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Abstract: The Chuandou timber frame is a traditional timber structural system widely used for
nonengineered residential houses in southwestern China; this system is featured by beam-to-column joints
with direct penetration tenons and free-standing column bases. As concluded by a previous study, the
Chuandou timber frames with proper infills have exhibited better seismic performance than un-reinforced
masonry structures in terms of collapse prevention, although the mortise-tenon connections, masonry infills,
timber beams and columns may have sustained various extents of damage. To investigate the seismic
behavior of the structural system, six full-scale Chuandou timber frame subassemblies were subjected to
in-plane quasi-static loading, four of which were infilled with masonry walls. The test results show that the
masonry infills provided the most lateral resistance of the system, whereas the timber frames could sustain a
large lateral drift without losing their vertical stability. The observed failure modes were identified from
different specimens. The lateral strengths of the specimens in the current test were evaluated using the
existing code equations. The results suggest the necessity of considering the aspect ratio in calculating the
shear strength of masonry walls.
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INTRODUCTION

Masonry-infilled timber frames have been widely used for detached houses in seismic prone areas.
They have been reported to exhibit various levels of damage but did not easily collapse in the past
earthquakes such as the 1999 Turkey earthquakel'l, the 2003 Greece earthquakel'l, the 2010 Haiti
earthquakel®], and the 2013 Lushan earthquake in Chinal®], although in most cases they were nonengineered
and built following the local rules of thumb. Despite the different detailing of timber sections, joints and
types of infills, the infilled timber frames generally fall into two categories by their lateral load resisting
systems. In a braced timber frame with infills, most lateral load is resisted by single- or cross-diagonal
timber braces whereas the infills are provided primarily for thermo-hygrometric performance [Fig. 1(a)].
Many experimental studies have been carried out on this category of infilled braced timber frames,
including the Kay-Peyi in Haitil?], Dhajji-Dewari in Kashmirl¥, Paianta in Romaniall, Gaiola Pombalino in
Lisbon!®l, Gaiola Pombalino in Lisbon!”, and Pombalino in Portugal!®. In the other category, the timber
frames are bare frames without timber bracing and the lateral resistance is primarily provided by the infills
[Fig. 1(b)]. Typical systems in this category include the Pombalino in Romania® and Baraccata in Italy(!%),

The masonry-infilled Chuandou frames fall into the latter category [Fig. 1(c)].
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Fig. 1. Comparison of masonry-infilled timber frame buildings: (a) braced masonry-infilled timber frame, (b)

masonry-infilled timber frame, (¢) Chuandou timber frame.

The Chuandou timber frame system has a history of approximately 500 years and remains one of the
currently widely used timber structural systems in southwestern China. It was historically infilled with
timber panels or wattle and daub panels while clay brick masonry has been overwhelmingly preferred for
the infills over past few decades for its low cost and easy construction [Fig. (2)]. Compared with other
traditional timber systems in China, it is distinguished by the following features: (1) the timber beams and
columns are joined by penetration tenons, where the full section of a beam goes through the mortise on the
column; (2) it uses no timber braces but is infilled with masonry or wood panels as the partitions; (3) the
columns stand freely on independent base stones and there are neither sills nor mechanical anchors at the
column bases. Through in-site observations immediately after the 2013 M7.0 Lushan earthquake in China,
Qu et al. P found that the Chuandou frames exhibited better seismic performance than un-reinforced
masonry structures in terms of collapse prevention, although they sustained damage of various types,
including the collapse of the masonry infills [Fig. 3(a)], excessive slip of the free-standing columns at the

base [Fig. 3(b)]; fracture of beam tenons [Fig. 3(c)] and pull-out of beam tenons [Fig. 3(d)].
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Fig. 2. Configuration of an infilled Chuandou timber frame.
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Fig. 3. Damage to masonry-infilled Chuandou timber frame after 2013 Lushan earthquake in Chinal®!: (a)

Collapse of the masonry infills; (b) sliding at column base; (c) fracture of beam tenon and (d) pull-out of

beam tenon.

The wide spread of Chuandou timber houses in southwestern China, especially in the mountainous
areas, may have benefitted from its low cost, easy access to the materials, and quick construction with only
man power. The independent column bases without sills make it especially fit for sloped, narrow and
irregular sites, which are very common in mountainous areas. Notwithstanding the fact that the
southwestern China is highly prone to earthquakes, very limited studies have been conducted on the seismic
performance of Chuandou timber frames. Chang et al.l''l conducted a monotonic loading test on cantilever
timber beams with different types of penetration tenons and proposed a model to predict the rotational
stiffness of the penetration tenon connections in Chuandou frames. Chen!'?] investigated the methods to
strengthen the timber penetration tenons by either carbon-fiber-reinforced polymer sheets or steel plates.
Monotonic loading tests on cantilever beams showed that both methods would significantly increase the
joint stiffness. Huang et al.['*) conducted a series of cyclic loading tests to investigate the seismic behavior
of full-scale two-bay Chuandou timber frames with timber, wattle or daub infills. The specimen with timber
infills exhibited higher lateral stiffness and strength than that of the others. All these studies have focused on
the mechanical properties and retrofit of the timber frame itself, whereas little is known about the
masonry-infilled timber frame, in which the masonry infill is supposed to provide most of the seismic
resistance.

The present study intends to investigate the seismic behavior of Chuandou timber frames with masonry
infills, which have become the most popular type of infills of timber frames in recent decades in South
China. Six full-scale specimens of single story-one bay Chuandou frames were subjected to in-plane
quasi-static loading. The details of the specimens, testing method and primary findings are reported in the

following sections.
EXPERIMENTAL PROGRAM

Specimens
Six specimens were designed and built in the lab by local workers following the construction practice
of Chuandou frames in Lushan, China. The specimens, including their dimensions, cross-sections and

detailing, were designed so that they reproduce full-scale subassemblies of a prototype Chuandou timber



frame in the local area [Fig. 4(a)]. All specimens had the identical story height of H=2350 mm, which is the
distance from the column base to the axis of the beam, and the masonry infills were made of a single-wythe
0f 230X 110X 50 mm fired clay bricks with a running bond. The aspect ratio (H/L) and wall panel thickness
(¢) were selected as the parameters of the specimens. Two typical aspect ratios of the masonry panels in
Chuandou timber frames were used to represent the panel in either a long span or a short span. For each
aspect ratio, three specimens were prepared, including a bare frame specimen and two masonry-infilled
specimens in which the masonry panel was laid either in a stretcher bond (thickness /=110mm) or a shiner
bond (thickness ~=50mm) according to the local practice of construction. Each timber frame consisted of
two columns and a beam. The columns had a circular section of 170 mm in diameter, and the beam had a
rectangular section of 50 mm wide and 150 mm deep [Fig. 4(b)]. The beam went through the mortises on
the columns, which were slightly bigger than the cross-section of the beam so that the beam can fit into the

mortise.
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Fig. 4. (a) prototype Chuandou frame and (b) specimen dimensions (unit: mm).

Following the local construction practice, the masonry infill was connected to the timber columns by
plain nails at approximately 300-mm and 360-mm spacing for the thick and thin wall specimens,
respectively. The gap between the infill and the timber columns was filled by mortar. The parameters of the
specimens are summarized in Table 1.

Table 1. Specimen parameters

ID L (mm) H/L ¢t (mm) Shear key

LO 3100 0.76 - No
L50 3100 0.76 50 Yes
L110 3100 0.76 110 Yes
SO 1630 1.44 - No
S50 1630 1.44 50 Yes

S110 1630 1.44 110 Yes




Material properties

According to the Chinese Standard for the Testing Method of Performance on Building Mortar!!4), the
compressive strength of the mortar (a 1 : 3.2 : 0.27 mix of cement, sand and accelerator) in the masonry
infill, om, was tested on 70.7 mm cubes [Fig. 5(a)]. The bond-slip strength of the masonry v was obtained
by direct shear tests on blocks of three bricks bonded by two mortar beds without applying any transverse
restraint [Fig. 5(b)], and the masonry compressive strength om was tested on blocks of four bricks with three
mortar beds [Fig. 5(c)]. Both the compression and shear strengths were tested on masonry coupons of a
stretcher bond, and were calculated as the measured force divided by the corresponding areas. The mortar
bed was approximately 8-10 mm thick in all tests. Three coupons were tested, and the average result was
taken as the material property. It was assumed that the masonry strength is the same for a shiner system. For
each material property, three masonry coupons were tested on the same day as the loading of each
specimens. The average material properties for each masonry-infilled specimen are summarized in Table 2.

The average strengths and their standard deviations over all masonry-infilled specimens are also listed in the

table.
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Fig. 5. Dimensions of samples in testing (a) mortar compressive strength om, (b) masonry bond-slip strength

vie and (¢) masonry compressive strength om (Unit: mm).

Table 2. Material properties of mortar and masonry

Masonry
Specimen
Om (MPa) v (MPa) oy (MPa)
L50 7.30 0.23 4.54
L110 8.21 x 9.93
S50 5.58 0.18 3.66
S110 6.19 0.19 5.44
Mean 6.82 0.20 5.89
Standard deviation 1.10 0.08 2.71

x: test failed

The material properties of the timber were tested according to the Chinese codes for the testing
methods of timbers in bending ['*)and in compression [ with some revisions on the dimensions of the test
coupons. In particular, small timber coupons of 20-by-20 mm cross sections are adopted by the code

methods, but coupons of 120-by-120 mm cross-sections that represent the inscribed square of the full-scale



column cross section in the test were used to minimize the size effect in the material properties. The average
bending strength was 30.08 MPa and the elastic modulus £ was 3.87 GPa at an average moisture content of
14.6% by three-point bending tests of six 120-by-120-by-2400-mm timber beam coupons. The average
compressive strength and elastic modulus £ parallel to the grain of 120-by-120-by-240-mm timber cuboids
were 25.92 MPa and 5.65 GPa, respectively, at an average moisture content of 9.4%. During the test of the
timber frame specimens, the moisture content of the timber varied from 7.7% to 10.2% with an average of
8.3%.
Test setup

For all specimens, the timber columns stood freely on top of a reinforced concrete foundation block
with roughened surface at the location of the column bases. A small slip was expected at the column bases
of the bare frame specimens, while the column may be pushed outside by the toes of the wall panels and
exhibit excessive lateral slip, which would be restrained by a wall panel in the adjacent span if it were in a
real Chuandou frame. In the test, a pair of metal shear keys was installed to impose an upper limit of

approximately 20 mm on the lateral slip at the column bases for the masonry-infilled specimens (Fig. 6).
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Fig. 6. Test setup: (a) long span, (b) short span (length unit: mm).

A lateral load was applied to the timber columns by a 300-kN hydraulic jack along the axis of the
timber beam. The jack was connected to the columns through specially designed jigs to avoid touching the
penetration tenons of the beam-to-column joints. The two jigs on both columns were connected by a pair of
steel rods on both sides of the beam to transfer the force of the jack to the jig at the far end in negative
loading. The timber columns were connected to a steel beam at the top through a pair of mechanical hinges.
Two pantographs were installed on both ends of the steel beam for the out-of-plane stability.

The total weights of the steel beam, specially designed jigs, steel rods, pantographs and mechanical
hinges were approximately 8.0 kN. To simulate the dead load of the superstructure, an additional gravity
load of 25.4 kN was applied to the steel beam by steel blocks, resulting in a total gravity load of 33.4 kN in
addition to the self-weight of the masonry-infill timber specimens. Therefore, each timber column in the
wide-span specimens was subjected to 16.7 kN additional axial force, while in the narrow-span specimens,

one column was subjected to 14.3 kN and the other was subjected to 19.1 kN additional axial force because



of the eccentricity of the top steel beam (Fig. 6b). The difference in the column axial forces of the
short-span specimens is deemed to have little effect on the behavior of the beam-to-column joints, which is
governed by the properties of the beam, whereas its effects on the overturning moment of the free-standing
columns of bare frame specimens and the rocking strength of the masonry-infilled specimens are considered
in the calculations in the following sections. In determining the amount of addition gravity load, a combined
gravity load ['” of (1.0DL + 0.5LL) = 1.95 kN/m2 was assumed, in which DL = 1.8 kN/m? is the dead load
and LL = 0.3 kN/m? is the live load according to existing statistics for Chuandou houses in the literature [8]
The range of column axial forces of 14.3 to 19.1 kN corresponds to a 7 to 10 m? tributary area of a single
column, which is realistic for commonly-seen Chuandou houses.

The locations of the displacement transducers are also shown in Fig. 6(b). The two transducers D1 and
D2 were mounted near one of the beam-to-column joints to measure the lateral drift A of the frame, which is
calculated by Eq. (1). The rotation of the two beam-to-column joints were obtained by two pairs of
transducers R1-R4. Twelve transducers, MI1-M12 were installed horizontally at the timber
columns-to-masonry interfaces to measure the gap opening. The sliding of the column bases was measured
by transducers S1 and S2 near the column bases. The rotation of each column was measured by transducers
C1-C4.

_ Ap; +Ap, @)
2
where 4p1 and Ap; are the lateral displacements recorded by displacement transducers D1 and D2 as shown
in Fig. 6b.

Cyclic loading was performed with increasing amplitudes of story drift ratios R=A/H from 0.125% to
10% (Fig. 7). The drift amplitudes were in accordance with the ISO/TC 165 WD 166701, and two cycles
of loading were performance for each amplitude. The maximum R was up to 8% in the negative loading
direction because of the limitation of the stroke of the jack. For the bare-frame specimens SO and L0, the

very small drift amplitudes were skipped and the loading started from an amplitude of 0.5% story drift ratio.
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Fig. 7. Loading protocol.

HYSTERETIC BEHAVIOR AND FAILURE MODES

Bare frame specimens

The hysteretic curves of the lateral force J and story drift ratio R of the bare-frame specimens SO and



LO are shown in Fig. 8. The P-A effect on the lateral force is compensated. The results in the negative
loading direction was affected by the mis-operation of the chain hoist that hung the hydraulic jack. The
chain hoist, which was installed diagonally between the jack and the reaction wall (Fig. 6), was not
sufficiently loosened during the test and imposed an unintended force on the jack in the negative direction,
whose horizontal component added to the jack force recorded by the load cell in series with the piston of the
jack. Therefore, the lateral force results in the negative direction for the bare frame specimens were deemed
unreliable and will not be included in the following discussion. The displacement results were not affected
by this issue because the loading was controlled by separately monitored displacement. The hysteresis of
both timber frames exhibited significant pinching, which is a commonly-observed behavior for timber
frames and was deemed to be attributed to the initial gaps in the mortise-tenon joints and the residual
compressive deformation when the beam tenons were squeezed parallel to the grain IBI200 A significant
stiffness reduction was observed on the skeleton curves at approximately 1% and 3% story drift ratios for
specimens SO and L0, respectively, beyond which both specimens continued to sustain the lateral strength
without losing the vertical stability up to 10% story drift ratio. In particular, the lateral force V in specimen
SO continued to increase beyond the point of apparent stiffness reduction and reached a maximum lateral
force of 3.7 kN at 10% story drift ratio, at which the jack run out of its stroke and the testing was terminated.
On the other hand, the lateral strength of specimen LO was 2.4 kN, which took place at a story drift ratio of
4%.
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Fig. 8. Hysteretic and skeleton curves of bare frame specimens: (a) SO, (b) L0 and (c) first cycle of both.

The hysteretic curves in the first loading cycle of the bare-frame specimens are compared in Fig. 8(c)
to show that the two bare-frame specimens exhibited very similar initial stiffness regardless of their
different spans. The initial lateral stiffness derived by the slope of the straight line that connects the peak
points was 159.6 kN/rad. It rises from the frame action of the bare frame that relies on the rotational
resistance of the beam-to-column joints and column base joints. In contrast to the extensively investigated
beam-to-column joints in a timber frame, the role of free-standing column bases in the initial stiffness of a
timber frame remains unclear. Taking advantage of the measured displacements at the column bases in
specimens SO and L0, the equivalent stiffness of the column bases in the first cycle of loading is calculated

to show that neither a pin nor a fixed base assumption can be considered realistic.



The uplift and rotation of the column bases can be calculated from the displacements at the column

bases be Eqgs. (2) and (3), respectively.

S = Acy + A, (@)
NET
_ ACl - ACZ (3)
b ="p

where Aci and Ac; are the lateral displacements recorded by transducers C1 and C2 as shown in Fig. 6b; B is
the distance between the two transducers C1 and C2 (Fig. 9).

The height of the compression zone of the column section, which is taken as the part that falls below
the grade level in Fig. 9, can then be calculated by Eq. 4.

N “4)
sin HCB

Xog =T —

where 7 is the radius of the circular column section.

By assuming a triangular distribution of compressive stress within the compression zone, we
determined the action point of the resultant reaction force (Fig. 9). It counteracted the axial force N of the
column and produced a moment of Mcg = N -j at the column base, where j is the distance between axial
force N and the reaction force. Therefore, the rotation stiffness of the column base joint can be calculated by

Eq. (5). The calculation results are summarized in Table 3.

Mg (5)

Compression
zone

Action pomnt of
resultant reaction
force

Fig. 9. Calculation of moment and rotation at free-standing column base.



Table 3. Evaluation of column base stiffness by test data

Long-span bare frame L0 Short-span bare frame SO
R=40.5% R=-0.5% R=+0.5% R=-0.5%
West East West East  West East West East
N (kN) 17.1 17.1 17.1 17.1 14.7 19.5 14.7 19.5
ON (mm) 0.10 0.10 0.03 0.02  0.20 - 0.15 -
6c (rad) 0.44% 038%  0.39% 0.35% 0.54% - 0.54% -
Xo (mm) 62.4 59.9 77.0 79.7 473 - 57.8 -
J (mm) 58.1 59.1 51.8 506  64.6 - 60.0 -
ke (kNnv/rad) 2272 263.9 2282 2487 1759 - 162.5

With the knowledge of the column base stiffness kcp derived from the test data, the initial stiffness of
the bare-frame specimens is estimated by a simple linear elastic model as shown in Fig. 10. It consists of
three elastic beams that represents the timber beam and columns and four rotation springs, two of which are
for the direct penetration beam-to-column joints, and the other two are for the free-standing column bases.
Their respective rotational stiffnesses are k; and kgc. Eg is the bending elastic modulus of the timber
components; /c and /g are the moments of inertia of the timber column and beam, respectively. For the direct
penetration beam-to-column joints, the model proposed by Sakata et al *°! was adopted to estimate the
rotational stiffness. The model is introduced in better details in the Appendix. The estimated rotational
stiffness of the beam-to-column joints is 86.7 kNm/rad, which is much lower than that of the free-standing

column base joints.
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Fig. 10. Linear elastic model for calculating initial stiffness of bare frame specimens.

Fig. 11 compares the thus-calculated ko with the skeleton curves and the experimental ko of the
bare-frame specimens to show that the calculation slightly underestimated the initial stiffness of the
specimens. The initial stiffnesses assuming pinned (kcg = 0) or fixed (kcg = ©0) column bases in the model
in Fig. 10 are also depicted in Fig. 11. Either assumption would result in a significance discrepancy in

estimating the initial stiffness.
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Fig. 11. Skeleton curves with initial stiffness: (a) SO and (b) LO.

Thick-infill specimens

The introduction of infills to the timber frame substantially changes the lateral behavior of the structure.
The deformation of the short-span specimen with 110-mm-thick infill is predominated by the rigid-body
rocking around the column base by the fact that the angle of the rigid-body rotation Ry, , which is calculated
by Eq.6, was very close to the overall story drift ratio R [Fig. 12(a)]. Piecewise linear idealization of the
rigid-body rotation and lateral drift ratio curve indicates that the specimen S110 started to rock at very small
lateral drift of 0.1% and -0.09% in the positive and negative direction, respectively. The long-specimen
L110 also sustained significant rocking motion in the positive loading direction, but the initiation of rocking

was postponed to a lateral drift ratio of 0.73% [Fig. 12(b)].
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Fig. 12. Relationship between rigid-body rotation-to-lateral drift ratio of thick-wall specimens: (a)

S110 and (b) L110.



R = Acw — Acg (©)

ro=" [

where Acg and Acw are the uplift at the east and west column bases, respectively. Acg is taken as the average
of the displacements by transducers C1 and C2, whereas Ack is that by transducers C3 and C4 (Fig. 6b). L is
the span length of the specimen.

Correspondingly, the hysteretic curve of specimen S110 was approximately bilinear with little residual
lateral drift and hysteretic energy dissipation (Fig. 13a). No significant shear cracking was observed on the
masonry infill throughout the test (Fig. 14a). On the other hand, although it also exhibited significant
rocking, the hysteretic curve of specimen L110 was fatter than that of specimen S110, indicating additional
energy dissipation during the rocking motion (Fig. 13b). The primary crack around which the rocking took

place extended into the masonry panel as can be seen in Fig. 14(b).
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Fig. 13. Hysteretic curves of thick-infill specimens: (a) S110, (b) L110.

Fig. 14. Rigid-body rotation of thick-infill specimens: (a) S110 and (b) L110.

The interaction between the masonry infill and the timber frame was captured by the relative
displacements at their interfaces in specimen L110, for which the shear keys at the column bases were not
installed in the first cycle loading so that the column bases slid excessively, and the interfacial connections

such as the bond of the mortar and embedded nails between the columns and the masonry panel were



broken. To observe the deformation of the masonry panel, the shear keys were used for the rest loading of
L110 and other infilled specimens. Thus, the test object of this study is internal panel of Chuandou timber
frame. The deformed shapes of the timber frames and masonry infill of specimen L110 at R=+2.0% are
depicted in Fig. 15 by bold solid lines and shaded areas, respectively, where the horizontal axis o is the
relative horizontal displacement and the vertical axis is the height of the locations of the displacement

transducers.
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Fig. 15. Deformed shapes of timber frame and masonry infill in specimen L110: (a) R=+2%, (b) R=-2%.

The deformed shapes of the timber frames are obtained by the lateral displacements at the floor level of
each column (transducers D1 and D2 in Fig. 6b) and slips measured by transducers S1 and S2 at the column
bases. As aforementioned, twelve transducers, denoted as M1-M12 in Fig. 6(b), were mounted horizontally
across the masonry-timber interfaces to monitor the relative displacement between the masonry panel and
the timber columns. By further considering thus-obtained relative displacements based on the deformed
shapes of the timber frames, it is found that the masonry infill separated from the timber columns at lower
left and upper right corners during positive loading and was in contact with the columns at the other two
corners [Fig. 15(a)], indicating that the masonry infill resisted the lateral load by a diagonal compressive
strut which lay approximately between the two corners that were in contact with the columns. The opposite
was observed during the negative loading [Fig. 15(b)].

Thin-infill specimens

In specimen S50, the 50-mm-thick masonry infill sustained severe shear cracking while the rigid-body
rocking was significant. The combined rocking-shear damage pattern corresponds to a fatter hysteretic curve
than that of specimen S110 [Fig. 16(a)] and a larger deviation of the rocking angle Ry, from the story drift R
[Fig. 16(c)]. The first visible diagonal crack on the infill was observed at approximately R=0.8%. The
maximum diagonal crack width reached 9mm at R=1% and the uplift at the column base was 13mm at the
same time. The shear cracks and uplift of the column base continued to grow simultaneously with the
increase in story drift. The shear cracking became very severe at R=4% and the thin masonry panel
exhibited visible bulge in the out-of-plane direction. that part of the masonry infill. Part of the infill panel
fell to the ground when it was unloaded (Fig. 17). The lateral strength of the specimen suddenly dropped
after the partial collapse of the infill and became only slightly greater than that of a bare timber frame [Fig.
16(a)].
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Fig. 17. Damage evolution of specimen S50 with a combined rocking-shear failure mode.

In contrast to S50, specimen L50 exhibited a typical shear failure of the masonry infill [Fig. 16(b)] and
the rigid-body rotation of the specimen was negligibly small [Fig. 16(c)]. Diagonal cracks were observed on
the masonry infill at R=+0.25%. The diagonal crack width reached 28mm at R=2% and the masonry infill
partially collapsed at R=-3% (Fig. 18), after which the lateral strength of the specimen suddenly dropped to
slightly greater than a bare timber frame. Like what was observed in specimen S50, the masonry panel
deformed in the out-of-plane because of the in-plane shear before it finally collapsed.

L50 R=+2% - —~ 150 R=+4%

™ #
Diagonial crack
2 8mm wide

Fig. 18. Shear cracking and collapse of masonry infill in specimen L50.



Fig. 19 compares the slips at the column bases in the three short-span specimens. Column base slips
were measured by the displacement transducers S1 and S2 as shown in Fig. 6(b), respectively. No obvious
slip was observed in the bare frame or the thick-infill specimen in which the masonry infill did not exhibit
shear cracking, but the thin-infill specimen S50 sustained considerable slip at the column bases and the slips
at the two column bases were in opposite directions, indicating that the timber frame opened at its base [Fig.
19(c)]. This can be attributed to the expansion of the cracked masonry infill. Significant outward slips at the

column bases were also observed in L50, where the masonry infill also sustained diagonal shear cracking.
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Fig. 19. Column base slip of short-span infilled specimens: (a) SO, (b) S110 and (c) S50.

The lateral strengths and stiffnesses of the masonry-infilled specimens are summarized in Table 4. The
initial stiffness is taken as the slope of the straight line that connects the peak points of the hysteretic curve
at story drift ratio R=0.125%. The stiffness of the masonry-infilled specimens were more than 63 to 104
times that of the bare frame specimens even if the masonry infill was a shiner system. The lateral strength of
infilled specimens was 3.7 to 10 times that of the bare frame specimens depending on the thickness and
damage pattern of infill.

Table 4. Stiffness and strength of specimens

L50 L110 S50 S110
Initial stiffness, ko (kN/rad) 129833  16609.6  10169.6 10180.4
Lateral strength, V, (kN) 17.3 29.4 14.8 13.8

ESTIMATE OF LATERAL STRENGTH

In estimating the shear strength Vs of unreinforced masonry walls, the equations in FEMA-273[21] (Eq.
7) and the Chinese design code for masonry structures (GB50003-2011) [?2(Eq. 8) take the same form of
multiplying an equivalent mortar strength vme with the net area of the mortar section A4,, but they are

different in calculating vie.

Vs FEMA = UmeX Ap =0.5 X (Ve + 0p) X Ay (7
VS,GB =VUpeX Ay = (vte +a'x p X 00) X Ay (8a)
o1 8b
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where v and owm are the bond-slip and compressive strength of the masonry, respectively; ov=Pce/4x is the
normal stress in the masonry panel, Pck is the expected gravity compressive force, equal to the self-weight
of the masonry panel in this test; &’ and g are the coefficients that depend on the loading condition of the
structure. When the loading of the structure is predominated by the dead load, &’=0.64 and x’ can be
obtained by Eq. 8(b).

Meanwhile, the lateral force corresponding to the initiation of rigid-body rocking (referred to as the
rocking strength hereinafter) can be derived by the moment equilibrium assuming that the specimen rotates
around the center of one of the column bases (Eq. 9).

Vo=G-D/H (€]
where G is the gravity force on the specimen including its self-weight and the additional gravity load on the
top of the specimens and the masonry infill; D is the horizontal distance between the centroid of gravity
force to the axis of the column, around whose base the specimen rotates. For long-span specimens, D = L/2
= 1550 mm in both positive and negative loading direction, whereas D = 698 mm in the positive direction
and 932 mm in the negative direction because of the asymmetric arrangement of the steel loading beam in
the setup (Fig. 6).

The calculated shear strength by Eqs. 7, 8 and 9 for the infilled specimens are shown in Fig. 20 along
with the hysteretic and skeleton curves of the respective specimen. For thick-infill specimens L110 and
S110, whose failure was predominated by the rigid-body rotation, the lateral strengths in the test are very
close to the estimated rocking strength Vi,. For thin-wall specimens whose masonry infill sustained
significant shear cracking, the equation in FEMA 273 (Eq. 7) appears to yield a reasonable estimate of the
shear strength of the long-span specimen L50, whereas the equation in the Chinese code (Eq. 8) well
estimates the shear strength of the short-span masonry infill. Since both Eqs. 7 and 8 are empirical and
neither consider the aspect ratio of the masonry wall in the calculation, they appear only applicable to a
certain range of aspect ratio. The estimated shear strength Vs gs and rocking strength Vi, for specimen S50

are quite similar to each other, which is consistent with the observed combined rocking-shear failure mode

in S50.
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Fig. 20. Lateral strength of specimens.



CONCLUSIONS

An experimental test was conducted on Chuandou timber frames with masonry infills, which are a
traditional timber structural system that continues being widely used for detached houses in South China.
The timber structure is featured by the direct penetration beam-to-column joints and free-standing timber
columns. Six full-scale Chuandou timber frame subassemblage specimens of various aspect ratios and
masonry infill thicknesses were subjected to lateral cyclic loading. The following conclusions are drawn
based on the test results.

(1) The bare timber frames sustained up to 10% lateral drift ratio without losing its vertical stability to
prevent collapse, while their lateral strength and stiffness are negligibly small compared to the masonry
infills. Specifically, the initial stiffness of the masonry-infilled specimens were more than 100 times larger
than that of the bare frame specimens even if the masonry infill was a shiner system. The lateral strength of
infilled specimens was 3.7 to 10 times that of the bare frame specimens depending on the thickness and
damage pattern of infill.

(2) A Chuandou timber frames do not constitute an effective moment-resisting frame because neither
the free-standing column base joint nor the penetration-tenon beam-to-column joint provides considerable
rotational stiffness. The 170-mm-diameter column base joints in the current test exhibited an equivalent
rotational stiffness of approximately 200 kNm/rad at 0.5% story drift ratio, which would degrade with the
increase of lateral drift by the nature of free rocking. The rotational stiffness of the beam-to-column joints
were even much lower than that of the column base joint. Therefore, the Chuandou timber frame is a gravity
system rather than a lateral-resisting system.

(3) Depending on the relationship between their shear strength and rocking strength, the
masonry-infilled Chuandou frames may fail in three different modes: rocking, shear and combined rocking
and shear. The masonry panels of a shiner bond, which has become the most commonly-seen infill type in a
Chuandou frame, are very likely to deform in the out-of-plane direction solely because of the in-plane shear
and then collapse at an approximately 4% drift ratio. Either a stretcher system should be used or full-span
embedded ties be provided for the masonry panels to prevent the premature collapse of the infills which
may cause casualties.

(4) The equation for the shear strength of masonry walls in FEMA 273 yields reasonable estimates for
the shear strengths of the long-span infilled specimens but significantly underestimates that of the
short-span specimens. However, the equation in the Chinese code for the design of masonry structures
(GB50003) provides a good estimate for the shear strength of the short-span specimens but overestimates
that of the long-span specimens.

(5) Although the timber frame and the masonry infill are responsible for two separate sets of loads, i.e.,
timber frame for gravity load and masonry infill for lateral load, there are complicated interactions between
the two parts of the structural system. In particular, the slip at the free-standing timber column bases was
found to be primarily attributed to the expansion of the masonry panel when it cracked in shear. A bare
timber frame or an infill timber frame whose deformation was predominated by global rocking motion is not

likely to sustain considerable slip at its column bases.
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APPENDIX

(231241 the model by Sakata et al ") was

Among the many models for timber beam-to-column joints
adopted to estimate the rotational stiffness of the direct penetration beam-to-column joint because it is
especially proposed for timber joints without metal parts. In the model, a triangular distribution is assumed
for the compressive stress, o, in the timber beam (Fig. A1). The center of rotation is assumed to be located
at the center of the joint. The compression zone on the edge of the beam begins from the center of the
column section and the stress reaches its maximum oem=F,6#/hy at the edge of the column, where Ej, is the
timber elastic modulus perpendicular to the grain and is assumed to be 1/25 of the parallel-grain elastic
modulus E according to the AIJ standard for timber structures!®!; r is the radius of the column; 6} is the

rotation of the joint; 4y, is the depth of the beam. The compressive stress linearly decreases outside the

column section and becomes zero at r/2.
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Fig. Al. Force equilibrium of beam-to-column joint.
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The resultant force of the triangularly distributed compressive stress is denoted as C. Correspondingly,
a friction force F=uC is present at the beam-to-column interface. The friction coefficient is taken as £=0.54
[20], The moment at the joint can then be calculated by the moment equilibrium around the center of rotation
(Eq. A1), where both F and C are linear functions of the joint rotation 6. Therefore, the joint rotational
stiffness, &y, can be obtained by Eq. A2 that eliminates the joint rotation 6.
M; = 2rC + hyF (AD)
ky = M;/6; (A2)
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