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Abstract: The performance of bamboo as reinforcement in concrete structures 
can be successful if safety limit conditions are considered. The aim of this 
paper is to evaluate the feasibility of bamboo strips application as a flexure and 
shear reinforcement in concrete beams. Culms from Dendrocalamus giganteus 
were split and employed as reinforcement using rectangular sections of 20 mm 
width × natural length of the bamboo. Experimental analysis of six simply 
supported bamboo-reinforced concrete beams subjected to two point loads was 
carried out up to collapse. The ultimate test loads for the different beams were 
compared to the loads predicted according to ACI 318 (steel reinforced 
concrete beams regulation). Finally, a recommendation based on the analysis of 
the results for the design of such beams is proposed. 
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1 Introduction 

Bamboo shows several applications such as construction and this raw material has been 
studied for decades by researchers who worried about the environment (Janssen, 1995; 
Askarinejad et al., 2016). There are remarkable current uses of bamboo around the world, 
mainly in Asia, South and Central America, where bamboo is considered as a traditional 
construction material (Janssen, 1995; Van Der Lugt et al., 2006; Zhou et al., 2012; 
Escamilla and Habert, 2014). However, the mechanical behaviour of bamboo employed 
as reinforcement in structural concrete still needs further study. 

Researchers have studied the bamboo feasibility as a construction material in western 
countries (Li et al., 2012). A comparison between bamboo and ordinary materials such as 
concrete and wood turns out to make bamboo culms to be employed in temporary and 
small buildings. Other researchers (Yu et al., 2011), also evaluated structures in relation 
to carbon emissions in the life cycle of residential buildings, concluding that bamboo 
structure has lower carbon emissions, showing promising prospect for a sustainable 
construction. 

Another important bamboo characteristic, when compared to other similar materials, 
such as wood, is its mechanical behaviour (Silva et al., 2006; Masani et al., 1977; 
Askarinejad et al., 2015). Amada and Untao (2001) made numerical simulations of 
bamboo structure using finite element method and obtained different results on the 
mechanical properties of bamboo, when considering culm thickness and diameter relative 
to its length. In this sense, they concluded that it can be considered an orthotropic 
material. 

Then, researchers have described particular manners to use bamboo in order to have a 
well-structured construction; and specifications were given to assure a better performance 
of bamboo splits as a concrete reinforcement. 

Bamboo properties were also studied in macro and nano scales by Sobrinho et al. 
(2006) and Askarinejad et al. (2016). They concluded that the culm region with high 
fibres concentration has lower levels of crack on bamboo layers; on the other hand, the 
internal area of bamboo with low concentration of fibres has higher levels of crack on the 
internal layers. As it is clearly observed that bamboo is a notorious material for 
construction and it is demanding the regulation of its applications in buildings. 

A study reported by International Standard Organization (ISO 22157-1, 2004) has 
provided the first draft for an international regulation regarding the bamboo structures, 
based on its performance and on the limit state for the construction design. This 
international regulation is concerned on the strength and durability of bamboo structures. 
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However, standards on bamboo applied as concrete reinforcement require additional 
considerations to be added on such regulation. 

Despite a large number of investigations carried out about flexural behaviour of 
concrete beams with bamboo reinforcement, controversy still remains regarding to some 
vital issues for the construction design, such as the bamboo-concrete bonding. The 
swelling and shrinkage of bamboo in concrete cause serious limitations in the application 
of bamboo as a substitute for steel in concrete. The dimensional changes of bamboo due 
to moisture and temperature variations severely influence the bond characteristics (Lima, 
2005). 

In order to solve this question, the authors included a surface bamboo pre-treatment to 
avoid the moisture absorption (Ghavami, 1995, 2005; Tan et al., 2011; Agarwal et al., 
2014). Ghavami (2005) studied the mechanical properties of six bamboo species and their 
application as concrete reinforcement were investigated as well as it is tendency to absorb 
water of bamboo were also observed. This study has concluded that bamboo is able to 
substitute steel satisfactorily, but that there is a need to establish construction design 
parameters for such material when used as concrete reinforcement. Increment bond 
treatment can be necessary to enhance bamboo performance; however, these treatments 
might be expensive and difficult to carry out (Rahman et al., 2001). But, to improve this 
type reinforcement in concrete elements is necessary a treatment (Agarwal et al., 2014). 

Another fact which has not been verified about bamboo reinforcing concrete beams is 
its behaviour on shear. Previous studies showed that the shear cracks appear with the 
same load onto reinforced concrete beams with steel and bamboo (Terai and Koichi, 
2011). Concrete beams reinforced with steel against shear can be designed with stirrups 
or longitudinal bent-up bars according to ACI 318 (2008). For bamboo, there are few 
information in literature concerning the shear design with bamboo reinforcement. 

For a satisfactory behaviour between bamboo and concrete, it is necessary a perfect 
bonding (Ghavami, 2005; Sobrinho et al., 2006), as hypothesised for the designing of 
reinforced concrete structures. According to RILEM-FIP-CEB (1973), the bond tensile 
(τb) should be evaluated with the pull out strength (Farr) required for a pre-defined surface 
area of contact (μ ∙ lb) as it is shown in equation (1). 

arr
bm

b

Fτ
u l

=
⋅

 (1) 

However, it is known that for concrete reinforced with bamboo, such hypothesis is not 
true (Ghavami, 1995; Lima, 2005; Huang et al., 2013) and several strategies were 
employed by these authors in order to increase bonding between concrete and bamboo. 
On this basis, to study the behaviour of concrete beams reinforced with bamboo, it is 
essential to set the active strength increase only when the bonding between the two 
materials can be considered perfect. To do this, the behaviour of such structural elements 
without any increase bonding must be considered. Moroz et al. (2014) performed tests on 
masonry walls reinforced against shear with bamboo culm in the vertical and horizontal 
positions and they found that the bonding between the bamboo and mortar occurred only 
on the vertical culms. This research, that tested longitudinal bamboo strips bent-up on 
their extremity (tip segment), proposed an increase on the shear strength of beams 
without any bonding increase between the two materials (bamboo and concrete). 
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2 Test beams 

The concrete for the beams was produced with Portland Cement Type I/II, fine aggregate 
and coarse aggregate with a maximum 19 mm diameter. Concrete mix proportion was 
1:3:2 by weight (cement: coarse aggregate: fine aggregate) with a water-cement ratio of 
0.45. Mix was designed for a 28-day-compressive strength of 20 MPa and a slump test 
value of 100 mm to ensure the concrete workability. At this age, the compressive strength 
( ),cf ′  tensile strength (ft) and modulus of elasticity in compression (Ec) were 26.3 MPa, 
2.8 MPa and 18.95 GPa, respectively. 

Giant bamboo (Dendrocalamus giganteus) culms were dried and cut into 20 mm wide 
and 2.95 m long strips for tensile testing. It is important to mention that the bamboo was 
not treated with a waterproofing agent. The length of the samples was determined by the 
distance between the nodes, and specimens were measured at five points along their 
length in order to calculate average specimen dimensions (width and thickness). Average 
tensile strength and modulus of elasticity, determined from bamboo internode region, 
were 108.2 MPa and 13.1 GPa, respectively. Such values are coherent with the literature 
(Ghavami, 1995). 

Six 3.0 m long beams (B1 to B6) with a free span of 2.40 m and 0.15 × 0.30 m  
cross-section were moulded at laboratory. The longitudinal reinforcement was composed 
by four (B1 and B2) or five (B3, B4, B5 and B6) bamboo strips and they were placed in 
two layers of reinforcement. As it is difficult to obtain bamboo stirrups and 
reinforcement, thus bent longitudinal bamboo strips as shear reinforcement was 
employed for beams B2, B3, B4 and B5 (Figure 1). 

Figure 1 Detail of longitudinal reinforcement of beam 

 

Vertical steel stirrups with diameter of 5.0 mm and spacing of 150 mm were used for 
beam 6. The B6 web steel reinforcement, which ratio was 3%, was composed by vertical 
stirrups. The geometrical and mechanical characteristics of steel bars and bamboo stripes 
are shown in Table 1. 
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Table 1 Characterisation of the materials 

BEAM B1 B2 B3 B4 B5 B6 

cf ′′  (N/mm2) 26.3 26.3 26.3 26.3 26.3 26.3 

Ec (N/mm2) 18,950 18,950 18,950 18,950 18,950 18,950 

bf ′  (N/mm2) 108.2 108.2 108.2 108.2 108.2 108.2 

2bf ′  (N/mm2) 42.5 42.5 42.5 42.5 42.5 42.5 

Eb (N/mm2) 13,100 13,100 13,100 13,100 13,100 13,100 
fyt (N/mm2) 682.0 682.0 682.0 682.0 682.0 682.0 
Es (N/mm2) 201,000 201,000 201,000 201,000 201,000 201,000 
a (m) 0.8 0.8 0.8 0.8 0.8 0.8 
d (m) 0.252 0.252 0.252 0.252 0.252 0.252 

α (°) - 30 - 30 30 - 

Asb (m2) 0.117 0.128 0.163 0.137 0.180 0.172 
Av (m2) - - - - - 0.384 
Avb (m2) - 6.1 - 6.0 8.4 - 

3 Instrumentation and testing procedure 

To examine the flexural and shear behaviour of bamboo in concrete beams, two-point 
bending tests were conducted after a curing period of 28 days (Figures 2 and 3). The 
beams were tested in a steel frame of 1,000 kN capacity and the load was applied in 
increments of 0.5 kN. The supports were provided by steel cylinders that ensured the 
absence of significant components of horizontal reactions during the test. For each load 
increment, maximum deflection at the centre of the beam and crack initiation and 
propagation on concrete were recorded. Out-of-plane deflections at mid-span were 
measured using linear variable deflection transducers (LVDT). 

Figure 2 Experimental setup of a beam 
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Figure 3 Detail of beam B2 experimental test setup (see online version for colours) 

 

Figure 4 Placement of the strain gauge on the bamboo reinforcement 

 

Figure 5 Detail of strain gauge covered by a special protection resin (see online version  
for colours) 
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Figure 6 Analysis of the cross section strength of a bamboo reinforced concrete beam 

 

Two kinds of strain gauges were used in the experiment; the first ones were attached to 
the bamboo strips reinforcement, being placed in the critical areas of the beam to follow 
up and to record the strain behaviour. The second ones were fixed onto the concrete 
compression zone of the beams (Figures 5 and 6). 

The strain gauges, LVDTs and load cell were connected to a data acquisition system 
which transmitted the data to a computer that recorded and stored the information at an 
interval of 1 s. The tests were conducted until flexural or shear failure occurred: 

Type 1 Flexural failure by rupture of tensile bamboo reinforcement. 

Type 2 Flexural failure by crushing of compressive concrete. 

Type 3 Shear failure. 

4 Design parameters of concrete beams reinforced by bamboo stripes 

Since it was the purpose of this research to determine the feasibility of the use of bamboo 
as reinforcement in concrete beams, it was necessary to compare its behaviours to steel, 
which is a traditional reinforcement. Therefore, the beams were designed in accordance 
with ACI 318 standard and specifications, with modifications to consider the bamboo 
mechanical properties. 

In a transversal section of a beam, stress distribution typically assumes a rectangular 
shape whereas there is stress above an imaginary neutral axis. On the other hand, below 
such neutral axis there is tension. So that, the aforementioned situation is true if the 
perfect bonding between reinforcement and concrete occurs. 

Based on the obtained experimental data of the concrete beams reinforced with 
bamboo, failure mostly occurs due to tensile failure of bamboo on concrete beams with 
steel shear reinforcement, or due to shear failure on concrete beams without steel shear 
reinforcement (Ferreira, 2002). 

It was observed in several experiments that the test beams were over-reinforced and 
no concrete compression failure was provoked. This is mainly due to the impossibility to 
have a perfect bonding between bamboo and concrete. For flexure design purposes, it has 
been proposed to apply ACI standard and specifications for steel reinforced concrete 
beams, adapted for limit stress longitudinal bamboo strips, which are used in the analysis 
of the cross section strength of a bamboo reinforced concrete beam (Figure 6): 
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• ultimate compressive strain in concrete is equal to 0.003 

• tensile strength of concrete is ignored 

• strain varies linearly over the height of the cross section 

• bamboo stress varies linearly 

• concrete compressive strength is determined from a rectangular shaped stress block 
with a height equal to 0.8 of the neutral line depth and width equal to 0.85 of the 
concrete compressive strength. 

The maximum tension strain limit on bamboo reinforcement can be adapted to allow 
necessary bonding between bamboo and concrete. Based on experimental data (Ferreira, 
2002), the bonding failure mostly occurred to bamboo strain value of 0.002. The shear 
strength of the beams was calculated considering their different shear mechanisms. These 
mechanisms included the shear provided by the concrete, Vc, [equation (3)]; the shear 
provided by the steel stirrups, Vs, [equation (4)]; and, the shear provided by the bent-up 
longitudinal bamboo segments, Vb, which consisted of a single bamboo bar or a group of 
parallel bamboo bars, all bent-up at the same distance from the support [equation (5)]. 
The total nominal shear strength, Vu, was taken as the sum of these three shear strength 
components [equation (2)]. 

u c s bV V V V= + +  (2) 

1.9c w cV b d f ′=  (3) 

sw yt
s

A f d
V

s
=  (4) 

b vb tbV A f sen= α  (5) 

5 Results and discussion 

In Table 2, the ultimate loads for the different tested beams were compared to the 
ultimate loads predicted according to ACI 318. The reduction of flexural capacity was 
surprisingly low, in order of 5% to 16% less than the predicted according ACI. 

It is important to report that the bent-up bamboo longitudinal strips application can be 
used as similarly as a steel transversal reinforcement. In cases of comparison between 
beams B1 and B2 as well as between B3 and B5, they can offer interesting results 
regarding shear strength. Beams B2 and B5 were reinforced with bent-up bamboo strips 
and the ultimate load shear test were higher than those beams with similar longitudinal 
reinforcement, B3 and B5, respectively. 

Another important result of these ultimate loads comparison is that loss of bonding 
can be compensated with increasing the utilisation of steel stirrups. B6 beam, reinforced 
with steel stirrups, had no significant difference in the maximum load of flexural capacity 
(Table 1). The redistribution from bonding loads in the stirrups shows their importance 
for bamboo reinforced concrete beams. The low bond between longitudinal bamboo 
strips and the concrete, and also the concrete intense cracking impairs the shear 
calculation as predicted by ACI 318. Consequently, the truss mechanisms, usual in 
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reinforced concrete beams, could not be activated and consequently low stresses were 
denoted on the stirrups (Figures 7 and 8). 
Table 2 Test beams results 

BEAM B1 B2 B3 B4 B5 B6 
Vpred,fl (kN) 29.5 31.6 40.01 34.32 43.60 43.00 
Vc (kN) 31.10 30.70 31.15 31.17 31.17 31.15 
Vs (kN) - - - - - 44.17 
Vb (kN) - 12.90  12.80 17.80 - 
Vpred,sh (kN) 31.10 43.60 31.15 43.97 48.97 75.32 
Vtest, fl (kN) (*) 27.60 30.0 33.50 32.60 38.40 43.2 
(Vtest,fl – Vpred,fl) / Vpred,fl –6.5% –5.0% –16.2% –5.0% –12.0% 0.0% 
Vfail,test (kN) (**) 35.0 37.0 35.0 39.0 39.0 47.0 
Test fail mode Shear Shear Shear Shear Shear Shear 

Figure 7 Load-deflection on the middle of beam span 

 

All beams failed by shear. The diagonal crack started from the last flexural crack and 
turned gradually into a crack more and more inclined under the shear loading as noted in 
Figure 9. 

More typically, the diagonal crack encountered resistance as it moved up into the 
compression zone, as well as it became flatter and stopped. As load was increased, the 
tension crack extended gradually at a very flat slope until finally a sudden failure 
occurred. Shortly before reaching the failure load, the most inclined cracks got opened, 
towards bamboo strips (Figure 10). 
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Terai and Koichi (2011) showed a failure map for concrete beams reinforced with 
bamboo strips with bonding increase, similarly to the features of the beams 2 and 4 of 
this research. 

Figure 8 Cracked configurations of tested beams (see online version for colours) 

 

Figure 9 Crack detail of beam B3 configurations after failure (see online version for colours) 

 

Considering that bamboo strips were employed without bonding increase treatment, the 
local areas with mechanical bond (bamboo nodes) contributed efficiently to create 
anchorage for the bamboo longitudinal strips. Hence, it suggests that an additional overall 
safety with factor 1.2 for flexural design purposes in bamboo reinforced concrete beams 
must be considered. 
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Figure 10 Stress evolution of shear reinforcement on beam B6 

 

6 Conclusions 

Although concrete beams reinforced with bamboo can be designed according to ACI 318 
it is suggested an additional 1.2 flexural design safety factor when no bonding treatment 
is employed. 

Structure design of bamboo reinforced concrete beams can be similar to those of the 
steel reinforced concrete beams as long as steel stirrups are employed. 

The low bonding of longitudinal bamboo strips impairs the shear strength according 
to ACI 318. 

The cracking of beams occurred due to bonding failure between the bamboo and the 
concrete, followed by the shear failure. 

Finally, despite the limited number of testing carried out, it was concluded that 
bamboo can potentially be employed as substitute of the steel reinforcement. However, 
the development of a simple design standard for the application of bamboo as a substitute 
for the steel in reinforced concrete structural elements, with special attention to shear 
design, must be considered. 
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Nomenclature 

Asb Longitudinal bamboo strips tension reinforcement area 
Asw Steel shear reinforcement area 
Avb Bamboo shear reinforcement area 
bw Web width 
D Effective depth 
fc Specified compressive strength of concrete 
ftb Specified yield strength of the transverse bamboo reinforcement 
fb2 Specified yield strength of the transverse bamboo reinforcement for strain 0.002 
ft Tensile concrete strength 
fyt Specified yield strength of the transverse steel reinforcement 
s Spacing of the stirrups 
Vfail Failure shear strength of the actual test 
Vpred,sh Predicted shear strength 
Vpred,fl Predicted flexural strength 
Ec Concrete modulus of elasticity 
Eb Bamboo modulus of elasticity 
Es Steel modulus of elasticity 
F Concentrated load 
N Axial load 
Vc Nominal (theoretical) shear strength provided by concrete 
Vs Nominal shear strength provided by steel 
Vb Nominal shear strength provided by bamboo 
Vu,fl Fail shear strength related to rupture by bending 
Vu,w Fail shear strength related to rupture by shear 

α Angle between bent-up reinforcement and longitudinal axis of the member 

fb Ultimate tensile strength of bamboo for design purposes, equal to Eb ∙ 0.002 
fyt Steel yield stress 

 


