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ABSTRACT: Exterior beam-column joints in existing reinforced concrete structures 
built prior to the introduction of modern detailing practices have arguably been observed 
to constitute the weakest link under strong earthquakes. In this paper, the results of an 
experimental and analytical investigation of four 2/3-scale exterior beam-column joint 
subassemblies including one as-built and three retrofitted configurations are presented. 
All specimens were designed and constructed according to pre-1970s construction 
practice. Beam-column joints were retrofitted using glass fibre reinforced polymer 
(GFRP) sheets. Main aim was to examine the possible effects of axial load variation on 
the column due to the frame lateral sway on the performance of retrofitted beam-column 
joints. Comparison with the experimental results are performed in order to validate the 
assessment methodology proposed recently by the authors and also to emphasize the 
unconservative assumptions made by retrofit design assuming constant axial load.  

1 INTRODUCTION 

Many older reinforced concrete (RC) frame structures designed and constructed before 1970 do not 
meet current seismic design requirements. The extensive damage observed during recent earthquakes 
(i.e. Kocaeli, 1999; Chi Chi, 2001;  L`Aquila, 2009) emphasized the vulnerability of existing rein-
forced concrete (RC) structures designed prior to the introduction of seismic-oriented design codes in 
the 1970s. Particularly, exterior beam-column joints are observed to be more vulnerable than interior 
joints. One of the reasons may be the partial confinement provided by beams attached to four sides of 
the interior joints thus contributing to the core confinement. To reduce seismic hazard, it is necessary 
to apply practical and economical rehabilitation techniques, to upgrade the shear resistance of beam-
column joints and to improve the anchorage of the beam reinforcement.  
 
Retrofit techniques based on the use of externally bonded Fibre Reinforced Polymers (FRPs) are be-
coming an attractive and more widely accepted solution for seismic strengthening of existing build-
ings. In the past, the efficiency of retrofit solutions on beam-column joints using FRP materials has 
been investigated through experimental studies by various researchers (Gergely et al., 2000; Prota et 
al., 2001; Ghobarah and Said, 2001; El-Amoury and Ghobarah, 2002; Antonopoulos and Triantafillou, 
2003; Pampanin et al., 2007a, Engindeniz 2007, Ludovico et al., 2008). Works on the analytical mod-
eling and design of FRP-strengthened joints have also been carried out by Pantelides et al., 1999, Ger-
gely et al., 2000, Ghobarah and Said, 2001, El-Amoury and Ghobarah, 2002 and Antonopoulos and 
Triantafillou, 2002.  
 
It is important to note that, most experimental studies in the literature have concentrated on the two-
dimensional (2D) response of beam-column joints tested under constant axial load. However, under an 
seismic excitation, exterior and corner joints of a frame structure are subjected to varying column axial 
load (associated with overturning moments developed in the structure as well as with the vertical 
component of ground motions) and bidirectional lateral load reversals.  
 
In order to fill this gap in the literature, as part of a more extensive ongoing research project at the 
University of Canterbury focused on seismic retrofit solutions for existing reinforced concrete build-
ings, experimental as well as analytical and numerical investigations have been carried out in order to 
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address the aforementioned issues. More details about these studies can be found in the literature 
(Pampanin et al., 2007b; Akguzel et al., 2007; Akguzel et al., 2008; Akguzel et al., 2009).  
 
In this paper, special emphasis on the performance of retrofitted in-plane two-dimensional (2D) beam-
column joints under varying axial load will be given. Following a brief overview of the experimental 
and analytical work, the recently proposed methodology for the evaluation of the hierarchy of strength 
and sequence of events in the joint subassembly is reviewed and validated with the recent findings ob-
tained from the experimental work.  For this purpose, test results of four exterior beam-column joints 
are presented. The specimens, all tested under different axial load levels, included one as-built speci-
men (2D1) and three retrofitted specimens (2D2, 2D3 and 2D4) using externally bonded glass fibre-
reinforced polymer (GFRP) sheets.  

2 DESIGN OF FRP RETROFIT SYSTEM  

2.1 Retrofit Design Methodology and Moment-Axial (M-N) Performance Domain 

The objective of beam-column joint rehabilitation is to strengthen the shear and bond-slip resistance in 
order to eliminate these brittle failures modes. Capacity based design principles can be employed in 
the retrofit design in order to achieve a ductile mode of failure after retrofit. Accordingly, the selected 
component (i.e. beam) in the beam-column subassemblage is upgraded to achieve ductile behaviour 
through the development of plastic hinge mechanisms while other regions (i.e. column and joint) are 
protected from inelastic brittle failures.  

As noted previously, most of the tests and design guidelines regarding the retrofitted beam-column 
joints with FRP materials in literature (e.g. fib 2001, 2003, 2006; AIJ 1997; ACI 440.2R 2008) were 
performed under constant axial load conditions. The tests unanimously indicated the effectiveness of 
the strengthening procedure. However, recent experimental results (Akguzel et al., 2010) showed the 
importance of accounting for the triaxial interaction of varying axial and bidirectional loading effects 
on the response of retrofitted corner joints. Underestimating or overlooking such effects may lead to 
incorrect assessment of the sequence of events (i.e. beam hinging, FRP debonding or concrete 
crushing) within the retrofitted beam-column joint subassembly. Note that, the formation of the 
sequence of events, which are independent of the strength hierarchy of the elements (i.e. capacities of 
as-is or retrofitted beam, column and joints), solely depends on the demand in the beam-column joint.  

In order to prevent this, target performance of the retrofit strategy should be assessed under the 
different demand levels. This can be performed simply by constructing a moment-axial force  (M-N) 
performance domain following the detailed assessment of each component in the subassembly 
(Pampanin et al., 2007a; Akguzel et al., 2009). Hence, an appropriate retrofit scheme can be selected 
to rearrange the sequence of events bringing them up to capacity design provisions.  

In Figure 1, schematic illustrations of the M-N performance domain in as-built and retrofitted 
configurations with sequence of events are given. In this figure, the abscissa represents the axial load 
level. The capacity of a structural element in the joint subassembly (e.g. beam, column or joint) at a 
specified limit state which corresponds to the equivalent moment in the column is shown on the 
ordinate. Note that, demand curves are represented by the variation of axial loads proportional to the 
lateral force which are also interrelated with the geometry of the building and can be derived by 
simple hand calculations.  

As seen in Figure 1, for as-built condition the failure sequence (e.g. joint, beam, column) are the same 
on both demand conditions (i.e. the numbers in circles). Under different retrofit schemes (e.g. scheme 
1 and scheme 2) of the same joint may produce totally different sequence of events (i.e. the numbers in 
rectangular symbol) under the varying axial load demand. Although it may be sufficient to produce 
ductile failure in the beam under constant axial load as in retrofit scheme 1, reduction of the axial load 
may lead to a premature damage. Hence, alternative retrofit schemes (e.g. scheme 2) can be proposed 
to guarantee a ductile failure mode as a formation of flexural hinge in the beam in all demand 
conditions (see number 3 in rectangular). Recent experimental studies conducted by the authors 
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validate the aforementioned hypothesis and will be discussed in detail in the experimental verification 
section. 

 
Figure 1: Schematic illustration of M-N performance domain of as-built and retrofitted specimens with 

sequence of events under different demand curves 

2.2 FRP Strengthening Intervention 

In order to provide adequate protection to the joint region from brittle shear failure and create a more 
ductile mode of failure via placing a plastic hinge in the beam the methodology proposed by Pampanin 
et al. (2007a) and further refined by Akguzel et al. (2009) has been utilized. Among three retrofitted 
specimens, “minimum” retrofit solution was employed in specimens 2D2 and 2D3, respectively, 
whereas the last specimen 2D4 was retrofitted in a slightly different way to illustrate the axial load 
effects on the retrofit scheme. Schematic views of GFRP retrofit configurations with top view layouts 
along with the implementation sequence in alphabetical order are given in Figure 2. Note that apart 
from vertical and horizontal FRP layers applied on the beam and columns, additional smaller strips 
were also used to provide better anchorage to the main FRP laminates in the beam and column. 
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Figure 2: GFRP retrofit configuration with top view layout 

3 EXPERIMENTAL PROGRAM 

3.1 Specimen Details and Material Properties 

A series of experimental quasi-static cyclic tests were carried out on a total of four 2/3 scale specimens 
comprising one as-built and three retrofitted exterior joint subassemblages. The values of concrete 
compressive strength (based on cylinder testing) at the day of testing and yield (fy), ultimate strength 
(fsu), yield strain ( y) and strain at commencing stain hardening ( sh) of reinforcing bars are given in 
Table 1. Note that, one of the main reasons for structural damage were observed to be the use of inap-
propriate aggregates and therefore poor concrete quality. Many buildings collapsed or were damaged 
due to the use of improper concrete mixes. Therefore, ready mix concrete with low concrete strength 
was supplied from a ready mix supplier. Test day concrete average strength of three 200mm long x 
100 mm diameter cylinders. For steel properties, each value was obtained from the average of three 
coupons. The axial load ranges employed during testing are also given in the same table.  
 
Test specimens were detailed and built according to typical older construction practice (e.g. Regio De-
creto. (1939). November-XVIII (2228); NZS95:1955. (1955)). The test specimens represented the ex-
terior subassemblies at the first story of prototype residential frame buildings (i.e. mid-rise 6 to 9 sto-
ry) designed for gravity loads only. In order to investigate the effects of minimum joint shear 
reinforcement no transverse reinforcement was placed in the joint. Beam longitudinal bars anchored 
into the joint with a standard 180° hook. Geometry and reinforcement details are given in Figure 3. 
 
SikaWrap-100 G type high strength E-glass unidirectional fibre polymers were used for the retrofit-
ting. The mechanical properties of fibre polymers as provided by the manufacturer were 76,000 
N mm2, 2.8% (nominal), and 0.36 mm for tensile E-modulus, failure strain and fibre thickness, respec-
tively.  
 

Table 1. Material properties and axial load range 

 



5 

 

 
Figure 3: Specimen dimensions, reinforcement detail and schematic representation of instrumentation 

3.2  Test Setup and Procedure 

Figure 3 illustrates the test set-up and loading protocol adopted. Beam and column elements were 
extended between points of contra-flexure (assumed to be at mid-span in the beams and at mid-height 
in the columns) where pin connections were introduced. Simple supports at the beam ends were 
provided connecting pin-end steel members to the strong floor.  

Cyclic horizontal lateral loading was applied to the top of the columns using a hydraulic actuator in 
displacement control. The lateral displacement load protocol consisted of two cycles at increasing drift 
levels (0.1, 0.2, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 4.0%). Column axial load was varied as a function of the 
lateral force, as it would occur due to the frame lateral sway. The relationship between the lateral force 
F and the variation of axial load N (N= Ngravity ±  F) is a function of the geometry of the building (i.e. 
number of bays and storeys) and as previously mentioned can be derived by simple hand calculations 
or pushover analyses of the prototype frame. According to the adopted sign convention, positive drift 
and positive lateral force correspond to decrease in the axial load. 

      

Figure 4: Uni-directional and varying axial load pattern 

The column axial force and beam shear forces were measured by load cells attached to each hydraulic 
actuator. Local deformations of the joint panel zone and strain values in the steel reinforcement and 
GFRP sheet were also measured during the tests. 

4 TEST RESULTS 

4.1 Global Behaviour and Load-Displacement Response 

The benchmark specimen 2D1 showed a particularly brittle hybrid failure mechanism: joint shear 
damage combined with slippage of beam longitudinal (plain round) bars within the joint region. At the 
last stages of the test, concentrated compressive force at the end-hook anchorage caused concrete 
wedge at the back face of the joint. Lateral force capacity started to decrease after 1.5% and 2% drift 
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levels in pull and push directions, following the widening of existing cracks vertically at the outer face 
of the column. Finally, extensive concrete wedge mechanism occurred resulting in spalling at the outer 
face of the column after the 3% drift level (Figure 5(a)).  

 
Figure 5: Final damage states of tested specimens 

Retrofitted specimens 2D2 (tested under constant axial load) and 2D4 (tested under varying axial 
load), have shown significant improvements in comparison to the as-built specimens resulting into a 
development of a more appropriate hierarchy of strength and protection of the weakest mechanism. 
Apart from some hairline cracks that occurred in both column faces and the beam-column joint 
intersection, no debonding, damage in the joint or delamination of the GFRP sheet was observed 
(Figure 5(b) and 5(d)). For both specimens, 2D2 and 2D4, stable hysteresis behaviour without any 
degradation of bearing capacity was achieved until the end of the experiment as shown in Figure 6.  

 
Figure 6: Comparison of load versus deflection response 

Note that, instead of plastic hinge formation at the end of the FRP sheet in the beam, a single wide 
crack opening formed which typically occurs in case of plain round reinforcement. Examining the 
strain readings of the beam longitudinal reinforcement in the pull direction revealed that although very 
large local strains occurred in the vicinity of the beam wide crack of specimen 2D4, strains values of 
the same location were remained in yielding region in case of specimen 2D2 (Figure 7).  

    
Figure 7: Beam longitudinal bars strain profiles of Specimen 2D2 and 2D4, pull direction 
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The specimen 2D3 was retrofitted with the same layout as the specimen 2D2 and tested under the 
varying axial load regime. The aim was to investigate the effect of varying axial load on the behaviour 
of the beam-column joints typically analysed under the assumptions of constant axial load. It is 
important to bear in mind that, as previously mentioned, design methodologies in most of the literature 
as well as retrofit design and assessment guidelines are obtained through the tests that were 
traditionally performed under constant axial load conditions.  

In specimen 2D3, during the 1 and 1.5% drift, several hairline cracks formed at the back face of the 
column and some GFRP sheet detachment started at the beam-column interface. It was also observed 
that, due to high strain demand in the joint region, diagonal cracks started to develop under the 
laminates. At 2.0% drift, the laminates began to debond from the beam-column joint interface, as 
confirmed by hollow sounds when tapped. At 2.5% drift, the glass sheet and anchorage strips started 
to detach in the beam (Figure 5(c)). During the 3 and 4% drift cycles, full debonding occurred in the 
beam sheets between the anchorages, leading to buckling and crushing of the concrete. Although the 
backbone curves were comparable, in terms of energy dissipation capacity of the specimens the 
pronounced effect of varying axial load (in the pull direction - decreasing axial load) can be seen in 
Figure 5.  

Table 2 presents a summary of the test results at both global and local level (i.e. shear deformation in 
the joint region), as measured and/or calculated at peak drift values. The cumulative energy dissipated, 
ED, is computed by summing the area enclosed within the load versus displacement curves. 

 
Table 2. Summary of test results 

 

 

4.2 Discussion 

Test results indicated that the minimum retrofit scheme employed in specimen 2D2 resulted in a 
satisfactory behaviour under constant axial load levels. However, the specimen 2D3 (retrofitted with 
the same layout as per the specimen 2D2) showed that under varying axial load condition, the retrofit 
solution (designed using constant load assumptions) can be inadequate due to the high shear demand 
accompanied by reduced joint strength as the axial load decreased in one loading direction. 
Consequently, a hybrid failure mechanism occurred consisting of gradual debonding of the GFRP 
sheet in the vicinity of the joint, bond deterioration and damage to the joint concrete core resulting in a 
lower load capacity at peak displacements (Figure 5). In addition, reloading cycles exhibited softening 
and pinching which led to a reduction of about 17% in terms of energy dissipation capacity when 
compared with the specimen 2D2. Although similar ductility levels were achieved, the shift in the 
failure mode from ductile mode (specimen 2D2) to the brittle mode of failure (specimen 2D3) should 
not be underestimated. Recent findings (Akguzel et al., 2010) have shown that, the effect of axial load 
variation combined with biaxial loading imposed very high displacement and strength demands to the 
retrofitted corner joint specimens. It is anticipated that, in presence of typically inadequate column lap-
splices the performance of the specimen 2D3 would be affected more drastically.  

The horizontal GFRP tensile strain profile given for the second test series shows that the highest 
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tensile strain develops between the beam-column interface and the middle of the joint. The test results 
also showed that the retrofit scheme and the axial load variation strongly influence the debonding 
phenomena. For instance, in the specimen 2D3 gradual debonding of the FRP sheets initiated at a 
lower level drift (2.5%) in the beams at the average strain level of 0.60% compared to the specimen 
2D2 in which no debonding was observed. 

The measurements of the joint shear distortion also provided useful information for the evaluation of 
the behaviour and extent of damage sustained. The retrofit scheme significantly reduced the shear 
deformation demand, γ, in the joint. The maximum shear deformation sustained by the specimen 2D4 
was recorded as 0.40% in the pull direction (Table 2). However, in case of high varying axial load 
(push direction), the specimen 2D3 experienced a much higher shear deformation (0.83%) compared 
to that of specimen 2D4 (0.09%) at 3% drift.  

5 VALIDATION OF THE DESIGN METHODOLOGY 

In this section, validation of the recently proposed methodology in order to determine the possible 
sequence of events in the as-built and retrofitted configurations through the construction of the M-N 
performance domain will be shown. For this purpose, M-N performance domains of all specimens are 
generated and sequence of critical events are presented in circles for different type of axial load 
variation demand (e.g. decreasing axial load in pull direction and increasing axial load in push 
direction) as shown in Figure 8. The moment in Figure 8 corresponds to the equivalent moment in the 
column.  

 
Figure 8: Hierarchy of strengths and sequence of events of the test units 

 
Table 3. Comparison of analytical predictions and experimental findings 
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Experimental results compared with the analytical predictions are tabulated in Table 3. Note that, 
detailed information regarding the assessment of beam-column subassembly elements can be found in 
the recent literature (Pampanin et al., 2007a and Akguzel et al., 2009).  

Comparison with experimental results not only confirm the validity of the assessment methodology 
and analytical model but also clearly emphasize the unconservative assumption of retrofit design 
under constant axial load. As clearly seen in Figure 8 improper consideration of the actual demand 
conditions may result in unforeseen consequences in the retrofitted joint panel as happened in the case 
of specimen 2D3 which may affect the global performance of the retrofitted structure. This is also 
confirmed by the forensic investigation through the removing of the FRP layers in the joint region and 
observing the damage after the completion of the tests. In addition to FRP debonding in the beam and 
joint extensive damage was also observed in the joint region of specimen 2D3. However, in the 
alternative retrofit scheme that was applied in the specimen 2D4 has proved to be sufficient enough to 
produce a satisfactory mode of failure with a proper sequence of events within the beam-column joint 
subassembly. 

6 SUMMARY AND CONCLUSIONS 

In this paper, experimental results of four quasi-statically tested 2/3 scale exterior two-dimensional 
(in-plane) beam-column joints were presented. All test specimens were designed and constructed 
according to pre1970s construction practice with common structural deficiencies such as low quality 
material, inadequate anchorage in the joint region. In addition to a benchmark specimen, three 
specimens are retrofitted using FRP materials following the methodology that has been recently 
proposed by the authors in the literature. The main aim of this paper is to illustrate the effect of 
varying axial load on the performance of the retrofitted exterior beam-column joints as well as to 
validate the methodology for assessing the as-is and retrofitted elements in the beam-column joint 
subassemblage. This twofold purpose is used to emphasize the unconservative assumption of retrofit 
design under constant axial load and suggest a more reliable retrofit scheme to prevent unfavourable 
failure modes.  

The test outcomes highlighted the potentially unconservative effects of neglecting the actual varying 
axial load demand, when assessing the behavior of an existing beam-column joint and designing a 
proper retrofit intervention. It is emphasized that in order to obtain the actual `sequence of events` 
prior and after the retrofit design actual demand curves, accounting for the variation of axial load on 
corner joints due to the sway mechanism of the structure, should be used. When the designer explicitly 
considers the effects of the variation of axial load on the joint capacity, as illustrated in specimen 2D4, 
the targeted hierarchy of strength and sequence of events can be achieved, leading to a more desirable 
ductile flexural mechanism (formation of a plastic hinge in the beam).  
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