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ABSTRACT 

The main purpose of this paper is to present an experimental campaign of different strategies for the 
seismic retrofit of RC columns, and evaluating benefits concerning their structural behaviour under the 
cyclic loading. The setup of the RC columns experimental tests was specially designed to carry out 
biaxial bending with axial load, using two orthogonal and horizontal actuators and one vertical 
actuator (with a slide device to allow the top displacements of the column). The experimental work 
relative to assessment of repair, retrofitting and strengthening procedures for RC columns aiming at 
restoring and/or enhancing their structural capacity to withstand cyclic biaxial lateral loading with 
constant axial load have been performed. Fifteen rectangular RC columns were tested, six of them 
tested in original or “As built” conditions, subsequently repaired and retrofitted, while the remaining 
ones were to be tested with external strengthening without prior testing.The columns rehabilitation, 
improving the ductility or the strength characteristics, was obtained increasing the concrete ductility 
conditions, through different strategies: increase the transversal reinforcement, CFRP sheet jacketing, 
CFRP plates jacketing and steel plates jacketing. 
The aim is, therefore, to contribute for developing and calibrating a procedure that enables the 
evaluation of the efficiency of the different retrofit solutions, their possibilities and fields of 
application. It was also an objective of this work to explore the possibility of use this retrofitting 
techniques on the improvement of buildings performance. 

INTRODUCTION 

The seismic behaviour of RC structures is a widely studied theme in the last decades, however the 
experimental response of RC elements under biaxial cyclic bending still very limited (CEB, 1996; 
Rodrigues, Arêde, Varum, & Costa, 2013). Nevertheless important experimental studies have been 
carried out in the last years. Bousias et al 1992 (Stathis N. Bousias, Verzeletti, Fardis, & Gutierrez, 
1995; S.N. Bousias, Verzelleti, Fardis, & Magonette, 1992), have presented an important and 
significant study, considering the effect of the biaxial load path with constant and variable axial load, 
however other authors began a few years earlier the study of biaxial models as Abrams et al (1987) 
(Abrams, 1987) and Saatcioglou et al (1989) (Saatcioglu & Ozcebe, 1989). Tsuno and Park [2004] 
(Tsuno & Park, 2004) tested a series of columns with square section and designed by Japanese rules, 
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with important conclusions, namely that the plastic hinge length tends to stabilize by theoretical 
values, after some cyclic loads and this is indifferent to biaxial load. Low and Moehle [1987] (Low & 
Moehle, 1987) made some tests using rectangular cross section, with different stiffness and strength in 
each direction. They used three specimens, one tested uniaxially (1) and two biaxially (2 and 3). The 
specimen 2 was tested with a load 7,5º by diagonal of section and 45º of inclination to lower inertia 
direction, they got similar results of series D of Saatcioglu (Saatcioglu & Ozcebe, 1989). The third test 
followed a cloverleaf path and allowed to conclude that in the major inertia direction, the dissipated 
energy in the orthogonal direction was the double than with regular square path and in the lower 
inertia direction happened the same. Finally Rodrigues et al. (Rodrigues et al., 2013; Rodrigues, 
Varum, Arêde, & Costa, 2012a, 2012b) tested 17 RC rectangular columns with four types of full-scale 
quadrangular building columns tested for different loading histories.  
The available experimental and numerical information allows us to recognize that RC elements under 
biaxial proved that the effect of biaxial cyclic bending moment is recognized as a very important topic 
for building structures in earthquake prone regions. As so the needs to strengthening of existent 
buildings are also recognized and the experimental research work in this field is currently very limited 
is still much behind that one for 1D bending. 
It is known that many buildings designed to older codes may be susceptible to serious damage when 
submitted to earthquake. Older buildings have been design for much lower seismic actions according 
to the codes of that time. RC column jacketing is a very effective strength technique (Varum, 2003). 
To increase the shear strength, steel, concrete, or other types of jackets can be added to the deficient 
sections. A variety of techniques have been subjected to experimental studies (Priestley, Seible, & 
Calvi, 1996; Rocha, 2011; Rocha, Delgado, Pouca, et al., 2008; Rocha et al., 2006; Rocha, Delgado, 
Vila-Pouca, et al., 2008) that have been performed in order to investigate the technique. From the 
analysis of the available experimental work, it was possible to verify that all the strengthening 
techniques improves the bending strength, the stiffness, the ductility and the shear capacity. 
In order to analyse and assess the efficiency of different strategies for the seismic strengthening of RC 
columns, an experimental campaign was performed.  
The experimental campaign and the solutions were based on the previous experience of the research 
team in the retrofitting of columns under uniaxial bending [22]–[25]. Full-scale RC columns were 
tested, both in the original undamaged state and original undamaged and strengthened interventions 
according to different techniques. This paper presents the results of tested specimens, six of them “as 
built” or original columns, four of them repaired and retrofitted and seven strengthened columns with 
steel plates and with Carbon Fibre Reinforced Polymers (CFRP) plates and sheet jacketing.  

Experimental Procedure 

Thirteen rectangular RC columns were constructed with the same geometric characteristic and 
reinforcement detailing, and were cyclically tested for different loading histories. The column 
specimens are 1.70m high, and are cast in strong square concrete foundation blocks with dimensions 
1.30x1.30m2 in plan and 0.50m high. The cross-section dimensions and the reinforcement detailing are 
presented in Figure 1a. Four holes are drilled in the foundation block to fix the specimen to the 
laboratory strong floor. With the cantilever model it is assumed that the inflection point of a 3.0m 
height column is located at its mid-height (1.5m), representing the behaviour of a column at the base 
of a typical building when subjected to lateral demands induced by earthquakes. An extra 0.20m 
height is added for attaching the actuator devices. Details of the reinforcement and material properties 
are summarized and shown in Figure 1a and Table 1. 
The test setup is illustrated in Figure 1b and it can be seen that the system includes two independent 
horizontal actuators to apply the lateral loads on the column specimen. A vertical actuator was used to 
apply the axial load. Since the axial load actuator remains in the same position during the test while 
the column specimen laterally deflects, a sliding device is used (placed between the top-column and 
the actuator), which was built to minimise spurious friction effects. 
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Figure 1 – a) RC column specimen dimensions and reinforcement detailing: b) View of the test setup at LESE 

Lab 

The experimental work relative to assessment of repair, retrofitting and strengthening procedures for 
RC columns aiming at restoring and/or enhancing their structural capacity to withstand cyclic biaxial 
lateral loading with constant axial load were divided in two different stages and presented in Table 1. 
The first stage is related to the samples that have been repaired and retrofitted after being tested, and 
the second stage contains more twelve rectangular RC columns that were built with the same 
geometric characteristic and reinforcement detailing, and were cyclically tested for different loading 
histories. By contrast with the previous tests, the objective was to identify the effects of externally 
strengthening the columns, prior to any test, thus conveying a common situation of existing (original) 
columns that need to be seismically strengthened before any earthquake induced damage. 

In poorly confined columns, which are expected to be modified so as to withstand large rotations 
on the plastic hinges, the priority should be to strengthen their ductility capacity. Inelastic deformation 
capacity of flexural plastic hinge regions can be increased by confining the column concrete with a 
composite fibre or steel jacketing system, which is quantifiable by the volumetric confinement ratio 
referred below. The jacketing of the columns can be designed according to the several criteria found in 
the literature. In this work, following the experience of previous studies (Rocha, 2011; Rocha, 
Delgado, Pouca, et al., 2008; Rocha et al., 2006; Rocha, Delgado, Vila-Pouca, et al., 2008), the criteria 
proposed by Priestley et al (Priestley et al., 1996) and the proposal of Monti et al (Monti, Nisticó, & 
Santini, 2001) were adopted.  

Both proposals can be used for jacketing with CFRP and steel sheets. For the jacketing with steel 
plates, the design can be done in the same way by introducing the necessary adaptation to specific 
details, namely a proper distribution of the calculated amount of material by the plates that materialize 
the reinforcement. 
 
In order to characterise the response of the specimens, several loading conditions were considered, 
illustrated in Figure 2 and described in Table 1. Cyclic lateral displacements were imposed at the top 
of the column with steadily increasing demand levels. Three cycles were repeated for each lateral 
deformation demand level. The adopted load paths are summarised in Figure 2, and the following 
nominal peak displacement levels (in mm) were considered: 3, 5, 10, 4, 12, 15, 7, 20, 25, 30, 35, 40, 
45, 50, 55, 60, 65, 70, 75, 80. 
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Table 1– Specimen specifications and loading characteristics – Stage 1 and 2 

Stage Specimen 
Geometry 
[cmxcm] 

fcm 

[MPa
] 

fyk 
[MPa] 

Axial 
Load 
[kN 

Horizontal 
Displacement path type 

Retrofit/Strength Technique 

S
ta

g
e 

1 

PC02-N03 

30x50 27.9 478 300 

Uniaxial – Weak 
(monotonic) 

 

PC12-N04 Diagonal - 30 o (Ciclic)  
PC12-N05 Diagonal - 45o (Ciclic)  
PC12-N06 Diagonal - 60o  (Ciclic)  

PC12-N03R 

30x50 27.9 478 300 Diagonal - 45o 

Increase the transversal 
reinforcement 

PC12-N04R 
Increase the transversal 

reinforcement + CFRP Jacketing 

PC12-N05R 
Increase the transversal 

reinforcement + CFRP Plates 
Jacketing 

PC12-N06R 
Increase the transversal 

reinforcement + Steel Plates 
Jacketing 

S
ta

g
e 

2 

PC12-N13 

30x50 

14.8 575.6 

300 

Diagonal – 45º 
As Built 

PC12-N14 Diamond 
PC12-N10S 

8.4 573.7 Diamond 

CFRP plates jacketing 

PC12-N11S 
Steel plates jacketing bonded 

with epoxy resin 
PC12-N12S CFRP plates jacketing 

PC12-N15S 

14.8 575.6 

Diagonal – 45º 
Steel plates jacketing bonded 

with epoxy resin 

PC12-N16S Diamond 
Steel plates jacketing bonded 

with epoxy resin 

PC12-N17S Diagonal – 45º 
Steel plates jacketing bonded 

with epoxy resin 

PC12-N18S Diamond 
Steel plates jacketing bonded 

with epoxy resin 

 

Experimental Results – Stage 1 

For the study of the efficiency of the retrofitting technics applied in the behaviour of RC columns, the 
measured displacement and shear force paths (along the X and Y directions) are analysed (see Figure 3 
and Figure 4), for a better comparison with the original columns tested under the same biaxial load 
path (PC12-N05). The envelope of the original tested column is also plotted (Figure 5) in order to 
facilitate the comparison and the results can be summarized as follows: 
• From the observation of the shear-drift curves of the retrofitted columns, the three main branches 

can be identified in their envelopes. However, in the retrofitted tests the plateau, after yielding, 
tends to be larger and the softening starts for higher drift demands (see Figure 3 and Figure 4); 
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• In both directions, the initial stiffness, in the retrofitted columns, is typically lower when 
compared with the original column (see Figure 3 and Figure 4), which means that yielding occurs 
for larger drift demands; 

• As for the maximum strength, the three different repair/retrofitting solutions lea to distinct results: 
i) considering only the increase of transversal reinforcement (PC12_N03R) yields practically the 
same maximum strength values; ii) the use of CFRP sheets and plates jacketing (PC12_N04R and 
PC12_N05R) leads always to larger strength thant that in the original column (around 20%); iii) 
the use of steel plates jacketing (PC12_N06R) also leads to increased strength around 10% (see 
Figure 5). 

  

  
Figure 3 - Shear-drift diagrams for columns under biaxial horizontal load path (PC12-N03R and PC12-N04R) 

  

  

Figure 4 - Shear-drift diagrams for columns under biaxial horizontal load path (PC12-N05R and PC12-N06R) 
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Figure 5 – Shear-Drift envelopes for different retrofit techniques and original column. 

One of the main objectives of the present study was to verify the efficiency of the retrofiring technics 
in restoring or if possible improving the columns’ ultimate ductility. In Table 2 and Table 3 are 
summarized the yielding displacement and maximum ductility observed in each test. 
The obtained results shows difficulty on re-establishing the maximum ductility observed in the 
original tests. A reduction of 20 to 50% can be observed dependent on the retrofitting technic. The 
column PC12-N03R, was the only that presents lower ductility reductions and PC12-N05R and PC12-
N06R show higher reductions.  
However, this fact should not been analysed without looking at the ultimate displacement and yielding 
displacement. Regarding the yielding displacement all the retrofitted columns exhibit larger values: 
when CFRP’s or steel plates this increase is between 70% and 120%. Concerning the ultimate 
displacement, the increase is also evident, though not so pronounced as for yielding. When only the 
column repair is considered, with the increased transversal reinforcement, the ultimate displacement is 
practically the same, when externally retrofitting is added this increase is around 20 to 50%. 
Therefore, since ultimate displacement increases less than the yielding one, the obtained ductility 
becomes lower than that of original columns. This is not the expected outcome, but it does not mean 
that a bad result was obtained because both the strength and the ultimate deformation capacity were 
restored and even slightly increased. Thus, the adopted repair and retrofitting were found efficient. 
 

Table 2– Summary of test results for columns N01 to N05 

Specimen 
Loading 
direction 

Fmax 

[kN] 
Δy 

[mm] 
Fy 

[kN] 
μ = Δu/Δy 

PC02-N03 Y + 80.3 16.3 71.8 5.18 

PC12-N04 
X 

+ 155.5 7.1 120.3 2.81 
- 141.8 7.8 111.5 2.32 

Y 
+ 28.3 10.3 20.4 4.68 
- 33.4 12 26.6 3.875 

PC12-N05 
X 

+ 126.6 10 98.7 4.38 
- 136.8 10 110.4 4.25 

Y 
+ 49.5 5.3 34.9 6.04 
- 53.7 7.3 35.4 5.41 

PC12-N06 
X 

+ 104.2 7.3 78.2 4.25 
- 111.9 8.0 79.6 3.75 

Y 
+ 60.7 13.3 48.5 3.58 
- 70.2 7.3 52.1 6.45 
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Table 3– Summary of test results for columns N03R to N06R 

Specimen 
Loading 
direction 

Fmax 

[kN] 
Δy 

[mm] 
Fy 

[kN] 
μ = Δu/Δy 

PC12-N03R 
X 

+ 130.1 11.4 100.9 3.87 
- 131.6 12.8 101.2 3.40 

Y 
+ 47.5 5.3 34.3 7.13 
- 70.4 9.4 52.3 4.47 

PC12-N04R 
X 

+ 150.8 13 120.3 3.84 
- 162.6 12.4 131.6 3.81 

Y 
+ 65 9.1 49.8 5.55 
- 87 14.7 63.4 3.56 

PC12-N05R 
X 

+ 141.3 11.5 109.4 3.69 
- 154.8 14.1 122.7 2.99 

Y 
+ 62.9 9.4 46.8 4.26 
- 65.5 12.1 49.1 2.70 

PC12-N06R 
X 

+ 152.4 10.5 122.1 4.49 
- 145.8 16.7 113.4 2.93 

Y 
+ 55.3 10.0 42.3 4.00 
- 59.2 16.0 47.3 2.975 

Experimental Results – Stage 2 

For the study of the efficiency of the strengthening technics applied in the behaviour of RC columns, 
the measured displacement and shear force paths (along the X and Y directions) are analysed (see 
Figure 6 to Figure 10). Figure 6 shows the shear-drift results for the “As built” specimens. Figure 7 
and Figure 8 presents the shear-drift diagrams for CFRP plates jacketing strengthened columns and 
Figure 9 Figure 10 the shear-drift diagrams for steel plates jacketing strengthened columns. To help the 
understanding of a possible improvement of each strengthening technic in each test, the envelope 
obtained in the tested ‘as built’ column with the same biaxial load path is represented, in Figure 11 and 
Figure 12. 
The analysis of the force-displacement hysteric behaviour focused on the comparison and 
identification of the main differences in the shapes of the envelope of the original and the strengthened 
columns, differences in the maximum strength, evaluation of the ductility improvement on 
strengthened when compared with the ‘as built’ columns. The analysis of the obtained results can be 
summarized as follows: 
• From the observation of the shear-drift curves it can be identified in their envelopes the post-yield 

hardening zone is larger and the softening phase tends to start for higher drift demands in the 
columns strength columns. This aspect is present in columns strength with both technics, however 
is more evident in the tests with the diamond biaxial load path.  

• The initial column stiffness in both directions it is not significantly affected by the strengthening 
technic. 

• When comparing the maximum strength in one specific direction of the columns for each 
strengthening technic against the corresponding ‘as built’ column test, higher values were obtained 
for all tests with the diamond load path (increase around 12% of the maximum strength). In the 
tests with the diagonal load path the maximum strength is similar in “as built” and strength 
columns. 

 
As pointed by several authors in the columns under biaxial load the post yielding plateau tends to be 
shorter and the softening is more pronounced [2], [4], [7]. With the tested strengthening technics is 
marked the enhancement given by the strengthening of the columns delaying the beginning the 
strength degradation, keeping the initial stiffness of the columns with a small increasing of the 
maximum strength of the elements. 
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Figure 6 - Shear-drift diagrams for “As built” columns under biaxial horizontal load path (PC12-N13 and PC12-

N14) 

  

  

Figure 7 - Shear-drift diagrams for CFRP plates jacketing strengthened columns under biaxial horizontal load 

path (PC12-N10S and PC12-N12S) 
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Figure 8 - Shear-drift diagrams for CFRP plates jacketing strengthened columns under biaxial horizontal load 

path (PC12-N17S and PC12-N18S) 

  

  

Figure 9 - Shear-drift diagrams for steel plates jacketing strengthened columns under biaxial horizontal load path 

(PC12-N12S and PC12-N15S) 
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Figure 10 - Shear-drift diagrams for steel plates jacketing strengthened columns under biaxial horizontal load 

path (PC12_N16S) 

  
Figure 11 – Shear-Drift envelopes CFRP plates jacketing technique and “As built” columns. 

  
Figure 12 – Shear-Drift envelopes for steel plates jacketing strengthened columns and “As built” columns. 

Table 4–Summary of test results for “As built” columns N13 and N14 

Specimen Loading 
direction 

Fma

x 

[kN] 

Δy 

[mm] 
Fy 

[kN] μ = Δu/Δy 

PC12-N13 
X + 136.4 7.1 100.9 4.20 

- 131.4 8.3 99.2 4.60 

Y + 59.3 6.1 44.3 4.80 
- 58.3 4.6 43.7 7.20 

PC12-N14 
X 

+ 130.8 4.6 98.2 7.50 
- 140.0 4.4 104.2 8.20 

Y 
+ 54.8 4.9 41.3 8.00 
- 64.9 5.4 48.8 7.40 
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Table 5–Summary of test results for CFRP plates jacketing strengthened columns. 

Specimen 
Loading 
direction 

Fmax 

[kN] 
Δy 

[mm] 
Fy 

[kN] 
μ = Δu/Δy 

PC12-N10S 
X 

+ 154.4 12.8 115.8 12.07 
- 149.6 12.8 112.2 12.07 

Y 
+ 67.5 8.4 50.6 7.14 
- 64.8 9.0 48.6 6.13 

PC12-N12S 
X 

+ 157.7 10.5 116.3 5.32 
- 149.9 15.7 112.3 3.52 

Y 
+ 64.6 6.8 48.7 8.12 
- 72.8 7.4 51.4 7.41 

PC12-N17S 
X 

+ 134.9 5.6 100.7 6.70 
- 133.3 5.4 100.2 6.90 

Y 
+ 54.4 6.6 41.1 5.10 
- 54.8 6.8 41.6 4.90 

PC12-N18S 
X 

+ 164.3 8.3 132.2 6.00 
- 148.1 9.8 107.1 4.60 

Y 
+ 64.3 8.3 42.7 6.0 
- -66.2 6.8 43.1 5.9 

 
Table 6 –Summary of test results for steel plates strengthened columns. 

Specimen 
Loading 
direction 

Fmax 

[kN] 
Δy 

[mm] 
Fy 

[kN] 
μ = Δu/Δy 

PC12-N11S 
X 

+ 151.3 13.2 113.5 3.79 
- 143.4 16.8 107.5 2.98 

Y 
+ 70.4 6.8 52.8 7.31 
- 66 6.5 49.5 6.89 

PC12-N15S 
X 

+ 134.2 8.0 100.5 4.50 
- 143.3 8.0 105.3 4.70 

Y 
+ 54.9 7.3 41.3 4.50 
- 62.4 4.6 47.5 6.90 

PC12-N16S 
X 

+ 143.8 11.7 105.6 4.00 
- 155.8 7.8 117.8 5.60 

Y 
+ 65.2 4.6 48.9 9.70 
- 65.4 4.6 49.1 10.0 

Conclusions 

An experimental campaign was carried out on 12 RC columns with same geometries and 
reinforcement, subjected to biaxial horizontal displacement paths with constant axial load, focusing on 
the influence of the effect of different strengthening strategies. Based on the results of this 
experimental investigation, the following conclusions can be drawn: 

• The experimental results on the column retrofitting show that the initial stiffness is typically 
lower and softening starts for higher drift demands. Also a retrofitted column tends to have an 
increase of the maximum strength around 20% maximum. 

• Generally it was observed an increase of the ultimate displacement in the retrofitted columns’, 
however ultimate ductility is lower than the original columns. This fact is related with the 
lower initial stiffness of the column that leads to a higher yielding displacement. 

• The initial stiffness in both directions it is not significantly affected by the different 
strengthening strategies. However, the strengthened column tends present higher maximum 
strength of about 12%, in particular in columns under diamond biaxial horizontal load path. 

• The strength degradation is the strengthened columns starts for higher levels of drift demand. 
The improvement of the different strategies in strength degradation is clear and more 
significant for the diamond path. 

A large number of questions are still open concerning the influence strengthening technics and the 
influence of the biaxial behaviour of RC columns. In the present work, an exploratory work is 
presented giving a preliminary step towards this goal. Even so, the research work reported is expected 
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to contribute towards a better understanding of the biaxial response of RC columns and for the 
calibration of suitable numerical models for the representation of the biaxial lateral response of 
reinforced concrete strengthened columns under cyclic loading reversals. 
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