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Abstract: In order to well protect Chinese ancient buildings,
aseismic behaviors of Chinese ancient tenon-mortise joints
strengthened by carbon fibre reinforced plastic ( CFRP) are
studied by experiments. Based on the actual size of an ancient
building, a wooden frame model with a scale of 1: 8 of the
prototype structure is built considering the swallow-tail type of
tenon-mortise connections. Low cyclic reversed loading tests are
carried out including three groups of unstrengthened structures
and two groups of structures strengthened with CFRP. Based on
experimental data, moment-rotation angle hysteretic curves and
skeleton curves for each joint are obtained. The energy
dissipation capability, stiffness degradation and deformation
performance of the joints before and after being strengthened are
also analyzed. Results show that after being strengthened with
CFRP, the tenon value pulled out of the mortise is reduced; the
bending strength and the energy dissipation capabilities of the
joint are enhanced; stiffness degradation of the joint is not
obvious; and the deformation performance of the joint remains
good. Thus, the CFRP has good effects on strengthening the
tenon-mortise joints of Chinese ancient buildings.
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hinese ancient buildings are mainly made of wood

whose beams and columns are connected by tenon-
mortise joints. Under an earthquake, the friction between the
tenon and the mortise produces energy dissipation and the
tenon is pulled out of the mortise, which makes the connec-
tion between beams and columns weakened and lead to insta-
bility of the whole structure' ™. So the tenon-mortise joint
has to be strengthened on time for the protection of Chinese
ancient buildings. In previous studies, steel components were
considered to strengthen the tenon-mortise joint"””'. Howev-
er, steel is not a very good material for strengthening the ten-
on-mortise joint due to the fact that it has heavy weight and
corrodes easily. Xie et al. ™ considered using carbon fibre
reinforced plastic (CFRP) to strengthen the tenon-mortise
joint on a plane wooden frame due to its light weight and
high strength. Based on achievements above, a spatial wood-
en frame model with a scale of 1:8 of an actual Chinese
ancient building is built considering swallow-tail types of ten-
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on-mortise connections in this paper. By low cyclic reversed
loading tests, aseismic behaviors of the tenon-mortise joint
strengthened by CFRP are studied. Experimental results show
that CFRP has good effects on strengthening the tenon-mor-
tise joint of Chinese ancient buildings.

1 Experiment
1.1 Experimental model

Based on the actual size of an ancient Chinese building
and building techniques in the Qing dynasty''”, a wooden
frame model with a scale of 1: 8 of the prototype structure
is built considering the swallow-tail type of tenon-mortise
connections. Detailed sizes of beams, columns and tenon-
mortise joints are shown in Fig. 1. For convenience of ap-
plying loads, the top of each column is 150 mm higher
than that of each beam after installation''". The roof of the
ancient building is simulated by a concrete slab with a
weight of 1. 03 t after calculation, and it is set free-stand-
ing on column tops. The base of each column is considered
as a swivel type whose rotation direction is just the same as
the loading direction.
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Fig.1 Sizes for components and models (unit: mm). (a) Compo-
nent sizes; (b) Plan view; (c) Section view

The selected CFRP is 0. 11 mm in thickness and it is used
to strengthen the tenon-mortise joint by adhering to it with
special glue. When strengthening the joint, two CFRP
sheets ( The width of each is 80 mm) are stuck to the side
faces of the beams with 250 mm exceeding the column sides
in a level direction. To enhance the sticking force between
the CFRP and the joint, 6 CFRP sheets ( The width of each
is 50 mm) are used to wrap the beams with glue in a vertical
direction. Detailed sizes of the CFRP for strengthening the
tenon-mortise joint are shown in Fig. 2.
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Fig.2 Sizes of CFRP (unit: mm). (a) Plan view; (b) Front view

1.2 Measuring and loading rules

In order to obtain lateral displacement values of the model,
the displacement gauges with the range of +200 mm are set
on each column top along the loading direction (Numbering:
W, to W,). To obtain bending moment of each joint, the re-
sistance strain gauges are set on both the outside and the in-
side of each column top (Numbering: Z, to Z;). To obtain
the rotation angle of each joint, the displacement gauges with
the range of +100 mm are set on both the upside and the un-
derside of each beam along the loading direction ( Numbe-
ring: W, to W,). Measuring positions are shown in Fig. 1.
As the required load is not so large, manual loading means
are considered; the force sensor with the scope of 0 to 1 t is
selected for the experiment. Besides, considering the large
displacement values of the model during the experiment, the
variable amplitude displacement load is considered as the load-
ing method. Based on obtained achievements'”, the controlled
displacement load values are: 0, =30, +60, +90, +120 and
+150 mm, with one cycle at each controlled level.

2 Experimental Phenomena

Experiments including three groups of unstrengthened
models and two groups of CFRP strengthened models are
carried out. During the experiments, the phenomena of
joints and models appear as follows:

Whether the joint is strengthened or not, when the model
is pulled or pushed at a small displacement, compression
and friction between tenon of beam and mortise of column
occur. The eccentricity moment from the roof is small; the
structure can restore itself to balance location automatically
by restoring force; and there is a squeeze sound from the
joint position. When the displacement of the model becomes
large, the internal force between tenon and mortise increa-
ses, and the eccentricity moment from the roof becomes
large, which makes the model unable to restore itself to a
balance location automatically. The squeeze sound also be-
comes obvious. Besides, when the load exceeds the internal
force between tenon and mortise, the tenon will be pulled
out of the mortise, as shown in Fig. 3.

Compared to the unstrengthened model, for the CFRP-
strengthening model besides the squeeze sound, there is a
crack sound from the joint location during the experiment,
which means that some glue has become disengaged from
the joint. With the increase in the structure displacement,
the crack sound becomes obvious, and part of the CFRP
sheet is destroyed because of tensile failure (see Fig.3(b)).
However, by the restriction effect of the CFRP, the value of
the tenon pulled out of the mortise decreases, and the bear-
ing capacity of the joint is also enhanced.

(b)

Fig.3 Photos of deformation for joint (A =150 mm). (a) Before
strengthening; (b) After strengthening

3 Experiment Analysis

During experiments, each tenon-mortise joint of the model
shows similar aseismic behaviors. Due to the limitation of
space, joint C in Fig. 1(b) is taken as an example to study the
aseismic parameters before and after strengthening by CFRP.

3.1 Hysteretic curve

According to experimental data, M-6 hysteretic curves of
joint C for different cases are shown in Fig. 4, where M re-
presents the bending moment of the joint, 6 represents the
rotation angle of the joint, B represents before strengthe-
ning, A represents after strengthening. It is found that be-
fore strengthening the hysteretic curve appears as an S shape
at first and then changes to a Z shape. Near the balance lo-
cation, the hysteretic loop shrinks obviously. As the rota-
tion angle increases, the hysteretic loop tends to be chubby.
When the 6 value is large, the slope of the curve is great,
which reflects restoring characteristic of the joint is poor.

After being strengthened with CFRP, the M-0 hysteretic
curve of joint C remains in a Z shape. At first, the bending ca-
pacity of the joint is provided by the CFRP, then by both the
relative friction between the tenon and the mortise and the
CFRP, and the CFRP plays a more important role. Because of
CFRP’s restriction, the hysteretic loop of the joint shrinks little
at the balance location, and its restoring force is enhanced.

3.2 Skeleton curve

By connecting peak points of all the M- hysteretic cycles,
the skeleton curve of joint C is obtained for each case, as
shown in Fig.5. It is found that after strengthening, the slope
of the skeleton curve of the joint is enhanced, which reflects
that the rotation stiffness of the joint is enhanced by CFRP.
From the peak values of all the skeleton curves, it is found that
the bending capacity of the joint can be enhanced about two
times after it is strengthened by CFRP. Besides, all the skele-
ton curves in Fig. 5 are relatively flat, which shows that the
joint maintains good ductility after being strengthened.

3.3 Energy dissipation

Here, the equivalent viscous damping coefficient &, is
used to represent energy dissipation'”. By calculation, h,-0
curves for different cases of joint C are shown in Fig. 6. It
is found that: 1) Whether the joint is strengthened or not,
with the increase in its rotation angle, the &, value decreases
and tends to be constant. This is because the energy dissipa-
tion of the joint is provided mainly by the relative friction
between tenon and mortise. As the rotation angle of the joint
increases, the tenon is gradually pulled out of the mortise,
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Fig.4 M-6 hysteretic curves of joint C. (a) Before strengthening;
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which weakens the friction. Before the tenon is completely
pulled out, energy dissipation tends to be stable. 2) After
being strengthened by CFRP, the energy dissipation of the
joint is enhanced. This is because the rotation of the joint is
restricted by the CFRP, which strengthens the relative fric-
tion between the tenon and the mortise.
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Fig.6 h -0 curves of joint C

3.4 Stiffness degradation

Stiffness degradation of joint C is calculated according to
the equation as follows:

(M, |+ | -M,|

k. =
N

(1)

where k, represents the joint rotation stiffness during the i-th
cycle (i=1,2,...,5); M, represents the peak bending mo-
ment during the i-th cycle; and 6, represents the peak rota-
tion angle during the i-th cycle.

By calculation, the k-6 curves of joint C for different ca-
ses are obtained, as shown in Fig. 7. It is found that: 1)
Whether the joint is strengthened or not, with the increase in
the rotation angle, the k value degrades; 2) After the joint
is strengthened by CFRP, the k value is enhanced during
each cycle due to the restriction effects from CFRP.
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Fig.7 k-0 curves of joint C

3.5 Ductility coefficient

For the tenon-mortise joint, as the rotation angle increa-
ses, it gradually yields but it can still bear loads, which
shows its ductility. According to Ref. [9], the ductility co-

efficient of the tenon-mortise joint can be calculated as
BL=(8; +6.)/Ls (2)

where B, represents the relative deformation of the joint; &,
represents the value of the tenon pulled out; §, represents
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the value of the tenon embedded into the mortise; Ly =33
mm is the length of the tenon. If the bearing capacity of the
joint does not decrease obviously, the greater 3, is, the bet-
ter ductility it will possess. By calculation, the B, values of
joint C for different cases are obtained, as shown in Tab. 1.
It is clear that after being strengthened by CFRP, B, value
changes little, which reflects good ductility of the joint after
strengthening.

Tab.1 g, values of joint C
B1 B2 B3 Al A2
0. 507 0. 465 0.538 0.517 0.497

4 Conclusion

By low cyclic reversed loading tests, aseismic behaviors
of the tenon-mortise joint after being strengthened with
CFRP are studied. Results show that after being strength-
ened, bearing capacity, rotation stiffness and energy dissi-
pation capabilities of the joint are enhanced; the stiffness
degradation of the joint is not obvious, and the deformation
performance of the joint remains good, which reflect good
strengthening results by CFRP.
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