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Analytical Approach for Load-carrying Capacity Evaluation of Tibetan

Timber Beam-column Joint

Abstract: Queti is an important component of Tibetan timber beam-column joint to
transfer compression, shear and bending moment from one structural component to
another. The inclination of Queti is a common type of damage in Tibetan heritage
buildings and it significantly reduces the load-carrying capacity and safety of the joint
under vertical load. In this paper, an analytical model of the joint with Queti-inclination
is proposed to predict the yield and ultimate loads of the joint and the corresponding
failure modes. Laboratory tests have been conducted on typical Tibetan beam-column
joints to verify the proposed model. A parametric study is also conducted on the effects
of material property, Queti width and height, as well as the dowel height on the load-
carrying capacity of the joint. Results obtained show that a weaker material property will
significantly reduce the capacity of the joint. An increase of Queti width and dowel height
have an ameliorative effect on the yield and ultimate loads, while the Queti height has

the opposite effect.
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Introduction

Tibetan heritage timber buildings in China have high historical, cultural and artistic values.
Typical buildings, such as the Potala Palace, Jokhang Temple and Norbulingka Summer Palace,
have been on the World Heritage List since 1994. These buildings were subject to a variety of
environmental loads with different extents of damage in the last few centuries (Jiang 1994).
The different components of these timber structures are connected by joints which are usually
the weakest components in the structures (SWRACW 1986). Tibetan beam-column joint (BCJ)
has a unique transitional part called the “Queti”, which transfers the compression, shear and
bending moment from one structural member to another. Many Queti exhibited the
phenomenon of Queti-inclination (Li et al. 2013) which may seriously affect the stability of the
timber structure. It is urgent and important to develop a reliable and efficient approach to assess

the effect of Queti-inclination on the load-carrying capacity of Tibetan BClJs.



The study on Tibetan building is rare due to its complexity until the last decades. The
field survey by Jiang (1994) reported the structural state of the Potala Palace with descriptions
on the local damages, their extents and characteristics. Li et al. (2013) summarized the common
types of structural damage in Tibetan heritage buildings with discussions on how they were
formed from internal and external actions. Yang et al. (2012) studied experimentally the
mechanical properties of Tibetan Populus cathayana in the laboratory, with the aim of the
evolution of changes in the physical properties between the old and new timber materials. Qin
and Yang (2018) proposed a time-dependent model on the strength degradation of timber in the
Tibetan heritage buildings with consideration of factors including the material decay, termite
attack, temperature and moisture as well as duration of loading.

The structural performances of Tibetan BCJs have been studied only recently. Yang and
Qin (2018) explored the effect of different Queti-inclination angles on the structural
performances of typical Tibetan timber BCJs in terms of the stiffness, yield load, ultimate load,
load-transferring mechanism and failure modes. Five full-scale joint specimens under vertical
load were laboratory tested. The Queti-inclination was noted to have a noticeable weakening
effect on the load-carrying capacity of the joints. Yan (2011) conducted a series of tests on the
rotational behavior of Tibetan BCJs with the comparison of experimental and numerical results.
Zhu (2016) experimentally investigated the seismic performances of typical Tibetan timber
BCJs under lateral cyclic loading. The stiffness degradation, hysteretic curve, energy-
dissipation and failure modes of the joint were studied. Lyu et al. (2017) put forward a
temperature-based response sensitivity strategy to identify the connection stiffness of Tibetan
BClJs with the Queti modeled as three linear springs.

Tibetan heritage timber buildings are somewhat different from the traditional Han-style
buildings. Both Han-style BCJ and Tibetan BCJ use tenon-mortise connection construction.

For the Han-style BCJ, the beam and column are directly connected by tenon of beam and



mortise of column. For the Tibetan BCJ, the beams are connected each other by tenon-mortise
joint, and the beam and column are connected by Queti. The traditional Chinese Han-style
timber joint has also been extensively studied. Existing researches are reviewed because they
serve as good references for the study of the BCJs. The structural performances of traditional
Han-style timber joints were studied, which includes those on the Dou-Gong brackets (Cao et
al. 2021; Chen et al. 2014; Xie et al. 2020), tenon-mortise joints (Chen et al. 2016b; Chun et al.
2020; Li et al. 2020) and column footing joints (He et al. 2017; Wang et al. 2018). The load-
displacement (or moment-rotation) relationship, stiffness, load-carrying capacity, deformation
mechanism and failure characteristics of the different joints have been analyzed with laboratory
models. Others have developed analytical models basing on the elastic-plastic theory to predict
the structural performances of typical tenon-mortise joints (Chen et al. 2016; Xie et al. 2014;
Pan et al. 2015; Chang and Hsu 2007; Ogawa et al. 2015). Chen et al. (2016a) published a
simplified model, with the bending deformation of the tenon neglected, to predict the initial
rotational stiffness, yield load, peak load and failure load of the joint. Xie et al. (2014) and Pan
et al. (2015) proposed the moment-rotation relation for the joints with dovetail and straight
tenon-mortise connections. Theoretical models on traditional butted Nuki joints in Japan and
Korea were also developed and validated by scaled and full-sized model tests (Chang and Hsu
2007; Ogawa et al. 2015). Queti-inclination is a typical type of damage in Tibetan heritage
buildings (Li et al. 2013). Limited research (Yang and Qin 2018; Qin and Yang 2017; Yan and
Yang 2012) has been done to evaluate its effect on the load-carrying capacity of the joints.
This paper studies the evolution of failure mode of the joint with different Queti-
inclination angles with the aim to develop an effective analytical approach for the safety
evaluation and preservation of Tibetan cultural heritage structures. An analytical model of
Tibetan BCJ with Queti-inclination is proposed to predict the load-carrying capacity of the joint

with corresponding failure mode. Comparison of the calculated and experimental results is



conducted to validate the feasibility and effectiveness of the proposed model. The influences
of mechanical property of timber, Queti width and height, as well as the dowel height on the

load-carrying capacity of the joint are also investigated.

Typical Beam-column Joints in Tibetan Buildings

A typical Tibetan structure comprises a combination of conventional framework and supporting
system including columns and masonry walls, as shown in Figure 1a. Each room in a Tibetan
structure is an independent structural unit with full height walls from floor to ceiling. The
enclosed space in the room is spanned with a timber frame system with columns placed directly
on stone bases on the floor, and the ends of beams are inserted into the walls. There will be
several framed bents in a large room. Figure 1b shows the layout of such a typical Tibetan
structural floor system with the “flat roof” feature. The floor slab consists of logs and half round
trunks, serving as rafters, placed directly on the top of the beams or walls with diameters varying
between 120mm and 180mm. Zhanguns, made of thin timber sticks or planks with diameters
varying between 60mm and 80mm, are overlaid on the rafters in perpendicular direction as a
constituent layer of Tibetan floor. Cobbles, gravel and agatu (a kind of local soil mixture widely
used in Tibetan floor construction) are mixed and placed on the zhanguns. Figure 1¢ shows the
composition of a typical Tibetan beam-column joint, which is composed of a column, a
Dianmu, a Gongmu and two beams. The two beams are interconnected by a tenon joint, and
the other components are connected by dowels at their contact interfaces. A combination of
Dianmu and Gongmu is called a Queti, and it is a special transitional part connecting the beam
and column in the Tibetan BCJs. More detail on the traditional Tibetan structural configuration
is referred to Ngawang (2007).

A typical Tibetan joint has good in-plane structural performances with bending of
Gongmu and the beams. The out-of-plane stability under load, however, is much weaker due to

the large height between the head of column and the top of beam, and there is no constraint on



the out-of-plane deformation except at the beam ends and floor level. Queti-inclination, a
relative out-of-plane rigid body deformation of the Queti as shown in Figure 2, is often noted
during the regular inspection and maintenance of Tibetan heritage timber structures. This
inclination is not only due to the out-of-plane deformation from external lateral forces
accumulated over the lifetime of the building, but also to the errors in the initial fabrication and
assembly, and material defects such as crack, knots and fiber deviation, as well as the long-term

effect of eccentricity of the upper load.

Proposed Analytical Model of the Joint

The longitudinal, transverse and height directions of Tibetan BCJ are defined as x-, y- and z-
axes respectively, as shown in Figure 1c. The analytical model of the BCJ will be developed in
the following sections with the following assumptions:

(1) The vertical load from the floor slab acting on top of the beam follows a uniform
distribution.

(2) Vertical forces at the interfaces between beam, Gongmu, Dianmu and column are
uniformly distributed along the x-axis direction, and they are linearly distributed along
the y-axis direction.

(3) The influence of bending moment of the components about the y-axis direction is
neglected.

(4) The constituent materials behave elastically before the joint fails.

(5) The dowel has a rectangular cross-section with the horizontal stress from the mortise
uniformly distributed along its height (z-axis direction) and width (x-axis direction)
directions. The dowels are assumed closely matching the mortise without gap.

(6) The column foot is assumed as a hinged joint. (The horizontal force on column due to
Queti-inclination under vertical load is generally smaller than the static frictional

resistance between column foot and stone base and it will not cause the slippage of



column foot. The column is supported directly on the stone base without any dowel or
gluing connection, and the rotational stiffness of column foot is relatively small. The
compression deformation and contact area between column foot and stone base are
changing when the column is under horizontal load, leading a nonlinearly varying
rotational stiffness of column foot. Considering the above problems, it is reasonable and
conservative to simplify the column foot as a hinged joint for evaluation of the load-

carrying capacity of Tibetan BCJ.)

Assumptions particular to the development of the study will be given along with the

discussions.

Load Transmission

The vertical load on the Tibetan BCJ mainly comes from the uniformly distributed load of the
upper floor slab and the concentrated load from the upper column foot, as shown in Figure 1a.

The beam on the right-hand-side of the joint as shown in Figure 3 is analyzed. The
proportions of load from the uniform load transferred to the Gongmu and wall via the beams

are studied. g denotes the uniform line load on the beam from the upper floor slab. q,4 and q,,
denote the supporting reactions from Gongmu and wall, respectively. g, can be obtained from

force equilibrium as

2Ly (Lp — Ly)

9 = Ty rop(@Ly — 051, 10y — L) (1)

where Ly, is the length of the beam; L is the length of Gongmu top surface; L,, is the length

g,top

of the support on the wall. The load transferred to Gongmu is then calculated as

g, = 2Lb (Lb - Lw) q= (Lb — LW)
g,topUg (ZLb _ O-SLg,top — Lw) (2Lb — O.SLg,top - LW)

FUL,g =1L FUL = T’gFUL (2)

where Fy;;, = 2L, q is the force from the uniform load on top of two beams. The proportion of

load transferred to Gongmu from the uniform load via the beams is



_ (Lb - Lw) 3
9 = (2L, = 051, 10p — Luy) )

The load on Gongmu will eventually pass down to the Dianmu and column, which is
the true load carried by the BCJ. Another portion of load, Fy,,, = (1 —ng4) Fy,, is supported
by the walls.

The connection between the beams is noted to be a tenon joint and it is effective to
transfer the concentrated load from the upper column foot to the Gongmu, while the walls do
not share this part of load (Yan and Yang 2012).

The above analysis shows that part of the uniform load on top of beams is carried by
the walls, while the rest is transferred to Gongmu and then successively to the Dianmu and
column. The concentrated load is fully transmitted to the column without sharing. Therefore,
the total vertical load truly carried by the Tibetan BCJ is calculated as

Firot = NgFyL + Fer = Fyrg + Fey “4)

The BCJ will reach the yield or ultimate limit states with increasing Fy;.

Failure Modes

Figure 1c shows that the Dianmu is the most critical and weakest component with the smallest
effective compression area in the Tibetan BCJ, which has been confirmed in experimental
observation (Yang and Qin 2018) and finite-element modelling study (Yan and Yang 2012).
The stress and deformation of the Dianmu are greatly influenced by the Queti-inclination
affecting the failure mode and load-carrying capacity of the joint. The evolution of failure mode

with Queti-inclination angle 6 is studied with the following classification:
(1) Condition 1: Queti is upright (8 =0°). All the components are in uniform compression
under vertical load, as shown in Figure 4a. When the compressive strength of timber

perpendicular to grain of Dianmu is reached, failure of the joint occurs (material failure).



(2) Condition 2: the angle of Queti-inclination is relatively small (0°< 8 <critical threshold
6.). The joint is subject to the additional bending moment and shear force under
vertical load due to the out-of-plane deformation induced by Queti-inclination.
However, both the shear force and bending moment are insufficient to cause the
slippage and rotation of components. The components are in eccentric compression, as
shown in Figure 4b. The uneven compressive deformation of Dianmu increases with
the vertical load. Similarly, the yielding of Dianmu will result in the failure of the joint
with eccentric compressive deformation (material failure).

(3) Condition 3: the angle of Queti-inclination is larger than the critical threshold value
(68 > 6,.,). The out-of-plane deformation due to the Queti-inclination introduces a large
additional bending moment and horizontal shear force on the Dianmu under the effect
of the vertical load. Rotation (Figure 4c) or slippage (Figure 4d) of the contact surface
at the Dianmu-column connection or Dianmu-Gongmu connection may occur before
the compressive strength of timber perpendicular to grain is reached resulting in failure

of the joint (stability failure).

Analytical Model of Load-carrying Capacity of the Joint

Uniform Compression Failure (UC-failure)

The structural performance of the Tibetan BCJ without Queti-inclination will be obtained in

this section.

Yield Load. The contact surface between Dianmu and column is at the middle of the joint and
it is critically important with the smallest effective compression area. Furthermore, the
compressive yield strength perpendicular to grain of the Dianmu is much lower than that
parallel to grain of the column. The vertical load that causes yielding of the contact surface

between Dianmu and column is therefore defined as the yield load of the joint as



Fy = Lgc1Lac2Cur Q)
where Ly, and L., are the length (x-axis direction) and width (y-axis direction) of the contact
surface between Dianmu and column, respectively; C,; is the yield strength of timber
perpendicular to grain under partial-area compression (for the length of Dianmu bottom in x-

axis direction is larger than that of column head).

Ultimate Load. Figure 5 shows the vertical load-displacement curve of a specimen joint in the
laboratory test. The vertical load on the joint behaves linearly with the displacement in the
initial loading stage. The load-displacement curve becomes nonlinear with a low and decreasing
gradient after Fy,; reaches F,, = Lycq1Lgc,Cy g, calculated by Eq. (5). This curve is similar to that
for timber perpendicular to grain under compressive loading with no indication of an ultimate
load (Chen et al. 2014). The vertical displacement of the joint increases rapidly with a small
load increment after material yielding at the contact surface between Dianmu and Gongmu,
meaning the imminent failure of the BCJ. Therefore, the ultimate load of the joint can be defined
as
By = LagiLagoCy (6)

where Lygq and Lgg, are the length (x-axis direction) and width (y-axis direction) of the contact
surface between Dianmu and Gongmu, respectively; C, is the yield strength of timber
perpendicular to grain under all-area compression (for the length of top surface of Dianmu is
smaller than that of Gongmu bottom).

Eccentric Compression Failure (EC-failure)

A simplified analytical model of the Tibetan BCJ with Queti-inclination is shown in Figure 6.
Some of the simplifications are described as follows:

(1) The floor slab and the top surface of the beam are packed tightly against each other

(Figure 1b). This provides frictional restraint limiting the out-of-plane deformation of

the beam. Furthermore, torsional deformation about the longitudinal axis of the beam is



)

also restricted due to constraints from the walls (Figure 1a). Therefore, when the joint
is subject to the vertical load F, the beam will experience the horizontal restraining force
along the top surface and restraining torque at one end, i.e. P and M;. The column foot
at the top of the stone base experiences the vertical supporting reaction and lateral
frictional force, i.e. F' and P'.

The weakest part of the joint, the Dianmu, is modeled as a connection unit (CU shown
in Figure 6) including three spring elements, i.e. K4, Kgq and K4, which are the
resistances of the Dianmu in vertical compression, out-of-plane bending and lateral
deformation, respectively. When the limiting value of a spring element is reached, the
joint is considered failed. In other words, the ultimate load-carrying capacity of the joint
is determined as the smallest external load that these three spring elements can resist.

When the Queti-inclination angle is not greater than the critical threshold, i.e. 8 < 6.,

the joint will fail due to eccentric compression (EC-failure) under the combined action of
vertical load and additional bending moment. Yielding of the contact surfaces of Dianmu-
column connection and Dianmu-Gongmu connection will lead the joint into the yield and

ultimate limit states, respectively.

Yield Load. With reference to the analytical model shown in Figure 6, taking moment at the

column foot will give

F(hg + hy)tan6 = Ph + M, (7)

where h = hy, + hy + hgq + h, is the height (z-axis direction) of the whole joint; h;,, hy, hy and

h. are the heights of beam, Gongmu, Dianmu and column, respectively.

The out-of-plane bending moment at Dianmu-column connection is

My = Ph, = F(hg + hy)tan® — P(hg + hy + hy) — M, (8)



The case with the BCJ under this additional bending moment M. is considered. The
angle of rigid body rotation of Dianmu is assumed equal to the torsional angle of rotation of the
beam cross-section. The ratio of restraining torque to the beam to the resisting bending moment
from the Dianmu-column connection is assumed equal to the ratio of the corresponding

torsional stiffness of beam to the rotational stiffness of the connection as

My _ Kop
Mdc KGdc

=K ©)

where Kg), and Ky, are the restraining torsional stiffness of the beam and rotational stiffness

of Dianmu-column connection, respectively. They can be calculated with the following

formulas (Liu 2011):
2 2
_ th'bGll(Wb + h’b) (10)
ob 121,,
Lger L3 E
Kedc dc1™dc2™1 (1 1)

" 12(hg + hy + hy)
where G| is the shear modulus parallel to grain; E| is the modulus of elasticity perpendicular
to grain; wy, and [, are the width and torsional length of the beam, respectively.
Combining Egs. (8) and (9), the restraining torque of the beam can be derived as
M, = Ph.k (12)
Putting Eq. (12) into Eq. (7), the horizontal restraining force on the top surface of the
beam can be obtained as

_ F(hd + hg) tan 0

13
h+ h.k (13)

The maximum compressive stress at the Dianmu bottom (the contact surface between
Dianmu and column) under the combined action of vertical load and additional bending

moment can be given as



F Mg F Ph F  Lagey(h+ her) + 6ho(hg + hy) tan ®

o = e T e (14)
demax Age Wae Aac Wae  Lacilace Lycz(h + hek)

where 4,4, and W, are the effective area and sectional modulus of the contact surface between
Dianmu and column.
When 04, max reaches the yield strength of timber perpendicular to grain, the BCJ will

yield and the corresponding yield load can be derived as

deZ (h + th) —
Lycz(h + hek) + 6k (hg + hy) tan 6

Fy = Lgc1Lac2Ciy Fyozy (15)

where Fyg = Lgc1Lac2Cy [Eq. (5)] is the yield load of the joint without Queti-inclination, and

— dez (h + th)
Lgcz(h + her) + 6k (hg + hy) tan 6

Oy (16)

is the influence coefficient of Queti-inclination on the yield load of the joint.

Ultimate Load. Similar to the derivation process above, the bending moment at Dianmu-
Gongmu connection can be obtained as

Mgy = Fhytan® — P(h, + hg) (17)

When under the combined action of vertical load and additional bending moment, the

maximum compressive stress at the contact surface between Dianmu and Gongmu can be

obtained as

. _F My,
dgmax —

(18)
F Laga(h+ hex) + 6hg(h + hex) tan @ — 6(h. + hy)(hg + hy) tan 6

B LagiLago Lgg2(h + h k)

where A4, and W, are the effective area and sectional modulus of the contact surface between

Dianmu and Gongmu.
When 044 max reaches the yield strength of timber perpendicular to grain, the BCJ is in

the EC-failure limit state with the corresponding ultimate load derived as



Lggo(h + hk) _
Lagz(h + he) + 6hg(h + hek) tan 6 — 6(h, + hy)(hq + hy) tan @

FuO(u (19)

Fu = nge = LdglLdgch

where Fyg = Lgg1Lag2C1 [Eq. (6)] is the ultimate load of the joint without Queti-inclination.

Lgg2(h + hek)
Lgg2(h + her) + 6hg(h + hek) tan 6 — 6(h, + hy)(hg + hy) tan 6

Sage = (20)

is the influence coefficient of Queti-inclination on the ultimate load of the joint.
Both Egs. (16) and (20) show that the influence coefficients ¢, and {4, are related not
only to the Queti-inclination angle, but also to the size of components of the joint.

Rotational Failure (R-failure)

The additional bending moment induced by the out-of-plane deformation increases with the
angle of Queti-inclination under the same vertical load, and the stress distribution on the load-
bearing surface of Dianmu (i.e. the contact surfaces of Dianmu-column or Dianmu-Gongmu
connections) will exhibit the following stress patterns as:

(1) When the tensile stress induced by the additional bending moment is smaller than the
compressive stress induced by the vertical load, i.e. My, /Wy < F/Agc or Myg/Wyg <
F/Ag4g, the load-bearing surface of Dianmu is in full compression, as shown in Figure
Ta.

(2) When My /Wy = F/Agc or Myg/Wag = F/Agg, the load-bearing surface of Dianmu
is in the critical state of full compression, as shown in Figure 7b.

(3) When My /Wy > F/Agc or Myg/Wag > F /Ay, the load-bearing surface of Dianmu
is in the partial compression state, as shown in Figure 7c.

Since the components of a Tibetan BCJ are overlaid vertically with one on the other
without any gluing connection, the non-compression region in Figure 7c of the load-bearing
surface carries zero force. The only source that can provide a resisting bending moment within
this zone is the dowel between two components as shown in Figure 1c. The dowel is under

horizontal forces along its height from the mortise due to relative deformation of the two



components. The horizontal stress is assumed uniformly distributed along the height and width
of the dowel as shown in Figure 7d. The maximum resisting moment a dowel can provide may

be given as

1
Ma = _htzzlaCJ_L (21)
16

where h, and [, are the height and width of the dowel.

When the bending moment resistance generated in the dowel reaches its maximum
allowable in Eq. (21), and the maximum stress in the compression zone is lower than the
compressive strength of timber perpendicular to grain, the unloaded contact surface between
two components will separated with rotation of the Dianmu resulting in failure of the joint.

The ultimate load-carrying capacities of the joint corresponding to the rotational failure
(R-failure) at Dianmu-column connection or Dianmu-Gongmu connection will be described

below.

Dianmu-column connection. The minimum stress in the contact surface between Dianmu and
column is

F Mg FlLaa(h+ her) — 6ho(hg + hy) tan 6]

G = (22)
demin Adc Wdc delL%icz (h + th)

By setting 04c min = 0, the Queti-inclination angle 6., corresponding to the critical

state (Figure 7b) of full compression between Dianmu and column can be obtained as

dez (h + th)

6hc(hg + hy) (23)

0,4. = arctan l

When 6 > 6,,,, the contact surface of Dianmu and column is in the partial compression
state as shown in Figure 7c, and the length of the non-compression region is

_ 6ho(hq + hy)tan 6 — Lag (h + hek)
dezr ™ 12h,(hg + hy) tan

Laca (24)



The bending moment contributed by the non-compression region about the centroid axis

of the contact surface is

_ FLaep,(3Laey — 2Lgey)[6hc(hg + hy) tan 8 — Lycy (h + hexo)]

M,. = 25
der 1212, (h + h k) (25)

Combining Egs. (21) and (25) and setting M,.,- = M,, the ultimate load corresponding
to the R-failure limit state at the Dianmu-column connection can be derived as

Shczl laCJ_LL%iCZ (h + hCK)

E =F,. =
“ aer 4LdC2!(3LdC2 - 2Ld62’)[6hc(hd + hg) tan 6 — Ly, (h + th)]

(26)

Combining Egs. (15) and (26) and setting F, = Fy.,, the critical threshold 84,
corresponding to R-failure limit state at the Dianmu-column connection can be obtained.

It is noteworthy that, when 6 increases to 8,.,, the Dianmu-column connection will be
in the partial compression state but the failure mode of the joint is still EC-failure. Only when
0 is greater than 8, that the failure mode will switch to the R-failure as:

(1) When 6 < 6, the joint yields due to the EC-failure at Dianmu-column connection.

(2) When 6 = 6,,, the joint fails due to the R-failure at Dianmu-column connection.

Dianmu-Gongmu connection. The minimum stress in the contact surface between Dianmu and
Gongmu can be written as

S F My _ F[Laga(h + he) + 6(he + hg)(hy + hy) tan @ — 6hy(h + hek) tan 6
G Agg Wag Lag1L%g(h + hei)

(27)

By setting 044 min = 0, the Queti-inclination angle 84,4, corresponding to the critical

state (Figure 7b) of full compression between the Dianmu and Gongmu can be derived as

Lgg2(h + hi)
6(he + hy)(hg + hy) — 6hg(h + h.K)

8a4g, = arctan (28)

When 6 > 6,,, the length of non-compression region shown in Figure 7¢ is



6(h. + hg)(hg + hy) tan 8 — 6k, (h + hok) tan O—Lg gy (h + h k)

hag = ‘L 29
dg2 2[(he + hg)(hg + hy) tan 8 — 6k, (h + h k) tan 6] dg2 (29)

The bending moment contributed by the non-compression region about the centroid axis
of the contact surface is

B FLggai(3Lags — 2Lgg0r)[6(he + hg)(hg + hy) tan 8 — 6hy(h + hek) tan O —Lgg, (h + k)] (30)
dgr — 1212, (h + hck)

Combining Egs. (21) and (30) and setting M., = 2M,, (there are two dowels in the
contact surface between Dianmu and Gongmu), the ultimate load corresponding to the R-failure

at Dianmu-Gongmu connection can be derived as

3h21,C, L7 5 (h + koK)
2L4g2:(3Lags — 2Lagyr)[6(he + ha)(hg + hy) tan 6 — 6hy(h + hek) tan 0—Lgg, (h + hex)|

Fudegr=

€1y
Combining Egs. (19) and (31) and setting F4, = Fygqy, the critical threshold 6,
corresponding to R-failure at the Dianmu-Gongmu connection can be obtained. The failure

mode of the joint changes with the Queti-inclination angle as:

(1) When 6 < 6, the joint fails due to EC-failure at Dianmu-Gongmu connection.
(2) When 6 = 6,4, the joint fails due to R-failure at Dianmu-Gongmu connection.

Shear Failure (S-failure)

The stress state at the contact surface of Dianmu-column connection of the Tibetan BCJ
provides the shear force resistance. It is noted in Figure 6 and Eq. (13) that, the horizontal shear
force increases with the angle of Queti-inclination. When the shear force is greater than the sum
of the static frictional resistance at the contact surface and the shear resistance of the dowel, the
joint fails due to the shear failure (S-failure):

_ F(hd + hg) tan 0

T = uF + l,w,S, > uF (32)
C

where p is the friction coefficient between timber surfaces ranging from 0.4 to 0.6 (Wang et al.

2018); S, is shear strength of timber perpendicular to grain.



Eq. (32) shows that the Queti-inclination angle corresponding to S-failure without
considering the shear resistance of the dowel should satisfy the following condition:

h+ h.x
6 > arctan l‘u(—) (33)
(ha + hy)

The above model is checked with the set of BCJ specimens shown in Tables 1 and 2.
Substituting the information of the test specimen into Eq. (33) and taking y =0.4, the minimum
angle of the Queti-inclination to have S-failure is determined as 85.7°. This angle will increase
when the shear resistance of the dowel is considered. Checks on other Tibetan BCJs with
different dimensions also give the same conclusion indicating that the BCJ will usually not fail

in the S-failure mode.

Change of Load-carrying Capacity with Que-inclination Angle

It may be summarized from the above analysis that the failure mode and load-carrying capacity

of the joint under vertical load vary with different angles of Queti-inclination as follows:

(1) <6, =min(64,604,)
The joint yields when the vertical load reaches F, in Eq. (15). When the load increases
to F, = Fyg4e in Eq. (19), the joint fails in the UC-failure (6 = 0°) or EC-failure modes.

(2) min(8y,04y) < 0 < max(Oyc,04y)
a) When 85, < 84, the joint will fail with the R-failure mode at the Dianmu-Gongmu
connection as described below. If F, < F,4,, a vertical load equals to F, given in Eq.
(15) will lead to yielding of the joint at the Dianmu-column connection. When the load
increases to F, = Fy4, in Eq. (31), the joint will fail with the R-failure mode at Dianmu-
Gongmu connection. If F,, > Fy4,, a load equals to F, = F;4, in Eq. (31) will result in

the R-failure limit state at the Dianmu-Gongmu connection. This means the joint will

lose its stability before yielding of the contact surface between Dianmu and column.



3)

b) When 6. < 044, and the vertical load reaches F, = F;, in Eq. (26), the joint fails
with the R-failure mode at the Dianmu-column connection.

When 6 > max(@dc, Hdg) and the vertical load reaches F, = min(chr, ngr), the joint
will fail in the R-failure mode as described below. If Fy¢, < Fyg4, and the vertical load
reaches F, = F,;., in Eq. (26), the joint fails with the R-failure mode at the Dianmu-
column connection. If F¢ > Fyg4, and the vertical load reaches F, = Fyg4, in Eq. (31),

the joint fails with the R-failure mode at the Dianmu-Gongmu connection.

The information of the set of BCJ specimens shown in Tables 1 and 2 is substituted into

Egs. (15), (19), (26) and (31) for illustration of the proposed model. Combining Egs. (19) and

(31) and setting Fy4, = Fyg4y, the angle 6,4 is obtained as 32.7°. Combining Egs. (15) and (26)

and setting F,, = Fy.,, the angle 6, is obtained as 46.3°. When 6 < 32.7°, the yield load F,

and ultimate load F, are calculated by Egs. (15) and (19), respectively. When 32.7° < 8 <

46.3°, the loads F, and F, are calculated by Egs. (15) and (31), respectively, and F,, should be

discarded for 6 > 33.6° since F, is found to be greater than F,. When 6 > 46.3°, the load F,

is calculated by min[Eq. (26), Eq. (31)]. The variation of yield and ultimate loads with different

Queti-inclination angles can be obtained as shown in Figure 8 and discussed below.

(1)
)

3)

When 6 = 0°, the joint fails with the UC-failure mode.

When 0° < 6 < 0., = min(04,,04,) = 044 = 32.7°, the joint fails with the EC-
failure mode. The yield load F, and ultimate load F, decrease nonlinearly with the
Queti-inclination angle. When 8 = 6,3, = 32.7°, the loads F, and F, are 41.0% of F,,

and 53.3% of F,,, respectively, and they are noted less than those of the joint without
Queti-inclination.
When 6,5 < 6 < max (04, 044) = 04c = 46.3°, the joint fails with the R-failure

mode at the Dianmu-Gongmu connection. The ultimate load F,, decreases rapidly with



the Queti-inclination angle. When 68 > 33.6°, the joint fails due to R-failure before
yielding of the contact surface between Dianmu and column, and there is no yield load
any more.

(4) When 6,4, < 8 < 75.1°, the joint fails in the R-failure mode at the Dianmu-Gongmu
connection. When 8 > 75.1°, failure occurs at the Dianmu-column connection with the

R-failure mode.

Experimental Verification

Tibetan BCJ Laboratory Specimens

Five full-scale specimens of Tibetan BCJs were fabricated with the Queti-inclination angles
6=0.0°, 3.0°, 6.0°, 9.0° and 12.0°, respectively. The angle was created with both Gongmu and
Dianmu fabricated with inclined flanks (Figure 9a). The specimens were prepared from
Mongolian Scotch pine (Pinus sylvestris var. mongolica Litv.) and they were identical with the
same dimensions in different components shown in Table 1 but with different Queti-inclination
angles. The overall dimensions of the specimens are 190 mm in width, 4400 mm in length and
2110 mm in height. The specimens are duplicates of a Tibetan BCJ in the Potala Palace.

The mechanical properties of timber are greatly influenced by the moisture content
(MC) and natural defects such as knots, cracks and fiber deviation. Adjustments to the
mechanical properties are needed to consider these effects according to GB/T 1928-2009 (SAC
2009).

The mechanical property X, of timber with m% of MC can be estimated by the
following formula (Long 2005):

Xm = X12[1 + a(12 —m)] (34)

where X;, is the mechanical property with standard 12% MC; « is the adjustment coefficient

on the moisture content.



The effect of size and defect on mechanical properties of timber component can be
considered with the following reduction coefficient (Long 2005):

Ko = Kp1Kg2Ko3Kpa (35)
where K1, Kp,, K3 and Ky, are the reduction coefficients on the size effect, natural defect,
drying defect and long-term load, respectively.

The value of MC in the laboratory specimens was 5.4%. The values of a, K4, Kp2, Kp3
and Ky, can be obtained from the handbook (Long 2005), and they are shown in Table 3. The
mechanical properties of timber modified with these coefficients are shown in Table 2.

The test configuration is shown in Figure 9b. The outer beam ends of the specimen were
restricted from rotation and out-of-plane movement with two clamps, simulating the conditions
in the supporting masonry wall. Two pneumatic jacks and two steel beams were used to
distribute the vertical loads simulating the uniform floor loading. The loads were monitored
with two 100 kN load cells. The load from Jack 3 simulated the concentrated load from the
upper column foot, and it was monitored with a 500 kN load cell. Five 360 mm long, 20 mm
thick steel plates were placed at each loading point to distribute the load on the timber beams,
and they also served as the floor slab to limit the out-of-plane deformation of beams. The
arrangement of measuring points is shown in Figure 9c. Six 100mm linear variable
displacement transducers (LVDTs) were used to measure the displacement. Two of them were
installed on each side of the load cell below jack 3 and on top of the tenon joint formed by the
beam ends to measure the vertical displacement. Four LVDTs were used to monitor the vertical
displacements at mid-span of each beam and at each end of the Dianmu. A total of 62 electrical
resistance strain gauges were utilized for the strain measurement at selected points of the

components. More details are referred to Yang and Qin (2018).



The floor load on top of the beams was constant throughout the experiment, whereas
the load carried by the upper column can be varied. The loading procedure consisted of two
sequential steps:

(1) Load (Fy;) was applied via Jacks 1 and 2 simultaneously at 2.5 kN increments (each
jack) until Fy;; reached 80 kN which is the estimated equivalent floor load from site.
(2) Load (F.;) was applied by Jack 3 at 5 kN increments until the specimen failed.
The loading procedure was in accordance with the Standard for test method of timber

structures (MOHURD 2012).

Experimental Results

Figure 10 shows the load-displacement curves of the five specimens. The load F;,; is the
vertical load truly carried by the Tibetan BCJ, as determined by Eq. (4). The load increased
linearly with displacement in the initial stage. The relationship between load and displacement
became nonlinear after yielding of timber at the bottom of Dianmu (for example, when the load
reached F;,;=108.11 kN for the BCJ specimen with Queti-inclination angle 6 =9°, the
collected strain at #S40 at the bottom of Dianmu was 11278 ue exceeding the yield strain 10329
ue). It was noted from Table 4 that the load-carrying capacity of the joint decreased with
increasing Queti-inclination angle.
Substituting the parameters of the specimens in Tables 1 and 2 into Egs. (5), (6), (15),
(19), (26) and (31), the yield and ultimate loads of the joint with different Queti-inclination
angles are calculated respectively. These predicted values of load-carrying capacity are then
compared with the experimental values in Table 5. It is noted that
(1) For joint without Queti-inclination, the predicted yield load F, and ultimate load F,, are
2.4% and 1.6% respectively lower than the test results. They are noted in close

agreement.



(2) For joints with Queti-inclination, the predicted yield load agrees well with the test
values with a maximum error of 3.8% only. The predicted ultimate load is also close to
the test value when the Que-inclination angle is small at 3° and 6°. The error is larger
at 13.2% when the angle is 12° with conservative prediction.

The errors observed in the above comparison may be due to the followings:

(1) Timber is a kind of naturally biological material with large variability in the mechanical
properties which may lead to uncertainty in the structural model of the joint.

(2) The reduction coefficients of the effect of size and defects on timber strength are
obtained from the handbook (Long 2005). These values are determined from statistical
results.

(3) There are errors in the laboratory tests including those in preparing the timber
components, assembly of the joint, as well as in the loading process.

The above comparison shows that the predicted values and test results of the yield and
ultimate loads are close to each other. It may therefore be conservative but safe to use the
proposed analytical model for evaluating the load-carrying capacity of the joint with Queti-

inclination.

Parametric Studies

The effects of material property, Queti width and height, as well as the dowel height on the
load-carrying capacity of the Tibetan BCJ under vertical load are studied with the proposed

model.

Mechanical Properties of Timber

The estimation of load-carrying capacity of a BCJ in an existing structure is usually conducted
via full-scale model test on specimens prepared from new timber. How the effects of different
mechanical properties of timber can be considered in the evaluation is vital to the accuracy of

prediction.



Table 6 shows the mechanical properties of old timber coming from the structural
components of a heritage Tibetan building. Table 2 shows those of new timber from Mongolian
Scotch pine (Pinus sylvestris var. mongolica Litv.). The mechanical properties of the old timber
are poorer compared with the new timber. The load-carrying capacities of the joints with new
and old timber are obtained by substituting the values of mechanical properties in Tables 2 and
5 into the analytical model, and they are shown in Figure 11a. It is observed that the changes
of yield and ultimate loads of BCJs with Queti-inclination angle are similar for the new and old
timber, but the load-carrying capacity of the joint from old timber is obviously lower than that

from new timber with the largest reductions of 87 kN in F,, and 111 kN in F,.

Queti Width

The width of Dianmu is slightly larger than that of Gongmu in a Tibetan BCJ with the ratio

wg/w, ranging from 1.1 to 1.2 in general (Ngawang 2007). In this section, the effect of Queti

width on the load-carrying capacity of the joint is analyzed by varying the widths of Dianmu

and Gongmu but with the same w, /w, proportion. When the widths of Dianmu and Gongmu
take up values of (wg = 150mm, w, = 127mm), (wg = 165mm, w, = 140mm) and (wy =
180mm, w, = 153mm), the variation of yield and ultimate loads of the joints with Que-

inclination is shown in Figure 11b. It is noted that:
(1) For the BCJs with the same Queti-inclination angle, F, and F, increase with the Queti
width with the largest increments of 25 kN in F, and 47 kN in F,.
(2) The critical thresholds 8., corresponding to R-failure of the joints are 31.4°, 32.7° and
34.1° for wy; = 150mm, 165mm and 180mm, respectively, indicating 8, increases

with the Queti width with the largest increment of 2.7°.



Queti Height

The heights of Dianmu and Gongmu, i.e. hy and hy, are varied with the same h, /h, proportion
to study the effect of Queti height (hy = hy + hy) on the load-carrying capacity of the joint.
The variation of yield and ultimate loads with Que-inclination angle for h, = 250mm (h; =
86 mm, hy = 164 mm), hy, = 290mm (hg = 100 mm, hy; = 190 mm) and hy, = 330 mm
(hg = 114mm, h, = 216mm) are shown in Figure 11c. It is noted that:

(1) The variation of Queti height has no effect on the load-carrying capacity of the joint
without Queti-inclination.

(2) For the joints with the same Queti-inclination angle, F, and F, decrease with the Queti
height with the largest reductions of 5 kN in F,, and 58 kN in F,. This is because the
additional bending moment induced by the same Queti-inclination angle increases with
the Queti height.

(3) The critical thresholds 8., corresponding to R-failure of the joints are 36.7°, 32.7° and
29.4° for hy = 250mm, 290mm and 330mm, respectively, indicating 6., is reduced

with the Queti height with the largest reduction of 7.3°, which is opposite to the effect

of Queti width.

Dowel Height

The relationships between the load-carrying capacity of the joint and the Queti-inclination angle
for dowel height h, = 150mm, 100mm and 50mm are shown in Figure 11d. It is noted that:
(1) When 6 < 6,4, = 24°, the load-bearing surface of Dianmu is in full compression, and
the dowel height has no effect on the load-carrying capacity of the joint.
(2) When 6 = 6,4, = 24°, the critical thresholds 6, corresponding to R-failure of the
joints are 39.1°, 32.7° and 27.8° for h,=150mm, 100mm and 50mm, respectively,

indicating 6., decreases with the dowel height with the largest reduction of 11.3°. A



3)

smaller dowel height also leads to a sharper reduction of ultimate load with the Queti-
inclination angle.

The dowels of Tibetan BCJs may experience shrinkage and decay during the hundreds
of years of service. This will reduce the load-carrying capacity of the joint when the
angle of Queti-inclination exceeds the threshold angle corresponding to the critical state
of full compression. However, since the dowel is hidden inside the mortise (Figure 1c),
its effective size at current state cannot be directly obtained, and some devices, such as
the radar scanner or damage detector, are needed to determine the dowel height for an
accurate evaluation of its contribution to the load-carrying capacity of the joints in

Tibetan heritage buildings.

Conclusions

An analytical model of Tibetan BCJ with Queti-inclination is proposed for evaluating the load-

carrying capacity of the joint under vertical load. Experimental results show that the proposed

model is effective and reliable to predict the yield load and ultimate load of the Tibetan BCJ.

The following conclusions may be drawn from this study.

(1)

)

3)

Dianmu is the most important and yet the weakest component of the Tibetan BCJ to
resist the vertical load. The joint fails due to the UC-failure when Queti is upright, and
it fails due to the EC-failure when the Queti-inclination angle is smaller than the critical
threshold 6.,.. The failure mode may change into R-failure when the inclination angle
reaches O.,.. Generally, the joint will not fail in the S-failure mode.

The load-carrying capacity of the joint with Queti-inclination is related not only to the
inclination angle, but also to the dimensions of its component.

Parametric studies with the proposed model show the following observations. (i) Poor
mechanical properties of old timber in the structure may reduce significantly the load-

carrying capacity of the joint with the largest reductions of 87 kN in F, and 111 kN in



F, . (i1)) The Queti width and height have an opposite effect on the structural
performances of the joint. The yield and ultimate loads and the critical threshold angle

increase with the Queti width with the largest increments of 25 kN in F,, 47 kN in F,
and 2.7° in 6.,., while they decrease with the Queti height with the largest reductions of
5kNin F,, 58 kN in F, and 7.3° in 6. (iii) The dowel height has no effect on the load-
carrying capacity of the joint when 6 is smaller than 24°, ie. the angle 6,4,
corresponding to the critical state of full compression at the load-bearing surface of
Dianmu. When 0 is greater than 24°, the critical threshold angle 8, decreases with the
dowel height with the largest reduction of 11.3° and a smaller height of dowel will lead
to a sharper reduction of ultimate load with the Queti-inclination angle.
The load-carrying capacity estimated by the analytical model proposed in this paper can
provide useful reference for the decisions on issues such as “how many tourists (a kind of
vertical load) can be sustained” and “whether the maintenance is needed” of Tibetan heritage

timber buildings.
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Figure 9. Schematic diagram of test specimens and loading equipment
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Figure 11. Effects of material and size of components on load-carrying capacity



Tabless

Table 1. Dimensions of Components (mm)

Bottom surface Top surface
Components Height
(LengthxWidth)  (LengthxWidth)

Beam 2200x190 2200x190 190
Gongmu 1300x140 1680x140 190
Dianmu 300x165 500x165 100
Column 190%190 190x190 1630

Dowel 40x40 40x40 100




Table 2. Mechanical Properties of New Timber Used in Laboratory Tests (MPa)

E, Gy C, )

425 351 2.60 4.39

Note: E, denotes the modulus of elasticity perpendicular to grain; G; denotes the shear modulus parallel to grain;
C, denotes the yield strength under all-area compression perpendicular to grain; C,; denotes the yield strength

under partial-area compression perpendicular to grain.



Table 3. Adjustment Coefficients of Mechanical Properties of Timber Component

Mechanical indexes a Ko1 Ky Kops Ko
E, 0.055 0.75 0.66 0.90 1.00
Gy 0.012 0.90 0.70 0.82 1.00
C, 0.045 0.75 0.66 0.90 1.00
Cyiy 0.045 0.75 0.66 0.90 1.00




Table 4. Performance Parameters of BCJs in Laboratory Tests (kN)

0 (degree) E, E,
0 140.96 218.00
3 133.88 194.82
6 122.44 182.38
9 110.18 174.00

12 106.35 167.44




Table 5. Comparison of Predicted Values with Tested Results (kN)

F, Fy,
0 (degree)
Prediction Test Error Prediction Test Error
0 137.63 140.96 -2.4% 214.50 218.00 -1.6%
3 128.75 133.88 -3.8% 191.96 194 .82 -1.5%
6 120.92 122.44 -1.2% 173.61 182.38 -4.8%
9 113.91 110.18 3.4% 158.31 174.00 -9.0%
12 107.56 106.35 1.1% 145.30 167.44 -13.2%

Note: error = (prediction — test)/test X 100%.



Table 6. Mechanical Properties of Old Timber Used in Heritage Building (MPa)

E, Gy C, )

237 247 1.25 1.60




