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ABSTRACT: The recent development of laminated veneer lumber (LVL) as an
alternative to solid timber or glue-laminated timber hasttyrémproved the viability of
structural timber for the seismic design of certain type$uildings. The low mass,
flexibility of design and rapidity of construction all credbe fpotential for increased use
of LVL timber in low-rise multi-storey buildings. Based on reicdavelopments in the
seismic design of precast concrete for multi-storey buildipgsposals are made for
innovative types of jointed ductile connections in LVL timberldings, based on post-
tensioning techniques to assemble structural members for laotle fand wall systems.
This contribution gives an overview of an going comprehensivearels project
involving both numerical and experimental investigations. Theemwly satisfactory
preliminary results of quasi-static cyclic tests of exteribeam-column joint
subassemblies are presented as a confirmation of the expegitesklimic performance
of the proposed solutions for LVL seismic resisting systems.

1 INTRODUCTION

Significant advances have been observed in the last decdeseaismic protection of structures with
the introduction and further refinements of performance-basé&nic design/engineering (PBSE)
philosophies, as a rationalization of the well-known and tradifpresdcepted limit state design

approach. Within a typical performance-based design framewor&ratfflevels of structural damage
and, consequently, repair costs (associated with performawvels felated to Operational Conditions,
Damage Control, Life Safety and Collapse Prevention) magxpected, depending on the seismic
intensity and the importance given to the structural fadlilering the design process, typically
accepted as unavoidable result of the inelastic behaviour.

Current seismic design philosophies emphasize the importamesighing ductile structural systems
to undergo inelastic cycles during earthquake events while rsugtdheir integrity, recognizing the
economic disadvantages of elastic design of buildings tbsteibd earthquakes with no structural
damage. This particularly applies to multi-storey buildings in moderatgloishismic regions.

Independent of the structural material (i.e. concrete, steel, dimbygical solutions to achieve
adequate global ductile behaviour rely on the inelastic behavidbe ahaterial, allowing for discrete
“sacrificial” plastic deformation in selected regions, desibaecording to capacity design principles
in order to protect the whole system from undesired inelastic meclsanism

However, given the observed extent of the excessively seuvere-economic losses following recent
earthquake events, even in well developed seismic-prone courttisesecoming accepted that more
emphasis should be given to a damage-control design approach.

In line with the aforementioned objectives, revolutionary and gimgisolutions have been developed
under the U.S. PRESSS (PREcast Structural Seismic Sysfmogamme coordinated by the
University of California, San Diego (Priestley et al. 1998) the seismic design of multi-storey
precast concrete buildings, subsequently applied to steel constrig@iostopolous et al. 2001), with

the introduction of “dry” jointed ductile systems, altermatito traditional emulative cast-in-place
solutions and based on the use of unbonded post-tensioning techniques. As a resuélyestficient
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structural systems are obtained, which can undergo largesticetiisplacements similar to their
traditional counterparts (monolithic connections), while lingitthe damage to the structural system
and assuring full re-centring capability after the seismic event.

This paper proposes innovative solutions for LVL seismic momwesisting frames or shear wall
systems within multi-storey buildings, based on jointed ductile conmectio

After a brief overview of the conceptual behaviour and desigjpinfed ductile connections and
systems, preliminary results of experimental tests on beawmooljoint subassemblies will be
presented and critically discussed.

2 EVOLUTION TOWARDS JOINTED DUCTILE CONNECTIONS AND HYBRID
SYSTEMS

2.1 Traditional moment resisting connections in timber buildings

Several alternative solutions to provide moment-resisting @bions in timber construction have
been studied and developed in literature, for both lateral teaisting wall or frame systems.
Feasibility studies of multi-storey timber buildings have beestrilged by (Halliday & Buchanan
1993) and (Thomas et al. 1993). Depending on the type of connection and atrdetails, many
alternative arrangements are available ranging from megdibnifastened solutions with nailed,
bolted or dowel connections to glued or epoxied steel rods. Thesers®lkapply to solid sawn timber
in large sizes, glue laminated timber (glulam), or LVL. Sigaiftly different forms of inelastic
behaviour can occur, leading to different levels of ductitipacity and hence different overall
structural performance. Typical pinching phenomena can be obsientbe hysteresis behaviour of
nailed or steel rods connections (Fig. 1a) with a reduction ohessf (during both loading and
unloading) as well as of energy dissipation capacity, whiathsléo higher displacement demand (thus
damage) than well designed steel or concrete structurese Tilgsteresis loops are similar to those
achieved in structural walls with nailed plywood sheathing (Deam 1997).
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Figure 1.Layout and hysteresis loop for frame systems: d)ipiernailed connection; b) epoxied rods glulam
solution (Buchanan & Fairweather 1993).

In an overview of seismic resisting solutions for multi-stogiytam timber buildings, (Buchanan &
Fairweather 1993) proposed alternative arrangements foregierled connections with or without
additional steel sacrificial brackets to accommodate thkastic behaviour. In particular the simplest
version of the connection (Fig. 1b) showed satisfactory behaviour apdar loading, similar to the
behaviour of a properly designed plastic hinge in reinforced cononetabers, with a stable
dissipating hysteresis loop and limited stiffness degradation.

However in the same way as for monolithic concrete or sbbgtiens, excessive residual (permanent)
deformations would be expected after an earthquake event, fetren building has been designed
according to current code provisions. These permanent deformatibmesult in a high cost of
repairing, if still possible, with the difficulty of straigting the building to its original position.
Recent contributions in performance-based seismic design arassaEnt procedures have
emphasised the importance of properly assessing and limitimgdiclial deformations, considered to
be a fundamental complementary indicator of the structural andtnmtusal damage (Kawashima &
MacRae 1997), (Christopoulos et al. 2002).



2.2 The examples of concrete and steel

Late developments in precast concrete moment resistingdrévtieF) or interconnected shear walls
(Priestley at al. 1999) (Fig. 2a), as well as subsequently érl shoment-resisting frames
(Christopoulos et al. 2001), (Fig. 2b), have resulted in structysiéms which can undergo inelastic
displacements similar to their traditional counterparts, evfiiniting the structural damage and
assuring full re-centring capability. In these innovative sohgj typically referred to as jointed
ductile connections, alternative to monolithic solutions (i.et-icaglace solutions in reinforced or
precast concrete and welded or bolted connections in steel), petrashts are connected by using
unbonded post-tensioning technigues and the inelastic demand is accommodated witiingbion
itself through the opening and closing of an existing gap, whiletthetgral elements are kept within
the elastic range with a very limited level of damage. These conmectm be located at the beam-to-
column, column-to-foundation or wall-to-foundation critical interface.

A particularly efficient solution was provided by the “hyBriglystem (Fig. 2a) where an adequate
combination of self-centring capacity (unbonded tendons plus axialdoad@nergy dissipation (mild
steel or additional dissipation devices) leads to a sortasftfelled rocking motion”, characterized by
a peculiar “flag-shaped” hysteresis loop (Fig. 2c).
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Figure 2. Hybrid solutions: a) for precast concfesne systems (PRESSS program, Priestley et 60)19) for
steel Moment Resisting Frames (Post-Tensioned Ergiggipation, PTED, Christopoulos et al. 2001);
c) idealised flag shape hysteresis loop (fib 2003).

2.3 Proposed solution: hybrid LVL systems

In this paper, the concept of hybrid or controlled rocking systerproposed to be extended to timber
structures (frame and walls systems), with particular esiptem Laminated Veneer Lumber (LVL)
solutions for multi-storey frame or shear wall systems.

As a structural material, LVL can be considered as a supatinnative to sawn timber or glulam
because the 3 mm thick veneers are specially selected,ttdggered during processing so that the
selected wood material is thoroughly mixed and the defects, suagiotss are randomised to a point
where their influence on the material properties can be assuegiible. Due to the higher
homogeneity, the tension strength of LVL can reach valuesaat B times that of sawn timber from
the same population of trees. However it is worth underliningthleatybrid connection (Fig. 3) is not
significantly affected by the strength of the material, gtedithat proper confinement is given to the
compression area to avoid crushing of the edge layers, hentgptnisf connection can be used with
different wood-based materials (i.e., sawn timber, glulam etc).

As mentioned, a “controlled rocking” motion occurs in hybrid joirdedtile connections as shown in
Figure 3 for a typical hybrid frame beam-column subassembly. Aasiobnceptual mechanism can
be developed in hybrid timber walls. When compared to traditional solutionsailed or steel dowel
connections where moderate to extensive damage of the connectixpecied to occur at code-
design ductility level, the inelastic demand in a hybrid soluioaccommodated at the column-to-
beam interface (wall-to-foundation for wall systems) throughojening and closing of an existing
gap and yielding of the mild steel or the dissipation devices (fiater external). If correctly designed
and detailed, negligible crushing of the LVL material in the bealamn (or wall) elements is thus
expected.
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Figure 3. Application of Hybrid Concept to LVL fransystems.

3 BRIEF OVERVIEW OF THE RESEARCH PROGRAM

An extensive research programme has been planned in order tigateethe seismic performance of
innovative LVL connections relying on the extension of the caisdepm reinforced concrete precast
hybrid systems. These concepts will be applied to frame,amalldual systems, in order to evaluate
possible applications within the New Zealand construction industrg. programme will involve a
comprehensive numerical and experimental investigation of both soidEse and whole lateral
force resisting systems.

In the first phase of the research program, started una@ntaagreement between the University of
Canterbury and Carter Holt Harvey, particular emphasis isngte the conceptual development,
design details, construction and experimental tests under asta@sitoading regime. The study will
include beam-column subassemblies, column-to-foundation connections andvshespecimens.
Current testing includes a series of uni-axial and bi-axiasieptatic tests under lateral loading on
various beam-column subassembly specimens in 2-D and 3-D configur@&ign#l). Preliminary
results are given below.
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Figure 4. Exterior, interior beam-column subassésbkingle, coupled walls and columns specimens.

In the second phase of the research, particular attentidnbwilgiven to the global seismic
performance of hybrid LVL systems with hybrid solutions. The seidgehaviour of coupled wall
systems, multi-storey seismic-resisting frames (witlaight or draped profiles of the unbonded
tendons, either internal or external) and dual systems wilinestigated through quasi-static
experimental tests and extensive parametric numerical asalgsitical comparison with the response
of typical “damageable” solutions will be looked at.

In a third and conclusive phase, issues related to displacemenpeidaiiity between the lateral-load
resisting systems and the floor diaphragms behaviour will lesfigated. Alternative floor solutions,
either based on timber or composite timber-concrete solutiathsowiwithout prestressing, will be
considered with the aim of developing adequate connections leflwees and the adjacent lateral
load resisting system.



The design, construction and large scale testing of a moitéysbuilding comprising of frames, walls

and floors would represent the ultimate validation of the pexgbasolutions. Simplified design

provisions and guidelines for the next generation of codes will teebd produced. Validation and

refinement of the existing analytical models available terditure for hybrid systems developed for
precast concrete connections, as presented by (Pampanin & Riahy#¥2) and (Carr 2004) will be

carried out through the whole research programme, after adequate modgifatibWL connections.

4 EXPERIMENTAL INVESTIGATIONS ON BEAM-COLUMN SUBASSEMBLI ES

This paper presents the preliminary results of experimetgsis on exterior beam-column
subassemblies using both an unbonded solution (i.e. using unbonded post-tensiopiras onl
reinforcement) and a hybrid solution (i.e. combining unbonded post-tensiaitm@dditional non-
prestressed reinforcement).

4.1 Test Set-up and loading history

The adopted test set-up for quasi-static tests on beam-columisybassemblies is shown in Figure
5. The beam (1.5m long) and column (2.0m long) elements were loadedatrttseof contraflexure,
typically assumed, to be at mid-span of the beam and at mid-leéititeé column. The simple support
at the beam end is obtained by connecting a pin-ended steel mentberstrong-floor. A series of
three cycles of inter-storey drift was applied at increasewvgls through the horizontal hydraulic
actuator, following the testing protocol for acceptandterta through tests on innovative jointed
precast concrete frame systems proposed by ACI T1.1-01, ACI T1.1Rduindnt (2001). The
column axial load was kept constant during the experiments (120 kN).
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Figure 5. Test set-up, specimen details and mamoperties of LVL, post-tensioning and mild steel

4.2 Geometry, reinforcement and material details

Figure 5 shows the geometry of an exterior beam-column subassearabiynon for all the three
specimens herein considered: two unbonded post-tensioned solutions witendiiiféial values of
post-tensioning (0.4f and 0.6f,, with f,, the yield stress of the post-tensioning steel) and one hybrid
solution with internal energy dissipators. Details of the bsagtions at the column interface are
shown in the central section of Figure 5. The material pregeshown in Figure 5, which are based
on specific material testing, highlight the significantlyfetient behaviour of LVL material in the
directions parallel and perpendicular to the grain. As a ressiignéficant reduction in strength (up to
three times) and increase in deformability due to the muchiesnedastic modulus (in the order of
twenty times) has to be expected when loading perpendiculae tgréim. This becomes a limiting
consideration for the face of the column member where it is in conithcthe end of the beam.



Figure 6 shows the details of the internal energy dissip&dothie hybrid solutions. Two deformed
barsf 10 mm (grade 340), machined down to a reduced dianf@em) to create a fuse along an
unbonded length of 50 mm, were located at the top and bottom ofitibal dream-column interface
and epoxied to guarantee proper bond. The unbonded length was specifically designed in orider to li
the strain demand at the location of the gap opening and pravaeimature failure of the energy
dissipators which could compromise the overall performance of the hyltuitha.

Figure 6. Internal dissipators (deformed bars wighked and taped fuses for unbonded length of 55 mm
stress-strain behaviour and construction details.

4.3 Experimental Results

4.3.1 Unbonded Post-Tensioned Solutions

Two specimens using pure unbonded post-tensioned systems (i.e. thmeegége of an hybrid
system with no specific energy dissipation devices) westedewith different levels of initial post-
tensioning (0.4 § and 0.6 f) under the aforementioned loading protocol. Figure 7a shows the
recorded values of lateral force vs. inter-storey drdtidrof top-displacement and column height),
mainly characterised, as expected, by a non-linear elastic hysteitisigllyire-centring properties.
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Figure 7. Unbonded post-tensioned solution: aydhferce-drift; b) force vs. drift for the unbordlerestressing
tendon.

Figure 8. Unbonded post-tensioned solution: peréomee of the specimen (0.§)fat drift level of 2.75%.

There is a minor amount of hysteretic dissipation given by tted temn-linear behaviour of the LVL
material at the column contact section, loaded in compression pengleando the grain. Similarly to
what is observed in precast concrete hybrid solutions, the tsistetgve shows non linear behaviour



with a “knee-point” (equivalent “yielding”), which is due to gestnical non-linearity, not related to
material non-linearity. The geometrical non-linearity resfitien a reduction of section stiffness due
to a sudden relocation of the neutral axis position. The reduced stiffnegbafguivalent “yielding”
corresponds to an increase in moment capacity primarilytalube elongation of the tendons as
confirmed in Figure 7b. As anticipated, and shown in Figure 8, no viddniege could be detected in
the structural elements when lateral deformations wereased to 2.75% inter-storey drift. The test
was interrupted only to preserve the column test specim@n possible compression crushing
damage before modifying it for a hybrid solution.

4.3.2 Hybrid Solution

The specimen which had been tested up to 2.75% drift in the pure unhmui¢dnsioned case was
provided with additional internal dissipation devices, consigtingpoxied deformed mild steel bars
with an original diametef 10 mm reduced to &8 mm for an unbonded length of 50 mm. A
comprehensive design calculation of the dissipators was cawteid order to guarantee the desired
ratio, |, between the self-centring moment contribution and the energpatisgi moment
contribution, assuming an initial post-tensioning level of (.8As a result, a very stable flag-shape
hysteresis behaviour was obtained, as expected, with re-centipagity (negligible static residual
displacements) and adequate energy dissipation capacity, as shown in &igure 9
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Figure 9. Hybrid solution: a) lateral force-drift} force vs. drift for the unbonded prestressinglta.

Figure 10. Hybrid solution: performance of the spem at 4.5% drift.

In this case the equivalent yielding point corresponds twahgielding of the dissipation devices,
observed at 0.8% inter-storey drift. During repeated cyclasradium-high level of drift, some onset
of stiffness degradation was observed, probably due to bond deteridsativeen the deformed mild
steel bars and LVL through the epoxy. This reduction of stéfiesiegligible when compared to the
marked pinching behaviour of typical nailed solutions shown in Figukes tonfirmed by Figure 9b,
the level of tendon force due to initial prestressing plus eliory induced by the opening of the gap
can be controlled with a proper design in order to guarantedaatic contribution (full re-centring)
without losses of prestress or undesired premature rupturesgdada's, up to the target level of drift.
In this case an increase of 15% of the initial prestressing fore@bserved at 4.5% drift.

Figure 10 shows no visible damage in the beam or the column ocauniledthe failure of one
dissipator under repeated cycles after buckling in the unbdedgth occurred at the third cycle to
4.5% drift in the positive direction.



5 CONCLUSIONS

The preliminary experimental results of quasi-statidstem hybrid beam-column joints in LVL
subassemblies provided encouraging confirmation of the enhancedm@erfer of jointed ductile
connections.

The lack of damage in the structural elements, combined witloigte energy dissipation capacity
provided by the dissipators, and self-centring properties providetthebyinbonded post-tensioned
tendons can guarantee improved seismic performance when compdhedttadition solutions for
timber construction (e.g. nailed or steel dowel connections). Highslef ductility can be achieved
without degradation of stiffness or strength and without residdatrdations and structural damage,
leading to a significant reduction of the repair costs (inolgidiowntime) after a significant seismic
event.

The flexibility of design and speed of construction of the LVL comptsiecombined with the
enhanced seismic performance of the hybrid solutions, creates poigudial for future development
and increased use of this type of construction in low-rise multi-stortdirigs in New Zealand.

Based on these strong but preliminary indications, further invastigafor the development of hybrid
solutions using LVL materials are currently on-going and iéllextended to cover alternative lateral
resisting systems including frame, wall and dual systems.
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