars can positively affect the flexural strength of BRC beams,
provided the bamboo bars are treated with a coating that improves the bond strength and water resistance.
If the load-deflection diagram of the SRC beam had pronounced elastic, elasto-plastic, and plastic areas,
the behaviour of BRC beams was close to linear. The friction bond limit of the BRC beam occurred at
0.2 of the ultimate loads, which was twice lower than that of the SRC beam. The authors stated that the
presence of hose-clamps did not significantly improve the flexural performance of BRC beams without
additional treatment by water-resistant layers like Sikadur 32 Gel and coating by sand. For instance, BRC
beams with a reinforcement area of 450 mm2 and hose clamps exhibited higher deflection, higher energy
absorption, and lower stiffness than that of the SRC beams with q = 0.89% (Fig. 14a) [64].

Figure 13: Load-displacement relationships of beams: (a) PC, BRC (1.49%), and SRC (1.07%) beams;
(b) PC, untreated BRC, treated BRC, and SRC beams (reproduced from Mishra et al. [77] and Agarwal
et al. [63])
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For future research, the authors suggested evaluating larger distances between hose clamps and
considering the theory of confined concrete and shear reinforcement to improve the stiffness of BRC
beams [64]. Fig. 14b shows the load-deflection relationship of the corrugated and wired BRC beams
compared to other types of beams [72]. It should be noted that bamboo bars were not coated by adhesive
or water-resistant layers. The first crack appeared in BRC beams when the load reached 12–14 kN.
Compared to PC beams, wired and corrugated BRC beams improved ultimate capacity by 11% and 80%,
respectively. However, q and other parameters of SRC beams were not available to adequately compare
and evaluate the capacity of BRC beams. From the comparison between the load-deflection behaviour of
hose-clamping and the corrugated beams, it can be seen that both have comparable flexural strength and
could sustain similar deflection (Fig. 14). At the same time, the latter had more pronounced elastic,
elastic-plastic, and plastic regions than the former. The authors recommended the utilization of corrugated
and wired BRC beams in temporary or low-cost structures since their ductility, and ultimate capacity was
far lower than that of SRC beams [72].

BRC beams improved flexural strength with grooved bamboo reinforcement treated with Bond Tite chemical
adhesive and sand particles. Fig. 15 shows the average load-deflection curves of grooved BRC beams compared
to PC and SRC beams (q = 1.2%). As can be seen, BRC beams with q = 3.8% and grooved treated bamboo bars
showed higher flexural strength and could sustain more deflection compared to PC and BRC beams with
q = 2.8%. However, SRC beams with q = 1.24% showed the best flexural performance [73].

Figure 14: Load-deflection diagram of BRC beams and SRC beams: (a) BRC beams with hose-clamps; (b)
BRC beams with grooves and wires (reproduced from Muhtar et al. [64] and Qaiser et al. [72])

Figure 15: Load-deflection diagram of BRC, PCC, and SRC beams (reproduced from Mali et al. [73])
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According to the results of 4-point bending tests, the average values of maximum ultimate load obtained
in these beams were 21, 63, 35 and 48 kN for PC, SRC, BRC with treated plain strips of q = 2.8%, and BRC
with treated grooved strips of q = 3.8%. The BRC beam of q = 2.8% resulted in flexural strength that was
67% higher than that of PC beams and 44% lower than that of SRC beams. BRC beams of q = 3.8% exhibited
flexural strength 37% higher than BRC of q = 2.8% with treated plain strips but 24% lower than SRC beams.
Overall, the ultimate load and energy absorption capacity of 3.8% BRC beams with treated grooved strips
were close to that of SRC beams and were lower by 3% and 17% than that of SRC beams. Moreover,
shear strength and flexural strength of 3.8% BRC with treated grooved strips were comparable to SRC
beams [73].

The results obtained by testing BRC beams made of alternative materials and admixtures are
noteworthy. BRC beams made of mineral admixtures and 10 mm bamboo bars showed low flexural
strength (Figs. 16b and 16c), which was twice lower than that of SRC beams reinforced with 10 mm
steel. This was explained by poor bonding between bamboo and admixture. At the same time, BRC
beams with 10 mm greased bamboo bars improved bending strength by 6.5% due to the perfect bond
between bamboo and concrete matrix compared to SRC beams (Fig. 16a) [76].

Adom-Asamoah et al. [79] investigated the performance of bamboo longitudinal reinforcement in self-
compacted concrete (BRSCC) considering the following factors: the shear span-to-depth ratio (1.5–2.5), the

Figure 16: Load-deflection relationship: (a) conventional BRC beam; (b) Mix 1; (c) Mix 2 (reproduced from
Karthik et al. [76])
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longitudinal q (1.6%–3.1%), tensile reinforcement level (L as lower and H as higher) and the size of coarse
aggregate (10, 14 mm). The beam size was 110 mm × 275 mm × 2000 mm with bamboo bars of 15 mm ×
12 mm in cross-section. The transverse reinforcement of the BRSCC beams included mild steel (r8@100)
since it was more cost-effective than cane or bamboo. Based on the results of 4-point bending tests, the
authors draw the following conclusions: an increase in shear span-to-depth ratio increased the ultimate
bending moment, the average increase constituted 94%–122% for ratios 1.5%–2.5%; an increase in q
from 2.1% to 2.6% improved the normalised flexural, service and shear loads. However, when q > 2.6%,
the structural performance of the beams decreased due to the insufficient bonding strength of bamboo
reinforcement and self-compacted concrete. At the same time, q = 3.1% showed better cracking
performance under monotonic loading. An increase in the size of the coarse grain aggregate increased the
displacement ductility, post-yielding flexural resistance, and post-yielding energy resistance by 22.4%,
16.0%, and 44.5%, respectively. It was concluded that BRSCC could be used in structures for rural areas.
However, the seismically active regions require improvements in the ductility of BRSCC.

The concrete beams with bamboo-composite reinforcement also showed improved flexural strength
values [65]. Based on the results, the ductility of the BCRC beam was greatly improved. However, both
PC and BCRC beams showed brittle characteristics compared to SRC beams, in which the yielding
behaviour of steel ensured the greater ductility of the beam. Compared to the PC beams, BCRC beams
had higher ultimate load capacity and better stiffness. The experimental part of this study was based on
ACI 440.1R-15; the authors mentioned the suitability of this standard for the application of bamboo-
composite reinforcement in concrete beams. Considering the low ductility of BCRC beams, the authors
recommended its utilization in low-cost and low-rise buildings, where the failure of the secondary
elements ensures the adequate warning of potential collapse [65].

One of the main tasks involved in construction is to ensure the safety of structures, which is achieved by
improving the ductility of members and joints under loads. Based on the reviewed studies, BRC beams are
still inferior to the ductility and strength of SRC beams. According to the study results, the bonding strength,
reinforcement ratio, and stirrups were the determining factors of ductility and strength of BRC beams. The
treatment of bamboo with adhesives, bamboo surface modification, an increase in the reinforcement ratio,
and stirrups led to an improvement in ductility and overall structural performance.

4.3 Stress-Strain Relationship
It is worth noting that most studied BRC beams showed improved ductility, except for the beams in

which bamboo bars were not treated. Ghavami [34] identified 3 regions in the stress-strain relationship of
BRC beams (Fig. 17) [34].

Figure 17: Stress-strain relationship in BRC beams (reproduced from Ghavami [34])
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The stress-strain relationship was characterised by a linear elastic stage, followed by the nonlinear
behaviour and plastic stage with failure [34].

Bamboo reinforcement also increased the bending strength of bio-beams created with MICP. Fig. 18
shows stress-strain relationships of BA bio-beams compared to fibre-reinforced and unreinforced bio-
beams [78].

As shown in Fig. 18a the unreinforced bio-beams showed a brittle behaviour while the BA bio-beams’
performance was ductile. Furthermore, the flexural strength of BA bio-beams with q = 1.24% was higher
than that of unreinforced bio-beams by 78%. At the same time, the authors evaluated the flexural
performance of bio-beams reinforced with bamboo fibres. They concluded that the BF bio-beams with a
fibre ratio of 0.3% improved ductility, flexure strain, and increased peak strength by 34% compared to
unreinforced bio-beams (Fig. 18c). It should be additionally noted that the supplementation of more fibres
to BRC (0.4% and higher) led to a decrease in flexural performance since the fibres filled the pores

Figure 18: Stress-strain relationship of bio-beams: (a) BA beams compared to unreinforced beams;
(b) BABF bio-beams compared to BA and BF bio-beams; (c) BF beams compared to unreinforced beams
(extracted from Wen et al. [78])
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between the particles and reduced the bond strength. Based on these results, 0.3% of bamboo fibres and
bamboo bars reinforcement with q = 1.24% were combined to enhance the flexural performance of bio-
beams (BABF). The result can be seen in Fig. 18b, which shows stress-strain relationships of BABF bio-
beams compared to BA and BF bio-beams [78]. As can be seen, BA bio-beams and BABF bio-beams
had a better bending strength than BF specimens, showing great potential for the combined use of
bamboo fibres and bamboo bars reinforcements to improve the flexural performance of the composite
material [78].

Based on the results of the reviewed studies, BRC beams with bamboo treated with adhesives or surface
modification, and BRC beams with bamboo fibres, showed the most obvious nonlinear behavior consisting
of three stages – elastic, elastic-plastic, and plastic. The beams with treated bamboo showed better behavior
compared to PC beams but performed worse compared to SRC beams. Nevertheless, the possibility of using
BRC beams in lightweight structures of low-rise buildings is justified.

5 Discussion

In this paper, the structural behavior of BRC beams was reviewed, particularly the common failure
modes, reasons for failure, load-deflection curves, stress-strain relationship, and the factors influencing the
fundamental mechanical properties of the beams. In addition, the bonding behavior of BRC material was
considered and discussed. Based on the reviewed studies, the following conclusions were drawn.

5.1 Bonding Performance of BRC
An effective water-repellent treatment is necessary to improve the adhesion between bamboo bars and

the concrete matrix. According to reviewed studies, the impermeability of bamboo is affected by three
factors: the adhesive properties of the coating applied to bamboo and concrete, the water-repellent
properties of the coating, and the friction behaviour regarding the bamboo-concrete interface. One of the
most effective methods is the epoxy treatment of bamboo, followed by coating with fine sand. Additional
bamboo surface modification can increase bond strength through the mechanical interlock.

5.2 Mechanical Behavior of BRC Beams
Different reinforcement systems were adopted for the experimental evaluation in the reviewed studies:

longitudinal reinforcement with 2 bamboo bars; longitudinal reinforcement with 4 bamboo bars and bamboo,
binding wire, and steel as confinement. The following influencing factors were considered: reinforcement
material, reinforcement ratio, confinement material, bamboo treatment and modification type, and
admixtures. Table 4 shows the summary of the selected mechanical properties of BRC beams.

Table 4: Summary of selected flexural properties of BRC beams

Size, mm;
bamboo q, %

Confinement
material@spacing,
mm

Bamboo species Treatment type First
crack
load, kN

Ultimate
load, kN

Deflection,
mm

1 75 × 150 × 1000;
1.49 [63]

– Melocanna
bambusoides

Untreated – 9.838 1.68

2 75 × 150 × 1000;
1.49 [63]

– Melocanna
bambusoides

Sikadur 32 Gel – 13.117 2.18

3 75 × 150 × 1000;
1.49 [77]

– Melocanna
bambusoides

Sikadur 32 Gel – 13.11 2.05

4 75 × 150 × 1100;
1.24 [71]

– Dendrocalamus
asper

Sikadur 32 Gel 8.25 21.75 12.40

(Continued)
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As can be seen from Table 4, the first crack load and the ultimate load increased with the treatment of
bamboo reinforcement. BRC beams #2, 3, and 4 have the same q and treatment with Sikadur 32 Gel, but
beam #4 shows better mechanical properties than #2 and 3. This may be caused by the difference in
bamboo species used for reinforcement and the grade of concrete. The beams significantly improved
flexural behaviour by adding lateral reinforcement and surface modification. For instance, the first crack
load, the ultimate load, and deflection of beam #7 with grooves, adhesive, and sand constituted 42 kN,
65.3 kN, and 6.5 mm, while the same properties of beam #6 with the same size and reinforcement ratio
but no treatment included 34 kN, 42.0 kN, and 6.3 mm. It should be noted that an increase in
reinforcement ratio also affects the flexural performance of the beams positively. For instance, the initial
crack load, ultimate load, and deflection of beam #2 with q = 1.49% were 8.25 kN, 21.75 kN, and
12.40 mm, while beam #6 with q = 3.8% improved these values up to 34 kN, 42.0 kN, and 6.3 mm,
respectively. At the same time, all the beams having lateral reinforcement exhibited better flexural
performance and improved strength values compared to that with no confinement.

According to the reviewed studies, the beams failed in different modes depending on bamboo treatment,
surface modification type, and the presence of admixtures. The BRC beams with untreated bamboo
reinforcement were destroyed in the direction of the reinforcement due to the bond rupture and slippage
of bamboo. The BRC beams with bamboo reinforcement treated with Sikadur 32 Gel showed better
adhesion to cement, and the failure mode was characterised by the appearance of shear cracks on the
tensile part of the beam and their spread to the top of the beam. The beams with hose-clamping of
bamboo reinforcement had the same mode of destruction. The only difference was in the branching of the
major cracks into small cracks that grew upwards and in the direction of bamboo reinforcement. The
failure mode of the beams with grooved and wired bamboo bars was the closest to that of the SRC
beams, characterised by pure bending destruction. Bio-beams with bamboo reinforcement also collapsed
in the shear mode despite the different material compositions. At the same time, beams with fly ash,
granite, and GGBS as admixtures showed brittle failure due to poor adhesion to the reinforcement

Table 4 (continued)

Size, mm;
bamboo q, %

Confinement
material@spacing,
mm

Bamboo species Treatment type First
crack
load, kN

Ultimate
load, kN

Deflection,
mm

5 75 × 150 × 1100;
4 [71]

– Dendrocalamus
asper

Hose-clamps,
Sikadur 32 Gel,
sand

7.50 29.75 9.15

6 140 × 150 × 1100;
3.8 [73]

Bamboo@100 mm Bambusa
arundinacea

– 34 ± 3.7 42.0 ±
3.0

6.3 ± 0.9

7 140 × 150 × 1100;
3.8 [73]

Bamboo@100 mm Bambusa
arundinacea

Grooves, Bond
Tite adhesive,
sand

42 ± 3.0 65.3 ±
4.0

6.5 ± 0.5

8 160 × 160 ×
1300;
1.86 [66]

Bamboo
composite@70,
@115, @50

Dendrocalamus
asper

Water and
alkaline resistant
layer

15.06 42.2 –

9 160 × 160 ×
1200;
1.89 [66]

Bamboo
composite@75,
@115, @70

Dendrocalamus
asper

Water and
alkaline resistant
layer

14.15 49.1 –

10 110 × 275 × 2000;
1.6 [79]

Steel@100 Bambusa
vulgaris

– 16 60 9.35

JRM, 2022, vol.10, no.12 3649



system. In contrast, beams with bamboo-composite reinforcement showed 3 types of destruction: shear,
compression, and reinforcement rupture in tension.

The behaviour of the bamboo beams can be characterised by 3 regions: elastic, elastic-plastic, and
plastic. Several studies attempted to predict the flexural behaviour of the beams. Muhtar [80] developed a
calculation model for predicting local slip in BRC beams through the curvature moments and bond stress
with 6% of uncertainty, proving the proposed model’s high reliability. Muhtar [81] and Mishra et al. [77]
adopted FEM and ANN methods to predict stiffness reduction and deflection values for BRC beams,
respectively. The validation of the proposed models constituted 85%–93% and 99% for each study,
respectively.

Based on the results of the reviewed articles, bamboo bars have a fairly convincing potential as a
replacement for steel in the reinforcement of concrete beams going into the future. However, several
factors need to be considered when using bamboo in reinforcement. According to the conducted studies,
the BRC beams show the best bending behaviour and can withstand more deflection and bending loads,
providing 3% of the reinforcement ratio, as well as bamboo surface modification by grooves in a zigzag
manner, followed by coating with chemical adhesives such as Sikadur 32 Gel, Bond Tite and sand
particles to improve adhesion between reinforcement and concrete matrix. Moreover, most researchers
agreed that this type of composite is recommended for use in lightweight concrete structures of low-rise
and low-cost buildings in regions with limited access to steel. Compared to SRC, BRC beams were less
ductile and had a higher energy absorption capacity.

5.3 Potential of BRC Beams in Structural Application
With the invention of bamboo composites, such as laminated bamboo lumber [82–87], glubam [88–92],

parallel strand bamboo [93–97], and their combinations with AFRP, CFRP [98,99], and other materials, the
possibility of using bamboo as reinforcement for concrete is significantly expanding. Multiple studies have
been done on new types of bamboo-based and concrete composites, such as engineered bamboo-concrete
sandwich panels, bamboo particle concrete, bamboo fibre concrete, bamboo tube grid concrete panels,
etc., showing wide possibilities of utilization of bamboo variations in composites with concrete
[100,101]. Optimised bamboo processing methods, such as densification, also positively affect the tensile
strength of bamboo [12], thereby opening a new direction for further study of its use in concrete
reinforcement. Moreover, the mechanical properties of bamboo vary depending on the bamboo species,
and the performance of its laminated version depends on the processing methods, the number of layers,
lamina arrangement, and adhesive type. Various materials, such as fly ash, fibres, and bacteria, were used
in the concrete mixture, which positively affected the mechanical properties of the BRC members.

According to the reviewed articles, bamboo reinforcement has a good potential to replace steel in
concrete reinforcement. However, the factors mentioned above are worthy of further study, so as to
further improve the mechanical properties of BRC members and their application in the construction
sector. Scientists have made impressive progress in improving the adhesion strength between bamboo and
cement by using adhesives, surface modification, and sand coating. One of the main purposes of using
bamboo as a reinforcement and adding admixtures to replace cement and sand is to improve the
environmental friendliness of obtained reinforced concrete while maintaining load-bearing capacity.
Nevertheless, the methods of improving bond strength between bamboo and cement are energy-intensive,
and the environmental friendliness of adhesives used for processing bamboo is also questionable.
Furthermore, the recyclability of obtained concrete with bamboo reinforcement and admixtures is unknown.

The sustainability of BRC members was examined by Archilla et al. [35] using Life cycle assessment
(LCA) [102] with the intergovernmental panel on climate change (IPCC) 2013 method for evaluating
environmental impacts [103], the software OpenLCA [104], Ecoinvent V3 database [105], and data on
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bamboo-based construction materials and transport distances [106–108]. Surprisingly, carbon emissions
from the production of the BRC material were almost twice the emissions caused by the production of
the SRC. Increased carbon emissions were explained by an increase in the concrete amount to meet the
load carrying requirements of the functional unit. Another environmental evaluation made by Zea
Escamilla et al. [108] showed that the contribution of bamboo reinforcement to emissions was negligible.
Still, the bamboo transportation emissions were greater than the material savings achieved by replacing
steel. Despite the promising potential of bamboo as concrete reinforcement, there are still several
problems, such as low ductility, poor adhesion to cement, water absorption, insect attacks, energy-
intensive production, use of environmentally friendly adhesives, which need to be studied and optimised
to justify the use of bamboo in the reinforcement of concrete structures.

6 Conclusion

In this article, the structural behaviour of BRC beams with bamboo reinforcement was considered. The
most frequent failure modes, reasons for failure, and load-deflection relationship were identified, while
factors affecting the behaviour of BRC structural beams were described. According to the review, the
following conclusions were made. Failure of BRC flexural members was caused by shear and bending
forces. In contrast to steel reinforcement, bamboo reinforcement is prone to rupture; it has low ductility
and high energy absorption capacity. At the same time, the ductility of bamboo reinforced concrete
members is higher than that of plain concrete members. The behaviour and strength of BRC members
depend on the following factors: bond strength between bamboo and cement, the reinforcement ratio, the
application of confinement, the presence of admixtures, and the strength of concrete. An increase in
reinforcement ratio, confinement, treatment of bamboo bars with adhesives, sand and grooving, and the
replacement of cement and sand with polymer admixtures increases the ductility and bearing capacity of
the members. In general, the ultimate load and deflection of BRC beams without any treatment and
1.49% reinforcement ratio constituted 9.838 kN and 1.68 mm. In contrast, the exact parameters of the
beams treated with Sikadur 32 Gel were around 13.11 kN and 2.05–2.18 mm. The deflection and limited
load of the beams with bamboo reinforcement bars of q = 3.8%, which were coated by adhesive and
grooved, were 6.5 mm and 65.3 kN showing a significant improvement in flexural performance.
However, bamboo reinforcement is not inferior to the ductility and strength of steel reinforcement.
Energy-intensive treatment of bamboo and the unknown recyclability raises the question of the
environmental friendliness of the composite. Currently, this type of reinforcement is suitable for low-rise
and low-cost buildings in seismically safe zones. Even though bamboo has the potential to replace steel
in concrete structures, there are still certain areas where more research must be conducted to exploit the
benefits of bamboo in the construction industry fully.
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