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Abstract

The construction sector faces growing pressure to reduce its environmental impact, particu-
larly in regions with limited access to conventional materials and urgent housing needs.
Bamboo, a fast-growing and renewable resource with favorable mechanical properties,
offers a sustainable alternative for structural applications. This study aims to enhance
the efficiency of bamboo–concrete composites by investigating shear connection meth-
ods for composite floor systems. Different connection configurations were examined:
(i) notch-type, (ii) dowel-type, and (iii) combined systems. Symmetric push-out tests were
conducted to evaluate the load transfer mechanisms between bamboo logs and concrete
layers. The mechanical behavior of each configuration was characterized through load–slip
responses, failure modes, stiffness, strength, and deformation capacity. The results show
that notch-type connections with longer grooves provided the highest stiffness and strength.
In contrast, dowel-type connections exhibited superior ductility but lower stiffness and
strength. The combined configuration delivered a balanced performance, integrating favor-
able aspects of both systems. A predictive model for each connection type was developed
and validated against the experimental data, demonstrating satisfactory accuracy and reli-
able prediction of failure modes. These findings highlight the potential of optimized shear
connections to advance sustainable bamboo–concrete composite construction, while also
revealing the significant influence of bamboo’s natural variability, such as differences in
diameter, node geometry, straightness, and material properties, on structural performance.

Keywords: bamboo-concrete composite; shear connection; notch; dowel-type; push-out tests

1. Introduction
The construction sector is responsible for approximately 50% of global material con-

sumption, 33% of total solid waste in Europe, and 36% of carbon emissions [1]. At the same
time, urbanization is expected to increase, with 60% of the world’s population projected
to live in cities by 2030 [2]. This dual pressure—rising demand for housing and the need
to reduce environmental impacts—highlights the urgency of transitioning toward more
sustainable construction practices. The sector must adopt strategies to extend the life of
existing structures, integrate bio-based materials, manage waste, and lower emissions.
These challenges are particularly acute in developing countries, where access to conven-
tional materials is limited and housing deficits remain significant. In Ethiopia, for instance,
more than 70% of the population lives in vulnerable housing conditions [3]. The use of
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locally available resources such as bamboo, complemented with agricultural and industrial
by-products, offers a cost-effective and environmentally responsible opportunity.

Bamboo combines rapid renewability [4], high strength-to-weight ratio [5], and suit-
ability for structural applications [6]. Ethiopia is especially rich in bamboo resources,
hosting both Oldeania alpina and Oxytenanthera abyssinica, and accounting for 67% of
Africa’s and 7% of the world’s bamboo reserves [7,8]. Despite this abundance, the structural
potential of bamboo remains largely underexploited in Africa [8].

Composite approaches provide an effective way to enhance material performance by
exploiting synergies. Two primary methods can be identified for combining bamboo with
concrete: (i) Material-level integration, in which bamboo fibers are incorporated into the
concrete matrix to produce bamboo fiber-reinforced concrete; and (ii) Member-level com-
bination, which involves either substituting bamboo for conventional steel reinforcement
bars or forming a composite structural member where bamboo is combined with a concrete
top layer. While bamboo fiber-reinforced concrete has been extensively investigated in
previous studies [9], it falls outside the scope of this research. The present study focuses
instead on member-level combinations of bamboo and concrete.

Similar to advances in timber–concrete systems [10,11], combining bamboo with
concrete offers the potential to deliver more competitive and resilient structural solutions.
Previous research has considered bamboo as reinforcement in concrete [12,13] and as
permanent formwork in bamboo–concrete floors [12,14]. In the latter, first explored by
Ghavami [12], bamboo segments formed permanent formwork beneath a concrete layer.
However, adhesion and knot interlock proved insufficient for adequate load transfer,
leading to limited shear resistance. Modified approaches—such as partial opening of
bamboo segments to improve interlock [12] or reinforcement with steel [14]—improved
flexural strength, but the shear transfer mechanisms remained only indirectly addressed.
The present investigation aims to advance the understanding of composite floor systems
that combine bamboo logs with a concrete top layer by exploring the connection methods
between these materials.

Overall, the literature on bamboo–concrete composites remains limited, with most
studies focused on global bending behavior rather than the performance of shear con-
nections, which are critical for composite action. To address this gap, the present study
investigates the load–slip behavior of shear connections in bamboo–concrete composite
floors, not yet covered by previous studies. Four connection configurations were developed,
inspired by existing timber–concrete composite solutions [12,15–17], and evaluated through
experimental push-out tests. The findings, while contributing with novel experimental
data, provide insight into stiffness, strength, ductility, and failure mechanisms, while an
analytical predictive model—adapted from established design standards [18]—was pro-
posed and validated against experimental results. This study advances the understanding
of bamboo–concrete shear connection, targeting a composite action, and contributes to the
development of sustainable structural systems for affordable housing.

2. Materials and Methods
2.1. Proposed Shear Connections for Bamboo-Concrete Composite

In structural engineering, the term composite is not always used consistently and
is sometimes confused with hybrid. In this study, a composite beam or floor member
refers to a structural system in which two or more materials act synergistically, resulting in
overall stiffness and strength greater than the simple sum of the individual components.
For bending members incorporating shear connections, as investigated in this research,
the strain distribution within each material is interdependent and directly influenced by
the mechanical performance of the shear connection that enables composite action. The
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degree of interaction between materials [19] can be classified as follows: (i) Full interaction:
Negligible slip occurs between materials, and the strain distribution is continuous through-
out the composite cross-section (Figure 1c). (ii) Partial interaction: Limited slip develops
at the interface, resulting in a nonlinear strain distribution across the composite section.
Within each material, strains remain approximately linear but are influenced by interfacial
slip (Figure 1b). (iii) No interaction: Significant slip occurs between materials, leading to
independent distribution of strains and the absence of composite action (Figure 1a).

Figure 1. Classification defining the level of interaction in composite members. (a) No Interaction.
(b) Partial Interaction. (c) Complete Interaction.

The structural efficiency of a composite member increases with the level of interaction,
from no to full interaction. Since this efficiency depends on the mechanical behavior of
the shear connection, the latter plays a fundamental role in composite systems. In a shear
connection, three mechanical properties are particularly relevant: (i) Shear stiffness (ki):
Determines the magnitude of slip, higher stiffness results in smaller slip and stronger
composite action; (ii) Shear strength (Fv): Defines the maximum shear load transferable
between materials; (iii) Ductility (D): Represents the connection’s capacity to sustain shear
load under increasing slip, allowing redistribution of forces among adjacent connectors
without premature failure. Typically, ductility is defined by a 20% reduction in load capacity
after the peak shear load [20]. Although these properties govern composite action efficiency,
in members subjected to bending, shear connectors also experience a separation force
normal to the slip plane. Despite being relatively small, this effect should not be neglected
during connection design. The bamboo–concrete interface introduces additional challenges:
(i) bamboo’s limited shear strength and brittle behavior along the grain; (ii) difficulties in
anchoring fasteners due to bamboo’s hollow cross-section and susceptibility to cracking;
(iii) concrete’s low tensile and shear strength in the absence of reinforcement.

Considering these challenges, various shear connection configurations for bamboo–
concrete composite beams and floors were conceived and tested in this research (Table 1).
Four configurations were developed and experimentally evaluated, based on two main con-
nection principles: notch-type (N) and dowel-type (D) systems. The notch-type connection
is inspired by timber–concrete composite (TCC) solutions [21,22], where a groove or block
in the timber provides mechanical interlock with concrete to resist slip. In bamboo–concrete
members, an incision is made in the bamboo culm to allow concrete to penetrate during cast-
ing, forming a similar interlocking mechanism. The dowel-type connection, also adapted
from TCC systems [23,24], involves drilling a hole through the bamboo cross-section to
install a steel reinforcement bar (dowel). The hole diameter is slightly smaller than the
rebar’s nominal diameter to ensure a tight fit, and installation is carried out carefully with a
hammer to prevent bamboo damage. The dowel extends across the bamboo culm to engage
both “walls” of the hollow section, mobilizing two contact zones and developing a binary
resistance mechanism that restricts dowel rotation under shear loading.
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Table 1. Developed shear connection configurations for bamboo-concrete composite members.

ID Description Schematic Illustration

SN

An opening is cut into the bamboo
culm to a depth of about

three-quarters of its diameter,
positioned midway between nodes,

with a length equal to roughly
one-third of the internodal distance

(Small, S).

LN

An opening is cut into the bamboo
culm to a depth of about

three-quarters of its diameter,
positioned midway between nodes,

with a length equal to roughly
two-thirds of the internodal distance

(Large, L).

D

A ribbed steel reinforcement bar
passes through the entire bamboo

culm, extending beyond the bamboo
culm into the concrete side to

mobilize dowel action (embedment
length).

SND

This configuration combines a small
notch (S) with a dowel (D) in the
same segment. In full-scale floor

applications, the notch and dowel
could be installed in separate

segments, but this arrangement was
not tested due to height limitations in

the experimental setup.

Cut A-A  Cut B-B 

Cut C-C Cut D-D 

D

hc

D

hc

3/4D

hc
hemb,c hc

D
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2.2. Experimental Program
2.2.1. Test Specimens and Materials

The four configurations described in Section 2.1 were investigated experimentally.
Each test specimen consisted of two bamboo logs connected by a concrete layer placed
between them. The specimen geometry and testing variables are summarized in Table 2 and
illustrated in Figure 2. A total of twelve specimens were produced, with three replicas per
configuration. The bamboo log diameters (D) and concrete layer thickness (70 mm) were
selected based on the largest available bamboo diameter and common practice in research
on TCC floors [25], respectively. The total specimen length was constrained by the test
setup (described in the next section), and a deliberate misalignment between the bottom
edges was introduced to allow slip during push-out tests. Specimen preparation was
challenging due to bamboo irregularities, including knots and variations in diameter along
the length (Figure 3a), as well as pre-existing cracks from natural or uncontrolled drying
(Figure 3b). Although bamboo selection was performed, eliminating all imperfections was
neither possible nor desired, since such irregularities are inevitable in real applications.
Consequently, while the tests were designed for symmetric specimens (Figure 2), potential
eccentricities must be considered. Additionally, concrete was cast through the side of the
formwork (Figure 3a), which made it challenging to achieve complete filling of the bamboo
logs due to limited access for the vibrator tip (internal vibration method used). The final
test specimens are shown in Figure 3c.

Table 2. Summary of the testing program.

Test Specimen ID
Connection Method

Number of Replicas
Notch Dowel

SN-i LNotch ≈ 150 mm
hNotch ≈ 32.5 mm 3

LN-i LNotch ≈ 300 mm
hNotch ≈ 32.5 mm 3

D-i
dR = 12 mm

LR = D + 50 mm
hemb,C = Min 50 mm

3

SND-i LNotch ≈ 150 mm
hNotch ≈ 32.5 mm

dR = 12 mm
LR = D + 50 mm

hemb,C = Min 50 mm
3

i = 1 to 3; D is the bamboo log diameter which is variable.

Figure 2. Geometry of the test specimens (* 120 mm is the average bamboo log diameter, D).
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(a) (b) (c) 

Figure 3. Test specimens. (a) Test specimen in preparation for casting (formwork detail). (b) Test
specimen with cracked bamboo log. (c) Test specimen before testing.

The materials used in the test specimens included: (i) C20/25 concrete, (ii) Guadua
Angustifolia bamboo, and (iii) S500 ribbed steel bars. Compression tests were performed on
both the concrete and bamboo to determine their actual mechanical properties, as presented
in Section 3. Additionally, an S500 steel mesh (#150 × 150 Φ5) was embedded within the
concrete layer.

2.2.2. Test Setup, Loading Procedure and Monitoring

The experimental program consisted of classical symmetric push-out tests under short-
term loading, as illustrated in Figure 4. Given that no standard is specifies the testing
procedure for bamboo-concrete push-out tests, the recommendations given in the EN
26891 [26] were used as general guidance. Due to some limitations during the execution,
the loading-unloading-reloading cycle was not realized. Tests were performed using a
250 kN tensile testing machine (MPM Dartec Mod 250 kN). A hydraulic jack applied an
upward load to the bamboo logs, which was transferred to the concrete layer through the
shear connection.

 

Figure 4. Test setup.

The load was initially applied imposing a constant deformation rate of 0.5 mm/min
until the specimen reached its maximum load capacity. To capture the post-peak load–
deformation behavior, in order to limit the test duration, the deformation rate was then
increased until fracture occurred or the gap between the concrete and bamboo at the
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bottom was closed. Load and displacement were monitored using the machine’s load
cell and integrated displacement gauges. The displacement gauges measured the stroke
of the hydraulic jack, reflecting the total deformation of the specimen under load. Shear
connection slip was obtained by subtracting the deformations of the bamboo and concrete
during post-processing.

2.3. Analytical Approach

Research on bamboo–concrete composite systems remain limited. Consequently, de-
sign methodologies capable of predicting both local load-transfer mechanisms—such as the
shear connections investigated in this study—and the global bending behavior of composite
floors and beams are still lacking. In contrast, the combination of concrete (or reinforced
concrete) with steel or timber has been extensively studied, leading to well-established
design approaches that have been incorporated into standards and guidelines over several
decades [18,27,28]. Regarding the mechanical behavior of shear connections, as described
above, the predictive models developed for timber–concrete composite beams [18] appear
to be the most appropriate for adaptation. The proposed extension of these models to
the bamboo–concrete shear connections investigated herein is presented below. Later, the
accuracy of the proposed models is assessed and discussed.

2.3.1. Notch Connection (N)

In the investigated notched-type shear connections, the load-carrying capacity may
be governed by four possible failure mechanisms, as described below and illustrated
in Figure 5:

    
(a) (b) (c) (d) 

Figure 5. Possible modes of failure in bamboo-concrete notch shear connections. (a) Concrete shear
failure. (b) Concrete crushing. (c) Bamboo shear failure. (d) Bamboo crushing.

a. Shear failure of concrete: occurs when the shear resistance of the concrete at the
interface is reached (Figure 5a);

b. Crushing of concrete: develops when the compressive strength of the concrete in
the bamboo–wall contact zone is attained (Figure 5b);

c. Shear failure of bamboo: arises when the shear resistance of the bamboo wall is
exceeded (Figure 5c);

d. Crushing of bamboo: takes place when the compressive strength along the bamboo
fibers is reached (Figure 5d).

The load-carrying capacity corresponding to each of the described failure mechanisms
is derived from the design equations specified in CEN/TS 19103 [18], adapted here for the
bamboo–concrete shear connections investigated in this study. Table 3 summarizes the
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proposed predictive equations for each possible failure mode. Accordingly, the overall
resistance of the shear connection is governed by the weakest failure mode, as indicated
in Table 3.

Table 3. Predictive design equations for notch shear connections in bamboo-concrete composite solutions.

Failure Mode Proposed Equation

(a) Shear failure of concrete FR,a = fv,csnln (1)

(b) Crushing of concrete FR,b = fc,csntB + fc,c
π
4 d2

i,B (2)

(c) Shear of bamboo FR,c = kcr fv,BtB2lB (3)

(d) Crushing of bamboo FR,d = fc,BsntB (4)

Shear connection resistance Min (FR,a; FR,b; FR,c; FR,d) (5)

Where: f v,c is the shear strength of the concrete, sn is arc length of section removed
from the bamboo log, ln is the length of removed section through which the concrete can
enter the bamboo log and where the shear line in the concrete will be developed, f c,c is the
concrete compressive strength, tB is the wall thickness of the bamboo log in contact with
the concrete, di,B is the inner diameter of the bamboo log which will be infill with concrete,
kcr is cracked factor for bamboo (assumed equal 1 at this stage), f v,B is the shear strength of
bamboo along fibers; lB is the length of the shear line in the bamboo log; f c,B is the bamboo
compressive strength in fiber direction.

In the investigated connections, the critical shear stresses in the concrete (illustrated
in Figure 5a) develop in the notch zone at the concrete–bamboo interface. Since no rein-
forcement is provided to enhance the shear capacity of the connection, the shear strength
(f v,c) is determined differently from the approach prescribed in CEN/TS 19103 [18], which
refers to EN 1992-1-1 [29] for reinforced concrete. Instead, the shear strength is evalu-
ated using the Mohr–Coulomb failure criterion, as proposed in [30], and is expressed by
Equations (6) and (7) for confined and cracked concrete, respectively.

fv,c =
fc,c

4
(6)

fv,c =
fc,c

6
(7)

2.3.2. Dowel Connection (D)

In dowel-type connections, the following local failure modes may occur: (i) Embed-
ment strength of the bamboo (f h,B) mobilized by local compressive stresses in the bearing
area between the bamboo and the steel dowel; (ii) Plastic hinge formation in the steel dowel
under bending (My,k); (iii) Local compression of the concrete in bearing with the dowel,
equivalent to the embedment strength in bamboo.

The global load-transfer behavior of dowel-type connections is characterized by the
possible mobilization of these local mechanisms, either individually or in combination,
as described in the model proposed by Johansen [31] for timber structures, later adopted
as the European Yield Model (EYM) [32]. These models form the basis of the design
provisions in CEN/TS 19103 [18], EN 1995-1-1 [33], and EN 1995-2 [28] for dowel-type
connections. In these standards, the load-bearing capacity may include the contribution
of the so-called rope effect, which represents the withdrawal resistance mobilized when
dowel rotation occurs, with or without plastic hinges. However, because the withdrawal
capacity of bamboo is negligible, due to its limited anchorage potential, the rope effect is
not considered in this study.
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Accordingly, for the investigated connections, two global failure modes (Figure 6)
are analyzed:

mode (a)                      mode (b) 

Figure 6. Possible modes of failures in bamboo-concrete dowel-type shear connections.

(a) “Pure” embedment strength in bamboo.
(b) Embedment strength in bamboo combined with the formation of one plastic hinge

in the dowel at the interface.
The idealized failure modes are illustrated in Figure 6. This approach is based on

the tubular nature of bamboo (as opposed to massive timber) and on the assumption of
a strong and stiff embedment in concrete, consistent with the approach proposed in [28]
for steel-to-timber connections using a thick steel plate [33]. The corresponding predictive
equations for the identified failure modes are presented in Table 4.

Table 4. Predictive design equations for dowel-type shear connections in bamboo-concrete
composite solutions.

Failure Mode Proposed Equation

mode (a) FR,a = fh,B(2t B)dR (8)

mode (b) FR,b = fh,B(2t B)dR

[√
2 +

4My,R

fh,BdR(2tB)
2 − 1

]
(9)

Dowel-type shear connection Min (FR,a; FR,b) (10)

2.3.3. Notch and Dowel Connection (SND)

When both notch and dowel mechanisms are used to achieve shear transfer between
the two materials, as illustrated in Table 1, the load is expected to be shared between the
two connection systems. This combined behavior was observed in the experimental tests
discussed in Section 3.2. The global load-transfer mechanism can therefore be represented
by a parallel system of springs, in which the proportion of load carried by each component
is governed by its stiffness. If the stiffer component exhibits sufficient deformation capacity,
the total load-carrying capacity of the connection can be considered as the sum of the indi-
vidual strengths, as expressed in Equation (11). Conversely, if the stiffer component, such
as the concrete notch connection, shows limited deformation at maximum load, the load
transfer through the dowel mechanism must be restricted according to the compatibility
of deformations, i.e., the maximum deformation of the notch connection, as expressed



Buildings 2025, 15, 4320 10 of 20

in Equation (12). The latter case assumes a linear load–deformation response up to the
ultimate capacity of the notch connection.

Fv,R = Fv,N + Fv,D (11)

Fv,R = Fv,N + kslip,D
Fv,N

kslip,N
(12)

where: Fv,N is the load capacity of notch connection computed as described in Section 2.3.1;
Fv,D is the load capacity of the dowel connection as described in Section 2.3.2; Kslip,D is
the slip modulus of the dowel connection (at this stage taken from tests); Kslip,N is the slip
modulus of the notch connection taken from tests.

3. Results
3.1. Material Tests

Compression tests on concrete cubes (150 mm3) were performed after 28 days of
curing, in accordance with EN 12390-3 [34]. The resulting compressive strength values are
presented in Table 5. The compressive strength of bamboo parallel to the grain was also
determined following ISO 22157 [35], using a total of 11 specimens. As cracks in bamboo
culms are unavoidable, both cracked and uncracked samples were tested. As shown in
Table 5, the presence of cracks did not significantly affect the compressive strength, as both
sample types exhibited comparable values. The average moisture content of the bamboo at
the time of testing was 11.8%.

Table 5. Materials compressive strength (N/mm2).

Concrete (28 days) Bamboo (Cracked) Bamboo (Uncracked) Bamboo (All)

40.2
σ = 4.2

COV = 10.4%

62.8
σ = 2.8

COV = 4.4%

66.5
σ = 5.0

COV = 7.6%

64.5
σ = 4.4

COV = 6.8%

3.2. Push-Out Tests

The mechanical behavior of the tested connections was evaluated through force–
deformation and force–slip curves. The force–deformation curve represents the overall
displacement between the load application point and the reaction support. In contrast,
the force–slip curve excludes the axial deformation of the materials, thereby isolating the
relative slip caused by connection deformation.

The following sub-sections present the response of each test series, followed by a
summary of the key mechanical properties, including: (i) the initial connection stiffness
(kslip), calculated according to ISO 6891 [36] and EN 26891 [26] and defined in Equation (13);
(ii) the maximum load capacity (Fmax); (iii) the slip corresponding to the maximum load
(δFmax ); and (iv) the ultimate slip (δu), defined as the slip corresponding to 80% of Fmax in
the post-peak range. Finally, the failure modes governing the load capacity of each test
series are presented.

kslip =
0.3Fmax

(δ0.4 − δ0.1)
(13)

where: δ0.4 and δ0.1 are the slip of the connection at load corresponding to 40% and 10% of
the load capacity (Fmax), respectively.

3.2.1. Short Notch (SN) Shear Connection

In Figure 7, the force–deformation (dashed line) and force–slip (continuous line) curves
exhibit minimal differences, indicating that the axial deformations of the concrete layer and
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bamboo log are negligible. The three replicates display similar initial load–slip responses;
however, within the ascending branch, the curves begin to diverge. This divergence can be
attributed to pre-existing cracks in some bamboo logs, as previously noted. Specimen SN-1,
which showed no visible cracking, exhibited a smoother load–slip response. Although
cracking affected some specimens more than others, their overall load capacities remained
within a comparable range. Beyond the peak load, the specimens exhibited a brittle post-
peak response, characterized by a sharp loss of load-carrying capacity.

0

20

40

60

80

100

120

0 2 4 6 8 10 12 14 16

F 
[k

N
]

δ or δslip [mm]

SN-1-Def SN-1-Slip SN-2-Def SN-2-Slip SN-3-Def
SN-3-Slip Fmax, δFmax Kslip δu 

Figure 7. Force-deformation and force-clip curves of SN test specimens.

3.2.2. Long Notch (LN) Shear Connection

In this series, only two specimens were tested due to significant imperfections in one
sample, which led to excessive loading eccentricity. As shown in Figure 8, the difference
between the overall specimen deformation and the connection slip was again negligible.
Similar to the previous configuration, variability in specimen stiffness is evident and
may be attributed to local cracking. Despite this, the values of maximum load remain
within the same order. Although the limited number of specimens prevents drawing
broad conclusions, the post-peak response appears smoother, with a more gradual loss of
load-carrying capacity.

0

50

100

150

200

250

0 2 4 6 8 10 12 14

F 
[k

N
]

δ or δslip [mm]

LN-1-Def LN-1-Slip LN-2-Def LN-2-Slip Fmax, δFmax Kslip δu

Figure 8. Force-deformation and force-clip curves of LN test specimens.

3.2.3. Dowel (D) Shear Connection

In this series, no difference was observed between the deformation and slip responses,
as the corresponding curves nearly overlapped (Figure 9). This behavior is attributed to the
low load capacity of the connection, which results in negligible deformation of the specimen
components. The reduced load capacity reflects a distinct load transfer mechanism—dowel
action in both the concrete and bamboo. The limited contact area, combined with the
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low bending stiffness of the dowel, promotes local crushing of the bamboo around the
dowel (hole elongation) and plastic deformation of the dowel itself. Moreover, this type
of connection exhibits the ability to deform without a significant loss of load, a behavior
commonly reported in studies involving similar load transfer mechanisms [16]. Although
some variability is observed in the ascending branch, the load capacities of the specimens
remain comparable.

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35 40 45

F 
[k

N
]

δ or δslip [mm]

D-1-Def D-1-Slip D-2-Def D-2-Slip D-3-Def
D-3-Slip Fmax, δFmax Kslip δu

Figure 9. Force-deformation and force-clip curves of D test specimens.

3.2.4. Combined Short Notch and Dowel (SND) Shear Connection

The connection behavior illustrated in Figure 10 exhibits a more stable response.
The combined load transfer mechanism, dowel action coupled with mechanical interlock
through the notch, appears to mitigate the sensitivity of the connection to defects in the
joined components. Although this configuration does not display the same deformation
capacity as the pure dowel connection, the addition of the dowel significantly enhances the
brittle response of the notched connection when used alone.

0
20
40
60
80

100
120
140
160
180

0 5 10 15 20 25 30

F 
[k

N
]

δ or δslip [mm]

SND-1-Def SND-1-Slip SND-2-Def SND-2-Slip SND-3-Def

SND-3-Slip Fmax, δFmax Kslip δu

Figure 10. Force-deformation and force-clip curves of SND test specimens.

3.2.5. Failure Modes and Overview of the Main Mechanical Properties

The distinct mechanical responses observed among the investigated shear connection
configurations are reflected in the corresponding failure modes governing the maximum
load achieved during testing. The failure modes identified for each configuration are
summarized below and illustrated in Figure 11.
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(a) (b) (c) (d) 

Figure 11. Observed failure modes in the 4 tested shear connection configurations. (a) Test series SN.
(b) Test series LN. (c) Test series D. (d) Test series SND.

■ Test series SN: Shear failure of the concrete at the bamboo–concrete interface
(Figure 11a).

■ Test series LN: Bamboo crushing under compression (Figure 11b).
■ Test series D: Dowel–bamboo embedment deformation characterized by local bamboo

crushing and elongation of the dowel hole, accompanied by dowel plastic deformation
(Figure 11c).

■ Test series SND: Combined shear failure of the concrete at the bamboo–concrete
interface and dowel–bamboo embedment deformation (Figure 11d).

To provide an overall summary of the mechanical performance of the investigated
bamboo–concrete shear connections, Table 6 presents the key mechanical parameters dis-
cussed above. These have been also identified in the load-slip curves presented in the
presented in Sections 3.2.1–3.2.4. Note that for SN series, the connection stiffness has been
computed between 30% and 60% of Fmax in order to eliminate the initial system slip still
noticeable in the force-slip curves above 10% Fmax. Given the limited number of tested
specimens and the presence of imperfections inherent to both the materials (e.g., the natural
variability of bamboo) and the experimental procedures (as previously mentioned, the
concrete casting layout and the resulting inadequate vibration), the statistical significance
of the results must be interpreted with caution. Despite these limitations, the findings
provide valuable preliminary insights into the mechanical behavior of the various connec-
tion types. A more detailed comparison of the influencing variables is presented in the
following chapter.

■ Connection stiffness: The dowel-type connection exhibited the lowest stiffness among
the tested configurations, whereas the long-notch connection was the stiffest. This
parameter also showed the highest coefficient of variation across all series, reflecting
the influence of cracking observed in the load–slip response.

■ Maximum force: Consistent with the stiffness trends, the dowel-type and long-notch
connections displayed the lowest and highest load capacities, respectively. In contrast
to stiffness, the load capacity generally exhibited lower variability, corroborating the
observations made in the load–slip behavior discussion.

■ Deformation at maximum force: As expected, the dowel-type connection reached
its maximum load at higher slip values due to its lower stiffness, while the other
configurations attained peak load at comparable slip levels.

■ Ultimate deformation: The results clearly indicate that the inclusion of a dowel,
whether used alone or in combination with a notch, enhances ductility. Although
these configurations showed higher coefficients of variation, the increase in ultimate
deformation is significant, confirming an effective improvement in ductile behavior.
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Table 6. Summary of the key mechanical properties of the tested connections.

Test Series Kslip [kN/mm] Fmax [kN] δFmax [mm] δu [mm]

SN-i

47.3; 17.7; 44.0 108.1; 110.8; 95.1 5.4; 5.6; 4.1 5.9; 6.2; 4.8

µ = 36.3
σ = 13.3

COV = 36.5%

µ = 104.7
σ = 6.8

COV = 6.5%

µ = 5.0
σ = 0.7

COV = 13.0%

µ = 5.7
σ = 0.6

COV = 10.2%

LN-i

60.0; 35.14 203.6; 170.2 6.6; 8.8 9.8; 11.0

µ = 47.6
σ = 12.4

COV = 26.1%

µ = 186.9
σ = 16.7

COV = 8.9%

µ = 7.7
σ = 1.1

COV = 14.1%

µ = 10.4
σ = 0.6

COV = 5.8%

D-i

5.9; 1.9; 2.7 20.8; 24.3; 17.9 25.7; 10.1; 14.9 34.7; 32.3; 16.6

µ = 3.5
σ = 1.8

COV = 50.3%

µ = 21.0
σ = 2.6

COV = 12.5%

µ = 16.9
σ = 6.5

COV = 38.7%

µ = 27.9
σ = 8.0

COV = 28.8%

SND-i

42.0; 31.7; 28.8 161.6; 126.8; 155.8 5.6; 6.4; 5.9 17.7; 10.6; 11.4

µ = 34.2
σ = 5.7

COV = 16.6%

µ = 148.1
σ = 15.2

COV = 10.3%

µ = 6.0
σ = 0.3

COV = 4.8%

µ = 13.2
σ = 3.2

COV = 24.0%

4. Discussion
4.1. Comparison Between Investigated Connections

To complement the comparison of the mechanical performance of the investigated
shear connections, Figure 12 presents, for each mechanical property, the ratio between the
value obtained for each specimen and the overall mean value (µall) of the corresponding
property. The ratio between the meaning of each test series and the overall mean is also
included (red cross points).
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Figure 12. Comparison of mechanical properties of the tested specimens. (a) Stiffness (kslip). (b) Load
capacity (Fmax). (c) Deformation at Fmax (δFmax). (d) Deformation at Fmax (δu).

The long-notch (LN) connection outperformed all other configurations in terms of both
stiffness and load capacity. According to the computed ratios, the LN connection exhibited
approximately 1.3 and 1.8 times, respectively, the stiffness and resistance of the small-
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notch (SN) connection. In contrast, the dowel-type (D) connection showed the weakest
performance, suggesting that the composite action between bamboo and concrete would
be significantly limited. When compared with the LN configuration, the D connection
exhibited approximately eight times lower stiffness and strength.

The combination of dowel and notch mechanisms (SND) resulted in an added me-
chanical contribution. Figure 13 compares the sum of the mean values from series D and
SN with the corresponding mean values from series SND for both connection stiffness and
load capacity. The combined system outperformed the sum of the individual systems in
terms of load capacity, showing an increase of approximately 18%. In contrast, a decrease
of 5.9% was observed for connection stiffness. Although an improvement might be ex-
pected given the additive nature of the mechanisms, the substantial difference between
the stiffness values of the individual systems (with SN being dominant), together with the
variability observed in the tests, justifies the slight reduction recorded. Nonetheless, the
key observation is that, in terms of strength, a synergistic effect was achieved.
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Figure 13. Quantification of the added contribution of dowel and notch connection system.
(a) Stiffness (kslip). (b) Load capacity (Fmax).

In terms of deformability, Figure 12 further highlights the significant contribution
of the dowel, which, in the SND configuration, mitigates the brittle response typical of a
notch-only connection. This represents a major advantage of the combined system: it not
only delivers superior performance under service load conditions (enhanced composite
action and bending stiffness) but also provides notable deformation capacity, contributing
to a more ductile behavior at the ultimate limit state.

4.2. Assessment of Predictive Models

The comparison between the proposed predictive models and the experimental results
is presented in Table 7. Based on this comparison, the following observations can be made:

■ SN: The analytical model predicts a relatively low shear resistance for the bamboo
(61.8 kN). This estimate assumes the bamboo is free of knots and that all load transfer
occurs through the mechanical interlock along the bamboo wall thickness. However,
in this configuration, the concrete penetrates and fills the interior of the bamboo culm,
enabling an additional load transfer mechanism through the knot–concrete interface.
Consequently, limiting the connection’s load capacity only to the shear planes repre-
sented in Figure 5c is overly conservative, as confirmed by the test results. A more
accurate determination of the load capacity for this mode would require quantifying
the contact area between the internal concrete core and the knots, which was beyond
the scope of the present experimental program. Since shear failure of the bamboo log
was not observed during testing, this failure mode can be disregarded. The subse-
quent failure mode predicted by the analytical model, shear of concrete, is consistent
with experimental observations, indicating reasonable agreement in the predicted be-
havior. Regarding accuracy, the analytical model slightly overestimates the measured
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strength. The deviations can be attributed to: (i) the concrete quality, as inadequate
vibration may have caused internal voids or heterogeneity, promoting early cracking;
and, (ii) geometric imperfections in the specimens, resulting in deviations between
the actual and idealized shear plane dimensions assumed in the model.

■ LN: The predicted failure mode, crushing of bamboo, matches the experimental
observations. The estimated load capacity provides a reasonable approximation and
does not exceed the mean experimental strength, indicating a conservative and safe
prediction. It is worth noting that, similar to the bamboo shear model, the analytical
formulation simplifies the interaction by considering only the contact area within
the notch zone (see Figure 5d). In reality, due to the presence of concrete inside the
bamboo, some load redistribution is expected beyond this localized area. Therefore,
assuming a limited contact zone defined by the wall thickness and notch arc length
is conservative. As shown in Figure 11b, bamboo crushing occurs primarily at the
bottom portion of the log, in an area corresponding approximately to the notch
contact zone. This suggests that compressive stresses are concentrated in a region
proportional to that assumed in the model. Hence, the proposed analytical approach
can be considered consistent, providing a safe yet not overly conservative prediction.

■ D: For this connection type, both the predicted failure modes and the load capacities
are in close agreement with the experimental results, indicating that the analytical
model is appropriate for this configuration.

■ SND: The predicted failure modes and load capacities show satisfactory agreement
for this configuration. Although the results may be influenced by material and
geometric imperfections in the specimens, as previously discussed, the combined
contribution of both connection systems appears to be an appropriate design approach.
Moreover, Equation (12) demonstrates very good accuracy, indicating that the dowel’s
contribution should be evaluated based on the compatibility of deformations within
the connection, since the notch mechanism does not exhibit sufficient deformation
capacity to achieve the full plastic resistance of dowel-type system.

Table 7. Comparison of results between predictive models and experimental tests.

Configuration
Analytical Prediction Test

F [kN] Mode of Failure F [kN]

SN 135.2 (a) (assuming
cracked concrete) 104.7 Shear of concrete

LN 170.7 Bamboo crushing 187.0 Bamboo crushing

D 22.6 1 Plastic hinge 21.0 1 Plastic hinge

SND
157.7 (Equation (11))

(a) + Plastic hinge 148.7 (a) + Plastic hinge
148.2 (Equation (12))

5. Conclusions
In this study, three connection methods were investigated to achieve an efficient

shear connection between bamboo logs and a concrete layer, thereby enabling composite
action. The analyzed configurations included: (i) a notch-type connection, (ii) a dowel-type
connection, and (iii) a combined notch–dowel system. Such solutions have not previously
been explored at the connection level (isolated) to better understand the efficiency of
possible connections solutions.
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The mechanical behavior of these connection systems was characterized through
experimental testing, and analytical models were proposed to predict their load-bearing
capacity. The main findings are summarized as follows:

(1) Notch-type vs. dowel-type behavior: The notch-type connection exhibited higher
strength and stiffness, but failed in a brittle manner. In contrast, the dowel-type
connection showed lower strength (D/SN ≈ 0.2 and D/LN ≈ 0.1) and stiffness
(D/SN ≈ 0.10 and D/LN ≈ 0.07) but demonstrated significant plastic deformation
capacity (D/SN ≈ 4.9 and D/LN ≈ 2.7), resulting in a more ductile response.

(2) Influence of notch geometry: Increasing the notch length in the bamboo log im-
proved strength (LN/SN ≈ 1.8), stiffness (LN/SN ≈ 1.3), and deformation capac-
ity (LN/SN ≈ 1.8). Experimental observations revealed that specimens with shorter
notches failed primarily due to concrete in shear, while those with longer notches
failed by bamboo crushing.

(3) Combined notch–dowel connection (SND): The combination of a shorter notch with a
dowel showed a clear synergistic effect for resistance, as reflected in the experimental
results. This configuration provided a well-balanced solution. Compared to short-
notch connections (SN), the combined system exhibited equivalent stiffness (SND/SN
≈ 0.94) and improved strength (SND/SN ≈ 1.4), falling between the short and long
notch values, and achieved more than double (SND/SN ≈ 2.3) the deformation
capacity (δu) without a significant loss of strength.

(4) Sources of variability: The variability observed in the experimental results reflects
several challenges inherent to testing natural materials and composite systems: (i) the
limited number of specimens (three per configuration) due to the scope of the study;
(ii) natural imperfections in bamboo, such as variations in diameter, presence of knots,
and surface cracks; and (iii) execution-related imperfections, including variations in
notch cutting, bamboo placement, concrete infill quality, and vibration effectiveness.

(5) Analytical model performance: The proposed predictive models successfully cap-
tured the main mechanical behavior of the different connection systems. For each
configuration, the relevant failure modes were identified and corresponding analytical
expressions proposed. Despite the challenges in accurately evaluating certain modes,
particularly those influenced by the concrete infill, the comparison between analytical
and experimental results demonstrated satisfactory agreement. The governing failure
modes were consistently predicted, and the load-carrying capacity estimates were
acceptable given the limited sample size and material variability.

Overall, despite the inherent limitations of the experimental program, the study suc-
cessfully characterized the mechanical behavior of the four investigated shear connection
types and provided a qualitative understanding of their performance. Among the tested
configurations, the combined short-notch and dowel system (SND) is recommended as the
most balanced solution, offering an effective compromise between stiffness, strength, and
ductility; thus enabling efficient bamboo–concrete composite action. Moreover, adopting
shorter notches (SN) can reduce weakening of the bamboo log under bending compared
to longer notches (LN). However, this assumption should be further validated through
bending tests on full-scale composite elements.

Finally, although the main objective of this research, critically evaluating different
connection solutions for the development of high-performance bamboo–concrete composite
members (e.g., beam floors), has been achieved, several limitations were identified that
should be addressed in future studies. Specifically: (i) the geometrical variability of
bamboo logs should be reduced through a preliminary grading process in which defects
and dimensional variations are classified within available batches, potentially using non-
destructive testing techniques; (ii) the concrete casting procedure should be modified
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or improved to ensure better vibration, reduce material heterogeneity and guaranty full
concrete infill; (iii) now that the most promising configuration has been identified, the
number of variants studied can be reduced, allowing an increase in the number of replicates
and, consequently, greater statistical significance; and (iv) conduct specific tests to evaluate
the strength of the knot area when full concrete infill is obtained. Implementing these
measures would help mitigate the variability observed in the reported experiments and
support the further validation and eventual improvement of the proposed analytical
models. However, it must be recognized that bamboo is a natural material, and for the
proposed composite solution, complete control of its variability remains limited. Next,
since the intended application of the system is in flooring, subsequent research should
include bending tests to more realistically assess its structural performance. Furthermore,
while the immediate focus is on understanding the short-term mechanical efficiency of the
system (an essential and cost-effective first step), time-dependent behavior, durability, and
life-cycle performance, must also be investigated to fully validate the proposed solution for
practical use.
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