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ABSTRACT: As part of extensive experimental work done in the context of the project 

‘Retrofit Solutions for New Zealand Multi-Storey Buildings’, a non-ductile RC frame 

model structure was tested on the shake table of the University of Canterbury. The 2/5 

scale model was designed according to New Zealand’s pre-1970’s practice, comprising of 

two frames, one external, one internal, connected by means of transverse beams and floor 

slabs. The tests of the as-built specimen revealed a brittle inelastic mechanism with 

severe damage in first floor exterior beam column joints, under a specific ground motion. 

In a following stage, Glass-Fibre Reinforced Polymer (GFRP) layers were implemented 

in beam column joints in order to strengthen and confine specific zones. Slabs were 

weakened in a configuration that reduces the negative flexural capacity of the 

longitudinal beam outside the GFRP, neutralizes transverse beam torsion effects, and 

allows for anchorage of GFRP layers. The retrofitted specimen tested under the same 

ground motions used for the as-built specimen, developed ductile flexural rotations in 

beams and bottom columns, proving the ability of this particular retrofit configuration of 

relocating brittle shear damage in exterior joints. In this paper the final retrofit 

intervention implemented and preliminary tests results are presented. 

1 INTRODUCTION 

As an additional research for the improvement, implementation, and validation of some of the retrofit 

techniques studied in the context of the project ‘Retrofit Solutions for New Zealand Multi-Storey 

Buildings’, a 3-storey 2/5 scale RC model frame building was constructed and tested on the shake 

table of the University of Canterbury. The 3D specimen was conceived to be as similar as possible to a 

section of an ideal prototype RC building designed according to New Zealand’s pre-1970’s design 

practice (Marriott 2009, Quintana Gallo et al. 2010). The model was formed by joining two 3-storey 2-

bay frames in parallel, one of them external and the other internal, by means of transverse beams and 

floor slabs. Transverse beams were similar to longitudinal beams, and their length (spacing between 

frames) was equal to the short bay of the longitudinal frames. Slabs were designed simulating typical 

sizes and reinforcement, for cast in situ practice. Lap splices were also included in the bottom part of 

2
nd

 and 3
rd

 floors columns. The non-ductile detailing in beam column joints, with smooth plain round 

bars, no stirrups in columns inside the panel region, the use of 180° end hooks in beams, the lack of 

capacity design considerations, as well as poor quality of the materials, represents one of the worse 

cases in seismically vulnerable RC frame buildings (Aycardi et al 1994, Beres et al 1996, Hakuto et al 

2000, Pampanin et al 2002, Pampanin 2006). 

The as-built specimen (AB1) was tested in a first stage using a ground motion recorded during Loma 

Prieta Earthquake (California, 1989) in Gilroy Array #5 station, located at about 200 km from the 

epicentre (USGS Historical Database), developing a lap splices local failure mechanism in the third 

floor. The specimen was then repaired and modified in order to achieve another failure mechanism 

different from the previous one. For that, concrete was removed and overlapped longitudinal 

reinforcement was welded in the bottom of 2
nd

 and 3
rd

 floor columns. The removed concrete then was 

replaced with Sika Structural Mortar, with similar mechanic characteristics to the concrete casted in 
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the first two floors. Cracks were filled with epoxy resin and sealed from the outside with a finishing 

material. The specimen modified in this way (AB2), was tested under ground motion recorded during 

the 2010 Darfield earthquake (New Zealand 2010) in Christchurch Hospital station, data recorded 

during the Maule earthquake (Chile 2010) in Vina del Mar- Marga Marga station (Geonet, University 

of Chile database, USGS), revealing a brittle failure mechanism in first storey exterior joints of both 

frames and a soft storey-prone dynamic response. 

In a final stage the specimen was repaired again by removing the crushed concrete in all exterior beam 

column joints and the base of first floor columns in the first floor. Cracks were injected with epoxy 

resin, and in addition, Glass Fibre Reinforced Polymer (GFRP) layers were used for strengthening all 

exterior beam column joints. Slabs were weakened in a strategic layout that reduces the longitudinal 

beam negative bending capacity, when disconnecting the resisting mechanism created by the 

transverse beam and the floor slab acting together. GFRP Layers were placed in an ad-hoc 

configuration, following guidelines and propositions of previous researchers, for the seismic retrofit of 

plane and 3D beam column joints without slabs (Akguzel and Pampanin, 2010). The particular design 

presented here, required an extension of that approach in light of the presence of floor slabs and 

transverse beams, leading to an extension of the conceptual tools used for the seismic retrofit of beam 

column joints Pampanin et al. (2007). As a consequence, an improved retrofit implementation which 

mixes strengthening with weakening was created. Focus on the intellectual development of that 

intervention/strategy is placed in this contribution, whereas technical drawings of preliminary draft 

versions can be found in Akguzel et al (2011). 

2 AS-BUILT SPECIMEN BRIEF DESCRIPTION  

In Figure 1 specimen dimensions and reinforcement details are presented, together with a picture of 

the building right after the construction was finished (AB1). Mild ductile plain reinforcement of sizes 

available in the market and concrete with reduced size aggregate was used in order to introduce the 

lowest distortion possible into the model due to similitude requirements (Quintana Gallo et al 2010). 

The specimen’s total height and weight corresponds to 3.6 meters and 20 tones, respectively. Frames 

had one bay shorter than the other, and were located at 1200 mm from each other, with an overhang of 

300mm on the discontinuous side of the internal frame. Long and short bays were 1800 mm and 1200 

mm long, respectively. Details of the sizes of structural elements, bar diameters, and properties of the 

materials can be found in Quintana Gallo et al. (2011). 

 

 

Figure 1: Specimen Description and illustration 
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3 CAPACITY-BASED RETROFIT STRATEGY 

The strategy for retrofitting the 3D as-built structure was implemented using the performance based 

approaches developed by other researchers for 2D and 3D beam column joints without floor slabs 

(Pampanin et al 2007, Kam 2011, Akguzel 2011). A preliminary scratch of this approach was 

presented in Akguzel et al. (2011), based on the work done by Quintana Gallo et al. (2011). 

Nevertheless, that description is not complete since it does not include torsion effects and presents a 

wrong weakening layout in the slab, issues to be properly addressed in this contribution. An extension 

of the M-N performance domain was required, due to the difference between negative and positive 

flexural capacity of the beam with the slab acting in tension and compression respectively. In addition, 

confinement and torsional resistance provided by the transverse beam were incorporated by modifying 

to the joint strength in terms of the associated maximum principal tension stress (Priestley 1996). 
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Figure 2: M-N Performance domain for positive (slab in compression) and negative (slap in tension) 

corner beam column joints – Absolute values of negative moments are shown for comparison. 

In Figure 2, seismic actions forcing the slab to act in compression (positive bending) as well as in 

tension (negative bending) are presented in the right side. In the left, equivalent resisting bending 

capacities in the panel zone region are shown: this is an asymmetric M-N performance domain 

version. The mechanical action of the transverse beam is included in two different effects: (1) 

confinement provided on the inside face of corner joints and two orthogonal faces in exterior joints of 

internal frames, and (2) torsion resistance provided to the beam-column-joint-slab subassembly, when 

the slab acts in tension only. Confinement was incorporated by using a higher pt value for the 

calculation of both as-built and retrofitted joint capacities. Torsional resistance was included by adding 

directly the cracking torsional capacity of the transverse beam to the numerical value of the joint 
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cracking capacity. Therefore, traditional approaches are improved yielding to the correct evaluation of 

the hierarchy of strengths and the expected sequence of events in the beam column joint slab region. 

As can bee seen in Figure 2, if the beam was only strengthened with GFRP layers, a total reversal in 

the hierarchy of strengths leading to a fuse of the damage mechanism (first event) in the beam would 

not be achieved when the slab resists in tension. In order solve this problem, slab flexural 

reinforcement was cut in the perimeter of the GFRP layers anchored into the top of the slab, in the 

configuration shown in Figure 3. This slab weakening leads to the sequence of events shown in Figure 

2 for two different ‘seismic demands’, denoted ST1-ST2-ST and ST1’-ST2’-ST3’ for negative 

bending, and SC1-SC2-SC3 and SC1’-SC2’-SC3’ for positive bending. This configuration also 

neutralizes torsional resistance of the transverse beam outside the GFRP region, when relocating the 

horizontal compression strut developed in the slab when acting in tension, away from the column. The 

weakened slab then reduces the longitudinal as-built beam negative bending capacity considerably, 

without actually weakening the beam itself. Finally, in this case, the retrofit strategy introduced here, 

provides a fixed sequence of events regardless of the seismic demand, in terms of bending moment-

axial actions acting at a certain rate (diagonal line slope), except for the last event. 

 

GAP configuration
Corner and internal 
exterior BC Joints

Side face –
Corner

Interior  
face –

Internal

Side cut  –
Corner and  

Internal

Front 
face –

Internal

 

Figure 3: Gap configuration in slab for internal corner and internal exterior beam column joints 
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Once a reversal in the hierarchy of strengths was achieved in the beam column joint region, the 

number of GFRP layers to be used in different directions was fixed. The extension of those layers into 

beams and columns firstly fixed according to bonding considerations, were re-defined in order to also 

ensure damage relocation into the beams. For the latter, bending moment diagrams corresponding to a 

statically admissible and kinematic-compatible inelastic mechanism of the frames were evaluated, as 

shown in Figure 4. In the case presented in Figure 4, seismic displacements at every floor level were 

taken to the right, leading to a positive bending in the beam of the long span corner beam column joint 

(slab in compression), and negative bending in the beam of the short span counterpart (slab in 

traction). Diagrams were drawn to scale, in order to illustrate the relative magnitude of positive and 

negative bending capacities of flanged beams. The hatched zone represents the region where the 

capacity of as-built elements is smaller than the equivalent moment diagram of an equivalent statically 

admissible bending diagram with maximum moment at the interface with the column strengthened 

with GFRP. When comparing the as-built capacity of the beam for each side - slab in compression in 

the long span joint and slab in tension in the short span joint - constitutive laws would imply a 

different bending moment diagram to be compatible with kinematics, resulting in inelastic behaviour 

to occur first in that region. 

 

 

Figure 4: Inelastic mechanism and actions in structural elements; bending moment diagrams drawn to 

scale (10 units represent 1 kNm) 

As a special feature of this design as shown in Figure 3, corner and internal exterior beam column 

joints, internal ‘L-shaped’ layers were used in columns of corner and exterior-internal beam column 

joints. That configuration, not used before in retrofitted beam column joints of similar subassemblies, 

was used as they are required for strengthening the column under actions corresponding to negative 

moments in the beam, and which was proofed to be the main drawback of previous research (Akguzel 

2011). In exterior joints of the internal frame a new configuration for the beam was implemented as 

well, since no experimental work on that typology was done in previous related research using GFRP 

laminate. Summarizing, a new design was developed for details of which will be soon available in 

Quintana Gallo (2012). 
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4 RETROFIT SCHEME IMPLEMENTATION 

As previously discussed, the number of layers is firstly defined according to the evaluation of 

structural member’s bending-compression capacities in the panel zone region. Demand in terms of a 

linear variation of moment with axial load at different rates need to be evaluated, being in this 

particular case irrelevant, as discussed before. GFRP layer’s length was adjusted in columns and 

beam, in order to ensure damage relocation. Weakening of the slab was implemented in order to 

achieve the assumption of a plane beam to be the fuse of the inelastic mechanism (first event). Finally, 

GFRP dowels were used for anchoring GFRP layers into beams and slabs, as well as for delaying 

debonding between GFRP layers and concrete. 

 

 

Figure 5: FRP implementation 

 

 

Figure 6: Retrofitted Frame Overview  
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5 TEST SEQUENCE AND INPUT MOTION 

Ground motions recorded during Darfield (New Zealand, 2010) and Maule (Chile, 2010) earthquakes 

were used to create two input displacement histories for the shake table. Those histories correspond to 

a consistent ground motion in terms of acceleration, velocity and displacement, which is very similar, 

yet not necessarily identical to the ‘true recorded motion’, since the resulting filtered/corrected 

acceleration will not match the initial unfiltered counterparts (Boore 2001, Boore and Bommer 2005). 

For the generation of those inputs, a Band Pass, Butterworth 4° order filter with cut off frequencies of 

0.10Hz and 25.00 Hz was used, as well as a base-line correction. These modifications, which do not 

modify the spectral response significantly, were performed with the intension of removing very long 

period waves that significantly alter the displacement time history (Boore 2001).  

The same input motions and in the same sequence corresponding to the modified – repaired as-built 

specimen (AB2) were used (Christchurch Hospital station and Marga-Marga station). A summary of 

the main characteristics of the nominal input records as well as information about their respective 

seismic events can be fund in Quintana Gallo et al. (2011). 
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Figure 7: Acceleration time histories and elastic spectral displacement response for 5% viscous damping 

In Figure 7, recorded input acceleration histories are presented, as well as their corresponding 

displacement response spectra for both nominal and as-recorded input motions. It can be appreciated 

that nominal and as-recorded inputs differ only slightly in terms of spectral values for a 5% damping, 

validating the ability of the shake table to actually impose the desired seismic demand in the structure.  

6 PRELIMINARY TESTS RESULTS 

In previous experiments of the as-built specimen, the dynamic performance of the building under the 

ground motion corresponding to Christchurch Hospital (PGA = 0.20g) was characterized by a fairly 

elastic stable response. Hairline cracks were developed only, and inter-storey recorded drifts did not 

exceed 1.5% levels. The observed dynamic performance of the specimen under the Marga-Marga 

input (Vina del Mar PGA = 0.27g) though, was characterized by an unstable inelastic mechanism due 

to a brittle shear failure in exterior joints of external and internal frames. In the first floor, inter-storey 

drifts reached a maximum of 4% and 3% another couple of times. In second and third floors inter-

storey displacement reached values close to only 2.0%, with minor damage in beam column joints 

(Quintana Gallo et al, 2011). 

In the retrofitted specimen on the other hand, the dynamic response of the structure was characterized 

by a stable ductile inelastic mechanism at the biggest motion demand with Maule’s record. Flexural 

damage was developed in the beams, on the boundary of the GFRP strengthening element showing the 

ability of this design to relocate brittle shear damage into ductile flexural damage in the beams. Some 

flexural cracking was also observed in columns, being most of them concentrated at the bottom the 

first storey. In Figure 8, some pictures of corner and internal exterior beam column joints after the 
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second test are presented, illustrating the ductile nature of the observed damage after the second test. 

 

 

Figure 8: Observed damage pattern in external beam column joints. Top: corner; bottom: internal 

In Figure 9, the response of the retrofitted structure in terms of recorded inter-storey drifts is 

presented. It is shown that under Christchurch Hospital seismic motion, at all storeys inter-storey drifts 

were kept below 1%, with a very similar shape. This is in line with damage observations which 

revealed that no inelastic incursions were reached. In the case of Marga-Marga record motion 

corresponding to the second test, a maximum inter-storey drift demand of 3.5% drift in the first floor 

was reached in the first floor a couple of times, with some others at 3% in different cycles. In the 

second floor drift levels of 2.0 to 2.5% maximum were recorded, whereas in the third one the response 

was kept below 1% drift, in light with damage observations. 

For the second test, which is the most demanding one due to the frequency content characteristics, 

inter-storey drifts were slightly reduced when compared with the as-built specimen response under the 

same simulated ground motion, from 4% to 3.5%. This represents an indication that even the retrofit 

strategy implemented was able to relocate the damage in the desired places locally it was not able to 

control the response of the structure globally. The latter highlights the idea that the design presented 

herein is a necessary condition for upgrading the performance of this building typology, but not a 

sufficient one. Therefore, other retrofit methods whose main aim is to bring global stability to RC 

frames such rocking walls (Marriott, 2009) would also be required in addition to the techniques 

implemented in these tests. More information regarding this idea will be soon available in Quintana 

Gallo (2012) from a theoretical and numerical perspective. 
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Figure 9: Left: Darfield inter-storey drift – Right: Maule inter-storey drift (as recorded) 

7 CONCLUDING REMAKS  

The shake table tests described in this contribution, which represent the largest ever done in New 

Zealand thus far, have led to a significant amount of important experimental information for the 

purposes of retrofitting and upgrading RC frame buildings. The configuration developed, which 

includes strengthening and weakening of the frame at the same time but in different locations, was 

proved to be effective at a local level when relocating inelastic incursions in terms of brittle shear 

damage in exterior joints into ductile flexural damage in beams. The final implemented design 

properly addressed in this contribution, required the extension of previously postulated analytical tools 

for the evaluation of the hierarchy of strengths and sequence of events in the panel zone region. This is 

due to the inclusion of floor slabs and transverse beams which required accounting for the asymmetry 

in the capacity of both beams and joints under positive and negative bending actions. Since real 

structures are more similar to this model structure than previous subassemblies tested in the same 

context, it is concluded that this research has provided important improvements for the use of 

analytical tools for the assessment and retrofit of frame structures, as well as a new retrofit 

configuration scheme. Nevertheless, a question mark remains in the ability of this intervention to 

provide by itself a solution to be implemented in real life for reducing the seismic vulnerability of this 

structural typology, as it was unable to control global displacements considerably. Therefore, it is 

concluded that this configuration may be suitable only if global stability elements like structural walls 

are provided in addition to it.  
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