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ABSTRACT: In the past years, extensive experimental work on innovative feasible 
retrofit solutions has been carried out at the University of Canterbury, as part of the FRST 
Project ‘Seismic Retrofit Solutions for NZ Multi-storey Buildings’. The experiments have 
consisted in quasi-static test of 2/3 scale beam column joint subassemblies representative 
of pre-70’s reinforced concrete (RC) frame buildings, referred herein as under-designed  
structures (non-ductile detailing, no capacity design principles), before and after retrofit. 
As a dynamic validation of the seismic vulnerability of such structures and the feasibility 
of the developed and improved retrofit solutions, a series of 4 1/2.5 scale experimental 
models (two 3 storey - 2 bay frames jointed together by transverse beams and floor slabs) 
will be tested on the shake table, without and with a seismic retrofit intervention and 
without and with infill panels. The retrofit interventions will include techniques such as 
the Metallic Haunch, FRP layers, and Shape Memory Alloys (SMA) braces, targeting for 
two different performance levels: Life Safety and Damage Control. In this paper, the 
overall description of the dynamic tests, the development of the experimental models and 
the similitude requirements are described. 

1 INTRODUCTION 

Recent experiences with damaging earthquakes near urban centers as well as research findings 
validating the vulnerability of under-designed reinforced concrete (RC) buildings, designed according 
to old codes (pre 1970s), have led to the urgent need of seismic assessment and retrofit of such 
structures. The lack of consideration of seismic actions in some cases or the improper use of current 
code provisions in others, together with the lack of a capacity design philosophy and the use of non-
ductile detailing of the reinforcement (plain round bars, 180° end hook, lap splices in plastic hinge 
zones, no transverse reinforcement in the panel zone), have been recognized as the main deficiencies 
of the design of such structures. Recently, extensive research on feasible, non-invasive retrofit 
techniques has been carried out at the University of Canterbury, within the FRST founded project 
“Retrofit Solutions for New Zealand Multi-storey Buildings”. The research has consisted of quasi-
static cyclic experimental tests on beam column joint subassemblies representative of the buildings 
described above, under uni-directional and bi-directional lateral loading patterns, explicitly including 
the variation of axial load in the column to simulate the seismic action, and without and with floor 
slabs.  

As a dynamic validation of the aforementioned research, and an extension of the experimental 
campaign to multi-degree of freedom systems (MDOF), a series of 4 1/2.5 scale 3 storey – 2 bay 3D 
model buildings, representatives of a prototype building designed according to the pre-70’s New 
Zealand normative, will be tested in the shake table of the Structures Laboratory. The model structure 
consists of 2 parallel frames jointed together by cast in situ RC transverse beams and floor slabs at 
each level, being one of them an exterior frame and the other an interior one. This enables the 
possibility of evaluating the performance of corner and exterior joint – interior frame (exterior-
interior) beam column joints at the same time, together with the interior joints. The design of the 
model structure, presented herein, required the use of similitude laws and engineering judgment to 
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create an experimental model that introduces the less amount of distortion in the physical quantities of 
the phenomenon to be represented. In this sense, besides the insurmountable philosophical problem 
related to the impossibility of reproducing a true replica model due to material limitations, 
construction issues such as height and shake table maximum capacities (weight and velocity) were the 
main limitations incorporated in the design process. According to preliminary analytical predictions, 
the bare frame benchmark model (M1) would suffer considerable damage in the exterior beam column 
joints and the columns of the first floor, which may lead to the failure of the structure due to a ‘hybrid’ 
soft storey mechanism. On the other hand, the retrofitted specimens are expected to (1) prevent the 
collapse of the structure, and (2) limit the damage in the structure, depending on the performance level 
that the intervention targets.  

2 REVIEW OF EXPERIMENTAL PREVIOUS RESEARCH ON SIMILAR STRUCTURES 

2.1 Quasi-static and pseudo-dynamic tests on beam column joint subassemblies and frame models 

In the last 30 years, extensive experimental and analytical studies have been carried out on under-
designed retrofitted beam column joint subassemblies tested under quasi-static loading protocol 
(Aycardi et al. 1994; Beres et al. 1996; Hakuto et al. 2000; Pampanin et al. 2002; Park 2002). In most 
of the cases, only uni-directional loading protocol and constant axial load has been used, and the effect 
of the floor slabs and transverse beams has been neglected. Only recently, a bigger degree of realism 
has been reproduced in this type of specimens for the seismic assessment and retrofit, when including 
varying axial load in the column and/or bi-directional loading protocol (Pampanin et al. 2007a, 
Akgüzel et al. 2008, Kam et al. 2008) and floor slabs and transverse beams, as shown in Figure 1 
(Kam, Quintana-Gallo, Akguzel, and Pampanin 2010). 

 

 

    

 

 

 

 

Figure 1: (a) 3D beam-column joint set-up; (b) 2D beam-column joint with floor slab at 4% drift. (c) 3D 
beam column joint at 3% drift (from Kam et al. 2010) 

As can be seen in the pictures, the damage in the corner beam-column joint is much bigger than in the 
exterior-interior joint, even at smaller drift levels. This effect is attributed to the loading protocol and 
the effect of confinement and torsional resistance that the transverse beam – slab substructure provides 
to the 2D subassembly. When comparing the results of these specimens with the specimens without 
floor slabs, the overall behavior is enhanced in the 2D case and is practically the same in the 3D case 
(Kam et al. 2010).    

 

 

 

 

 

 

Figure 2: Quasi-static test of 2/3 scale plain frame (from Calvi et al. 2002); Pseudo-dynamic tests on 
interior frames (from Pinto 2005) and exterior frames (from Cardone et al. 2004) 
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Frame models have also been tested since the early 2000’s to nowadays. The experiments reported by 
Calvi et al. (2002), Pinto (2005) and Cardone et al. (2004), consist in 2D middle-scale and full-scale 
frames with and without floor slabs and transverse beams, tested quasi-statically or pseudo-
dynamically. In the first experiments (2/3 scale), only plain frames were tested. In the second 
investigation (full scale), interior frames with floor slabs were considered, whereas in the third one 
(1/2.5 scale), 2 exterior frames jointed together by floor slabs were used to form a 3D structure (Figure 
2) 

2.2 Shake table tests of frame models  

Very few dynamic shake table tests of similar specimens have been reported in literature. The 
experiments reported by Bracci et al. (1996) consisted in 1/3 scale 3 storeys – 3 bay symmetric interior 
frames jointed together by floor slabs, representatives of a RC structure designed for gravity loads 
only, tested at the University of Buffalo under uni-directional shake table excitation. The results 
showed the efficacy of concrete jacketing as a retrofit technique.  

 

 

 

 

 

 

 

Figure 3: Shake table tests of 1/3 scale interior frames; concrete jacketing retrofit technique (from Bracci 
et al. 1996 and Thermou et al. 2006) 

Later on, Cardone et al. (2004) tested a series of 1/4 scale 3D specimens under uni-directional shake 
table excitation, proving the efficacy of base isolation as a reliable retrofit technique. Dolce et al. 
(2005), tested 1/3.3 individual interior frames with floor slabs and stubs, in order to prove the retrofit 
upgrading ability of Shape Memory Alloy (SMA) braces in RC frame structures. The specimens, 
tested at the Technical University of Athens, do not represent the worse case scenario in the sense that 
the size of columns and beams is very close, and that the stubs provides confinement and torsional 
resistance when interacting with the floor slab, as was shown in Figure 1 (Kam et al. 2010).  

 

 

 

 

 

 

 

 

 

Figure 4: Shake table tests of 1/4 scale 3D exterior frames (unidirectional excitation); base isolation 
retrofit technique (courtesy of Prof. Felice Ponzo and Dr. Antonio Di Cesare, University of the Basilicata) 

Dolce et al. (2006a,b,c) also reported a series of shake table tests of 1/4 scale 3 storey – 2 bay 3D RC 
model buildings (2 exterior frames jointed together by floor slabs, with and without masonry infill 
panels) under bi-directional shake table excitation at the ENEA laboratory in Rome. The tests, carried 
out in order to investigate the retrofit ability of FRP layers and the DIS-CAM system, represent the 
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most realistic excitation conditions, but the distortion introduced when using prototype materials in 
such a small scale can be considerable, especially for the retrofitted specimens. 

 

 

 

 

 

 

 

 

Figure 5: Shake table tests on 1/3.3 scale individual frames (uni-directional excitation); SMA braces 
retrofit technique (from Dolce et al. 2005) 

 

 

 

 

 

 

 

Figure 6: Shake table tests on 1/4 scale exterior models, with and without masonry infill panels, tested 
under bi-directional dynamic excitation; DIS-CAM system and FRP layers (from Dolce et al. 2006a) 

More recently, at the University of California, San Diego, Shing et Al. (2009) reported the results of 
shake table tests of individual 2/3 scale interior frames retrofitted with ECC (engineered cementitious 
composite) and GFRP. The specimens included floor slabs, stubs and clay brick infill panels, showing 
indirectly the undesirable effect of infill panels on the behaviour of the benchmark specimen and the 
feasibility of the proposed technique. It is worth noting that in this case the structure increases the 
stiffness and base shear resistance of the RC frame (as well as the floor accelerations), but not the 
displacement ductility capacity much. In this sense, rather than choosing for the elimination of the 
interaction of the frames and the infill panels, an enhancement of this effect over the structure was 
used.  

 

 

 

 

 

 

 

Figure 7: Shake table test on 2/3 scale individual interior frames (from Shing et al. 2009) 

Using a similar structure, at the NCREE centre (Taiwan), a series of 2 floor 2/3 scale individual 
frames, interior and exterior, were tested under uni-directional shake table excitation. The non-ductile 
specimens were designed to fail in different modes, including shear failure in the columns, and a 
mixed column flexural - joint shear failure mode. All the specimens had floor slabs and stubs, and two 
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levels of confinement when adding the stub in both sides of the frame or just in one. The experiments 
were reported as satisfactory and the difficulty of testing individual frames with a lateral supporting 
structure was highlighted (Elwood, 2010) 

 

  

 

        

 

 

 

 

Figure 8: Shake table tests of 2/3 scale frames, interior and interior, tested under ini-directional dynamic 
excitation, used for the seismic assessment of non-ductile RC structures (courtesy of Prof. Kenneth 

Elwood, University of British Columbia) 

All the experimental effort presented above has revealed the seismic vulnerability of different types of 
seismically under-designed RC structures. In the case of the investigation introduced in this paper, the 
size of the structural elements and the detailing of the reinforcement were designed according to the 
details of the beam column joints subassemblies tested at the University of Canterbury. This provides 
both: the ability to validate the results of the beam-column joint subassemblies under dynamic 
excitation, and the use of their results to calibrate the analytical model for the response prediction in 
the 3D dynamic domain. The design used for all the experiments may represent the worse case 
scenario for an RC frame structure (Pampanin et al. 2002). Thus, the efficiency of the retrofit 
techniques implemented can be evaluated in a more conservative and challenging way.  

3 EXPERIMENTAL MODEL DESIGN 

3.1 Introduction 

The main goal during the design of the specimens was the development of an experimental model able 
to represent with the less degree of distortion the dynamic response of the prototype structure under a 
specified seismic demand, in the model domain. One fundamental issue to be considered at this stage 
is the fact that the construction of a ‘true replica’ model that satisfies all the similitude requirements 
needed by dimensional analysis is almost an impossible task due to material limitations (Morcarz et al. 
1981). This introduces the need for the design of the most adequate distorted model. The main 
limitations in this case were the use of prototype materials (only scaled down in the length of the 
maximum aggregate size for the concrete and the reinforcement diameter), the space limitations of the 
laboratory (4.5 from the table surface to the bottom of the crane hook), and the weight and velocity 
limitations of the shake table (20 tons and 242 mm/s). To match these requirements, the model length 
scale factor (lr) was changed till all the limitations were respected for the maximum value of lr. 

3.2 Similitude requirements   

The physic-mathematical basis of dimensional analysis is Buckingham’s Π-theorem (Buckingham 
1914). This theorem states that by reason of the principle of dimensional homogeneity, every complete 
physical equation of the form of Equation 1, which includes n physical quantities (Q-quantities) 
measured according to a certain absolute units system, can be reduced to a functional relationship 
between a complete set of i independent dimensionless products (Π-products) of the form of  Equation 
2; the number of Π-products (i) is equal to the number of physical quantities involved (n) minus the 
number of arbitrary fundamental units needed as a basis for the absolute system (k) by which the Q-
quantities are measured (Equation 3). 
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( ) 0,...,, 21 =nQQQf                             (1) 

0),...,,( 21 =ΠΠΠ iF                           (2) 

kni −=                                (3) 

The interested reader in the demonstration of this theorem is referred to the early publication by 
Buckingham (1914). Since the i Π-products of the n considered physical quantities are dimensionless, 
they must be the same in the prototype and in the model structures. Then, a set of ratios can be defined 
to describe the relationship between the measurements in the prototype and model domains, defined in 
Equation 4. 
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where Qr,j = ratio of the physical quantity j; Qm,j = physical quantity j measured in the model structure; 
and Qp,j = physical quantity j measured in the prototype structure; j = 1 to n.  

The associated dimensionless products Πr,s (s = 1 to i) must then be equal to 1, since the Q ratios are 
dimensionless already. Therefore, Buckingham’s theorem can be written in the form of Equations 5 to 
7, were i is equal to n - k. The Πr fundamental ratios constitute then a series of products equal to unity 
that relates the measurements in the model and prototype domains. 

( ) 0,...,, ,2,1, =nrrr QQQf                          (5) 

0),...,,( ,2,1, =ΠΠΠ irrrF                         (6) 

1,...,, ,2,1, =ΠΠΠ=Π irrrr                      (7) 

For engineering purposes, the problem of the time history of the stresses in a body (like a building) 
can be described with the greatest degree of simplification as the functional of Equation 8 (Morcarz et 
al. 1981): 

( )00 ,,,,,,;; rlgaEtrF σρσ =                       (8) 

where σ = stress; r = position vector; t = time; ρ = density; E = modulus of elasticity; a = acceleration; 
g = acceleration of gravity; l = length; σ0 = initial stress; r0 = initial position vector  

The physical phenomenon is being measured using 10 physical quantities. In this case, it can be shown 
that the number of fundamental units needed as a basis for these quantities is 3, thus i = 7. Since the 
selection of the basic units is arbitrary, then some certain units of E, ρ and l can be used.  

Assuming that Equation 8 is complete, it can be reduced to the functional of 7 dimensionless products 
shown in Equation 9.  
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It is worth to note that g can be written in terms of these three units (see product 4 in Equation 9) and 
is required as a necessary condition for completeness of Equation 8. Using Equations 7 and 9, the 
similitude requirements for the problem are those given by Equation 10. 
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The first ratio relates the stresses to the mechanical property of the material (E). If prototype materials 
are to be used, then Er = 1, and then σr = 1 (equal stresses). The second ratio implies that if a factor of 
the length equal to lr is to be used, then all the position in space will be reproduced with a ratio of lr in 
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the model structure. The third ratio introduces the time relationship in the model and prototype 
domains. Noting that (E/ρ)r, can still be a ratio, the time ratio (tr) is defined by Equation (11). 
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                            (11) 

It is worth noting that there is no reason so far to distinguish the time as an absolute dimension for the 
model and prototype domains (classical absolute time reference system). In this sense, the concept of 
the Minkowski space-time relative reference system (Minkowski 1908) can be argued as a fundament 
to also distinguish between two different measurements of the time in the model and prototype 
domains.  

The Forth ratio (Fraude’s number), relates the acceleration of gravity and the absolute acceleration. In 
this case, if the gravitational forces are not neglected, and with the exception of centrifuge tests, gr = 1, 
and thus ar = 1. The Fifth ratio (Cauchy’s number) relates the basic fundamental properties assumed in 
the problem by means of g. Since in most of the cases gr =1, then Equation 12 must be respected. 
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This relationship represents the major restriction for the true experimental reproduction, since ether Er 
and/or ρr must be different to 1 to satisfy the non-trivial case where lr < 1. If prototype materials are to 
be used, then Er = 1, and thus ρr must be different to 1, which is in contradiction with the prototype 
materials assumption. Therefore, when using prototype materials, a true reproduction is impossible. 

To solve this problem, an artificial increasing in the density of the material, while keeping the modulus 
of elasticity constant, has sometimes been suggested (Morcarz et al. 1981). This is seen to be too much 
of a difficulty for typical cases. For example for 1/3 scale specimens, ρr = 3 is quite a difficult goal to 
achieve, and may introduce distortion in other dimensions if it is implemented. 

3.3 Artificial lumped – distributed mass simulation 

In order to solve the restriction imposed by Equation 12, an artificial mass simulation approach was 
used, that corresponds to an extension of what is suggested by Morcarz et al. (1981). Let’s assume that 
the mass of a building can be lumped at each floor level, as is normally done. Then, the inertial mass 
in the model structure (Mm) can be artificially increased by ΔM to match the mass required by 
Equation 13, in terms of the ratio related to the prototype building (Mr). 

2
rr lM =                                (13) 

If ‘true’ prototype materials are to be used (Er = 1 and ρr = 1), then the additional mass (ΔMr) required 
to achieve Mr in the model-prototype relationship is given by Equation 14, if and only if the same 
dimensions of the prototype structure are being used as a basis for the experimental model. 

( )rrr llM −=∆ 12                            (14) 

Recognizing the fact that gravity loads cannot be neglected to reproduce axial compression failure, the 
gravitational mass must be also considered in the model. It seams reasonable to simulate that 
additional mass as distributed mass in horizontal planes at each floor level, as is normally assumed in 
design. The ratio of mass per unit of area (mr) is given by Equation 15 and is equal to unity.  

12 ==
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rr
r l

Mgm                             (15) 

This additional mass (inertial and gravitational) can be simulated using steel or led plates distributed 
on top of the slabs at each story level. For example, for lr = 0.4, ΔMr = 0.096, so for every ton of mass 
located at a storey level of the prototype structure, 0.096 tons must be artificially added to the model. 
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When different in-plane dimensions are being used in the experimental model, this is not using all the 
tributary slab on one side of the interior frame, for example, an artificial mass named m0 must be 
added to the model. As a consequence, the mass per unit of area in the model will be bigger than in the 
prototype, and in order to satisfy Equation 15, Equation 16 must be respected. 

( ) 10 =− pm mmm                             (16) 

where mm = distributed mass in the model, m0 = artificially simulated distributed mass, mp = 
distributed mass in the prototype. 

4 SPECIMEN DESCRIPTION 

Using a scale factor lr = 0.4 (1/2.5), the restrictions of height, weight and velocity were satisfied. 
Furthermore, this scale factor yields a model that fully exploits those restrictions. The height is equal 
to 3.9 m including the footings, leaving just 600 mm to handle the crane. The weight, when including 
the mass coming from infill panels is equal to 18.5 tons, which is very close to the maximum 
allowable of 20 tons. The velocity, according to preliminary analytical predictions, would not exceed 
around 220 mm/s for 2 selected records able to make the benchmark model collapse and generate 
considerable inelastic incursions in the beams for the retrofitted specimens (for Life Safety Limit 
State).   

 

 

 

 

 

 

 

 

 

    

 

 

Figure 9: Specimen dimensions 

In Figure 9, the dimensions of the bare frame specimen are presented. As can be seen, the model is 
formed by one exterior (axe 1) and one interior (axe 2) frames. The inter-storey height is equal to 1200 
mm, which yields a total height H = 3900 mm, including footings. The long span is 1800 mm long and 
the short 1200 mm, giving a total length of 3000 mm. The separation between the two frames is 1200 
mm. On the side of the interior frame, a cantilever of 300 mm measured from the centreline was used 
to simulate the interior frame border conditions. This length is similar to the one used in Kam et al. 
(2010) for the 2D beam column joint with floor slab.  

The columns have a cross section of 140x140 mm, and the beams a cross section of 140x200 mm. The 
floor slab is 60 mm thick. The footings are 300 mm high and 600mm wide. For the longitudinal 
reinforcement of beams and columns, and the mesh of the floor slab, 6mm diameter grade 300 plain 
round bars were used. For the stirrups, 4 mm diameter grade 500 plain round bars were used. The 
reinforcement for the main elevation of both frames is presented in Figure 10, with details of the joint 
reinforcement.   

The total mass considered in the prototype structure, consisted in the self weight of a subassembly plus 
30% of the live load (2 kN/m2) assumed to be present at the moment of the seismic event. To define 
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the self weight, a tributary area of slab must be selected. As shown in Figure 11, the spacing between 
frames in the prototype structures yields a tributary width of 5.5 m, measured from the exterior axis to 
the middle of the interior span.     

 

 

 

 

  

 

     

   

 

 

 

 

Figure 10: Frame reinforcement 

The calculation of the seismic mass in the prototype structure, yields typical values of the mass per 
unit of surface (mp) for RC frame buildings. For the first two floors mp = 0.81 T/m2 and for the roof mp 
= 0.60 T/m2. The total seismic mass of half of the prototype structure shown in Figure 11 is Mp = 102 
tons. This is without including the footing. The mass of the model structure then must be Msm = 
102*0.42 = 16.3 tons. Adding the footings of the model, the complete weight of the model will be Mreal 
= 18.5 tons, very close to the maximum weight of the shake table (20 tons). As a result of this, the 
torsion that could be induced if the whole half of the prototype was represented in the experimental 
model is diminished significantly, and thus representing in a better way the response.   

 

 

 

 

 

 

 

 

 

 

Figure 11: Left: prototype plant; right: model plant 

Since in this case the ratio of the distributed mass cannot be directly used, as was discussed before, 
Equation 16 must be respected. In this case, in the prototype structure mp = 0.6 and 0.81 T/m2 whereas 
in the model mm = 0.9 and 1.2 T/m2, for the floor and bottom levels, respectively. Then, using 
Equation 16, the mass to be added externally is m0 = 0.3 and 0.39 T/m2 for the corresponding levels. 
Multiplying by the in plan area of model, then 3 tons must be added for the upper level, and 4.3 tons 
for the bottom ones. The inertial forces induced by this mass will not necessarily lead to an accurate 
representation of the gravitational forces due to the impossibility of reproducing the distribution of 
mass in space. Nevertheless, it can be shown that they will differ only in about 15%. 
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5 OVERVIEW OF THE RETROFIT INTERVENTIONS TO BE IMPLEMENTED 

As a second stage in the research project, two performance-based retrofit strategies/interventions will 
be implemented, combining when possible and required, more than one technique, to reverse the 
hierarchy of strength in the critical elements to impose the sequence of events that leads to the desired 
inelastic behaviour of the models (Pampanin et al. 2007b). In Figures 12 two schemes of the 2 retrofit 
interventions preliminary defined are presented. 

 

 

 

 

 

 

 

 

 

Figure 12: Scheme of the retrofit interventions 

The first specimen to be retrofitted with the Metallic Haunch (Pampanin et al., 2006) is expected to 
prevent the expected collapse of the benchmark specimen, thus, targeting a Life Safety (Survival) 
Limit State. The second one, to be retrofitted with SMA braces is expected to also reduce the damage 
level, due to the energy dissipating and re-cantering capacities of SMA, thus, targeting a Damage 
Control Limit State. 

6 CONCLUSIONS 

In the precious paragraphs, a summary of the experimental work that has been done in the past in 
subassemblies representatives of seismically under-designed RC frame structures has been presented. 
Ranging from quasi-static tests of 2D beam columns joint to shake table tests of 3D subassemblies, the 
available research has proved the seismic vulnerability of this kind of buildings, and has produced an 
important amount of information regarding retrofit solutions. Nevertheless, the information of shake 
table tests of exterior frames is rather scarce, and has been based on rather small scale levels, or, to a 
maximum of 2 storeys. Furthermore, the level of deficiency in the detailing of the structural members 
has never been as critical as the ones considered in this study. In order to create a novel feasible 
model, similitude requirements were reviewed and an adequate distorted model was developed. The 
recognition of the limitations of dimensional analysis when implemented to structural engineering led 
to the acceptance that the measurements coming from the tests of those specimens can only give an 
overall idea of the phenomenon to be reproduced. Nevertheless, the tests of such specimens, that 
represent a maximum in size and weight of the facilities available, are expected to provide valuable 
information of the dynamic response of the structures in study, for the development/improvement of a 
performance-based seismic retrofit and assessment philosophy. Finally, the analytical and 
experimental results are expected to be ready to be presented on the conference.  
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