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Abstract

Beam-column joints suffer intense damage from seismic events and are the
cause of many buildings collapsing. These zones present complex behaviour
under cyclic loads, including tensile-compression cycles, which make
reinforcement adherence worse and cause severe cracking in concrete.
Although columns can be strengthened by various methods (e.g. concrete
jacketing, fibre-reinforced polymers and steel jacketing-caging), beam
column joints require complex systems being applied, but are not always
effective. In Europe, fitting steel caging around columns is one of the most
frequently used techniques, although its effectiveness against seismic
events requires further study. The aim of this work is to analyse the
behaviour of beam-column joints strengthened by steel caging subjected to
cyclic loading, for which an ambitious experimental campaign was carried
out on seven full-scale steel-caged specimens with a variety of
strengthening solutions at joints. The results provide insight into the
complex behaviour of joints with columns strengthened in this way, used as
the basis for practical recommendations for engineers and architects who
have to routinely retrofit structures against seismic events.

Keywords: Seismic strengthening; Retrofitting; RC beam-column joint;
Steel caging; Cyclic loads; Experimental test.

1. Introduction

Earthquakes are still one leading cause of loss of human lives and structural
damage [1,2]. In recent years, some of the most dramatic events include
earthquakes in Iran, the Philippines, Pakistan and China in 2013, Indonesia
and Iran in 2012, Japan and Turkey in 2011, Haiti and China in 2010, and
Indonesia and Italy in 2009. According to a review by Doocy [3] on events
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between 1980 and 2009, during this period almost 400,000 people lost their
lives, while around 61.5 million were seriously affected by earthquakes.

Many studies have been published on the damage caused by earthquakes to
reinforced concrete structures that evidence severe damage to columns and
joints, including events in: Lorca, Spain in 2011 [4]; Van, Turkey in 2011
[5-8]; Bingdl, Turkey in 2003 [9]; Hyogo-ken Nanbu, Japan in 1995 [10];
L’Aquila, Italy in 2009 [11]; various earthquakes in Turkey [12], among
others. Other studies have highlighted the negative effect of marine
environments on the behaviour of concrete structures close to coasts in
seismic movements [13,14], which may also need interventions to improve
their seismic response. Chloride corrosion causes general building stiffness
loss and local reduction of ductility in columns [13].

The most frequently used types of column strengthening [15] include
reinforced concrete jacketing [16-18], externally bonded fibre-reinforced
polymer jacketing [19-21] and steel jacketing [22-26]. Other possible
hybrid [27] and shape memory alloy types [28] have also been studied.
Although all these techniques are based on confining columns to increase
their axial, shear and bending strengths, not only beams and columns
should be taken into account when computing a building’s seismic strength,
but the fact that horizontal loads against which beam-column joints play a
crucial role should also be remembered. These can fail either before or after
the yielding of the beam or column reinforcement [29]. Cracked joints have
serious implications in structural analyses [30], especially in buildings
designed to resist only vertical loads given the brittle nature of joint failures
[31]. The strength of a structure with strengthened columns could,
therefore, be restricted by joints’ strength and ductility.

Joints are responsible for transmitting loads between columns and beams in
a very small area that has to withstand high concentrations of compression
and shear loads [32], while the reinforcement that passes through joints is
subjected to tensile and compression cycles that affect their adherence and
can damage the surrounding concrete [33]. Under gravity loads, the top
reinforcement layer in beams is subjected to tensile loads, while their
lowest layer of concrete is under compression, so that the design of the
beam reinforcement is not usually either symmetrical or continuous. Under
horizontal loads, original tensile and compression loads begin to oscillate.
For all these reasons, joints’ behaviour and the loads that act on them
depend on the combination of gravitational and horizontal loads and the
arrangement of its internal reinforcement.

Strengthening joints is somewhat more complicated than strengthening
columns because they are usually placed within slabs and there may be
other nearby damage-prone elements. Several studies on strengthening



80
81
82

83
84
85
86
87
88

89
90
91
92
93
94
95
96
97
98

99

100
101
102
103
104

105

106
107
108
109

110
111
112
113
114
115

116

beam-column joints [34] have been published, some by increasing the joint
panel size [35,36], others by using fibre polymer reinforcement [37-41]
and several by employing external steel elements [42-44].

This paper describes an ambitious experimental campaign on full-scale
beam-column joints with columns strengthened by steel caging. The aim
was to study the cyclic behaviour of different contact configurations
between strengthening and joints to design a technique that strengthens
existing structures that were designed to withstand only gravity loads and
are, thus, susceptible to damage by seismic events.

The results led to an easy-to-apply strengthening solution for existing
structures without having to open the joint panel, in which the column is
strengthened by longitudinal angled corner-pieces and battens, and joints
are strengthened by steel capitals welded to the column jacket. The full-
scale tests on this joint type posed a considerable challenge and had to be
done in two consecutive and coordinated stages given the simultaneous
application of gravity loads and horizontal loads on beams and columns. The
proposed strengthening technique improved internal reinforcement
adherence, the ability of beams to reverse moments and the beneficial
effect of strengthening on the beam-column joint’s cyclic behaviour.

2. Experimental program

The experimental program was designed to study the behaviour of steel
caging as a column strengthening system for the typical buildings designed
in the 1980s and 1990s in southern Europe, and other parts of the world, to
withstand only gravity loads, and which lack the necessary ductility to resist
the horizontal actions endemic to seismic movements.

2.1 Design of specimens

Five beam-column joint types were studied, some in duplicate to verify the
results, with a total of seven specimens. A specimen with a non-
strengthened joint (A.W.L0O) was used as the reference. A summary of the
specimen characteristics can be seen in Table 1.

The first letter A of the specimen nomenclature refers to the type of beam
reinforcement: Asymmetric means different upper and lower reinforcement
types. The next letter indicates the joint strengthening type: W, not
strengthened; C, capital only; CA, capital plus chemical anchor. The next is
the axial load level applied to columns: LO, normalised axial v = 0; LI,
normalised axial v = 0.3.
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Table 1. Number and characteristics of the tested specimens.

N° Specimen f. [MPa] Joint strengthening (Ni:-(rcl-i‘?)ag(N]
1 AW.LO 23.2 -- 0

2 A.C.LO 20.7 Capital 0

3 A.C.L1 23.2 Capital 625

4 A.CA.LO-1 15.6 Capital + chemical anchor 0

5 A.CA.LO-2 23.9 Capital + chemical anchor 0

6 A.CALI-1 13.2 Capital + chemical anchor 350

7 A.CAL1-2 19.7 Capital + chemical anchor 530

Figure 1 provides the specimen dimensions. The 2,200 mm-long specimens
consisted of 900 mm-long columns with a 300x300 mm cross-section, while
beams measured 3,300 mm from end to end with a 300x400 mm cross-
section and a length of 1,500 mm, as in other similar studies [45-47].
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Figure 1. Specimen geometry (dimensions in mm).

The distance between inflection points was 2,800 mm in columns and 4,000
mm in beams, including the elements required to fix the specimen to the
test frame, which were UPN steel pieces with welded plates. To ensure load
continuity between the test frame and specimen, @16 mm corrugated bars
were embedded in the beam and column ends.

The quality of the employed materials was similar to that used in typical
buildings in the 1980s and 1990s. The mean compressive strength obtained
from testing cylindrical specimens (on the same day as the test run on the
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corresponding specimen) was between 13.2 and 23.9 MPa (Table 1).
B500SD steel was used with a yielding strength and ultimate strength of
550/660 MPa for @12 mm reinforcement and 570/675 MPa for @16 mm,
respectively.

Beam reinforcement was asymmetric with different upper and lower
quantities (see Figure 2). Two independent beam segments were used,
which overlapped at the joint at 250 mm. Each segment had an upper
longitudinal reinforcement of 2@12 and a lower one of 2@16 in the corners,
with an additional upper reinforcement of 3016 mm crossing the joint
continuously to carry negative (hogging) bending moments. The transverse
beam reinforcement was @8/100 mm. Other authors have used similar
schemes [46-48].

The minimum amount of reinforcement was used in columns: 4@12 mm
longitudinal reinforcement in each corner and @6/150 mm stirrups. The
4012 mm longitudinal reinforcement was continuous with no overlaps to
reduce the number of variables considered in the experimental program.

In order to avoid any possible problems caused by the concentration of
loads due to local loads applied by actuators, the transverse reinforcement
was increased at the ends of beams and columns (Figure 2).

No transverse reinforcement was placed inside the joint core in any
specimen. The concrete cover was 25 mm in all the segments.
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Figure 2. Reinforcement (dimensions in mm).
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2.2 Strengthening technique

The strengthening technique consisted of placing vertical steel angle pieces
in the corners of the columns welded to rectangular transverse steel battens
after considering the results obtained in previous studies carried out at the
ICITECH of the Universitat Politecnica de Valéncia [22,49-51].

S275 steel was used in strengthening (yielding strength 275 MPa). The steel
elements remained in contact with the column surface by a cement mortar
(1/2 cement/sand ratio).

The four corner angle pieces of the column were L70.7 mm and battens
were 260x120x8 mm, except for those nearest the joint, where battens
were larger, 280x160x8 mm (Figure 3). Angle pieces were welded at the
ends to the UPN steel pieces to ensure the correct compatibility of the
deformations at that point.
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Figure 3. Steel caging (dimensions in mm).

Three types of column-joint connections were studied (Figure 4): one had
no column-joint connection, while a steel angle (capital) was welded to the
column strengthening in the other two that came into direct contact with
the beam’s surface. The difference between the last two types was that one
had no joint-capital connection and the other used two @16 mm chemical
anchors in each capital, which entered at a depth of 125 mm in concrete.

The capital was made with a larger section than that used for the columns,
L100.14 mm, stiffened with 12 mm steel plates to reduce its deformability.
Capital dimensions were based on the results of a previous study [50]. This
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capital was joined lengthwise to the metal battens and to the corner angle
pieces at each end so that capitals were welded to the strengthening on
three sides.
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Figure 4. Joint strengthening.

2.3 Test setup

Two types of actions were considered in the experiments: gravitational and
horizontal. For the gravity load on the column, two normalised axial load
values were fixed: 0 and 0.3. Both values represent the actions performed
on the top and ground floors, respectively. The value of the load on beams
was set at 30 kN and applied to the end of each beam to simulate slab loads
(Figure 5a). This value was determined in such a way that the bending
moment generated at the joint came close to that which would be
generated at the same point in a structure of continuous beams under
gravity loads acting on a slab during a seismic event, by considering the
combination coefficients of actions in accidental situations. Authors such as
[38,52,53] have also considered gravity loads on beams in their tests.
Horizontal actions were applied by gradually incrementing cyclic loads until
specimen failure in accordance with the scheme shown in Figure 5b.
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a. Gravity loads. b. Horizontal loads.

Figure 5. Loads applied to specimens.
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According to the literature, two different techniques are used to apply
horizontal actions [54]: one consists of applying them to the top of the
column to allow beams to move horizontally, and not vertically (CL method)
[53-55]; the other involves applying opposite vertical loads to the ends of
beams to avoid the horizontal movement of column ends (BL method)
[39,47]. This requires coordination between both hydraulic actuators, but
completely controls the applied loads and the movement of beams, which is
fundamental to correctly coordinate gravity and cyclical loads.

The test was carried out by the BL method in two phases: in the first one,
the gravity load on beams was controlled by force control. In the second
phase, this was controlled by moving beams. Thanks to this combination of
phases, the gravity load on beams remained constant throughout the first
phase and the first cycles of the second phase, in which the algebraic sum
of loads on beams equalled the sum of the gravity loads on beams.

In the second phase, as movements increased and non-linear effects began
to be noted, the algebraic sum gradually declined with the degradation of
beam stiffness. The non-symmetry of beam reinforcement meant that the
load they could stand differed according to the direction in which it was
applied, which was the same case as that involved in the redistribution of
loads in a concrete framed building.

Each cycle was repeated 3 times to detect whether or not degradation
increased with each repetition, as in [56,57]. In the first phase, the loading
rate was 0.33 kN/s at opposite beam ends until drift ratio values of 0.25%,
0.50% 0.75% and 1.00% were obtained. In the second phase, control was
achieved by imposing displacement with a 120-second period per cycle and
with a raising drift ratio of 0.50% until specimen failure occurred (Figure 6).

Phase 1 Phase 2

ON BO 0

Drift ratio [%]

Figure 6. Load cycles (drift ratio & time).

All the test frame/specimen connections were hinged to rotate freely on the
test plane. Figure 7 depicts a specimen ready for testing. Axial load was
applied to the column by a 1000 kN hydraulic actuator. As the specimen
was connected to the test frame at the point where the axial load was
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applied, the upper column end moved vertically, but not horizontally. Cyclic
loads were applied to both ends of beams by two double-acting actuators
with 250 kN load capacity and a displacement range of 500 mm.

Figure 7. Specimen in the test frame ready for testing.

The load protocol was as follows:

1. Constant axial load on column (L1 specimens only). Force control

2. Gravity load applied to beam ends. Force control.

3. Cyclic loads, first phase. Equal load increments applied to each
beam in opposite directions. Force control.

4. Phase change. Recording the movements obtained in last cycle of
the first phase to calculate the movements to be applied in the
second phase. Displacement control.

5. Cyclic loads, second phase. Increased beam displacement until
specimen loses at least 15% of its maximum strength.

2.4 Test monitoring system

Specimens were instrumented by strain gauges (Figure 8). The main
objective of monitoring reinforcement was to study reinforcement
adherence at joints, as in previous studies [46,58]. All the rebars in
columns (C1-C4) were monitored in the two segments where the column
met the joint (positions 1 and -1). Two opposite rebars (C2 and C3) were
also monitored in three more positions (positions -2, 0 and 2). Each column
reinforcement was fitted with 14 strain gauges.

All the beam rebars (BA1-BA4 and BAC) were monitored in the two
segments where the beam met the joint (positions -2 and 2). The upper
central reinforcement (BAC) and those at opposite corners (BA1, BA4) were



253 monitored at six more points (positions -3, -1, 0, 0, 1, 3). Position 0 was
254  repeated to measure the strain of both overlapping reinforcements at this
255 point. Each beam had 27 strain gauges.
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256 Figure 8. Monitoring internal reinforcement.

257 The steel-caging instrumentation is shown in Figure 9. A strain gauge was
258 placed on each angle piece in the section closest to the joint between two
259 battens (S51-S4 in the upper segment, and [1-I4 in the lower one, at a
260 distance of 230 mm from the column base).
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261 Figure 9. Steel-caging instrumentation.
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3. Experimental results and discussion

3.1 Hysteretic response and failure modes

The obtained results are shown in Figure 10 by means of column shear
load, Vc, in relation to relative displacement (drift), together with an image
of the state of the beam-column joint in the first cycle for a given
displacement value: +3.5% drift ratio for the tests with no axial load on
columns, and +2.5% drift ratio for those with axial load.

Figure 10 shows two different types of cracking: bending cracks where the
column meets the joint, negative (hogging) bending moment cracks in
beams, positive (sagging) bending moment cracks in beams, and shear and
compression cracks in the joint.

The effects of axial loads on columns can be seen in the graphs in the form
of hysteresis loops. With no gravity loads on the column, marked pinching
appeared (Figure 10a, Figure 10b and Figure 10c). Degradation occurred
when the concrete lost part of its compressive strength in the beam and
column segments due to joint shear deformation [59], plus loss of
reinforcement adherence. The hysteresis loops obtained in the tests with
the applied axial loads to columns clearly differed (Figure 10d and 10e).
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Figure 10. Left: column shear load vs. drift ratio. Right: joint view at the 3.5% drift ratio in
the specimens with no axial loads on the column (LO), and a 2.5% drift ratio in those with
axial load (L1).

281 Error! Not a valid bookmark self-reference. summarises the general
282  results obtained in the tests: maximum shear load reached in specimens in
283 both loading directions (V.*, V), the drift ratio for max shear in each
284 movement direction (Drift*, Drift"), the mean value of both shear loads
285 (Vem) and the drift ratio value for 15% loss of max strength (Driftsse).
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Table 2. General test results.

. V.t V¢ Drift* Drift~ Vem Driftsso
Specimen  1yN]  [KkN] [%] [%] [kN] [%]
A.W.LO 32.7 -25.9 5.5 -1.5 29.3 >5.0
A.C.LO 49.9 -46.9 3.0 -4.0 48.4 >4.5
A.C.L1 86.7 -82.8 2.0 -2.0 84.8 2.9
A.CA.LO-1 49.9 -41.4 2.5 -3.5 45.7 3.9
A.CA.LO-2 43.1 -42.1 1.5 -1.5 42.6 >6.0
A.CA.L1-1 68.7 -64.4 2.0 -2.0 66.6 2.3
A.CA.L1-2 77.8 -78.2 2.0 -2.0 78.0 2.9

The column shear value is not completely symmetrical in the positive and
negative load directions (Table 1 and Figure 12a), due apparently to the
position of the overlapping reinforcements inside the joint (Figure 11). As
the corner reinforcement in beams overlapped inside the joint, a decision
was made to overlap each pair of bars on the same plane (beside each
other) by strictly following the same arrangement. On the left beam in
Figure 11, the upper overlapping reinforcement (2@12) was placed outside
that of those of the right beam, while the left beam lower reinforcements
(2016) were placed inside those of the right beam. In this way, for Drift*
displacements the reinforcements of the beams under tensile loads were
covered by most concrete and had, therefore, the most anchorage capacity.
For Drift™ displacements, the reinforcements of the beams under tensile
loads had the least coverage and, thus, less anchorage capacity.

Figure 11. Arrangement of the overlapping reinforcements inside the joint.

Figure 12a shows the hysteretic curve envelopes of all the specimens. The
control specimen (A.W.L0O) maintained the load with great ductility when



305
306

307
308
309
310
311
312

313
314
315
316
317
318
319

320
321
322
323
324

325
326
327
328

329
330

max. strength was limited by column reinforcement yielding. Figure 13a
shows the separation between the column and joint elements.

The use of capitals (A.C.L0O) increased strength by 65% compared to the
control specimen, thanks to the larger supporting base of the column on the
joint that they provided. This specimen with capitals also offered good
ductility and reached a 4.5% drift ratio with no loss of strength, but the test
was interrupted by an accidental power outage and no further data are
available.

The use of chemical anchors did not improve specimens’ cyclic behaviour,
and even had a negative effect. The loads reached in A.CA.LO-1 and
A.CA.LO-2 were 6% and 12% less than those in the test with no chemical
anchors (A.C.L0), respectively. When the chemical anchor was subjected to
tension loads, the concrete around it became damaged (Figure 13d). When
the load direction was reversed, the already degraded concrete zone had to
resist the compression transmitted by the capital with its lower capacity.

The specimens with axial loads (A.C.L1, A.CA.L1-1 and A.CA.L1-2) reached
the highest strength, but displayed more brittle behaviour as failure was
governed by combined normal and bending loads. Figure 13e shows the
buckling of the column reinforcement inside the joint. The load reached by
specimens depended on the axial load value applied to the column.

Figure 12b indicates the shear load at each end of beams: V1, load of the
left-hand actuator; V2, load of the right-hand actuator. Note that for the
0% drift ratio, the load on beams was 30 kN, which represents the initial
gravity load applied at the beginning of the test.
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a. Shear load in column vs. drift. b. Shear load in beams vs. drift.

Figure 12. Envelope loads vs. displacement.

The specimens with no axial load (A.W.LO, A.C.LO, A.CA.LO-1 and A.CA.LO-
2) reached a similar maximum load in both beams in the gravity direction
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(positive value). This load was limited to beams' bending moment capacity
due to the yielding of the 3016 continuous rebars across the joint (Figure
2). The overlapping discontinuous reinforcements (both upper and lower)
were not effective due to the large bending crack between the column and
the joint: reinforcement did not remain in contact with concrete (Figure
13a, Figure 13b and Figure 13c). This separation removed the necessary
reinforcement confinement for the overlapping reinforcements to be able to
transmit loads due to the cyclic nature of the tests [33]. Beams could not
withstand the inversion of bending moments. This effect is seen in Figure
12b, where no negative shear load values are applied to beams. In the tests
with axial loads, greater loads were reached on beams in both the positive
and negative gravity directions, which shows that axial load benefits the
overlapping capacity of the discontinuous reinforcements inside the joint.

; . bt T S.' g x 0
a. Crack between column b. Loss of adherence.
and joint. A.W.LO - ~_CA.L0-2

c. Capital separation. d. Concrete damage e. Buckled
A.C.LO beneath capital. A.CA.LO- column

1 reinforcemen
t. A.C.L1

Figure 13. Local damage observed during tests.

3.2 Energy dissipation capacity and stiffness degradation

Figure 14a shows the results of the energy dissipated in tests. The
specimen without capitals dissipated the least energy, while the others had
similar values in small displacements and with considerable differences in
the larger ones. The specimens with axial loads on columns dissipated more
energy for the same displacement, but failed earlier.

Figure 14b shows the stiffness obtained in tests. The reference specimen
was by far the least stiff. Using capitals increased column stiffness, and did
so further with an axial load on the column. However, stiffness degraded
rapidly in all cases with 50% loss for the 1.5% drift ratio.
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It should be noted that the stiffness of the specimen with capital (A.C.CO0)
was initially similar to the reference specimen (A.W.L0) and it was finally
equal to both specimens with capital and chemical anchors. This was due to
all the capitals not having without mortar and coming into direct contact
with the beam. In the specimens with chemical anchors, the used resin
partially filled the small space between the capital and beam so that the
specimen with capitals was only less stiff initially until the capital came into
contact with the beam’s surface due to column bending deformation.
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Figure 14. Energy dissipation and stiffness degradation.

3.3 Reinforcement behaviour

This section presents the main obtained results, including: reinforcement
strain at various points (see Figure 8); adherence conditions inside the
joint; effectiveness of the discontinuous overlapping reinforcements; the
effect of an axial load applied to the column. The reliability of the data
obtained from strain gauges was verified by comparing the results of the
symmetrically placed gauges.

Figure 15 illustrates the upper strain in BAC and BA4 in tests A.C.LO and
A.CA.L1-1. The X-axis represents the distance in metres from the
measurement point to the column axis (Figure 8); the Y-axis represents the
strain recorded by the strain gauge under gravity loads only (Figure 5a), i.e.
after three load cycles at each drift ratio (Figure 5b, Figure 6). The following
reinforcement behaviour patterns were noted:

- When gravity load was applied to beams, the reinforcement strain at
the mid-point of the joint was less than at the points where the beam
entered the joint.

- After the first three cycles at the 0.25% drift ratio, the strains at all
points into the joint (Pos -1, Pos 0 and Pos 1) in the BAC
reinforcement were equal, which indicates loss of adherence to the
joint concrete and that reinforcement acted as a tie.
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- Strain in the BA4 reinforcements gradually decreased after each cycle
until a zero strain, which indicates complete loss of overlap.

- Figure 15d shows that the axial load on the column favoured the
overlap effectiveness of discontinuous reinforcements.
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Figure 15. Strain of all the drift ratio values of the upper reinforcement in the beams of
specimens A.C.LO (left) and A.CA.L1-1 (right). Gravity load.

Figure 16 depicts the analysis of the reinforcement strain in the similar
beam to that shown in Figure 15 but, in this case, the strain at each point
was that recorded in the first cycle of each drift ratio value. The following

observations were made:

- In Figure 16a, the tensile strain in the BAC upper reinforcement was
constant up to approximately the column axis, after which it
gradually declined due to adherence. It should be noted that this
reinforcement was anchored to the other side of the joint, where
concrete was compressed due to inverse beam moments (Figure
12b). In the specimen with the axial load (A.CA.L1-1), the BAC
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reinforcement anchorage was seen to start at the point where it
entered the joint zone (Figure 16b).

Although the continuity of tensile loads was not possible in
discontinuous reinforcements BA4 (Figure 15c and Figure 15d),
certain reinforcement anchorage capacity was noted when the
horizontal loads were applied (Figure 16c). The transmission of
tangential stress between reinforcement and concrete in the joint was
once again favoured by applying the axial load to the column (Figure
16d).

Lower beam reinforcement BA1 remained under compression strain
at all the recording points in specimen A.C.LO (Figure 16e). The
reinforcement compression strain can be seen on the right of the
graph due to the negative bending moment, while there is no tensile
strain on the left in spite of the reversed direction of loads. However,
the lower reinforcement had greater anchorage capacity in the
specimen with an axial load on the column (Figure 16f), thanks to
which beams were able to reverse bending moments (Figure 12b).
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Figure 16. Strain for all the drift ratio values in the beam reinforcement of specimens A.C.LO
(left) and A.CA.L1-1 (right). Gravity plus horizontal loads.

Figure 17 gives the unitary column reinforcement strain of specimens
A.C.LO (without axial load) and A.C.L1 (with axial load). The X-axis
represents the distance in metres between the strain gauge and the beam
axis. Column reinforcements behaved similarly to the continuous beam
reinforcements (Figure 16a), but with some considerable differences:

- Max reinforcement strain took place in the column/beam intersection
and continued as far as the beam axis, the point at which tensile
strain declined.

- The tensile strain of reinforcement considerably reduced in the
sections where column reinforcement was confined by external
strengthening.

- The column reinforcement strain substantially reduced when the
column was subject to an axial load. The tensile strains at the 1.5%
drift ratio were 3,000 pe and 900 pe for tests A.C.LO and A.C.L1,
respectively.
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Figure 17. Strain for the drift ratio values in the column reinforcement of specimens A.C.LO
(left) and A.C.L1 (right). Gravity plus horizontal loads.
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3.4 Strengthening behaviour

Eight strain gauges were placed on each steel angle (Figure 9), all of which
gave similar results due to the symmetry of strengthening and the loads
applied to columns (Figure 18). From the figures, we see that:

- The angles on the control specimen (A.W.L0O) were required to work
the least for not having capitals. So the tensile and compression
loads that they received were due to friction with the column.

- Capitals allowed compression loads to be transmitted directly
between the beam and strengthening (A.C.LO).

- The compression strain of angles was the least in the specimen with
chemical anchors and capitals with no axial load (A.CA.LO). The
authors consider that this was due to the degradation of the concrete
that came into contact with the capital caused by chemical anchors
being pulled out.

- Small tensile strains were measured because angles were not
connected to the joint.
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Figure 18. Strain of steel angles.

Figure 19 depicts the participation of strengthening as a mixed section in
the column response of three tests (A.W.L0O, A.C.LO and A.C.L1). The stress
of angles was estimated by multiplying the strain obtained by the modulus
of elasticity. This stress was then multiplied by the angle area to obtain
force, and the force on each angle was multiplied by the distance to the
column axis to obtain the bending moment on the angles in the section
where strain gauges were placed (Figure 9).

The left-hand column in Figure 19 gives: the bending moment value in the
section with strain gauges (M.Total), the bending moment borne by angles
(M.Angles, estimated from the strain values), the bending moment borne by
the reinforced concrete section of the column in this zone (M.RC, calculated
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from the difference between M.Total and M.Angles). The right-hand column
in Figure 19 gives the percentage participation of angles and the reinforced
concrete section in relation to the total bending moment of the section
under study.

The bending capacity of the reinforced concrete column (M.MaxRC) was
obtained experimentally from the test run on the control specimen by
multiplying the maximum shear load obtained (Figure 10a, Table 2) by the
distance to the column/joint intersection, where longitudinal reinforcement
yielding occurred. This bending capacity of the reinforced concrete column
can be found in Figure 19a and Figure 19b, denoted by a dashed red line.

In the control specimen, the percentage contribution of angles ranged
between 21% and 28% (Figure 19a). This was the lowest percentage as the
contribution was obtained solely via the contact of materials in a short
length (220 mm). Including the capital increased the column’s max bending
moment, in which angles contributed 38% at the beginning of the test and
amounted to 68% when it ended (Figure 19b). In specimen A.C.L1, the
bending strength was shared almost equally between angles and the
reinforced concrete section (Figure 19c¢).
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Figure 19. Behaviour of the composite column section subject to the bending moment
(A.W.LO, A.C.L0O) and flexocompression (A.C.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 bending moment strength.

4. Conclusions

This paper describes an experimental study run on seven full-scale
reinforced concrete beam-column joints with non-ductile details and
strengthened externally by steel caging. Beams were reinforced
asymmetrically with overlaps inside the joint and designed to resist gravity
loads only. An initial gravity load was applied to beams, followed by
horizontal cyclic loads. In some specimens, an axial load was applied to the
column to study its influence on joint behaviour. All the columns were
strengthened externally in the same way by steel angles and battens. Two
methods to connect the column jacket to the joint by steel capitals were
analysed. The following details of specimens’ behaviour were observed:

- The specimen strengthened without capitals was highly ductile and its
max bending capacity was limited by the vyielding of column
reinforcement, which occurred in the column/joint intersection and
caused serious cracking.

- Applying the capitals that came into contact with the joint added 65%
to the maximum load resisted by the control specimen. Capitals
transmitted compression loads directly between the steel caging and
joint, and increased the column’s mechanical bending arm.

- Using chemical anchors to connect capitals and the joint reduced the
response of the specimens with no applied axial load.

- An axial load on the column increased the horizontal load resisted by
specimens, although the specimens with axial loads presented more
brittle behaviour than the specimens with no axial load.

- The bond between reinforcement and concrete inside the joint was
lost after the first cycles. The continuous reinforcement started
working as ties between beams through the joint: discontinuous
reinforcement became useless under gravity loads.



503
504
505
506
507
508
509
510
511
512
513
514
515
516
517

518
519
520
521
522
523
524
525
526
527
528

529

530
531
532
533

534

535
536
537

538
539

540
541
542

- Applying an axial load to columns improved both the continuous and
discontinuous reinforcement anchorages inside the joint

- The greatest column reinforcement strain took place at the
column/joint intersection, although it rapidly declined in the section
confined by strengthening. The cases with an applied axial load to the
column recorded less column reinforcement strain.

- Angles contributed notably to the bending moments of the mixed
steel cage-reinforced concrete section. With steel angles only, the
contribution of the strengthening bending moment was around 21-
28% in a section close to the joint, where loads were transferred by
friction between angles and mortar on the column surface at a
distance of only 220 mm. This rose to 68% with the capitals welded
to angle ends. In this case, tensile loads continued to be transmitted
by friction, but compression loads were also transmitted by the direct
contact between the capital and joint.

This study highlights the improvement conferred to the beam-column joint
by this type of strengthening and the importance of applying the gravity
load to beams to study real joint behaviour and reinforcement anchorage
conditions. We observed that by using only steel capitals, the capacity of
the beam-joint unit increased by up to 65% and the widespread use of
chemical anchors does not provide extra benefits. As applying the proposed
technique does not involve opening the joint panel, its application in
practical refurbishment cases is quite simple and does not damage the
existing structure. Capitals can transmit compression loads between
columns through the joint but, as they are not connected to the joint itself,
no tensile loads are transmitted between columns.
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