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*e dowel-type connection is widely applied in timber and bamboo structures. It is ambiguous regarding the calculation method
of engineered bamboo connections completely referred to the timber design codes. *e steel-to-laminated bamboo dowel
connections with slotted-in steel plate tests were conducted to investigate the mechanical performance under tension based on the
ASTM-D5652-15. *e effects of the thickness, dowel diameter, and end distance on the yield load, ultimate load, initial stiffness,
and ductility of the connections were studied.*e difference in the yield load for different end distance is negligible.With the same
thickness of the connections, the lower the thickness to dowel diameter, the larger the load-carrying capacity. *e three typical
yield modes and corresponding load-displacement curves of the connections are observed. By considering the rigid-plastic model,
the theoretical equation for the connections is proposed and proven to fit well with the experimental results. It presents a better
prediction for the load-carrying capacity of steel-to-laminated bamboo dowel connections with slotted-in steel plate.

1. Introduction

Due to the advantages of a simple manufacturing process,
low adhesive content, and beautiful surface, laminated
bamboo has a broad prospect as an engineered material in
the construction industry [1, 2]. Compared with other bi-
ological structural materials, the laminated bamboo has
higher tensile strength and stiffness with less variability [1],
meaning that, for construction purposes, it would be a better
choice than the others.

For the engineered structures, the reliability of the
connections is the key to the structural design. *e con-
nection performance of laminated bamboo could directly
affect the strength, life expectations, and robustness of the
structure, making the relevant research extremely impor-
tant. *e dowel connection of the timber and bamboo
structure can be divided into single-shear connection and

double-shear connection from the number of shears faces of
each dowel. *e multishear connections can be divided into
a wood-to-wood connection and a steel-to-wood connection
from the different materials of the connected main and side
materials, and the steel-to-wood connection includes a steel
splint connection and a steel filler connection. *e simple
form and reliable transmission of force make the steel-to-
wood connection the most important form of connections in
the modern timber structures, especially those dowel-type
connections with slotted-in steel plates for having no steel
plate coverage and good aesthetics; and the occurrence of
cracks can be easily observed to avoid potential safety
hazards [3].

Researchers have explored the calculation theories and
methods of wood bolt connection for years. *e European
yield theory was originated from Johansen [4] theory of
timber connection, which set the foundation for Eurocode 5
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[5]. In the United States, the design method has been
changed from empirical design to method based on the yield
theory since 1991. Several factors, such as the dowel di-
ameter, the thickness to diameter ratio, and the end distance
have been investigated to study the possible effect on the
load-carrying capacity of the connection. Daudeville et al.
[6] carried out the dowel-bearing test on the wood, indi-
cating that the dowel diameter has an influence on the
bearing strength. In a certain range, it has a positive cor-
relation with the dowel-bearing strength, and the result is
consistent with the European wood structure design spec-
ification. Solitis et al. [7] proposed the concept of thickness-
to-diameter ratio in 1987 and believed that, with the same
dowel diameter, the greater the thickness of the bolted joint
of wood, the better the ductility. Cesar [8] pointed out in the
study that when the dowel end distance to diameter ratio is
less than 4, the brittle fracture is easy to occur. Doyle [9]
found that an increase in the spacing of the bolts within a
certain range helps to enhance the bearing capacity of the
joints. *e requirements on these bolted constructions di-
rectly affect the form of damage to the joints. *e loading
direction has also been found to have a significant effect on
the performance of the connection. *e failure modes of the
timber loaded parallel and perpendicular to the grain are
significantly different. Patel and Hindman [10] studied the
bearing properties of the bolted joints in the transverse
direction and found that the failure mode is related to the
fracture toughness of the wood. In addition, moisture
content [11] and temperature can affect the load-carrying
capacity.

At present, the existing equations of the steel-to-wood
connection in the national design codes and standards focus
on different failure modes: Eurocode 5: design of timber
structures evaluates the bearing capacity of the connection
with the thickness of the side members, the dowel-bearing
capacity of the material, and the diameter of the dowel. *e
minimum value of predictions under each failure mode is
taken as the calculation result to predict the bearing capacity
of the connection. Similar methods have been applied in the
National Design Specification for Wood Construction in the
US [12] and the Canadian Standard [13].

Although the bamboo material shares great similarities
with wood at the aspect of physical and mechanical prop-
erties, the difference between the two materials is not
negligible. *ere are relatively few studies on the engineered
bamboo material. Cui et al. [14] tested the bearing capacity
of bolted steel-bamboo scrimber-steel connections and
found that Eurocode 5 had better prediction accuracy. Hover
[15] conducted an experimental study on the bolt connec-
tion of the laminated bamboo loaded parallel to the grain
and analyzed its failure mechanism and bearing capacity. In
general, the research on the bearing performance of lami-
nated bamboo connections is still scarce at home and
abroad, and further exploration is urgently needed.

*e purpose of the study is to analyze the load-carrying
capacity of the steel-to-laminated bamboo connection
loaded parallel to the grain. *e dowel diameter, the
thickness, and the end distance of the connections have been
taken into consideration.*e experimental results have been

compared with the existing equations, and a more accurate
equation for laminated bamboo has been developed based
on the analysis in the paper.

2. Materials and Test Methods

2.1. Materials. *e fabrication process of the raw laminated
bamboo material has been described specifically in previous
research [16]. Based on the Chinese standard [17], ASTM
D143-14 [18], and ASTM D5764-97a [19], the physical and
mechanical properties of the laminated bamboo have been
tested. *e mean values of its air-dry and oven-dry density
are 609 kg/m3 and 592 kg/m3 with a moisture content of
5.9%. *e compressive strength is 59.63MPa parallel to the
grain with the MOE of 12087MPa. *e corresponding
tensile strength is 104.16MPa with the MOE of 10820, and
the shear strength is 17.26MPa. *e tensile strength of
laminated bamboo perpendicular to grain is 3.35MPa. *e
yield strength of the dowel is 480MPa and the tensile
strength is 600MPa.*e length of the unthreaded area in the
middle of the screw was not less than 120mm.*e steel plate
is Q345 grade steel with a thickness of 10mm; and the
thickness of the groove is 12mm.

2.2. ,e Test Specimens and Method. As mentioned before,
many factors may influence the bearing capacity of the
connections. In this study, the dowel diameter, the thickness,
and end distance are selected as reference factors. *e test
set-up and front and lateral views of the connections are
shown in Figure 1. *e length of laminated bamboo spec-
imen is 900mm, and the width is 120mm. It is noted that the
end distances of the connections are 5D, 6D, 7D, and 8D
except that the control group is 7D. *e detailed parameters
of different groups are shown in Table 1. Each test was
repeated 3 times. *e test method was based on ASTM-
D5652-15 [20] and was appropriately adjusted in combi-
nation with the test conditions. *e test was carried out with
a 100-ton MTS Fatigue testing machine. As shown in
Figures 1(b) and 1(c), 1 denotes theMTS actuator, 2 the fixed
device for the steel plate, 3 the steel plate, 4 the displacement
transducer support, 5 the dowel, 6 the displacement
transducer roof, 7 the fixed device for the specimens, and 8
the MTS ground anchor. After preloading to eliminate the
effect of the initial gap and deformation, the specimens were
subjected to monotonic uniform loading in the tension
direction with displacement control. *e loading rate was
1mm/min. *e loading process stopped when significant
damage appeared or the bearing capacity dropped below
80% of the maximum load. *e load of the connections was
measured by the test set-up.*e displacement was measured
by two displacement transducers on both sides.

*e average value measured by the two displacement
meters was chosen as the relative displacement between the
dowel and the laminated bamboo, and the load data are
combined to generate the load-displacement curves. A
straight line was fit to the initial linear portion of the load-
deformation curve. *e line was offset by a deformation
equal to 5% of the fastener diameter. *e load at which the
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offset line intersects the load-deformation curve was selected
as the yield load, Fy. *e elastic stiffness, K1, is calculated by
the slope of the initial linear portion of the load-deformation
curve. *e postyield stiffness, K2, is calculated by the tangent
of the load-displacement curve through the intersection of
the initial linear portion of the load-deformation curve and
the horizontal line through the yield load.

3. Results and Analysis

3.1. ,e Failure Modes and Load-Displacement Curves of the
Connections. According to the Eurocode yield theory, there
are three yield modes for double-shear connections in
Figure 2. Mode I represents the case where fasteners do not
bend, and wood fibers crushing occurres beneath the dowel
without through cracks. Mode II represents the case where
fasteners yield in bending at one plastic hinge point per shear
plane, with bearing-dominated yield of wood fibers in
contact with the fasteners in side member(s), respectively.
Mode III represents the case where fasteners yield in bending
at two plastic hinge points per shear plane, with the limited
localized crushing of wood fibers near the shear plane(s).

As shown in Figure 3, all of the three yield modes of the
dowels occur in the connections. When the thickness of side
members is small and the thickness to diameter ratio is also
small, Mode I is prone to occur, for example, T2-D1-L1. It is
mainly because the bending strength of the dowel is larger
and the shear strength of the laminated bamboo parallel to
grain is lower. But when the thickness to diameter ratio is
large enough, Mode III occurs, specimen T1-D2-L1. It is
because the bearing zones become larger and dowel bending
is restrained. For the other connections, the failure modes
belong to Mode II.

*e failure modes of side members under the yield mode
of one plastic hinge (Mode II) are mainly shear failure and
splitting failure and they are accompanied by embedding
failure. When the thickness of side members is small, the
ductility is lower and the specimen exhibits splitting failure.
As the thickness increases, the plastic displacement in-
creases, and the dowel hole is elongated. *e specimens
exhibit splitting failure and embedding failure. But when the
dowel diameter is larger, for example, M14 and M16, the
specimens exhibit shear failure and embedding failure.
When the end distance of the connections is in the range of
6D–8D, the connections exhibit better ductility and em-
bedding failure. *erefore, the sufficient end distance of the
connections is essential in the design of the laminated
bamboo connections.

*e typical load-displacement curves of the connections
are shown in Figure 4.*e curves can be divided into a linear
branch, a nonlinear branch within and beyond the pro-
portional limit, and falling branch rapidly. *e influences of
the dowel diameter, thickness, and end distance on the
mechanical properties of the connections parallel to grain
were analyzed in the paper. As shown in Figure 4(a), with the
dowel diameter increasing from 10mm to 16mm, the ul-
timate load, yield load, and initial stiffness increase grad-
ually. When the dowel diameter is 10mm, the ultimate
displacement is about 20mm and it exhibits better ductility.

As the thickness increases, the ultimate load and displace-
ment increase in Figure 4(b). When the thickness is 30mm,
the ultimate load and displacement are too small, just
27.15 kN and 2.49mm.*e ultimate displacement is close in
the range of 90–120mm. *e connections have good duc-
tility and the curve change is similar to the same diameter
and thickness when the end distance is above 6D as shown in
Figure 4(c). *erefore, an end distance of 6 to 8 dowel
diameters and a thickness equal to or greater than 7 dowel
diameters will provide reasonable results for laminated
bamboo connections.

3.2.,e Effect of Different Factors. *e test results are shown
in Table 2. *e mean values of a series of measurements of
different groups have been collected. *e initial stiffness of
the connections, K1, yield displacement, Δy, and yield load,
Fy, were obtained by the 5% diameter offset method. μ is the
ductility ratio, μ�Δu/Δy. and COV is the coefficient of
variation of Fu. If the displacement at the point of inter-
section is larger than the ultimate displacement, the ultimate
load is defined as the yield load. *e ultimate load, Fu, was
obtained as the load-carrying capacity of the connections.

*e influences of the dowel diameter, thickness, and end
distance on the yield and ultimate load, initial stiffness, and
ductility ratio are compared and analyzed in Figure 5. For
T1-D1-L1 as the control group, the corresponding yield and
ultimate load are 32.33 kN and 50.56 kN; and the initial
stiffness and ductility ratio are 43.56 kN/mm and 10.26. For
the dowel diameter, with the diameter increasing from
10mm to 16mm, the yield and ultimate load and the initial
stiffness increase gradually in Figure 5(a). But the ductility
ratio slightly reduces. It is because the dowel diameter de-
termines the bearing area between the dowel and the
bamboo material but the increase of the diameter of the
connections could cause the failure mode to change from
combined embedding failure and splitting failure to shear
failure.

As for the thickness factor, it has the most significant
effect on the initial stiffness, ductility ratio, and ultimate load
of the connections in Figure 5(b). As the specimen increases
from 30mm to 120mm, the ultimate load increases rapidly
from 27.15 kN to 50.56 kN and the ductility ratio increases
from 1.98 to 10.26. But when the thickness of side members
is in the range of 90–120mm, the thickness variation has no
significant effect on yield load. It is mainly because the
failure modes are similar, and the yield mode is determined
by the compressing buckling of the bamboo fiber, which
belongs to the local material property and is independent of
the overall size of the specimens.

When the end distance of the connections increases from
5D to 8D, the shear area of side members enlarges as well,
leading to the ultimate load increasing slightly. *ere is no
obvious correlation between end distance with the yield load
and initial stiffness because the yield mode depends on the
material properties of the laminated bamboo. *e initial
stiffness is around 38–45 kN/mm. It is noted that when the
end distance is 60mm, the ductility ratio is very small, just
3.7. It should be avoided in the design of engineered bamboo
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Figure 1: Test method of the connections. (a) Test set-up. (b) Front view. (c) Lateral view.

Table 1: Detailed parameters of different groups parallel to grain.

No. t (mm) ts (mm) D (mm) le (mm) c

T1-D1-L1 120 54 12 84 4.50
T2-D1-L1 30 14 12 84 1.17
T3-D1-L1 60 29 12 84 2.42
T4-D1-L1 90 44 12 84 3.67
T1-D2-L1 120 54 10 70 5.40
T1-D3-L1 120 54 14 98 3.86
T1-D4-L1 120 54 16 112 3.38
T1-D1-L2 120 54 12 60 4.50
T1-D1-L3 120 54 12 72 4.50
T1-D1-L4 120 54 12 96 4.50
D denotes the dowel diameter, t denotes the thickness of the specimens, ts denotes the thickness of the sidemembers, le denotes the end distance, and c denotes
the thickness to diameter ratio.

(a) (b) (c)

Figure 2: *e yield modes of dowel-type fasteners in timber connections. (a) Mode I. (b) Mode II. (c) Mode III.
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Figure 4: *e load-displacement curves of the connections. (a) Dowel diameter. (b) *e thickness. (c) End distance.

Table 2: *e test results of the connections in different groups.

No. c Fy (kN) Δy (mm) K1(kN/mm) Fu (kN) Δu (mm) K2 (kN/mm) μ
T1-D1-L1 4.50 32.33 1.17 43.56 50.56 12.05 4.77 10.30
T2-D1-L1 1.17 23.40 1.26 28.78 27.15 2.49 2.65 1.98
T3-D1-L1 2.42 25.66 1.40 34.45 38.33 6.96 3.42 4.97
T4-D1-L1 3.67 30.15 1.44 38.76 45.48 12.46 5.16 8.65
T1-D2-L1 5.40 28.89 1.98 29.56 45.08 19.00 3.95 9.60
T1-D3-L1 3.86 39.56 1.86 44.42 62.49 16.90 2.80 9.09
T1-D4-L1 3.38 48.56 2.54 53.28 72.98 18.98 3.09 7.47
T1-D1-L2 4.50 30.26 1.36 38.14 44.45 5.03 3.21 3.70
T1-D1-L3 4.50 32.16 1.26 45.56 50.83 13.32 4.81 10.57
T1-D1-L4 4.50 33.88 1.39 44.28 52.82 16.53 5.23 11.89
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Figure 3: *e yield and failure modes of the connections parallel to the grain. (a) Dowel diameter. (b) *e thickness. (c) End distance.
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structures. *is phenomenon proved that connections with
sufficient end distance could guarantee the ductility of the
connections.

4. Calculation

4.1. ,e Existing Calculation Methods. Regarding the load-
carrying capacity and yield resistance of the connections, different
national standards of timber structure have different calculation
methods. In Eurocode 5 [5], the three different equations were
used to calculate the corresponding failure modes based on the
Eurocode yield theory; and the characteristic load-carrying ca-
pacity of the connections can be obtained as the minimum value
of the three equations. It can be expressed as follows:

Fu � min

fh,1,kt1d, I,

fh,1,kt1d

�������������

2 +
4My,RK

fh,1,kdt
2
1

− 1



⎡⎣ ⎤⎦, II,

2.3
�����������
My,RKfh,1,kd


, III,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where Fu is the characteristic load-carrying capacity per
shear plane per fastener, kN, fh,1, k is the embedding strength
of timber members, MPa, t1 is the thickness of side member,
mm, d is the dowel diameter, mm, and My, Rk is the yield
moment of the dowel, N·mm.

In Canadian engineering design in the wood [13], the yield
resistance of the connections rather than bearing capacity was
calculated according to different failure modes. Like Eurocode
5, the minimum value of the connections was obtained to
calculate the yield resistance. It can be expressed as follows:

Fy � min

ϕyf1dt1, I,

ϕyf1d
2

���������������������������

f2fy/6 f1 + f2( f1  +(t1/5 d)



 , II,

ϕyf1d
2

�����������
2f2fy

3 f1 + f2( f1



, III,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(2)

where Fy is yield resistance per shear plane per fastener, kN,
f1 is the embedding strength of the side member, MPa, f2 is
the embedding strength of the main member, MPa, t1 is the
thickness of side member, mm, d is the dowel diameter, mm,
fy is the yield strength of the dowel, MPa, and ϕy is resistance
factor for yielding failure, 0.8. For the connection with
slotted-in steel plate, f2 can be calculated as

f2 � Ksp

ϕsteel
ϕY

 fu, (3)

where Ksp is the parameter, and the value of 3.0 is taken for
mild steel; ϕsteel is the resistance factor for steel plates in
connections with dowels, 0.8 for mild steel, and fu is the
specific tensile strength of steel, MPa.

4.2. ,e Equation for the Laminated Bamboo. *e Eurocode
yield theory is originated from Johansen theory of timber
connection, which set the foundation for national standards of
timber structure above. *e basic assumptions of the theory are
as follows: the failure mode of the connections is ductile and the
embedding stress-strain relationship is the ideal rigid-plastic
model. *en, based on the equilibrium condition of forces and
three yield modes of fasteners, the equations to express the load-
carrying capacity of the connections can be determined. *e
stress distributions under three different yield modes in the
rigid-plastic model are shown in Figure 6.*e red circle denotes
plastic hinge, R is the load-carrying capacity per shear plane per
fastener, kN, fe is the embedding strength of timber members,
MPa, t is the thickness of side member, mm, andMy is the yield
moment of the dowel, N·mm.

*e following equations of the connections under three yield
modes can be developed to calculate the load-carrying capacity:

RI � fedt, (4)

RII � fedt

�����������

2 +
4MY

fedt
2 − 1



⎛⎝ ⎞⎠, (5)

RIII � 2
������
Myfcd


. (6)

Regarding the yieldmoment of the dowel, the calculation
method is different in national standards of the timber
structure. In Chinese timber structure design code [21], the
yield moment of the dowel is related to the yield strength and
the equation can be expressed as

My � kwWfy, (7)

where kw is the ratio of the plastic sectionmodulus to the elastic
sectionmodulus, when the plastic behavior of the dowel is fully
developed, 1.7, if not, 1.4.W is themoment of section resistance
in mm3. Fy is the yield strength of the dowel in MPa.

In American design specification for wood construction,
the yield moment is related to bending strength of the dowel.
It can be determined based on the yield load of 5% diameter
deviation method or the average of the tensile strength and
yield strength. Generally, it is taken as 1.3 times of yield
strength. *e equation can be expressed as

My � 0.22fyd
3
. (8)

In Eurocode 5, the yield moment is related to tensile
strength, and the equation can be expressed as

My � 0.22ftd
2.6

, (9)

where ft is the tensile strength of the bolt in MPa.
As mentioned before, M10, M12, M14, and M16 are tested

and the yield moments are 72.30 kN mm, 167.70 kN mm,
271.80 kN mm, and 394.80 kN mm, respectively. By compar-
ison with different national standards, the results calculated in
American code are the closest with experimental results; and
the relative difference is less than 15%. Next, equation (8) can
be substituted into equations (5) and (6) to calculate the single-
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Figure 5: *e effect of different factors on the mechanical parameters of the connections. (a) Dowel diameter. (b) *e thickness. (c) End
distance.
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shear bearing capacity of the connections. So, the equation can
be expressed as

R � min

fedt,

fcdt

������������

2 +
0.88fyd

2

fet
2 −
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0.94d
2
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(10)

According to three yield modes of boundary conditions,
equation (10) can be further solved, which includes the
thickness to diameter ratio interval. It can be shown in
Figure 7. So, the upper and lower limits of Mode II are
determined, and the equation can be expressed as
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t
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���
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(11)

*e dowel-bearing capacity of laminated bamboo is an
essential parameter to evaluate the load-carrying capacity of

this kind of connection. Previous tests and researches
[22, 23] suggest that the dowel-bearing capacity of the
laminated bamboo parallel to grain can be expressed as

fe,par � (−0.0236 D + 1.471)fc,o, (12)

where fe, par and fc, 0 stand for embedding strength and
compressive strength of the laminated bamboo parallel to
grain in MPa, respectively.

Based on the above equations, the theoretical and ex-
perimental results of load-carrying capacity and failure
modes are shown in Table 3. Compared with the ultimate
load, the theoretical results are conservative but the pre-
dicted failure modes are accurate. In order to obtain an
accurate solution of the load-carrying capacity of steel-to-
laminated bamboo dowel connections with slotted-in steel
plate, the formulas would need further discussion and op-
timized analysis. *e modified coefficient Cg can be in-
troduced and combined with equation (11) to predict the
load-carrying capacity of the connections. For further
analysis, the modified coefficient Cg is obtained to evaluate
three yield modes. *e corresponding values are 1.14 in
Mode I, 1.08 in Mode II, and 1.50 in Mode III. When the
connection occurs, Mode III, the modified coefficient is the
largest. *rough the previous analysis, when the end dis-
tance of the connections is 6 to 8 dowel diameters, they
exhibit better ductility and bearing capacity. Plus, the effect
of end distance on the bearing capacity of the connections is
not considered in the calculation method. *e sufficient end
distance could guarantee the accuracy of the results and
structural safety. It is noted that, considering the limited
number of the connections, the modified coefficient
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Figure 6: *e stress distributions under three different yield modes. (a) Mode I. (b) Mode II. (c) Mode III.
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suggested in the paper needs to be further verified. To sum
up, the modified equation has better prediction and safety
for the steel-to-laminated bamboo dowel connection with
slotted-in steel plate.

5. Conclusion

*e study investigated the load-carrying performance of one
dowel-type steel-to-bamboo connection with a slotted-in
steel plate. *e effects of dowel diameter, thickness, and end
distance on the yield load, the elastic stiffness, the ultimate
load, the plastic stiffness, and the ductility rate of the
connections have been studied. *e following conclusions
can be drawn:

(1) *e typical load-displacement curves and yield
modes of the connections parallel to the grain have
been studied. *e failure modes of side members are
mainly shear failure and splitting failure, and they
are accompanied by embedding failure. As for the
dowel, the one-hinge yield mode has been witnessed
the most.

(2) *e influence of different factors on the load-car-
rying capacity of the connections has been analyzed
as well. *e dowel diameter significantly influences

the yield and ultimate load and the initial stiffness.
When the thickness of side members is in the range
of 90–120mm, the thickness variation has no sig-
nificant effect on yield load. As for the end distance,
when it is in the range of 6D–8D, the connections
exhibit better ductility and embedding failure.

(3) Compared with experimental results, the theoretical
results are conservative but the predicted failure
modes are accurate. Further, the modified coefficient
is introduced and combined with the theoretical
equation to predict the load-carrying capacity of the
connections, which has better prediction and safety
for the steel-to-laminated bamboo dowel connection
with slotted-in steel plate.
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