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Abstract: Seismic vulnerability of reinforced concrete (RC) buildings is strongly influenced by
beam-column joints. Horizontal and vertical structural members converge in beam-column joints,
as extremely delimited areas where the internal forces in concrete core and reinforcing bars have
elevated stress gradients. In order to fully understand the seismic behavior of RC buildings and the
related failures of T- and X-shaped beam-column joints (external corner and internal-positioned), an
analytical model of RC joint behavior is proposed in a unified and simplified way. The equilibrium
equations of cracked joint portions allow the assessment of internal stresses” evolution at increasing
values of column shear forces. In this way, the strength hierarchy is evaluated in terms of capacity
for the different potential failure modes. This can drive, as a useful tool for designers, the design of
new efficient structures or the assessment of existing ones to occur, with subsequent interventions to
move an initial undesired failure mode to a more suitable one. Nearly 500 experimental results of
tests available in the literature are compared with the analytical predictions of the proposed model.

Keywords: simplified model; RC joints; strength hierarchy

1. Introduction

The structural behavior of beam-column joints represents a key aspect for both new
and existing reinforced concrete (RC) buildings. Recent seismic events have shown the
fragility of these components in existing RC buildings. Therefore, the beam-column joint
must be accurately designed into RC moment resisting frames. Many existing buildings
were constructed at a time when no anti-seismic regulations [1,2] were available, making
them strongly vulnerable under seismic actions [3-5]. Beam-column joints in RC buildings
are circumscribed portions where high loads transfer between the connecting beams and
columns. In fact, the internal stresses increase due to local effects, which govern the equilib-
rium of beam-column joints [6,7]. This aspect becomes strongly crucial in the seismically
resistant frames, where the post-elastic capacity of RC members (non-linear effects) is
mobilized due to the large demand [8,9]. The major dissipation could be concentered in
these portions, promoting brittle failure modes when the RC joints are poorly designed.
This phenomenon appears to be very recurrent in existing RC buildings, jeopardizing
the strength resources of entire structures [10,11]. For this reason, the modern building
codes [1,2,12] pay close attention to the design of these structural components. In fact, in
the new buildings, they shall be correctly designed [13,14] in order not to activate brittle
failure modes [15-17].

Under dynamic actions, the failure mode of beam-column joints is governed by two main
mechanisms: debonding and shear failure mechanisms, which are generally brittle [18-20]. RC
joints can be modeled in general as bidimensional elements [21,22]; however, this approach
has some drawbacks, especially in the numerical modeling [23,24]. When a beam-column
joint is subjected to seismic action [25,26], the beams connecting into the joint are subjected
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to a bending moment in the same direction. The steel bars of the same layer at opposite
sides of the RC joint panel are pulled or pushed in the same load direction [27,28]. The
internal stresses strongly increase due to these local effects [29,30]. When the strengths
of materials (concrete and steel) are lower than the imposed stresses, the equilibrium
condition cannot be guaranteed, and the RC joint cracks and collapses [31,32]. The beams
could lose their load capacity if the steel bars slip inside the joint region. Furthermore, the
cyclic load provides diagonal pull and push actions, and the concrete joint panel diagonally
cracks [33,34]. For this reason, the stirrups provide a beneficial effect on the ultimate
behavior of the RC joint [35-37]. The shear strength and the passive confinement effect
increase the load capacity of the RC joint panel, preserving the RC joint from a premature
brittle failure mode. According to the modern building codes, a proper amount of stirrups
allows the internal stresses to be properly transferred between the main structural elements
(converging beams and columns). Unfortunately, the existing building stock shows a
deficiency of stirrups in joint panels, due to the old design criteria often being based on
gravitational condition only [38,39].

The current research aims to develop cost-effective strengthening strategies [40,41] by
means of ordinary and innovative techniques [42—44]. Ordinary strengthening systems,
namely steel or RC jackets, have been largely studied in the past [45,46]. The benefits of
several innovative materials, if compared with the past systems, were shown in several
scientific works [47,48]. These systems have been largely applied in engineering practice
due to many benefits: mechanical performance, light weight, corrosion resistance, and
very fast constructability [49,50]. The efficiency in terms of structural capacity of RC joints
has been experimentally demonstrated [51,52]. Strengthening based on fiber-reinforced
polymer (FRP) or fiber-reinforced cementitious matrix (FRCM) [53-59] can be used to
improve the structural capacity of RC joints. The best strategy depends significantly on the
mechanical performance of the concrete support [60,61]. Furthermore, these systems allow
the application of local structural improvements without changing the global behavior [62,63].
In particular, they can be used to improve the structural capacity without modifying the
stiffness [64,65].

The behavior of unreinforced and strengthened RC joints is a crucial aspect, especially
from a designer point of view. Semi-empirical approaches to designing new RC joints are
provided by recent building codes. Traditional strut and tie or truss models to predict
the shear strength mechanism offer some drawbacks, especially for existing structures, as
demonstrated in many scientific works [66—69]. These are based on laboratory testing and,
therefore, are characterized by limited applicability. Furthermore, these models neglect
the impact of other key factors, such as the extent of the axial load or the flexural capacity
of the members converging in the RC joint. Some studies have provided first efforts to
identify the main key factors by means of a mechanical model [70,71]. They constitute the
basis of the improvements provided by the proposed model. Starting from the existing
experimental results, it has been observed that the joint failure is not always due to an
exceedance of joint shear stress capacity. This aspect is due to a particular phenomenon
which has been experimentally observed (i.e., joint shear stress and story shear do not
reduce equally during experimental tests [72]).

A recent study [73] proposed an improved non-linear model for beam-column RC
joints with additional calibrations. This model includes the influence of joints on seismic
performance of RC frames in numerical analyses with their deformability, including several
failure modes, such as the bond-slip behavior. Further studies [74] implementing this
model on more complex structures (Finite Element Models (FEM)) have clarified many
key factors in the behavior of beam-column RC joints. Other non-linear models based on
rotational hinges have been refined [75], or macro-element models have been outlined [76],
in order to simulate the ultimate behavior of the RC joints. However, this has led to complex
and cumbersome FEM models, which are usually not acceptable for practitioners.

This topic boasts several available scientific works in the literature, as several beam-
column joint models have been proposed. Many of them are essentially oriented to research
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coupled with detailed and refined modeling of the structures. However, such models also
have benefits and shortcomings; hence, there is definitely no wide consensus on which is
the best modeling approach.

The present paper proposes a unified, simplified approach suitable for analyzing
seismic-resisting frames and detecting beam-column RC joint failure, thus obtaining a
balance between practicality and accuracy.

2. Research Significance

The goal of this work is to investigate the ultimate behavior of exterior and interior
located RC beam-column joints by means of a generalized model. The present work
represents an improvement on the simplified models introduced in [77,78], which deal
with modeling X-shaped beam-column and T-shaped beam column joints, respectively, in
RC frames.

First goal of this paper is to develop a unified model that allows for analysis of both
types of RC joints. The ultimate state is evaluated to assess beam-column joints and their
strength hierarchy at failure. The proposed approach conforms to strength hierarchy and
capacity design principles, driving recent building codes. In fact, the behavior of beam-
column RC joints impacts both the strength and ductility of entire structures. The proposed
model can be used also to assess the efficiency of strengthening strategies and allows to
change initial undesired failure modes to more suitable ones. The effect of strengthening
systems can be easily implemented by using equivalent approaches.

Finally, the numerical results provided by the proposed model have been discussed
and compared to a large set of about 500 experimental results on X-shaped and T-shaped
beam column joints [79], confirming its predictability.

3. Analytical Model

The present study focuses on the behavior assessment of RC joints in moment resisting
frames. In these structures, perimetric and internal joints can be identified in the frame.
The internal joints benefit from confinement of the beams coming to the sides of the vertical
elements. In fact, according to the modern building codes [1,2,12], these RC joints could not
be verified due to this beneficial effect. The perimetric RC joints are more critical, because
the confinement provided by the converging RC members is lower. The proposed analytical
model can be used to assess both X-shaped and T-shaped beam column RC joints. The
analytical model is based on knowledge of few key parameters.

Experimental programs [27,32,35] allowed for the assessment of the main parameters
that govern the ultimate behavior of RC joints. The experimental joint database [79-81]
indicates the typical failure modes of RC joints. The experimental programs refer to a
significant number of RC joints with different geometries, assessing the (usually cyclic)
load levels pushing the joint to failure. The failure mode can be due to several mechanisms
strongly influenced by the geometrical and mechanical characteristics of RC joints:

- shear failure modes generally with or without the yielding of longitudinal reinforce-
ment bars of beams;

- concrete cracking is generally linked to bond or yielding failure mode of longitudinal
reinforcement bars of beams.

The effects of different mechanisms are also clear on the global force displacement
capacity curves, where several mechanisms differently alter the stiffness. Starting from the
existing, available literature [70,79], key parameters have been identified to develop the
proposed simplified model. The main parameters that govern the behavior of the RC joint
can be identified as:

- material properties;

- geometry of the RC joint panel;

- type of RCjoint (X-shaped or T-shaped);
- reinforcement bars in the RC joint panel;
- axial load acting on the RC joint panel;
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- bond condition of reinforcement;

- geometrical and mechanical properties of strengthening systems;

- shear and flexural capacity of the converging members (beams and columns), possibly
coupled with strengthening systems.

The analytical model represents an improvement on the model proposed by Shio-
hara [82]. The proposed model provides a mathematical formulation applicable in the cases
of X-shaped and T-shaped RC joints. For X-shaped RC joints, the symmetry allows for
simplification of the numerical formulation. In particular, the direction of the seismic action
does not influence the analytical formulations. For T-shaped RC joints, the mathematical
formulation assumes different forms as the direction of the seismic action changes. This is
due to the missing symmetry, which causes the capacity of T-shaped RC joints to depend
on the direction of the beam and column shear. Starting from the parameters previously
discussed, the shear applied to columns (namely, column shear) was considered to be the
main parameter in a frame analysis. The proposed model was applied to several cases,
and experimentally tested and related failure modes have been detected for each of them.
The experimental data [79] refer to about 500 X-shaped and T-shaped RC joints. According
to the experimental setup for each RC joint, some parameters have changed to assess the
relevant changes in terms of failure modes and capacity.

3.1. Equilibrium Condition of the RC Joint

The mathematical formulation is based on internal equilibrium conditions, and it
allows for the assessment of the failure mode under ultimate conditions. The direction of the
seismic action alters the internal equilibrium conditions when the RC joint is characterized
by a T-shape. In this paper, a unified mathematical formulation will be discussed. It
allows the application of the proposed approach to RC joints of any shape (X and T type).
According to modern guidelines [1,2,12], internal RC joints can also be analyzed by using
a plane model once the main joint panel has been both mechanically and geometrically
characterized.

The equilibrium conditions can be written for the T-shaped and X-shaped RC joint,
once the geometrical characteristics and the internal forces are known. Figure 1a shows the
case of T-shaped RC joints subjected to positive or negative column shear, respectively. The
parameter « represents the ratio between the length of the column and beams, called L. and
Ly, respectively. Conversely, the internal equilibrium condition is shown in Figure 2a,b as
the direction of the seismic action changes. The main difference is clear in Figure 1b due to
the symmetry of the internal stresses for the X-shaped RC joint, drawn with different colors
in order to clarify the relevant longitudinal reinforcements depicted in the corresponding
cross-sections, as well. Figure 2a,b show the two different directions of the column shear,
V., due to the asymmetry of the T-shaped RC joint. In particular, the internal stresses acting
in the RC joint change with the direction of the column shear. This effect does not occur for
the X-shaped RC joint, as shown in Figure 2c. The depth of RC joint can be also different
from the depth of the beam and column.
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Figure 1. Characteristics and external forces acting on the RC joints: (a) positive direction of the
column shear acting on the T-shaped RC joint, (b) negative direction of the column shear acting on
the T-shaped RC joint, and (c) positive direction of the column shear acting on the X-shaped RC joint
(negative is symmetrical).
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Figure 2. Internal equilibrium conditions for the RC joints: (a) positive direction of the column shear
acting on the T-shaped RC joint, (b) negative direction of the column shear acting on the T-shaped
RC joint, and (c) positive direction of the column shear acting on the X-shaped RC joint (negative
is symmetrical).

The compressive force F; is obtained by adding the contribution of the concrete C; and
the reinforcement S; in compression, as shown in Figure 3.
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Figure 3. Analysis of compressive forces, Fj, components in concrete, C;, reinforcement, S;, and
compressive forces, C, in joint core (inclination 6 for cracked portion and ¢ for C).

The behavior of the RC joint panel is assessed by means of a discretized approach
in cracked condition. In particular, the RC joint panel is modeled as four portions (i.e.,
rigid bodies) obtained by intersecting the two diagonals of the RC joint panel, each with
an inclination 6. Under a generic load, the RC joint is subjected to several internal forces
(Figure 2). The internal forces are derived from the resultants of the internal stress acting
on the longitudinal bars, stirrups, and compressed concrete. The contributions provided by
the bars and concrete around compressed bars have been supposed to be applied at bars
location. The contribution provided by the compressed concrete diagonal strut in the joint
is modeled as a resultant force, C, acting on the boundary of each portion of the RC-joint
panel. It has been supposed to act equally on each half of the diagonal of the RC joint
panel. The inclination ¢ of this resultant force depends on the internal stress distribution.
However, it can be assumed to act normally to the crack (hence ¢ = ), and it is centered
with respect to the diagonal of the RC joint.

Both for the T-shaped and the X-shaped RC joint, twelve equilibrium equations can be
written to assess the ultimate behavior and the occurred failure mode. For the X-shaped RC
joints, the equilibrium equations can be simplified, exploiting the symmetry. In particular,
the number of independent equations is reduced to five, but the unknown terms are at
least eight. Some of them could be fixed according to typical experimentally detected
behavior [79] or directly assigned in the design phase.

However, in order not to fix a great number of unknown terms a priori (assumed at
their maximum capacity or supported by experimental results), different solutions will
be discussed to assess the failure modes as the input parameters change. Furthermore,
the proposed model allows the inclusion of the RC converging members failure mode
(beams and column) into a unified RC joint model. For this reason, a distinct check on the
flexural (or shear) failure for beams and columns was added. These assumptions allow the
merging of the concrete compression, C;, and the steel compression, S;, in a compression
resultant only, acting at both beam and column ends (Figure 2). This simplification provides
a negligible approximation on the equilibrium of beams and columns [83].

Furthermore, the proposed model allows the assessment of the potential failure mode
due to the RC joint or the beam or the column. The capacity of the RC joint is the smallest
of the capacities related to their failure modes.

Finally, the evolution of all other unknown terms can be assessed as the column
shear increases up to the ultimate condition. In fact, the column shear is not an unknown
parameter, but is the main input parameter. The evolution of other internal forces (unknown
terms) depends on the column shear, V.. It represents a key aspect, due to the compatibility
with the modern basic capacity design principles [1,2,12]. In particular, the joint capacity,
in terms of shear force, is provided for each failure mode.

The equilibrium configuration was fixed by setting the geometrical parameters and
the internal stresses, as shown in Figure 2, for the T-shaped (Figure 2a,b) and the X-shaped
(Figure 2c) RC joint.

For the T-shaped RC joint, under positive column shear, V. (Figure 2a), the tensile
resulting forces of longitudinal bars are named F1, F2, F7, and F8, while the compressive
forces are F3, F4, F5, and F6. These internal forces cross the RC joint panel, as clarified in
Figure la. The resultant forces provided by the stirrups and/or eventual strengthening
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systems on the RC joint are named F9 and F10. Finally, C represents the compression
resultant force of concrete acting on the RC joint panel. Several strengthening systems
can be coupled with the existing reinforcement to provide an additional capacity [84,85].
In particular, F9 is the resultant force provided by steel stirrups or externally bonded
reinforcement (EBR), placed horizontally. Conversely, F10 is the resultant force provided by
EBR, placed vertically. These additional EBRs can be made of several classical or innovative
materials. Therefore, the proposed model allows the assessment of the increases in capacity
due to the strengthening systems.

When the column shear becomes negative (Figure 2b), the compressed resultants are
named F1, F2, F7, and F8, while those in traction are named F3, F4, F5, and F6. F9, F10, and
C have been previously defined.

The internal forces can be evaluated by solving a system of equations according to
three degrees of freedom for each of the discretized portions (four rigid portions) of the RC
joints. In particular, equilibrium equations on vertical and horizontal translations, as well
as rotation, must be used. The equilibrium equations provide twelve equations, where only
nine are independent. It is possible to reduce the unknown internal forces to nine once the
internal forces F9, F10, Pb, and Pc are known. In particular, F9 and F10 are internal forces
to be fixed, while Pc and Pb are the external axial forces applied to the upper column and
beam, respectively, which are usually known parameters.

For the X-shaped RC joint, a single load direction of the seismic action can be analyzed.
A load reversal provides a symmetrical stress state. The beam column joint is clearly
symmetric if the joint is exactly at L},/2 and L./2. These geometrical characteristics are
generally available in the experimental setup and in new RC joints. However, this does
not mean that steel reinforcements have the same cross-section or full area to have an
equal resultant. In particular, RC joints show a symmetry in terms of forces (internal and
external) but not necessarily in terms of geometrical characteristics of reinforcement bars.
The number of non-linear independent equations is five, in five unknowns (C, F1, F2, F3,
and F4), due to the symmetry.

FE=C+S5; 1

All internal forces can be evaluated as functions of the column shear, V., by solving
the following system of equations, both for positive and negative column shear applied on
T or X-shaped RC joints:

F 4+ F(1—1i)+ Fgi — C-sind — V. =0; )
V.
Fy — Fgi + F4(1 —i) + (Fy — C-sin® + Pb)ﬁi — (Fg—C-sind+P,)(1—i) =0 (3)
c
(F4(1 —i)+ Fgi+ F, — C-sind — V)i = 0; 4)
. . Ve . ) ) .
(F3(1 —1i) + Fsi — Fz)ﬁ(l) —Fog+C-cos®— P, — (F3(1—i)+ Fi—F)(1—i)=0; (5
c

B+ Fi+ F3(1 —i) — C-cos® — (1 +1i)a-V. =0; (6)

Ve
<F8 — F3(1 — i) — Fi+ (Flo — C-cost? + PC) |VC| +2a-VC>i =0 (7)

[

CZ
hyy (F1 + F4(1 — i) + Fei) + hi(F, + F3(1 — i) + Fsi) — W — L.V, =0 8)
‘Jc
CZ

(h;j(Fl + Fy(1—1i) + Fei) + h} (R, + Fs5) — W — 2-LC-VC>i =0; )

‘Jc

CZ
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In the previous equations, f. represents the compressive strength of concrete, while
« is the aspect ratio L./Lj,. Furthermore, in the previous equations, column shear, beam
shear, and bending moments on beam and column (V,, V},, M and M, respectively), also
satisfy the following conditions, representing additional equations:

Vi _
(%) = "
2M,
(VC - L—H> - (12
_@2=0OMy N _
<VC Ly — Hcm) 0 (1%
(Vy —2a-V.)i =0 (14)

The i-index allows the assessment of the structural behavior of any shape of the RC
joint (T or X-shaped). Some internal forces, as shown in Figure 2, must be permutated when
the shape shifts from T to X. Therefore, a generalized system of equations can be written in
order to assess the behavior of any RC joints, by using the following math assumptions,
and noting that identity 0 = 0 means that the equation is redundant for the purpose of
solving the problem:

.: {O for X-shaped RC joints (15)

1 for T-shaped RC joints

The symbols shown in the previous equations are reported in the Figures 1 and 2, as
well as in the notation list (Table 1). The width, B, of the RC joint can be identical to the
width of the beams or column, By, and B, respectively, or it can be different.

Once the previous system of equations is solved, each internal force can be correlated
to column shear, V.. This correlation allows for the estimation of the maximum value
of the column shear, due to the first failure mode (an internal force reaches its threshold
value). The ultimate condition, in fact, depends on the ultimate value of internal forces F;.
In particular, for each ultimate value of internal forces F;, the correlated column shear, V.,
can be evaluated according to the failure modes outlined in Table 1. The actual capacity of
the RC-joint is given by the minimum value among all column shear forces.

Table 1. Ultimate column shear, V., due to each linked failure mode.

Column Shear Failure Mode
Va Flexural capacity of beam (FSB)
Vo Flexural capacity of column (FSC)
Ve Shear capacity of beam (SSB)
Ve Shear capacity of column (S5C)
Vs Yielding of horizontal bottom (YBB) or top bars (YTB) in beams
Ve Yielding of vertical bars on the top column (YTC)
Vo Yielding of vertical bars on the bottom column (YBC)
Ve Maximum bond capacity exceedance (BC1)
Ve Average bond capacity exceedance (BC2)
Va0 Minimum bond capacity exceedance (BC3)
Va1 Crushing capacity of concrete strut (SC)

3.2. Failure Modes

Each failure mode is attained when the stress related to the involved element reaches
its capacity. The weaker mechanism governs the structural capacity of the RC-joint, and
three failure modes can be considered:

- A first failure mode is due to the conventional ultimate condition of reinforcement
bars in tension: the yielding of longitudinal (V) or vertical reinforcement bars (V7);
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- The debonding of longitudinal reinforcements associated with Vg, Vg, and Vciy,
related to maximum, average, and minimum bond capacity;
- Failure of concrete strut associated to column shear value V1.

The breakage or yielding of steel bars can be considered to be an ultimate condition for
the cracked joint. In a cross-section with different number of bars, n;, each with cross-section
area, Ay ;, and characteristic ultimate stress due to yielding or ultimate stress, fyk, the axial
strength of longitudinal reinforcement can be easily calculated as:

1y
Fmax,j = ZAk,i'fyk (16)
i=1

The maximum value, Fiaxj, is related to the vertical or horizontal reinforcement layer.
When this maximum value is reached in one of the reinforcement layers, the associated
column shear, V, corresponds to the ultimate value, Vs, for horizontal bars, and V4 and
V7 involve the vertical steel bars of the top or bottom columns, respectively. The different
values for top and bottom columns are due to the different axial load acting on the columns.

The failure mode, due to the de-bonding mechanism, is affected by a strong sensibility
to the characteristics of steel bars. Different capacity models can be considered according
to the existing literature. For this study, the model proposed in the model Code 2010 [86]
has been chosen. It considered three values (Tmin, Tav, Tmax) Of the bond strength, 7, as a
function of the compressive strength of concrete, f., both expressed in MPa in dimensional
Equations (17)—(19), and the characteristics of steel bars. In such equations, the numerical
coefficients, ki, kap, and kpay, are in MPal/2. The minimum value is related to the smooth
bars, typical of existing RC buildings built before the 1960s.

Tinin = Kmin fc = 0~3\/]Tc 17)

Tao = kao\/fe = 1.25\/fc (18)
Timax = kmax\/ﬁ = 2'5\/ﬁ (19)

After cracking, the RC joint is ideally discretized by means of four rigid portions. The
maximum bond force is given by the lateral surface of bars multiplied by the strength,
1. Diagonal cracks cut the joint in rigid portions, providing the length, L, where bond
strength contribution develops (Equation (20)). For the T-shaped RC joint, the bond force
changes with the shear (positive or negative direction) and with the location of bars (upper
and bottom layer).

Once the effective length, L, is estimated, the bond capacity of concrete can be
compared to the bond demand. The bond capacity is estimated assuming a uniform bond
stress, T. For T-shaped RC joints under negative shear, the bond force is F1 + 54 in the
upper layer of bars, while it becomes F7 + 56, at the bottom side. When the shear becomes
negative, the bond force is F4 + S1 and F6 + S7, respectively, at the upper and lower side. For
X-shaped RC joints, only the Equation (24) must be considered, due to the symmetry. For
this reason, it is important to split the resultant compressive force into two contributions,
due to the steel, S;, and concrete, C;. Figure 2a,b show the contribution due to the internal
force under positive column shear (Figure 1b). Under a generic column shear (T or X-
shaped RC joint), there are four steel contributions that can be calculated, for instance,
starting from the following elastic equilibrium Equations (21)—(24). The neutral axis, y, can
be evaluated, for instance, in pure flexure, equating the first order moment to zero [77].

Iy

- tand

/ _ *
<s4—F7AS(2y Hb+hb)>i:0 1)

Ley (20)

As (Hh —hy — 2]/)
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)i =0 (22)
)i =0 (23)

As. AL .>(23/—Hb+h§)
s1- (RitBos—i)) =T h) 24
<6Aé )y —2y) 4)

As(2y — Hy + 1)

56 — F
( VAL(Hy + Il — 2y)
( )
)

As(2y — Hy+ 1)
57—\ T bty
A;(Hb+h3—2y

In previous equations, the cross-section of reinforcement in compression, A, and
tension, As, is introduced.

The column shear, V., due to the maximum bond force, provides the ultimate column
shears, Vg to V¢19. This value depends on the bond quality conditions.

The crushing of concrete strut yields to another failure mode. The maximum column
shear, V11, is related to this failure mode. The maximum value of the compressed concrete
force, C, (please note that it is different from C;) is governed by the compression strength

(of concrete), f.:
H

Cmax = B'fcﬁ (25)
9 is the inclination angle of the compressed concrete force, C (Figure 3). This value
is potentially different from the diagonal crack angle 8 (Figure 3). Concrete contact force,
C, inclination can be assumed to be different from the diagonal crack (i.e., ¥ # 0) if shear
friction is assumed along cracks. Hence, shear friction, measured as deviation from diagonal
(i.e., 19 — 01), should be limited to a threshold capacity value. Compressed strength
achievement yields to the corresponding column shear ultimate value of V1.
The previously discussed failure modes are related to the RC joint only. However,
a check on the flexural capacity of both beam, M;,, and column, M,, is necessary. It can
be easily performed by using the classical capacity model of RC cross-sections. The top
and bottom columns present different flexural capacities due to different axial loads. The
maximum column shear related to the collapse of beam or columns can be easily expressed
with Equations (11)-(14).

3.3. Experiemntal Validation

Experimental tests performed on real T- and X-shaped RC joints have been used to
validate the proposed analytical model. Parate and Kumar [79] have compiled a database
with 492 experimental results of beam-column joints from the literature. This database was
used to validate the proposed analytical model. The full database is related to several types
of RC joints. In particular, 270 specimens refer to T-shaped RC joints, while 222 specimens
refer to X-shaped RC joints.

The T-shaped joints were analyzed under positive and negative column shear, V.. The
several experimental programs provide the basic information for applying the proposed
model. Unfortunately, not all information is available from the literature. In particular, for
some specimens, the bond characteristic of the reinforcement bars was not disclosed. For
this reason, the three levels of maximum bond stress, according to Equations (17)-(19), have
been considered. Therefore, the impact of the bond stress on the ultimate capacity of the
RC+joint has been assessed. This approach has been performed on the entire population.

All information about the entire population has not been thoroughly discussed in
this paper, due to the large number of specimens. For additional information, the reader
could refer to the specific reference [79]. However, it is interesting to observe the main
characteristics of the population. The main geometrical characteristics (depth and height)
of the frame elements (beams and columns) are shown in Figure 4a,b for T- and X-shaped
RC joints, respectively. The geometrical characteristics of the population embrace an ample
range of typical values found in the existing building stock. Figure 5a,b show the amount of
the longitudinal bars in the frame elements for the T- and X-shaped RC joints, respectively.
The amount of reinforcement cross-section areas can be considered representative both of
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existing and new RC buildings. Finally, the mechanical characteristics of concrete are shown
in Figure 6a,b for T- and X-shaped RC joints. The mechanical performance of concrete can
be considered typically representative of existing and new RC buildings. Therefore, this
large sample size provides a good database for validating the proposed analytical model;
however, some specimens of the dataset are not usual, both in terms of geometrical and
mechanical characteristics.
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Figure 4. Geometrical characteristics of RC frame elements (column and beams): (a) T-shaped RC
joints, (b) X-shaped RC joints.
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Figure 5. Geometrical characteristics of longitudinal reinforcements of RC frame elements (column
and beams): (a) T-shaped RC joints, (b) X-shaped RC joints.
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Figure 6. Mechanical performance of material of RC frame elements (column and beams): (a) T-
shaped RC joints, (b) X-shaped RC joints.

The proposed model allows us to check the failure mode which occurred for the
RC-joint. Unfortunately, this information is not available for some experimental tests.
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Therefore, the comparison between the failure mode which was experimentally detected
and the one which was numerically predicted has not been performed. The analytical
results are shown by fixing the three values of bond stress according to Equations (17)—(19).
The same bond stress yields to different bond capacities at different layers of bars (top and
bottom) if different bars are present. Since, in X-shaped RC joints, the demands at the top
and bottom layers of bars are equal, the bond capacity yielding to the failure is provided by
the minimum amount of steel bars at the bottom or top layers. Conversely, for T-shaped RC
joints, the bond demand depends on the sign of column shear; hence, the check should be
performed both at the bottom and top layers of bars, because the bond capacity could also
change at the two layers. Figure 7 shows the comparison between the experimental results
and the analytical predictions related to the T-shaped joints under positive column shear.
The figure shows the analytical and experimental value of column shear, Vj and Vjexp,
respectively. The diagonal black line represents the ideal condition where the experimental
value coincides with the analytical prevision (line with unitary slope); the red represents
the best interpolating line of the points crossing the origin. Furthermore, the coefficient of
determination, R?, is shown for each case. The same analysis was performed for T-shaped
RC joints under negative column shear (Figure 8) and the X-shaped RC joints (Figure 9).

1250
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Y(Tmin)=1.1317x
R2=0.9234

0 125 250 375 500 625 750 875 1000 11251250
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Figure 7. Experimental and numerical comparison for T-shaped RC joints under positive column
shear: minimum bond stress (blue), average bond stress (orange), and maximum bond stress (green).
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Figure 8. Experimental and numerical comparison for T-shaped RC joints under negative column
shear: minimum bond stress (blue), average bond stress (orange), and maximum bond stress (green).
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Figure 9. Experimental and numerical comparison for X-shaped RC joints: minimum bond stress
(blue), average bond stress (orange), and maximum bond stress (green).

The previous figures show the impact of the bond stress (minimum, average, and
maximum value) on the ultimate capacity of RC-joints. It is worth noting that the analytical
predictions slightly worsen when the bond stress decreases. However, this effect appears
to be negligible in the entire population. Under positive or negative column shear, the
coefficient of determination undergoes very small variations for T-shaped RC joints. Only
for negative column shear does the coefficient of determination decrease, moving from
the minimum to average bond stress, while it weakly increases when the maximum bond
stress is considered. This effect is likely due to the characteristics of the experimentally
tested specimens. Furthermore, the characteristics of the bond condition strongly depend
on the construction of the RC joints. For this reason, the comparison was performed while
changing parametrically the characteristics of bond conditions. Under both positive and
negative column shear, the analytical predictions fit well with the experimental results. It is
confirmed by the coefficient of determination, R?, and slope of the interpolating line, which
are both very close to 1.

The same analysis was performed for X-shaped RC joints. The comparison between
the experimental and the analytical predictions show a higher dispersion compared to
the case of T-shaped RC joints. However, given the large number of specimens, it was
noted that some specimens exhibited non-typical behavior. In fact, in analyzing some
experimental results, it is clear that some values are not typical for the materials. These
differences are apparently due to particular test conditions. A screening of some test values
could be useful to eliminate unrealistic results; however, the authors preferred to consider
the entire population instead of filtering data, since not all of the information is available.
The dispersion changes slightly with the considered bond capacities; thus, the ultimate
behavior of X-shaped joints appears to be weakly influenced by the bond capacity of the
reinforcement layer.

The proposed model allows the assessment of the failure mode to be linked to the
ultimate capacity of RC joints. It is worth noting that the failure mode varies as some
input parameters change. According to the experimental database, the impact of the bond
stress on the ultimate capacity was noted. In particular, the bond stress has been changed
according to the Equations (17)—(19) for the entire sample, and the related failure mode
was assessed. Figure 10a,b refer to the T-shaped joints under positive and negative column
shear, respectively, while Figure 10c shows the same result for X-shaped joints.
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Figure 10. Failure mode as the bond stress changes: (a) T-shaped RC joints under positive column
shear, (b) T-shaped RC joints under negative column shear, and (c) X-shaped RC joints.

It is worth noting that the sign of column shear strongly influences the failure mode of
T-shaped RC joints. Decreasing the bond stress value, the failure mode is due to the bond
capacity exceedance for almost the entire population. Under a negative column shear, a
non-negligible number of specimens showed a yielding failure mode of vertical bars in
the bottom column, despite a minimum bond stress having been considered. Furthermore,
decreasing the bond stress for T-shaped RC joints, the failure mode becomes influenced
by the layer of reinforcement bars where the yielding occurred. For a maximum (19) and
average (18) value of the bond capacity, the yielding of horizontal bars appears to be a
recurrent failure mode for the entire population (T-shaped RC joints). The X-shaped joints
showed a different failure mode when the maximum bond capacity was assumed. In
particular, almost the entire population showed an ultimate capacity due to the flexural
capacity of beams, while the percentage of specimens that showed the yielding of longi-
tudinal or vertical bars remains low. These alterations are due to the different geometry
of frame elements related to T- and X-shaped joints, as well as the effect of axial load on
lower columns.

The analytical predictions provided by the proposed model for X-shaped RC joints
are less reliable than that for T-shaped ones. However, it is interesting to compare the
proposed model with the main building code predictions. Parate and Kumar, in 2019 [79],
compared code predictions (average values) with experimental results. The comparison
was performed in terms of predicted ultimate column shear, Vi ratio, with the experimental
results, Vjexpt. Tables 2 and 3 show the comparison of the ratios of different building
codes [12,87-91] and of proposed model predictions with the experimental results for both
T- and X-shaped RC joints, respectively, in terms of average value, y, standard deviation, o,
and coefficient of variation (CV). The statistical results for the proposed model refer to the
three bond conditions, according to Equations (17)—(19).
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Table 2. Average value, 1, standard deviation, o, and coefficient of variation (CV) of the ratios of
experimental ultimate column shear and available prediction models for T-shaped RC joints.

Type Prediction Models
T-Shaped ACI EN1998- NZS CSA AlJ: IS 13920: Proposed Model, Vj >0  Proposed Model, V; <0
31814 12004  3101:1-2006  A23.3:2004 2010 2016 P
0.95 0.92 0.73 1.08 1.33 1.15 0.98 0.98 0.96 0.98 0.98 0.96
0.38 0.56 0.32 0.40 0.47 0.4 0.07 0.07 0.09 0.08 0.08 0.07
Ccv 0.4 0.61 0.46 0.37 0.35 0.35 0.07 0.07 0.8 0.08 0.08 0.07
Table 3. Average value, |, standard deviation, o, and coefficient of variation (CV) of the ratios of
experimental ultimate column shear and available prediction models for X-shaped RC joints.
Type Prediction Models
Proposed Model
NZS CSA P
X-Shaped - -1: AlJ: 2010 H
ape ACI318-14  EN1998-1:2004 3101:1-2006 A23.3:2004 J IS 13920: 2016 _— . o
0.89 0.76 0.89 1.02 0.71 1.11 1.03 1.02 1.04
0.45 0.44 0.50 0.52 0.33 0.56 0.07 0.09 0.08
cv 0.50 0.58 0.56 0.5 0.47 0.5 0.08 0.09 0.09

The comparison between experimental results and predictions in terms of statistical
parameters provides valuable information on the reliability of the available models. Sig-
nificant dispersion is found for code predictions, while the proposed model best fits the
experimental results for T-shaped RC joints. Furthermore, the results are always conserva-
tive, with respect to the experimental ones. For the X-shaped RC joints, a greater dispersion
was found, and the results appear to be, on average, non-conservative. However, it is
interesting to observe how the coefficient of variation is lower compared to that provided
by the other available models [12,87-91].

4. Conclusions

The present study proposes a unified analytical model to assess the ultimate capacity
of RC beam-column joints. The model was developed according to a generalized approach.
It allows the behavior of both T- and X-shaped RC joints to be assessed by means of a single
mathematical model.

The proposed approach allows for the evaluation of several failure modes typically detected
in the RC joints. It represents an important improvement, especially in practical applications.

The present study contributed a theoretical discussion of the failure mechanisms of RC
joints. The failure modes can be different, and to have a model able to assess them represents
a valid tool, especially for the designers. In particular, predictions can be used to check the
most satisfactory mechanism compared to the others. Therefore, the proposed simplified
model is useful for this purpose, due to the possibility of checking these differences.

These predictions represent the basis for the effort to drive the design towards the
respect of the strength hierarchy. The advantages of a ductile failure mode in the case of a
seismic event are known and largely debated by the scientific community, preserving the
joints from premature failures.

The comparison between the analytical predictions and approximately 500 experimen-
tal results confirmed the reliability of the proposed model. The proposed model is able to
indicate the failure mode, as well, for each specimen of the large experimental population.

The impact of the bond condition has been evaluated on several types of RC joints (T-
and X-shaped), highlighting the differences between these two shapes. These outcomes
provide a useful contribution to understanding which mechanism, as the input parameters
change, led to ultimate capacity of the RC joints and their relation.
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