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Flexural behavior of bamboo–concrete 
composite beams with perforated steel plate 
connections
Zhiyuan Wang1,2, Yang Wei1*, Ning Li1, Kang Zhao1 and Mingmin Ding1

Abstract 

A new type of bamboo–concrete composite structure using perforated steel plates as connectors was proposed. 
To study the composite effect of this new type of composite structure, the slip behavior of bamboo–concrete shear 
connectors was first studied through push-out tests. Subsequently, four-point bending tests of ten bamboo–concrete 
composite beams were carried out. The results show that the failure of bamboo–concrete shear connectors occurred 
between the perforated steel plate and the concrete, and there was no obvious damage between the perforated 
steel plate and the bamboo. The load carrying capacity of perforated steel plate connectors was relatively stable. The 
failure mode was moderate failure. Considering the three stages of the load–slip curve, an exponential function is 
proposed to describe the load–slip curve. The failure modes of composite beams can be summarized as two types. In 
the first type, the bamboo beam ruptures on the bottom and the concrete dose not suffer significant damage; in the 
second type, the top surface of the concrete first exhibits longitudinal cracks, and finally, the bamboo beam ruptures. 
Compared with bamboo beams, the ultimate load of composite beams increased by 1.2–1.5 times, and the sectional 
stiffness of composite beams increased by 2.9–4.2 times. The equivalent section stiffness was obtained after determin-
ing the connection coefficient, and the connection coefficient γb ranged between 0.50 and 0.80 and decreased as 
the center spacing of the perforated steel plate increased. The equivalent cross-section stiffness obtained by different 
load stages of the shear slip stiffness was calculated to predict the mid-span displacement. The calculation results 
show that the effect of slip stiffness on the equivalent stiffness of cross section is not sensitive, and a 35% increase in 
slip stiffness results in a maximum increase in equivalent section stiffness of only 6%.
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Introduction
Green, environmentally friendly, ecological, low-carbon 
and sustainable new materials are being actively explored 
for application in the field of civil engineering [1, 2]. Bam-
boo and wood are typical sustainable materials. Bamboo, 
with outstanding advantages including short growth 
cycle, high strength and low cost of cultivation, has 
become increasingly popular as a renewable structural 

material in recent decades because of the shortage of 
timber in the international market [3, 4]. The applica-
tion of raw bamboo in civil engineering includes bamboo 
towers, bamboo buildings [5], bamboo-reinforced con-
crete [6–9], etc. However, the shape of bamboo is that of 
an irregular thin-walled elliptical cone tube, which has 
low carrying capacity and large discreteness of mechani-
cal properties, making it difficult to meet the structural 
requirements of many engineering structures [10, 11]. To 
make more effective use of bamboo, many engineering 
bamboo materials, such as bamboo scrimber [12], lami-
nated bamboo [13] and bamboo glulam [14, 15], have 
been developed, studied and utilized. Existing research 
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shows that using bamboo engineering materials as flex-
ural members have some unfavorable aspects, such as 
low section stiffness and insufficient bearing and span-
ning capacity. In light of the research on timber–con-
crete and steel–concrete composite structures [16–20], 
bamboo–steel composite structures [21–23] and bam-
boo–concrete composite structures [24–28] have been 
proposed and explored to further improve the overall 
mechanical performance of engineering bamboo and 
other engineering materials [29–31]. To explore a more 
effective and reliable combination mode, a new type of 
bamboo–concrete composite structure using perforated 
steel plates as connectors was proposed. To study the 
composite effect of this new type of composite structure, 
the shear behavior of bamboo–concrete shear connec-
tors is examined, and then a four-point bending test of 
composite beams is carried out to study the loading pro-
cess, the strain variation and distribution of the mid-span 
section, and the slip law of the interface.

Materials and methods
Material properties
The shear connectors and composite beams were made 
of the same materials, including bamboo scrimber, con-
crete and perforated steel plates. Bamboo scrimber is a 
new material formed by reorganizing and strengthen-
ing bamboo. In detail, bamboo is processed into strips 
of bamboo, i.e., bamboo fiber; impregnated after drying; 
dried to the required moisture content; laid and pressed 
in a mold; and finally cured by high-temperature and 
high-pressure heat.

Referencing ASTM D143-09 ‘‘standard test methods 
for small clear specimens of timber” [32] to determine 
the mechanical properties of bamboo scrimber, 12 ten-
sile specimens (25 × 10 × 455  mm) and 12 compres-
sive specimens (50 × 50 × 150  mm) were prepared and 
tested. Based on the test results, the ultimate tensile 
strength (fbt), ultimate compressive strength (fbc), and 
elastic modulus of bamboo scrimber were 149.46  MPa 
(SD = 9.97, COV = 6.7%), 90.1 MPa (SD = 5.1, COV = 6%) 
and 17.4 GPa (SD = 0.93, COV = 5.8%), respectively. 
The mix ratio of fine aggregate concrete for the test 
was 1:0.4066:1.33:2.649 (cement:water:sand:stone). 
The average compressive strength of concrete cubes 
(150 × 150 × 150  mm) and cylinders (φ150 × 300  mm) 
were 45.4  MPa and 35.6  MPa at the time of testing, 
respectively, and the elastic modulus was 28.2 GPa. The 
yield strength and elastic modulus of the steel plates were 
253.4 MPa and 197.8 GPa, respectively. The yield strength 
and elastic modulus of 6 mm steel bars used as construc-
tional reinforcement for specimens were 550.5 MPa and 
171.9 GPa.

Shear connectors
For the mechanical analysis of bamboo–concrete com-
posite beams, the mechanical properties of shear con-
nectors must be identified in advance. Referring to EN 
26,891, three specimens of shear connectors with the 
same parameters were designed. The specimens are des-
ignated as P1, P2 and P3. The specimens consists of one 
bamboo block (140 × 350 × 70  mm) and two concrete 
blocks (140 × 350 × 70  mm), as shown in Fig.  1. The 
bamboo slabs were located in the middle of the speci-
mens, the concrete slabs were symmetrically arranged 
on both sides of the slab, and the two different parts 
were connected with the perforated steel plate connec-
tors (Fig.  1a). The size of the perforated steel plate was 
100 × 100 × 2  mm (Fig.  1b). The perforated steel plates 
were arranged in the middle part of the interface of the 
two sides. The depths of the steel plates embedded in 
bamboo and concrete were 60 mm and 40 mm, respec-
tively. The concrete is strengthened by the steel bars in 
both longitudinal and transverse directions near the 
interface, and the steel bars are not connected with the 
steel plates to avoid possible complex interactions. Dur-
ing the preparation of the specimen, the steel plate was 
embedded in the pre-opened seam of the bamboo board 
through adhesive, and the exposed part was poured in 
the concrete to form a whole. Considering the difference 
between concrete and epoxy adhesive, circular holes with 
diameters of 25  mm and 10  mm were set on the steel 
plate of the concrete section and bamboo section, respec-
tively, to improve the connection performance.

An electrohydraulic testing machine with a maxi-
mum loading force of 3000 kN was used in the test. To 
eliminate the influence of gaps between components 
of specimens and confirm that the loading device was 
working properly, pre-loading (with a 5-kN load) was 
carried out before formal loading. The displacement 
control was adopted in the formal test, and the loading 
speed was 1  mm/min, which was changed to 0.5  mm/
min when approaching failure until the specimen failed. 
The interface slip was measured by two methods: The 
first method used a linear variable displacement trans-
ducer (LVDT). Three displacement transducers were 
arranged at the interface on both sides of each speci-
men to measure the interface slip at the bottom, middle 
and top of the specimen. The displacement meter was 
fixed on the concrete plate, and the measuring rod was 
fixed on the bamboo plate at the same level (Fig.  2a). 
The second method used digital image correlation 
(DIC). The equipment and software are provided by 
the Correlated Solution Company in the United States. 
The camera focal length for the equipment is 25  mm, 
the focal resolution is 12 million, and the displacement 
measurement resolution is 1%. The software of VIC-3D 
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is employed. After polishing and cleaning the surface 
of concrete and bamboo of the specimens, a layer of 
white matte paint was sprayed first on the surface, and 
then black paint was sprayed to form uniformly distrib-
uted black spots. Then, two image collectors were used 
to continuously collect the deformation images of the 
specimens during the entire test process, with the data 
being collected every 3  s. In this test, 12 points were 
selected symmetrically along the interface of bamboo 

and concrete. After calculation, the relative slip of the 
interface in the entire field was obtained (Fig. 2b).

Composite beams
Two bamboo beam specimens and ten bamboo–concrete 
composite beam specimens with perforated steel plate 
connections were manufactured in this test. Every two 
specimens with the same parameters were one group, 
as shown in Table  1. The bamboo beam used as the 

a

b c
Fig. 1 Details of the push-out test and perforated steel plate (units: mm)
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benchmark was group B0, and the composite beams were 
divided into five groups according to the central spac-
ing of the perforated steel plate: 100, 150, 200, 250 and 
300 mm, numbered as group BP100, group BP150, group 
BP200, group BP250 and group BP300, respectively. The 
section shape of composite beams was T-shaped, with 
bamboo in the bottom part and concrete in the top part. 
The size of the bamboo beams was 70 × 140 × 2500 mm, 
and the size of concrete was 200 × 50 × 2500 mm (Fig. 3). 
In the process of specimen manufacturing, the longi-
tudinal seam was first opened on the top surface of the 
bamboo beam. The depth of the longitudinal seam was 
60 mm, and the width was 2.5 mm. Then, the formwork 
was built according to the size of the upper concrete 
slab, and the constructional reinforcement was assem-
bled. Then, the 100 × 100 × 2  mm perforated steel plate 
was embedded into the pre-opened seam of the bamboo 
beam with epoxy resin at different interval spacings. The 
depth of the steel plate embedded in the bamboo was 
60 mm, and the height of exposed bamboo in the upper 
part was 40  mm. After the epoxy resin was cured, con-
crete was mixed and poured. Finally, the finished speci-
mens were obtained by removing the formwork after 
curing (Fig. 4).

Four-point bending loading was adopted in the test. 
The specimens were placed and loaded symmetrically 
in the middle, the total length of the specimens was 
2500 mm, the distance between the centerlines of the two 
supports was 2400  mm, and the distance between the 
two loading points in the middle was 800 mm (Fig. 5a). 
Before loading, the specimen was preloaded to check 
whether the instrument was working properly and elimi-
nate any poor contact. The displacement control method 
was adopted during the loading process, and the loading 
speed was 2 mm/min.

Three vertical displacement transducers were arranged 
at the mid-span and two supports of the specimen to 
measure the vertical displacement at the mid-span and 
the support, respectively. To measure the relative slip dis-
tribution of the interface between concrete and bamboo, 
six relative displacement transducers D1, D2, D3, D4, D5 
and D6 were arranged along the interface between bam-
boo and concrete in the mid-span of the specimen. The 
displacement meter base was placed on the concrete, 
and the measuring rod was fixed on the bamboo plate 
at the same position. To measure the strain distribution 
in the mid-span section of the specimen, strain gauges 
were pasted on the top, bottom and side of the specimen 

Fig. 2 Loading and testing setup for the push-out test

Table 1 Parameters of beam specimens

Group Specimen Concrete Bamboo Section shape Connectors Number 
of specimens

Width (mm) Height (mm) Width (mm) Height (mm) Number Spacing (mm)

B0 B0-1/B0-2 – – 70 140 Rectangular – – 2

BP100 BP100-1/BP100-2 200 50 70 140 T shape 25 100 2

BP150 BP150-1/BP150-2 200 50 70 140 T shape 16 150 2

BP200 BP200-1/BP200-2 200 50 70 140 T shape 12 200 2

BP250 BP250-1/BP250-2 200 50 70 140 T shape 10 250 2

BP300 BP300-1/BP300-2 200 50 70 140 T shape 8 300 2
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(Fig. 5b). The strain gauges pasted at the top and bottom 
of the bamboo beams were numbered B1, B2, B7 and B8, 
and the strain gauges arranged on the side of the bamboo 
beams with spacings of 28 mm were numbered B3, B4, B5 
and B6. The strain gauges on the top surface of the con-
crete were numbered C1 and C2, and the strain gauges 
on the flange side of the concrete pasted with spacings of 
15 mm were numbered C3–C5. A strain gauge named C6 
was attached to the bottom of the concrete slab near the 
interface of the concrete and bamboo beams. The strain 
gauges on the surface of the internal steel bars were num-
bered S1–S3.

Results and discussion
Shear connectors
Failure modes
The typical failure modes of the shear connector speci-
mens are shown in Fig. 6. When the load value was less 
than 60% of the ultimate load in the early stage of load-
ing, there was no obvious failure; only slight cracks were 
gradually formed at the interface between the bamboo 
and the concrete, the slip of the interface was extremely 
small, and the slip stiffness was relatively high. When 
the load value reached approximately 60–70% of the 
ultimate load, the inclined cracks extended downward 
from the middle part of the concrete, and then partial 
concrete peeling occurred on surfaces. When the load 

value reached approximately 70–100% of the ultimate 
load, the relative slip of the interface between the bam-
boo and the concrete can be identified on the top or 
bottom end (slip at the ultimate load is between 0.40 
and 1.34 mm). After the ultimate load, the relative slip 
increased sharply. There was no significant vertical 
separation between the bamboo and the concrete. With 
the increase of the slip, the load value decreased gradu-
ally. After the test, the concrete part was chiseled out, 
and the various components of the specimens, includ-
ing the perforated steel plate, were observed. It was 
found that the bond between the perforated steel plate 
and bamboo was intact, shear failure mainly occurred 
between the perforated steel plate and concrete, and 
the steel plate showed a large plastic deformation 
along the loading direction. At the same time, the con-
crete shear tenons in the holes of the perforated steel 
plate were completely fractured due to shear, and the 
concrete supporting surface at the bottom of the steel 
plate was crushed completely. The relative slip in the 
loading stage of the shear connector specimens mainly 
occurred between the perforated steel sheet and the 
concrete. In general, the specimens could withstand a 
high load and suffer a large plastic deformation during 
the entire loading process, so the failure mode of the 
shear connectors connected with the perforated steel 
plate may attributable to moderate failure.

a Schematic diagram
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Fig. 3 The bamboo–concrete composite beams (units: mm)
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Load–slip curves
The load–slip curves at the representative positions of 
the perforated plate connections of bamboo–concrete 
are shown in Fig. 7. Because the right and left connec-
tors are symmetrically connected, the total load has 
been divided by two to obtain the mechanical prop-
erties of an individual connector. The overall trends 
of the curves measured by LVDT and DIC were basi-
cally the same. The load–slip curve can be divided into 
three stages. The first stage (0–70% ultimate load) was 
the elastic stage, and the load–slip curve was basi-
cally linear with the increase of load. The perforated 
steel plate and bamboo were well bonded. The con-
crete shear tenon in the steel plate hole and the con-
crete supporting surface at the bottom of the steel plate 
provided effective shear transfer. Slip between bamboo 
and concrete developed slowly and steadily. The second 
stage (70–100% ultimate load) was the elastic–plastic 
stage. The increase rate of the interface slip was obvi-
ously accelerated, and the load–slip relationship was 
nonlinear. The concrete tenon in the hole of the per-
forated steel plate failed due to shear. The third stage 

was the descending stage. The load decreased slowly 
and the slip increased rapidly until the specimen failed. 
Because the slip value could not be calculated by DIC 
after concrete peeled off the specimen surface, the ulti-
mate slip value obtained by this method was relatively 
small. The overall trends of the curves measured by 
DIC and LVDT were basically similar, taking specimen 
P1 as an example, the slip at the ultimate load only dif-
fers by 0.01 mm, with an error of 2.1%. The DIC method 
can effectively measure the relative slip of bamboo–
concrete shear connectors. Figure 8 shows the relative 
slip of specimen P3 as an example, it can be observed 
that the slip is uniformly distributed along the height 
in both sides for the perforated plate shear connections 
and the shear transmits evenly.

The test results of each specimen are shown in Table 2. 
Shear stiffness K (Formula  1) is an important index for 
evaluating the connection performance of shear connec-
tors. To reflect the shear stiffness of shear connectors at 
different loading stages, the slip stiffnesses corresponding 
to 40, 60 and 80% of the ultimate load (Pu) are defined as 
Ks,0.4, Ks,0.6 and Ks,0.8 to match the serviceability limit state, 

Fig. 4 Manufacturing process of composite beams
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ultimate limit state and critical failure. The ductility coef-
ficient D is defined to quantitatively describe the working 
ductility of shear connectors [12]:

(1)K = P/S,

where K is the shear slip stiffness of the connector, 
kN mm−1; P is the load value, kN; S is the slip value, mm; 
Su is the slip value when the corresponding load drops to 

(2)D = Su/Sy,
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80% of the ultimate load Pu, mm; and Sy is the slip value 
when the corresponding load rises to 80% of the ultimate 
load Pu, mm.

Table  2 shows the shear stiffnesses Ks,0.4, Ks,0.6, and 
Ks,0.8 at different loading stages. Due to a slight local fail-
ure occurred near the connector of P2 specimen in the 
early stage of loading, which caused relatively smaller 
shear stiffness than specimens P1 and P3 before the peak 
load. The average calculated results by LVDT are 196.68, 
171.46, and 145.25 kN/mm, respectively. The average cal-
culated results by DIC are 191.74, 166.93 and 135.98 kN/
mm. The data obtained by the two methods are compar-
atively consistent. Shear stiffness is relatively stable and 
decreases slowly. Table 2 shows that the average ultimate 
bearing capacity of shear connectors is 37.43  kN, the 
standard deviation is small, and the coefficient of varia-
tion is only 0.08, which indicates that the load carrying 
capacity of shear connectors with perforated steel plates 
is relatively stable. The ductility coefficient calculated by 
LVDT is 8.18–19.33, the ductility coefficient calculated 
by DIC is 7.63–18.24, and the overall average ductility 
coefficient is approximately 13.0. The specimens showed 
excellent slip deformation ability.

Load–slip model of shear connectors
The test results of load–slip curves of shear connectors 
show that the load–slip curves consist of elastic, elastic–
plastic and fully plastic stages during the loading process 
(Fig. 9). Therefore, the load–slip curve model describing 
this process should contain these three distinct charac-
teristics. In this paper, Formula 3 is proposed to describe 
this feature:

where P0 is the peak load value, kN; S0 is the interface 
slip value corresponding to the peak load, mm; and a, b, 
and c are the constants determined according to the test 
results. Formula  3, as a simple and continuous expres-
sion, can simultaneously describe three stages of the 
load–slip curve: elasticity, elastic-plasticity and complete 
plasticity.

According to the boundary conditions, the following 
expressions can be obtained:

(3)
P

P0
= c

[

exp

(

a
S

S0

)

− exp

(

b
S

S0

)]

,

(4)f ′(0) =
d(p/p0)

d(s/s0)
|x=0 = c(a− b) = Ki/Ksec,

Table 2 Test results of perforated plate connections of bamboo–concrete

The data in the table are calculated based on the displacement data measured by the displacement meter in the middle of the specimen and the black spot 
displacement data at the corresponding position

Test method Specimen 
number

Ultimate load
Pu/kN

Ultimate slip
S0/mm

Ks,0.4/kN/mm Ks,0.6/kN/mm Ks,0.8/kN/mm Su/mm Sy/mm D

LVDT P1 36.63 0.48 222.00 183.15 162.80 3.48 0.18 19.33

P2 40.91 1.34 136.37 122.73 74.38 3.60 0.44 8.18

P3 34.75 0.40 231.67 208.50 198.57 1.79 0.14 12.79

AVE 37.43 0.74 196.68 171.46 145.25 2.96 0.25 13.43

SD 3.16 0.52 52.46 44.07 63.93 1.01 0.16 5.60

COV 0.08 0.70 0.27 0.26 0.44 0.34 0.65 0.42

DIC P1 36.63 0.47 218.69 199.80 139.55 3.83 0.21 18.24

P2 40.91 1.70 116.89 79.18 54.55 4.58 0.6 7.63

P3 34.75 0.28 239.66 221.81 213.85 1.51 0.13 11.62

AVE 37.43 0.82 191.74 166.93 135.98 3.31 0.31 12.50

SD 3.16 0.77 65.67 76.79 79.71 1.60 0.25 5.36

COV 0.08 0.94 0.34 0.46 0.59 0.48 0.81 0.43

Peak point

Lo
ad

P0

S0 Slip
Fig. 9 Load–slip curve of shear connectors calculated by the 
proposed model
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where P is the vertical load, kN; S is the interface slip 
between bamboo and concrete, mm; and Ki and Ksec are 
the tangent stiffness of the load–slip curve at the origin 
(approximate slip stiffness Ks,0.4) and secant stiffness at 
the peak load, kN/mm, respectively.

For the perforated steel plate bamboo–concrete con-
nector, according to the test results, it is suggested that 
a = − 0.08 and c = 1.13. In Formula (4), the expression of 
b can be obtained by ignoring a because its value is very 
small compared to that of b:

The test specimens in this paper are calculated accord-
ing to the load–slip model (Formulas (3)–(5)) of the 
shear connectors recommended in this paper. The values 
of b can be calculated from Formulas (3)–(5) according 
to the test data. The values of b corresponding to speci-
mens P1, P2 and P3 are − 2.91, − 4.45 and − 2.67, respec-
tively. Comparing the predicted curve from calculations 
with the experimental curve, as shown in Fig. 10, it can 
be seen that the load–slip curve is in good agreement 
with the experimental curve. The load–slip model of the 
shear connectors proposed in this paper can be used for 
detailed numerical analysis of the entire loading process 
of bamboo–concrete composite structures connected 
with the perforated steel plate connections.

Composite beams
Observations and failure modes
For the bamboo beam specimens of group B0, the frac-
ture of bamboo fibers at the bottom in the mid-span 
region resulted in the failure of these beams. Taking 
B0–1 as an example, when the test load value reached 
the ultimate load (57  kN), the bamboo fibers at the 

(5)−c · b = Ki/Ksec.

bottom of the mid-span region were ruptured par-
tially (Fig.  11a). The mid-span deflection of the speci-
men corresponding to the ultimate load was 58.7  mm 
(approximately 1/45 of the span), and the deformation 
of the specimen was significantly large and obvious 
according to the appearance.

The failure modes of composite beams can be summa-
rized as two types. The first type was the tensile fracture 
of bamboo fibers on the bottom of bamboo beams, with 
the concrete part not suffering significant damage; in the 
second type, the top surface of concrete first exhibited 
longitudinal cracks along the centerline of the connec-
tors, then the connection between the bamboo and the 
concrete by the connectors failed gradually, and finally, 
the bamboo beam failed.

BP250-2 and BP300-1 belong to the first failure mode. 
Taking BP250-2 as an example, the concrete did not 
exhibit obvious damage during loading. When loading to 
80 kN, the bamboo fiber at the middle and bottom of the 
bamboo beam suddenly ruptured in a large area, accom-
panied by a continuous cracking sound (Fig. 11b).

Groups BP100, BP150, and BP200, and specimens 
BP250-1 and BP300-2 belong to the second failure mode. 
When the specimens were loaded to 50–90% of the ulti-
mate bearing capacity, longitudinal cracks along the cen-
terline of the connectors appeared on the top surface of 
the concrete, and the load value continued to increase 
to the ultimate load after a small drop. Then, the bam-
boo fibers at the middle and bottom of the beam span 
ruptured in a large area, cracks developed toward both 
ends of the beams at both sides, resulting in a number of 
longitudinal cracks, and the bearing capacity decreased 
sharply (Fig.  11c, d). The split failure occurring at the 
center of the concrete can be attributed to the follow-
ing reasons: the top cover concrete thickness of the steel 
plates is too small and the ratio of the transverse steel 
bars is relatively low, especially, the wide and dense con-
necting plate occupies too much cross-sectional area on 
the longitudinal shear surface of the connection, so that 
the cross-sectional area of the shear concrete is reduced 
too much. Additionally, the load of concrete cracking of 
specimens with the second failure mode was affected by 
the center spacing of the shear steel plates. For instance, 
the composite beams with a 100-mm steel plate center 
spacing had the smallest spacing, but concrete cracks 
first occurred in BP100 specimens with the smallest load 
compared to other groups. When the BP100 specimens 
were loaded to approximately 50% of the ultimate bearing 
capacity, longitudinal cracks appeared on the concrete’s 
top surface. This phenomenon should be attributed to the 
fact that overly small connector spacing makes the steel 
plates used in the composite beams connect closely to 
increase integrity, resulting in the shear area of concrete 
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and the longitudinal shear capacity of the concrete part 
being greatly decreased.

Load–displacement curve
The load–displacement curves of the specimens are 
shown in Fig.  12. The load–displacement curves of the 
benchmark bamboo beams showed an approximate lin-
ear relationship, and the average mid-span displacement 
was 59.0 mm (approximately 1/45 of the span) when the 
beams failed. This indicates that the deformation of the 
bamboo beam at the ultimate state was too large, and the 
sectional stiffness of the bamboo flexural member was 
insufficient to bear the heavy load.

The load–displacement curves of the composite beams 
were basically similar. At less than 40% of the ultimate 
load, the load–displacement curves were also linear. 
Subsequently, the trend of nonlinearity became increas-
ingly obvious, which may be attributed to the interface 
slip of composite beams, nonlinear behavior of concrete 
under compression and concrete cracking longitudinally 
on the concrete top surface, which leads to a reduction 
of section stiffness. Compared with bamboo beams, the 
ultimate load of bamboo–concrete composite beams 

increased by 1.2–1.5 times. In particular, the compos-
ite beams with 100-mm steel plate center spacing had 
the smallest spacing, but they failed first. The steel plate 
caused a great reduction in the longitudinal shear area of 
concrete. The entire sectional stiffness of group-BP150, 
group-BP200, group-BP250 and group-BP300 specimens 
decreased gradually with the increase of center spacing 
of the perforated steel plate. Compared with bamboo 
beams, the sectional stiffness of the composite beams was 
greatly improved, and the mid-span deflections of the 
composite beams under various loads were significantly 
reduced. At the later stage of loading, due to the cracking 
of the concrete and the fracture of the bamboo fibers, the 
effective section of composite beams is reduced, so that 
the actual stiffness of the composite beams may be lower 
than that of the two beams with no combination.

The test results of the specimens are shown in 
Table  3. The mid-span displacements of specimens 
subjected to load of 30  kN were listed in the table. 
The mid-span displacements of bamboo beams and 
composite beams were averagely 27.45  mm and 
6.3–9.5  mm, respectively. Compared with bamboo 
beams, the stiffness of composite beams increased by 

Fig. 11 Failure models of beam specimens
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2.89–4.36 times. According to the Eurocode 5, when 
wood beams are employed as floor beams or slabs, the 
displacement limit corresponds to the serviceability 

limit state is prescribed as L/300 (L is the span of the 
beams or slabs). The results indicated that the load 
PL/300 corresponds to the serviceability limit state of 

a b

c d

e
Fig. 12 Load–displacement curves of beam specimens
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the composite beams increases by 3.12–4.42 times 
compared with the bamboo beams at the mid-span 
displacement of the L/300. In addition, the values of 
PL/300/Pmax for bamboo beams and composite beams 
were 0.15–0.18 and 0.39–0.60, respectively, which 
indicated that the bearing capacity of composite 
beams can be utilized with a higher efficiency under 
service state. Combination efficiency coefficient E can 
be used to describe the degree of combination of com-
posite structures [33]. E = 1 means complete combi-
nation, and E = 0 means non-composite structures. A 
greater E value indicates a higher degree of combina-
tion of structures with a greater stiffness and bearing 
capacity:

where Δ is mid-span displacement; subscripts NC, FC 
and PC represent no combination, complete combination 
and partial combination, respectively.

The combined efficiency coefficients under differ-
ent load levels are given in the table. When P = 30 kN, 
E = 0.76–0.96; when Δ = L/300, E = 0.80–0.96. With a 
smaller center spacing of steel plate, a larger E value 
can be obtained. The results show that the mechanical 
properties of composite beams are between complete 
combinations and partial combinations. With a smaller 
center spacing of steel plate, a greater stiffness and a 
higher the combination efficiency can be achieved for 
the composite beams.

(6)E =
�NC −�PC

�NC −�FC
,

Analysis of section stress and interface slip
Figure  13 shows the strain distribution of each speci-
men in the mid-span section. Bamboo beam specimens 
were subjected to upper compression and lower ten-
sion, and the neutral axis was approximately 1/2 of the 
height of the section. During the loading process, the 
position of the neutral axis hardly changed. For com-
posite beams, at the initial stage of loading, the strain of 
the concrete cross-section of the composite beams was 
under full compression, the upper part of bamboo was 
under compression, and the lower part was under ten-
sion. For small strain range (such as the load is below 
20  kN), the neutral axis point is almost unchanged. 
When the concrete cracked, the perforated steel plate 
connectors began to fail gradually, and the strain of 
the concrete section changed from full compression 
to upper compression and lower tension. There was a 
strain difference between the upper and lower inter-
faces, which exhibited the characteristics of slip at the 
composite interface. The deformation of concrete and 
bamboo no longer conforms to the principle of flat 
section, and the neutral axis point is changed with the 
development of stress state of concrete and bamboo, 
respectively. Correspondingly, the depth of compres-
sion of bamboo increased gradually, and the depth of 
tension decreased. In contrast, the maximum tensile 
strains of bamboo in the composite beams were close 
to those of bamboo in the bamboo beam specimens 
at the ultimate state, which indicates that the strength 
of bamboo was fully utilized, corresponding to the 

Table 3 Test results of specimens

P is the load, kN; Δ is the mid-span displacement, mm; the results of bamboo beams are referred to evaluate the increase times of composite beams

Specimen P = 30 kN Δ = L/300 Longitudinal 
cracking state

Ultimate state PL/300/Pmax Psu/Pmax

Δ Stiffness 
increase 
times

E PL/300 Increase 
times of PL/300

E Psu �su E Pmax Increase 
times of Pmax

Δmax

B0-1 27.2 – – 8.4 – – – – – 57.0 – 58.7 0.15 –

B0-2 27.7 – – 8.8 – – – – – 49.5 – 59.2 0.18 –

BP100-1 6.6 4.16 0.94 33.7 3.92 0.91 42.3 11.4 0.85 71.9 1.35 57.0 0.47 0.59

BP100-2 6.7 4.10 0.94 33.2 3.86 0.90 36.0 9.4 0.87 68.0 1.28 54.4 0.49 0.53

BP150-1 6.3 4.36 0.96 38.0 4.42 0.96 59.3 15.7 0.86 72.7 1.37 52.3 0.52 0.82

BP150-2 7.0 3.92 0.92 33.2 3.86 0.90 51.0 13.8 0.85 76.2 1.43 56.6 0.44 0.67

BP200-1 6.7 4.10 0.94 33.8 3.93 0.91 64.7 23.3 0.68 73.8 1.39 58.4 0.46 0.88

BP200-2 6.5 4.22 0.95 34.3 3.99 0.92 70.2 29.7 0.56 66.8 1.25 50.6 0.51 1.05

BP250-1 8.0 3.43 0.86 30.3 3.52 0.86 61.1 25.6 0.57 71.4 1.34 52.7 0.42 0.86

BP250-2 6.9 3.98 0.92 34.7 4.03 0.92 – – – 81.1 1.52 45.8 0.43 –

BP300-1 9.5 2.89 0.76 26.8 3.12 0.80 – – – 78.6 1.48 55.3 0.34 –

BP300-2 8.4 3.27 0.83 29.2 3.40 0.84 60.7 28 0.49 81.7 1.53 74.7 0.36 0.74
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Fig. 13 Strain distributions at the mid-span cross section of beam specimens
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ultimate load if the connectors can work well until 
the ultimate load. Alternately, the maximum compres-
sive strains of concrete in the composite beams were 
smaller than 2000 με in general, and it was difficult to 
make full use of the concrete strength due to the frac-
ture of bamboo or the pre-failure of the connectors.

Figure  14 shows the measured load–slip curves at 
the interface of composite beams from the mid-span 
position to the support position. It can be seen that 
the interface slip of each composite beam was very 
small (almost no slip) at the initial stage of loading. 
For the first type of failure specimens, when the load 
reached approximately 30  kN (approximately 40% of 
the ultimate load), the slip increased gradually with 
the increase of the load, and the slip steadily increased. 
For the second type of failure specimens, the slip also 
increased steadily with the increase of the load until 
the concrete cracks occurred on the top surface of the 
composite beam, and there was a sharp increase in 
slip value corresponding to the sudden failure of con-
nectors. Then, the load value may continue to increase 
after a short drop, and the interface slip can continue 

to increase steadily. The connectors failed gradually as 
the slip increased. Table  4 shows the relative slip val-
ues at the interface of composite beams under differ-
ent load levels. The relative slip value corresponding 
to PL/300 ranged between 0.11 and 0.23  mm. PL/300 is 
the corresponding load when the mid-span displace-
ment is L/300. The relative slip value corresponding 
to PL/250 ranged between 0.17 and 0.41  mm. It can be 
seen that the relative slip increased with the increase 
of mid-span displacement. When the load–displace-
ment curve of composite beams was linear in the early 
loading stages, the relative slip value decreased with 
the decrease of the spacing of steel plates. In the later 
stage of loading, the failure of the connectors caused 
the slip to increase sharply, and there was no good cor-
respondence between the value of the slip and the spac-
ing of the connectors. The value of the interface slip 
increased from mid-span to the end of the beams, and 
the slip developed stably in the early stage. In the later 
stage, the interface slip increased sharply when the load 
increased slowly, and the load–slip curve developed 
unsteadily.
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Fig. 14 Load–slip curves of bamboo–concrete composite beam specimens
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Theoretical analysis
According to the test results and referring to Eurocode 5, 
for a composite structure composed of two parts through 
shear connectors (Fig. 15), the section stiffness can be cal-
culated via the equivalent section stiffness  (EIy)ef (Formula 
(6)). The connection coefficient γb (Formulas (7) and (8)) is 
used to describe the reduction of stiffness due to interface 
slip. γb ranges between 0 and 1. γb = 0 means that there is 
no connection at the material interface of the composite 
structure, and γb = 1.0 means that the material interface is 
a rigid connection. The increase of the value of γb indicates 
that the slip stiffness of the connector increases. The rel-
evant Formulas are given as follows:

(7)

(

EIy

)

ef
= Ec

(

h3c · bc

12
+ γb · Ac · Z

2
c

)

+ Eb

(

h
3
b · bb

12
+ Ab · Z

2
b

)

,

where γb is the connection coefficient, calculated accord-
ing to Formulas (7) and (8). Ec is the elastic modulus of 
concrete, N/mm2; Eb is the elastic modulus of bamboo, 
N/mm2; nc is the section conversion coefficient between 
concrete and bamboo, nc = Ec/Eb; Ac is the section area 
of concrete,  mm2; Ab is the section area of bamboo,  mm2; 
hb is the height of the bamboo beam, mm; hc is the height 
of the concrete flange, mm; Zb is the distance from the 
center of the bamboo beam to the neutral axis, mm; Zc is 
the distance from the center of the concrete to the neu-
tral axis, mm; bb is the width of the bamboo beam; and bc 
is the width of the concrete flange, mm.

where si is the effective spacing of shear connectors, mm; 
K is the shear slip stiffness of shear connectors, N/mm; 
l is the span of beams, mm; Ec is the elastic modulus of 
concrete, N/mm2; Ac is the cross-sectional area of con-
crete,  mm2; k is a dimensionless quantity that reflects 
the combined influence of the slip stiffness and spacing 
of connectors, concrete cross-sectional area and material 
properties on the connection coefficient.

In Formula (6), Zb and Zc are calculated by Formula (9) 
and Formula (10), respectively.

Ignoring the influence of shear force and axial force, 
the formula for calculating mid-span displacement of 

(8)γb =
1

1+ k
,

(9)k =
π2 · Ec · Ac · si

K · l2
,

(10)Zb =
ncγbAc(hb + hc)

2(ncγbAc + Ab)
,

(11)Zc =
hb + hc

2
− Zb.

Table 4 Maximum slip under different load levels

Specimens Load (kN) Slip (mm) PL/300 (kN) Slip (mm) PL/250 (kN) Slip (mm) Ultimate load 
(kN)

Slip (mm)

BP100-1 30 0.12 33.7 0.23 37.4 0.41 71.9 6.12

BP100-2 30 0.08 33.2 0.14 35.5 0.17 68.0 3.76

BP150-1 30 0.04 38.0 0.14 43.3 0.21 72.7 6.97

BP150-2 30 0.09 33.2 0.11 39.5 0.17 76.2 5.01

BP200-1 30 0.15 33.8 0.24 39.2 0.40 73.8 13.35

BP200-2 30 0.09 34.3 0.14 39.8 0.24 66.8 4.31

BP250-1 30 0.12 30.3 0.12 35.6 0.21 71.4 10.11

BP250-2 30 0.06 34.7 0.14 38.5 0.19 81.1 3.49

BP300-1 30 0.27 26.8 0.17 30.6 0.29 78.6 7.49

BP300-2 30 0.20 29.2 0.16 33.9 0.28 81.7 9.64

bc

bb

hc

zc
zb

y

z

hb

Fig. 15 Cross-section of bamboo–concrete composite beam
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bending specimens under four-point loading can be 
obtained in this paper:

where Δ is the mid-span displacement of the specimen, 
mm; P is the total load of two loading points,  (EIy)ef is 
the equivalent section stiffness, N mm2; l is the span of 
the beam, mm; and a is the distance between the loading 
point and the support, mm.

The experimental bamboo–concrete composite 
beams are calculated according to Formulas (6)–(11), 
and the results are compared in Fig.  12. When γb = 0, 
the calculation result shows that composite beams have 
no combination. When γb = 1.0, the calculation result 
shows that composite beams have a complete rigid con-
nection. It can be seen that the test curve is between 
the complete combination curve and the noncombi-
nation curve. The values of Ks,0.4, Ks,0.6 and Ks,0.8 in 
Table 2 are substituted into Formulas (7)–(10), respec-
tively, and γb is obtained. The equivalent section stiff-
ness  (EIy)ef is calculated by substituting γb into Formula 
(6), and the mid-span displacement under different 
loads is calculated by substituting  (EIy)ef into Formula 
(11). The calculation results are shown in Table 5. The 

(12)� =
Pa

48(EIy)ef
(3l2 − 4a2),

calculation results show that the effect of slip stiff-
ness on the equivalent stiffness of cross section is not 
sensitive, and a 35% increase in slip stiffness results in 
a maximum increase in equivalent section stiffness of 
only 6% (BP300). The connection coefficient γb ranges 
between 0.50 and 0.80 and decreases as the center spac-
ing of the perforated steel plate increases. For the load–
displacement calculation curves of composite beams, 
the initial stage is in good agreement with the experi-
mental curves until the elastic limit. In the nonlinear 
hardening stage, the errors between the calculated and 
experimental values are large due to nonlinear behavior 
of concrete under compression and concrete cracking 
longitudinally on the concrete’s top surface. It should 
be noted that the calculation curve in Fig. 12, and the 
equivalent cross-section stiffness obtained by different 
load stages of the shear slip stiffness were calculated; in 
fact, the calculated curve is a line with three segments, 
but it looks like a straight line. It can be seen that a 
slight change of slip stiffness has no significant effect on 
the equivalent section stiffness.

Conclusions
This study presents a new type of bamboo–concrete 
composite beam with perforated steel plate connections. 
An experimental program was conducted to investigate 

Table 5 Results of numerical analysis of the bamboo–concrete composite beams

Specimens Parameters Serviceability limit 
state

Ultimate limit state Critical failure Unit Formula

K 196.675 171.45 145.25 kN/mm (1)

BP100 γb 0.80 0.78 0.75 – (7)

Zb 54.19 53.52 52.61 mm (9)

Zc 40.81 41.48 42.38 mm (10)

(EIy)ef 1.22 × 109 1.20 × 109 1.19 × 109 kN mm2 (6)

BP150 γb 0.73 0.70 0.67 – (7)

Zb 51.99 51.07 49.84 mm (9)

Zc 43.01 43.93 45.16 mm (10)

(EIy)ef 1.18 × 109 1.16 × 109 1.14 × 109 kN mm2 (6)

BP200 γb 0.67 0.64 0.60 – (7)

Zb 49.96 48.84 47.34 mm (9)

Zc 45.04 46.16 47.66 mm (10)

(EIy)ef 1.15 × 109 1.13 × 109 1.10 × 109 kN mm2 (6)

BP250 γb 0.62 0.59 0.55 – (7)

Zb 48.08 46.79 45.09 mm (9)

Zc 46.92 48.21 49.91 mm (10)

(EIy)ef 1.12 × 109 1.10 × 109 1.07 × 109 kN mm2 (6)

BP300 γb 0.58 0.54 0.50 – (7)

Zb 46.34 44.91 43.03 mm (9)

Zc 48.66 50.09 51.97 mm (10)

(EIy)ef 1.09 × 109 1.06 × 109 1.03 × 109 kN mm2 (6)
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the mechanical behavior of the composite structures. The 
failure modes, the load–displacement relationship, the 
load carrying capability, the slip stiffness and the strain 
distribution of the composite structures were investi-
gated. The following conclusions can be drawn:

1. For bamboo–concrete shear connectors with a per-
forated steel plate, failure occurs between the perfo-
rated steel plate and concrete, and there is no obvious 
damage between the perforated steel plate and bam-
boo. The specimens can withstand a high load and 
suffer a large plastic deformation, so the failure mode 
is moderate failure.

2. The load–slip curve of bamboo–concrete shear con-
nectors can be divided into three stages: the elastic 
stage, elastic–plastic stage and descending stage. 
The load carrying capacity of perforated steel plate 
connectors is relatively stable and has excellent slip 
deformation capacity. Considering the three stages of 
the load–slip curve, an exponential function is pro-
posed to describe the load–slip curve, and the cal-
culated load–slip curves are in good agreement with 
the experimental curves.

3. The failure modes of composite beams can be sum-
marized as two types. In the first type, the bamboo 
beam ruptures on the bottom and the concrete dose 
not suffer significant damage; in the second type, the 
top surface of the concrete first exhibits longitudinal 
cracks, and finally, the bamboo beam ruptures. The 
load of concrete cracking of specimens with the sec-
ond failure mode was affected by the center spacing 
of shear steel plates. The second failure mode has not 
been recorded in relevant literature. It can be con-
cluded that adding transversely distributed reinforce-
ment for bamboo–concrete shear connectors with 
perforated steel plates should be considered, and the 
influence of the shear area of concrete must be evalu-
ated.

4. Compared with bamboo beams, the ultimate load of 
the composite beams increases by 1.2–1.5 times, the 
sectional stiffness of composite beams is increased by 
2.9–4.2 times, and the mid-span deflections of com-
posite beams under various loads are significantly 
reduced. The stiffness of composite beam specimens 
decreases gradually with the increase of the center 
spacing of perforated steel plates.

5. Referring to the relevant specifications, the equiva-
lent section stiffness is obtained after determining the 
connection coefficient. The connection coefficient γb 
ranges between 0.50 and 0.80 and decreases as the 
center spacing of the perforated steel plate increases. 
For the load–displacement calculation curves of 
composite beams, the initial stage is in good agree-

ment with the experimental curves until the elastic 
limit. In the nonlinear hardening stage, the errors 
between the calculated and experimental values are 
large due to the nonlinear behavior of concrete under 
compression and concrete cracking longitudinally on 
the concrete’s top surface. The equivalent cross-sec-
tion stiffness obtained by different load stages of the 
shear slip stiffness is calculated to predict the mid-
span displacement. The calculation results show that 
the effect of slip stiffness on the equivalent stiffness 
of cross section is not sensitive, and a 35% increase in 
slip stiffness results in a maximum increase in equiv-
alent section stiffness of only 6%.
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