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ABSTRACT: The interaction between reinforced concrete moment frames and precast flooring 
systems during an earthquake is a well established topic of concern for structural engineers.  Beam 
elongation and displacement incompatibility between the frame and floor cause high levels of damage 
in the diaphragm and beams, and can ultimately lead to collapse of the composite floor (precast units 
and cast-in-place topping) if particular detailing to mitigate these effects is not applied.  

Recently focus of research has shifted from detailing for significant localised damage to beams and 
adjacent floors to that of minimising damage to the structural system of beam and floor by creating a 
“Non-Tearing [of the floor]” beam-to-column connection.   This is where the relative rotation of the 
beam to the column, under lateral displacement of the building, does not result in large plasticity of the 
beam and avoids the detrimental damage (tearing) of the floor-to-column junction.  

This paper contributes to an on-going research programme of a precast non-tearing floor and frame 
system for seismic regions (supported by FRST). The experimental and analytical results of the 
recently completed 2/3 scale frame test, incorporating three beam-to-column connection details are 
presented and design issues and recommendations particular to these options are discussed.  

1 INTRODUCTION 

Experimental and numerical studies investigating the seismic interaction between frames and precast 
floor diaphragms in reinforced concrete frame buildings have shown that severe damage to the frame 
and adjacent floor system occurs with the formation of elongating beam plastic hinges during lateral 
deformation of the structure (Matthews 2004), (Lindsay 2004). In addition to this, magnification of 
beam strength occurs due to interaction between the beam plastic hinges and diaphragm 
reinforcement, and generation of axial force in the beams occurs due to elongation of the beam plastic 
hinges (Peng et al. 2009). This enhancement of beam strength has been shown to significantly 
influence the distribution of forces within the structural frame and may alter the hierarchy of strength 
of the structural system if not considered in capacity design.  

Recent research has shifted philosophy from designing for localised damage at beam plastic hinges 
with specific detailing measures to avoid collapse of the frame and floor system, to removing the 
detrimental effects of beam elongation and displacement incompatibility by avoiding the formation of 
beam plastic hinges. This is achieved using unique non-tearing connection details between the beams 
and columns of the frame. The basic arrangement of a non-tearing connection provides a gap or slot 
between the end of the beam and the column face and a shallow hinge located at the top of the beam, 
about which rotation of the connection is forced to occur. Tension-compression yielding of the bottom 
beam longitudinal reinforcement crossing the beam gap governs the flexural response of the 
connection, and contact stress and damage to the beam during rotation of the connection is avoided 
due to provision of the beam gap. The top hinge flexural reinforcement is designed to avoid severe 
inelastic action, in order to ensure a reliable connection is maintained between the beam and the 
column and to avoid elongation of the beam.  

An original Non-tearing connection detail was developed as part of the PRESSS (PREcast Seismic 
Structural Systems) program in the early 1990’s. The TCY-Gap (Tension Compression Yield) 
connection combined post-tensioning techniques to provide elastic clamping force in the connection, 
with mild steel dissipation components, yielding in both tension and compression. The connection 
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detail, shown in Figure 1-1, effectively avoided beam elongation but floor tearing occurred due to the 
positioning of the hinge at the bottom of the beam. It was recommended that inverting the connection 
would produce connection detail which would avoid beam elongation and severe floor tearing.  

Ohkubo and Hamamoto (2004) developed and tested the slotted beam connection detail, shown in 
Figure 1-2. This connection relied upon tension-compression yield of mild steel bottom beam 
longitudinal reinforcement, while providing diagonal steel bars in a novel solution to transfer shear 
across the connection. Experimental testing of the slotted beam connection and floor slab concluded 
that beam elongation effects and slab flange initiation under a negative moment connection rotation 
were successfully avoided and that a significant reduction in damage was achieved, compared to 
traditional reinforced concrete frame connections.   

 

Figure 1-1  TCY-Gap connection detail (Image 
courtesy of A. Amaris) 

Figure 1-2 Slotted beam connection detail (Ohkubo and 
Hamamoto 2004) 

Recent research at the University of Canterbury developed and tested fully precast Non-tearing floor 
details, including the asymmetrically post-tensioned, steel mono-hinge connection shown in Figure 
1-3(a). The asymmetric tendon profile provided connection clamping force and provided some re-
centring to the connection, while external mild steel dissipaters acting in tension and compression 
provided energy dissipation. The connection was implemented in a one-bay two-storey test frame, 
shown in Figure 1-3(c) and experimentally tested with different variations of post-tensioning/mild 
steel ratios. The experimental test frame achieved the flag shaped hysteretic response, shown in Figure 
1-3(b), and successfully eliminated beam elongation effects. Buckling of the external dissipaters 
occurred during the cycles to 3.5% drift, reducing the effectiveness of the energy dissipation of the 
system.  

 

(a) Asymetrically post-tensioned Non-tearing mono-hinge 
connection detail 

(b) Two-storey test frame force vs. displacement  
hysteretic response 

Figure 1-3 Asymetrically post tensioned non-tearing frame details (continued overleaf) 
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(c) Two-storey test frame arrangement 

Figure 1-3 continued. Asymetrically post tensioned non-tearing frame details (Amaris et al. 2008) 

2 DEVELOPMENT OF NON-TEARING FLOOR CONNECTION TECHNOLOGY FROM 
PREVIOUS RESEARCH 

The primary objective of the presented non-tearing floor connection research was to develop and 
experimentally validate a variety of viable non-tearing connection details for introduction into New 
Zealand construction practice. The configuration and performance of the non-tearing connection 
details developed in previous research investigations were critically analysed and developed in order 
to tune the economic and constructability characteristics of the connection to the New Zealand 
construction environment. This research aimed to act as an intermediate progression from traditional 
to future framing technology, in order to encourage the construction of superior and safer performing 
seismic resistant frame structures. 

The use of post-tensioning technology was removed from the non-tearing connection details 
developed in this research. Post-tensioning has become increasingly popular for the construction of 
seismic moment frames, particularly in the United States of America and in Europe, due to the 
inherent benefits of rapid erection time and the ability to provide longer spanning members. However, 
the technology is less advanced and less common in New Zealand and generally comes with increased 
construction and design costs. The lack of comprehensive design guidelines in the New Zealand codes 
requires stringent and in depth engineering design and analysis to verify the performance of post-
tensioned structures, compared to traditional reinforced concrete construction, increasing the project 
design costs. It is anticipated that with the progression of research and development of codified design 
guidelines, post-tensioned frame construction will become more prevalent in New Zealand with the 
cost penalties offset by the benefits associated with the technology.  

The slotted beam connection detail was identified as having good potential for introduction into the 
New Zealand construction industry. This connection closely represents traditional monolithic 
reinforced concrete connections in terms of construction, economics and performance, without the 
detrimental beam elongation and hinging mechanisms. This detail was revised in terms of the 
termination of the diagonal shear bars in the column, in order to avoid localised dowel action during 
rotation of the connection.  

The steel mono-hinge detail developed by Amaris (2008), shown in Figure 1-3(a), was also identified 
as a desirable connection detail. The mono-hinge arrangement, which was precast into the top of the 
beam, consisted of a steel beam cap with a circular steel billet acting as the contact point (or hinge) 
between the beam and column. The circular hinge profile prevented prising of the hinge during 
rotation of the connection, and the fully precast nature of the detail allowed for rapid erection of the 
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frame. However the mono-hinge section was constructed using thick steel plates and solid circular 
steel billet and required a high degree of fabrication. Because of this, the detail was an expensive 
solution. Therefore, in this research the Amaris (2008) mono-hinge was revised to reduce the amount 
of steel in the section and to allow the section to be constructed using pre-formed steel elements, in 
order to reduce the material and fabrication costs associated with the detail. Without the use of post 
tensioning, the large compressive forces induced in the hinge section were eliminated which allowed 
the steel hinge section to be refined.  

A unique ‘Riflebolt’ ducting system was applied in the steel top hinge details developed in this 
research, allowing a fully precast dry-jointed connection to be formed, without the use of post-
tensioning. In the ‘Riflebolt” duct system, the bottom beam longitudinal reinforcement used for energy 
dissipation in the non-tearing connection is slid from ducts in the beam, through corresponding ducts 
in the column, into ducts in the beam on the other side of the connection, and is grouted in place.   

3 EXPERIMENTAL INVESTIGATION OF A TWO BAY PRECAST CONCRETE NON-
TEARING FRAME AND FLOOR DIAPHRAGM 

3.1 Experimental test frame configuration 

The experimental configuration of the 2/3 scale non-tearing frame, developed by the authors, was 
tested at the University of Canterbury and is shown in Figure 3-1. The columns were 600mm square 
while the seismic beams were 360mm wide and 515mm deep. A 1500mm wide floor diaphragm 
consisting of 125mm deep non-prestressed precast floor units and 50mm topping, was supported on 
transverse beams at each column with 75mm seating on flexible bearing strips. The floor diaphragm 
was designed to model the stiffness of a Hollowcore200 flooring system. A 500mm wide infill slab 
provided lateral connection between the precast unit and seismic beams. The column bases were 
supported on two way linear bearings and 1000kN hydraulic rams were installed at the interstorey 
column height between the top and bottom of the columns in each bay and at the laboratory reaction 
frame. This testing arrangement was similar to that used by Peng (2009), allowing lateral drift to be 
applied without exaggerating or restraining forces and elongation between the bays of the frame.  

The primary displacement controlled driving force was applied to the frame at Ram A and Ram B in 
Figure 3-1(a), while incremental iterative force control of Rams C, D, E and F was applied at each 
displacement step to ensure that beam elongation was not exaggerated or restrained between the bays 
of the frame. Beam elongation in the test frame was unrestrained when the ram forces at the top and 
bottom of Column B and Column C in each bay were equal and opposite. This requirement was 
enforced by assessing the sum of the ram forces at the top and bottom of Column B (FRam C + FRam D) 
and Column C (FRam E + FRam F) at each displacement step and incrementally extending or retracting 
both rams by the same displacement until the total force in the bay approached zero. An absolute total 
bay force limit of 5kN was set in the control program, recognising that some sensitivity and limitations 
existed in the ram displacement capabilities.  

The storey shear forces arising from each of the connections in the frame accumulated through the 
rams such that the force in Ram E and Ram F arose from the storey shear at Column C (Vc), the force 
in Rams C and D arose from the accumulation of storey shears at Columns B and C (VB+Vc), and the 
force in Rams A and B arose from the accumulation of storey shear at Columns A, B and C 
(VA+VB+Vc). The forces induced in the rams located at the bottom the columns (Rams B, D and F) 
displayed opposite sign convention to the forces induced in the rams at the top of each column      
(Rams A, C and E).  

The test frame was extensively instrumented with load cells, linear and rotary potentiometers, 
inclinometers, strain gauges and sonic transducers, in order to measure and record the seismic 
response at increasing levels of drift.  
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(c) Side elevation (d) Instrumented Non-tearing test frame 

Figure 3-1 Non-tearing frame experimental testing arrangement 

3.2 Loading protocol and testing criteria 

The loading protocol applied to the test structure was a displacement controlled, quasi-static cyclic test 
sequence, in accordance with the Acceptance Criteria for Moment Frames Based on Structural Testing 
ACI 374.1-05. Under ACI374.1-05, a minimum of one test module with interior and exterior 
connections was required at no less than one-third scale, with no requirement for the application of 
gravity load. The test sequence was expressed in terms of drift ratio with the requirement of three fully 
reversed drift cycles at each drift ratio, with the initial drift ratio within the elastic range and 
subsequent drift ratios to values not less than one and one-quarter times and not greater than one and 
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one-half times the previous drift ratio. Testing continued until a drift ratio of 3.5% was reached or 
exceeded. A single cycle of one-third the magnitude of the preceding drift cycles was also applied 
following the three cycles at each drift level, allowing the small cycle hysteretic characteristics of the 
frame to be assessed following the inelastic drift cycles. Generally, many small cycles precede the 
main shock in an earthquake and that is the scenario represented by this loading  (American Concrete 
Institute. 2005).  

3.3 Connection details 

Four connection details were developed and tested as part of the non-tearing frame experimental 
program. Two phases of testing were conducted in the experimental program. The first phase tested a 
reinforcement arrangement representing a monolithic reinforced concrete frame with non-tearing 
connections. In this phase, 4/D16 reinforcing bars (fy=300MPa, deformed), debonded over 200mm for 
low cycle fatigue protection, were provided as the bottom beam longitudinal reinforcement, providing 
dissipation under a tension/compression yield mechanism. 4/HD16 (fy=500MPa, deformed), bars were 
provided as the top hinge reinforcement in all four connections and a 30mm beam slot was provided 
between the beam end and column face.  

In the second phase of testing, a reinforcement layout providing partial recentring of the connection 
was explored. 2/D12 dissipaters, debonded 150mm, and 2/HD16 bars debonded 1500mm were 
provided as the bottom beam longitudinal reinforcement in each connection. The focus of this phase 
was to provide partial recentring to the connection using traditional reinforcement detailing, in order to 
reduce the residual drift of the connection, particularly at a serviceability limit state. Residual drift of a 
frame building is an important characteristic to consider in the post earthquake assessment of a 
structure, as severe residual drift can lead to the loss of use of a building due to P-delta instability.  

The first connection detail employed in the non-tearing test frame was the revised slotted beam 
connection detail, shown in Figure 3-2. 2/HD16 diagonal shear bars were provided to aid shear 
transfer across the connection. A precast emulation construction sequence was used for this 
connection, where precast beams were located on columns precast to the bottom of the beam column 
joint. The beam column joint was then cast in the second concrete pour with the topping slab, and the 
top section of the column cast in a third concrete pour. In practice, the use of Drossbach ducting would 
allow the top column section to be precast and erected with the upper storeys.   
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Figure 3-2 Revised slotted beam connection details 

The second connection employed in the Non-tearing test frame was the circular profile top hinge 
detail, shown in Figure 3-3. The steel top hinge was constructed from 100EA section and a half 
75CHS section, as shown in Figure 3-3(b). The circular contour of the CHS section, bearing on the 
precast concrete column face, allowed the hinge and beam to rotate during lateral drift of the frame, 
without detrimental prising effects causing damage to the slab and deformation of the top hinge 
reinforcement. Oversized holes were provided in the CHS section to avoid guillotining of the top 
hinge reinforcement during hinge rotation.      
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 (a) Circular profile top hinge connection detail (b) Fabricated top hinge 

(c) Pre-cracked slab detail  (d) Beam erection for fully precast top hinge details 

Figure 3-3 Circular profile top hinge precast connection details 

The slab on one side of the circular profile top hinge connection was pre-cracked along the precast 
unit-to-support beam boundary using a dense foam board, as shown in Figure 3-3(c). This detail was 
applied to allow rotational deformation of the floor diaphragm on the support beam to be absorbed 
without significant tearing or damage occurring in the topping slab.  

A purely precast construction sequence was adopted in the design of the circular top hinge connection 
detail. Precast beams were erected on steel corbels fixed to the faces of fully precast columns, as 
shown in Figure 3-4(b) and Figure 3-3(d). The use of shear corbels in the design not only provided 
shear transfer across the connection, but supported gravity loads during construction, without the need 
for extensive structural propping. The dry jointed connection was formed with the ‘Riflebolt’ duct 
system and grouting procedures. In the ‘Riflebolt’ duct system, the reinforcing bar forming the dry 
jointed connection was housed inside the beam duct and manoeuvred through the corresponding 
column ducts once the beam had beam located in position. The duct was then grouted to develop the 
resistance of the connection between the beam and column.  

The length of duct required to house the reinforcing bar was determined considering the column depth, 
the beam gap width, the debonded length of reinforcing bar for low cycle fatigue purposes and the 
development length required to anchor the reinforcing bar in the beam. The reinforcing bars were 
marked with tape to ensure that the bars were located in the correct position in the beam ducts, in order 
to prevent bond failure due to insufficient bar anchorage.  
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The final connection employed in the Non-tearing test frame was the open-ended steel top hinge 
connection detail, shown in Figure 3-4. This detail was designed to allow multiple layers of top hinge 
longitudinal reinforcement. The hinge section, shown in Figure 3-4(c), was constructed using 100EA 
steel section with welded shear tabs to provide seating of the hinge on the column corbel. Eurethene 
pads were provided underneath the corbel seats and the hinge steel angle section was profiled (curved) 
at the point of contact with the column face, to avoid prising deformation during rotation of the 
connection. During pouring of the floor topping slab, cast-in-situ concrete was cast through the steel 
hinge cavity in order to provide cover concrete protection and stability to the longitudinal top hinge 
reinforcing bars and to support the transfer of bearing forces of the hinge on the precast concrete 
column face. The construction sequence for this connection was the same as for the circular profile top 
hinge detail.  

 

Threaded inserts anchoring 
hinge in bottom of beam

4/16mm grade 8.8 threaded 
rods tieing hinge into beam

Column C

Open ended top hinge 
detail 

Downward and uplift shear corbels
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D16 debonded 200mm 
 

4/D16 debonded 
200mm

30mm wide slot

4/20mm Ø corbel 
anchorage  inserts

4/HD16 top bars 
debonded 200mm

4/41mm Ø column ducts 
for HD16 top bars

Threaded tension anchor

12mm flexible Eurethene pads

Threaded tension anchor

 (a) Open ended top hinge connection detail (b) Shear corbel detail 

 
(c) Open ended top hinge profile 

Figure 3-4 Open ended top hinge precast connection details 

4 EXPERIMENTAL RESULTS FROM NON-TEARING FLOOR TEST FRAME 

4.1 Phase one of testing 

4.1.1 Hysteretic response 

The storey shear vs. displacement response for the non-tearing connection details during phase one of 
testing are shown in Figure 4-1. All connections details displayed a stable hysteretic response with 
high energy dissipation characteristics up until failure. Failure of the connections occurred due to 
fracture of the bottom beam longitudinal reinforcement during the cycles to 2.5% storey drift, as a 
result of buckling of the bottom beam longitudinal reinforcement. Longitudinal bar buckling caused 
expansion and spalling of the beam cover concrete, as shown by the photographs in Figure 4-1. 
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(a) Revised slotted beam connection hysteresis (b)Beam cover concrete spalling and bar 

buckling in slotted beam connection 
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(c) Circular profile top hinge connection hysteresis (d) Beam cover concrete spalling and bar 

buckling in circular top hinge connection  
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(e) Open ended top hinge connection hysteresis (f) Beam cover concrete spalling and bar 

fracture in open ended top hinge connection 

Figure 4-1 Connection hysteresis and damage observed during phase one of the frame test 
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The predicted and experimental responses matched extremely closely. Enhancement of the connection 
strength due to floor slab interaction under a negative moment connection rotation was successfully 
minimised. Without the presence of significant beam elongation, the observed mechanism of initiation 
of the floor slab reinforcement was through torsion of the precast floor unit on the support beam, 
rather than as a beam flange, which is the mode of floor slab initiation observed in elongating plastic 
hinges.  

4.1.2 Floor diaphragm damage  

Figure 4-2 shows the slab damage observed in each of the frame connections at the Serviceability 
(SLS) and Ultimate (ULS) limit states. The serviceability limit state was defined as 1.0% storey drift, 
based on recommendations by Priestley (2007)  for frame structures, and the Ultimate limit state was 
defined as 3.5% storey drift.  

At all four connections, the primary slab cracking concentrated at the precast floor unit-to-support 
beam boundary and additional crack widths which formed into the slab as a result of tension induced 
in the topping concrete opened no wider than 0.5mm. The impressive performance of the pre-cracked 
slab detail in minimising floor diaphragm damage is shown in Figure 4-2(e) and (f).    

 

  
(a) Open ended top hinge slab damage SLS (b) Open ended top hinge slab damage ULS 

  
(c) Circular top hinge slab damage SLS (d) Circular top hinge slab damage ULS 

Figure 4-2 Floor diaphragm damage at SLS and ULS damage limits states (continued overleaf) 
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(e) Circular top hinge pre-cracked slab damage SLS (f) Circular top hinge pre-cracked slab damage ULS 

  
(g) Slotted beam slab damage SLS (h) Slotted beam slab damage ULS 

Figure 4-2 continued. Floor diaphragm damage at SLS and ULS damage limits states 

Because slab damage was concentrated to one primary crack opening, the degree of floor diaphragm 
repair required, even after a severe earthquake, would be limited to one crack location at each 
connection. Therefore the remedial investigation and repair of the flooring system required in a 
building constructed with non-tearing connections would be significantly less intensive than for 
traditional reinforced concrete buildings, reducing the economic downtime and loss of building 
function after an earthquake. This highlights the major advantage, in terms of damage mitigation and 
collapse prevention, associated with non-tearing floor connection technology compared to current 
reinforced concrete design and construction.   

4.1.3 Hinge damage 

Figure 4-3 shows the damage induced in the hinge regions after the final cycles to 3.5% drift. Some 
incipient cover spalling was observed at the beam-hinge boundary in the slotted beam connection as a 
result of the large number of reversed drift cycles imposed under the demanding loading protocol. 
However this damage was only superficial and would require only minor repair after a severe 
earthquake. Hinge damage in the steel top hinge connections was less severe than for the slotted beam.  

The cracking shown in Figure 4-3(b) was caused by uplift of the steel hinge under a negative moment 
connection rotation. Hinge uplift caused some vertical dislocation of the slab cover concrete, shown in 
Figure 4-3(c). Other crack widths in the steel top hinges were minor and would not require repair.   
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(a) Slotted beam connection (b) Circular top hinge connection 

 
(c) Vertical dislocation of cover concrete caused by hinge uplift 

Figure 4-3 Damage to hinge regions in the non-tearing connections 3.5% interstorey drift 

4.1.4 Connection deformation characteristics 

Table 4-1 presents the deformation characteristics of the Non-tearing connections details at the 
Serviceability (SLS) and Ultimate (ULS) performance limit states. The slotted beam connection 
displayed the lowest hinge deformation components under both SLS and ULS conditions, while higher 
hinge deformations were observed for the top hinge connections, due to flexibility of the steel hinge 
section and the rotation deformation of the corbel seating arrangement. The pre-cracked slab detail 
performed impressively well, compared to the conventional slab details, in terms of minimising floor 
unit deformation and damage.  

Referring to the SLS crack widths, it is unlikely that extensive repair of the structural components of a 
frame building constructed with any of the non-tearing connection details tested in this research would 
be required. This characteristic of non-tearing technology has a major advantage over traditional 
monolithic reinforced concrete frames since loss of building function due to damage induced in the 
structural components is eliminated. With improved connection detailing to avoid longitudinal bar 
buckling and beam cover spalling, the degree of repair required for a frame constructed with non-
tearing connections under ULS conditions would be significantly less than for a conventional 
monolithic frame, again highlighting the significant economic and performance advantages that non-
tearing technology achieves over traditional design and construction methods.  

The residual drifts presented are for static loading conditions and do not represent the characteristics 
of the connections during a real earthquake. Dynamic characteristics of the earthquake and structure, 
and shake down effects, influence the degree of inelastic action and deformation induced in a building. 
Because of this, the residual drift of a building after an earthquake will differ from that observed under 
static loading conditions. The residual drift characteristics are presented to provide comparison 
between phases one and two of the non-tearing frame test.  
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Table 4-1 Connection deformation characteristics at Serviceability and Ultimate performance limit states 

 Slotted Beam 
Connection 

Circular hinge 
pre-cracked slab 

Circular top 
hinge 

Open ended 
hinge 

Max Slab Crack-SLS 

-ULS 

1.5mm 

6.5mm 

0.8mm 

2.0mm 

1.5mm 

5.7mm 

2.0mm 

6.5mm 

Residual  slab crack-SLS 

-ULS 

1.0mm 

5.5mm 

0.45mm 

1.4mm 

1.2mm 

4.9mm 

1.5mm 

5.5mm 

Max horiz hinge disp-SLS 

-ULS 

1.4mm 

4.0mm 

1.9mm 

4.1mm 

1.6mm 

4.0mm 

1.5mm 

4.9mm 

Max vert floor disp-SLS 

-ULS 

1.2mm 

3.8mm 

1.1mm 

3.8mm 

1.1mm 

4.4mm 

1.5mm 

5.0mm 

Max vert beam disp-SLS 

-ULS 

0.7mm 

1.5mm 

2.4mm 

4.0mm 

2.2mm 

4.2mm 

3.0mm 

5.5mm 

Max member crack-SLS 

-ULS 

0.2mm 

<0.5mm 

0.3mm 

<0.5mm 

0.3mm 

<0.5mm 

0.2mm 

<0.5mm 

Max Residual Drift-SLS 

-ULS 

0.60% 

2.9% 

0.52% 

2.5% 

0.52% 

2.5% 

0.60% 

2.9% 

4.1.5 Beam elongation response 

Figure 4-4(a) and (b) show the connection and total beam elongation response for the slotted beam 
connection and bay one of the non-tearing test frame respectively. The elongation responses for all 
four connections and both bays in the frame were comparably similar. Beam elongation was measured 
from the mid-depth of the beam.  

The connection response shows elongation under positive moment rotation and shortening under a 
negative moment rotation. The magnitude of positive moment elongation was greater than the negative 
moment shortening. This difference between connection elongation and shortening may have been 
caused by interaction between the unique deformation characteristics of the non-tearing connections 
and precast floor system. The stiffness of the top hinge regions may also have contributed to the 
different elongation and shortening behaviour. Since no tension strength or stiffness was provided by 
the concrete and steel hinge sections, the tension stiffness of the top hinge during a negative moment 
connection rotation was governed by the top hinge reinforcing bars alone. Therefore the stiffness of 
the top hinge under a negative moment connection rotation was less than that for a positive moment 
connection rotation, which would have caused the lower magnitude of connection shortening. Some 
degree of bond degradation and bar slip is also thought to have contributed to this observation. 
Considering the elongation behaviour of adjacent connections in one bay of the frame resulted in the 
net bay elongation response shown in Figure 4-4(b).  

Bay elongations of 0.66% and 0.89% beam depth were observed for bay one and bay two of the test 
frame respectively. Peng (2009) reported from his experimental research that the average mid depth 
beam elongation at plastic hinges which formed at external and internal connections in the frame was 
3.8% and 1.3% beam depth respectively. This equates to a total average beam elongation in each bay 
of 5.1% beam depth. The non-tearing frame test returned an average total beam elongation of 0.77% 
beam depth, which is 15% of the elongation observed by Peng (2009). This indicates that the Non-
tearing connection details tested in this research successfully avoided severe beam elongation, 
compared to equivalent conventional reinforced concrete connections.  
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(a) Slotted beam connection elongation response at 
mid-depth of beam 

(b) Bay one beam elongation response 

Figure 4-4 Non-tearing connection beam elongation and displacement incompatibility characteristics 

4.2 Phase two of testing 

Repair of the test frame was required before phase two of testing. The damaged beam ends were boxed 
up and repaired using flowable grout and the primary slab cracks were repaired using Sikadur52 
injection grout, as shown in Figure 4-5(a). In order to delay the onset of bar buckling, and to improve 
the lateral bar restraint, the reinforcing bars for test two were shrouded in steel tubes, as shown in 
Figure 4-5(b). The connection bars were inserted into the test two ducts, shown in the connection 
details in Figure 3-2, Figure 3-3(a) and Figure 3-4(a), and grouted, as shown in Figure 4-5(c). 
Unfortunately, the Sikadur52 injection grout used to repair the floor diaphragm bonded the precast 
floor unit to the support beam, and caused brittle failure of the floor system, as shown in the 
photographs in Figure 4-6.   

 

 
(a) Repair of primary slab 

cracks 
(b) Buckling restraint tubes  (c) Grouting of connection ducts  

Figure 4-5 Repair details of Non-tearing frame for Phase two of testing 

4.2.1 Hysteretic response 

The storey shear vs. drift hysteretic responses for the non-tearing connections during phase two of 
testing are shown in Figure 4-6. All connections displayed a stable and dissipative hysteresis up to 
3.5% storey drift, at which failure of the D12 mild steel dissipaters occurred as a result of buckling 
induced fracture. The buckling restraint tubes successfully delayed the onset of longitudinal bar 
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buckling, with all non-tearing connections achieving higher levels of drift before buckling and bar 
fracture occurred, compared to Phase one. The elastic restoring force provided by the debonded HD16 
reinforcement, up to 2.0% drift, is evident in the connection hysteresis loops, with consistently lower 
residual deformations observed at all drift cycles, compared to the response from phase one of testing.  

Lower hysteretic energy dissipation was exhibited by the connections compared to test one due to the 
provision of the elastic re-centring HD16 reinforcement which reduced the yielding components in the 
connections. The brittle floor failure was particularly pronounced for the open-ended top hinge 
connection and caused interaction between the connection and floor system, under a negative moment 
rotation, to behave in a similar manner to elongating plastic hinges. This is shown by the greater 
negative moment connection strength in Figure 4-6(e) compared to Figure 4-6(a) and (c).  

Based on the stiffness, strength degradation and energy dissipation criteria outlined in ACI 374.1-05, 
the phase two steel top hinge connection details passed the acceptance criteria, while the slotted beam 
connection detail failed to peak the peak strength degradation requirement by just 1.5kN.  
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(a) Slotted beam connection hysteresis (b) Slotted beam floor failure 
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(c) Circular profile top hinge connection hysteresis (d) Circular top hinge floor failure 

Figure 4-6 Connection hysteresis and damage observed during phase one of the frame test (continued overleaf) 
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(e) Open ended top hinge connection hysteresis (f) open ended top hinge floor failure 

Figure 4-6 continued. Connection hysteresis and damage observed during phase one of the frame test 

4.2.2 Residual drift  

The residual drift characteristics of the non-tearing connection details during phase two of testing are 
shown in Table 4-2. At both SLS and ULS limit states, the provision of the elastic restoration bars 
reduced the static residual drift of the slotted beam and circular top hinge connections by 25% and 
24% respectively, compared to phase one of testing. The severe brittle failure mechanism which 
occurred at the open-ended top hinge connection reduced the effectiveness of the elastic restoration 
bars, particularly at the SLS damage limit state. The use of high strength, unbonded reinforcing bars 
successfully reduced the static residual drift in the non-tearing test frame. This solution enhanced the 
performance of non-tearing connection details, by reducing the vulnerability to loss of building 
function caused by P-delta instability, using traditional reinforced concrete construction techniques.  

Table 4-2 Residual drift characteristics from Phase two of testing 

 Slotted Beam 
Connection 

Circular hinge 
pre-cracked slab 

Circular top 
hinge 

Open ended 
hinge 

Max Residual Drift-SLS 

-ULS 

0.45% 

2.2% 

0.4% 

1.9% 

0.4% 

1.9% 

0.58% 

2.4% 

5 NUMERICAL INVESTIGATION OF NON-TEARING CONNECTION RESPONSE 

The experimental response of the tested non-tearing connection details were modelled numerically in 
Ruaumoko2D (Carr 2008a) using both rotational and compound spring models. The rotational spring 
models adopted a lumped plasticity approach using inelastic rotational springs at the beam column 
interface to model the connection response. The compound spring models used axial springs 
connected between rigid plates to model the concrete and steel components in the connections.    

The steel reinforcement elements were modelled using the Dodd-Restrepo hysteresis rule, which 
allowed the Bauschinger effect to be successfully captured. The Dodd-Restrepo hysteresis rule 
requires the strain hardening and ultimate failure steel strain to be defined.  

The cyclic envelope for reinforcing steel has been shown to differ significantly from the monotonic 
envelope. From axial extension tests on mild steel damping devices, Marriott (2009) showed that the 
cyclic strain hardening and ultimate stress and strain characteristics of the steel dampers were in the 
order of half that when monotonically loaded. However, the damper tests did not subject the steel 
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components to fully reversed high strain amplitudes in both tension and compression, the loading 
condition which occurs in the bottom beam reinforcement of the non-tearing connection.  

It is proposed in this research that the low cycle fatigue characteristics be used to determine the cyclic 
strain hardening and ultimate strain of the beam longitudinal reinforcement in non-tearing 
connections. Low cycle fatigue analysis can be performed using the method proposed by Dutta (2001) 
and Mander (1994).  

The ultimate cyclic steel strain cycu ,ε is calculated using Equation 1.   

spub

LCFb
cycu LL

cH
2

)(,
, +

−×
=

θ
ε  (1)  

Where LCFb,θ is the beam rotation at failure from low cycle fatigue analysis;  H  is the beam depth; 

c is the neutral axis depth; ubL is the debonded length of reinforcement; and spL is the strain 
penetration depth given by Equation 2.  

bysp dfL 022.0=  (2) 

Where yf is the yield stress of the reinforcing bar; and bd  is the reinforcing bar diameter.  

The ratio of cyclic ultimate strain to monotonic ultimate strain, monoucycu ,, / εε , is determined, where 

monou ,ε is taken from monotonic steel test data or manufacturer specifications.  

The cyclic strain hardening strain is assumed to be proportional to monoucycu ,, / εε , based on 
observations by Marriott (2009). The cyclic strain hardening strain is determined using Equation 3.   

monoucycumonoshcycsh ,,,, / εεεε ×=  (3) 

Where monosh,ε is the monotonic strain hardening strain from laboratory steel test data or manufacturer 
specifications.   

The concrete elements in the connections were modelled using the Peng concrete hysteresis rule in 
Ruaumoko2D (Carr 2008b), which allowed the concrete behaviour during load reversals from tension 
and compression regimes to be captured, including contact stress effect. Contact stress effect is 
concrete stiffening which occurs due to contact between two surfaces of a crack before the average 
strain in the concrete reaches zero. The Peng concrete hysteresis is shown in Figure 5-1(a).     

 

(a) Brian Peng concrete hysteresis  (b) Bi-linear with slackness hysteresis 

Figure 5-1 Hysteresis rules applied in Ruaumoko2D connection analysis (Carr 2008b) 
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The initiation of floor slab reinforcement during a negative moment connection rotation, through 
torsion of the support beam, was modelled using a rotational spring with a bi-linear with slackness 
hysteresis rule, as shown in Figure 5-1(b). Zero Gap- length and a large Gap+ length was applied to the 
hysteresis rule to force floor slab strength initiation in one direction of connection rotation. The 
element was able to capture the reloading paths considering opening of the precast unit-to-support 
beam boundary crack.  

Linear elastic steel elements working in compression only were used to model the contact zones 
between the steel top hinge sections and the precast concrete column face.  

The beam and column elements were modelled using linear elastic member elements. The beam 
stiffness was modelled based on the gross section properties, since inelastic action was concentrated to 
the slot between the beam and column face and minimal beam cracking was observed during the frame 
test. Column stiffness was modelled as gI4.0 on recommendations of effective member moment of 
inertia for different levels of axial load, published by Paulay (1992).  

 

5.1 Rotational spring model 

Due to the high strength and stiffness of the steel top hinge section, it can be reasonably assumed that 
the location of the neutral axis in the top hinge non-tearing connections was constant. Because of this 
assumption, the strength and stiffness characteristics of the connection were similar for both positive 
and negative moment connection rotations. Therefore, a simple rotational spring model using an 
inelastic rotational spring was constructed for the numerical analysis of the top hinge connection 
details. The lumped plasticity rotational spring model, shown in Figure 5-2, provided a non-linear 
rotational spring between the elastic beam and column elements to model the non-linear moment-
rotation characteristics of the connection.  

 
 

(a) Rotational spring element (Carr 2008b) (b) Rotational spring model arrangement  

Figure 5-2 Rotational spring model 

Figure 5-3(a) compares the experimental and analytical storey shear vs. displacement response of the 
circular top hinge connection for the rotational spring model analysis. The model captured the peak 
strength and unloading/reloading stiffness characteristics of the connection with good accuracy. The 
hysteretic energy dissipation characteristics of the connection were overestimated by the rotational 
spring model at higher drift levels. This was due to shear pinching, bar buckling and bond degradation 
which occurred in the connection during testing.  

 

Linear elastic frame 
members 

Rotational spring 
modelling connection 

Applied displacement history  
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(a) Rotational spring model (b) Compound spring model 

Figure 5-3 Numerical modelling of circular top hinge connection from Phase one on testing 

5.2 Compound spring model 

During rotation of the slotted beam connection, the location of the neutral axis shifted through the 
depth of the hinge, in a similar manner to conventional reinforced concrete connections. In order to 
capture the shifting neutral axis and associated changes in connection stiffness, a compound axial 
spring model, shown in Figure 5-4, was constructed for the numerical analysis of the slotted beam 
connection. The compound spring element, shown in Figure 5-4(a), combined axial spring 
components connected between rigid plates and links to represent the concrete and steel components 
of the connection. The springs were located within the depth of the compound spring, providing an 
accurate representation of the physical geometry of the connection. Analysis of the steel top hinge 
connections was also carried out using a compound axial spring model.  

 
5 Peng concrete axial springs
modelling top hinge concrete

Linear elastic axial spring
modelling top hinge elastic
longitudinal reinforcement

Dodd‐Restrepo inelastic axial spring
modelling yielding longitudinal
bottom beam reinforcement

Rigid plates
Rigid link

Rigid link

(a) Compound spring element (Carr 2008b) (b) Compound spring model arrangement 

Figure 5-4 Compound spring model 

Comparing the experimental and analytical storey shear vs. displacement responses shown in Figure 
5-3(b) and Figure 5-5(a) shows that the compound spring numerical models captured the peak force 
and unloading/reloading stiffness characteristics, of both the slotted beam and steel top hinge 
connections, with excellent accuracy. As observed for the rotational spring analysis, the numerical 
model slightly overestimated the hysteretic energy dissipation at higher drift levels due to shear 
pinching, bond degradation and bar buckling which occurred during the experiment. 

Linear elastic frame 
members 

Compound spring 
modelling connection 

Applied displacement history  
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(a) Storey shear vs. drift response (b) Beam elongation response at mid-depth of beam 

Figure 5-5 Numerical modelling of slotted beam connection from Phase one of testing using a compound axial 
spring model 

Although the compound axial spring models require more computational work compared to the 
rotational spring model, the beam elongation response of the connection can be captured with good 
accuracy using a compound spring model, as shown in Figure 5-5(b) and Figure 5-6(b). The 
compound spring model slightly overestimated the magnitudes of connection elongation and 
shortening which is likely to have been caused by bond degradation, progressive connection damage 
and stiffness reduction with increasing drift cycles, and unique deformation characteristics of the hinge 
details, all of which were not directly included in the analytical models.  

Figure 5-6 compares the experimental and numerical connection response for the circular top hinge 
connection, from the compound spring axial spring analysis of the non-tearing connections carried out 
for Phase two of testing. The numerical and experimental responses agree with excellent accuracy, 
more so than for the analysis of Phase one, due to the successful performance of the buckling restraint 
tubes and reduction in connection shear actions.  
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(a) Storey shear vs. drift response (b) Beam elongation response at mid-depth of beam 

Figure 5-6 Numerical modelling of circular top hinge connection for Phase two of testing using a compound 
axial spring model 
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Numerical investigation was carried out, comparing the response of a traditional reinforced concrete 
connection with that of an equivalent non-tearing connection. The reinforced concrete plastic hinge 
element, developed by Peng (2009) in Ruaumoko2D (Carr 2008a), was used to model the reinforced 
concrete connection, while the compound axial spring model constructed in this research was used to 
model the non-tearing connections.  

Figure 5-7 compares the responses of the reinforced concrete and slotted beam connections from the 
numerical analysis. Figure 5-7(a) shows that the storey shear vs. drift response of the non-tearing 
connections would be at least equivalent to that of a reinforced concrete connection, as long as 
detailing measures to reduce the potential for bar buckling and shear pinching could be successfully 
applied. Without the formation of beam hinges, it is expected that with improved detailing to resolve 
buckling and shear pinching issues, that better hysteretic energy dissipation would be achieved by a 
non-tearing connection, compared to a reinforced concrete equivalent. 

The significant performance advantage associated with non-tearing connections is brought to attention 
when comparing the bay elongation for a one-bay reinforced concrete and non-tearing frame in Figure 
5-7(b). While appreciable beam elongation occurred in the reinforced concrete frame, with the 
formation of elongating beam plastic hinges, elongation in the non-tearing frame was essentially 
eliminated. This avoids the detrimental effects that beam elongation imparts on frame structures, in 
terms of force distribution and hierarchy of strength and damage to the frame and floor systems, 
allowing the structural response and behaviour of frame buildings designed with non-tearing 
connections to be more accurately predicted during design and analysis.  
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Figure 5-7 Comparison of numerical analyses for reinforced concrete and slotted beam compound spring 
models 

6 RECOMMENDATIONS FOR THE IMPROVEMENT OF NON-TEARING CONNECTION 
DETAILS AND FUTURE RESEARCH PROGRAMMES 

In order to avoid the bar buckling issues observed in the non-tearing connection details developed and 
tested in this research, improved beam confinement is required. This can be achieved by reducing the 
spacing of the beam shear stirrups and increasing the stirrup bar diameter. Providing shear 
reinforcement as close to the end of the beam as possible is also important. A steel capping plate 
surrounding the end zone of the beam could be applied in order to enhance beam confinement when 
severe seismic connection actions occur. 

Increasing the bar diameter of the bottom beam longitudinal reinforcement in order to reduce 
proneness to buckling is recommended. However, bond stress demand inside the beam-column joint 
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must be carefully considered when specifying large diameter reinforcing bars as bond slip must be 
avoided in order to ensure the reliable seismic performance of the connections. This is particularly 
critical for beam bars passing through internal beam-column joints.  

It is recommended that the bottom beam reinforcement be debonded in steel buckling restraint tubes as 
this simple solution provides effective buckling restraint and improves connection drift capacity.     

The vertical stiffness of the tested steel top hinge details must be increased, in order to avoid the shear 
pinching and buckling eccentricity caused by deformation of the top hinge section. This can be 
achieved by providing a deeper equal angle section or stiffening straps to tie the top hinge into the 
bottom of the beam.  

A recommended steel top hinge connection detail, combining the discussed performance 
improvements, is provided in Figure 6-1. It is recommended that this detail be explored and further 
developed and that a cost-benefit analysis of the detail be carried out to determine the commercial 
viability of the detail for application in seismic frames constructed with non-tearing connections.  

 

BeamColumn

Steel Top hinge
 

Flat steel plate stiffening strap
Beam confinement cap
 

Anchor rods
 

 
Figure 6-1 Recommended modification to steel top hinge connection detail 

The brittle failure of the precast floor units observed during phase two of the frame test highlights the 
significant effect that repair techniques can have on the seismic performance of precast floor systems, 
when the crack repair material causes the deliberately weak zone of the floor to become too strong. It 
is important that for the repair of weak zones in precast concrete floors the strength of the selected 
repair material is weak enough to maintain the desired hierarchy of strength and intended deformation 
mechanism during an earthquake. It is suggested that a cement based grout, rather than an epoxy resin, 
should be applied for the repair of precast concrete floor slabs, with careful consideration of the 
compressive and tensile strengths of the grout repair material and existing floor slab concrete.  

The research presented investigated the two dimensional performance of a one-way precast concrete 
seismic frame and floor constructed with non-tearing connection details. It is the opinion of the 
authors that with the absence of significant beam elongation in non-tearing connections, that the 
characteristic floor warping effects and damage which occurs at the corner columns in two-way frames 
would be avoided and that non-tearing connections could be successfully implemented in two-way 
seismic frame buildings. Further research is recommended, exploring the three-dimensional seismic 
performance of non-tearing connections in a multi-storey, multi-bay, precast frame and floor building, 
and this is planned to be carried out at the University of Canterbury in the near future.  

7 CONCLUSIONS  

The research presented in this paper describes the development and experimental investigation of 
several moment frame connection details, utilising a unique non-tearing design philosophy for precast 
concrete seismic frames.  
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Criteria for the implementation of this technology in New Zealand construction practice have been 
introduced, and previous research outlined and critically analysed.  

The details of an experimental program, testing a variety of non-tearing connection details, has been 
provided and the experimental performance of each connection discussed.  

Damage to the frame and floor system in the non-tearing test frame was significantly minimised, and 
beam elongation effects were virtually eliminated. Longitudinal beam bar buckling, confinement and 
shear pinching issues reduced the performance of the details at high drift levels. However, improved 
detailing measures applied in subsequent testing of the connections successfully delayed the onset of 
bar buckling, and improvements of the non-tearing connection details have been provided in order to 
rectify these issues. 

Numerical validation of the experimental response of the non-tearing connection details has been 
performed using rotational and axial spring analytical models in Ruaumoko2D, with excellent 
agreement between experimental and analytical responses observed.  

The research presented herein concludes that non-tearing connection technology significantly reduces 
damage and collapse potential in precast concrete seismic moment frames. With the further research, 
development and refinement of connection details, non-tearing connection technology shows 
impressive potential for enhancing the seismic safety, efficiency and performance of precast concrete 
frame buildings.    

8 REFERENCES 

Amaris, A., Pampanin, S., Bull, D. K., and Carr, A. J. (2008). "Experimental Investigation on a Hybrid 
Jointed Precast Frame with Non-Tearing Floor Connections." New Zealand Society for 
Earthquake Engineering National Conference, Wairakei, New Zealand. 

American Concrete Institute. (2005). "Acceptance Criteria for Moment Frames Based on Structural 
Testing." ACI 374.1-05, American Concrete Institute, Detroit, Mich. 

Carr, A. J. (2008a). RUAUMOKO program for inelastic dynamic analysis-Appendices, Department of 
Civil Engineering, University of Canterbury, Christchurch, New Zealand. 

Carr, A. J. (2008b). RUAUMOKO program for inelastic dynamic analysis-User Manual, Department 
of Civil Engineering, University of Canterbury, Christchurch, New Zealand. 

Dutta, A., and Mander, J. B. (2001). "Energy based methodology for ductile design of concrete 
columns." Journal of Structural Engineering, 127(12), 1374-1381. 

Lindsay, R. (2004). "Experiments on the seismic performance of hollow-core floor systems in precast 
concrete buildings : a thesis submitted in partial fulfilment of the requirements for the degree 
of Master of Engineering at the University of Canterbury," Thesis (M E ), University of 
Canterbury, 2004. 

Mander, J. B., Panthaki, F. D., and Kasalanati, A. (1994). "Low-cycle fatigue behavior of reinforcing 
steel." Journal of Materials in Civil Engineering, 6(4), 453-468. 

Marriott, D. J. (2009). "The development of high-performance post-tensioned rocking systems for the 
seismic design of structures: a thesis presented for the degree of Doctor of Philosophy in Civil 
Engineering at the University of Canterbury," PhD, University of Canterbury, Christchurch, 
New Zealand. 

Matthews, J. (2004). "Hollow-core floor slab performance following a severe earthquake : a thesis 
submitted in partial fulfilment of the requirements for the degree of Doctor of Philosophy at 
the University of Canterbury," Thesis (Ph D ), University of Canterbury, 2004. 

Ohkubo, M., and Hamamoto, T. (2004). "DEVELOPING REINFORCED CONCRETE SLOTTED 
BEAM STRUCTURES TO REDUCE EARTHQUAKE DAMAGE AND TO ENHANCE 
SEISMIC STRUCTURAL PERFORMANCE." 13th World Conference on Earthquake 
Engineering, Vancouver, B.C., Canada. 



24 

Paulay, T., and Priestley, M. J. N. (1992). Seismic Design of Reinforced Concrete and Masonary 
Buildings, Wiley, New York, NY. 

Peng, B. H. H. (2009). "SEISMIC PERFORMANCE ASSESSMENT OF REINFORCED 
CONCRETE BUILDINGS WITH PRECAST CONCRETE FLOOR SYSTEMS: a thesis 
submitted in partial fulfilment of the requirements for the degree of Doctor of Philosophy at 
the University of Canterbury," University of Canterbury, Christchurch, New Zealand. 

Peng, B. H. H., Dhakal, R. P., Fenwick, R. C., Carr, A. J., and Bull, D. K. (2009). "Modelling of RC 
moment frames with precast-prestressed flooring system." New Zealand National Society for 
Earthquake Engineering National Conference, Christchurch, New Zealand. 

Priestley, M. J. N., Calvi, G. M., and Kowalsky, M. J. (2007). Displacement-based seismic design of 
structures, IUSS Press, Pavia, Italy. 

 

 


