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ABSTRACT: The feasibility and efficiency of two alternative seismic retrofit
interventions on gravity load-designed frame systems either based on the use externally
bonded FRP composites or on the implementation of a diagonal haunch metallic system
at the beam-column connections are herein presented. Independent of the selected
solution, a multi-level retrofit strategy is proposed to achieve the desired performance,
based on hierarchy of strength considerations; the expected sequence of events can be
visualized through demand-capacity curves within M-N Performance-Domains.
Experimental results from quasi-static tests on 2/3 scaled beam-column subassemblies in
as-built and retrofitted configuration as well as on a three storey frame system (retrofitted
with the FRP solution only) are presented as a confirmation of the viability and reliability
of the overall retrofit strategy as well as of the efficiency of the adopted simplified
analytical models based on a plasticity concentrated approach.
1 INTRODUCTION
Recent extensive experimental-analytical investigations on the seismic performance of existing reinforced concrete frame buildings, designed for gravity loads only, as typically found in most seismicprone countries before the introduction of adequate seismic design code provisions in the 1970s (Aycardi et al., 1994; Beres et al., 1996, Hakuto et al., 2000, Park, 2002; Pampanin et al., 2002; Bing et
al., 2002; Calvi et al., 2002a,b) have confirmed the expected inherent weaknesses of these systems observed in past earthquake events (Fig. 1). As a consequence of poor reinforcement detailing, lack of
transverse reinforcement in the joint region, as well as absence of any capacity design principles, brittle failure mechanisms are expected either at local (e.g. shear failure in the joints or columns and
beams) or global level (e.g. soft storey mechanism). Moreover, the presence of infills (e.g. typically
un-reinforced masonry) can lead to unexpected and controversial effects due to the interaction with the
bare frame (Crisafulli et al., 1997, Magenes and Pampanin, 2004).

Figure 1. Observed damage in under-designed existing r.c. frame buildings (NISEE image collection)
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Alternative seismic retrofit and strengthening solutions have been studied in the past and adopted in
practical applications. A comprehensive overview of traditional seismic rehabilitation techniques upto-date in the mid-1990s was presented by Sugano (1996). Conventional techniques which utilize
braces, jacketing or infills as well as more recent approaches including base isolation and
supplemental damping devices have been considered. Most of these retrofit techniques have evolved
in viable upgrades. However, issues of costs, invasiveness, and practical implementation still remain
the most challenging aspects of these solutions. In the past decade, an increased interest in the use of
advanced non-metallic materials, including Shape Memory Alloys, SMA (Dolce et al. 2000), or Fibre
Reinforced Polymers, FRP (fib 2001), has been observed.
In this contribution, the feasibility and efficiency of two alternative retrofit solutions, following a
multi-level retrofit strategy approach and relying either on the use of FRP composite materials or on a
low-invasive metallic haunch connection, will be presented and critically discussed, based on
experimental and analytical investigations carried out on a series of as-built and retrofitted 2-D beamcolumn joint subassemblies an a three storey system. A brief overview of the overall retrofit design
process will be given, including a description of the adopted assessment procedures to evaluate and
visualize the actual hierarchy of strength pre and post-intervention as well as of the simplified
analytical modeling based on a lumped plasticity approach to predict the non-linear behavior of the
system.
2 SEISMIC RESPONSE OF EXISTING POORLY DETAILED BUILDINGS
2.1 Experimental investigations
An extensive research investigation campaign has been carried out as part of national and/or jointly
coordinated European-funded research projects (started in 1998) and comprising of quasi-static tests
carried out at the University of Pavia on six, 2/3 scaled, beam-column joint subassemblies (two exterior knee-joints, two exterior Tee-joints and two interior joints) as well as on a three-storey three bays
frame system (Fig. 2). Particular attention has been given to the vulnerability of the panel zone region.
Further experimental investigations on exterior beam-column joint subassemblies with alternative
structural details (either plain round or deformed bars, with no or one-single horizontal stirrup in the
joint, deep beam or shallow-wide beam) under either uni-axial or bi-axial test regime have been carried out in the past two years at the University of Canterbury with the intent to develop a proper database for the characterization of the joint panel zone shear damage mechanism.
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Figure 2. Details of joint specimens T1 and C2; elevation view of the three storey frame (University of Pavia)

In order to focus the attention onto the aforementioned retrofit strategies, an overview of the results of
the tests on as-built beam-column joint specimens as well as on the three-storey r.c. frame system carried out at the University of Pavia and subsequently used as benchmark for the FRP retrofit solution
will be given (more details can be found in Pampanin et al. (2002) and Calvi et al. (2002b)). When
discussing the efficiency of the haunch solution, the behaviour of one as-built specimen tested at the
University of Canterbury as a benchmark for the haunch retrofit will be described when discussing the
efficiency of the haunch solution. The testing loading protocol for the beam-column subassemblies
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(set-up shown in Fig. 3, left side) consisted of increased level of lateral top displacements (series of
three cycles) combined with a variation of axial load as a function of the lateral force, as would occur
in a beam-column subassembly during the sway of the frame.
The exterior tee-joint specimens showed, at both subassembly and frame system level, a particular
brittle hybrid failure mechanism given by joint shear damage combined with slippage of beam longitudinal (plain round) bars within the joint region with concentrated compressive force at the end-hook
anchorage. As a result, a concrete “wedge” tended to spall off (Fig. 3 centre), leading to a brittle local
failure and loss of bearing-load capacity (Fig. 3, right side).
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Figure 3. Test set-up, shear hinge mechanism and hysteresis loop of exterior specimen T1

Conversely, due to a more favourable hierarchy of strength, the interior joint specimens showed significant resources of plastic deformation, even without specific ductile structural details. A marked
pinching was still observed, due to slip of the column longitudinal reinforcement bars.
2.2 Shear hinge mechanism and global response
Based on the experimental evidences and numerical investigations, the concept of a shear hinge
mechanism has been proposed as an alternative to flexural plastic hinging in the beams (Pampanin et
al. 2002, 2003). The concentration of shear deformation in the joint region, through the activation of a
so-called “shear hinge”, can reduce the deformation demand on adjacent structural members, postponing the occurrence of undesirable soft-storey mechanism.
A critical discussion on the effects of damage and failure of beam-column joints in the seismic assessment of frame systems has been given in Calvi et al. (2002a). Limit states based on joint shear deformations have recently been defined and are reported in Pampanin et al. (2003). Based on a detailed
assessment of the local damage and corresponding global mechanisms, a more reliable seismic rehabilitation strategy can be defined.
3 MULTI-LEVEL RETROFIT STRATEGY
According to a multi-level retrofit strategy approach suggested by Pampanin & Christopoulos (2003),
alternative objectives can be targeted in terms of hierarchy of strength within the beam-column-joint
system, depending on the joint typology (interior or exterior) and on the structural details adopted. In
particular, two levels of retrofit can be considered, depending on whether or not interior joints can be
fully upgraded.
A complete retrofit would consist of a full upgrade by protecting all joint panel zones, developing
plastic hinges in beams while columns are protected according to capacity design principles. A partial
retrofit would consist of protecting exterior joints, forming plastic hinges in beams framing into
exterior columns, while permitting hinging in interior columns or limited damage to interior joints,
where a full reversal of the strength hierarchy is not possible.
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3.1 Assessment of sequence of events: performance domains
A simple procedure to compare the internal hierarchy of strengths within a beam–column-joint system
is herein presented. The evaluation of the expected sequence of events is then proposed to be carried
out through comparison of capacity and demand curves within a M-N (moment-axial load)
performance-domain.
Figure 4 shows, as an example, the M-N performance domain adopted to predict the sequence of
events and the level of damage in the joint panel zone expected for the exterior specimen T1.
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Figure 4. – Evaluation of hierarchy of strengths and sequence of events: M-N Performance-Domain
(exterior Tee-joint T1 in the as-built configuration)

The capacities of the beam, column and joint are referred to a given limit state (e.g. for joints:
cracking, equivalent “yielding” or extensive damage and collapse) and evaluated in terms of
equivalent moment in the column at that stage, based on equilibrium considerations within the beamcolumn joint specimen (Pampanin et al. 2003, 2004).
4 FRP RETROFIT SOLUTION
According to the proposed multi-level retrofit strategy, a full retrofit was adopted for the exterior joint
(protection of the joint and plastic hinge in the beam) while a partial retrofit was adopted for the
interior joint specimen (partial protection of the column hinging while some damage in the joint region
can be accepted). In the three storey frame system similar partial retrofit strategy was followed.
Analytical procedures available in literature were adopted and properly modified/developed to account
for debonding phenomena (i.e. Holzenkämpfer (1994)), confinement effects (i.e. Spoelstra & Monti
1999). as well as, more importantly, for increase in joint shear strength due to variation of axial load
(i.e. modified Antonopoulos & Triantafillou (2002)). Details can be found in Pampanin et al. 2004.
4.1 Retrofit intervention
Uni-directional carbon fiber laminates (high-modulus CFRP, Table 1) were adopted for either exterior
and interior joint (the intervention for the exterior being shown in Fig. 5). Similar solutions were
adopted for each single joint in the frame system, whose expected sequence of events was evaluated
according to the procedure presented above.
Table 1: Properties of high modulus carbon fibre with unidirectional fabric (MBrace CFRP C5-30)
Fibre

Density
[kg/m3]

Effective
thickness
of 1 layer
[mm]

Characteristic
tensile
strength
[MPa]

Characteristic
modulus
of elasticity
[MPa]

Ultimate
strain
[%]

High
modulus
carbon

1820

0.165

3000

390000

0.8
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Vertical FRP laminates were used on the external face of the column in both interior and exterior
joints (2 layers per side) in order to increase the column flexural capacity as well as the joint shear
strength. In addition, in the exterior joint specimen, a U-shape horizontal laminate, wrapped around
the exterior face of the specimen at the joint level, was used to increase the joint shear strength as well
as prevent the expulsion of a concrete wedge. Additional smaller strips were used to wrap the main
FRP laminates and provide proper anchorage. In the case of the interior joint, the FRP laminate crossing the joint was intentionally left unprotected from debonding in the joint panel zone region.
The target performance of the retrofit solution was controlled using the proposed procedure and M-N
performance-domain as shown in Fig. 5 for the exterior specimen T1B
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b) Evaluation of hierarchy of strengths and sequence of events: M-N Performance-Domain

5 EXPERIMENTAL RESULTS
5.1 Beam-Column Joint subassemblies
As shown in Figure 6, the experimental results confirmed the efficiency of the retrofit design in
protecting the joint region from a brittle shear hinge mechanism and re-establishing a more desirable
hierarchy of strengths and sequence of events, enforcing a beam plastic hinge mechanism (total retrofit
strategy). As a result, an improved and more stable hysteresis behaviour was observed with increased
ductility and energy dissipation capacity (Fig. 6). More details can be found in Pampanin et al. (2004).
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Figure 6: Comparison of performance of as-built and retrofitted beam-column joints

Similar considerations could be derived for the interior joint (specimen C4) where the partial retrofit
strategy led to an increased strength with a more stable flexural behaviour, without premature crushing
and spalling of concrete cover in the column.
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5.2 Frame System
The global behaviour of the frame systems, followed the expectations and the analytical predictions,
showing the formation of plastic hinges in the beams, with no damage in the beam-column joints,
protected by the FRP. As a consequence of the inverted hierarchy of strength, a more desirable
inelastic mechanism formed, leading to higher strength and dissipation capacity (see more stable
hysteresis loop) up to much higher level of drift (2%) before observing losses of strength (Fig. 7).
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6 HAUNCH RETROFIT SOLUTION
6.1 Background and previous numerical investigations
An alternative low-invasive retrofit solution for existing under-designed r.c. frame systems has been
recently proposed by Pampanin and Christopoulos (2003) as an extension of retrofit solutions
developed for steel moment resisting frames following the significant number of weld fractures
observed after the Northridge earthquake (Gross et al., 1999, Christopoulos and Filiatrault, 2000).
Referring to the peculiar brittle mechanisms observed in r.c. beam-column joints, particularly if
exterior Tee-joints, the proposed retrofit solution, based on a haunch system (Fig. 8) aims to protect
the panel zone region from excessive shear stress demand, by re-directing the stress-flow around the
joint region and enforcing a relocation of a plastic hinge in the beam..
Haunch Type Element

Joint Shear
Hinge

Beam

α

Beam Flexural
Hinge

L’

Exterior Joint

Fig. 8. Proposed haunch retrofit configuration for exterior joints; modifications to the internal forces diagrams

As shown in Fig. 8, by properly selecting the geometry and stiffness of the haunch, the joint panel
zone can be significantly protected from high level of damage or brittle failure mechanism while a
more desirable hierarchy of strength (weak-beam, strong column system) can be achieved. Details on
6

the conceptual behaviour and design procedure have been presented in Pampanin and Christopoulos
(2003) along with preliminary numerical investigations on the comparative performance of beamcolumn joints in the as-built or retrofit configuration.
6.2 Experimental investigations
A series of experimental tests on beam-column joints, either interior or exterior, in a 2-D or 3-D
configuration (i.e. uni-axial or bi-axial tests), and based of alternative details for the haunch system
(i.e. elastic, yielding or friction device) are under going in the Structural Laboratory of the University
of Canterbury, in cooperation with the University of Toronto, as an implementation and validation of
the proposed retrofit solutions. Preliminary results on the quasi-static tests on two exterior beamcolumn joints (elastic and yielding haunch) have been performed and are herein briefly reported.
Comparison with the observed damage and performance of a twin-benchmark specimen in the as-built
configuration with similar characteristics to those of the specimen T1 tested at the University of Pavia
(i.e. plain round bars with end hooks) except for the presence of one horizontal stirrup in the joint and
a bigger column section (230x230mm).]
The haunch system was designed according to the procedure presented in Pampanin and Christopoulos
(2003) in order to protect the joint region from excessive damage while enforcing a plastic hinge to
occur in the beam away from the column interface (relocation). Beam and column members shall be
protected from excessive shear demand and brittle failure by controlling the haunch design parameters.
The haunch system consists on an actual elastic or yielding element (fuse, axially loaded) and a
support connected to the concrete elements (Fig. 9). The fuse was obtained by machining down a
deformed bar for a design length and then inserting it into a steel grouted tube adopted as antibuckling system. Hinged plates were used to connect the fuse to the bare specimen by fasteners
(anchor rods) as well as by external rods partially prestressed to guarantee proper anchorage of the
whole haunch system.

Elastic or yielding
element
Grout
Anti-buckling
restraining system
Fig.9 – Haunch System: schematic and details of hinged plates and fuse

Figure 10 shows the behaviour of the retrofitted specimen with elastic haunch system. As anticipated,
no shear damage occurred in the joint panel zone region, while a flexural behaviour was guaranteed by
the formation and progressive widening, of a main flexural crack at the haunch-to-beam connection
(relocated critical section). As a result, a more stable and dissipative hysteresis flexural behaviour was
observed when compared with the as-built specimen response. Moreover, due to the relocation of the
plastic hinge away form the column interface, the longitudinal beam bars can rely on a full
anchorage/development length as shown by the limited pinching effect in the hysteresis.

7

Retrofit

30

Lateral Force (kN)

20

As-Built

10

0
-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

-10

-20

-30
Drift (%)

Fig. 10 – Comparison of damage observations at the end of the tests in the as-built and retrofitted configuration:
joint shear hinge vs. relocated beam plastic hinge

7 CONCLUSIONS
The experimental investigations on beam-column joint subassemblies and a three storey frame
systems, designed for gravity load only and then retrofitted using FRP or haunch metallic solutions
have provided very satisfactory confirmation of the efficiency of similar solutions for existing
buildings. A multi-level retrofit strategy depending on the subassemblies type and structural details
has been proposed to achieve the desired performance with a feasible intervention. A simplified
procedure to evaluate and control the sequence of event using M-N performance-domain has been
presented. The occurrence of brittle mechanisms at local or global level was adequately protected and
a more desirable hierarchy of strengths and sequence of events achieved with both the selected
interventions leading to more ductile and dissipating hysteresis behaviours.
Once a satisfactorily structural performance is guaranteed, issues related to practicality as well as, in
general, to cost-benefit analysis should be evaluated. Both accessibility of the joint region and
invasiveness of the intervention will also have to be considered in real applications based on a on a
case-by-case evaluation. It is worth however noting that a typical geometrical and plan configuration
of existing buildings designed for gravity load only in the 1950s-1970s period consist of frames
running in one direction only and lightly reinforced slab in the orthogonal direction, the latter being
quite typical of the construction practice in Mediterranean countries. In these cases, the adoption of the
proposed retrofit intervention can be somehow facilitated, when compared with more recently
designed buildings with frames in both directions and cast-in-situ concrete slabs providing flange
effects.
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