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INTRODUCTION

Research and development of jointed precast concrete structures has gained
considerable momentum, with significant research on the PRESSS systems (Stanton et al,
1997; Priestley et al., 1999) and Damage Avoidance Design (DAD) systems (Mander and
Cheng, 1997; Holden et al, 2003; and Ajrab et al, 2004). These systems accommodate
inelastic behaviour by rocking at specially detailed joints, and provide a level of seismic
resistance comparable to current standards for ductile (damage-prone) structures, and remain
essentially damage-free, without the excessive residual displacement, common in
conventional systems. Residual displacement is critical because it can lead to complete post-
earthquake loss of structural amenity. However, these systems may exhibit relatively low
hysteretic energy dissipation, resulting in excessive response motion. Although this may not
be an issue with long period structures, short to medium period rocking structures may
undergo significantly greater displacements than conventional ductile structures (Priestley and
Tao, 1993). Hence, ductile jointed precast concrete systems ideally require some
supplemental energy dissipation to dissipate earthquake energy and mitigate excessive
displacement response.

Energy dissipation devices of varying sophistication are available. Early applications
in ductile jointed connections provided dissipation by mild steel reinforcing bars, grouted in
ducts across the joint (Stanton et al, 1997). The devices proved to work well, with the grout
providing a degree of buckling resistance. However, de-bonding of the bars under cyclic

loading caused some stiffness degradation. Other options include tension-only mild steel
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devices (Bradley et al, 2008) and external mild steel devices allowed to buckle (Li et al,
2008).

Each option has limitations. Mild steel devices allowed to buckle loose significant
energy dissipation upon buckling, giving less dissipation on subsequent cycles. Buckling
restrained devices may provide more stable resistance, but considerable residual compression
forces remain upon joint closing. Residual forces can alter joint behaviour, leading to
potential stiffness and/or strength loss that can result in excessive displacement demand on
further seismic excitation. Mild steel devices can also suffer failure due to low-cycle fatigue
and should strictly be replaced following a significant earthquake. Finally, all yielding- and
buckling-based dissipators provide reduced capacity on subsequent smaller response cycles
where no yeilding may occur.

Other research has looked at alternatives for providing energy dissipation to concrete
structures. Pekcan et al. (1995) examined the use of elastomeric spring dampers to provide
energy dissipation. Christopoulos et al (2008) developed a self-centering, energy dissipating
bracing system which could be used in either concrete or steel structures, while Shen et al
(1995) examine the use of viscoelastic dampers to provide seismic resistance to concrete
frames. The development of passive control systems that use yielding steel braces and shape-
memory alloys is detailed in Dolce et al. (2005).

High force-to-volume (HF2V) lead-based damping devices provide an attractive
alternative, and consist of a central shaft with a streamlined bulge encased in lead. When the
shaft moves, the lead yields due to the drag effect created by the bulge (Rodgers et al, 2007).
Properly designed, these devices behave like a type of Coulomb damper with a slight velocity
sensitive effect. Unlike mild steel devices, this velocity sensitivity attribute permits the HF2V
device to creep back to near zero force over time, providing a reusable device with no
maintenance required following an earthquake. More importantly, HF2V devices can provide

the same resistive capacity every response cycle.
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Historically, lead-based damping devices were quite large, limiting applications to
locations like base isolation (Cousins and Porritt, 1993). Recent research has developed
volumetrically small devices with the same force capacity capable of direct placement in
beam-column joints (Rodgers et al., 2007). As these devices have some unique manufacture
and assembly attributes, they are referred to herein as a high force-to-volume (HF2V) damper.

Based on lead-extrusion damper (Robinson and Greenback, 1976; Cousins and Porritt,
1993) and HF2V damper (Rodgers et al, 2008) tests, the velocity exponent, o =~ 0.11-0.13,

where:

F=C,* (1)

in which F = the damper force; v = the velocity of the shaft; C, = a constant dependent on the
device architecture; and o = the velocity exponent. More detailed velocity dependence studies
can be found in Mander et al. (2009), and Rodgers (2009).

This research incorporates the findings from previous studies (Li et al, 2008; Bradley et
al, 2008; and Rodgers et al, 2007, 2008), and focuses on the development of cost effective,
reliable energy dissipation and detailing schemes. Previous work related to external
dissipation devices. This research places the HF2V dampers directly inside concrete beam-
column joints, providing reliable energy dissipation and an architecturally pleasing finish.
Detailing of the beam-ends, that frame into the column, is modified to accommodate the
devices. A dual experimental-computational study investigates the seismic capacity of the
proposed jointed precast concrete frame system versus the seismic demands expected from a

variety of adverse earthquake scenarios.

SUBASSEMBLY DEVELOPMENT

Construction considerations
Special attention was given to potential construction issues. The beam and column
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elements were designed to be precast, with limited concrete placement required on-site. A cast
in-situ ‘closure pour’ was provided at one end of each beam. The other end was considered to
be a “dry-joint”. Hence: (i) tolerances could be less than fully precast members; (ii) the
closure pour provides an access point for coupling the prestress thread-bars and the damping
devices; and (iii) high performance concrete can be used in the high stress zone at the beam
end. The closure pour thus becomes the primary focus for on-site erection. Within this region,
the HF2V damper in each beam can be coupled to a threaded rod anchored in the column, the
prestress thread-bars would be coupled to one another, and the channels would be tightened
against the face of the column. A detailed overview of the construction sequence is given in

Solberg (2007).

Specimen Design

A 3D subassembly representing an interior joint on a lower floor of a ten storey
building was developed. The subassembly consisted of two beams cut at their midpoints, the
approximate location of the point of contraflexure for seismic loads, and an orthogonal beam
designed for gravity loads. These beams were all connected to a central column. The
orthogonal beam, referred to as the gravity beam, was designed to support one-way precast
flooring. The other two seismic beams were designed for predominantly seismic forces. The
dimensions of the prototype members were 875 mm square columns, 700 x 500 mm beams,
and a 3.6m storey height. The prototype moment capacity of the beam end at the column face
was 500 kNm. The subassembly was scaled to 80 percent of the prototype framed structure.
The column was scaled to 700 mm square and the beams scaled to 560 mm by 400 mm.
Figure 1la shows a schematic of the building from which the specimen was derived. Figure 1b
shows the experimental setup, where further details on the specimen dimensions and design
details may be found in Solberg (2007), Bradley et al (2008), and Li (2006). Figure 1c
illustrates the reinforcing layout for the structural members, where the target longitudinal

reinforcement ratio is 0.01. Note that in Figure 1c both the seismic beams are shown. These
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beams are identical, but both are shown to provide additional section views. These members
were designed to remain elastic under the expected rocking connection strength from the
HF2V device and prestress forces. Four D20 (f, = 500 MPa) longitudinal threaded reinforcing
bars (Reidbar™) at the top and bottom of the beam provide a moment capacity of ¢M, =
260 kNm. Due to the axial prestress load, minimal transverse steel requirements governed.
Thus, HR12 (f, = 500 MPa) stirrups were provided in the beam at a spacing of half the beam
depth (250 mm) and a closer 100 mm spacing at the ends. Additional transverse reinforcement
was provided top and bottom 1.2m from the beam ends to confine the concrete in these high
compression (bursting-stress) zones.

Figure 1c also illustrates the column reinforcing layout. A longitudinal reinforcement
ratio of 0.01 was provided by 12 D20 (f, = 500 MPa) rebars, and transverse steel consisting of
HR12 (f, = 500 MPa) stirrups at a 250 mm spacing. The stirrups were doubled and the spacing
was halved within the joint region. Shear resistance was primarily provided by the core
concrete, due to the axial load in the column. The stirrups were designed considering the
expected overstrength of the jointed/rocking connection.

Two 45 mm longitudinal PVC ducts spaced 200 mm apart were provided for the
prestress system at the seismic beam vertical centrelines. Two 26.5 mm (MacAlloy™,
fy = 1100 MPa) thread-bars provided prestress in the seismic direction utilising a straight
profile to ease congestion in the column and provide a more constructible solution. The
thread-bars in the gravity beam were draped to provide “load-balancing” for the gravity
loading from the one-way floor panels. Hence, this thread-bar crosses the joint’s centreline at
a 30 mm eccentricity.

A 300 mm cast in-situ ‘wet’ joint was provided at the column connection end of each
beam. The detailing strategy in the seismic direction is shown in Figure 2a. The joint was
designed to accommodate 150 x 150 mm HF2V devices at mid-height in the beam end-zone

in the seismic beams, and at a 50mm vertical offset from mid-height in the gravity beam. This
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offset prevents any interference between the damper anchor rods from the two orthogonal
directions in the column. A 180mm parallel flange channel (PFC) was used top and bottom to
armour the contact surfaces and was designed to prevent crushing of the concrete behind the
channel from compression forces at the design moment of the joint.

The channels also serve as a means of mechanically developing the longitudinal
reinforcing, by providing cuts on the interior flange whereby the threaded longitudinal steel
could be locked into the channel using nuts. These nuts also provided a means of ensuring the
channel is flush with the column face during on-site fabrication. Four 25x10x500 mm rods
were welded in the corners of each flange to help stiffen the joint region and ensure rigid
rocking behaviour. Finally, four 1m threaded rods were spaced at 100 mm centres to provide
attachment and anchoring points for the HF2V devices.

Shear loads were carried by four 30 mm shear keys located at each corner of the
connecting beam. In the beam, two 30 mm holes were drilled in the top and bottom flange to
provide a female attachment for the shear keys. The shear keys were tapered inward 5 degrees
to prevent binding with the beam during connection opening. In the column, these shear keys
were designed to be screwed into a nut located behind a hole in the column’s steel plates.

One of the primary objectives of this study was to improve beam-column joint detailing
by improving constructability and reducing materials compared to past designs (Li et al,
2008). Figure 2b show that column detailing was improved by: (i) the column contact plates
were reduced from a single full depth plate to two end plates; (ii) the prestress ducts ran
straight, rather than angled, reducing congestion; and (iii) the internal dampers were
connected using a single rod with grouting tubes. The column end plates were sized to
provide a full contact surface for the beam armouring, and provide a 10 mm extension on all
sides. This plate was checked to ensure concrete crushing in the column did not occur at the

design strength of the connection, and was developed into the joint core using weld studs.
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Specimen construction

The specimen was constructed in several parts. First, the two seismic beams were caged
with a cast insitu end, as shown in Figure 3a. This task required providing stubs for the
longitudinal steel, the prestress system ducts, and the threaded rods for the HF2V damper.
Next, the gravity beam and column were caged and cast. The gravity beam required the
draped profile to be located, and the damper and tendons were offset 30 and 50 mm from
centreline respectively to avoid intersecting the orthogonal ducts in the column.

The column longitudinal reinforcement was welded to a 20 mm steel plate at the top
and bottom, and the armouring plates were developed into the concrete by welds studs. A
50mm recess at the column face where the damper anchoring rods are bolted allowed easy
bolt clearance. Corrugated steel tubing provided the damper ducts where the shaft and
connecting rods passed through. Grout tubes are provided to grout the anchoring rod within
the column, and the damper duct in the beam ends was left open to allow free movement of
the damper shaft.

The remaining elements were installed to enable the closure pour, as seen in Figure 3b.
Within the closure pour, the HF2V devices were attached to the threaded rods in the beam.
The damper shaft was coupled to the threaded rod in the column, which was anchored against
a steel washer in the recess on the column face. The damper shaft, coupler, and column
threaded rod were all encased in a duct and waterproofed from the concrete.

Once the damper was in place the main prestress thread-bars were coupled together.
Next, the channel top and bottom was tightened against the column face and locked with
longitudinal steel nuts. Finally, a thin sheet provided a barrier between the wet concrete and
the column face to prevent any bonding. Note that this measure may not be necessary, since
the tensile capacity of the concrete would be negligible, and was taken merely as a precaution.

A high performance concrete mix designed for good workability and high strength was

used for the three closure pours. Steel fibres (2 percent by weight) were incorporated to help
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impede crack propagation. This concrete had a measured 28-day compressive strength of

76 MPa, with 50 MPa measured for the regular beam and column concrete.

The HF2V dampers

The HF2V damper designs are shown in Figure 4a. Damper shaft motion plastically
extrudes lead between the shaft and outer body to dissipate energy as seen in Figure 4b
(Rodgers et al, 2007). A single HF2V damper is placed within each beam end, as seen in
Figure 2a. The damper shaft (Figure 4a) was designed to be coupled to a threaded rod in the
column of the same size. Four 18mm (f, = 300MPa) threaded rods at 100mm centres were
cast into the precast beam to anchor the device within the closure pour, via oversize
attachment holes on the devices that allow adjustment when coupled to the threaded rod.

To ensure the system re-centres, the expected negative moment contribution from the
HF2V device in compression should not exceed the expected positive moment contribution

from the prestress. Hence, the moment contribution ratio, A, must be greater than 1.

2= Mo
Q.M

diss diss

>1 (2)

where Mpsi = moment contribution from the initial prestress force; Mgiss = moment
contribution from the dissipation devices in compression; Qgiss = overstrength factor of the
dissipation devices (taken as 1.5); ¢ = understrength factor for the prestress (taken as 0.85).
Rearranging terms gives a ratio of moment contribution from prestress and HF2V devices.
Initial post-tensioning of 250kN per thread-bar gives a total of 500 kN at the interface. The
dampers were designed for a 250kN yield force, corresponding to A = 1.23 and 1.06 in the
North-South direction for positive and negative moment, respectively, and A = 1.13 in the
East-West direction.

Figure 4b presents experimental force-displacement responses of the HF2V devices in a
universal (Avery'™) testing machine. Devices 1, 2 and 3 were installed in the west, east and

9
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south joints of the specimen, respectively. The devices provide similar response, with an
average yield force of 270kN. Differences in initial stiffness and yield force can be attributed
to small voids forming in the lead due to incomplete pre-stressing to remove micro-voids,

where Rodgers et al (2007) discusses this issue in detail.

PREDICTED RESPONSE

The analytical prediction method assumes members remain elastic and that once gap-
opening of the beam-to-column joints occurs, displacements can be determined from rigid-
body kinematics. Taking the internal moment arm (eps,eqiss) from the rocking edge and

summing each contribution:

M :ZMPS+ZMdiss (3)

where Mps = moment in the thread-bars (=Ppseps), and Mgiss = moment in the dissipation

device (=Pgissediss). The force in the thread-bars is then obtained from:

PPS = Pl + ePseconn (4)
Lt

where P, = initial post-tensioning force (250 kN); E,;= thread-bar elastic modulus
(170 GPa); Aps = thread-bar cross sectional area (552 mm?); L,= unbonded length of thread-

bar (9 m); é.,,= connection rotation; and n = number of joint openings spanned by the thread-

bar (2 in the East-West direction and 1 in the North-South direction). The force in the HF2V

device is thus:

- Kdiss ediss econ
I:)diss =min P (5)
y,diss

where Kgiss = stiffness of the dissipation device taken as 200kN/mm, which was the average of

10
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the three devices; and Py q4iss = “yield force” of the HF2V device (250kN).
Given an elastic moment-curvature analysis, the force-displacement response of the
subassembly can be evaluated. In the East-West direction, the horizontal force at the top of

the column, V¢, can be found given the moment at the joint:

(6)

where L = beam length to column centreline (9.8m); Ly, = clear support length of the beam
(9.1m); and L. = storey height (2.8m). The total top displacement of the system, given Vo,

can be attributed to localised joint rotation and the total elastic deformation of the system:

A=A

elastic

L,
+ 000!'1 Tb LC (7)

in which Agjasiic = the elastic deformation of the system from flexure, given by:

_ Veolupiit |:(Lc -D)’ N 'L, } ®)

A ic — * *
elastic 12 EI, L?El,

where El,, and El_, are the effective stiffness of the beam (0.25Elpm, gross) and column

(0.6Elcol, gross), respectively; and D = the depth of the beams (560mm). A more detailed

derivation of Equation (8) can be found in either Li (2006) or Rodgers (2009).

EXPERIMENTAL SETUP

The experimental test setup shown in Figure 1b is closely similar to that in Bradley et al
(2008). The column was pinned to the floor using a universal joint. Additional pins were on
stiff struts near the end of each beam. Actuators A and B were located at the top of the east
and south face of the column, inducing displacements in the seismic and gravity directions,

respectively. Actuator C was orthogonal to the side face of the gravity beam, in line with the
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gravity beam support strut, and was used primarily to stabilize the specimen. Rotary
potentiometers were installed against the opposite face of each actuator. An additional
actuator at mid height of the gravity beam simulates the precast one-way floor panels, with a
constant 120kN load spread over a 1.5m timber block.

At one end of each prestress thread-bar anchor, load cells measure the forces in the
thread-bars. Four 32 mm high strength thread-bars along the longitudinal column axis were
stressed to 500 kN for a 2000 kN total axial load (0.1f°cAy), simulating gravity forces. A total
of 24 potentiometers measured localized displacements. Within the joint, each coupler
connecting the HF2V shaft to the threaded rod in the column was converted to a load cell,
consisting of eight strain gauges compensating for bending and temperature effects. Four
strain gauges were placed on the top and bottom web of the beam armouring channels to

detect any potential yielding upon gap-opening.

TEST METHODS

Displacement controlled uni- and bi-directional testing was performed. Both quasi-static
testing using cyclic loading patterns and quasi-earthquake displacement (QED) tests (Dutta et
al., 1999) using load patterns from computational simulation of the full 10-storey prototype
structure were employed. The QED method is intended to produce realistic displacement

demands representative of expected seismic response (Dhakal et al, 2006)

Quasi-static displacement profiles

Preliminary, low drift level quasi-static tests were used to characterise the specimen for
use in a computational model for the QED test (Solberg, 2007). Owing to the damage-free
nature of the specimen, it was possible to conduct preliminary tests (both uni- and bi-
directional) without damaging the specimen. Further quasi-static testing was carried out
following the QED testing regime, consisting of uni-directional tests in each direction to a

maximum drift of 3 percent (equivalent to a radial drift of 4 percent), and bi-directional tests
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to a maximum (radial) drift of 4 percent.

Quasi-earthquake displacement testing

The QED method is intended as a more realistic protocol, capturing specimen behaviour
under ‘real’ earthquake ground motion. Unlike quasi-static testing, which uses controlled
cyclic displacements in ascending order, QED testing captures small loading cycles following
severe displacement demand from initial pulses. Second, P-A effects can be considered in the
analytical model, thus capturing non-uniform displacements due to excessive yielding in a
single direction. Finally, QED test performance can be extrapolated to infer likely damage at
multiple levels of excitation.

Quasi-static test data was used to create an equivalent computational model of the
specimen. Details of the development of the 3D analytical model are given in Bradley et al.
(2008). Elasto-plastic and bi-linear elastic springs represent the dampers and prestress at the
joint, respectively. The natural period of the full structure was found to be 1.5s.

In order to perform a Multi-Level Seismic Performance Assessment (MSPA), the
earthquake records to be used must be pre-identified. Dhakal et al. (2006) proposed a
methodology based on Incremental Dynamic Analysis (IDA), where an IDA is conducted
using multiple earthquake ground motions and the IDA results are probabilistically processed
to select records that give medium and high confidence at desired levels of seismic intensity.
Performing an IDA involves conducting nonlinear dynamic analyses of a computational
structural model subjected to a suite of earthquake ground motion records scaled to different
intensity measures (IMs) (Vamvatsikos and Cornell, 2002). For each analysis, an engineering
demand parameter (EDP) is monitored, producing an IDA curve (i.e. a plot of IM vs EDP) for
each earthgquake record.

A reliable computational model of the structure yields displacement profiles at nodes of
interest for use in physical testing. This task required the identification of earthquakes likely

to represent various levels of demand, considering both rare and relatively frequent
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earthquakes. The procedure described by Dhakal et al. (2006) was adopted to define three key
earthquake records representing multiple levels of seismic demand, by performing an IDA
(Vamvatsikos and Cornell, 2002) to identify the structural response from various earthquakes.
Earthquakes representing percentile levels at various intensities can then be identified and
used for subsequent analysis.

Assuming a firm soil site in Wellington, New Zealand (a high seismic zone) three levels
of demand were identified following Dhakal et al. (2006). These demand levels were: (i) a
90™ percentile design basis earthquake (DBE); (ii) a 50™ percentile maximum considered
earthquake (MCE); and (iii) a 90" percentile MCE. The DBE and MCE were defined as
earthquakes with return periods of 475 years (10% in 50 years) and 2475 years (2% in 50
years), respectively. For the site of interest, this corresponds to a peak ground acceleration
(PGA) of approximately 0.4g for the DBE and 0.8g for the MCE, based on the seismic hazard
model in Stirling et al. (2002). For each demand level, a performance level related to
serviceability and life-safety was defined. For the 90" percentile DBE it corresponds to a high
level of confidence that the structure remains operational. After the MCE the structure is
expected to be repairable with a moderate level of confidence (50" percentile MCE) and is
not expected to collapse with a high level of confidence (90™ percentile MCE).

Earthquake records were selected from a suite of 20 recorded ground motions from the
SAC project (Sommerville et al., 1997). The spectral acceleration (S;) at the fundamental
period of the structure was selected as the intensity measure (IM) (Baker and Cornell, 2005).
Thus, the DBE and MCE intensity levels correspond to a S, of 0.27g and 0.48g, respectively.
The resulting IDA data is plotted in Figure 5, showing the 10" 50" and 90" percentile
curves, which notes the three selected records. These records correspond to peak (radial)
interstory drifts of 1.6, 1.6 and 2.8 percent for the 90% DBE, 50% MCE, and the 90% MCE,

respectively.
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EXPERIMENTAL RESULTS

This section first presents results from the quasi-static tests, followed by QED test

results.

Quasi-static test results

The response of the subassembly in the East-West and North-South direction is given in
Figure 6. The specimen was subjected to two fully-reversed displacement cycles, at column
drift amplitudes of 0.5, 0.75, 1.5, 2.25, and 3.0 percent. The prediction using Equations (3) to
(8), is plotted along with the experimental results, with good agreement between the two.

In the East-West direction, the hysteretic behaviour displays notable energy dissipation.
The dissipation is notably high, given that the structural members remain essentially elastic,
and therefore provides essentially no hysteretic energy dissipation. Furthermore, the straight
tendon profile in the East-West (seismic) direction results in very low friction between the
duct and tendons and therefore also contribute very little inherent energy dissipation. The
hysteretic results without damper contributions are presented in Rodgers (2009), and show an
essentially bi-linear elastic response regime with negligible energy dissipation. The specimen
did not suffer any noticeable stiffness or strength degradation, and stable hysteretic energy
dissipation is evident. The maximum recorded residual drift was approximately 0.08%, (2.6%
of the maximum drift), and is attributed to friction arising within the prestressing system.

In the North-South direction, the results are similar, with stable energy dissipation. The
maximum residual drift was 0.12%, (4% of the maximum). This value is slightly larger than
the East-West direction, and is attributed to the increase in prestress friction from the draped
tendon profile. Differential friction forces due to reversed cyclic loading contribute to this
effect.

These frictional effects can be clearly seen in Figure 7a, which shows the change in

prestress force for a given column displacement. It is evident that friction between the duct

15



O©CO~NOOOA~AWNPE

and prestress thread-bars leads to some energy dissipation not considered in the original
design. This effect is minimised in the East-West direction, where the straight ducts result in
less tendon-duct friction. Figure 7b shows the ‘in-service’ response of the HF2V damper in
the east beam. The apparent in-service stiffness of the damper was reduced compared to the
damper tests alone. It is very important to note that the displacement in Figure 7b is not
directly measured, but rather an inferred displacement measured across the joint at the beam
mid height by a potentiometer attached to the column face. It therefore records the mid-height
gap-opening displacement and includes all sources of flexibility from axial stretching of the
connecting elements to take-up in the threaded coupler nuts. Due to the embedded device
design, direct in-service device displacements were unavailable. These additional sources of
flexibility and slackness reduced the contribution of the damper to the overall hysteretic
performance on smaller cycles. For example, the HF2V device should “yield” at
approximately 1 mm of elongation, but was not observed until ~2.5 mm. The revised stiffness
of the HF2V devices considering the added freedom in the connecting elements is
~80 KN/mm and 50 kN/mm for the gravity and East-West joints, respectively. Improved
detailing of device connections will reduce or eliminate this behaviour.

Observed damage to the specimen was minimal. Flexural cracks were detected in the
beams, spaced at approximately 250 mm, but closed after testing. No flexural cracks were
observed in the column. Up to 2 percent drift, virtually no cracking was observed in the joint
region. Some small cracks, approximately 50 mm in length, were observed in the beam
corners from the end of the channel’s flange. They formed when this region was in
compression from connection opening. Beyond 2% drift, some additional cracks were
observed, but were minor. No cracks were observed around the armouring in the column, nor
were any diagonal shear cracks observed across the joint. No crushing was observed around
the steel armouring the column. Upon the completion of testing, there was a prestress loss of

4% per thread-bar in the East-West and North-South direction.
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Results from bi-directional testing are given as individual East-West and North-South
direction plots in Figure 6, with the bi-directional clover-leaf displacement-controlled loading
pattern shown inset in Figure 6a. The specimen exhibited stable and highly dissipative
hysteresis loops with negligible stiffness or strength degradation. The bi-directional rocking
caused some additional 50-100mm minor crack propagation to the beams near the joint
interface. These cracks appeared when the specimen was displaced concurrently in the
East-West and North-South (diagonal) direction, resulting from significant force
concentration at the rocking corner of the beams. Comparing the uni- and bi-directional
hysteresis loops indicates that the specimen performed essentially the same as in uni-
directional loading. Very minor strength loss from the bi-directional testing is noticeable at
the 3 percent drift amplitude.

Figure 8 shows the compression force in two of the dampers over time, recorded after
quasi-static testing to 3% drift. In the first 8 hours, the initial 200 kN compression force
dropped to ~100 kN. After 40 hours, it reduced to ~85kN, following the logarithmic decay in

Figure 8.

Quasi-earthquake displacement test results

Figure 9 shows the experimental results for the three IDA selected earthquakes used as
QED test inputs. The force-displacement response, the bi-directional column orbit, and the
displacement versus time are shown. In all cases, the specimen exhibited good flag-shaped
hysteretic energy dissipation response. Bi-directional rocking coupled with non-uniform
displacement cycles, resulted in some minor stiffness degradation. This loss is evident when
scrutinizing the North-South force-displacement response, particularly for the 50% MCE case
which exhibited significant biaxial motion interaction.

Damage to the specimen was minimal with only slight cracking near the joint region
observed. These cracks generally closed at the end of testing. Some prestress losses of

0-15 kN were detected, and attributed to a combination of some local cracking/crushing of the
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concrete around the thread-bar anchorages, as well as normal tendon-duct frictional effects.

MULTI-LEVEL SEISMIC PERFORMANCE ASSESSMENT

Ground motions representing different levels of seismic demand were applied to a
subassembly representing an exterior column of a multi-storey building. Using these test
results, it is possible to extrapolate observed damage to the whole structure and determine if
identified performance objectives were met. The first deals with serviceability. Given a design
level earthquake, there must be high confidence that the structure will not sustain damage that
disrupts normal function. The seismic demand for this objective is the 90™ percentile DBE
(10% probability in 50 years/475-year return period). The displacement profile had a single,
large 1.6% interstory drift cycle, followed by a slow reduction in displacement. Residual drift
was negligible. Observed damage from this level of shaking was minimal. Flexural cracks
were observed in the beams and small (50 mm) cracks that closed after testing were observed
in the beam’s joint region. The HF2V dampers performed well, with some hysteretic energy
dissipation on the first pulse, followed by near-elastic behaviour. The specimen did not suffer
any stiffness or strength degradation, as shown in the experimental results of Figure 6, and in
more detail in Rodgers (2009). Given these results, the specimen satisfied the first MSPA
requirement that the building should remain operational following a DBE.

The second performance objective relates to repairability, where there must be moderate
confidence the structure is repairable following a rare earthquake. This criteria relates to the
50" percentile MCE (2% probability in 50 years/2450 year return period). The displacement
demand was most severe in the North-South (gravity) direction, corresponding to a maximum
interstory drift of 1.6%. Again, the specimen performed very well. Only a few additional
cracks near the beam’s armouring were observed. In the East-West direction, the specimen
behaved elastically, with no stiffness or strength degradation. In the North-South direction,

some minor stiffness degradation was observed, and attributed to binding of the draped
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thread-bar profile within the duct. The specimen thus easily met the second MSPA
requirement.

The final performance objective relates to collapse prevention and life-safety. With a
high level of confidence the structure must not collapse following a very rare earthquake. This
objective was related to the 90™ percentile MCE. The displacement demand consisted of one
primary pulse to 2.8% East-West interstory drift (3.1% radial drift), followed by several small
cycles. As with the previous two earthquakes, damage to the specimen was minimal. Some
previously developed cracks propagated away from the joint another 100 mm. A few
additional cracks formed near the armouring region, but mostly closed after testing. During
the first pulse, a considerable amount of hysteretic energy dissipation was observed,
subsequent displacement cycles were elastic, with the full stiffness and strength of the
specimen preserved. Some prestress losses were recorded, of ~0-5%, likely due to embedding
in the anchorage regions. These losses were deemed too small to necessitate re-stressing the
thread-bars. Given the damage outcome from this level of demand, the structure satisfied the
final objective of life-safety.

It is considered that this dual experimental-computational MSPA has verified the
seismic resistance capability of the proposed structural system with jointed precast concrete
with internal HF2V dampers. The investigation has demonstrated that the specimen, and
indirectly the structure, is capable of remaining essentially damage-free under maximum
considered severe ground shaking conditions. AIll performance objectives related to
serviceability and life-safety were achieved. This structure, designed to avoid damage by
rocking at specially detailed joints, thus offers an attractive alternative to conventional
monolithic design and construction. The authors believe an equivalent monolithic structure
would have likely undergone severe cyclic rotations at its plastic hinges, resulting in major

damage locally and excessive residual displacement of the global system.

19



O©CO~NOOOA~AWNPE

DISCUSSION

Overall, the specimen performed as expected, exhibiting very stable hysteresis loops
with no stiffness or strength degradation and negligible residual drift. Minor cracks were
observed in the joint region of the beam, ranging in length from 25 to 150 mm. These cracks
were confined primarily to the armoured end regions and tended to close after testing. No
damage (cracking or crushing) was observed in the column. This was likely attributed to the
average axial stress (~0.1f7¢) in the column that suppressed cracking.

Testing confirmed that the detailing strategy is sufficient to protect the members from
damage due to bi-directional drifts up to 4 percent. The joint was shown to ‘roll’ slightly, but
this effect was minimal. Given the good agreement between the prediction and experimental
results, using the rigid body assumption and the negligible rolling of the connection, the hand
analysis method is demonstrated to be of sufficient sophistication for predicting the backbone
response. The design of the beam-column joint region was relatively simple. However, it is
important to emphasise that checks be made to ensure that armouring is sufficient for
spreading the compressive contact forces to the concrete without damage. Since very little
cracking was observed in the joint region, the steel fibre reinforcing (in the closure pour) did
not play a critical role in the joint’s response. It is thus suggested that the addition of fibres to
the mix are not strictly necessary. To further investigate these types of effects, a finite-
element analysis may be necessary to identify any portions which may have been over-
designed.

A particular focus of this research was an examination of the efficacy of the internal
HF2V dampers. Results show that the HF2V dampers successfully achieved their design
objectives. The HF2V dampers provided stable energy dissipation, and were shown to ‘reset’
after testing, as the residual force in the devices decayed logarithmically. This effect is very
desirable, particularly considering that the devices would not have to be serviced or replaced

following an earthquake.
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Due to the very small connection opening (~5-10 mm), the effectiveness of the HF2V
damper is very sensitive to its stiffness and connection to the structural system. To limit
stiffness losses from connecting elements the HF2V dampers were tightened against the
connecting rods and the threaded rods grouted in the column. However, some minor slackness
in the connecting elements led to a reduction in stiffness of approximately 60 percent. Further
development of these devices and systems should thus consider connection details.

A considerable amount of effort was devoted to identify the most constructible solution
possible. The key to this design is the inclusion of the cast in-situ closure pour. This approach
provides a means of ensuring a reliable contact surface at the joint and easier coupling of
various elements, thus enabling segmental pre-cast construction.

The MSPA method relies heavily on the computational model developed from the
experimental data. In order for realistic displacement profiles to be extracted from the model,
the response of the two must be reasonably identical. Furthermore, non-structural damage,
which constitutes a large portion of overall damage, should be considered for a more complete
conclusion to be drawn. Nevertheless, the MSPA method has demonstrated a sound means of

experimentally verifying the performance of structures at various levels of seismic demand.

CONCLUSIONS

The following conclusions can be drawn from this study:

1. The jointed precast concrete specimen with internal HF2V dampers in the beam-end re-
gions satisfied all seismic performance objectives related to serviceability and life-safety.
The specimen remained essentially damage-free, fulfilling the Damage Avoidance Design
objective, after being subjected to displacement profiles representing a design basis earth-
quake and more severe maximum considered earthquakes

2. The HF2V dampers mounted internally at each beam end provide reliable energy

dissipation on every test cycle. Residual device compression forces were shown to
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3.

logarithmically decay through creep towards zero force over time. The devices do not
need to be serviced or replaced following an earthquake.

The detailing strategy provided an excellent level of protection from damage, while
retaining a degree of simplicity and constructability. Throughout quasi-static and QED
testing up to 3.1% radial drift the specimen suffered negligible damage; only some small

cracks were observed near the steel armouring and these generally closed after testing.
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Figure 1: Subassembly development and reinforcing detail

Figure 2: Joint region detailing

Figure 3: Photographs of the cast in-situ joint
showing (a) the east beam with the thread-bar ex-
posed; (b) east beam with the thread-bar enclosed

in PVC and showing the damper

Figure 4: HF2V Damper details

Figure 5: Incremental dynamic analysis curves
resulting from the analytical model

Figure 6: Uni-directional testing to 3 percent drift: Force-displacement response from ex-

perimental testing and the hand method prediction: (a) East-West direction and (b) North-

South direction. Inset in a) is the overall clover-leaf pattern resulting from the bidirectional
loading

Figure 7: Response of (a) the prestress and (b) the ‘in-service’ performance of the HF2V
dampers in the east beam.

Figure 8: Damper force decay over time. Results
are plotted for the east and gravity beam damper.
The data is fitted to a logarithmic function.

Figure 9: QED test results
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Reviewer 1:
The reviewer’s comments are presented here, with the authors’ responses.

Reviewer 1 writes:

The paper describes a connection for precast concrete frame members that provides self-
centering and energy dissipation. The concept has its origins in work conducted at NIST and
in the PRESSS program, but the present development uses a lead extrusion damper in place of
yielding mild steel rebars to provide the energy dissipation. The self-centering is provided by
prestressing bars that remain elastic during a seismic event.

The concept is an interesting one and appears to be an apt use for the lead extrusion damper,
which was first developed in the 1970s but has seen little use in practice (outside New
Zealand). The primary advantage offered by the lead is that it creeps, thereby allowing any
residual force in the damper after an earthquake to dissipate over time. This is not true of the
rebar system. My major overall concern is that the system described here looks too
complicated, too congested, too difficult to connect in view of typical on-site tolerances, and
too expensive to attract much positive attention from contractors. Therefore it seems unlikely
to be implemented, at least in the US. However that is a matter for the marketplace, not
reviewers, to determine, so this review will focus on the technical aspects of the paper.

First, placement of the damper at mid-height, rather than at the top and bottom, of the beam
means that the displacements imposed on it are relatively small, so the force needs to be
correspondingly high if sufficient energy is to be dissipated. That in turn means that the
damper needs to have a low yield displacement and that the connecting elements (bolts, rods,
etc) must be stiff enough to not isolate the damper by stretching elastically. This is quite a
severe requirement, but Figure 4b shows the damper to have a yield displacement of about 1
mm, and the connection tests appeared to show adequate damping. So, although it seems
surprising, that concern appears to have been successfully addressed.

Several aspects of the system are difficult to understand from the paper, and the explanations
of them should be improved. The primary ones are:

1. The prototype system is unclear. Figure 1la shows the prototype, but what are the beam
cross-section dimensions? (the proportions of the test beams are very slender compared with
the beams normally used in the US. Slender beams typically lead to joint shear problems).
The specified column ties (at 250 mm centers in the test beam, so presumably much larger -
and atypical for practice - spacing in the prototype) suggest suspiciously low column shear
forces.

=>» The beam cross-section dimensions of the experimental specimen are presented in
Figure 1c. The prototype is scaled for 80% of full-scale, with more details of the
prototype structure being discussed in the theses of Li (2006) and Solberg (2007),
which is available free on the University of Canterbury institutional repository.

A detailed discussion of the specimen design considerations is not included in this
paper, as it focussed on the overall concept and the use of HF2V devices embedded
in a damage-avoidance connection.



The sentence on page 5 of the manuscript which originally read:

“Figure 1b shows the experimental setup, further details of which may be found in
Bradley et al (2008).”

Has been modified to:

“Figure 1b shows the experimental setup, where further details on the specimen
dimensions and design details may be found in Solberg (2007), Bradley et al (2008),
and Li (2006).”

Also, how is the corner column joint detailed? There appears to be little space available for
dampers in two orthogonal directions. Does that mean that the system can be used only in
"interior bays" of the perimeter, because that would mean only one bay in each direction of
the prototype building shown? That seems hardly enough. Or are the interior frames (i.e. the
ones spanning between columns in the interior of the building) used for seismic resistance as
well? That would be a significant departure from present practice, largely from the point of
view of headroom required and the limitations on interior beam depth.

=>» The experimental subassembly has dampers located in both orthogonal directions (in
both the seismic and gravity beams). The only conflicting space constraints are in
the column, where the only elements that relate to the dampers are anchor rods. To
avoid any interference, a vertical offset of 50mm was provided for the anchor rods
that connect the dampers in the gravity beam. Therefore, in the overall building,
dampers can be positioned in both the interior and exterior bays of the structure as
desired. No clash will be present, and conventional present practice can be
maintained.

To better convey this concept to readers, the following sentence on page 6 which
originally read:

“The joint was designed to accommodate 150 x 150 mm HF2V devices in the centre
of the joint in the seismic beams, and at a 50 mm offset from centreline in the gravity
beam.”

Has been modified to:

“The joint was designed to accommodate 150 x 150 mm HF2V devices at mid-height
in the beam end-zone in the seismic beams, and at a 50mm vertical offset from mid-
height in the gravity beam. This offset prevents any interference between the damper
anchor rods from the two orthogonal directions in the column..”

Is the beam shear really to be carried by the small pins shown in Fig 2b? Not only does that
contradict the statement on page 4 that other system need "special key devices" - with the
implication that that the proposed system is better because it does not - but they also look like
a tolerance nightmare. These matters need to be cleared up, and perhaps the authors would
also like to consider stating what the seismic forces on the building and in each beam are, to
help the reader understand how the system works. At present, it is hard to evaluate.



=> As the reviewer states in the subsequent question 3, the beam shear can be carried in
friction at the beam-column interface. However, the shear keys are provided as an
additional mechanism to provide some redundancy to the system. The tolerances are
not a problem, as the cast-in-situ section at the beam ends allows for adjustment of
the steel channels that provide armouring.

=>» The authors acknowledge that these statements may be debatable. Therefore, the
statements the reviewer identifies are modified. The first paragraph in the
‘Subassembly Development” on page 4, which originally read:

“Special attention was given to potential construction issues. The beam and column
elements were designed to be precast, with limited concrete placement required on-
site. Fully precast members require very tight (and costly) tolerances and special
shear-key devices to lock the beam to the columns. To avoid this issue, a cast in-situ
‘closure pour’ was provided at one end of each beam. The other end was considered
to be a “dry-joint”. Hence: (i) tolerances could be considerably less than fully
precast members; (ii) the closure pour provides an access point for coupling the
prestress thread-bars and the damping devices; and (iii) high performance concrete
can be used in the high stress zone at the beam end. The closure pour thus becomes
the primary focus for on-site erection. Within this region, the HF2V damper in each
beam can be coupled to a threaded rod anchored in the column, the prestress
thread-bars would be coupled to one another, and the channels would be tightened
against the face of the column. A detailed overview of the construction sequence is
given in Solberg (2007).”

Has been modified to:

“Special attention was given to potential construction issues. The beam and column
elements were designed to be precast, with limited concrete placement required on-
site. A cast in-situ ‘closure pour’ was provided at one end of each beam. The other
end was considered to be a “dry-joint”. Hence: (i) tolerances could be less than
fully precast members; (ii) the closure pour provides an access point for coupling
the prestress thread-bars and the damping devices; and (iii) high performance
concrete can be used in the high stress zone at the beam end. The closure pour thus
becomes the primary focus for on-site erection. Within this region, the HF2V
damper in each beam can be coupled to a threaded rod anchored in the column, the
prestress thread-bars would be coupled to one another, and the channels would be
tightened against the face of the column. A detailed overview of the construction
sequence is given in Solberg (2007).”



2. Test specimens. Each test beam is said to represent half a real beam. Why then is the
tendon in the gravity beam draped so it has the same eccentricity at each end and a low point
in the middle (Fig 1c)? It looks like a complete beam.

=> The reviewer is correct that the drape represents a full-beam profile and is in error
here. As such, the following modification to the manuscript has been made:

The start of ‘Specimen Design’ on page 5, which originally read:

“A 3D subassembly representing an interior joint on a lower floor of a ten storey
building was developed. The subassembly consisted of two beams cut at their
midpoints and an orthogonal beam cut at its midpoint, the approximate location of
the point of contraflexure for seismic loads. These beams were all connected to a
central column. The orthogonal beam, referred to as the gravity beam, was designed
to support one-way precast flooring. ”

Has been modified to:

“A 3D subassembly representing an interior joint on a lower floor of a ten storey
building was developed. The subassembly consisted of two beams cut at their
midpoints, the approximate location of the point of contraflexure for seismic loads,
and an orthogonal beam designed for gravity loads. These beams were all connected
to a central column. The orthogonal beam, referred to as the gravity beam, was
designed to support one-way precast flooring. ”

Why also is the steel channel etc. in the beam end needed? (And what is a PFC channel?) It
does not appear to connect the damper or the PT bars, but adds to congestion in the end and
causes the need for Reidbars (presumably a local equivalent of a threaded Dywidag bar) in the
top and bottom of the beam, even though they are not continuous into the column. It would
also make casting the c.i.p. closing pour very difficult.

=>» The steel channel is required for armouring of the joint region. As noted, it is not
connected to either the dampers or PT bars, nor is it continuous into the column.
These channels exist for the purpose of providing an armoured rocking interface,
whereby the large point loads at the rocking edge is mechanically developed into
beam. They also provide an ability to correct any misalignment by the locating nuts
on the Reidbars (which are indeed an alternative to Dywidag bars). This is an
essential part of the damage avoidance design and is one of the key reasons that no
notable stiffness or strength degradation was observed in the experiments. The space
is a little limited for the cast in place closure pour, but the gap is sufficient, if not
ample, for the final pour.

Regarding the reference to the 180 PFC channel. The reviewer correctly notes that
this is not clear, and should be explained to readers. Therefore, the manuscript is
modified, where the sentence near the end of page 6, which originally read:

“A 180 PFC channel was used top and bottom to armour the contact surfaces and
was designed to prevent crushing of the concrete behind the channel from
compression forces at the design moment of the joint. ”



Has been modified to:

“A 180mm parallel flange channel (PFC) was used top and bottom to armour the
contact surfaces and was designed to prevent crushing of the concrete behind the
channel from compression forces at the design moment of the joint. ”

The ties in the column joint are shown (Fig 1c) clashing with something that looks like the
damper. Since the region appears to be very congested, demonstrating the adequacy of the
space available is important and clashes are unacceptable. Furthermore the ties shown in Fig
1c are different from those shown in Fig 2b. Which figure should the reader believe?

=>» The authors’ would like to reaffirm and clarify that the dampers are not located in
the column, but rather in the beam ends. Therefore, the dampers do not clash with
the column ties. The dashed hidden-detail lines shown on the column in Figure 1c
are the exit points of the tendon ducts on the far face and the trajectory through the
column. The solid circles represent the entry points on the front face of the column.
Although the tendons do pass though the level of the column ties, they do so at the
column centre (not at the tie location) and no clashes exist. It should be noted that
the tendon ducts seen in Figure 1c are for the gravity direction with an 8° incline for
the draped profile, and are the shown in Figure 2b. The reviewer seems to be
confusing the ducts with the horizontal ducts for the seismic direction in Figure 2b,
with the gravity direction ducts in Figure 1c.

In Fig 1c, the bottom beam lacks a section callout mark, and the section should be lined up
with the elevation view. Why are the east and west seismic beams both shown? They appear
to be identical. Showing both suggests that they are not. The gravity beam appears to use PT
bars for the draped prestressing (the figure refers to a "rod" and page 17 refers to "the draped
threadbar profile™). How are bars used on a curved profile?

=>» The end elevation of the bottom beam in Figure 1c has no corresponding section
callout as it is an end elevation and not a section view. However, the authors
acknowledge that greater clarity should be provided to readers to convey this
concept. Moreover, both the East and West seismic beams are presented so that
different section views can be presented. The authors’ agree that the current layout
might be a little misleading and have therefore made the following changes to the
manuscript.

The end elevation and sectional views are more clearly labelled for greater clarity.
The reference to Figure 1c in the text is also modified to convey that both seismic
beams are identical, and are reproduced to allow additional detail views.

The sentence on page 5 which originally read:

“Figure 1c illustrates the reinforcing layout for the structural members, where the
target longitudinal reinforcement ratio is 0.01.”

Has been appended and now reads:

“Figure 1c illustrates the reinforcing layout for the structural members, where the
target longitudinal reinforcement ratio is 0.01. Note that in Figure 1c both the
seismic beams are shown. These beams are identical, but both are shown to provide
additional section views. ”



Figure 1, which originally took the form:

a) Prototype structure showing the location of  b) Photograph of the subassembly in experimental test
subassembly (Solberg, 2007); apparatus
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Figure 1: Subassembly development and reinforcing detail



Has been modified to:

TN

a) Prototype structure showing the location of b)) Photograph of the subassembly in experimental test
subassembly (Solberg, 2007); apparatus
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Figure 1: Subassembly development and reinforcing detail



3. Under "Construction Considerations" on page 4, the authors claim that "fully precast
members require very tight and costly tolerances and special key devices to lock the beams
into the columns”. These statements are simply not true. Most of the "Hybrid Frames™ in the
US have been built by Charles Pankow Builders. They have never used any special key
devices, because friction holds the beams up. They have never had any trouble erecting the
beams, using only a gap at each end of about an inch, which is subsequently grouted. The
statement appears designed to suggest false disadvantages for others, so the proposed system
looks better.

=>» The authors acknowledge that these statements may be debatable. Therefore, the
statements the reviewer identifies are modified. The first paragraph in the
‘Subassembly Development” on page 4, which originally read:

“Special attention was given to potential construction issues. The beam and column
elements were designed to be precast, with limited concrete placement required on-
site. Fully precast members require very tight (and costly) tolerances and special
shear-key devices to lock the beam to the columns. To avoid this issue, a cast in-situ
‘closure pour’ was provided at one end of each beam. The other end was considered
to be a “dry-joint”. Hence: (i) tolerances could be considerably less than fully
precast members; (ii) the closure pour provides an access point for coupling the
prestress thread-bars and the damping devices; and (iii) high performance concrete
can be used in the high stress zone at the beam end. The closure pour thus becomes
the primary focus for on-site erection. Within this region, the HF2V damper in each
beam can be coupled to a threaded rod anchored in the column, the prestress
thread-bars would be coupled to one another, and the channels would be tightened
against the face of the column. A detailed overview of the construction sequence is
given in Solberg (2007).”

Has been modified to:

“Special attention was given to potential construction issues. The beam and column
elements were designed to be precast, with limited concrete placement required on-
site. A cast in-situ ‘closure pour’ was provided at one end of each beam. The other
end was considered to be a “dry-joint”. Hence: (i) tolerances could be less than
fully precast members; (ii) the closure pour provides an access point for coupling
the prestress thread-bars and the damping devices; and (iii) high performance
concrete can be used in the high stress zone at the beam end. The closure pour thus
becomes the primary focus for on-site erection. Within this region, the HF2V
damper in each beam can be coupled to a threaded rod anchored in the column, the
prestress thread-bars would be coupled to one another, and the channels would be
tightened against the face of the column. A detailed overview of the construction
sequence is given in Solberg (2007).”

The proposed system requires mechanical connections to be made at each end. While it is
possible to see, at least in theory, how this could be done at the end with the c.i.p. closure
pour, it is not clear how this is to be done at the other end, where it seems that the connection
is precast-to-precast. (The text says that a closure pour was provided at one end of the beam.



Does this mean at only one end in the prototype? Or is it at both ends in the prototype, but
only the one connected end in the test beam?)

=> The concept of one precast-to-precast interface and one c.i.p closure pour was to
allow for overall tolerances on beam length. One end could be precast with
sufficiently tight tolerances so that it can interface with the column, and the other
done as a c.i.p closure pour to accommodate variation in beam length. All of the
beam-column interfaces in the experimental specimen were cast-in-place, but the
overall implementation in a structure would use pre-cast to pre-cast interface at one
end and cast-in-place at the other.

The damper connections could be made prior to the off-site fabrication of the beams,
and the final connection is only a matter of connecting a threaded rod into a coupler
that is connected to the damper. The anchor rod can then be grouted in the column
via some existing grout tubes.

While the paper length does not present opportunity to cover these issues in depth,
Solberg (2007) is publicly available and referenced to cover this topic that is not the
primary focus of this specific article. This thesis can be publicly viewed and
downloaded at the University of Canterbury institutional repository at:
http://ir.canterbury.ac.nz/handle/10092/1162

4. The configuration of the damper is unclear. First, in Fig. 4a, there are some bolts floating
around apparently inside the closure plate. What are they for? Are they in fact the closure
plate bolts, but shown in the wrong place? There is a callout to a 70 mm "damper shaft”,
which looks more like a cavity, because there us already another callout to a 30 mm "damper
shaft". What is the 70 mm one? Where does the lead go? It is not shown. If the 70 mm
device is indeed a cavity, is it closed at the right hand side as shown? A section would help
the reader to understand how the damper works, and in particular the flow path of the lead.
The text also mentions a duct that surrounds the damper. Where is it? It is not shown in the
figures.

=>» The reviewer is quite correct in that the exploded view of the device is misleading.
The bolts shown are indeed those for the closure plate and are shown in an
inappropriate order. The exploded view has been corrected to reflect this comment
and the authors would like to thank the reviewer for this comment. Likewise the
damper cavity is incorrectly labelled. The cavity is subsequently relabelled.

The authors agree that a sectional view of the damper will be of use to readers and
better help convey the damper concept. The addition of a cross-sectional view was
originally omitted due to the tight page limit for this journal. In this revision a cross-
sectional view is included in addition to the exploded view.

Finally, the damper ducts reference is actually to a duct that contains the damper
shaft and connecting rods. The damper duct within the column is grouted to
constrain the anchoring rods, and left open within the beam ends to allow the
damper shaft to move. The paragraph on page 7/8, which originally read:
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“The column longitudinal reinforcement was welded to a 20 mm steel plate at the
top and bottom, and the armouring plates were developed into the concrete by welds
studs. A 50 mm recess at the column anchoring ends of the damper duct allowed
easy bolt clearance. Corrugated steel tubing provided the damper ducts, with grout
tubes at each end. ”

Has been modified to:

“The column longitudinal reinforcement was welded to a 20 mm steel plate at the
top and bottom, and the armouring plates were developed into the concrete by welds
studs. A 50mm recess at the column face where the damper anchoring rods are
bolted allowed easy bolt clearance. Corrugated steel tubing provided the damper
ducts where the shaft and connecting rods passed through. Grout tubes are provided
to grout the anchoring rod within the column, and the damper duct in the beam ends
was left open to allow free movement of the damper shaft. ”

Figure 4, which originally took the form:
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Figure 4: HF2V Damper details
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Has been modified to (now in a column format):

—-_I50
@70mm INTERNAL CAVITY —
FILLED WITH LEAD-_

@30mm SHAFT WITH
0 48mm BULGE \\

145

\ @ 25mm OVERSIZED HOLES
FOR THREADED ROD ATTACHMENT

~ 8 x M10 CAPSCREWS

a) Exploded isometric view

| 102 |
| |
| .
Lo
g8 S S
| ® Shaft Motion
]
/ > V‘\r/
Endcap
/ \Lead Filled
Lead Flow Chamber
b) Cross-sectional view showing lead flow
400
__ 300+ e I
P4 [
< 200 f
() L
o [
S 100+
LL L
@ of
g :
IS
@ -100 +
)
> [
-200 +
& b — Damper 1
T -300 | — Damper 2
r — Damper 3
-400 +

-2 0 2 4 6 8 10 12 14 16 18
Displacement (mm)
c) Hysteresis loops

Figure 4: HF2V Damper detail

The inclusion of the exploded view is partially redundant with the addition of
the cross-sectional view. However, the authors have included both views in the
interests of clarity to the reader. The inclusion of both views is left to the
reviewer and editor’s discretion based on total paper length
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5. In the section "Predicted Response”, the authors refer on page 10 to moment curvature
analysis, from which force-displacement response can be calculated. To do this, a plastic
hinge length (or something similar) is needed. What was used and with what justification?

=> The response prediction assumes elastic behaviour of the structural members and
rigid-body deflection. The detailed derivation relates to moment-area methods and
simple beam-bending theory. The derivation in the manuscript does not require a
plastic hinge length as the members will remain elastic. Full derivation of Equation
(8) can be found in the theses of Li (2006) and Rodgers (2009). To reflect this, the
following modification has been made to the paper:

On page 10, where it originally read:

“Given a moment-curvature analysis, the force-displacement response of the
subassembly can be evaluated. In the East-West direction, the horizontal force at the
top of the column, V¢, can be found given the moment at the joint:”

It now reads:

“Given an elastic moment-curvature analysis, the force-displacement response of
the subassembly can be evaluated. In the East-West direction, the horizontal force at
the top of the column, V¢, can be found given the moment at the joint: ”

Moreover, immediately following Equation (8), reference has been drawn to the two
theses of Solberg (2007) and Rodgers (2009) to provide additional information to
interested readers. Both of these theses will be publicly available on the institutional
repository for the University of Canterbury:

Li (2006): http://ir.canterbury.ac.nz/handle/10092/1098

Rodgers (2009) is not currently available, but will be in the very near future, and
certainly before the final manuscript is published.

6. The "Experimental setup™ section was hard to understand without a figure of the setup
used. Reference to the "south face of the column” is unhelpful unless the reader is told the
orientation of the setup.

=>» The authors agree that an overall schematic of the experimental setup would be a
desired addition to the paper and provide greater clarity to readers. The figure was
originally included in the manuscript, but it was removed due to the tight word/word
equivalent limit for this journal. Instead reference is drawn to Bradley et al (2008),
where a detailed schematic is presented. On page 5 of the manuscript it states:

“Figure 1b shows the experimental setup, further details of which may be found in
Bradley et al (2008).”

However, the authors do acknowledge that the passage the review makes reference
does need to be clearer in the absence of this figure, therefore, the passage on page
11 which originally read:

Paper Number XXX


http://ir.canterbury.ac.nz/handle/10092/1098

“Actuators A and B were located at the top of the east and south face of the column,
respectively. Actuator C was orthogonal to the west face of the gravity beam, in line
with the gravity beam support strut, and was used primarily to stabilize the
specimen.”

Now reads:

“Actuators A and B were located at the top of the east and south face of the column,
inducing displacements in the seismic and gravity directions, respectively. Actuator
C was orthogonal to the side face of the gravity beam, in line with the gravity beam
support strut, and was used primarily to stabilize the specimen.”

The additional of the following figure would provide further clarity to readers,
but will lead to the paper being significantly beyond the word/word equivalent
limit. It can be included in full or in part at the reviewers/editors discretion.
Otherwise, we feel that the references provided cover these details, as noted in
the text, in depth, and they are not a major focus of this paper.
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7. Under "Test Methods", oblique references are made to the ground motions used for
loading. It would be helpful to know more about them. Reference is also made to an
"equivalent computational model”. What is that?

=>» The ground motion used in this study were from the SAC project. The specific
details of the ground motions can be found in the new reference provided in the
last paragraph of the ‘Test Methods’ section, on page 14. This reference details
the development of the suite of ground motions. The derivation of the ground
motion was considered to be outside the scope of this manuscript, as it is
already at the page limit. The tight page limit of this journal does not currently
allow for additional information about such aspects.

The new reference is:

Sommerville, P, Smith, N, Punyamurthula, S, and Sun, J. "Development of
Ground Motion Time Histories For Phase 1l Of The FEMA/SAC Steel Project,
SAC Background Document Report SAC/BD-97/04," 1997.

Regarding the computational model. Detailed description of the model is not
the focus of this paper, and cannot be included within the tight page limit. An
earlier draft of this paper included details of the model, but was removed due to
the page limit. Instead, reference is drawn to the thesis of Solberg (2007) in the
‘Test Methods’ section on page 12, which details the equivalent computational
model.

8. "Experimental Results”. The text claims that the results shown in Figure 6 are "highly
dissipative”. That is a value judgment and, by the look of the rather skinny hysteresis
loops, one with which many engineers would not agree. Some better explanation is
needed.

=>» The statement of “highly dissipative” was made in the context of damage-
avoidance design structures. More specifically, as the structural members
remain elastic, they provide essentially no dissipation, and the straight tendon
profile results in very little inherent dissipation for the connection without
dampers. Therefore, the authors feel that the hysteresis loops presented in
Figure 6 are highly dissipative given that no structural damage occurs.

Following the testing regime presented within this manuscript, the damper
connecting rods were cut to remove the damper contributions to the connection
response. Without the damper contributions the inherent energy dissipation of
the connection is very low. The following figure shows a comparison of the
joint hysteresis with and without dampers under uni-directional loading in the
East-West (seismic) direction to 4% drift.
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=>» The authors acknowledge that, despite the reasoning presented above, these

results are not presented in the manuscript, and therefore cannot be used to
justify the statement in question. While the comparison of subassembly
performance with and without damper contributions is an important
consideration, length restriction prevent these results being presented.

If the reviewer feels that these results should be included in the
manuscript, then they can be added at the editor’s discretion.

As a compromise, the authors’ have modified the manuscript to describe the
reasoning presented above using only text. The statement questioned by the
reviewer on page 14 of the original manuscript which originally read:

“In the EW direction, highly dissipative hysteretic behaviour is apparent. The
specimen did not suffer any noticeable stiffness or strength degradation, and
stable hysteretic energy dissipation is evident.”

Has been modified to reflect this reasoning:

“In the East-West direction, the hysteretic behaviour displays notable energy
dissipation. The dissipation is notably high, given that the structural members
remain essentially elastic, and therefore provides essentially no hysteretic
energy dissipation. Furthermore, the straight tendon profile in the East-West
(seismic) direction results in very low friction between the duct and tendons and
therefore also contribute very little inherent energy dissipation. The hysteretic
results without damper contributions are presented in Rodgers (2009), and
show an essentially bi-linear elastic response regime with negligible energy
dissipation. The specimen did not suffer any noticeable stiffness or strength
degradation, and stable hysteretic energy dissipation is evident.”



On page 15, minimal damage is reported. While that is common in hybrid systems in
general, a picture is worth a thousand words - especially for potentially extravagant
claims.

=>» The authors agree that a picture provides significant additional insight to
readers. However, the decision was made not to include a picture due to the
tight space constraints. The following figure shows the subassembly after
testing to 3% drift, with cracks marked. It is evident that only minor flexural
cracks exist due to the armouring at the joint interface and damage avoidance
design approach.

The authors have not included this figure in the revised manuscript as it is
already at the maximum length. However, they are definitely prepared to
add this material at the reviewer’s request, subject to the editor’s
discretion.

(a) (b)
Figure XX: Photographs of the specimen after uni-directional Quasi-Static testing: (a) the
specimen at approximately 3 percent drift; (b) the west beam after completion of testing.

9. "Multi-level Seismic Performance Assessment”. The performance during the "rare"
earthquake (2% in 50 years or 2450 year return period) seems suspiciously low, with a
drift of only 1.6%, so it is hardly surprising that the damage level was low. Most cast-in-
pace conventional system also show very little damage at that drift.

=>» The authors would like to note that in Figure 9, the maximum North-South drift
is indeed only approximately 1.7%. However, as this is a bi-directional testing
regime, it should be noted that the maximum East-West drift is actually
approximately 2.7% in the same figure. Moreover, the total radial drift for the
specimen due to the combination of the simultaneous North-South and East-
West loading pattern is actually approximately 3.1%. Therefore, while the
reviewer has made a correct observation, the other components must be
considered and give a more realistic maximum drift.

The authors note that if this aspect was not apparent to the reviewer, then
additional discussion on this point must be added to the manuscript for clarity.
Therefore, the following addition had been made to the manuscript.



On page 18, where the 90% MCE results are discussed, the sentence which
originally read:

“The displacement demand consisted of one primary pulse to 2.8% interstory
drift, followed by several small cycles.”

Has been modified to:

“The displacement demand consisted of one primary pulse to 2.8% East-West
interstory drift (3.1% radial drift), followed by several small cycles. ”

Stylistic and editorial comments.

* The extensive use of acronyms is irritating an unnecessary. This is an engineering
journal, not a military handbook.

* In text descriptions, the callout to the figure should be at the start of the description, not
at the end. Usually the text description makes more sense if the reader already has in
mind a picture of the system or component under discussion.

* In many instances, words are used incorrectly, omitted or mis-spelled (e.g. "yeilding"
on page 3; "tolerances could be considerably less than for fully precast members™ page 4;
"high performance concrete must be used..." at the top of page 5 - it always can; "hand
tightening the nuts (??) anchoring the damper to the beam™; this criterion relates..." page
17; etc., etc.). Careful review by the authors, and possibly by a good technical editor,
would help to make the paper easier to understand.

In summary, the paper contains an idea that is technically interesting, although of
questionable market value, but the description of it is so hampered by poor explanation
that the paper is not publishable in its present form. The authors are encouraged to re-
work it so that a reader can understand the system more easily and fully, and then to re-
submit the manuscript.

= The authors note that the use of acronyms was unnecessarily extensive.
Therefore, the use of acronyms has been reduced and eliminated where
practical. A few key acronyms are kept where they are used repeatedly to avoid
excessive repetition.



Reviewer 2:

Methods to improving seismic performance of precast concrete structures are critical to
the industry. This study followed the spirit of PRESSS project with an expectation of
advancing the state-of-the-art. The authors proposed and tested putting dampers inside
beam-column joints to improve the energy dissipation of precast structures. However,
Dampers, both hysteric dampers (e.g., the one in this manuscript) and viscous/friction
dampers (velocity dependent devices) need to be placed such that the dampers undergoes
large displacement/ velocity during an earthquake. The efficiency of the proposed
damping mechanism needs to be studies.

The review of literature is a bit limited to PRESSS related research. A broader review of
using damping devices in concrete frame structures can be helpful to position the
research. In addition, literature review pertained to the multi-level seismic performance
assessment (MSPA) needs to be added, especially on various pushover analysis and
hybrid simulations.

=>» The authors acknowledge the comments of the reviewer. As such, the following
references are added discussing other options that have been investigated for
energy dissipation/damping for concrete structures. On page 3 of the
manuscript, the following paragraph has been added:

“Other research has looked at alternatives for providing energy dissipation to
concrete structures. Pekcan et al. (1995) examined the use of elastomeric
spring dampers to provide energy dissipation. Christopoulos et al (2008)
developed a self-centering, energy dissipating bracing system which could be
used in either concrete or steel structures, while Shen et al (1995) examine the
use of viscoelastic dampers to provide seismic resistance to concrete frames.
The development of passive control systems that use yielding steel braces and
shape-memory alloys is detailed in Dolce et al. (2005).”

With the corresponding references added:

Pekcan G, Mander JB, Chen SS. (1995) “The Seismic Response of a 1:3 Scale Model
R.C. Structure with Elastomeric Spring Dampers” Earthquake Spectra 11(2):249-267

Christopoulos C, Tremblay R, Kim H-J, Lacerte M. (2008) “Self-Centering Energy
Dissipative Bracing System for the Seismic Resistance of Structures: Development and
Validation” Journal of Structural Engineering — ASCE 134(1):96-107- DOI:
10.1061/(ASCE)0733-9445(2008)134:1(96)

Shen KL, Soong TT, Chang KC, Lai ML. (1995) “Seismic behaviour of reinforced
concrete frame with added viscoelastic dampers” Engineering Structures, 17(5):372-
380.

Dolce M, Cardone, D, Ponzo FC, Valente C. (2005) “Shaking table tests on reinforced
concrete frames without and with passive control systems” Earthquake Engineering
and Structural Dynamics. 34:1687-1717, DOI: 10.1002/eqe.501



=> To better describe the MSPA procedure, the explanation has been extended, and
clearer citation to the key references in this area are made.

The paragraph on page 13 which originally read:

“A reliable computational model of the structure yields displacement profiles at
nodes of interest for use in physical testing. This task required the identification
of earthquakes likely to represent various levels of demand, considering both
rare and relatively frequent earthquakes. A procedure described by Dhakal et
al. (2006) was adopted to define three key earthquake records representing
multiple levels of seismic demand. This procedure consists of performing an
Incremental Dynamic Analysis (IDA) (Vamvatsikos and Cornell, 2002) to
identify the structural response from various earthquakes. Earthquakes
representing percentile levels at various intensities can then be identified and
used for subsequent analysis. ”

Has been modified and extended to:

“In order to perform a Multi-Level Seismic Performance Assessment (MSPA),
the earthquake records to be used must be pre-identified. Dhakal et al. (2006)
proposed a methodology based on Incremental Dynamic Analysis (IDA), where
an IDA is conducted using multiple earthquake ground motions and the IDA
results are probabilistically processed to select records that give medium and
high confidence at desired levels of seismic intensity. Performing an IDA
involves conducting nonlinear dynamic analyses of a computational structural
model subjected to a suite of earthquake ground motion records scaled to
different intensity measures (IMs) (Vamvatsikos and Cornell, 2002). For each
analysis, an engineering demand parameter (EDP) is monitored, producing an
IDA curve (i.e. a plot of IM vs EDP) for each earthquake record.

A reliable computational model of the structure yields displacement profiles at
nodes of interest for use in physical testing. This task required the identification
of earthquakes likely to represent various levels of demand, considering both
rare and relatively frequent earthquakes. The procedure described by Dhakal et
al. (2006) was adopted to define three key earthquake records representing
multiple levels of seismic demand, by performing an IDA (Vamvatsikos and
Cornell, 2002) to identify the structural response from various earthquakes.
Earthquakes representing percentile levels at various intensities can then be
identified and used for subsequent analysis. ”

The determination of predicted seismic demands needs more detailed description. It
looks like the authors are using the initial stiffness in the calculation while the connection
and the structure will have reduced stiffness in an earthquake.

=> The reference to the ‘reduced stiffness in an earthquake’ implies that
stiffness/strength degradation occurs across multiple loading cycles. The use of
an initial stiffness was justified as the specimen exhibited essentially no
stiffness degradation across multiple loading cycles, irrespective of the
displacement loading profile.
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Data Counts

The sentence on page 18 that originally read:
“The specimen did not suffer any stiffness or strength degradation. ”
Has been modified to:

“The specimen did not suffer any stiffness or strength degradation, as shown in
the experimental results of Figure 6, and in more detail in Rodgers (2009). ”

The following figure (not presented in the manuscript due to length) shows the
uni-directional (East-West) loading to 4% drift for both increasing and
decreasing drift amplitudes. At each drift increment, two fully reversed cycles
are undertaken. It can be seen in the results that there is essentially no
difference in the overall connection hysteresis for the increasing and decreasing
drift amplitudes.

The authors have not included these results in the manuscript, but have
instead drawn reference to other published work. The authors are
prepared to add this figure at the discretion of the reviewer and the editor.
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This reviewer is very much interested in seeing how the authors select earthquake records
(frequency sensitive) and determine the performance demands.

=> The records are the SAC suite, and the specific earthquake ground motions are
selected based on the 10", 50™ and 90™ percentile, as shown in Figure 5. The
SAC suite is a standard set chosen by the authors as a standard benchmark.
Therefore, they feel that it is outside the scope of this manuscript, particularly
in light of the tight page limit, to discuss frequency content of the earthquake.

The standard set of SAC records are used, and the appropriate earthquakes are
chosen using the methodology described in the manuscript and shown in Figure
5.

By the way, a 2.8% drift was achieved in the quasi-earthquake displacement tests (Fig. 9)
while a 4% drift was claimed in the conclusion.

=> The reviewer raises a very good point. The total radial drift in Figure 9 is
actually approximately 3.1% when the North-South component is considered in
addition to the 2.8% East-West drift. However, the claim of 4% in the
conclusions is an error. The results presented below were originally included,
but they were omitted as the manuscript was over-length.

Therefore, while a total radial drift of approximately 4.2% has been undertaken
and showed little damage, the authors recognise that that claim clearly cannot
be made without the supporting evidence. Therefore, in light of the removal of
these results from the submitted manuscript, the corresponding claim must also
be removed. The authors thank the reviewer for noticing this oversight.
Therefore, the section at the end of the conclusions which originally read:

“Throughout QS and QED testing up to 4% radial drift the specimen suffered
negligible damage; only some small cracks were observed near the steel
armouring and these generally closed after testing.”

Has been modified to read:

“Throughout quasi-static and QED testing up to 3.1% radial drift the specimen
suffered negligible damage; only some small cracks were observed near the
steel armouring and these generally closed after testing. ”
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Figure XX: Bi-direction QS testing to 4 percent drift: (a) and (b) give the force-displacement response in
the NS and EW direction, respectively; (c) shows a plan view of bi-directional orbit; (d) and (e) give the
displacement profiles in the EW and NS directions, respectively.

The authors have not included this figure in the revised manuscript as it is
already at the maximum length, and have instead drawn reference to the
thesis in_which it is presented. However, they are definitely prepared to
add this material at the reviewer’s request, subject to the editor’s
discretion.

It is desirable to show rate-dependent behavior of the HF2V damper in Fig. 4. In
addition, the gradual reduction of the residual damping force (12 years needed based
upon the proposed model) and its impact to the joint behavior is needed. It is likely to
have a medium drift that may cause damper yielding before the major drift during an
earthquake.

=>» The velocity dependence is presented in another article currently in press in this
same journal. While the authors agree with the reviewer, and would like to
include this information, the tight page limit for this journal precludes the
addition of this figure. Instead reference is drawn to the other paper, and a
relevant thesis, which will soon be available on the institutional repository.



At the end of the paragraph immediately following Equation (1) in the
manuscript, the following sentence has been added:

“More detailed velocity dependence studies can be found in Mander et al.
(2009), and Rodgers (2009).

The authors would also like to reiterate that the dampers do not ‘yield’ as such,
and while they undergo displacements that induce plastic deformation within
the lead, subsequent cycles are not effected by the smaller, or larger previous
cycles. This phenomenon was shown in the response to a prior query from this
reviewer, where the overall joint behaviour for both increasing and decreasing
drift cycles was shown.

The comment on the constructivity is very helpful. It is also desired to comment on the
size effect of the proposed mechanism: is a full-size joint with larger size damper going
to behave similarly?

=> The overall joint behaviour is a combination of elastic member stiffness, level
of post-tensioning and damper forces. The specific hysteretic behaviour is
therefore a result of the relative contributions. The prediction of larger
connection designs can be accurately predicted based on the Menegotto-Pinto
models of Li (2006), Solberg (2007) and Rodgers (2009).

The references are:

Li, L., (2006), “Further experiments on the seismic performance of structural concrete
beam-column joints designed in accordance with the principles of damage avoidance”,
Master of Engineering Thesis. Dept. of Civil Engineering, University of Canterbury,
Christchurch, New Zealand. hitp://ir.canterbury.ac.nz/handle/10092/1098

Solberg KM. 2007. Experimental and Financial Investigations into the further
development of Damage Avoidance Design. Master of Engineering Thesis. Dept. of
Civil Engineering, University of Canterbury, Christchurch, New Zealand.
http://ir.canterbury.ac.nz/handle/10092/1162

Rodgers, G. W. (2009) “Next Generation Structural Technologies: Implementing High
Force-to-Volume Energy Absorbers” PhD Thesis, Dept. of Mechanical Engineering,
University of Canterbury, Christchurch, New Zealand.


http://ir.canterbury.ac.nz/handle/10092/1098
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