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Abstract: Composite connections are important components of timber-
concrete hybrid systems. This work presents a novel shear connector for
timber-concrete composite (TCC) connections. To verify the composite action
between the timber and concrete in the proposed connection, ten specimens
were subjected to push-out tests to examine the slip at the interlayer. The
failure mode and maximum load capacity results are analyzed, indicating that
the composite connections have good ductility and high load capacity. Four
methods to determine the yield point are compared and discussed in detail.
According to the test results, a mathematical model is utilized to predict the
nonlinear load-slip curve of the proposed connection. The Bayesian method is
introduced to estimate the model parameters and quantify the model
uncertainty. The obtained results can be used for further reliability analysis.
This work demonstrates that timber-concrete connections with novel
connectors perform well and show potential for application in composite
structures.

Keywords: Composite connection; load-slip curve; maximum load-capacity;
uncertainty quantification.

1 Introduction

The construction industry, including on-site building construction and the demolition of old
buildings, has emitted a considerable amount of greenhouse gas and accumulated a considerable amount
of construction waste [1-3]. This situation has rapidly exacerbated the conflict between the development
of the construction industry and environmental protection. To reduce the impact of construction
activities on an environmentally friendly society, an effective solution is to use renewable materials to
replace energy-intensive materials [4-5]. For example, some buildings, such as the 18-story Brock
Commons in Canada [6] and 14-story “Treet” building in Norway, adopt a timber-concrete hybrid
system to take advantage of different material properties [7]. This hybrid structural system has
consistently attracted broad attention because it combines the features of wood, including a light weight
structure and low carbon emissions, and properties of concrete, including stiffness and fire resistance.
For a composite structure, since the stress between different components is transmitted through
composite connections, the behavior of composite connections has a significant influence on overall
structural performance [8-9]. Thus, it is necessary to comprehensively understand the mechanical
properties of timber-concrete composite (TCC) connections.
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Various types of TCC connections have been developed and extensively investigated. The first
category of such connections includes those with different indentations in timber [10-11]. Since wood
has high tensile strength parallel to the grain and concrete has superior properties in compression, to
realize their greatest advantages in strength and stiffness, timber members are usually included in tensile
zones, and concrete layers are usually included in compression areas. Boccadoro et al. [12], Shi et al.
[13] and Zhang et al. [14] conducted several experimental tests to investigate the mechanical properties
of TCC connections with different notch shapes, demonstrating that the notched connection presents a
considerable degree of strength and stiffness.

The second category of TCC connections includes those that use shear connectors to ensure
composite action. Because environmental change and load conditions have an effect on the creep and
shrinkage phenomena of both wood and concrete materials, shear connectors enable the transfer of shear
force at the interface and the composite to work effectively. These TCC connections usually include
nails or dowels of different diameters [15-17], vertical or inclined screws [18-19], and steel plates [20-
21]. The ductility and deformability of this type of connection mainly rely on the deformation capacity
of the connectors. For this reason, the ultimate deformation and load capacity should be higher than the
maximum slip demand at the interlayer, which allows load redistribution among the connections. This
is the basic principle of connections that cannot fail before the failure of the main members.

The above two categories of TCC connections usually require drilling or cutting off the timber so
that local force concentrations may occur at the interlayer. To reduce this adverse effect, some
researchers have developed adhesive connections [22-23], which use chemical materials to glue the
members of timber and concrete together without a metallic fastener. This adhesive technology allows
the shear forces to distribute uniformly and reduces the interface slip. However, the properties of the
adhesive have a significant effect on the adhesive connection. Various factors, including the short- and
long-term behavior of the adhesive [24] and different surface conditions [25], have been experimentally
analyzed.

Previous experimental investigations of TCC connections have mainly focused on their
mechanical properties. In the design of TCC structures, an analysis model derived from mechanical
mechanisms is necessary. The model can be used to analyze the displacement, internal force and
ultimate bearing capacity of TCC structures. Because the involved experiment is very expensive, an
analysis model calibrated from experimental data is capable of extrapolating some similar cases.
Researchers have proposed some useful analysis models [26-27] to predict the load-slip curves.
Accompanied by the analytical model, it is usually difficult to determine the model parameters. A
common way to obtain the values of parameters involves performing a least square test between
experimental data and model predictions [28-29]. Due to model error and measurement noise, model
predictions have some uncertainties that need to be quantified. To address this issue, the Bayesian
method has been introduced to identify the model parameters associated with uncertainties [30-31]. In
this work, a novel connector for TCC connections is proposed. Ten push-out tests are executed to
investigate the failure modes and mechanical characteristics of the connections. Based on the test data,
a mathematical model is applied to simulate the load-slip curve, whose model parameters are estimated
from the probability distribution.

2 Material properties

2.1 Description of a novel connector

In a TCC structure, the connection is usually designed to have enough ductility to achieve strong
deformation before the collapse of the main structure. For such a composite connection, the shear
connector plays an important role because it undergoes the shear force between different members.
Inclined screws [19], dowels [17,32], and notches [33] are commonly used connectors. Either these
connectors are cut or they slip too much. A connector that provides a high degree of stiffness with little
slip is needed. In this study, a novel shear connector consisting of a steel tube (Fig. 1a) and four screws
(Fig. 1b) is designed. The steel tube is made of steel material Q235, and the nominal yield strength of
Q235 is 235 MPa. Therefore, the steel tube can provide considerable stiffness, while the four embedded
screws ensure that the connector has enough shear resistance. Meanwhile, the elongated shape of the
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steel tube improves the flexural performance of the connector.

Fig. 1. Photographs of a shear connector: (a) Steel tube, (b) Four screws

Fig. 2a displays a three-dimensional diagram of the steel tube. The steel tube is made of a long
pipe with a length of 300 mm and four 23-mm-long pipes (see Fig. 2b). Fig. 2c depicts section 1-1 of
the pipe, with internal and external diameters of 8 mm and 14 mm, respectively. Each screw has a length
of 100 mm and a diameter of 5 mm (see Fig. 2d). The yield stress and tensile stress of the screws are
340 MPa and 420 MPa, respectively, as provided by the manufacturer. The screws have hexagonal
heads, which are placed inside the short pipe, and the other end is drilled into wood. The four short
pipes correspond to the four screws to increase the redundancy if one or two screws are cut off. The
long pipe is embedded in the concrete block so that the steel bar in the concrete block can pass through
this pipe. With this design, the long pipe works together with the concrete block. A length of 300 mm
also prevents the pipe from pulling out from the concrete. This novel shear connector design is designed
to provide sufficient redundancy and good overall performance, making the connector safe even if it
experiences considerable shear force.
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Fig. 2. Geometric information of the shear connector (unit: mm): (a) Three-dimensional
diagram, (b) Plane dimensions, (c) Section 1-1, and (d) Screw dimensions

2.2 Wood properties

The timber member used in this study is made of spruce—pine—fir wood. Thirty 20 mm X

20 mm X 20 mm samples from the same batch were tested under axial compression, as shown in

Fig. 3a. Fifteen samples were tested parallel to the grain, and the rest of the samples were tested

perpendicular to the grain. Because wood has anisotropic properties, the samples present different

failure modes between these two directions. The typical failure mode of samples tested parallel to the

grain is buckling at the middle (see Fig. 3b). The samples perpendicular to the grain fail via inter-fiber
gliding and cracking (see Fig. 3c).

Because the wood used in the push-out test is mainly under compression, only the sample test on
the compression elastic modulus is carried out. During the sample test, displacement and force are
measured from sensors. The strain is obtained from the ratio of displacement to the original length of
the sample. Table 1 summarizes the statistical results of the wood properties. Both the elastic modulus
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and compressive stress parallel to the grain are much greater than those perpendicular to the grain. Due
to the limited samples, the analysis results also indicate a high degree of scatter, with the coefficient of
variation (c.0.v) ranging from 5.06% to 25.55%.

Fig. 3. Wood material testing: (a) Test setup, (b) Parallel-to-grain failure mode, and (c)
Perpendicular-to-grain failure mode

Table 1. Statistical analysis of the wood properties

Directions Elastic modulus Compressive stress
Mean C.0.V. (%) Mean .0.V. (%)
Parallel to grain (MPa) 7970.99 25.55 30.67 8.91
Perpendicular to grain (MPa) 254.38 10.43 6.83 5.06

2.3 Concrete block properties

To obtain the characteristics of the concrete blocks, ten cubic specimens with dimensions of 150
mm x 150 mm X 150 mm were manufactured. After 28 days of curing, each sample was subjected
to a compression test under a hydraulic actuator, as shown in Fig. 4a. Cracking on the surface of the
concrete block was the typical failure mode (see Fig. 4b).

Fig. 4. Compression test of a concrete block: (a) Specimen and (b) Failure mode

Table 2. Material properties of the concrete

D Mass Density Compressive D Mass Density Compressive
(kg) (kg/m3F strength (MPa) (kg) (kg/mF strength (MPa)

01 7.92 2346.67 44.8 06 7.88 2334.81 42.3

02 8.10 2400.00 44.0 07 7.96 2358.52 42.8

03 7.96 2358.52 47.0 08 8.50 2518.52 47.6

04 7.80 2311.11 442 09 7.86 2328.89 46.2

05 8.06 2388.15 45.9 10 7.94 2352.59 43.2

000017-4



Liu et al., SUST, 2022, 2(2): 000017

The material properties of the concrete are listed in Table 2. The ten plain concrete blocks have an
average mass of 8 kg with a standard deviation of 0.19 kg. The average density of the samples was
2369.78 kg/m3with a standard deviation of 55.49 kg/m=3The compressive strength of each specimen
ranged from 42.3 MPa to 47.6 MPa. The average compressive strength was 44.80 MPa, and the
corresponding coefficient of variation was 3.84%

300 mm

44 mm

Timber Steel rod Concrete

Connection

Fig. 5. Different components of a TCC connection

Fig. 6. Fabrication of a TCC connection: (a) Preparation of the components, (b) Screw driven into the hole,
(c) Screws tapped into the plywood, (d) Setup of plywood formwork, and (¢) Completed TCC connection

3. Push-out test

3.1 Test specimens
The TCC connection consists of an 80 mm < 400 mm = 400 mm concrete block, two timber
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members with dimensions of 135 mm %300 mm ><400 mm and two shear connectors, as shown in Fig.
5. For the consideration of experimental variables, ten reduplication specimens were manufactured,
which were labeled successively as TO1 to T10. The fabrication of the TCC connection is illustrated as
follows (see Fig. 6): First, eight holes are predrilled into two sides of the timber member (see Fig. 6a).
On each side of the timber member, the steel tube is connected through four screws (see Fig. 6b). To
ensure the tightness of the screw inside the hole, the screw is again gently tapped with a hammer, as
shown in Fig. 6¢. Once this is completed, the plywood formwork is set up on both sides of the timber
member (see Fig. 6d). Then, the ready-mixed concrete is poured into the voids of the formwork around
the steel tube, and a vibrator is used to settle the mixture. After 28 days of curing, the formwork is taken
apart, and the manufacturing process of the TCC connection is completed (see Fig. 6e).

3.2 Test setup

The push-out test of the TCC connection was conducted under a hydraulic machine with a
maximum capacity of 500 kN. Fig. 7 displays a specimen used during the test. The specimen was placed
on the top of a fixed bracket. For uniform loading, a single servo-hydraulic actuator was directly loaded
above the midspan of a steel rectangular beam. Then, the applied load was transmitted to the wood
member of the TCC connection. The loading protocol was displacement control with a constant rate of
1.6 mm/min. The loading was stopped either when the load capacity had reduced to 75% of the
maximum load capacity or when the specimen had been completely destroyed. The loading was
continuously recorded using the actuator itself. The displacement of the wood component was measured
by the actuator itself, and the movement of the concrete components was measured by displacement
transducers. The slip between wood and concrete components is equivalent to wood displacement
minutes of concrete displacement.

Fig. 7. Push-out test setup

4 Failure modes and mechanical properties

4.1 Failure modes

The tested load-slip curves of the TCC connections are reported in Fig. 8. The ten curves are quite
similar before the slip reaches 5 mm. This is because the specimen deformed elastically without any
damage. As the load increased, splitting appeared between the wood laminates and increased in both
length and width (see Fig. 9a). At this stage, the screws inside the specimens started to yield, and some
differences were observed in the load-slip curves. As loading continued, a significant drop in load
capacity occurred. This was attributed to the fracturing of the screw inside the wood component. The
test was stopped when the load capacity was reduced to 75% of the maximum load capacity. Two typical
load-slip curves are plotted in Fig. 8b, showing some difference. This occurred because wood properties
are highly variable, and the manufacturing process of TCC connections includes some uncertainties.
During the whole loading process, the concrete block exhibited no damage, and the wood component
split along the direction of the wood grain. The interface between the concrete block and wood
component presented slipping and cracking failure (see Fig. 9b). This behavior occurred because the
concrete and timber components transmitted shear force through their interface.
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Fig. 8. Tested load-slip curves: (a) Ten specimens and (b) Two typical specimens
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Fig. 9. Failure modes: (a) Wood splitting, (b) Interface slipping, (c) Wood surface splitting, (d) Screw
fracturing, (e) Screw plastic deformation, and (f) Comparison of screws before and after testing

To further investigate the failure modes of different components, the TCC connection shown in
Fig. 9a removed the concrete component; the failure mode of the wood component is presented in Fig.
9c. There was a clear 1-mm-wide split through the surface of the wood, and the steel tube remained
intact. The screw acting as a connector between the steel tube and timber exhibited two failure modes:
fracturing (Fig. 9d) and plastic failure (Fig. 9e). As shown in Fig. 9d, the screw was fractured a short
distance into the timber, and the wood around the screw experienced severe crushing. The screw in Fig.
9e exhibits excessive plasticity, accompanied by wood crushing within a distance of 2 mm to 3 mm.
Fig. 9f compares the condition of screws before and after testing. The screw was fractured 3-4 cm from
the head. This fracture occurred at the surface, initiating in the smooth area and extending to the
threaded area. Fig. 9 (c)-(e) shows different failure modes on different specimens, showing that the
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manufacturing process for TCC connections, including some uncertainties, could influence failure
modes.
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Fig. 10. Methods of yield point determination: (a) EEEP, (b) CEN, (c) Y&K, and (d) 5% diameter

4.2 Analysis of mechanical properties

The tested load-slip curves of TCC connections do not have a clear yield platform, and it is difficult
to determine the yield point. Some researchers have proposed several useful means to obtain the yield
point, as noted in Fig. 10. The first tool is called the equivalent energy elastic—plastic curve (EEEP)
[34]. A perfect elastic—plastic curve has an initial stiffness and a horizontal line (see Fig. 10a). The
initial stiffness is defined as the secant slope of origin and 40% of the maximum load capacity.
According to the bilinear curve, the yield load (P,) is calculated by

2E
P, = |:Au — AL - K - :|k0—0.4 @

0-0.4

inwhich E, isthe sum of energy dissipation to the ultimate slip (A,). The ultimate slip is determined
by the corresponding ultimate load capacity; the ultimate load capacity is defined as the largest value
between 80% of the maximum load capacity and the failure point. k,_,, is the initial stiffness defined
by the secant of origin and 40% of the maximum load capacity (By,).

The determination of the yield point given by the European Committee of Standardization (CEN)
is also a popular method [35]. For this method, the yield point (red point in Fig. 10b) is the intersection
of two lines. The first line is the secant slope of 10% and 40% of the maximum load capacity denoted
by a. The second line whose slope (B8) should be satisfied with tan f = (tan«)/6 is tangent to the
load-slip curve.

The third method was proposed by Yasumura and Kawai (Y &K) [36]. A secant line between 10%
and 40% of the peak load is defined. Another straight line is determined by the tangent to the load-slip
curve, whose slope is parallel to the secant line between 40% and 90% of the peak load. The intersection
of the two lines is regarded as the yield point (see Fig. 10c).

Fig. 10d depicts the yield point determined by a 5% diameter (named 5% diameter) [37]. A straight
line that is defined by 0% and 40% of the peak load is extracted initially. This straight line offsets to 5%
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of the connector diameter, making it intersect with the load-slip curve. This intersection point represents
the yield point.

According to the above four methods for the determination of the yield point, Fig. 11 compares
the locations of yield points obtained using different methods for each specimen. The yield points

determined by Y&K and 5% diameter lie in the load-slip curve, while the yield points calculated using
the other two approaches offset the curve.
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Fig. 12. Tested load-slip curves and yield points determined by four methods

Taking the statistical analysis of yield points, Fig. 12 displays the mean values of yield points
associated with standard deviation. The yield load and corresponding slip determined by the Y&K
method are the lowest among the four methods. The peak load has a significant influence on the yield
point under the Y &K method. Both the EEEP method and 5% diameter method have almost the same
yield force, yet the 5% diameter method has approximately twice as much yield slip as the EEEP method.
The reason is that the EEEP method assesses the yield point from the area enclosed by the load-slip
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curve, whereas the 5% diameter considers the influence of the connector. The yield load and
corresponding slip determined by the CEN method are larger than values determined by the Y&K
method but lower than the values determined by the EEEP and 5% diameter methods. Due to limited
test data, it is difficult to determine which method is best suited to determine the yield points of TCC
connections. The comparison results in this study will help researchers and engineers better understand
the advantages and disadvantages of these four methods.

For the initial stiffness, the methods of EEEP and 5% diameter take the slope between 0% and 40%
of the peak point. Both the CEN and Y &K methods define the straight line between 10% and 40% of
the peak load as an initial stiffness. The reason for starting from 10% of the peak load is that this
considers the influence of initial consolidation. Due to the geometric roughness of the predrilled holes
in the timber, the wood and screw may have imperfect contact, leading to low stiffness. Fig. 13
compares the calculated initial stiffness obtained using four different approaches. The values of initial
stiffness calculated by the four methods are almost the same. This means that the TCC connections have
a marginal initial slip that can be ignored.
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Fig. 13. Comparison of initial stiffness values obtained using different methods
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Fig. 14. Statistic analysis on peak point and ultimate
For each specimen, the peak point is the maximum load capacity and its corresponding slip. The
ultimate load is defined as either the failure load or 80% of the peak load. The average values of the
peak and ultimate load capacity are 67.56 kN and 53.77 kN, respectively, as noted in Fig. 14a. Their
corresponding standard deviations are 5.97 kN and 4.88 kN, respectively (Fig. 14b). For the slip, the
average values at the peak point and ultimate point are 18.38 mm and 29.08 mm, respectively. The slip
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is 10.7 mm between the peak point and ultimate point, which is 58.22% of the slip at the peak point.
This indicates that the TCC connections have strong ductility.

Compared to traditional TCC connections, the TCC connections with novel connectors perform
better. In reference [33], the TCC connections for the notch without rods and the rod without notches
have a maximum load-carrying capacity of 18.0-30.8 kN. In reference [39], timber-concrete bolted
connections without steel pads have an initial stiffness of 2.36-4.56 kN/mm and a maximum load-
carrying capacity of 18.87-26.82. These values are smaller than the corresponding mechanical
properties reported in this study. This further demonstrates that the proposed TCC connections have
good performance over other traditional TCC connections.

5. Analytical model and parameter uncertainty evaluation

5.1 Bayesian formulation for a regression problem

The mechanical properties of the TCC connections have been comprehensively investigated from
test results, yet an analytical load-slip model is usually required in the design and analysis of TCC
structures. A preferred model describing the load-slip curve is one with few parameters related to
mechanical properties [39][40]. Therefore, an empirical load-slip model based on Foschi’s model [41]
and Cao’s model [42] is proposed.

P:Pma{l—exp(— K, A)]OSASAmax 2

max

where k. is the elastic stiffness, Py.x and Ap.x are the maximum load capacity and corresponding
displacement, respectively, and P and A are the predicted load and corresponding slip, respectively.

This model describes the nonlinear load-slip curves up to the maximum load. It involves three
parameters, of which B.x and A,y can be easily collected from the peak point of the load-slip curve.
The value of k. is determined by the slope of the asymptotes trending to zero. Compared to other
models, one of the distinct features of this model is that all the model parameters have clear physical
meanings, which is user-friendly for engineers hoping to identify the values of parameters from load-
slip curves.

Even if an analytical model is available, determining model parameters is still a major challenge.
Because wood properties vary greatly, the mechanical properties of TCC connections present large
differences even if they are the same types of connections. The use of the probability method to describe
results is more appropriate than using the determined values. To address these issues, Bayesian
inference provides a good paragon with which to estimate the model parameters as well as their
uncertainties [43]. Eq. (2) can be rewritten as a more general expression:

Y=f(X,0)+¢ ®3)

in which f(X,0) is the nonlinear function, 8 = [k, Pnhax] are model parameters, X is the slip
regarded as the predictor (or independent variable), Y is the corresponding predicted force
(or dependent variable), and & is a prediction error.

From the Bayesian view, Eqg. (3) can be expressed in terms of probability distributions,
Y ~N(f(X,0),0%) (4)

in which symbol Y in Eq. (4) is interpreted as a random variable following a Gaussian distribution
with mean f(X,0) and variance o2. According to Eq. (4), the Bayesian formalism reformulates a
parameter fitting problem as a search for a probability distribution, as shown in Fig. 15. This distribution
can be sampled using Markov chain Monte Carlo (MCMC) methods [44]. The basic idea of MCMC
methods is to draw samples from a probability distribution. As the target probability distribution is
usually unknown, a useful technique is to sample from a known probability density that is proportional
to the target function. The properties of the collected samples (e.g., expected value and variance) are
used to evaluate the characteristics of the target distribution. A detailed description can be found in
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Ravenzwaaij et al. [45].
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Fig. 15. Mathematical model with parameter distributions

5.2 Analysis results

In the estimation process, ten sets of test data are stochastically divided into two groups: one for
regression analysis and the other for cross validation. Fig. 16 displays the tested load-slip curves of the
regression and validation groups, and the data exceeding the maximum load capacity are not considered
hereafter because Eq. (2) can only simulate the load-slip curves up to the maximum load.
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Fig. 16. Two groups of test data

According to Eq. (3), two parameters O = [k, Pnax] are selected to be identified. Both
parameters are assumed to follow a Gaussian distribution, whose mean and standard deviation are
extracted from the regression group (see Table 3). Prediction error € follows an exponential
probability density function with a mean value of 5.2. Then, the MCMC algorithm is performed to draw
samples from the posterior distribution. As the first few hundred points may be unrelated to the final
distribution of interest, the first 2000 samples are burned in, and the remaining 7000 samples are used
to infer the posterior distribution.

Table 3. Prior distribution of estimated parameters

Parameter Mean Standard deviation
k. (KN/mm) 11.54 2.89
Prax (KN) 66.79 6.99

Fig. 17a and Fig. 18a record the individual samples of parameters k. and P, ., respectively, at
each step. Both chains have no major drifts or odd patterns. This means that each sampling chain
converges well and is stationary. To further infer what the posterior distribution of each parameter looks
like, the histograms of sample data are plotted (see Fig. 17b and Fig. 18b). The x-axis shows the values
of each parameter, and a probability on the y-axis indicates how likely the parameter value is. To
estimate the shape of the unknown density function, kernel density estimation (KDE) was used to
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smooth the histograms of the sampled data. The KDE plots of both the stiffness and maximum load
capacity present a Gaussian-like distribution.
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Fig. 18. Posterior estimate of parameter B,

Table 4. Statistical properties of the estimated parameters

Parameter Mean Standard deviation HDI-3% HDI-97%
ko (KN/mm) 12.139 0.846 10.662 13.786
Prax(KN) 70.192 2.472 65.796 74.995

From Fig. 17 and Fig. 18, one can calculate the statistics of the posterior distribution for each
parameter, as reported in Table 4. Compared to the standard deviation in Table 3, that in Table 4 is
much smaller. This is because the new information provided by the test data reduces uncertainty
regarding the parameter distribution. Another advantage of performing Bayesian inference is that the
uncertainty of parameters can be quantified using the highest density interval (HDI) [46]. The interval
between HDI-3% and HDI-97% represents the 94% most credible values for a parameter. Taking
parameter k. in Table 4 as an example, there is a 94% probability that the value is between 10.662

000017-14



Liu et al., SUST, 2022, 2(2): 000017

kN/m and 13.786 kN/m.

When the probability model for load-slip curves is attained, it is important to conduct a validation
that checks how well the models capture the data. For this purpose, 5000 sets of k. and P, are
produced from the posterior distribution of the estimated parameters. Then, these sets of parameters are
fed into the analytical model (i.e., Eq. (2)) generating the load-slip curves. The synthetic data for load-
slip curves are depicted by the light blue areas in Fig. 19. This area becomes large in the overall trend
as the value of slip increases. To test how predictive the model is in terms of the estimated parameters,
Fig. 19 also plots five validation sets. The five tested curves lie in the light blue area within a slip of 8
mm. When the value of slip exceeds 8 mm, two test curves are outside the light blue area. This occurs
because only limited test data lead to a considerable amount of uncertainty in the estimate results. When
more test data are available, the Bayesian method has the advantage of incorporating test data into the
priority distribution to enhance the a posteriori probability. This means that the reliability of the
estimated distribution can be improved.
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Fig. 19. Cross-validation of the prediction results.

6 Discussion

It should be notes that only the type of shear connectors is investigated in this work. Screw numbers,
screw length and spaces between neighboring short pipes may influence the performance of TCC
connections, but they are not studied herein. The objective is to design a novel shear connector that
makes the composite connection between timber and concrete work more effectively. Some preliminary
work has been done to explore the shear performance of this novel connection. For the composition
connection, the connector between two different components usually transmits the shear force, easily
resulting in a failure. The developed TCC connections with novel connectors perform better in initial
stiffness and maximum load-carrying capacity than conventional TCC connections [33][39]. This
indicates that the novel TCC connections show potential for application in TCC structures. To obtain
better performance from the novel connector, more work on the optimization of the geometric
dimension of a long pipe and four short pipes will be done in the future. A regression of the tested load-
slip curves using the Bayesian formulation is performed to predict the load capacity of the TCC
considering uncertainty. Since this type of connection only repeats ten sets of data, the Markov chain
Monte Carlo technique is employed to generate data. If more test data become available, they can be
incorporated into the estimated results, and the estimated uncertainty will in turn be improved.

7 Conclusion

This paper describes an experimental investigation of TCC connections. Ten push-out tests, in
which novel shear connectors are proposed, are conducted to verify the mechanical properties of the
proposed TCC connection. The Bayesian method is introduced to estimate the model parameters with
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the test data and quantify the uncertainty of the model parameters. Several conclusions attained from
this work are given as follows:

(1) The novel shear connector can effectively transmit the shear force to the interface. The failure
mode was wood cracking, and no connector was sheared off in any of the connections.

(2) The test results indicate that composite connections with novel shear connectors are high in
initial stiffness, are high in maximum load-carrying capacity, and show good ductility compared to
traditional connections.

(3) The Bayesian method is applied to estimate the parameters of a mathematical model based on
test data and to quantify the uncertainty of model parameters. The obtained results are useful for
reliability analysis.
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