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Abstract
The steel caging technique is used to strengthen RC columns all over the world, as it has been shown to be effective, economical and easy to apply. Most studies carried out to date on this strengthening technique have focussed on isolated sections of columns subjected to axial loads. This paper deals with an experimental study on the behaviour of RC columns strengthened by steel caging under combined bending and axial loads. Full-size specimens were laboratory tested and the beam–column joint was also simulated. Two different types of element were used to solve the strengthening in the zone nearest to the joint. These were: (1) capitals welded to the steel cage in contact with the beam and (2) steel tubes joining the cage on both sides of the joint. The results obtained show that the technique described considerably increases the resistance and ductility of columns strengthened in this way. The results are compared with those that could be obtained with the proposal of Eurocode No. 4 and also with the results of two other similar studies.
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1. Introduction
Steel caging is at the present time the variant of steel jacketing most often used to strengthen RC columns [1]. It is normally used on square or rectangular section columns and involves the use of longitudinal angle sections fixed to the corners of the column, to which transverse steel strips are welded. The space between cage and column is filled with cement or epoxy mortar. 

As has been shown by Adam et al. [1], when a column is strengthened with a steel cage there are three ways of dealing with the areas close to the ends of the column:

(a) Adding capitals welded to the steel cage so that they are in contact with the beam.

(b) Welding tubes to the strengthening angles that pass through the beam–column joint.

(c) Leaving the area without any additional elements. 

The steel caging technique is used to strengthen RC columns all over the world [1–7], as it has been shown to be effective, economical and easy to apply [1–3]. Although the use of steel cages is widespread and highly effective, there has been little research into RC columns strengthened by this technique [1,8].
Most of the studies that have been carried out on RC columns strengthened by steel caging have focussed on isolated sections of columns subjected to axial loads, e.g. Giménez et al. [9,10], Cirtek [5] and Ramírez [11], as well as the numerical studies in Adam et al. [1,12,13] and Cirtek [14]. Adam et al. [15,16] also studied the influence of the beam–column joint on the behaviour of axially loaded RC columns strengthened by steel caging.

Even though the combination of an axial load and bending moment has already been studied for the case of strengthening RC columns with FRP [17,18] and steel plates [19], only Montuori and Piluso [7] investigated the effects of eccentric compression loads on RC columns strengthened by steel cages.
2. Objectives and novelty of the study
The present study is a continuation of previous work carried out at the Institute of Concrete Science and Technology (ICITECH) of the Technical University of Valencia that focussed on the behavior of axially loaded RC columns strengthened by steel caging [1,8–10,12,13,15,16]. The new study aims to investigate the behavior of strengthened columns under combined bending and axial loads.
As a novel element, the present study considered the influence of the beam–column joint and also two possible ways of solving the strengthening the zone nearest to the joint, as compared to that of Montuori and Piluso [7], in which the specimens were eccentrically loaded.
The results of the experimental study given in this paper include analyses of:

(a) Behaviour and failure mode of the specimens.

(b) Increase in the resistance and ductility of the strengthened column.

(c) Comparison of two possible ways of solving the strengthening of the column ends (capitals or tubes).

(d) Comparison of the results obtained with the proposals of Eurocode No. 4 [20] and the results obtained by Montuori and Piluso [7] and by Li et al. [6].

3. Specimen characteristics
3.1. General
The test specimens consisted of two lengths of RC column with a central transverse element representing a beam, so that the beam–column joint was situated at the centre of the specimen. The specimen geometry was very similar to that used by Adam et al. [15,16], Watson and Park [21] and Yazzar [22].
Column cross sections were slightly larger than the minimums recommended by most international codes [23,24]. UPN-260 pieces (channel section type, outside depth 260 mm, outside flange width 90 mm, flange thickness 14 mm and web thickness 10 mm) with welded steel plates were attached to the ends of the column lengths to form a type of ‘‘steel box’’ whose objective was to dissipate the energy transmitted by the hydraulic jack in addition to acting as the connecting element with the steel test frame. 

Reinforcement of the column lengths was similar to the minimum permitted by most international codes [23,24]. Beam reinforcement was determined by the normal residential-building slab design requirements. It should be emphasised that the transverse reinforcement of both column lengths was strongest at the ends of the specimens, with the aim of avoiding possible failure due to the loads applied at these points. The longitudinal reinforcement of both column lengths was welded to the ‘‘steel box’’ at the ends of the specimens. Specimen geometry and reinforcement details are shown in Fig. 1.
A total of ten specimens were tested, including two with no strengthening (identified as Ref), to be used as control references. There were two different types of strengthened test specimen with different types of beam–column joint solution. Specimens Type C (see Fig. 2) solved the beam–column joint by means of capitals (made of steel angles) welded to the steel cage and in contact with the beam. In type T specimens (see Fig. 2) the steel cages that strengthened the two column lengths were connected by steel tubes, as recommended by Fernandez-Cánovas [25]. A total of four specimens of each type (C and T) were tested under bending and axial loads.
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Fig. 1. Specimen geometry and reinforcement.
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Fig. 2. Steel cage and types of strengthened specimens.

3.2. Material properties
The concrete mix used was designed to simulate a column with low compressive strength in need of strengthening. The compressive strength of the concrete was determined by tests on cylindrical specimens 150 mm in diameter and 300 mm long. A total or 18 cylindrical specimens were tested which gave a mean compressive strength value of 11.6 MPa (standard deviation 0.74) at 28 days. The cylindrical specimens gave a mean compressive strength value of 12 MPa (standard deviation 0.98) at the moment of testing the simulated columns specimen.

The yield stress in reinforcement steel and steel cage was fys = 500 MPa and fyL = 275 MPa, respectively. The cement mortar between cage and column had a cement/sand weight ratio of 1:2.
3.3. Instrumentation
Each of the control specimens (Ref) was fitted with a total of seven linear variable displacement transducers (LVDTs). Type C specimens were fitted with 26 strain gauges (8 on the strips and 18 on the angles) and 7 LVDTs (see Fig. 3a). Type T specimens were fitted with 7 LVDTs and 29 strain gauges (8 on the strips and 21 on the angles) (see Fig. 3b).
4. Testing procedure
The tests were carried out in the ICITECH laboratories at the Technical University of Valencia. The test structure consisted of a steel frame containing the length of column in a horizontal position with the beam vertical. The metal boxes at each end of the column were attached to the test structure by two hinges that allowed rotation in the horizontal plane. Total distance between the two hinges was 3310 mm. Fig. 4 shows a specimen in the frame ready for testing.

For the test, an axial load was applied to the specimen by means of a hydraulic jack with a maximum capacity of 2500 kN. After reaching a certain value of axial load, a shear load was applied to the upper section of the beam and the axial load was then kept constant for the duration of the test. The shear load, applied by a hydraulic jack with a maximum capacity of 500 kN, was gradually increased until the specimen failed. Fig. 5 shows details of the hinges and the hydraulic jacks that applied the vertical and horizontal loads.
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Fig. 3. Instrumentation: (a) Type C and (b) Type T specimens.
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Fig. 4. Specimen ready for testing.
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Fig. 5. (a) Hinge and hydraulic axial loading jack and (b) hydraulic shear loading jack.

According to the value of the axial load applied, the strengthened specimens are classified as follows:

a) C-1000-a and C-1000-b: Both are Type C specimens, with a capital attached to the ends of the strengthening and in contact with the beam. A constant 1000 kN axial load is applied to both specimens during the test.

b) C-300-a and C-300-b: These are Type C specimens. A constant 300 kN axial load is maintained on both for the duration of the test.

c) T-1000-a and T-1000-b: These are Type T specimens with steel tubes attached to the ends of the strengthening that connects both lengths of column. A constant 1000 kN axial load is applied to both specimens throughout the test.

d) T-300-a and T-300-b: These are Type T specimens to which a constant 300 kN axial load is applied during the test.
5. Test results
5.1. General behaviour and failure modes
Table 1 gives information on the specimens tested, including: identification number, type of element attached to the ends of the strengthening (capital or tubes), axial load (constant throughout the test), maximum shear load applied, and maximum moment in the connection of the columns with the beam.
The control specimens (Ref-a and Ref-b) were subjected to an axial load of 300 kN. Failure occurred at a mean shear load of 53.9 kN and the failure was located at the joint of one of the column lengths with the beam. Failure was attributed to cracking of the concrete due to compression loads.
Table 1
Specimens tested
	Specimen
	Beam-column joint connection type
	Axial load (kN)
	Maximum shear load (kN)
	Maximum bending moment (kNm)†

	Ref-a
	-
	300
	55.3
	40.2

	Ref-b
	-
	300
	60.5
	44.0

	
	
	
	
	

	C-1000-a
	Capital
	1000
	143.3
	104.3

	C-1000-b
	Capital
	1000
	138.1
	100.5

	C-300-a
	Capital
	300
	91.9
	66.9

	C-300-b
	Capital
	300
	101.7
	74.0

	
	
	
	
	

	T-1000-a
	Tube
	1000
	205.3
	149.3

	T-1000-b
	Tube
	1000
	215.3
	156.6

	T-300-a
	Tube
	300
	281.2
	204.6

	T-300-b
	Tube
	300
	299.8
	218.1

	† Bending moment in the connection of the column with the beam-column joint


Failure of C-1000-a and C-1000-b occurred at a mean shear load of 140.7 kN. The failure was also located at the beam–column joint and the following observations were made:
(a) A significantly wide crack appeared at the joint above and in the direction of the column axis (see Fig. 6a) due to the compression loads in this zone, which caused tensile forces perpendicular to the axes of the columns.

(b) Due to the tensile forces in the area, vertical cracks appeared in the lower part of the joint accompanied by the separation of the capitals from the beam (see Fig. 6b).
(c) The upper capitals crushed the concrete and penetrated the beam due to the compression forces to which they had been subjected (see Fig. 6c).

C-300-a and C-300-b presented a failure mode similar to C-1000-a and C-1000-b. Failure of C-300-a and C-300-b occurred at a mean shear load of 96.8 kN. Considerably wide cracks appeared at the base of the joint which were longer than those detected in C-1000-a and C-1000-b (see Fig. 7a and b), since the tensile forces that appeared in this zone were higher in these specimens. As occurred in C-1000-a and C-1000-b, a crack was formed in the direction of the column axis (see Fig. 7c) and the upper capitals crushed the concrete in the column.
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Fig. 6. Failure mode of C-1000-a and C-1000-b: (a) general view; (b) crack and bottom capital separated from beam and (c) upper capital crushing concrete in beam.
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Fig. 7. Failure mode of C-300-a and C-300-b: (a) general view; (b) crack and bottom capital separated from beam and (c) upper capital crushing concrete in beam.

The Type T specimens (T-1000-a, T-1000-b, T-300-a and T-300- b) presented a very different failure mode and behaviour to Type C (C-1000-a, C-1000-b, C-300-a and C-300-b). The former failed outside the beam–column joint due to compression cracking of the concrete in the column lengths. In the latter, the failure passed from the joint to the column due to the steel tubes taking part of the load from the joint.

Failure of T-1000-a and T-1000-b occurred at a mean shear load of 210.3 kN, while T-300-a and T-300-b failed at a mean shear load of 290.5 kN. Further information on all the above-mentioned failures can be seen in Figs. 8 and 9. It is noteworthy that T-300-a and T-300-b showed tensile cracking in the lower part of the column lengths. These cracks were not observed in T-1000-a and T-1000-b.
Fig. 10 shows the shear load/vertical displacement curve envelopes of the three types of specimen subjected to testing (Ref., Type C and Type T). Since the strengthened specimens were subjected to two different axial loads (1000 kN and 300 kN), Fig. 10 shows five envelopes corresponding to Ref, C-1000 (C-1000-a and C-1000-b), C-300 (C-300-a and C-300-b), T-1000 (T-1000-a and T-1000-b) and T-300 (T-300-a and T-300-b). The vertical displacement shown in Fig. 10 was measured by a LVDT placed at the centre of each specimen. The curves are analysed in detail in the following section.
5.2. Analysis of the results and discussion
As can be seen in Fig. 10, strengthening the columns considerably increases the maximum shear load the specimens can absorb. This is clear from a comparison of the control Ref with the strengthened specimens. Furthermore, the increase is considerably greater in Type T specimens.
Strengthening increases the ductility of the specimens, also to a greater extent in Type T. The degree of ductility in each specimen is a consequence of its failure mode. Type T specimens fail in a zone in which the concrete is confined by the steel cage, while Type C fail at the joint, where the degree of confinement is significantly lower.

Figs. 11 and 12 give the loads measured by some of the strain gauges attached to the angles versus shear load for C-1000-a, C-300-a, T-1000-a and T-300-a. Here it can be seen that in Type T the angles take more of the load, since the tubes transmit the loads absorbed by the angles from one side of the joint to another. This effect is not present when capitals are used, since they separate from the beam.
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Fig. 8. Failure mode of T-1000-a and T-1000-b: (a) general view; (b) zone where failure occurred and (c) detail of concrete that failed due to compression loads.
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Fig. 9. Failure mode of T-300-a and T-300-b: (a) general view; (b) cracks in lower section of specimen due to tensile forces and (c) detail of failure due to compression loads.
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Fig. 10. Shear load versus vertical displacement.
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Fig. 11. Type C specimens. Stresses in strain gauges (angles) versus shear load/maximum shear load: (a) C-1000-a and (b) C-300-a.
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Fig. 12. Type T specimens. Stresses in strain gauges (angles) versus shear load/maximum shear load: (a) T-1000-a and (b) T-300-a.

The presence of steel tubes that connect the steel cage to both sides of the joint (Type T) make the strengthening more efficient than fitting capitals (Type C). However, fitting the tubes to an actual structure complicates the execution of the strengthening, since it requires drilling fairly large holes in the slab or beam. This problem is not so acute in cases in which the beam width is equal to or less than that of the column. If the width of the beam is greater than that of the column, the tube solution is less viable, since the holes drilled in the beam could reduce the resistance of the structure.

Fitting capitals to the ends of the strengthening in contact with the beam reduces the efficiency of the strengthening, since the failure occurs in the beam–column joint. When tensile loads appear in the lower part of the specimen, the capitals separate from the beam and loads are not transmitted between the angles on both sides of the joint. Cracking therefore takes place in the lower section of the joint and the upper capitals crushes the concrete. One way of correcting this problem would be to join the capitals of both lengths of column by means of steel bars passing through the joint. This solution would be easy to carry out, since the holes drilled in the beam would be quite small and would not greatly affect the resistance of the structure.
6. Comparison with standard rules and previous research works
6.1. Design proposal for application to steel-caged RC columns subjected to axial and bending loads
Three design proposals are described below for application to the specimens tested in the laboratory with the aim of comparing the experimental results with those obtained from each of the proposals:
(a) Eurocode No. 4 [20] does not include any design proposal for direct application to RC columns strengthened by steel caging. However, Adam et al. [13,15] showed that the ultimate load of an axially loaded steel-caged RC column could be estimated from Eurocode No. 4 [20], provided that the ends of the strengthening were fitted with either capitals or tubing. To apply Eurocode No. 4 [20], it is assumed that the strengthened column behaves similarly to a composite steel–concrete column.

(b) Li et al. [6] tested RC columns strengthened by steel cages subjected to cyclic loads. From their results they proposed a method of determining the axial load-bending moment that would cause the failure of the strengthened column. Li et al’s proposal [6] is based on a concrete confinement model similar to the one proposed by Teng et al. [26] for a column strengthened by FRP. Each axial load-bending moment that causes the failure of a section is obtained from Eqs. (1) and (2).
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where k1 is a reduction factor due to bond degradation between the corroded reinforcement and concrete (k1 = 1 in this paper, since the reinforcement bars are not corroded); k2 is a factor considering slippage between the steel cage and concrete (k2 = 0.7); Nc, Ns and Na are the forces resulting from the concrete, longitudinal reinforcements and steel angles, respectively; Mc, Ms and Ma are the moments of the concrete, longitudinal reinforcements and the steel angles, respectively.

(c) Montuori and Piluso [7] lab-tested isolated lengths of columns strengthened with steel cages subjected to eccentric compression loads. According to their design proposal, if the strengthening is not continued through the beam–column joint, the steel angles do not directly contribute to increasing the ultimate column load (through the direct transmission of loads and transmission by shear stress mechanisms [15]). In the case described, the steel cage only contributes to confining the concrete in the column. Montuori and Piluso [7] consider that the confinement of the concrete is due not only to the steel cage but also to the presence of stirrups in the column. The confinement model they use is based on that proposed by Mander et al. [27,28] adapted for the use of steel cages. In this paper, Monturi and Piluso’s proposal [7] is used for the two possible cases of continuing or interrupting the strengthening through the beam–column joint. In the former case, the load assumed by the angles is considered in a similar way to Liet al. [6].
6.2. Comparison

Fig. 13 includes the points that represent the axial load-bending moment that causes the failure of each of the specimens tested in the laboratory. These points are compared with the N–M interaction diagrams that would be obtained from the design proposals of: Eurocode No. 4 [20], Li et al. [6], Montuori and Piluso [7] (considering the confinement imposed by the steel cage) and Montuori and Piluso [7] (considering the confinement imposed by the steel cage and the transmission of loads through the angles).
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Fig. 13. Comparison of experimental results with N–M interaction diagrams obtained from Eurocode No. 4 [20], Li et al. [6], Montuori and Piluso [7].

As can be seen in Fig. 13, the N–M interaction diagram obtained from Eurocode No. 4 [20] presents bending moment values in general higher than those of Montuori and Piluso [7] (the angles are considered to absorb loads). For high axial load values (around 1300 kN) Montuori and Piluso [7] obtain bending moment values higher than Eurocode No. 4 [20]. Eurocode No. 4 [20] obtains N–M values higher than those of Li et al. [6] and for high axial loads both proposals give similar results. In general, applying Montuori and Piluso [7] (the angles are considered to absorb loads) results similar to those of Li et al. [6] are obtained. The N–M interaction diagram obtained from Montuori and Piluso [7], considering only the confinement effect of the steel cage, gives much lower N–M values than those obtained from the other proposals.
Analysing the Type C and T specimens separately, it can be said:

a) Type C specimens (C-1000-a, C-1000-b, C-300-a and C-300-b). These specimens failed in the beam–column joint, so that in theory the design proposals described in Section 6.1 would not be applicable, since these only simulate failure in the strengthened column. However, the comparison of the N–M values obtained in the tests with those of the design proposals give rise to some interesting results. In the light of Montuori and Piluso’s proposal [7], which only considers the confinement imposed by the steel cage (as appropriate for strengthening interrupted at the beam–column joint), the values obtained for the bending moment are conservative, especially at high axial loads. At low axial loads (C-300-a and C-300-b) the bending moment that causes failure is much lower than that which would be obtained from Eurocode No. 4 [20], Li et al. [6] and Montuori and Piluso [7] (in which the angles are considered to absorb loads). For the higher axial loads (C-1000-a and C-300-b), the match with the proposals of Eurocode No. 4 [20], Li et al. [6] and Montuori and Piluso [7] (in which the angles are considered to absorb loads) is satisfactory. As indicated in Section 6.2, one possible method of improving the Type C specimens would be to connect the capitals by steel bars through the joint. This would prevent the lower capitals from separating from the beam and would increase the bending moment associated with each axial load.

b) Type T specimens (T-1000-a, T-1000-b, T-300-a and T-300-b). All the design proposals analysed give highly conservative results as compared to Type T specimens. Eurocode No. 4 [20] comes closest to the results obtained from these specimens. The higher efficiency of the Type T specimens is due to the fact that the tubing ensures the transmission of loads between the angles of the two lengths of column. In addition, the confinement imposed by the strengthening helps to increase the concrete’s compression strength. It should be pointed out here that Eurocode No. 4 does not take this factor into consideration. Li et al. [6] consider that the column’s strength is reduced due to slippage between the cage and the column. In the present tests we did not observe any slippage in any of the lab-tested Type T specimens. Even though the solution of fitting tubing to the ends of the strengthening is more complicated than the use of capitals, it provides much better results.

7. Conclusions

This paper presents the results of an experimental study on RC columns strengthened by steel cages under combined bending and axial loads. Specimens consisted of two lengths of RC column with a transverse central element representing a beam, so that the beam–column joint was situated at the centre of the specimen. The most important new elements in the study are: consideration of the presence of the beam–column joint and two possible methods of solving the strengthening in the zone nearest to the joint by the use of (1) capitals at the ends of the strengthening in contact with the beam (Type C specimens) and (2) steel tubes to join the angles on both sides of the joint (Type T).
In the subsequent analysis of the results of the tests it was observed that the Type T specimens show greater resistance and ductility than Type C and also that the strengthening was more efficient when steel tubing was used. 

The cause of the lower efficiency of the Type C specimens was due to the absence of proper load transmission between the angles on both sides of the joint, due to the separation of the lower capitals from the beam. One of the possibilities of solving this problem could be by joining the capitals by steel bars through the beam.
The results obtained from the tests were compared with the design proposals contained in Eurocode No. 4 [20], Li et al. [6] and Montuori and Piluso [7], including an analysis of how closely they agreed with each one.
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