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Abstract. To study the mechanical properties of joints in ancient timber buildings in depth, the force mechanism of the
through-tenon joints was analyzed, also the theoretical formulas of the moment-rotation angles of the joints with different
loosening degrees were deduced. To validate the rationality of the theoretical calculation formulas, six joint models with 1/3.2
scale ratio, including one intact joint and five loosening joints, were fabricated and tested under cyclic loading. The specimens
underwent the elastic stage, the plastic stage and the destructive stage, respectively. At the same time, the moment-rotation
backbone curves of the tenon joints with different looseness were obtained, and the theoretical calculation results were validated
when compared with the experimental results. The results show that the rotational moment and the initial rotational stiffness of
the tenon joints increase gradually with the increase of the friction coefficient. The increase of the tenon section height can
effectively improve the bearing capacity of the through-tenon joints. As the friction coefficient of the wood and the insertion
length of the tension increase, the embedment length goes up, whereas it decreases with the increase of section height. With the
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increase of the looseness, the bearing capacity of the joint is reduced gradually.
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1. Introduction

Chinese ancient timber architecture is famous for its
long history and unique style. One of the main features of
Chinese ancient timber building is utilizing mortise-tenon
joints to connect beam with pillars. This component
combines thousands of independent members into intact
structures, which are able to satisfy design requirements and
bear a variety of external loads (Chun et al. 2011). Fig. 1
shows the typical construction of ancient timber structures.
The tenon-mortise connection makes joint strong and
flexible, and it has excellent anti-rotation ability and good
energy dissipation capacity as well (Erdil et al. 2005. Gao et
al. 2008. Xie et al. 2008). The tenon-mortise joint acts as
the core area of the force transmission, the semirigid
connection damage could cause the building to incline or
even collapse, so it plays a significant role in ensuring the
safety of wood structures. At the same time, the research on
the mechanical properties of mortise-tenon joint is also the
foundation of the repair and protection of ancient timber
structures.

Xie et al. (2014) studied the rotational stiffness and
energy dissipation capacity of damaged joints. Pang et al.
(2010) evaluated the influence of beam shoulder on the
moment-carrying capacity of traditional post-beam joints,
dovetailed mortise, and tenon joints, and moment-carrying
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Fig. 1 Typical timber structures
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capacity was investigated by static loading tests. The results
of the tests indicated that the moment resistance, joint
stiffness, and failure modes were different with or without
beam shoulder, the beam shoulder must be considered as an
important factor in the structural design of traditional post-
beam joints. A comprehensive study has been carried out on
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the flexural behaviour of dovetail mortise-tenon joints in
timber structures by Chen et al. (2016), the results showed
that the main failure mode of the dovetail joints is pull-out.
The gaps within the joint have a great influence on the
flexural behavior, and the side gaps have been found to
affect more significantly than the top gaps, whereas the
gaps on the apex have had the least effect. Chang (2006)
studied the rotational performance of the traditional
piercing connection in Taiwanese traditional style buildings,
and obtained the relationship between the rotation stiffness
and the rotation angle of the piercing connection. Chen
(2011) researched the anti-rotation performance of the
typical beam-column mortise-tenon joint of the Yingxian
wooden tower through the low cyclic loading test, and
established the refined finite element model of mortise-
tenon joint. Yao et al. (2006) carried out the low cyclic
loading test on typical mortise-tenon joints in historic
timber buildings, by simulating the state of mortise-tenon
joint with the varied stiffness element, the relation between
the varied stiffness and the relative flexibility was founded.
It was shown that the stiffness of the mortise-tenon joint
changed nonlinearly from 0.3062 to 23.6054 kN/m with the
change of load.

Most existing wooden structures have experienced
several hundred years of natural erosion, and many of that
have different degrees of damage, such as loosening of
tenon joints, property deterioration of wood decay, tilting of
roof trusses, distortion of brackets and so on. Among them,
the looseness of mortise-tenon joints is a typical damage
type. However, the theoretical analysis on the moment-
rotation relationship of mortise-tenon joints with different
degrees of looseness in ancient timber structures has not
been reported. Currently, the research on mortise-tenon
joints is mainly experimental and finite element analysis.
The theoretical research falls far behind of the engineering
application, which restricts the further development of
mortise-tenon joints in the ancient timber structure.

In this paper, the mechanical analysis of the through-
tenon joints was carried out, and the theoretical formulas of
the moment-rotation angle of the mortise-tenon joints under
different looseness were established, which was verified by
experimental research.

2. Mechanical behavior
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Fig.2 Construction schematic diagram

2.1 Through-tenon joint configuration

Through-tenon is used in large timber construction, and
often made into a small cross-section end shape, which is
also known as the small-end tenon, as shown in Fig. 2.

Through-tenon is often installed between two pillars,
which needs to be connected together. Neither can timber be
welded, nor can bolts be used to connect it due to the
unique properties of wood. Thus, holes need to be drilled in
the timber columns to insert the beams and connect the
structures. When the structure is subjected to extra external
load, the through-tenon joint is able to bear certain bending
moments and also produce certain rotation angle. It is a
kind of semi-rigid connection method whose stiffness is
between rigid connection and pin-hinged joints.

2.2 Force transmission

For the through-tenon joints with a certain degree of
looseness, there is a gap between mortise and tenon. When
subjected to the external load, the tenon produces slide
firstly, and the friction of the mortise-tenon contact surface
produces the rotational moment in the process of sliding.
With the load increasing, a squeezing force occurred when
the lateral sliding displacement is equal to the gap between
the mortise and tenon, the tenon is under friction and
compression together at that moment. Because the timber

(b) The stress diagram (positive loading) (c) The stress diagram (negative loading)

Fig. 3 The mechanical analysis of mortise-tenon joint
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elastic modulus along the grain is a lot bigger than that of
the other directions, the embedding is more likely to occur
on the beams.

As shown in Fig. 3(a), the tenon rotates around the outer
edge of the mortise when the rotation angle @ is generated.
The upper edge of the tenon is subjected to compressive
stress on the upper surface of the mortise, and the lower
intersection between pillar and tenon is under compression,
that’s to say, tenon end bears the force of Fy;, Fyp and Fys.
When the external load F increases gradually, the rotation
angle 6 increases as well. When the compression part of the
wood entered into the plastic state due to compression
perpendicular to the grain, resulting in the buried
embedding effect, the mortise and tenon connect with each
other more closely, then a certain force and bending
moment are produced accordingly. During the rotation of
the tenon, the resulting sliding makes the tenon end and the
mortise surface produce friction F,, F,, and F,. As the
loading continues, the embedding effect of the mortise-
tenon joint becomes more obvious. The compressed tenon
part is subjected to high-stress local extrusion, and the grain
of this region becomes more dense owing to the buried
embedding effect. In addition, through-tenon joints will not
be destroyed from these parts generally from the
experimental phenomenon.

When the rotation occurred between the tenon and
mortise, tenon and mortise must have a certain slide, the
longitudinal tension of the top edge of the tenon makes the
emergence of the pull-tenon phenomenon, the pullout
degree is generally low. However, due to the friction force
F.. and buried embedding effect, it can restrain the
continuous development of the pull-tenon phenomenon. At
the same time, the tenon will be squeezed on the two sides
parallel to the extrusion force. During the rotation process, a
frictional force F,3 which is parallel to the direction of the
compression force, is generated on the contact surface
between the mortise and the tenon. Briefly speaking, With
the external force increasing, there will be pressure and
friction force in this region, and the top edge moves
outwards with respect to the pillar surface. Owing to the
occurrence of friction, the longitudinal grain will elongate
and a tensile force will appear on the top edge of tenon. In
this way, the buried embedding effect, the friction force
produced at the contact surface and the compression
between mortise and tenon work together, and these forces
are balanced with the moment produced by the external
load.

3. Moment-rotation relationship
3.1 Basic assumption

The relative rotation between the parts of the mortise-
tenon joint is mainly caused by the rotation of the tenon,
and almost no shear deformation occurs in the panel zone.
The failure phenomena mostly starts from the corner root of
the tenon, and the shear distortion of the panel zone is
neglected.

During the rotation of the tenon, a certain amount of pull
out displacement is generated as a consequence of bending,

the external load bending point will change, but because the
pulling force is relatively small, it can be considered that
the external moment point is stable.

Based on the above analysis, the following basic
assumptions can be made.

(1) The grain is along the longitudinal direction of
column and beam. The timber is simplified as the
orthotropic material. The constitutive law is assumed linear
on the tension side and hardening bilinear on the
compression side. In addition, tensile elastic modulus is
equal to the compressive elastic modulus, and elastic stress
- strain relationship conforms to Hooke’s law.

(2) The shear deformation caused by the panel zone is
not considered, only the rotation produced by the external
load moment at the tenon end is taken into account.

(3) The static and dynamic friction coefficient is equal
and keep a constant value before and after the slide of
mortise-tenon joint.

(4) It is assumed that the length of the external load arm
is fixed during the rotation process of the tenon.

3.2 Formulas derivation

As shown in Fig. 3 and Fig. 4, when the mortise-tenon
joint produces the rotation angle € (including the rotation
caused by the looseness), the tenon end is in the
compression area. The rotation of the tenon end results in a
certain degree of pull tenon, leading to a certain amount of
extrusion and friction at the upper and lower surface of the
tenon. The tenon extrusion deformation and dimensions are
shown in Fig. 4.

According to the stress analysis and basic assumption of
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the tenon, the bending moment of the through-tenon joints
is mainly caused by three parts, including the moment
caused by the buried embedding effect, the friction and
squeezing force. In Fig. 3, F,1, Fu., Fus and F, are the
friction produced at the contact surface between the tenon
and the mortise during the rotation of the tenon. Fyi, Fya,
and Fys are the compressive forces of the through-tenon
joint. From the mechanical analysis in Fig. 3 and
equilibrium conditions, the following balance equation can
be drawn when subjected to downward rotation, the
deductive method of negative loading is the same.

{FN1+FN2+F0036?=FN3+F#3 )

Fot+F,+F.,=F sin@

According to the geometric relationship of Fig. 4, it is
known as follows.

hy+hy+l, tang+l. -sind-cosf=L -sin(a+6) 2

Where hy, h, are the cross-section height of the larger
end and smaller end, respectively, I, and |, amount to the
corresponding length of embedded region.

Morever, the rotation length L =+/h?+12, which is the
distance between the bottom left and upper right contact
points between mortise and tenon, and rotation & is the
angle between this line and the horizontal, a=arctan(h/l),
where h=h+h,, I1=l;+l,, 1; and |, are the insertion length of
larger end and smaller end in the mortise region,
respectively.

The maximum strain along the embedding direction in
the buried embedding region can be expressed as follows.

o = lsingcos6 I,sin@cos’ @
"% hlcos@ h
. _hsingcosd _lsin dcos’ 0 ®)
™ h/cosd h
I.sin@
Cmaxe =7
' h

Where éemaxa, €maxp aNd emaxc are the maximum strain
value of larger end, smaller end and the bottom surface,
respectively.

According to the assumption (1), the following
equations can be obtained.

Omaxa = maxa ’ EL : ﬂ((P)
Omaxb = Emaxp * EJ_ : ﬂ((P)
Omaxe = €maxe EL : IB((P)

(4)

Where omaxar Omaxp and omaxc are the stress values
corresponding t0 &maxas €maxp @Nd Emaxc, respectively. E, is
the transverse elastic modulus of wood (When the wood
property enters into the compression plastic stage, the
reduction coefficient of elastic modulus is considered as 0.3
(Xie et al. 2013)). The constitutive curve of the transverse
compression of timber is shown in Fig. 5. f(p) is the
magnification factor of wood elastic modulus, which is
obtained by Hankinson Equation (Jozsef 1982).

E, (5)
E, cos"@+E, sin"g

Blp)=

L, |
Ocu
Ocy E¢

Ee

0 Eey & 12
Fig. 5 Stress-strain relationship

Where E, is the wood elastic modulus along the grain, n
is the influence coefficient of different wood species,
ranging from 1.5 to 2.0. As known from the literature (Ross
2010), n equals to 2.0. ¢ is the angle between the grain
direction and the force direction. Moreover, E | (¢) equals to
E. -6(p), which is the elastic modulus of wood at different
force angles. The wood compression constitutive law adopts
double-line hardening constitutive model according to the
assumption (1), which is shown in Eq. (6).

E.(9)=E,-B(o)
E (p)=E, .. -B(p) &, <e<g,
Where: E i is the elastic modulus when the wood
entered into the hardening phrase, ¢, and ¢, are the yield
strain and ultimate strain values, respectively.

The stress value o(p) of the embedded region between
the tenon and the mortise can be expressed by the Eqg. (7).

_ EL((/J)'S 7
G((p)_{EL(¢)~8y+E @

<
8_8y

(6)

<
S_Sy

Lan (g-gy) &, <e<eg,

According to the basic assumptions (1) and (3),
combined with the formulas (4) and (7), the pressure of the
tenon end can be obtained as following.

Iab"gmaxa'E %
Fu= 2 L( )
F _ Ib'b-gmax,b -EL (gD) (8)
N2 ™ 2

ch"gmaxc'E %
FNSZ#J_()

When substituting Eq. (3) into Eq. (8), the below could
be given.

I,2b-sin@cos® 0, (p)
Fu = 2h

l,2b-sin@cos’ O, (p) ©)
Fy, =

2h

I>bsindE, (p)

Fys =
2h

In addition, the friction generated by the contact of the
mortise-to-tenon joint is shown in Eq. (10).
F,ul = puFy
Fyz = uFy,
F;¢4 = uFy,

(10)
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Where u is the friction coefficient of wood.

During the tenon rotation process, there is squeezing
action on both sides of the mortise, due to the through-tenon
is not the same as the dovetail joint, which has the
characteristics of narrow root and wide end, thus the
extrusion pressure is relatively small, the resulting friction
is small correspondingly. That is to say, the friction F
generated by extrusion effect can be ignored.

According to the construction method of through-tenon,
the embedded length of I, and |, can be regarded as the
same.

Uniting the above formula, combined with the basic
assumptions, the following can be obtained.

|y _K(sin(@+0)=h)

: cos® 6+« (11)
| _Isin(a+0)—h-1
¢ cos? 0

Where x = [(1‘%‘%#. According to Eq. (11), the

embedding length of the tenon is related to the friction
coefficient x, the cross-section height of the tenon h and the
insertion depth of the tenon I. As the loosening degree of
the tenon joints increases, the embedding insertion length of
the tenon is reduced.

The following Eq. (12) can be obtained by solving the
Egs. (1), (8), (10) and (11).

b{lsin(e+60)—h —{%}}2 sin@(cos§+sin O)E, ()

F= .
@+ p)hcos* @

(12)

To sum up, the relation of resistance moment M and the
rotation angle @ is below.

bus{lsin(a +6)—h —{%}}2 sing(cosf+sinO)E, (o)

M=Fs=
(L+ g)hcos* @

(13)

Where s represents the external loading arm.

Combined the previous research achievement (Zhang et
al. 2013, Xie et al. 2014, Ogawa et al. 2016), the effect of
different looseness of the tenon joints can be modified
according to Eq. (14).

k =1.189-2.9776 (14)

In conclusion, the expression between the moment M
and the rotation angle @ of the through-tenon joints
considering different looseness is as follows.

<*[Isin(a +6) — P,
(cos® 0+x)° H
(1+ m)hcos* 0

busk{l sin(e +6) —h—{ sinf(cos§+sin O)E, ()

M =kFs=

(15)

4. Experimental verification

In order to verify the rationality of the formula (15), the
theoretical calculation results are compared with the
experimental results by the pseudo-static test of through-
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Fig. 6 Dimensions of the specimen

Table 1 The loosening degree of mortise-tenon joint
Cutsize Cutsize Current size Current size

Specimen of larger of smaller of larger  of smaller Loosening
end /mm end/mm_end/mm__ end/mm degree
TJ1 0 0 160 80 —
TJ2 4 4 156 76 2.5%
TJ3 8 8 152 72 5.0%
TJ4 12 12 148 68 7.5%
TJ5 16 16 144 64 10.0%
TJ6 20 20 140 60 12.5%

tenon joints with different looseness (Xia 2015).
4.1 Specimen design and fabrication

In accordance with the “Examples of Engineering
Application” of Qing dynasty, six through-tenon joints were
fabricated with 1: 3.2 scale. Among those specimens, one is
intact, and the remaining five specimens are not closely
connected with varying loosening degrees. The model
construction and details are shown in Fig. 6 and Table 1.

The mortise size of the loosening through-tenon joint is
the same as that of the intact joint, and the cross-section
height of tenon is reduced to simulate the looseness of the
joint. The loosening degree D is defined as the ratio of the
cut size to the initial section height. Fig. 6 shows the
dimensions of specimens.

4.2 Loading scheme

The loading device is shown in Fig. 7, the column is
disposed horizontally on the base, and it is fixed by the
horizontal jack, which applies the lateral load at the column
end. The beam is in vertical placement, the cyclic load is
imposed by the MTS actuator and a spherical hinge
connection is installed at the front end of the actuator which
is connected with the beam.

The horizontal load is controlled by the displacement. At
the beginning of the experiment, 10%, 20%, 30%, 40% and
50% of ultimate displacements are applied once,
respectively, then the 60%, 80% and 100% of ultimate
loading cycled three times until the tenon end fracture,
which represents the damage of specimens (Li et al. 2016).

4.3 Material properties

The wood properties measured according to the Wood
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Table 2 Mechanical properties of the experimental wood

Tensile Tensile Compressive  Flexural
strength strength stren Ff[h along  strenqth Moisture
along the  across the g 9 9 content %

grain /MPa_ grain /MPa the grain /MPa  /MPa

54.3 3.2 232 35.9 133
rods  modulps Bl sher
alongthe  along the the arain /MPa  /Mpa  cross the
grain /MPa radial /MPa 9 grain /MPa

10020 1150 530 268 154

A l'
(b) Tensile failure of the tenon-neck
Fig. 8 Failure modes of the mortise-tenon joints

Test Method are shown in Table 2. According to existing
experimental study (Zhang 2013, Dong 2015), friction
coefficient u is taken as 0.45.

4.4 Test phenomena and failure modes

For the intact joint TJ1, after repeated extrusion loading,
the mortise deformation was not obvious, a large number of
plastic deformation occurred at the tenon. The wood fiber of
tenon-neck cross-section was ruptured and extended to the
tenon head obliquely, where bending failure appeared. The
wood fiber was damaged along the grain at the transition
tenon section in the negative loading direction, and the
cracks extended to the root of the tenon.

For loosing joints (TJ2-TJ6), at the initial loading, free
rotation occurred owing to different loosening degrees. As
the load increases, the failure modes are similar to the intact
one. The fracture location moved down from the tenon neck
to the tenon head with the increase of loosening degrees.
The detailed failure phenomena are shown in Fig. 8.

4.5 M-6 backbone curve

The backbone curve is the path connecting each cyclic
peak point of the M- curve. The envelope curves of
specimen TJ1-TJ6 from the experiment are shown in Fig. 9.
The following conclusion can be drawn.

(1) For loosening through-tenon joints, there is a gap
between the tenon and the mortise initially, and the bending
moment increases slightly with the increase of the rotation
angle. The slide section increases with the increase of the
looseness of the joint at the first stage. In the later period of
the loading, the loosening tenon joints turn to be
compacted, and then the force status is similar to that of the
intact joint.

(2) Comparing the backbone curves of each specimen,
the ultimate moment of the loosening joint is less than that
of the intact joint, while the ultimate rotation angle is
greater than the intact one, and as the loosening degree
increases, the limit bending moment decreases whereas the
limit rotation angle increases.

(3) Due to the asymmetry of the through-tenon joint, the
backbone curve is asymmetric correspondingly. Moreover,
the ultimate rotation curve and ultimate bearing capacity of
the reverse loading are less than those of the positive
loading.

—a—TJ1

—e—TR2 /Q“ :
—A—TJ3
2 —p—TI4 ﬁ |

T 4

E —4—TJ6

Zo0 ‘

RS

-2 p g i

_-6.24 -0.12 0.00 0.12 0.24
6 /rad

Fig. 9 Backbone curves
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Table 3 The comparison analysis

Mye Myc Myc / Mue Muc Muc/
/KN-m  /KN-m Mye /KN-m /KN-m Mye
TJ1 241 2.54 1.05 2.94 3.02 1.03
TJ2 2.28 2.35 1.03 281 2.87 1.02
TJ3 1.72 1.62 0.94 271 2.65 0.98
TJ4 1.79 1.85 1.03 2.56 2.65 1.04
TJ5 191 1.84 0.96 2.60 2.45 0.94
TJ6 1.88 1.96 1.04 2.23 2.39 1.07

Specimen

4.6 Equations validation

The comparison between theoretical calculation results
and the test are shown in Table 3.

In Table 3, My and M, represent yield moment and the
ultimate moment, respectively. The subscripts “e” and “c”
denote the experimental values and the calculated values,
respectively. The average of My./ My, is 1.011, the standard
deviation equals to 0.104, and variable coefficient amounts
to 0.103. Those characteristic indices of M./ M are 1.012,
0.099 and 0.098, respectively. The values of the
characteristic points shown in the table are the mean values
of positive and negative loads. It can be seen from Table 3
that although the calculation and experimental results are
not all same, but they coincide quite well, which reflects the
varing regulation of the moment and the rotation angle of
the loosening through-tenon joints comprehensively.

5. Conclusions

(1) The M-6 backbone curve of through-tenon joints
with different looseness shows that the ultimate moment
of the loosening joint is less than that of the intact joint,
while the ultimate rotation is greater than the intact
joint, and the ultimate bending moment decreases and
the ultimate rotation increases with the increase of
looseness of the through-tenon joints.

(2) The rotational moment and the initial rotational
stiffness of the through-tenon joints increase with the
increase of the friction coefficient. The increase of the
tenon section height can effectively improve the load
bearing capacity of the through-tenon joints.

(3) The relationship between bending moment and
rotation angle of through-tenon joints with different
looseness is deduced. The theoretical calculation results
agree well with the experimental results.

(4) The embedment length of the tenon increases with
the increase of the friction coefficient of the wood and
the insertion length of the tenon, while it decreases with
the increase of the cross-section height of the tenon. The
deduced theoretical formulas can provide the theoretical
basis for the force analysis of the ancient timber
buildings.
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CcC

Nomenclature

Fa, F Friction at the different contact surface

2y
F.a FZ4 between tenons and mortises
Fo Fo F Compressive forces at the different contact
NL N2 N3 syrface
F External load
0 Rotation angle of the beam
he h Cross-section height of the larger and smaller
L2 end, respectively
b Width of the beam
h Height of the beam
o Insertion length of larger and smaller end in
b2 the mortise region, respectively
| Width of the column
la, I, 1c Embedded length of different mortise part
Angle index representing the ratio of beam
o height over column width
L Rotation length
Emaxar Emaxh, Maximum strain of larger end, smaller end
Emax.c and bottom surface, respectively
Omaxa» Omaxp, Maximum stress of larger end, smaller end
Omax.c and bottom surface, respectively
E, Transverse elastic modulus of wood
E, Wood elastic modulus along the grain
N Influence coefficient of different wood
species
B(@) Magnification factor of wood elastic modulus
Angle between the grain direction and the
4 force direction
Elastic modulus of wood at different force
E.(0) angles
£ Elastic modulus when the wood entered into
Ltan the hardening phrase
&y Eu Yield strain and ultimate strain, respectively
a(p) Stress at different force angles
7 Friction coefficient of wood
M Resistance moment
S External loading arm
k Correction factor
D Loosening degree
Ay Ultimate displacement
Yield moment and ultimate moment,
My, M,

respectively





