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A B S T R A C T   

Column strengthening is a very common practice for improving the seismic performance of reinforced concrete 
frame structures or repairing damage after a seismic event. Several methods are employed for column 
strengthening, which can improve column strength by preventing its shear, bending or compression failure. 
However, not all methods allow column strengthening connections between adjacent floors, thus the beam- 
column joint strength could be limited by the column-joint interface capacity. This work aimed to analyse 
two joint strengthening designs, for which an experimental campaign of eight full-scale beam-column joints 
strengthened with steel caging, and subjected to cyclic and gravity loads, was carried out. As access to joint 
panels is very complex in existing structures, joint strengthening consists of external solutions: vertical or di-
agonal bars and capitals connecting columns. The results showed that these techniques significantly increased 
beam-column joint strength and highlighted that failure can be undesirably transferred to the joint. Vertical bars 
prevented the bending failure of the column-joint interface, but failure occurred at the joint in this study. Di-
agonal bars can also prevent joint failure.   

1. Introduction 

Ageing infrastructures and the vulnerability of structural elements 
not explicitly designed to deal with seismic loads render it convenient to 
strengthen the most critical elements of many existing structures, which 
means that the safety and service life of constructions can increase. 
Seismic events are still causing serious human and material losses [1]. 
According to [2], for the period between 1980 and 2009, around 61.5 
million people were affected by earthquakes and almost 400,000 of 
them lost their lives. Some most recent earthquakes have caused sig-
nificant damage to reinforced concrete (RC) constructions, namely, 
among others: Sivrice, Turkey in 2020 [3]; Lorca, Spain in 2011 [4]; 
Van, Turkey in 2011 [5,6]; L’Aquila, Italy in 2009 [7]; Kashmir, 
Pakistan in 2005 [8]; Molise, Italy in 2002 [9]. 

In order to study construction deficiency implications in the seismic 
response, some authors [10–12] have performed shake table tests on 
small-scale RC frame structures. However, not only earthquakes can 
place constructions at risk; the passing of time exposes materials to a 
tough durability test; carbonation and chloride attacks impair RC 
structures’ performance [13,14]. Concrete cracking and spalling and the 
reduction of bond and cross-section of reinforcement can result in brittle 

failures and unexpected structural collapses [15,16]. 
The most widespread techniques used for strengthening RC columns 

are steel caging [17–20], fibre-reinforced polymers [21,22], and con-
crete jacketing [23]. Some recent studies have employed hybrid ele-
ments [24] and shape memory alloys [25,26]. However, when it is 
necessary to improve a structure’s response to horizontal actions, 
applying strengthening to columns is not enough, and we need to pay 
attention to the beam-column joint (henceforth referred to as BCJ), 
which is subject to major efforts in a very small area [27]. Joint 
behaviour has considerable implications for the structural response [28, 
29], especially when the structure is designed to resist only vertical 
loads [30] and the joints do not have transverse reinforcement [31]. BCJ 
have been identified as potentially one of the weakest components of RC 
frame structures subjected to seismic loads. A severe damage within the 
joint may trigger deterioration of the overall performance of the BCJ. 
Kim, J. et al. (2012) [32] have constructed an extensive experimental 
database classified by governing failure mode sequence, and proposed 
the key points in stress-strain curves for prediction models. Indeed 
several works have been carried out to apply strengthening to BCJs [33] 
with different materials: composite materials [34–40], steel [41–50] or 
concrete [51–53]. 
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The authors of the present work undertook a previous experimental 
campaign [54] consisted in seven full-scale RC BCJs not originally 
designed to resist horizontal loads, where columns were strengthened 
externally by steel caging. Two methods to connect the column jacket to 
the joint by steel capitals were analysed. The obtained results revealed 
that the strengthening technique improved the BCJ’s strength to hori-
zontal loads. Therefore, as no connection was employed between the top 
and bottom columns through the joint, the maximum load was limited 
by the column’s bending moment capacity at its interface with the joint, 
when no axial load was applied to columns. 

The paper presents the results of a new experimental campaign that 
included two new BCJ strengthening types that connected the top and 
bottom columns. These techniques were based on vertical and diagonal 
steel bars to connect column strengthening across the joint. Hence col-
umns gained continuity and column bending capacity increased, but 
more attention should be paid because BCJ failure was relocated from, 
in some cases, the column-joint interface to the joint core. The joint 
strengthening design poses a considerable challenge: finding a way to 
increase the bending moment of the column-joint interface by con-
necting the column jacket through the joint without either replacing the 
failure in the joint without damaging the joint drilling holes in it, which 
is also economic, easy and quick to apply and barely increases the space 
needed to invade around the column. 

2. Experimental program 

The complete experimental program included eight full-scale inte-
rior RC BCJs designed for gravity loads only, as in the typical buildings 
constructed in Spain in the 1980s–1990s. None of the specimens com-
plies with the design principles of current earthquake codes because 
non-ductile details were considered. The geometry and steel reinforce-
ment configuration of both the column and beam were the same as those 
considered in a previous work [54]. Thus the control specimen (A.W.L0) 
was common to both these experimental campaigns. 

2.1. Specimens design 

All the specimens were internally reinforced in the same way (Fig. 1), 
and the steel cage that was placed externally on columns was also the 

same in them all (Fig. 2). The difference between the tested specimens 
lay only in the way joints were strengthened. A former Spanish code EH- 
80 [55] has been used for designing the specimens. Specimens’ char-
acteristics are seen in Table 1. Specimen A.W.L0 was the control BCJ, in 
which the joint was not strengthened. VB and DB were the vertical and 
diagonal exterior bars, respectively. These rebars were screwed to cap-
itals. L0 and L1 indicate the axial load level applied to the column: L0, 
without axial load (ν = 0), and L1 with a normalised axial load equalling 
ν = 0.3. Some specimens were constructed and tested in duplicate (tests 
− 1 and − 2) to ensure the reliability of the results, which involved eight 
tests with five different configurations. The discussion in Section 3.3 
includes two additional specimens from [54] to gain a better under-
standing of the exterior strengthening effect. These additional specimens 
were called A.C.L0 and A.C.L1, and had steel capitals like the specimens 
strengthened with the exterior bars from Table 1, but with no connec-
tions between them (no vertical or diagonal bars). 

Specimens were made of 2200 mm-long columns with a 300 × 300 
mm cross-section, and 3300 mm long-beams with a 300 × 400 mm 
cross-section (Fig. 1). The steel boxes made with UPN profiles and 
welded plates, Ø16 mm corrugated bars and hinge devices, were placed 
on the end of the beam and columns to connect the specimen to the test 
frame. The distance between inflexion points was 4000 mm in beams 
and 2800 mm in columns. 

Test specimens were manufactured with medium-low performance 
concrete. The mean strength obtained from testing cylindrical 
compressive specimens was between 23.2 and 28.5 MPa. Tests were run 
on the same day as the test performed with the corresponding specimen. 
Two cylindrical specimens were tested for each beam-column joint 
specimen. 

B500SD steel was used: yield and ultimate strength of 550/660 MPa 
for Ø12 mm reinforcement and 570/675 MPa for Ø16 mm, respectively. 
Columns were longitudinally reinforced by using four Ø12 mm 
deformed steel rebars. Transverse reinforcement consisted of 6 mm 
diameter steel stirrups, 150 mm spaced. The upper and lower beam 
reinforcement quantities were asymmetric. The upper longitudinal 
reinforcement was 2Ø12 and the lower one was 2Ø16 (both types 
overlapping at the joint core at 250 mm). Three more continuous Ø16 
steel upper rebars were placed to continuously cross the joint. Trans-
verse beam reinforcement was Ø8 mm, 100 mm spaced. No stirrups were 

Fig. 1. Specimen geometry and reinforcement (dimensions in mm).  
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arranged on the joint, and the concrete cover of beams and columns was 
25 mm. 

2.2. Strengthening techniques 

The columns of all specimens were strengthened by the same 
configuration. Four steel angles and battens were placed around the RC 
columns, as Fig. 2 shows. Angles were welded to the steel box at the end 

of the column on one side, and angles were free on the other side. All the 
steel elements were S275 (yielding strength = 275 MPa). The contact 
between the steel cage and concrete was guaranteed by cement mortar 
(1/2 cement/sand ratio). This configuration was designed after ana-
lysing the previous research performed at the ICITECH (Universitat 
Politècnica de València) [18,20,56,57]. Angles were L70.7 mm, and 
battens were 260x120 × 8 mm and 280x160 × 8 mm for the nearest one 
to the joint. 

A reference specimen (A.W.L0 ) was not strengthened at the joint, 
while others were strengthened in two different modes: with vertical 
bars or diagonal bars (Fig. 3). The steel used for these bars was B500SD 
Ø16 mm (yielding and ultimate strength of 560/660 MPa, respectively), 
in which threads were cut at each bar end to fix capitals with nuts. Each 
capital was welded to the steel cage on three borders: one longitudinal 
along the capital and batten, and two transversal ones between the 
capital and steel angles. 

2.3. Test setup 

Specimens were fixed to the test frame by four hinges on each end of 
columns and beams, and were subjected to a quasi-static cyclic loading 
test that included gravity and horizontal loads (Fig. 4 and Fig. 5). 
Gravity loads were applied to the column by a 1000 kN hydraulic 
actuator at the top (representing the top and ground floors of a building; 

Fig. 2. Steel caging disposition and strain-gauges for the axial strain measurements in angles (dimensions in mm).  

Table 1 
Number and characteristics of the tested specimens.  

Nº Specimen fc 

[MPa] 
Joint strengthening Axial load (N = ν⋅Ac⋅fc) 

[kN] 

1 A.W.L0 23.2 – 0 
2 A.VB.L0-1 27.4 Capital + Vertical Bar 0 
3 A.VB.L0-2 24.5 Capital + Vertical Bar 0 
4 A.VB.L1 27.5 Capital + Vertical Bar 740 
5 A.DB.L0- 

1 
22.4 Capital + Diagonal 

Bar 
0 

6 A.DB.L0- 
2 

22.2 Capital + Diagonal 
Bar 

0 

7 A.DB.L1- 
1 

28.5 Capital + Diagonal 
Bar 

765 

8 A.DB.L1- 
2 

28.3 Capital + Diagonal 
Bar 

765  

Fig. 3. Joint strengthening.  
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axial load is found in detail in Table 1), and on beams by two double 
effect hydraulic actuators (set at 30 kN to simulate slab loads). Authors 
like [37,58,59] have also considered gravity loads on beams. Reversed 
cyclic loads were applied with varying drift to the main beam up to 
specimen failure by keeping ends of columns fixed in the horizontal 
direction (Fig. 4b). 

For the cyclic load, two phases were implemented by the beam-ends 
loading specimen (BL method [60]). First one was run by force control. 
After applying the gravity load to beams, the load on each beam was 
incremented (or decremented) in opposite directions, thus the total 
gravity load on the specimen remained constant. With a 1% drift ratio, 
when the non-linear effects started to have a stronger impact, the control 
of the horizontal loads was changed to the displacement control. The 
combination of both phases needs the correct coordination of move-
ments [54]. Each cycle was repeated 3 times to accomplish specimens’ 
stiffness degradation. 

2.4. Test instrumentation and measurements 

Internal beam and column reinforcement, external vertical steel 
angles and external strengthening bars were monitored by strain-gauges 
at different points. 

The four rebars of the RC column were monitored (Fig. 6). On two 
bars (C2 and C3), five strain-gauges (Pos − 2, Pos − 1, Pos 0, Pos 1, Pos 2) 
were placed. On the two other bars (C1 and C4), only two strain-gauges 
were placed (Pos -1 and Pos 1). On beams, corner rebars BA2 and BA3 
(non-continuous bars) were monitored at the beam-joint intersection 
(positions Pos -1 and Pos 1), while two of the corner rebars (BA3 and 
BA4) and the continuous rebar (BAC) were monitored at seven positions. 
The four steel angles of each column were monitored with the strain- 
gauges on two sections between two battens at a distance of 230 mm 
from the column-joint interface (section S-S and section I-I, Fig. 2). Each 
external bar was also monitored with one strain-gauge at the midpoint. 

3. Experimental results and discussion 

3.1. Hysteretic response and failure modes 

Fig. 7 shows the hysteretic curves and failure modes obtained during 
the tests for the five different configurations. The hysteretic shear load 
on the column versus the relative displacement is represented on the left. 
The state of the specimens at the 3.5% drift ratio for the test without 
gravity load on the column and the 2.5% drift ratio for the specimens 
with the axial load is shown on the right. These percentages have been 

Fig. 4. Loads applied to specimens.  

Fig. 5. Specimens inside the test frame ready for testing.  
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set to be able to compare the crack patterns between different speci-
mens. Specimens with axial load show lower value since they have 
brittle behaviour and damage occurs earlier. When two identical tests 
were carried out, only one specimen was shown (see Fig. 7) given the 
similar obtained results. 

From Fig. 7, we can see major differences between the tested speci-
mens. A strong pinching effect was noted on the specimens without axial 
load on columns (specimens L0) (Fig. 7a, b, Fig. 7c), but they showed 
excellent ductility. The specimens with the axial load (specimens L1) 
evidenced greater strength, but less ductility (Fig. 7d and e). 

Crack patterns significantly differed in each test. With specimen A.W. 
L0 (Figs. 7a and 8a), cracks concentrated at the column-joint interface 
due to the column reinforcement yielding in this zone. 

The external vertical bars and capitals (Figs. 7b and 8b) incremented 
the bending capacity in this zone, where the steel caging ended and 
allowed strengthening continuity through the joint between the top and 
bottom columns. Therefore, no large cracks were observed at the 
column-joint interface. Instead failure was transferred inside the joint, 
which was seriously damaged. On the A.VB.L0 specimens (only spec-
imen A.VB.L0-1 is shown in these figures), diagonal cracks developed at 
the joint and joint’s shear deformation are seen in Figs. 7b and 8b. 

When external diagonal bars were installed instead of vertical bars, 
once again the crack pattern changed completely: cracks developed at 
the beam-joint interface due to these sections’ bending capacity, and no 
significant damage was observed on the joint (Figs. 7c and 8c). 

When an axial load was applied to the column, failure took place at 
the joint by shear and compression cracks (Fig. 7d, e, Fig. 8d and e), 
regardless of whether the external reinforcing bar was installed diago-
nally or vertically. When A.DB.L1-2 testing finished, the disaggregated 
concrete of the joint core was removed to check the size of the affected 
area and reinforcement bucking. As Fig. 8f depicts, the affected area was 
bigger than the original joint, which indicates that capitals allowed joint 
size to increase, which improved its strength capacity. 

The general results obtained while testing are summarised in Table 2: 
the maximum shear load applied to columns in both loading directions 
(Vc

+, Vc
− ), the relative displacement for the max load in each direction 

(Drift+, Drift− ), the mean shear value (Vcm = ½⋅(Vc
++ Vc

− )) reached in 
both directions and the drift ratio for 15% loss of maximum strength 
(Drift85%). The Vc 

+ values were a few kN larger than the Vc
− values, 

because of the relative position of the overlapped rebars inside the joint. 
In one loading direction, the overlapped reinforcement had more con-
crete cover than in the other direction, as explained in [54] and shown in 
Fig. 8f. 

The envelopes of hysteretic curves are shown in Fig. 9. V1 and V2 are 
the loads on the beams end by the left-hand and right-hand actuator, 
respectively. As the gravity load on beams was 30 kN, the V1 and V2 
values started from the drift ratio 0% value at the beginning of the test. 

Fig. 9 shows that all the tested specimens achieved marked strength 
increments in relation to the reference specimen. When no axial load 
was applied to columns, the use of exterior vertical or diagonal bars 
increased strength by around 2.5-fold (2.58 for A.VB.L0-1 and 2.48-fold 
for A.VB.L0-2) and 2.2-fold (2.15 for A.DB.L0-1 and 2.29-fold for A.DB. 
L0-2), respectively. Vertical or diagonal bars configurations achieved 
similar strengths when the axial load was applied to the column. The 
incremented BCJ strength when the axial load was applied was about 
1.3-fold in the specimens with vertical bars and 1.4-fold in the speci-
mens with diagonal bars, compared to the situation in which no axial 
load was applied to strengthen specimens. Note that the results in 
Table 2 and Fig. 9 for the companion specimens (A.VB.L0-1 and A.VB.L0- 
2; A.DB.L0-1 and A.DB.L0-2; A.DB.L1-1 and A.DB.L1-2) are similar for 
each test configuration, which confirms the repeatability of our test 
results. 

3.2. Energy dissipation and stiffness 

The results obtained from the cumulative energy dissipated during 
the test are shown in Fig. 10a. The reference specimen is that which 
dissipated the least energy. This diagram reveals that BCJ strengthening 
significantly increased the total dissipated energy when no axial load 
was applied. When axial load was applied, not so much energy was 
dissipated because specimens failed earlier. 

The mean value of the stiffness for the ith cycle is shown in Fig. 10b. 
The reference specimen exhibited more abrupt stiffness decay after the 
1% drift ratio and the specimen lost more than 50% of its initial stiffness. 
Stiffness degradation was slighter for the other specimens. BCJ 
strengthening increased specimens’ stiffness considerably, more than 1- 
fold after the 1.5% drift ratio, but no significant differences were found 
between external vertical or diagonal bars. When axial load was applied 
to columns, stiffness increased slightly, but degradation occurred more 
quickly than in the other tests. 

3.3. Reinforcement behaviour 

Fig. 11 compares the strain at the top continuous reinforcement of 
the beam (BAC rebar) and column (C rebar) for each joint strengthening 
type at the 1% drift ratio. One axis represents the distance in metres from 
the measurement points to the beam-column axis, while the other axis 
represents the reinforcement strain (negative value means tension). 
Fig. 11 includes the results of specimens A.W.L0, A.C.L0 and A.C.L1 of 
[54] to better compare the effect of exterior strengthening on rein-
forcement behaviour. Unfortunately, we were unable to record the data 
of some measurements due to the severe damage of the concrete area 
where gauges were placed. 

The beam reinforcement behaviour observed during this 

Fig. 6. Monitoring internal reinforcement.  
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Fig. 7. Left: column shear force vs. drift ratio. Right: joint view at the 3.5% drift ratio in the specimens without axial loads on columns (L0), and the 2.5% drift ratio 
in those with the axial load (L1). 

J.G. Ruiz-Pinilla et al.                                                                                                                                                                                                                         



Journal of Building Engineering 45 (2022) 103445

7

experimental campaign was similar to the results obtained in [54]: (1) 
after the first cycles, the continuous top reinforcement (BAC) strain was 
the same through the joint when gravity load was applied; (2) discon-
tinuous reinforcement (BA4 and BA1) no longer overlapped due to loss 
of adherence; (3) axial load applied to the column favoured the adher-
ence of beam reinforcements. 

When the top reinforcement was submitted to tension on the right 

side of the joint, tension remained almost constant through the joint 
because adherence degraded and reinforcement worked almost like a tie 
when no axial load was applied (Fig. 11a). Instead, when axial load was 
applied to the column, the reinforcement adherence in the joint was 
much better preserved (Fig. 11b). 

The use of exterior bars modified the anchoring of beam re-
inforcements. As seen in (Fig. 11a), the strain on the BAC reinforcement 
on the left side of the joint was lower in those specimens in which 
exterior bars were employed. It is worth noting that the load to which 
the specimens with external bars were subjected was higher than it was 
for others. This fact implies that for the specimens without axial load, 
adherence was better preserved when vertical or diagonal exterior bars 
were employed. 

Fig. 11c shows the importance of external strengthening bars on 
column reinforcement behaviour. When no exterior bars were used (A.C. 
L0), the max strain of internal reinforcement went deep into the joint. 
This means that adherence had degraded. Note that the load applied to 
elements with external strengthening bars was higher than for the 
specimen. Consequently, exterior strengthening bars significantly 
reduced the column internal reinforcement strain. However, no signif-
icant differences were observed in column internal reinforcement 
behaviour when axial load was applied to the column (Fig. 11d). The 
column reinforcement strain represented in Fig. 11c and d was calcu-
lated as the average strain at rebars C2 and C3. 

Fig. 8. Joint damage after the last load cycle.  

Table 2 
General test results.  

Specimen Vc
+

[kN] 
Vc

−

[kN] 
Drift+

[%] 
Drift– 

[%] 
Vcm 

[kN] 
Drift85% 

[%] 

A.W.L0 32.7 − 25.9 5.5 − 1.5 29.3 >6.5 
A.VB.L0- 

1 
79.5 − 71.8 3.5 − 2.5 75.7 4.56 

A.VB.L0- 
2 

78.4 − 66.8 2.5 − 3.0 72.6 4.74 

A.VB.L1 97.8 − 95.9 2.5 − 2.0 96.9 2.74 
A.DB.L0- 

1 
66.4 − 59.7 3.0 − 3.0 63.1 5.47 

A.DB.L0- 
2 

68.4 − 65.8 2.5 − 3.0 67.1 4.94 

A.DB.L1- 
1 

98.6 − 91.5 2.5 − 2.0 95.1 2.92 

A.DB.L1- 
2 

92.7 − 81.1 2.0 − 2.5 86.9 2.85  
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3.4. Steel cage behaviour 

Fig. 12 compares the strain at the steel angles of all the tested 
specimens. To better compare curves, and thanks to the symmetry of the 
specimens and loads applied to them, each curve was obtained by the 
mean value of the eight strain-gauges placed on steel angles (Fig. 2). This 
single curve per specimen was accomplished by computing the average 
of two curves (not plotted in Fig. 12). The first curve represents the 
average of the readings of strain gauges S1, S2, I1, I2 (steel angles 
compressed with a positive drift). The second curve represents the 
average of the readings of strain gauges S3, S4, I3, I4 (steel angles 
compressed with a negative drift). Bearing in mind that both curves 
represented the same phenomenon, but in opposite directions (sym-
metry vs. Y-axis), the sign of the second curve’s drift was inversed to 
compute the average of both curves. Thus one curve in Fig. 12 represents 
the average behaviour of steel angles in tension and compression ob-
tained by the eight strain gauges. A negative strain means tensile 
stresses. 

High tension-compression symmetry was observed for the steel an-
gles of those specimens without axial loads (L0 - Fig. 12a). This figure 
depicts how the reference specimen (A.W.L0) angles presented a lower 
strain than in the other specimens because the steel cage was not colli-
gated to the joint upon compression or tension if no external strength-
ening bars were added. In this case, tension or compression forces were 
transmitted to the steel cage only by the friction between angles and the 
column surface. With the specimens for which capitals were used (all the 

specimens, except A.W.L0 - Fig. 12a), steel angles achieved a higher 
compression strain, which was even bigger when axial load was applied 
(L1 - Fig. 12b). With the specimens for which external bars were used 
(either vertical or diagonal), steel angles achieved a higher tension 
strain. 

The participation of the steel cage in specimens’ response was esti-
mated by the strain-gauge measurements. The bending moment partic-
ipation of the angles at which strain-gauges were placed (Fig. 2) was 
obtained by multiplying the measured strain by the modulus of elas-
ticity, by the angle cross-section and by the distance to the column axis. 

Fig. 13 shows the contribution of steel angles and the RC column to 
axial-bending loads. On the left: bending moment value in the section 
where strain-gauges were placed (M.Total), bending moment supported 
by angles (M.Angles, estimated from strain values), bending moment 
supported by the RC section of the column (M.RC, calculated from the 
difference between M.Total and M.Angles). The right-hand column in 
Fig. 13 indicates: the percentage of the participation of angles and the 
RC section in relation to the total bending moment of the aforemen-
tioned section. The data from the twin specimens were averaged to 
display a single plot of the estimation per configuration in Fig. 13. 

The bending capacity of the RC column (M.MaxRC) was obtained 
experimentally from the test done with the control specimen by multi-
plying the maximum horizontal force (Fig. 9a, Table 2) by the distance 
to the column/joint intersection where longitudinal reinforcement 
yielding occurred (Fig. 11). This bending capacity of the RC column is 
given in Fig. 13 by a dashed red line for the specimens without axial load 

Fig. 9. Envelope forces vs. drift.  

Fig. 10. Cumulative energy dissipation and stiffness degradation after the three cycles of each drift.  
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(L0). In the section under study, it is worth noting the maximum bending 
moment capacity of the RC column estimated by the strain at the steel 
angles (M.RC) math with the real tested maximum bending moment (M. 
Max RC). This dashed red line is not plotted for the L1 specimens 
because no direct experimental data are available about the RC column’s 
axial-bending capacity (no non-strengthened specimen with axial- 
bending failure of the RC column was tested). 

According to the results, the maximum bending moment that the RC 
column supported was 29 kN m (M.Total on Fig. 13a) and, thanks to the 
capitals and exterior bars, this value increased by around 2- or 3-fold. 

Despite the control specimen not having either capitals or exterior 
bars, it should be noted that the contribution of steel angles to the col-
umn’s bending capacity ranged between 21 and 28%. In the other 
specimens, the participation of angles started around 40% and rose to 
60% with the drift ratio. These results indicate that both capitals and 
external bars were very important for the steel cage’s effectiveness and 
its bending contribution increased as concrete was damaged. 

Fig. 14a and Fig. 14b show the strain of the steel angles of the 
specimens strengthened with exterior bars under the axial load applied 
to columns. The Y-axis (ordinate) represents the strain of the angles at 

Fig. 11. Strain on the reinforcement of the beam and column at the 1% drift ratio.  

Fig. 12. Mean strain envelopes measured by the strain-gauges on steel angles (see Fig. 2).  
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Fig. 13. Behaviour of the composite column section subjected to bending moment (A.W.L0, A.VB.L0 and A.DB.L0) and axial-bending loads (A.VB.L1 and A.DB.L1). 
On the left, the bending moment resisted by the reinforced concrete section and angles. On the right, the percentage contribution of both elements to the 
bending moment. 
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the end of the first cycle of the drift ratio indicated on the X-axis (ab-
scissa); it is highlighted here that no horizontal load acted on the 
specimens at these positions. Despite the gravity load not changing, the 
strain of the angles increased considerably after some cycles. This was 
because when the concrete degradation at joint started to become sig-
nificant (Fig. 14c and d), its axial strength sharply dropped and angles 
received the load that the joint could not, which prevented collapse. 
Almost the entire axial load is supported by the steel cage after the 3% 
drift ratio. 

3.5. External bar behaviour 

As described above, external bars allowed the capitals to contribute 
to column strength. External bars connected the steel cage through the 
joint, which enabled the continuity of column loads. Although the 
maximum strength of the specimens with vertical or diagonal bars was 
not that different, the behaviour of both external bars and the joint panel 
was. 

When the beam-column joint was subjected to cyclic loads and the 
column was strengthened by the steel cage, the weak section of the 
column was where the column met the joint and the column reinforce-
ment strain peaked (Fig. 11c). Vertical bars always worked no matter 
what the direction of loads, but diagonal bars worked only when 
movement occurred in a certain direction (Fig. 15a and Fig. 15b). This 
does not mean that vertical bars were more effective; diagonal bars were 
more effective insofar as tension was transferred directly from the col-
umn sides where steel angles were in tension. The verticals bars system 
needed the indirect transmission of loads through the joint to gain 
equilibrium and, finally, the joint failed (Fig. 8b). 

The washers of nuts remained in contact with capitals regardless of 
movement being to one side or the other when vertical bars were used as 
bars were in tension. However, when employing diagonal bars, they did 
not work in one of the two movement directions. So a gap appeared 

between the washer and the capital (Fig. 15c). The threaded part of bars 
at their ends was the system’s weak part. As ends of bars had a smaller 
area than the remaining length, this was the part where the most marked 
deformation of bars concentrated, which reduced the cross-sectional 
area (necking) of external bars (Fig. 15d). Given the inclination of di-
agonal bars, these bars were subjected to more tension than vertical bars 
under the same horizontal load. 

4. Conclusions 

The analysis of this experimental campaign highlights the influence 
of joint strengthening on the cyclic response of reinforced concrete 
beam-column joints. Steel caging can avoid the compression, shear or 
bending failures of columns. Instead when no connections are made 
between columns, beam-column joints strength to horizontal loads is 
limited by column reinforcement yielding at the column-joint interface 
where the steel cage ends. In relation to this issue, two connection types 
were employed in the experimental campaign: vertical and diagonal 
external bars. 

When no axial load is applied to columns, the use of capitals with 
vertical or diagonal bars increases more than doubles the control spec-
imen’s strength: 2.5- and 2.2-fold, respectively. In both cases, the 
contribution of steel angles to the bending moment of the column on the 
section where angles are monitored (230 mm from the column-joint 
interface) is around 40–60% of the total bending moment. Although 
both solutions offer very satisfactory results, it is important to highlight 
that the failure mode completely changes. During these experimental 
campaigns, vertical bars increase the column-joint interface bending 
moment and failure shifts to the joint. If diagonal bars are employed, the 
bending capacity of the column joint also increases and joint failure is 
avoided; failure is transferred to the beams. According to these results, 
diagonal bars strengthening is more appropriate in joints of columns 
with no axial load (top floors of buildings) in the cases where it is 

Fig. 14. Longitudinal strain of the eight steel angles (see Fig. 2) of specimens A.VB.L1 and A.DB.L1-2 under gravity load at the end of the first cycle for every drift 
ratio (a, b) and the damage state of the joints after first cycle for 3% drift ratio (c, d). 
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necessary to increase the bending capacity of the columns and the joints 
are vulnerable to being damaged. 

When axial load is applied, no major differences appear between 
diagonal or vertical external bars. Yet in this case, capitals are more 
important because they allow increases in both the joint size and 

mechanical arm of the column. Besides, capitals can avoid the structure 
from collapsing when the joint is severely damaged. 

The strengthening solution herein presented increases beam-column 
joint strength when the column-joint interface is the weaker part. This 
case is very common when column strengthening is performed and no 

Fig. 15. Behaviour of vertical (A.VB.L0) and diagonal bars (A.DB.L0).  
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connections of columns through the floor are made. The proposed 
technique does not involve damaging either beams or the joint of 
existing reinforced concrete structures: columns are connected with bars 
placed externally to those elements. This simplifies the application of the 
technique in practical refurbishment cases when strengthening beam- 
column joint is needed. This paper also highlights the importance of 
considering the joint when designing interventions because it can be the 
weakest element in the strong column-weak beam design. In such situ-
ations, vertical bars cannot preserve the joint’s integrity, but diagonal 
bars can, as the present research shows. 
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