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ABSTRACT: A novel beam-column connection system was developed for office-type
multi-storey buildings in seismic zones. Steel I-section columns with corbels support
double section Laminated Veneer Lumber beams via ‘saddle’ brackets. As the column
leans over in an earthquake, the corbel on one side of the column lifts the floor up while
the corbel on the other side disengages. This mechanism develops moment resistance and
self-centring behaviour in the joint. Slotted bolted connection friction sliders on the top
of the beam allow the floor to uplift, yet restrain it from sliding horizontally. These
friction sliders also add energy dissipation. A 1:5 scale, 3-storey model was tested quasi-
statically and also to a suite of seven earthquakes recommended for the North Island of
New Zealand. The earthquakes were scaled for the serviceability, ultimate and maximum
credible level for Wellington, which is a high seismic zone. The test specimen remained
within prescribed drift limits, self-centred to within 0.05% drift after earthquakes and
showed excellent repeatability with almost no damage or degradation in performance.

1 INTRODUCTION

Buildings designed to modern design standards dependably safeguard the life of occupants in the event
of a design level earthquake. The current frontier is damage avoidance design so that buildings can be
operational almost immediately after a major earthquake. Performance based design philosophies pair
severity of earthquake with damage avoidance performance levels. New structural systems are being
developed to achieve these target performance criteria.

In addition to earthquake performance, the efficacy and success of a structural system depends on the
cost, ease and speed of construction; aesthetics; fire performance; simplicity of design, long-term
maintenance and more. Hybrid systems combining steel and timber have the potential to benefit from
optimised use of material properties suited to different structural components.

The research presented here targets low to medium rise office-type buildings in low to high seismic
zones. A steel column / timber beam frame system with rocking moment connection is developed to
avoid damage.

2 LITERATURE REVIEW AND TARGET PERFORMANCE
2.1 Literature review

Some of the most noteworthy low-damage moment frame connections developed are the post-
tensioned joint and the slotted bolted friction connection. Ancient Greek and Roman masonry temples
with gravity rocking were also a source of inspiration for the system presented here.

Ancient Greek and Roman temples exhibit gravity rocking and friction sliding at the beam-column
interface as shown in Figure 1 (left). The rocking under gravity load provides lateral resistance and the
sliding between colonnade drums dissipates energy. Due to the loose ‘connection’, this behaviour is
not well controlled and the system is prone to large drift and soft-storey formation.
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Figure 1 — LEFT: Gravity rocking and friction sliding in ancient Greek and Roman masonry temples
(Papaloizou and Komodromos 2011). MIDDLE: Sliding Hinge Joint (SHJ) (Clifton 2005). RIGHT: Post-
tensioned timber joint with internal mild steel energy dissipaters (Buchanan, Deam et al. 2008).

The Sliding Hinge Joint shown in Figure 1 (middle) was developed for moment frame buildings of up
to about 10 stories in high seismic zones. The top flange of the beam is effectively pinned to the
column while the bottom flange is allowed to slide under a bolt controlled clamping force and hence
known friction force. This moment couple develops lateral resistance and energy dissipation in the
frame. Due to the unique hysteresis shape of the asymmetric friction slider, the system tends to self-
centre after a major earthquake but does not fully reliably self-centre. Addition of a ring-spring has
been investigated (Khoo, Clifton et al. 2012, Khoo, Clifton et al. 2012) for reliable dynamic self-
centring behaviour; however, the ring spring can be costly.

Post-tensioned joints were originally developed for concrete buildings under the PRE-cast Seismic
Structural System (PRESSS) programme (Nigel Priestley, Sritharan et al. 1999) in the 1990s and have
since been implemented in steel (Herning, Garlock et al. 2009, Chou and Chen 2011) and timber
buildings (Palermo, Pampanin et al. 2005, Newcombe 2011). As seen in Figure 1 (right), post-
tensioned tendons clamp the beam to the column with rocking at the beam-column interface under
strong earthquake loading. Plug-and-play energy dissipaters may be added to compensate for the low
inherent damping of the system. Excellent self-centring behaviour and low-damage performance have
been achieved. The system is prone to some loss of strength and stiffness due to long-term creep in
timber and thus loss of post-tensioning force. This may be remedied at some cost by using steel in the
column at the joint to avoid perpendicular-to-grain stress.

2.2 Target performance
The aim of the research presented here was to develop a moment frame system which:
e Avoids damage to the structural system with all members remaining elastic
e Avoids damage to the floor slab
¢ Has high energy dissipation and low peak drift to reduce damage to non-structural parts
o Fully self-centres for quick post-earthquake return to operation
o s feasible to implement in terms of cost, constructability, maintenance and aesthetics

3 CONCEPT DEVELOPMENT AND SYSTEM MECHANICS

The proposed system has the following key features, as seen in Figure 2 (left):
e Continuous column with corbels

e Continuous double section beam
e Top friction slider
e Friction sliding at corbel support

In the at-rest state, the column supports the beam in bearing via the corbels welded to the column and
‘saddle’ brackets screwed to the beam. As the column leans over in an earthquake, the corbel on one
side disengages while the corbel on the other side of the column takes up more gravity load from the
floor. The floor gravity load acts downwards on the column to create a restoring moment. The slotted
hole friction slider on the top of the connection restrains the beam from sliding horizontally relative to
the column but allows the beam to uplift.



The above mechanism gives the joint a flag shaped hysteresis type shown in Figure 2 (right). The
gravity load action gives the system self-centring and some friction damping. The bolts in the top
friction slider can be tensioned accurately with Belleville spring washers to develop a controlled
amount of additional moment resistance and friction damping. The column is continuous and is
designed to remain elastic to avoid a soft-storey mechanism. The beam is also continuous past the
column and designed to remain elastic to avoid damage to the floor slab.
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Figure 2 — LEFT: Mechanics of new gravity rocking connection. RIGHT: Moment-Rotation of joint

4 TEST BUILDING

4.1 Description, design, scaling and instrumentation

The 3-storey, 1x1 bay moment frame shown in Figure 3 was tested on a shake table. Steel columns
were used because they have a smaller footprint and are architecturally less intrusive. The connection
is also simplified with the use of a steel column. The beams were double section Laminated Veneer
Lumber (LVL). Shearwalls provide stability in the direction orthogonal to the moment frame. In bi-
directional tests, the shearwalls are allowed to rock at the base with friction sliders (Loo, Kun et al.
2014).
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Figure 3 — LEFT: Moment connection build-up. RIGHT: Test specimen on shake table



The test building was designed for Wellington (seismic zone factor, Z = 0.40) and soil type D,
according to NZS1170.5 (SNZ 2004). A Force-Based Design method was followed but drift limits
imposed or implied by NZS1170.5 were also designed for. The ductility factor and member sizes
were re-iterated until drift prediction (based on amplification of elastic drift due to ductility factor)
was within design standard limits. Scaling similitude rules were followed and a length scale factor of
1:5 was chosen. Acceleration and the materials Young’s Modulus were unscaled. Scale factors are
presented in Table 1. Chosen member sizes and overall model dimensions are given in Table 2 and the
instrumentation scheme is given in Table 3. Solid steel billets of 150x150 mm cross-section and 1.0 m
length were secured to the plywood-on-joists floors to simulate floor load and to achieve the mass
implied by scaling similitude.

Table 1- Scaling similitude

Dimension Scaling rule Chosen scale factor
(Prototype / test specimen) (Prototype / test specimen)

Length, L L 5

Acceleration, a L/t? 1

Young’s Modulus, E Ma/L? 1

Time, t V(L/a) \5=224

Mass, M EL%a 52 =25

Force, F EL’ 5% =25

Table 2 - Test model member and overall sizes

Dimension Size Material

Column 150UB14.0 Grade 300PLUS mild steel
Beam 2x45%150 mm HySpan LVL E =13.2 GPa
Inter-storey heights to beam CL 1.0, 0.8, 0.8 m (Level 1,2,3)

Overall length 3.0 mo/a, columns at 1.8 m CL

Overall width 1.2 m o/a, columns at 0.9 m CL

Overall height 2.8 m (to column top)

Overall mass 6.2 tonnes inc. added mass Self-weight and steel billets

Table 3 - Instrumentation

Gauge Locations Output
Displacement transducers Level 1, Frame 1 and Frame 2 Storey drift
Level 2 and 3, mid-width Storey drift
Corbel support points & bottom  Joint uplift and sliding
Between levels Floor uplift
Accelerometers Level 1-3, both frames Horizontal floor acceleration
Level 1-3, frame 1 Vertical floor acceleration
Strain gauges One column: above and below Column bending moment and
each level axial load
Corbels on one column Corbel bending moment




Beam 5 locations along length Beam bending moment

Portal gauges Screw connections, one column  Steel-timber connection slip

Floor loads were calculated for office type buildings as per (SNZ 2004). A floor self-weight of 2.0 kPa
and imposed load of 3.0 kPa was used. Level 3 was designed for roof loading with 0.6 kPa and 0.25
kPa imposed actions. To fit on the shake table, the floor span in the shearwall direction was shrunk to
half-length between column centrelines. As a result, the floor load per unit area was proportionally
intensified.

5 TEST RESULTS
5.1 Cyclic quasi-static tests

Table 4 - Loading protocol for cyclic
guasi-static tests

= 40 1 Drift Number
T 30 (%) of cycles
§ 0.25 3
% 20 0.375 3
@ 0.5 3
m

10 0.75 3
r T T T T 1 1 3
=0% 1% 2% 3% 4% 5% 15 3
Drift 2 3
2.5 3
35 3
45 3

Figure 4 - Cyclic quasi-static global load-displacement

The test specimen was first tested to quasi-static cyclic loading using a manually controlled hydraulic
actuator anchored to level 2. A loading protocol starting in the elastic range and ending in the highly
non-linear range was used and is shown in Table 4. As seen in Figure 4, the building behaved largely
linearly up to a drift of about 0.5%. Thereafter, it transitioned into non-linear behaviour, with joint
opening, at a base shear of about 12 kN. The stiffness immediately after the linear range was low and
increased as the drift increased. This increase in stiffness was found to be mainly from bending
moment developed by the column base connection. The base connection was designed to be nominally
pinned, however, at high drift a large bending moment was developed.

The model was also tested with half the floor weight and with the top friction slider bolts loose. It
showed excellent repeatability with no noticeable degradation in strength or stiffness with several
cycles at up to 4.5% drift. It also returned to within about 0.2% of its original vertical position.

5.2 Shake table tests

The model was tested to a suite of seven earthquakes recommended for the North Island of New
Zealand (Oyarzo-Vera, McVerry et al. 2012). The ground motions were scaled for the size of the test
model and also for the serviceability, ultimate and maximum credible earthquake as per the Structural
Design Actions Standard (SNZ 2004). The shake table velocity was limited to 0.275m/s due to the
pump’s limited maximum flow rate. In order to avoid acceleration spikes, otherwise seen when the
velocity limit is reached, a velocity cap had to be applied to several of the earthquakes, particularly the
near fault earthquakes at higher design level intensity. The guidelines given by (Geoffrey Chase,
Hudson et al. 2005) were followed in applying the velocity cap. Earthquake codes used in figures are
de-abbreviated in Table 5.




Table 5 - Earthquake code, full name and date

Record name Date
El Centro40, Imperial Valley, USA 19-May-40
Duzce, Duzce, Turkey 12-Nov-99
HKDO085, Hokkaido, Japan 26-Sep-03
El Centro79 #6, Imperial Valley 15-Oct-79
Caleta de Campos, Mexico 19-Sep-85
Yarimka YPT, Kocaeli, Turkey 17-Aug-99
TCUO051, Chi-Chi, Taiwan 20-Sep-99
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Figure 5 - Peak storey drift and floor uplift

The overall building response in terms of peak drift and floor uplift is given in Figure 5. Response at
the serviceability level (SLS) was largely elastic as intended and the drift did not exceed 0.6% for any
of the earthquakes. The upper recommended limit for drift at the SLS is 1.0% but less than 0.3% is
more desirable. At the ultimate limit state earthquake level, the highest drift was for the 2003
Hokkaido, Japan earthquake at 2.5%. This is just within the design standard limit of 2.5% (SNZ 2004).
At the maximum credible (2500 year average return period) earthquake level, a maximum drift of
3.8% was reached, whereas the expectation was 4-5%. The residual drift was negligible at less than
0.05% after all earthquakes and is not shown on the plot as it would not be visible on the scale.

Floor uplift at all levels was similar due to a relatively stiff column and semi-rigid joint. Relative uplift
between floors is therefore much higher between the ground and level 1 than between other levels.
Peak floor uplift is given in Figure 5. An uplift of 11.1 mm was reached for the Hokkaido earthquake
at MCE level, which was also the earthquake with highest storey drift.

Several of the earthquakes were not properly simulated by the shake table because of the pump
imposed velocity limit of 0.275 m/s. A short velocity spike of 0.89 m/s had to be capped to the shake
table limit for the Hokkaido earthquake at MCE. More drift would be expected if the full earthquake
velocity was simulated. Note that full velocity earthquakes will be evaluated with a finite element
model and results will be presented in future publications. The near fault earthquakes, EICentro79,
Yarimka and TCUO51 had the highest velocity component but did not excite the model strongly
because the velocity pulse had a longer period than the building’s first mode period.
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Figure 6 - Shake table displacement and level 1 building drift for the HKDO085 earthquake at MCE level

The model was also tested at 45 degrees on the shake table to the same suite of earthquakes as for the
in-plane tests and again for the same earthquakes factored up by 1.41 to achieve the same force
component in the moment frame direction. Figure 7 shows the level 1 drift of the building in the two
orientations for the Hokkaido earthquake at MCE intensity. There is exact match for much of the
earthquake duration but the 45 degree test had lower drift than the in-plane test at other times. The
difference is most likely because the 1.41x factored up earthquake was even more severely velocity
limited because of the shake table velocity capacity.

Connections were detailed for displacement compatibility in 3-D. A gap was provided on either side of
the corbel inside the saddle bracket as shown in Figure 7. The contact point was also sized small and
was placed in the middle of the corbel to facilitate movement in the out-of-plane direction when
needed without compromising function. The top slider bolted friction connections and shearwall-floor
connections were also designed for unhindered 3-D displacement compatibility. The moment frame
retained similar behaviour to the in-plane tests, despite up to 3% drift in the shearwall direction during
the 45 degree tests.

Figure 7 - Joint designed for displacement compatibility in 3-D. Inside view of joint showing corbel
supporting double beam via saddle bracket and movement during an earthquake test with 45 degree
orientation

Overall, the model was quasi-statically tested to over 30 cycles at 4.5% drift, in addition to lower
displacement cycles (Table 4). Then it was tested on the shake table to a suite of 7 earthquakes each at
SLS, ULS and MCE intensity in the in-plane orientation. Many of these tests were done twice to check
repeatability. The Hokkaido earthquake at MCE intensity alone was repeated more than 8 times.
Furthermore, it was subjected to over 7 repeats of a 6 cycle sine wave near natural period which
pushed it to 4% drift. This was in addition to shorter period, lower amplitude, but higher acceleration
sinewave tests to determine natural period and damping. After this, the model was placed at 45
degrees on the shake table and tested to a similar regime of sinewaves and earthquakes as the in-plane
tests.

Towards the end of these tests, some bolts in the nominally pinned column base yielded and required
replacement. The bolts were replaced and also packed with Belleville spring washers which allowed
the base to rotate without yielding the bolts. Some of the screw connections showed slight loss in
stiffness but still none of the monitored screw connections slipped more than about 0.6 mm.



6 CONCLUSIONS

A novel moment connection for multi-storey office-type buildings was developed with the aim of
achieving low-damage, self-centring, high damping performance in earthquakes. A 1:5 scale, 3-storey
model was tested quasi-statically and also on a shake table.

e Quasi-static cyclic tests showed repeatable flag-shaped hysteresis even at a large drift of 4.5%.
Static self-centring was within about 0.2%.

e The tests specimen remained within target drift under SLS, ULS and MCE level earthquakes.
The proper velocity of the earthquakes could not be produced, especially for near fault, high
limit state earthquakes. The response to earthquake records not velocity limited will be
checked in a finite element model and presented later.

e Tests at 45 degrees on the shake table showed that the building maintained low-damage, self-
centring behaviour while moving in 3-D and no displacement compatibility issues were
observed.

e There was no significant degradation in behaviour or damage except for yielding of bolts in
the standard detailed nominally pinned column base connection. This was remedied with the
use of Belleville spring washers under the bolts.

Detailed results from other instruments such as screw slip and bending moment from stain gauges
could not be presented here due to limited space. A finite element model and design procedure is being
developed and will be presented in future publications. Results from the shearwall in the out-of-plane
direction and results from component tests of slotted bolted friction sliders will also be published later.
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