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A B S T R A C T

Post-earthquake observations have shown the reinforced concrete beam-column joints of dated structures may 
result in premature brittle failure during earthquakes. These critical zones transfer complex combination of 
forces between beams and columns and their premature failure may cause the catastrophic collapse of structures 
even in areas from low to moderate seismic risk. External beam-column joints (i.e., ”wall” and ”corner” joints) of 
buildings constructed without or with insufficient transverse reinforcement are often involved in this types of 
collapses. The aim of this study is to investigate how the structural response of RC beam-column joints is affected 
by several mechanical parameters of the concrete, including: compressive strength, tensile strength, Young’s 
modulus, Poisson ratio and fracture energy in tension of the concrete. Both experimental tests and numerical 
models have been carried out. In particular, four RC beam-column sub-assemblies with no shear reinforcement in 
the joint have been designed, constructed and tested un- der cyclic loads. In particular, to reproduce the worst 
possible condition for the beam-column joints, no axial load was applied to the column the tests were performed 
with no axial load in the column. Experimental results were then compared with those predicted through nu
merical simulation carried out with a 3D FEM model, able to describe crack propagation in concrete. Experi
mental structural ductility of the tested RC frames were found surprisingly high and force-displacement 
numerical curves were found to match experimental ones both in terms of initial stiffness and maximum strength 
capacity. Sensitivities analysis carried out with respect of various concrete properties showed: (i) the frame 
strength capacity and ductility to increase with fc; (ii) in case of low concrete strength classes, the collapse of RC 
frames is expected to be in shear mode; (iii) for high concrete strength classes the collapse of RC frames may be 
reached in the beam column joint in pressure-bending mode; (iiii) both the maximum strength capacity and the 
ductility of the RC frames increase as the concrete fracture energy increases; (iiiii) Poisson ratio and concrete 
tensile strength seem not to have much influence on the mechanical behavior of the RC frame.

1. Introduction

The performance of beam-column joints has long been recognized to 
have great influence on the behavior of RC frame structures subjected to 
horizontal cyclic loads [1–3]. First guidelines for the design of rein
forced concrete beam-column joints were released in 1976 in the USA 
(ACI 352R-761 [4]) and in 1982 in New Zealand (NZS 3101:19822 [5, 
6]). Buildings constructed before these standards are generally assumed 
to be characterized by a dangerous weaknesses of the beam-column 
joints due to the absence of shear reinforcement in these zones [1,7, 
8]; in particular, they are expected not to have enough strength to 
provide shear stress transfer among the frame members [9].

Tests carried out according to the construction details of the 

1960–1970s [10] showed that in structures designed to resist gravity 
loads only, RC beam-column joints were affected by brittle-type collapse 
mechanisms that can compromise stability and start the collapse of the 
whole structure [11]. In fact, post-earthquake investigations [12] and 
experimental studies [13–18] have shown that reinforced concrete 
joints of existing structures, built according to old building codes, often 
collapse ”prematurely” even under moderate lateral forces. Moreover, in 
[19] the following 5 details were identified as critical for the RC joints 
designed for gravity loads only: 

• little or no transverse reinforcements in the joint panels;
• discontinuous beam bottom reinforcements with short embedment 

length;
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• widely spaced column ties that provided little confinement to 
concrete;

• lapped splices of column reinforcements just above floor levels;
• construction joints below and above the beams.

All these critical issues are today time avoided following the Capacity 
Design criteria [20,21] as the cardinal principle of the structural design 
philosophy in seismic areas. Actually, the Capacity Design ensures the 
structures subject to earthquakes to undergo a desired and predictable 
sequence of damage stages favoring a controlled dissipation of the en
ergy introduced by the seismic forces.

Unlike other countries, the first seismic design standards establishing 
that stirrups of the lower column should continue in the nodal panel 
above, with the same spacing, were introduced in Italy only in 1997 
[22]. Before [22] no nodal panel design/verification was required. 

Subsequent regulation issued in 2009 [23], introduced explicit design 
and verification of the joints, distinguishing between internal and 
external, fully confined and unconfined joints respectively. In [23], the 
joint verification is prescribed in case of the seismic assessment of 
existing RC buildings limiting the joint capacity to the first diagonal 
crack only. Unfortunately, joint verification according to [23] and to 
current technical standards [24] are actually so difficult to be satisfied 
that seismic capacity of RC buildings are strongly affected by the 
computed weakness of the joints.

Recent earthquakes in Italy (Molise 2002, L’Aquila 2009, Emilia 
2012, central Italy 2016–2017 [25]), as well as in other 
earthquake-prone countries (Filippine 2024, Indonesia 2024, Russia 
2024), have highlighted a great number of existing reinforced concrete 
structures (not matching any capacity design criteria) did not withstand 
seismic stresses caused by seismic forces and suffered premature 

ROLLER

C
ROLLER

E
D

LVDT

E≡F

Dx

E

A
D≡F≡B

(Dx)

D

MAIN BEAM 30x50
3Ø20
2Ø24

2Ø24
3Ø20

COLUMN 30x50
4Ø24

4Ø24

TRANSVERSE BEAM 30x50

2Ø16

2Ø16

C

A

13
50

125 2000
450
500 2000 125

2125 2125

125 2000 2000 125

HINGE

B
HINGE

B

30
0

50
0

60
0

16
0

13
50

30
0

A
≡F
≡C

50
0

32
00

16
0

13
50

13
50

50
0

50
0

50
0

Fig. 1. Geometrical properties and reinforcement details of the specimen.

Fig. 2. View of the tested specimen.
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structural degradation [26] especially because of the poor-quality 
building materials and the not engineered constructive details. The 
aim of this paper is to investigate the effect of several concrete me
chanical parameters on the structural behavior of RC frames with no 
stirrups in the beam-column joints tested under extreme cyclic loads. In 
particular, both experimental tests and numerical simulations have been 
carried out by varying several concrete mechanical parameters 
including: the compressive strength fc, the tensile strength fctm, the 
Young’s modulus Ecm, the Poisson factor ν and fracture energy in tension 
G1. The RC beam-column joints specimens and the entire experimental 
setup were designed to emphasize the vulnerability of the joint and so to 
have the frame collapse to correspond with the failure of the joint. 
Indeed, no shear reinforcement was introduced in the joints to have 
them weaker than the beam and the columns, these latter actually 
designed to remain both elastic. In order to reproduce the worst load 
case, experimental cyclic tests have been carried out with no axial loads 
in the column.

Finite elements models have also been developed to validate the 
experimental results and to carry out sensitivity analyses with respect of 
the above mentioned mechanical concrete parameters. Numerical re
sults reproduced quite well the experimental force-displacement curves 
both in terms of initial stiffness and maximum strength capacity of the 
tested beam column joint sub-assemblies. Concurrently, FEM analyses 
showed different stress patterns to take place in the beam column joints 
depending on the adopted concrete strength, also resulting in variable 
joint failure modes, variation of compressed concrete strut width and 
different global ductility of the tested RC frames.

These findings represent a relatively new perspective in relation to 
the existing technical literature, as the width of the compressed strut is 
still of ten considered as a constant even in the most recent studies [27]. 
Therefore, this study may provide a valuable contribution toward 
developing more comprehensive and clearer methods for evaluating the 
performance of poorly RC beam-column joints.

2. Experimental setup and main test results

Four reinforced concrete beam-column frames were designed, con
structed and tested to reproduce typical sub-assembly of a multi-storey 
reinforced concrete structure subjected to horizontal loads. In partic
ular experimental tests were performed placing the specimen horizon
tally, fixing it to a strong RC floor as shown in Fig. 1 and in Fig. 2
respectively.

In particular, an hinge support was placed at the bottom end ”B” of 
the column ”DB” and a roller supports have instead located at the two 
beam ends (Fig. 1), so allowing for free translation and rotation in ”A” 
and ”C”. The upper end ”D” of the column, was connected to an elec
trically driven actuator by which cyclic displacement have been 
imposed to the specimen. It is worth to notice that ends ”A”,”B”,”C” and 
”D” of the specimen correspond to the half-length of the beam and the 
column of a complete RC frame, where the inflection points are actually 
located when seismic loads are considered. The geometric dimensions of 
the specimens and their reinforcement details are shown in Fig. 1. The 
main beam ”AC” and the column ”DB” measured 300 mm × 500 mm in 
their cross-section. The column total height and the main beam total 
length measure 3200 mm and 4500 mm respectively. To better repro
duce the geometry of the existing reinforced concrete frames and the 
confining action possibly associated with the presence of beam orthog
onal to the buildings facade, a 600 mm long transverse beam ”EF” 
(measuring 300 mm × 500 mm in cross-section) was introduced 
perpendicular to the main frame.

The column ”DB” was reinforced with a group of 4 longitudinal steel 
bars measuring ϕ24 mm in diameter set on both the short sides of the 

Fig. 3. (a) Details of a cracked unreinforced beam-column joint; (b) Prospective view of a cracked unreinforced beam-column joint with evidence of the dilatation of 
the concrete occurred in the direction perpendicular to the frame plane. Both the pictures refer to a very advanced stage of the last monotonic part of the cyclic test.

Table 1 
Mechanical properties of the steel bars (according to NTC018 [24]) and of the 
concretes (*according to CEB-FIB [30] for the numerical simulations).

Steel fy 

(MPa)
fu 

(MPa)
Es 

(MPa)
νs 

(-)
εsy % εsu %

450 540 210,000 0.29 2.14 75

Specimen 
1

fc 
(Mpa)

fctm 

(Mpa)
Ecm 

(Mpa)
νc 

(-)
G1 
(Nm/ 
m2) 
f

hint 

(mm)
hext 

(mm)

27 2.7 29,636 0.2 0.05 20 40/ 
80

Specimen 
2

fc 
(Mpa)

fctm 

(Mpa)
Ecm 

(Mpa)
νc 

(-)
G1 
(Nm/ 
m2) 
f

hint 

(mm)
hext 

(mm)

29.3 2.85 30,373 0.2 0.05 20 40/ 
80

Specimen 
3

fc 
(Mpa)

fctm 

(Mpa)
Ecm 

(Mpa)
νc 

(-)
G1 
(Nm/ 
m2) 
f

hint 

(mm)
hext 

(mm)

30 2.89 30,588 0.2 0.05 20 40/ 
80

Specimen 
4

fc 
(Mpa)

fctm 

(Mpa)
Ecm 

(Mpa)
νc 

(-)
G1 
(Nm/ 
m2) 
f

hint 

(mm)
hext 

(mm)

31 2.96 30,890 0.2 0.05 20 40/ 
80
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section. Referring to the beam ”AC”, 2 ϕ24 mm + 3 ϕ20 mm were 
introduced as longitudinal reinforcement on both the short sides of the 
element cross section. About the short transverse beam ”EF”, the lon
gitudinal reinforcement consisted of 4 ϕ16 mm (one in each corner). 
Transverse reinforcement for columns and beams elements consisted of 
ϕ10 mm stirrups at spacing of 100 mm. No stirrups were introduced in 
the beam-column joint instead, so reproducing the condition frequently 
recognized in old existing RC buildings [28].

To measure and record the main displacements of the frame during 
the cyclic test [29], three linear variable displacement transducers 
(LVDTs) have been introduced in the positions shown in Figs. 1 and 2
respectively. In particular, one LVDT was placed at the top end ”D” of 
the column (Fig. 2), and two LVDTs were aligned with the main beam 
axis, at the left end ”A” and the right end ”C” of the beam respectively 
(Fig. 2). Two Additional LVDTs were placed along the diagonals of the 
beam-column joint to measure its distortions. An electrically driven 
actuator was used to impose cyclic displacements at the end ”D” of the 
column and a 500 kN capacity load cell was used to record the force 
resisted by the tested specimen. 

Adopted steel rebars were characterized by a yield strength fy 
= 450 MPa, while the average concretes compressive strength of the 
four specimens ranged from a minimum of fc = 27 MPa to a maximum of 
fc = 31 MPa as shown in Table 1.

Experimental strength values of the used concretes have been 
determined in accordance with UNI EN 206–1 and are reported in 
Table 1. Other materials mechanical properties listed in Table 1 corre
spond to the values assumed in the numerical simulations discusses 
ahead in this paper and include: 

1. Ecm, Es: Young’s module of concrete and steel respectively;
2. fc, fctm: compression and tensile strength of concrete;
3. fy, fu: yielding and ultimate strength of steel rebars;
4. G1: tensile energy fracture of the concrete;
5. hint: size of the FEM mesh adopted for the joint (see Fig. 7);
6. hext: size of the FEM mesh adopted for beam and column element 

external to the joint (see Fig. 7);

Fig. 4. Ideal standard test protocol ACI 374.1 (2005).

Fig. 5. Hysteresis cycles of the experimental test (Specimen 2).
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7. εsy, εsu: deformation at the yielding strength and at the ultimate 
strength of the steel rebars respectively (according to a bilinear 
elastic-hardening response law);

8. νc, νs: Poisson’s ratio of concrete and steel respectively.

The specimens were tested by imposing a precise sequence of quasi- 
static cyclic relative displacements (repeated at increasing amplitude) 
between the two ends of the column. Details of the loading protocol for 
all specimens were based on ACI Standard 374.1 [31] (Fig. 4).

In order to minimize the capacity of the beam-column joints no axial 
loads were applied to the column. In fact, axial compressive stresses 
transmitted in vertical direction by the column to the joint are recog
nized to improve the capacity of the tie-rod mechanism, as the diagonal 
strut becomes wider [32]. As an example of the data recorded during the 
experimental cyclic test, those referring to specimen number 2 have 
been plotted in Fig. 5. In particular, the hysteresis cycles and their en
velope curve have been reported in terms of shear force Tx resisted by 
the frame with respect of the imposed displacement Dx.

Similarly, all the envelope curves recorded in the experimental 
campaign have been plotted in Fig. 6 ignoring the initial accommoda
tion of the specimens and of the external constraints.

Experimental envelope curves plotted in the Fig. 6 show the response 
of the tested specimens to be similar each other. In particular, the 
recorded mechanical behaviour of all the RC frames highlighted the 
following common evidences: 

• an initial settling of the constraints (initial, almost horizontal, branch 
of Fig. 5);

• a subsequent linear elastic response;
• a gradual reduction in stiffness for any repeated loading cycle until 

the maximum shear response Tx,MAX is reached and then maintained 
even at very large displacements Dx (drift);

• although the beam-column joints did not include any type of shear 
reinforcement, all the tested specimens showed a surprisingly high 
structural ductility. In fact, experimental shear capacity of the frames 
reduced more than 15 % only at drift values larger than 4.7 %, well 
above the ultimate limit considered by recent building codes for 
modern and engineered RC frames.

3. Numerical analysis

3.1. Modeling and main analysis results

FEM models have been developed to numerically reproduce experi
mental cyclic tests. Fig. 7 shows the geometric dimensions of the nu
merical models built coherently with the real specimens and setup.

Similar to previous study carried out on RC members subjected to 
cyclic loads [33–38], the diffuse crack model (”Concrete Smeared 
Cracked”) has been assumed for concrete in this study as well.

In particular, consistently with references [28,37,38], the concrete 
behavior in compression and in tension have been assumed in accor
dance to models JSCE-2017 and Hordijik respectively.

To achieve an optimal balance between simulation accuracy and 
computational efficiency, and to enable a detailed investigation of the 
nonlinear behavior of the beam–column joint through sensitivity ana
lyses, a different discretization of the RC specimen was adopted. Spe
cifically, eight-node solid

brick elements with a maximum mesh size of 20 mm were used to 
mesh the joint region, extending up to 200 mm from its edges. The beam 

Fig. 6. Shear-displacement experimental curves: envelopes.

Fig. 7. Geometric dimensions of the numerical model.
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and column end regions—extending 1200 mm and 770 mm, respecti
vely—were discretized

with a coarser mesh size of 80 mm. The remaining central portions of 
the beam and column, measuring 600 mm and 380 mm respectively, 
were meshed with an intermediate size of 40 mm. These data correspond 
to the h parameter values indicated in Table 1. Steel bars have been 
modeled as two-nodes one-dimensional embedded elements character
ized by a bilinear (hardening) response. Roller constraints were intro
duced at the ends A and C of the beam and an hinge constraint was 
considered at the bottom end B of the column. Mechanical properties 
assumed for all the materials are those already shown in Table 1.

To reproduce experimental tests, numerical simulations have been 
carried out introducing growing displacements at the top end D of the 
modeled frame and no axial forces have been applied to the column [12, 
39].

In Fig. 8, calculated forces-displacements curves (monotonic) are 
shown in comparison with experimental ones (envelopes of the 

experimental cyclic tests), already shown in Fig. 6.
The computed responses confirm the adopted numerical models to 

be quite effective in reproducing experimental results: in particular, 
numerical curves were found to match experimental ones both in terms 
of stiffness and maximum strength capacity of the specimens respec
tively. However numerical curves differ from the experimental ones in 
terms of ductility, with the capacity to maintain shear forces even at 
large displacements being greater in real tests than in numerical 
analyses.

It must be noticed that the almost perfectly plastic post-peak 
behavior that characterizes the experimental curves presented in this 
paper is common to that already presented and discussed in different 
research works [28,37]. We believe this type of response may be the 
result of the relatively small dimension of the joint, of its regular ge
ometry and of the high transversal reinforcement found immediately 
outside the joint. All these favorable conditions determined the activa
tion of a sort of mechanism fully focused into the joints region, with the 

Fig. 8. Comparison between experimental envelopes of the cyclic tests and numerical monotonic curves.

Fig. 9. Sensitivity analyses: calculated responses curves for various values of the concrete compressive strength.
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cracked joint able to provide a stable mechanical response because of the 
effective border represented by the heavy and continuous longitudinal 
reinforcement of beams and columns. About the post-peak behavior 
indicated by the numerical curves, it must be observed that the slope of 
the softening branch is affected by the assumed concrete mechanical 
properties as discussed in the following sections of the paper. In 
particular, incremented values of the concrete deformation limits, as 
those corresponding, for example, to improved concrete classes, make 
the slope of the softening branch to reduce and the calculated post-peak 
response to become more similar to the experimental trend.

3.2. Sensitivity analysis

In order to investigate the variation of the computed mechanical 
response of the modeled frame with respect of several concrete prop
erties, specific numerical simulations have been carried out assuming 
various ranges of variability for the concrete compressive strength, the 
concrete tensile strength, the Young’s modulus, the Poisson ratio and the 
fracture energy of the concrete respectively.

3.2.1. Concrete compressive strength and others related properties
In particular, concrete classes ranging from C20/25 to C40/50 have 

been considered, and the other concrete strength related material 
properties have been set according to CEB FIB [30] (including the 
Young’s Modulus Ecm, the compressive strength fc and the tensile 

strength fctm).
The capacity curve calculated for each concrete strength class are 

plotted in Fig. 9.
The analysis of the data highlights both the computed maximum 

shear capacity (Tx,MAX) and the lateral displacement at the maximum 
shear (DTx,MAX) of the specimen to increase as the concrete class in
creases as shown in Fig. 10 (a) and (b) respectively.

In particular, the relation among Tx,MAX and the assumed cylindrical 
concrete compressive strength fc is plotted in Fig. 10 (a) with the 
calculated system capacity reducing to about 40 % (from 261 kN to 
164 kN) when the concrete class is reduced from C40/50 to C20/25.

Eq. 1 represents the second order polynomial approximation func
tions best fitting the calculated values of Tx,MAX versus fc with R2 

= 0.9447. 

Tx,MAX(num) = − 0.2754 f + 21.257 fc − 150.75                                 (1)

Eq. 2 represents the second order polynomial approximation func
tion best fitting the experimental values of the maximum shear recorded 
for the tested specimens with respect of their experimental fc values and 
it is characterized by a determination coefficient R2 = 0.999. 

Tx,MAX(exp) = − 0.4061 f + 28.57 fc − 258.32                                   (2)

The comparison of Eqs. 1 and 2 show the numerical models only 
slightly overestimate the experimental behavior of the tested specimens 

Fig. 10. (a)Relationship between the cylindrical strength of the concrete fc and the maximum shear Tx,MAX.; (b) Relationship between the cylindrical strength of the 
concrete fc and the displacement Dx at Tx,MAX.

Fig. 11. Relationship between the cylindrical strength of the concrete fc and the ductility factor µ.
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in terms of maximum shear response Tx,MAX versus fc.
In Fig. 10 (b) the values Dx of the displacement corresponding to the 

values of the maximum shear Tx,MAX are plotted with respect of the 
concrete strength fc assumed in the calculation, showing Dx values to 
increase at increasing fc.

Eq. 3 represents the second order polynomial approximation func
tion best fitting calculated data of DTx,MAX with respect of the assumed 
concrete class fc (R2 = 0.9673). 

DTx,MAX(num) = − 0.0244 f + 2.9402 fc − 6.2183                               (3)

The second order polynomial approximation function computed for 

the experimental values DTx,MAX obtained for real tests is instead 
represent by the Eq. 4 and it is characterized by a determination coef
ficient of R2 = 0.9956. 

DTx,MAX(exp) = − 0.1686 f + 11.321 fc − 92.758                                (4)

The comparison among Eqs. 3 and 4, both plotted in Fig. 10 (b), 
highlights that numerical models tends to underestimate the behavior of 
the experimental specimens in terms of displacements with calculated 
DTx,MAX values representing about 60 % of the corresponding experi
mental ones for the same concrete class.

The failure of RC beam-column joints is generally considered to be 

Fig. 12. Von Mises stresses (in the middle vertical plane of the joint and corresponding to the step at which Tx,MAX is achieved) for RC joints characterized by 
different concrete strength classes: (a) C20/25; (b) C25/30; (c) C29.3; (d) C30/37; (e) C35/45; (f) C40/5.
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highly brittle. Defining an appropriate ductility factor µ, as done in Eq. 5, 
allows to better compare the performance of RC frames even in case 
unreinforced beam-column joints. Experimental evidences (Fig. 6) and 
values of µ obtained from numerical simulation as well (Figs. 11, 17, 21, 
22), actually prove the ductility of the RC frames in which beam-column 
joints do not include any specific shear reinforcement, to be significant. 
This may suggest the adoption of proper behavior factors in the seismic 
assessment of the existing RC structures so far considered very brittle 
instead. In order to analyze the post-peak behavior response of the 
specimens, numerical values of the ductility factor µ defined by Eq. 5
have been calculated and compared [40,41]. 

µ = (Dx,85% − Dx,kvar)/Dx,kvar                                                        (5)

In equation 5, Dx,85 % represents the displacement at which the shear 
response of the frame reduces to 85 % of the maximum shear Tx,MAX and 
Dx,kvar represents the displacement at which a first significant stiffness 
variation is noticed along the initial elastic branch of the response curve 
of the specimen (see Fig. 9).

Calculated values of µ have been plotted in Fig. 11 with respect of the 
cylindrical concrete compressive strength values fc. The corresponding 
polynomial approximation curve is represented by Eq. 6 and fits quite 
well the data of µ versus fc with R2 = 0.9353. 

µ = − 0.0015 f 2 + 0.1945fc + 2.6477                                             (6)

Data reported in Fig. 11 show that as the concrete class increases the 
ductility factor µ also increases, ranging from a minimum value of µ = 6 
(calculated for the concrete class C20/25) to a maximum of µ = 8.27 
(calculated for the concrete class C40/50).

3.2.2. Stress distribution in the beam-column joint
Numerical analyses carried out with FEMs allowed to compute the 

stress distribution in the RC beam-column joint, and main results are 
graphically illustrated in Figs. 12, 13 and 14 respectively.

In particular, computed Von Mises stresses (in the middle vertical 
plane of the joint) corresponding to the step analyses at which Tx,MAX is 
achieved, are plotted in the Fig. 12 for RC joints characterized by 
different con- crete strength classes. Images in Fig. 12 show that in case 
of low concrete strength values, the higher stresses are concentrated 
along the beam-column joint diagonal and the compressed strut width is 
significant. In case of higher fc values, the largest stresses are focused 
outside of the beam-column joint, just at the beginning of the elements 

converging in it, and the compressed strut in the joint is slimmer. This 
makes believes the system failure mode to depend from the assumed 
value for fc: with probable shear failure occurring in the beam-column 
joint in case of low fc, and plastic hinges forming in the beams or col
umns when higher fc values are considered instead.

In particular, Fig. 12 makes graphically clear that the compressed 
strut width Bj varies with respect of the considered concrete strength 
class fc and plotting data of Bj versus fc (Fig. 13) a second order poly
nomial regression is determined (Eq. 7) with a coefficient R2 = 0.987. 

Bj = 0.1746 f 2 − 24.363 fc + 811                                                   (7)

The graph in Fig. 13 highlights how the compressed strut width Bj 
decreases as the concrete class increases fc, reducing to almost 26 % of 
the original value when the assumed concrete compressive strength is 
doubled, with Bj = 373 mm (calculated for the concrete class C20/25) 
reducing to about Bj = 100 mm (calculated for a concrete class C40/50). 
These findings are relatively new with respect of the know technical 
literature, since the compressed strut width continue to be considered a 
constant even in most recent research work [27]. For this reason the 
present study may offer a contribution to the development of more 
complete and clearer approaches for the verification of poorly RC 
beam-column joint.

In Fig. 14, stresses acting on the reinforcing steel bars at a step 
analysis at which Tx,MAX is reached are plotted for RC joints character
ized by different values of the concrete compressive strength fc. The plots 
highlight the largest stresses are always located in the longitudinal 
reinforcement of the beam near the joint. Moreover, it must be noted 
that only in case of the RC beam-column joint made with concrete class 
C20/25 the reinforcing bars did not yield while in all the other cases 
longitudinal reinforcement of the beam near the joint always plasticized. 
This result highlights that plastic hinges may

actually form on beams although no stirrups are introduced in the RC 
beam-column joints especially in case concrete compressive strength fc is 
assumed above a given minimum value.

(b) C25/30; (c) C28/35; (d) C30/37; (e) C35/45; (f) C40/50.

3.2.3. Tensile fracture energy G1

Additional FEMs analyses were performed to investigate the effect of 
other concrete mechanical parameters on the response of the RC beam- 
column joint. In particular, mechanical parameters considered in this 
section include the tensile fracture energy G1, tensile strength ft and 

Fig. 13. Compressed strut width in the middle of the joint as the concrete class changes.
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Poisson’s coefficient ν.
As previously done, the Concrete Smeared Cracked model was 

assumed. According to it, cracking originates when the maximum 
principal stress at a point exceeds the tensile strength of the material, 
and that cracking is concentrated at integration points inside the ele
ments, where the tension-softening relationship is modified to account 
for the consequent decrease in stiffness and strength. The crack 

formation process is governed by the shape of tension-softening diagram 
and by the value assumed for fracture energy 1 (divided by h), this latter 
graphically representing the area under the constitutive stress-strain 
curve adopted in tension and corresponding to the energy dissipated 
to create a crack with unit area (Fig. 15).

The dependence of both the maximum shear strength capacity Tx,MAX 
and the ductility factor µ of the RC beam-column joint with respect of the 

Fig. 14. Axial truss stresses of reinforcements as the concrete class changes: (a) C20/25;.
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values assumed for the fracture energy in tension have been analyzed 
making G1 varying in the range 0.025÷0.5 N/mm. Data plotted in 
Fig. 16 show the maximum shear strength capacity Tx,MAX to increase as 
G1 increases, with the Eq. 8 representing the logarithmic approximation 
law best fitting the calculated results of Tx,MAX versus G1 with R2 

= 0.873: 

Tx,MAX = 10.791ln(G1) + 255.42                                                     (8)

Values of µ (calculated according to Eq. 5) resulting from FEM ana
lyses carried out assuming different G1 values are plotted in Fig. 17. The 
polynomial approximation law corresponding to Eq. 9 and represent-ing 
the best fitting curve for data of µ versus G1 (R2 = 0.977) has also been 
plotted showing the ductility of the system µ clearly increases as G1 

increases, since more energy is absorbed by the material before a frac
ture starts to propagate and so the whole frame can sustain larger loads 
at larger displacements. 

Fig. 15. Constitutive stress-strain relationship adopted for the behavior of 
concrete in tension.

Fig. 16. Relationship between the fracture energy G1 and the maximum shear strength Tx,MAX.

Fig. 17. Relationship between the fracture energy G1 and the ductility factor µ.
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µ = − 2.369G1 2 + 3.9336G1 + 6.2981                                            (9)

3.2.4. Concrete tensile strength ft and Poisson ration ν
In previous sections of the paper, very small variation of the concrete 

tensile strength has been assumed in the analyses as consequence of the 

variation assumed for other concrete properties, mainly the concrete 
compressive strength fc, from which fctm depends. In this new section of 
the paper, different values of the concrete tensile strength ft have been 
assumed (in the range 1.4 ÷ 5.7 N/mm2) keeping the others material 
properties constant. In particular, since the value of Gf = 0.5 N/mm has 
been fixed, to higher ft values more brittle behaviors in tension corre
spond. This is graphically explained in Fig. 18 in which the “constant Gf 
criteria” imposes the dashed areas A and B to be equivalent each other, 
so that the maximum deformation allowed in tension has to be lower in 
case of concretes characterized by larger tensile strength values. Because 
of this, the initial cracking is posticipated when higher ft values are 
assumed (as shown in Fig. 19) and some differences are noticed also in 
terms of crack distribution and crack width at the same displacement Dx, 
as qualitatively shown in Fig. 20. Referring to the global performance of 
the analyzed RC frames (both in terms of maximum shear capacity and 
structural ductility) data plotted in Fig. 21 show the values of Tx,MAXand 
those of µ not to depend on the values assumed for the concrete tensile 
strength ft. The same was evident also from Fig. 19 in which all the 
curves reached similar values of Tx,MAX and almost overlap each other in 
the softening post-peak branch of the calculated responses.

Data plotted in graph of Fig. 21 show the maximum shear capacity 
Tx,MAX do not depend from the values of the concrete tensile strength 
assumed in the numerical analyses of this study and made to vary from 
1.4 N/mm2 to 5.7 N/mm2, by keeping constant G1 = 0.5 N/mm. In 

Fig. 18. Constitutive stress-strain relationship adopted for the behavior of 
concrete in tension: when an incremented value of the concrete tensile strength 
is considered (ft2 in place of ft1) the maximum allowed deformation reduces 
(from ϵ1 to ϵ2).

Fig. 19. Numerical curves corresponding to different concrete tensile strength values ft. No significant variations are noticed in terms of Tx,MAX, DTx,MAX and Dx,85 %, 
and so in terms of µ.

Fig. 20. Crack width (for a displacement Dx = 8 mm) computed for various concrete tensile strength: (a) ft = 1.425 N/mm2; (b) ft = 2.85 N/mm2; (c) ft = 5.7 N/mm2.
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Fig. 21 the values of the frame ductility µ (calculated in accordance with 
Eq. 5) have also been plotted, showing µ not to depend on ft.

Referring to the reduced influence of ν on the calculated value of Tx, 

MAX and µ, it can be observed that the concrete Poisson ratio would have 
an effect in case of concrete beam-column joint provided of specific 
reinforcement able to provide an adequate confinement to the com
pressed concrete. In this case, the assumption of higher ν values would 
correspond to incremented compressive strengths and deformation 
limits for the concrete with subsequent better performances of the RC 
frames both in terms of maximum shear capacity and ductility. In case of 
unreinforced concrete beam-column joints, as assumed in this study, the 
lateral expansion of the compressed concrete is not restrained by any 
specific reinforcement able to provide an effective confinement action, 
so that no beneficial effects are noticed when higher values are assumed 
for the Poisson ratio ν.

Data plotted in graph of Fig. 22 show the maximum shear capacity 
Tx,MAX do not depend from the values of the Poisson ratio ν assumed in 

the numerical analyses of this study and made to vary from 0.1 N/mm2 

to 0.4 N/mm2. In the same Fig. 22 the values of the Poisson ratio ν have 
also been plotted, showing ν not to have any influence on µ.

4. Conclusion

An experimental campaign has been carried out to investigate the 
behavior of RC beam-column wall joints subjected to extreme cyclic 
loads. The specimens are representative of the existing old structures, in 
which no shear reinforcements are often found in the joints.

Numerical simulations have also been performed in order to repro
duce the experimental cyclic tests and to investigate how the structural 
behavior of RC beam-column joints depends on several concrete me
chanical parameters including: the compressive strength fc, the tensile 
strength fctm, the Young’s modulus Ecm, the Poisson factor ν and fracture 
energy in tension G1.

Although the tested beam-column joints did not include any type of 

Fig. 21. Sensitivity analysis of concrete tensile strength ft.

Fig. 22. Sensitivity analysis of Poisson factor.
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shear reinforcement, all the tested specimens showed a surprisingly high 
structural ductility. In particular, experimental shear capacity of the 
frames did not reduce below 85 % of the maximum response even at 
drift larger than 4.7 %. Concurrently, numerical simulations confirmed 
that numerical models may help reproducing the experimental force- 
displacement curves both in terms of initial stiffness and maximum 
strength capacity.

Response curves referring to various concrete strength classes high
lighted both the computed and experimental maximum shear response 
and the lateral displacement capacity of the specimens to decrease as the 
concrete class decreases. In particular, the calculated system capacity 
reduced by 37.17 % for the concrete class reducing from C40/50 to C20/ 
25.

Numerical models were found to slightly underestimate the 
displacement DTx,MAX at which the maximum response is recorded, with 
experimental DTx,MAX values representing about 170 % of the calculated 
ones for the same concrete class.

About the RC frame ductility, the failure of RC beam-column joints is 
generally considered to be highly brittle. Defining an appropriate 
ductility factor µ, as done in Eq. 5, allows to better compare the per
formance of RC frames even in case unreinforced beam-column joints. 
Both experimental evidence (Fig. 6) and values of µ obtained from nu
merical simulation, actually prove the ductility of the RC frames in 
which beam-column joints do not include any specific shear reinforce
ment, to be significant. This may suggest the adoption of proper 
behavior factors in the seismic assessment of the existing RC structures 
so far considered very brittle instead. Numerical data show that as the 
concrete class increases the ductility factor µ also increases, ranging 
from a minimum value of µ = 6 (calculated for the concrete class C20/ 
25) to a maximum of µ = 8.27 (calculated for the concrete class C40/ 
50). Experimental ductility values µexp determined from real tests were 
found to be even higher then computed ones µ.

Calculated stress distribution in the RC beam-column joint (both for 
the concrete and the steel rebars) showed the joint failure mode to 
depend from the assumed value for fc.

In particular, in case of low concrete strength the frame failure 
mostly results in shear mode as the compressed strut is wider. Reversely, 
for higher concrete strength class pressure-bending failure occurs in the 
joint and the compressed strut is slimmer. These findings are relatively 
new with respect of the literature because even in the most recent 
research works the width strut is always assumed to be constant.

In addition, the calculated stresses acting on the reinforcement steel 
bars at a step analysis at which the maximum response Tx,MAX is reached, 
high- lighted the largest stress to be always located in the longitudinal 
reinforcement of the beam near the joint rather in the joint itself.

In case of relatively low fc values (C20/25) the reinforcing bars 
remained elastic while in all the other cases longitudinal reinforcement 
of the beam always plasticized near the joint.

This result clearly highlights that favorable structural response (with 
plastic hinges forming on beams rather in the beam-column joints) may 
develops also in RC frames built with no shear reinforcement in the joint.

At last, numerical analyses carried out in this study showed the 
maximum shear strength capacity Tx,MAX and the ductility of the system 
to increase as G1 increases and equations have been provided to describe 
these relationships. On the other hand the maximum shear capacity Tx, 

MAX was found not to depends on the values of both the concrete tensile 
strength and the Poisson ratio respectively.
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