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ABSTRACT: The effects of beam elongation in precast frame systems have been 
recently demonstrated to be a potential source of un-expected damage up to failure of 
precast floor systems, unless adequate detailing accounting for displacement 
incompatibilities between the lateral resisting systems and the floor are provided.  In this 
contribution, an innovative “non-tearing floor” jointed connection solution with re-
centering capabilities is proposed. An efficient floor-to-lateral-load-resisting connection 
can be obtained able to minimise the problems associated with beam elongation effects 
while maintaining the low-damage and re-centering characteristics of jointed ductile 
connections (e.g. PRESSS-Technology). The preliminary results of experimental and 
numerical investigations on the interaction between diaphragm and lateral resisting 
frames adopting non-tearing jointed ductile connections are presented.  A series of 2/3 
scaled beam-column subassemblies have been tested under uni-directional quasi-static 
loading regime. Both numerical and experimental results provide satisfactory 
confirmation of the unique flexibility and potentiality of the proposed solution for the 
development of the next generation of seismic resisting buildings. A large scale test on a 
two storey 3-D frame system implementing jointed ductile connections with the proposed 
non-tearing floor connection solution is under preparation at the University of 
Canterbury. 

1 INTRODUCTION  

Floor systems play an important role in the lateral resistance of building structures by providing 
diaphragm action.  In addition to distributing lateral forces such as wind, soil or earthquake forces to 
the structural elements as well as gravity loads, the diaphragm must tie the whole structural system 
together. 

Most of the standards and codes around the world allow the use of design forces that are generally 
smaller than those required for elastic response, providing that the critical regions of the structure have 
adequate ductility and energy dissipation capacity. Such approaches are fundamentally based on a 
casualty-prevention principle, where structural damage is accepted providing that collapse is avoided.  
Designers must select a proper mechanism of plastic deformation and using capacity design principles 
they have to ensure that the chosen mechanism can be developed.  Normally, the use of beam 
sidesway mechanism of plastic deformation (Figure 1) is a common design practice for multi-storey 
buildings.  This mechanism distributes the plasticity throughout the height of the building by ensuring 
the formation of plastic hinges in most beams.   

Experimental and numerical studies (Fenwick, R.C. and Fong, A., 1979, Douglas, K.T., 1992 and 
Fenwick, R.C. and Megget, L.M., 1993) have shown that plastic beam hinges cause growth in the 
beam length depending on the beam depth, expected position of the neutral axis and rotation (drift) 
demand.  These effects induce an axial force and double bending in the beam element.  Therefore the 
use of special compatibility considerations is required when designing the connections between floor 
systems and lateral resistant system.  

The forces required to restrain this elongation are higher than the capacity of the diaphragm tie 
reinforcement and the magnitude of restraining forces depends on the flexural reinforcement ratio of 
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beams. The designer can provide adequate support of the floor system and calculate the forces 
required to resist the beam elongation knowing the expected beam rotations and provide steel 
reinforcement in the floor to hold back the beam elongation, but this design practice can change the 
seismic performance of the seismic frame.  

 
Figure 1. Ductile frame and beam elongation effects. 

Other problems inherent with the use of precast concrete floor systems in earthquake regions have 
been underlined and studied (McSaveney, 1997): loss of support, analysis and design of diaphragms 
and their connections, transfer diaphragms mechanism, strut & tie node points, serviceability 
requirements and construction methods are the most important.   

Recent experimental results on the 3-dimensional performance of precast super-assemblages including 
frames and hollowcore testing units (Matthews et at., 2003), have further underlined issues related to 
the inherent displacement incompatibility between precast floor and lateral resisting system, including 
beam-elongation effects, although not being limited to precast concrete solutions. Appropriate design 
criteria and detailed technical solutions should thus be adopted. 

It is worth emphasising that beam elongation effects are typical of either cast-in-situ concrete and 
precast concrete frames. Two contributions to beam elongation are typically recognized: a) the 
material contribution due to the cumulative residual strain within the steel, and b) the geometrical 
contribution due to the presence of a neutral axis and actual depth of the beam. With regards to jointed 
ductile connections with re-centering characteristics, the extent of beam elongation is significantly 
reduced, being limited to the geometrical contribution. Furthermore such effects could be minimized 
when a reduced depth of the beam is adopted thanks to the use of internal prestressed or external post-
tensioning.  

In this study an innovative “non-tearing floor” solution with additional re-centering characteristics is 
proposed for precast jointed frame systems capable of avoiding damage to the floor system due to 
beam elongation while developing an efficient floor to lateral load resisting connection. The solution 
is investigated with both experimental studies on a series of 2/3 scaled exterior 2-D subassemblies 
under a uni-directional loading regime and numerical investigation on frame systems. 

2 NON-TEARING FLOOR SYSTEM: CONCEPTUAL DEVELOPMENT  

The peculiarity of a jointed ductile connection, consisting of an articulated assembly of precast 
elements can be exploited and extended when designing solutions for floor-to-lateral load resisting 
system connections. 

As part of the Phase II of the PREcast Seismic Structural System (PRESSS) Research Program, four 
beam-to-column connections and mechanical connectors limiting the issues of beam elongation 
between the precast floor units and the lateral resistant elements were developed (Priestley M.J.N., 
1996 and Nakaki, et al., 1999).  One of the connections called the Hybrid frame connection (Figure 2-
left) used unbonded post-tensioning through the centre of the joint which acts as a clamping force with 
self-centring properties and the use of mild-steel reinforcement inside ducts and grouted for bond 
conditions. 

Another innovative beam-column connection called the Tension-Compression Yield–GAP solution 
(TCY GAP) (Figure 2-centre) was introduced using top mild-steel bars inserted into grouted sleeves 
and the use of unbonded post-tension tendons at the bottom of the beam.  The peculiarity of this 
system was that beams and columns were separated by a small gap partially grouted to avoid the 
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primary elongation effects, thus not affecting the centre-to-centre distance between columns. 
However, such a solution would not account for the tearing floor actions occurring due to the gap-
opening at the top of the beam.  Furthermore, no re-centering contribution was provided by the 
tendons located with a straight profile in the centre of the compression grout.  

 
Figure 2.Evolution of the Hybrid systems: Hybrid PRESSS(left),TCY-GAP(centre),& Inverted TCY-GAP(right) 

Based on previous work carried out in the Phase III of the PRESSS Project (Priestely et al., 1999) 
recent research carried out at the University of Canterbury (Pampanin et al., 2006) has proposed a non-
tearing floor systems consisting of a traditional jointed (herein called gapping) hybrid connection 
connected to the hollow-core floor system by means of appropriate mechanical couplers.  

The solution relies upon a double hinge mechanism at the beam-column interface (used as a shear key 
transfer mechanism) and on sliding shear keys in the horizontal plane used as connectors between 
frame and floor system. As a result, the system is able to accommodate the displacement 
incompatibility between floor and frame by creating an articulated or jointed mechanism effectively 
decoupled in the two directions (Figure 3). According to the proposed solution, the hollowcore unit is 
in fact connected to the lateral beams by shear mechanical connectors acting as shear keys when the 
floor moves (relatively) in the direction orthogonal to the beam and as sliders when the floor moves in 
the direction parallel to the beam.  Results of this research showed that beam elongation effects (in this 
case limited to the geometrical contribution) can be avoided by using a traditional gapping solution 
and a smart floor-frame connection. No damage in the floor system due to the gap opening mechanism 
are thus expected. Also, due to the low flexural stiffness of the shear keys-connectors in the out of 
plane directions, torsion of the beam elements due to pull out of the floor or relative rotation of floor 
and edge support, can be limited. 

 

 

 

 

 

Figure 3.  Beam-column joint with articulated floor unit: Overall view, concept and connection details. 

In this contribution, the feasibility of implementing a non-tearing-floor seismic resisting system, while 
still relying on more traditional floor-to-frame connections (i.e. topping and continuous starter bars), is 
investigated.  

An inverted TCY-Gap solution (Fig. 2- right), based on a single top hinge (top pad or similar contact 
thick element) with a gap on the bottom part of the beam and grouted internal mild steel bars in the 
bottom part of the beam would naturally represent an evolution of the previous schemes. This 
modification prevents both elongation and tearing effects in the floor whilst no-recentring capacities 
can be provided due to the location and straight profile of the tendons. 

A further conceptual evolution of this solution has led to the development of the non-tearing floor 
solution (non-gapping) floor solution herein presented which could be combined with traditional floor 
system connections. Starting from an inverted TCY-Gap solution using a single top-hinge mechanism, 

Beam

Hollowcore
Steel plate

Bolts

movement

Shear key

Bolts

Section A-A

Beam
Bolts

Bolts

Beam

Hollowcore
Steel plate

Bolts

movement

Shear key

Bolts

Section A-A

Beam
Bolts

Bolts

H o llow core

B eam
C o lu m n

Stee l p late

d iss ip ato r

A

A Shea r keyX

Y B eam
C o lu m n

H o llow core

B eam
C o lu m n

Stee l p late

d iss ip ato r

A

A Shea r keyX

Y B eam
C o lu m n



Paper Number 14              4 

an antisymmetric profile of the unbonded post-tensioned tendons is introduced (Figure 4). So doing 
the desired self-centering capacity of the connection and system (leading to limited or no residual 
deformation and cost of repairing) can be achieved while avoiding the beam elongation and non-
tearing effects in the floor. 

 
Figure 4. Hybrid Frame with draped unbonded tendons and metallic top hinge 

3 SIMPLIFY PROCEDURE FOR DESIGN OF THE CONNECTION 

Design of the connection can be done using a simplified procedure developed for jointed ductile 
connections (Pampanin et al., 2001) and implemented in the code provisions included in the 
AppendixB of the NZS3101:2006.  A non-tearing-floor-connection solution with a single top hinge, 
anti-symmetric tendon profile and bottom energy dissipaters is shown in Figure 4.  

Given that the single hinge acts as a pivot point, the neutral axis depth position c is given and fixed by 
the designer, so the next step is to evaluate the strain and forces in the unbonded post-tensioned 
tendons.  The elongation (elastic + plastic) at the level of the tendon can be calculated as 

( )chptbpt −=Δ θ  where bθ  is the column rotation established as the design drift and pth  is the height 
of the tendon and c the neutral axis depth position.  

Considering that the unbonded tendons are antisymmetric and the open gap is at the bottom of the left 
connection (Figure 4), tendon 1 will elongate by an amount rightpt1Δ  due to the opening of the bottom 

of the right-side connection and shorten by the amount leftpt1Δ  due to the closing of the gap on the top 
of the left-side connection.  Tendon 2 will be subected to an antisymmetric behaviour, implying 
elongation on the bottom of the left connection and shortening on the top of the right connection.  The 
total contribution of the post-tensioned tendon deformations are based on the single contribution of 
each tendon at the left and right gap openings rightptleftptpt 111 Δ+Δ=Δ  and rightptleftptpt 222 Δ+Δ=Δ  
respectively, where the two contribution are summed with their proper positive or negative signs. 

The additional post-tension stress can be calculated as ubptptpt lE /Δ=Δσ where ptE is the modulus 

of elasticity and ubl  is the unbonded length of the post-tension tendon.  Total post-tendon stress is 
easily calculated as ptiniptpt σσσ Δ+= where iniptσ  is the initial stress expressed as a percentage of 
the ultimate stress.  The condition for the upper bound limit for the initial prestress and the total stress 
should be checked. 

Estimating the strain and force in the mild steel can be achieved using a simple equation neglecting the 
strain penetration effects and can be estimated as: 

'/)( ubbs lcd −= θε                                  (1) 

where d is the effective depth, c the neutral axis position and '
ubl  the unbonded length of the mild-

steel. In order to avoid fracturing of the bars at the design earthquake intensity level, the maximum 
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permisible strain shall not exceed 0.9 ultε . Finally, the force in mild steel dissipators can be calculated. 

Moment capacity of the beam column connection is simply achieved using equilibrium of the section 
and then taking moments from the neutral axis position.  The moment contribution in the left 
connection leftM  and right connection rightM can be evaluated as: 

)()()( 2211 chTchTchTM ssptleftptptleftptleft −+−+−=                     (2) 

)()()( 2211 chTchTchTM ssptrightptptrightptright −+−+−=  

In order to have full recentring capabilities, an appropriate combination of dissipation and post-
tensioning contribution can be selected (able to guarantee a moment contribution ratio λ bigger than 
1), while maintaining the desired level of moment capacity. 

In the following paragraphs, an up-to-date summary of recent results obtained as part of an extensive 
experimental research campaign on going at the University of Canterbury on the refinement and 
further development of alternative arrangements for hybrid precast/prestressed building systems will 
be provided.  Particular attention will be given to the quasi-static cyclic test, under uni-directional 
testing regime, on a series of exterior 2-D beam-column joint subassemblies, 2/3 scaled, to evaluate 
the performance of the recently implemented concept and details. 

4 EXPERIMENTAL INVESTIGATION OF AN NON-TEARING FLOOR CONNECTION 
WITH THE USE OF SINGLE TOP HINGE  

The main objectives of the experimental campaign with the proposed test set-up are to study a top 
hinge solution and the tearing floor effects due to the gap opening.  It is important to mention that the 
full re-centering properties of the connection can not in this case be appreciated due to the use of a 
straight tendon configuration as well as of a single beam-column connection solution.  Further 
numerical analyses have been carried out and will be herein presented to demonstrate the actual self-
centering properties of a draped antisymmetric tendon configuration.  

The set-up and imposed displacement regime of the exterior beam-column joint subassemblies are 
shown in Figure 5.  Beam and column elements are extended between points of contra-flexure, 
assumed to be at mid-span of the beams and at mid-height of the columns, where pins are introduced.  
Simple supports at the beam ends were provided by connecting pin-end steel members to the floor. 

 
Figure 5.  General uni-directional test set-up and loading protocol. 

Quasi-static cyclic tests were carried out under increasing levels of lateral top displacement. The 
testing protocol complied with the “acceptance criteria” for jointed ductile connections proposed in 
(ACI T1.1-01 & ACI T1.1R-01 2001) and consisted of a series of three cycles of drift, followed by a 
smaller single cycle.  

As part of the experimental research investigation herein reported, a 2-D exterior (corner) beam-
column joint subassembly, part of a space frame, was prepared with a modular configuration, such that 
several alternative arrangements of hybrid systems could be tested, after replacing the dissipating 
devices. A modular face plate, acting as a sort of “mask”, was located at both the beam and column 
faces (Figure 6) with different possible locations of the mechanical hinges acting as shear key 
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solutions as well as different locations of the unbonded tendon profiles.  The location of the dissipators 
was within the beam rectangular lateral profile (hidden) for architectural requirements.  

It is worth noting that a compression-only block (buffer) at the bottom of the beam depth was 
implemented (Figure 6) in order to avoid instability of the beam-column subassembly due to the test 
set up.  This compression block acts only in compression when the gap close and minor energy 
dissipation was added into the system due to the compression stiffness of the block.  

 
Figure 6. Modular configuration of the Hybrid beam-column joint: location of dissipators, hinges, tendons and 

compression stiffness block.  

4.1 Response of Unbonded Post-Tensioned-only Solution 

Tests were first carried out on unbonded post-tensioned solutions only, varying the level of initial 
post-tensioning.  Figure 7 shows the opening of the gap at 4.5% drift and the hysteretic behaviour for a 
post-tensioned solution.  Two seven wire strands (Apt = 99 mm2) located at top and bottom were used 
with initial post-tensioning level equal to fpti=0.2fptu and 0.38fptu, respectively (corresponding to an 
initial prestressing force of Fpti=37 and 70 kN).   

In general the behaviour was satisfactory.  As typical of a jointed ductile hybrid solution, no damage 
was reported in the structural members, while a very stable linear elastic hysteresis loop was 
developed.  It is worth noting that the initial force of the actuator of 8 kN is generated by the test set 
up, due to the fact that the bottom tendon is trying to close the gap and the actuator is acting as a 
reacting force.  

 

 

 

 

 

Figure 7. Unbonded post-tensioned solution: beam rocking mechanism and global hysteresis loop at 4.5 % drift. 

The top hinge acting as a shear key, remained, as expected in compression during the test (thanks to 
the presence of the top tendon) while allowing the controlled rotation of the beam.  Negligible 
elongation and shortening on the floor systems would thus be expected. Clearly, the closer the hinge is 
located to the top of the beam section, the lesser the damage from the floor will be.  Figure 8 shows 
the top and bottom gap opening and tendon force behaviour for this specific test where the mechanical 
hinge was located at 47 mm from top of the beam section (Figure 6).  

 

 

 

 

 

Figure 8. Unbonded post-tensioned solution: top and bottom gap opening and tendon force behaviour. 

A maximum gap displacement of 2.5 mm and 13 mm top and bottom respectably were obtained at 
4.5% drift.  Considering that the neutral axis position remains constant at any drift level, a simple 
calculation is required to maintain the required moment capacity in the joint.  At was expected, the top 
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Experimental
Analytical

tendon force remains constant and only elongates or shortens according with its elastic properties 
keeping in compression the beam column interface, while the bottom tendon force needs to be 
designed to provide the required moment capacity.  

4.2 Hybrid Solution with External Dissipators 

The hybrid non-tearing-floor connection solution was obtained by adding external dissipators, given 
the same tendon layout and prestressing force as in the post-tensioned only solution (Figure 7)  Two 
external dissipators consisting of 7mm diameter fuses (with 150 mm unbonded length) were installed 
and inserted (“hidden”) in existing slots on both sides of the beam (Figure 5).   

The experimental response under uni-directional testing showed (Figure 9) an extremely efficient and 
stable bi-linear hysteresis loop given by the combination of the non-linear elastic post-tensioned 
tendon and the bi-linear inelastic contribution of the mild steel bars.  At higher level of drifts (3.0%) 
however, stiffness degradation is observed due to a fracture of one dissipater.  As mentioned before, 
no re-centring is obtained in the connection due to the straight tendon profile.  Analytical 
investigations of one bay frame system with draped tendon profile had been carried out and results are 
shown in the validation of the experimental results. 

As expected, same maximum gap displacements were obtained as per those recorded in the unbonded 
post-tensioned solution (Figure 8). The presence of the single-hinge shear key solutions (small 
metallic balls, (Figure 6) guaranteed one fixed pivot point, with no stiffness or strength losses up to a 
high level of drift (4.5%).  

 
Figure 9. Hybrid solution with external dissipaters: beam rocking mechanism and global hysteresis loop 

5 VALIDATION OF THE EXPERIMENTAL RESULTS 

A simple analytical model can successfully reproduce the experimental results, providing a reliable 
control over the expected hysteresis and dynamic behaviour. As an example, an analytical-
experimental comparison using a lumped plasticity model based on the combination of different 
longitudinal springs is shown in Figure 10.  

 

 

 

 

 

Figure 10. Analytical-experimental validation using lumped plasticity mode. 

The axial spring stiffness of the unbonded post tensioned tendon is modelled using a Non Linear 
Elastic spring, while a spring having a Ramberg-Osgood hysteresis rule represents the steel dissipation 
contribution. The mono-hinge is modelled with longitudinal and transverse linear elastic springs with 
significantly high stiffness (axial stiffness of metallic ball connection) to allow the analysis to include 
the resultant compressive force within the output. Given the simple hysteresis rules adopted, the model 
can reproduce the experimental results with reasonable accuracy, considering both monotonic and 
cyclic behaviour. However, due to the simple steel rule adopted, the model is unable to properly 
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capture the behaviour when the dissipaters are loaded in compression (closing of the mono-hinge). 

Further analyses of a single storey, one bay frame, having a draped tendon profile were carried out in 
order to confirm the re-centering effects at a global super-assembly level when implementing an anti-
symmetric tendon profile. The system consists of a single hinge at the top of the beam in order to 
mitigate tearing effects of the precast floor system, resulting from geometric and material beam 
elongation (Figure 11). Two different base fixity conditions are assumed. In the first case a pin 
connection is adopted at the base, thus with no moment-resistant capacity. As expected, the system 
does not provide a full (static) re-centring capacity and the qualitative behaviour is similar to the 
mono-hinge solution.  

 

 

 

 

Figure 11. One bay frame using lumped plasticity model: Pinned column connection (left) and fixed column 
connection (right). 

In the second and more realistic case the column-base connections are assumed to have some moment 
capacity provided either by the gravity axial load only and/or by additional vertical unbonded post-
tensioning. Given a proper design and allowance for the non-linear elastic column rotational 
behaviour, the frame can achieve a full static re-centring solution combined with the benefits of a non-
tearing floor system (Figure 11 right). It should however be noted, that such a system does not 
necessarily require full static re-centring in order to have zero (or near zero) permanent deformations 
following an earthquake. In fact the natural dynamic re-centring due to the small cycle hysteretic 
behaviour following the major excursions during the earthquake can be sufficient to restore the entire 
system to the original position after the free oscillations. 

6 CONCLUSIONS 

A simplified connection design, implementation and experimental validation of a non-tearing-floor 
solution for precast jointed ductile connections, relying on unbonded post-tensioning techniques and 
the use of external dissipation has been presented.  Very satisfactory results have been obtained by 
experimental quasi-static cyclic testing on 2/3 scaled beam-column joint subassemblies, implementing 
the proposed non-tearing floor solution. The comparison with alternative and more traditional 
solutions underlined the high flexibility of the hybrid systems and confirmed the feasibility and 
efficiency of the proposed solution in eliminating the effects associated with beam elongation, thus 
significantly reducing the expected damage in the floor.  Alternative configurations could be obtained 
by varying the longitudinal profile of the tendons, the type and location of the energy dissipation 
devices as well the shear transfer mechanism at the rocking critical section.  A large scale tests on a 3-
D two-storeys super-assemblage is under-preparation to provide further experimental confirmation of 
the enhanced global seismic behaviour. 
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