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A B S T R A C T   

The seismic behaviour of reinforced concrete structures built with plain reinforcing bars is sometimes condi
tioned by the slippage between the reinforcing bars and the surrounding concrete in the elements as exterior 
beam-column joints. The anchorage of the beam reinforcing bars in the core joint with weak concrete 
confinement, inappropriate reinforcement detailing for seismic loads and poor bond properties are the common 
reasons for collapse of many structures. This paper presents the results of four unidirectional cyclic tests and two 
unidirectional monotonic tests carried out on full-scale exterior beam-column joints built with plain and 
deformed reinforcing bars. These specimens are representative of reinforced concrete structures built without 
adequate reinforcement detailing for seismic loads. The influence of bond properties, lapping of the longitudinal 
bars, anchorage of the beam reinforcing bars and loading on the beam-column joints response are investigated.   

1. Introduction 

Recent earthquakes have showed the vulnerability of the existing 
reinforced concrete (RC) structures to seismic loading, particularly the 
beam-column joints. Inappropriate joint reinforcement detailing may 
lead the structural elements to a premature failure, especially in the case 
of exterior beam-column joints. Typically, the failure mode in exterior 
joints with insufficient transverse reinforcement is concrete shear in the 
form of diagonal tension [1]. Slippage of the reinforcing bars can be 
another mechanism that may conditioned the seismic behaviour of the 
joints, especially in structures built with plain reinforcing bars and prior 
to the enforcement of the modern seismic-oriented designed codes. 
Cyclic loads such as those induced by earthquakes, cause progressive 
concrete-steel bond degradation, which can lead to significant bar 
slippage. As a result, the maximum strength capacity of the structure 
may not be reached and the elements’ deformation might enlarge, 
leading to the premature collapse of the structure. The failure of old RC 
structures may be anticipated by other factors apart from bar slippage 
and weak joint confinement, such as [2]: inadequate reinforcement 
detailing for seismic demands; lower compressive concrete strength; and 
design only for gravity loads. 

Depth research has developed on the design of new RC structures and 
improvement of design codes (for example [3–6]) but lower amount of 

studies have been focus on the assessment and retrofitting of old RC 
structures [7–20], and the cyclic behaviour of existing RC elements is 
not yet fully understood. The studies focus on the cyclic assessment of 
RC beams, columns and beam-column joints built with plain reinforcing 
bars [8–16], on the retrofitting of existing RC elements [9,17–20] and 
numerical modelling [7,14]. Recent studies also have focus on the ret
rofitting and strengthening of exterior RC beam-column joints with lack 
of shear reinforcement in the joint core and poor reinforcing detailing 
for seismic loading [21–24]. 

This paper describes an experimental campaign performed for 
assessment of the monotonic and cyclic behaviour of six full-scale RC 
exterior beam-column joints built with plain and deformed bars and 
without seismic reinforcement detailing. The specimens are represen
tative of typical exterior beam-column joints in existing RC structures in 
the European Mediterranean countries built before the 70s. The influ
ence of reinforcing steel surface, lap-splicing of longitudinal reinforcing 
bars, longitudinal beam reinforcing bars anchorage and lateral loading 
history (monotonic or cyclic) on the response are investigated. 

The specimens were designed according to old RC codes and without 
seismic detailing in order to represent the typical exterior beam-column 
joint in existing RC buildings. Different reinforcement detailing was 
adopted in the specimens’ design. An additional joint specimen built 
with deformed reinforcing bars was cyclically tested and the results 
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were compared with an analogous specimen built with plain bars. The 
main results in terms of global and local response of this testing 
campaign are presented and discussed, allowing the study of the influ
ence on the response of exterior beam-column joints of: bond properties; 
lapping of the longitudinal reinforcing bars on column; anchorage of the 
longitudinal beam reinforcing bars in the core joint; lateral loading 
(monotonic and cyclic); and joint shear strength prediction. 

2. Specimens detailing, material properties and test setup 

2.1. Detailing of joint specimens 

The experimental campaign was performed in the Department of 
Civil Engineering at the University of Aveiro to describe the behaviour of 
existing exterior beam-column joints built with plain reinforcing bars 
under monotonic and cyclic loading. Five full-scale exterior beam- 
column joints were built with plain reinforcing bars and tested under 
lateral monotonic and cyclic loading until reach the rupture. Four 
specimens were design and detailed according to the first Portuguese 
codes for reinforcing concrete structures, RBA (1935) [25] and REBA 
(1967) [26], i.e. without shear reinforcement in the joint, without 
seismic detailing and not considering the more recent capacity design 
rules. Another specimen was built with poor anchorage (180◦ hooks) of 
the beam longitudinal reinforcement. An extra specimen was built with 
deformed reinforcing bars to study the influence of the bar surface on 
the response of the exterior beam-column specimens. All the specimens 
have inadequate shear transverse reinforcement detailing in the joint 
region in order to represent the typical existing RC structures designed 
only for gravity loads. The ratio between the moment of resistance of the 

columns and the moment of resistance of the beam is 0.8 and conse
quently the mechanism weak column-strong beam is observed. 

The specimens represent exterior beam-column joints at the first- 
floor level of a four-storey building and connect beams with 4.0 m 
(157 in) span and columns with 3.0 m (118 in) height. 

The geometry, dimensions, reinforcing details and nomenclature of 
the specimens are presented in Fig. 1. The cross-section dimensions are 
the same for all specimens being 0.25 × 0.25 m2 (9.84 × 9.84 in2) for 
columns and 0.25 × 0.40 m2 (9.84 × 15.75 in2) for beams. The 
anchorage of the longitudinal plain reinforcing bars consists in 180◦ end 
hooks except for specimens type TPA and TPB where the anchorage of 
the longitudinal reinforcing bars of the beam in the core joint consists in 
90◦ bend followed by a straight length of 0.25 m (9.84 in) and ends with 
a 180◦ hook. The mandrel diameter and the straight prolongation after 
the hook are four times the bar diameter. In the specimen with deformed 
reinforcing bars 90◦ end hooks with a 0.15 m (5.9 in) and 0.30 m (11.8 
in) straight prolongation after the hook were adopted for columns and 
beam, respectively. The lapping length of the longitudinal plain rein
forcing bars is equal to 30 times the bar diameter and it was defined 
according to the recommendations of the first Portuguese RC codes. The 
stirrups were anchored by 90◦ bends in all specimens and the core joint 
did not have stirrups. 

Specimens TPA-1 and TPA-2 have continuous longitudinal plain 
reinforcing bars. Specimen TPA-2 is assumed as reference specimen. 
Specimens TPB-1 and TPB-2 are similar to specimens TPA-1 and TPA-2 
but with lap-splices in the longitudinal reinforcing bars located at the 
base of the superior column. Specimen TPC has continuous longitudinal 
plain reinforcing bars, but the reinforcing bars anchorage of the beam in 
the joint is made with 180◦ end hooks. Specimen TD is equivalent to TPA 

Fig. 1. Specimens (geometry, dimensions and reinforcement detailing).  
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specimens but built with deformed reinforcing bars. 
Hot-rolled plain and deformed bars with grades A235 and 

A400NRSD were used as reinforcement of the specimens with plain and 
deformed bars, respectively. Concrete grade C16/20, according to EC-2 
classification [27], was specified for the construction of the specimens. 
Steel reinforcing bars tensile tests were performed according to [28]. 
Table 1 summarises the mean properties of the concrete and steel used to 
build the specimens, where fcm is the concrete compressive strength of 
cylinder samples (Ø15cmx30cm), fctm is the tensile strength of concrete, 
fym is the yield strength of reinforcement steel, fum is the ultimate tensile 
strength of reinforcement and Eym is the Young’s modulus of the 
reinforcement. 

2.2. Test setup, loading conditions and monitoring 

Fig. 2 presents the loading conditions, lateral displacements history 
imposed, test-setup and monitoring scheme adopted in the tests. The 
specimens are tested in the horizontal position. The constant axial load 
(N) of 200kN (45 kip) is imposed in all tests by a hydraulic actuator 
placed at the top of the superior column associated to two tie rods linked 
to the base of the inferior column. To maintain the tie rods centred with 
the core joint during the test, two steel tubes are mounted at the base of 
the inferior column to extend the tie rods length. Therefore, the length of 
the tie rods in both sides of the joint (in the superior column and in the 
inferior column) is similar diminishing the second order effects at the 
columns’ extremities. The monotonic tests (specimens TPA-1 and TPB-1) 
consist in apply an increasing displacement at the top of the superior 
column in the negative direction up to 6 % of drift. The cyclic tests are 
also carried out under displacement-controlled conditions of the 
imposed lateral displacements. The displacements’ history imposed 
consists in three cycles applied for each of the following drift peak values 
(± %): 0.1, 0.2, 0.3 and then 0.5 to 3.5 with 0.5 increments (see Fig. 2a). 
The lateral displacements are imposed with a velocity rate ranging from 
0.1 mm/second (0.0039 in/second) for the first cycles to 1.5 mm/second 
(0.059 in/second) for the last cycles. 

The arrangement of the sensors used for monitoring is shown in 
Fig. 2d. Each pair of parallel displacement sensors located in each col
umn or beam allows the computation of the axial deformation and the 
relative rotation, from which is calculated the mean curvature in the 
slice. 

3. Experimental results and discussion 

The experimental results are here presented and discussed, namely: 
hysteretic force-drift diagrams, force-drift envelopes, strength degra
dation, hysteretic dissipated energy evolution, equivalent damping- 
displacement ductility relationship, damages, drift components and 
joint shear strength. Comparisons of the response obtained for the 

specimens are made in order to show the response differences due to: i) 
reinforcing steel surface; ii) lapping of the longitudinal reinforcing steel 
bars; iii) anchorage of the beam longitudinal reinforcement in the joint. 
The damage patterns observed at the end of the tests are also compared. 

3.1. Global force-drift response and strength degradation 

The cyclic lateral force-drift response and the force-drift envelopes of 
the specimens tested are presented in Fig. 3 and Fig. 4, respectively. 
Each plot of Fig. 3 includes the response of two specimens aiming to 
highlight the differences for each variable under study, namely: bond 
properties (TPA-2 versus TD); lap-splice of the column longitudinal 
reinforcing bars (TPA-1 versus TPB-1 and TPA-2 versus TPB-2); and 
anchorage of the beam longitudinal reinforcing bars in the joint (TPA-2 
versus TPC). In Fig. 4 is also compared the force-drift envelopes of the 
cyclic tests with the monotonic test results to show the difference be
tween cyclic and monotonic loading (TPA-1 versus TPA-2 and TPB-1 
versus TPB-2). Fig. 3 also shows the onset of each type of observed 
damage (the values are presented in Table 2), namely: cracking on beam 
(B. crack.), cracking on columns (C. crack.), cracking on the core joint (J. 
crack.), concrete cover spalling (C. spall.) and bar buckling. 

Table 2 summarises the main values of the experimental response 
(for loading in positive direction) corresponding to: maximum force 
(Fc,max), drift at maximum force (DriftFc,max), ultimate force (Fc,ult), drift 
at ultimate force (DriftFc,ult) and drift for each type of observed damage. 
The ultimate force was defined according to Park and Ang [29], i.e. 
when was observed a 20 % strength reduction relatively to the 
maximum force. 

Generically, the cyclic response obtained was symmetric and the 
maximum strength and initial stiffness (in the positive direction) are 
similar for all specimens once the material properties, cross-sections, 
load conditions and steel amount were similar in all specimens. How
ever, considerable differences were observed on the response of the 
specimens in terms of damages, softening and strength degradation. The 
initial stiffness in the negative direction was around 20 % lower than in 
the positive direction for all specimens loaded cyclically. Generally, the 
cracking started at the beam for drift level of 0.2 % and then at the 
columns for drift level of 1.0 %, except in specimen TPA-1 that was 1.5 
%. None shear cracks were observed in TPB specimens, but in the other 
specimens were observed shear cracks for drift levels ranging between 
1.0 % (specimen TPC) and 2.5 % (specimen TPA-1). The cover spalling 
started for drift levels between 2.0 % (specimen TPC) and 5.5 % (spec
imen TPA-1). Bar buckling was observed in the core joint region for drift 
levels ranging from 2.0 % (specimen TPC) and 3.0 % (specimens TPA-2, 
TPB-2 and TD). In the monotonic tests was not observed bar buckling. 

The differences in the hysteretic response of specimens TPA-2 and TD 
(Fig. 3a) were minor up to 2.5 % drift once the rupture of the specimens 
was mainly associated with the joint shear mechanism and not related 

Table 1 
Concrete and steel mechanical properties (mean values).  

Specimen Concrete Steel 

Bar surface Ø8 mm Ø12 mm 

MPa (ksi) MPa  

(ksi) 

GPa  

(ksi) 

MPa  

(ksi) 

GPa  

(ksi) 

fcm fctm fym fum Eym fym fum Eym 

TPA-1 24.5 (3.55) 2.3 (0.33) Plain 410  

(59.5) 

495  

(71.8) 

198  

(28717) 

405  

(58.7) 

470  

(68.2) 

199  

(28863) 
TPA-2 25.8 (3.74) 2.5 (0.36) 
TPB-1 15.8 (2.29) 2.0 (0.29) 
TPB-2 27.3 (3.95) 2.9 (0.42) 
TPC 23.8 (3.45) 2.6 (0.38) 
TD 21.5 (3.12) 2.4 (0.35) Deformed 470  

(68.2) 

605  

(87.7) 

198  

(28717) 

465  

(67.4) 

585  

(84.8) 

199  

(28863)  
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with the bond properties. Therefore, was not evident that the bond 
properties have influenced the global cyclic response of the exterior 
beam-column joint with plain reinforcing bars. The lap-splice in the 
superior column of specimen TPB-2 did practically not influence the 
hysteretic response when compared to specimen TPA-2, as well. How
ever, the hysteretic response of specimen TPC showed larger softening 
and strength degradation than in the reference specimen. Moreover, 
specimen TPC achieved the ultimate force for a drift demand of 1.4 % 
while for the reference specimen was 2.6 %. The weak anchorage of the 
beam longitudinal bars in the joint of specimen TPC lead to larger 
strength degradation and softening and the ultimate force was reach for 

drift level that was almost half of the one for specimens with a proper 
anchorage detailing (TPA-2 and TPB-2). The specimens monotonically 
loaded showed similar behaviour up to 2.0 % drift and then was 
observed softening in specimen TPA-1 and a plateau in specimen TPB-1. 
Therefore, specimen TPA-1 reach the ultimate force for 4.3 % drift and 
specimen TPB-1 did not achieve the ultimate force up to 6.0 % drift. The 
response of specimens tested monotonically match with the force-drift 
envelopes of the corresponding specimens tested under cyclic loading 
up to achieve the maximum strength. 

The strength degradation (SD) evolution (from 0.3 % drift) between 
the first and second and between the first and third cycles of each drift 

N
FC dC

d C

N

Fc dc

Fig. 2. Test-setup and monitoring: a) support and loading conditions idealized and imposed lateral displacement history; b) test setup schematics; c) general view; 
and d) monitoring scheme. 
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Fig. 3. Lateral force-drift relationships: a) TPA-2 versus TD; b) TPA-2 versus TPB-2; c) TPA-2 versus TPC; and d) TPA-1 versus TPB-1. (Note: 1 mm = 0.0394 in).  

Fig. 4. Experimental force-drift envelopes. (Note: 1 mm = 0.0394 in).  
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level is shown in Fig. 5. In this figure is also present the best linear fitting 
curves and corresponding equations. In the equations the strength 
degradation and drift levels are expressed in percentage. For specimens 
TPA-2, TPB-2 and TD the strength degradation between the second and 
third cycles corresponds to 55 % of the strength degradation between 
the first and second cycles. For specimen TPC this percentage is 74 %. 
The fitted curves of specimens TPC and TD have the largest slopes, 
therefore the strength degradation for high drift levels was larger than in 
the reference specimen (CPA-2). 

3.2. Dissipated energy evolution 

The hysteretic dissipated energy is a parameter that evaluate the 
capacity of the element to dissipate energy under cyclic loading. The 
hysteretic dissipated energy evolutions, calculated as the area under the 
experimental lateral force–displacement diagrams, are shown in Fig. 6. 

The dissipated energy evolutions were similar for all specimens up to 
1.5 % drift, i.e. until reach the maximum strength. Then specimen TD 
had dissipated more energy than the other specimens due probably to 
the better bond properties. At the end of the third cycle of 2.5 % drift 
demand imposed, specimen TD dissipated more 21 % and 43 % than the 
reference specimen (TPA-2) and specimen TPB-2, respectively. Similar 
conclusions were observed by other authors for interior beam-column 
joints [8] and columns [30]. Specimen TPC had dissipated less 18 % 
energy than the reference specimen at the end of the third cycle of 2.0 % 
drift, being the specimen with lower capacity to dissipate energy. 
Specimen TPB-2 dissipated less 13 % energy than specimen TPA-2 for 
3.0 % drift showing that the lap-splice of the longitudinal bars in the 
superior column may reduce the energy dissipation capacity. 

The dissipated energy was also quantified by components (joint, 
beam and columns) for each drift demand level. Therefore, the results 
evidence the contribution of each component for the total energy. The 
dissipated energy is commonly associated with the damage in the RC 
elements, thereby elements with larger damage usually dissipate more 
energy than elements with lower damage level. The results here present 

are aligned with the damages observed during the cyclic tests. 
The dissipated energy at the joint was computed as the area under 

the lateral shear force versus joint distortion diagram. The horizontal 
shear force in the joint (Vjh) was calculated by Equation (1), where Mb is 
the beam moment at the face of the joint core, jd is the lever arm between 
the tensile forces and the centroid of the compressive force at the joint- 
beam interface (in this study the average value of jd is 0.90⋅d, where d is 
the effective depth), and V’c is the shear force in the base of the superior 
column. 

Vjh =
Mb

jd
− V ′

c (1) 

The dissipated energy at the beam and columns was computed 
integrating along the elements length the experimental 
moment–curvature results and assuming a linear distribution of the 
curvatures from the elements’ extremity to the interface between slice 1 
and slice 2 (see Fig. 2d) and assuming a constant distribution of 

Table 2 
Force and drift for the maximum strength, ultimate points and observed damages.  

# Fc,max 

kN (kip) 
DriftFc,max 

% 
Fc,ult 

kN (kip) 
DriftFc,ult 

% 
Observed damages - Drift (%) 

B. crack. C. crack J. crack C. Spall. Buckling 

TPA-1 18.8 (4.23)  1.3 15.0 (3.37)  4.3  0.2  1.5  2.5  5.5  – 
TPA-2 19.6 (4.41)  1.5 15.7 (3.53)  2.6  0.2  1.0  1.5  2.5  3.0 
TPB-1 18.5 (4.16)  1.7 –  –  0.2  1.0  –  –  – 
TPB-2 19.7 (4.43)  1.5 15.8 (3.55)  2.9  0.2  1.0  –  2.5  3.0 
TPC 18.2 (4.09)  1.0 14.6 (3.28)  1.4  0.2  1.0  1.0  2.0  2.0 
TD 20.8 (4.68)  1.3 16.6 (3.73)  2.5  0.2  1.0  2.0  3.0  3.0  

Fig. 5. Strength degradation: a) between the first and second cycles; and b) between the first and third cycles.  

Fig. 6. Evolutions of the hysteretic dissipated energy.  
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curvatures in slice 1. 
The total dissipated energy calculated as the sum of the dissipated 

energy of the joint, beam and columns for each drift demand was 
compared with the corresponding experimental total energy dissipation 
(Fig. 6). For drift levels between 0.2 % and 3.5 %, the sum of the 
dissipated energy computed independently (joint, beam and columns) 
represents in average 94 % of the total experimental dissipated energy 
(coefficient of variance equals to 16 %). Thus, the methodology adopted 
to compute the dissipated energy at the components give a good esti
mative of the fraction of dissipated energy per component. 

The evolutions of the dissipated energy contribution of the joint, 
beam and columns to the total dissipated energy are represented in 
Fig. 7. The dissipate energy showed in Fig. 6 is similar up to 1.5 % drift 
for all specimens. However, looking for each component (Fig. 7) it had 
considerable differences between the specimens. 

At the end of the tests, the dissipated energy at the columns repre
sented a percentage ranging from 10 % (TPC) to 45 % (TPB-2) of the 
total energy. The percentage at the beam varies between 45 % (TPC) and 
60 % (TD). In global terms, the beam is the component that dissipated 
more energy when compared with joint and columns. 

3.3. Displacement ductility and equivalent damping 

The equivalent damping is commonly used to calibrate numerical 
macro-elements that represent the global behaviour of structural ele
ments such as columns, beam-column joints and beams. The equivalent 
damping was calculated according to the methodology present in Varum 
[2]. Equation (2) was used to compute the equivalent damping (ξeq), 
where Ahalf-loop is the area within “half” force–displacement cycle and 
Fmax and Dmax are the maximum force and maximum displacement 
achieved in the respective half cycle. 

ξeq =
1
π⋅

Ahalf − loop

Fmax
(2) 

The equivalent damping is presented in this work as a function of the 
displacement ductility. The displacement ductility was defined as the 
ratio between the maximum imposed displacement in each cycle and the 
yield displacement (Δy) that was calculated according to Annex B.3 of 
EC8-1 [31] and present in [30]. 

Table 3 resumes the yield force (Fc,y), the drift at yield (Drifty), the 
displacement ductility at the ultimate force (µΔ,ult), of the fitted bi-linear 
curves. Table 3 also presents the equivalent damping value at the ulti
mate force (ξeq,ult) obtained from the best-fit curves (see Fig. 8). 

The yield drift was similar for all specimens, except for specimen 
TPB-1 (see Table 3). However, the displacement ductility at ultimate 
force was almost half in specimen TPC than in the other specimens 
cyclically tested. The displacement ductility values at the ultimate force 
were in average 37 % lower than the corresponding values obtained for 
interior beam-column joints built with plain reinforcing bars and tested 
in the same test setup [32]. This notable difference was related with the 

Fig. 7. Contribution to the total dissipated energy of different components: joint, beams and columns.  

Table 3 
Yield force, yield drift, displacement ductility and equivalent damping at ulti
mate force.  

Specimen Fc,y 

kN (kip) 
Drifty 

% 
µΔ,ult ξeq,ult 

% 

TPA-1 17.7 (3.98)  0.58  7.47  – 
TPA-2 17.6 (3.96)  0.59  4.30  9.96 
TPB-1 18.3 (4.11)  0.66  –  – 
TPB-2 17.4 (3.91)  0.60  4.86  9.49 
TPC 16.0 (3.60)  0.58  2.40  12.57 
TD 18.7 (4.20)  0.60  4.17  11.85  
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weaker concrete confinement and with the beam anchorage of the lon
gitudinal reinforcing bars in the core of the exterior joints. Specimen 
TPC was the one with larger equivalent damping at ultimate force 
because of the simple anchorage of the beam longitudinal reinforcing 
bars. Specimen TD also had considerable larger (19 % more) equivalent 
damping at ultimate force than the reference specimen. 

The equivalent damping obtained from the experimental results, as 
function of the displacement ductility (µΔ) and the corresponding best-fit 
curves defined according to the general expression proposed by Priestley 
[33] (see Table 4) is presented in Fig. 8. In specimen TPC, the increase of 
the equivalent damping with the displacement demands was more 
evident due to the early damage observed in the joint. In specimen TD 
the damping increases more with the displacement ductility than in the 
reference specimen as observed in other studies [8,32] performed on 
interior RC beam-column joints built with plain reinforcing bars. 

Table 4 presents the general equivalent damping-displacement 
ductility equation proposed by Priestley [33] (Equation 3), the expres
sion proposed by Melo et al. [30] (Equation 4) based on the experi
mental results of columns, the expression proposed by Melo et al. [32] 
based on experimental results of interior beam-column joints and other 
three curves (Equations (6) to (8)) which were fitted to the experimental 
results here presented and fitted to experimental results of other authors 
[2,8]. Equations (4) to (8) are referenced to RC elements built with plain 
reinforcing bars. Equations (4) to (8) follow the generic form of Equation 

(3), considering β = 0.1 and adopting for a parameter and for the initial 
damping (ξ0) the values resulting from the best-fit to the respective 
experimental results. 

Fig. 9 compares the experimental results reported in this work with 
and the curves given by Equations (4) to (7). In the same figure is rep
resented the fitted curve to the experimental results here reported 
(Equation 8). The best-fit curve given by Equation (8) match better with 
the curve obtained from experimental results of structures governed by 
column failure mechanisms (Equation (4)), than the curves obtained 
from experimental results of interior beam-column joints (Equation (5)). 
The curve (Equation (7)) presented by Risi and Verderame. [14] for 
exterior beam-column joints with plain reinforcing bars has similar 
evolution tends than the obtained experimental best-fit curve but with 
higher initial equivalent damping. 

3.4. Observed damages 

The observed cracks for drift levels of 0,3%, 0,5%, 1,0% and 2,0% are 
presented in Table 5. The crack pattern observed (face with monitoring) 
at the end of the experimental tests is shown in Fig. 10. For the cyclic 
tests two different failure modes were observed: i) shear failure of the 
core joint followed by concrete spalling and buckling of the exterior 
longitudinal reinforcing bars of the columns in the core joint (specimens 
TPA-2, TPC and TD); and ii) concrete spalling followed by buckling of 
the exterior longitudinal reinforcing bars of the columns in the core joint 
(specimen TPB-2). Buckling occurred due to the poor confinement in the 
joint because of no transverse reinforcement in this zone. Most of the 
flexure cracks were on the stirrups area due to the concrete discontinuity 
caused by the stirrups. 

In specimen TPC a large concrete spalling area (concrete wedge 
mechanism) was observed in the core joint due to the tension forces that 
the anchorage hook of the longitudinal rebars of the beam induce in the 
concrete and also due to buckling of the external longitudinal rebars of 
columns in the core joint. In specimen TD, the concrete damage was 
more distributed along the beam’ span than in the other specimens built 
with plain reinforcing bars, that is in agreement with observations made 
by other authors [8,30,32] as a consequence of the better bond condi
tions provided by deformed bars. The dissipated energy of each 
component presented in Fig. 7 and the corresponding damage are 
correlated. Despite of the observed damage on the columns (see Fig. 10) 
looks minor, there are big cracks in the column-joint interface that 
justify the dissipated energy showed in Fig. 7. 

3.5. Displacement components 

Several deformation mechanisms contribute to the lateral displace
ment (dc) when it is imposed at the top of the superior column, namely: 
i) shear in columns; ii) bending in columns and beam; iii) joint relative 
rotation; and iv) joint shear distortion. The lateral displacement at the 
top of the specimen was assumed as the sum of the different deformation 
mechanisms above mentioned. 

Elastic shear modulus (G) of 7.25GPa (1052ksi) and constant shear 
distribution along the column’s length were considered to compute the 
lateral displacement due to shear. The elastic shear modulus was 
calculated considering the Young’s modulus of the concrete (estimated 
from the average concrete compressive strength) and considering a 
Poisson’s ratio of 0.2. 

The lateral displacement due to bending in columns and beam was 
divided in two components: a) linear elastic; and b) non-linear bending. 
The lateral displacement of each bending component was calculated 
according to the methodology present in [32] for interior beam-column 
joints built with plain reinforcing bars. 

The “joint relative rotation” component represents the lateral 
displacement caused by the deformations in the core joint apart from the 
joint shear distortion, i.e. the contribution of the joint expansion and the 
relative rotation between the top and bottom joint sections. The lateral 

eq

Fig. 8. Equivalent damping-displacement ductility diagrams.  

Table 4 
Equivalent damping-displacement ductility relationships.  

Experimental 
data source 

Element 
type 

Equation Equation 
proposed in the 
literature  

Generic ξeq = ξ0 +

a⋅
(

1 −
1
μβ

)
(3) Priestley [33]  

Columns ξeq = 3.8 +

146
π

(

1 −
1

μ0.1

)
(4) Melo et al. [30]  

Interior 
beam- 
column 
joints 

ξeq = 5.9 +

68
π

(

1 −
1

μ0.1

)
(5) Melo et al. [32] 

Fernandes et al.  
[8] 

ξeq = 4.8 +

67
π

(

1 −
1

μ0.1

)
(6)   

Exterior 
beam- 
column 
joints 

ξeq = 11.2 +

114
π

(

1 −
1

μ0.1

)
(7) Risi and 

Verderame [14] 

Presented 
experimental 
data 

ξeq = 5.2 +

134
π

(

1 −
1

μ0.1

)
(8)   
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displacement of this component was calculated using the relative dis
placements measured by the diagonal potentiometers in the core joint to 
compute the relative joint rotation and then it was multiplied by the 
length of the column. 

The displacement component due to joint shear distortion was 
determined based on the deformations measured by the potentiometers 
placed diagonally on the core joint and according to the methodology 
present in [34]. 

In general terms, a good agreement was found between the experi
mental displacement (dc) and the sum of each displacement component 
(above explained), which permits conclude that the methodology used 
allows the identification of the deformation mechanism and their in
fluence in the response of specimen. For drift values ranging from 0.3 % 
to 3.0 % the average difference observed between the analytical and the 
experimental results was 16 % with a coefficient of variance equals to 
0.11. 

The contribution for the lateral displacement of the different defor
mation mechanisms: columns shear, linear elastic bending in columns 
and beam, non-linear bending in columns and beam, joint relative 
rotation and joint shear distortion, for drift demands ranging from 0.2 % 
to the drift of the end of each test, is shown in Fig. 11. For small drift 
demands (up to 0.2 %) the relative displacements measured in some 
potentiometers are close to their sensibility and thereby these results 
were excluded for this analysis. 

The relative contribution of the shear deformation in columns to the 
lateral displacement was small for all specimens, signifying around 2.0 
% of the lateral displacement for 0.2 % drift demand and 0.2 % for 3.0 % 
drift. These results are in accordance with observations made in similar 
tests carried out on interior beam-column joints [32]. 

For all specimens, the relative contribution of the elastic bending in 
columns and beam to the lateral displacement always decreased with the 
increased of the drift demands. For drift demands of 0.2 % the elastic 
bending contribution represented between 70 % (TPB-2) and 85 % 
(TPA-2) of the total lateral displacement and then decreased almost 
linearly (except in specimens TPA-1 and TPB-1 where it decreased with a 
parabolic shape) until the end of the tests where it represented between 
9 % and 13 % of the total displacement. 

The relative contribution of the non-linear bending in columns and 
beam had different evolutions for each specimen. The specimens 
monotonically tested showed larger contribution of the non-linear 
bending, because of larger width bending cracks in the beams, than in 
the corresponding specimens cyclically tested. 

The contribution of the joint relative rotation to the total lateral 
displacement increased with the damages in the core joint for drift de
mands larger than 1.0 % for specimen TPC and 1.5 % for the other 
specimens (onset of the shear cracks in the core joint) and may repre
sents up to 70 % (TPC) of the total displacement at the end of the test. 

The contribution of the joint shear distortion to the lateral 
displacement also increased with the damage level in the core joint 
being almost zero at 0.2 % drift and varying between 0.2 % and 13 % at 
the end of the tests. 

Comparing the relative contributions to lateral displacement of the 
different deformation mechanisms of all specimens, there are evident 
differences between the results of the monotonic tests and the cyclic 
tests and between the results of specimens TPB-2, TPC and TD when 
compared with the reference specimen. 

4. Joint shear strength 

The shear stress in the core joint is commonly expressed as nominal 
shear stress or as principal compression/tensile stresses. The horizontal 
shear stress (νjh) in the core joint can be calculated by Equation (9) [35], 
where Vjh is the horizontal shear force in the joint, calculated by 
Equation (1); bc is the columns width; and hc is the depth of the columns. 
Based on the Mohr’s circle, the principal tensile stresses (pt) at the mid- 
depth of the core joint is given by Equation (10) [36], where fa is the 
nominal axial compressive stress on the column calculated by Equation 
(11), and compressive stresses are taken as negative. 

νjh =
Vjh

bc⋅hc
(9)  

pt =
− fa

2
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

fa

2

)2

+ ν2
jh

√

(10) 

Fig. 9. Equivalent damping-displacement ductility diagrams: comparison between all experimental results and curves fitted to experimental results of other authors 
for elements with plain reinforcing bars [8,14,30,32]. 
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fa =
N

bc⋅hc
(11) 

Tsonos [35] proposed a formulation to predict the beam-column 
joint ultimate shear strength based on the strut-and-tie mechanism. 
This model assumes biaxial concrete strength curve as a fifth-degree 
polynomial and solve this fifth-order polynomial equation. The 
normalized joint shear strength (γ) is determined by solving Equation 
(12), where α is the joint aspect ratio (beam depth / column depth) and 
fc is the concrete compressive strength. An iterative process is needed to 
solve Equation (12) and obtain the value of γ. The joint shear strength 
VTsonos

jh is given by γ •
̅̅̅̅
fc

√
. 

[
αγ

2
̅̅̅̅
fc

√

(

1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
4
α2

√ )]5

+
5αγ
̅̅̅̅
fc

√

( ̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
4
α2

√

− 1

)

= 1 (12) 

Hwang and Lee [37] developed a joint strength model to satisfy 
equilibrium, compatibility and constitutive laws of cracked reinforced 
concrete. This model assumes that the joint shear resisting mechanisms 

are composed of three mechanisms: i) diagonal strut mechanism; ii) 
horizontal mechanism; and iii) vertical mechanism. The shear strength 
of the joint is defined when the compressive stress and strain of the 
concrete diagonal strut reach a limit calculated in the calculating pro
cess. The stress and strain values are dependent on each other and an 
iterative procedure is needed to compute the joint shear strength. In this 
work the joint shear strength computed according to the Hwang and Lee 
model followed the flow chart present in Fig. 9 of [37]. 

According to Eurocode 8–3 (EC8-3) [38] in the assessment of existing 
RC structures, the shear demand and shear capacity on the joints, for 
limit state of near collapse, is evaluated in accordance with Eurocode 8-1 
(EC8-1) [31]. According to EC8-1 the diagonal compression induced in 
the joint by the diagonal strut mechanism shall not exceed the 
compressive strength of the concrete (fc) in the presence of transverse 
tensile strains. For exterior joints, this requirement may be satisfied if 
Equation (13) is fulfilled, i.e. if the horizontal shear force in the joint 
does not exceed VEC8

jh . In Equation (13), ν is the normalized axial load in 
the column above the joint, hjc is the distance between extreme layers of 
column reinforcement and η is given by Equation (14), where fck is the 

Table 5 
Observed damage at drift levels of 0,3%, 0,5%, 1,0% and 2,0%.  
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characteristic compressive concrete strength in MPa. 

Vjh ≤ 0.8⋅η⋅fc⋅
̅̅̅̅̅̅̅̅̅̅̅

1 −
ν
η

√

⋅bj⋅hjc = VEC8
jh (13)  

η = 0.6⋅(1 − fck/250) (14) 

ACI 369.1M-17 [39] specify that the joint shear strength VACI369
jh shall 

be calculated using the general procedures of ACI 318-19 [40] and 
calculated according to equation (15), where λ is 1.0 for normal weight 
aggregate concrete; γ is 6 for exterior joints without transverse beams 
and with nonconforming transverse reinforcement; fck is the character
istic concrete cylinder compressive strength in MPa; and, Aj is the 
effective horizontal joint area that for the specimens under study cor
responds to the column cross-section area. 

VACI369
jh = 0.083 • λ • γ •

̅̅̅̅̅
fck

√
• Aj (15) 

Table 6 presents the maximum experimental horizontal shear force 
in the joint (Vjh,max), the corresponding drift (ΔVjh,max), the values of the 
normalized joint shear strength obtained according to Tsonos model 
(γTsonos) and the maximum compressive stress computed according to 
Hwang and Lee model σHwang&Lee

d,max . Moreover, it also presents the ratios 
between the maximum horizontal shear force in the joint and the: Tso
nos [35] prediction (VTsonos

jh ); Hwang and Lee [37] prediction (VHwang&Lee
jh ); 

EC8-1 [31] limit (VEC8
jh ); and ACI 369.1M-17 [39] limit (VACI369

jh ). The 
maximum shear capacity predicted by both models as well as the EC8 
limit are significantly larger than the experimental maximum horizontal 

shear force. Considering that in all specimens (except in specimens TPB) 
were observed shear cracks in the core joint, the models and the EC8 
overestimate the shear capacity of the joints. The standard ACI 369.1M- 
17 [39] was developed for seismic evaluation of existing RC structures. 
This justifies the good shear capacity prediction obtained by ACI 
369.1M-17. Table 6 also presents the mean values of the ratios between 
the experimental maximum shear force of the specimens with plain bars 
and the predicted values by the models and codes show that the best 
prediction was given by the standard ACI 369.1M-17, followed by 
Hwang and Lee model, EC8-1 limit and Tsonos prediction. 

For specimen TPB-1 the predictions were better than for the other 
specimens once that this specimen had lower compressive concrete 
strength than the other specimens and it is an important input in the 
considered models. For specimen TD the models and codes also over
estimate the maximum shear capacity, but the difference between the 
experimental value and the analytical values was lower. 

The envelopes of the principal tensile stress (normalized by √fc) – 
drift relationship is displayed in Fig. 12. Based on the test observations, 
joint cracking starts when the maximum principal tensile stress (pt) was 
achieved. The asymmetry of the plot present in Fig. 7 was related to the 
difference of the axial load between the superior and inferior columns 
due to the beam reaction. For drift demands in the positive direction the 
axial load was lower in the inferior column than in superior column, but 
for the negative direction it reverses. For 1.5 % drift the difference of the 
axial load in the inferior column between the positive and negative di
rections may represents 17 % of the axial load imposed at the top of the 
superior column. The observed maximum principal tensile stresses were 
around three times lower than the ones present in Chalioris et al. 2008 

Fig. 10. Final damage state for the top face of the specimens.  
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[41] for exterior beam-column joints with X-bars in the core joint. 
Generically, the principal normalized tensile stress was similar for 
specimens TPA-2, TPB-2 and TPC up to reach the maximum stress and it 

increased linearly. The maximum principal normalized tensile stress 
observed in specimen TD was in average 27 % larger than obtained in 
specimen TPA-2. Also, the maximum principal normalized tensile stress 

Fig. 11. Contribution to the total lateral displacement of the different deformation mechanisms: columns shear, linear elastic bending in columns and beam, non- 
linear bending in columns and beam, joint relative rotation and joint shear distortion. 

Table 6 
Maximum shear force ratios.  

Specimen ΔVjh,max 

% 
Vjh,max 

kN 
γTsonos σHwang&Lee

d,max MPa Vjh,max

VTsonos
jh 

Vjh,max

VHwang&Lee
jh 

Vjh,max

VEC8
jh 

Vjh,max

VACI369
jh 

TPA-1  − 1.2  − 131.7  1.02  16.3  0.42  0.75  0.45  1.04 
TPA-2  1.5  137.5  1.05  17.1  0.41  0.76  0.43  1.05 
TPB-1  − 2.4  − 130.3  0.84  10.6  0.59  0.97  0.81  1.34 
TPB-2  1.5  137.7  1.08  18.1  0.39  0.73  0.40  1.01 
TPC  1.0  126.6  1.01  15.8  0.41  0.74  0.46  1.03 
Mean value  0.44  0.79  0.51  1.09 
CoV  0.18  0.13  0.34  0.13 
TD  1.3  145.4  0.95  14.3  0.62  0.90  0.62  0.50  
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observed in specimens TPA-1 and TPB-1, monotonically tested, were 13 
% and 41 % higher than in specimens TPA-2 and TPB-2, respectively. In 
specimen TPC was observed a significant drop after peak while in the 
other specimens the slope of the envelope curves was smaller. 

5. Conclusions 

This paper describes an experimental campaign carried out for 
assessment the monotonic and cyclic behaviour of six full-scale RC 
exterior beam-column joints built with plain and deformed bars and 
without seismic reinforcement detailing. The specimens represent the 
typical exterior beam-column joints in existing RC structures in the 
European Mediterranean countries until the 1970 s. The influence of 
reinforcing steel surface, lapping of the longitudinal reinforcing bars in 
the column, anchorage of the beam longitudinal reinforcing bars in the 
core joint and lateral loading history (monotonic or cyclic) on the 
response were investigated. From the analysis of the experimental re
sults the following conclusions can be drawn:  

• The global behaviour of specimen types TPA, TPB and TD was similar 
in terms of maximum strength, ductility, dissipated energy and 
equivalent damping. However, in specimen TPC the results were 
different than the other specimens once a premature failure (ultimate 
drift of 1.4 % while for the reference specimen was 2.6 %) was 
observed because of the poor anchorage detailing of the beam rein
forcing bars in the core joint that induced the concrete wedge 
mechanism. Therefore, the anchorage detailing has an important 
role on the joint cyclic behaviour and it may compromise the 
response of the RC structure.  

• At drift demand of 2.5 %, specimen TD dissipated more 21 % and 43 
% than specimens TPA-2 and TPB-2, respectively. These differences 
are related with the better bond conditions (presence of deformed 
reinforcing bars) in the specimen TD that spread the damage over the 
element’s length. Moreover, at ultimate drift specimen TD (with 
deformed bars) had more 19 % of equivalent damping than specimen 
TPA-2 (with plain bars).  

• The methodology adopted to compute the energy dissipated by the 
components (joint, columns and beam) represents in average 94 % of 
the total experimental dissipated energy (coefficient of variance 
equals to 16 %). Therefore, the adopted methodology can estimate 
the dissipated energy of each component with accuracy. The beam 
had dissipated more energy than the sum of columns and joint. The 
joint was the element that dissipate less energy. 

• Shear joint failure was observed for all specimens, except for speci
mens with lapping of the longitudinal bars in the superior column. 
The shear failure was a consequence of non-transversal reinforce
ment in the core joint and it justify the important of improve the joint 

concrete confinement during strengthening interventions in RC 
structures. 

• The nominal horizontal joint shear stress and corresponding hori
zontal shear force limits of ACI 369.1M-17 [39] were adequate for 
the exterior beam-column joints here studied. The joint shear limit of 
the EC8-1 was almost twice the maximum horizontal shear force 
observed in the tests. This justify that the procedure presents in EC8- 
1 may not be adopted in EC8-3 for seismic assessment of RC beam- 
column joints. 

CRediT authorship contribution statement 
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