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A model capable of predicting the shear response of beam-column joints subjected to seismic actions is pre-
sented. The analytical model, originally developed for walls and based on a simple physical formulation, is
adapted. It considers mean stress and strain fields based on a reinforced concrete panel representing the joint,

;(}):m under the assumption that the principal concrete stress and principal strain directions coincide. Simple con-
M:;‘; stitutive material laws are considered for concrete and steel. To estimate the shear capacity, the model satisfies

the equilibrium in the longitudinal (vertical) direction. In order to analyze the accuracy of the model, a database
integrated by 92 tests of exterior and interior beam-column joints is collected from the literature. Noting that the
original model does not consider the effect of confinement product of adjacent elements to the connection, this
effect is introduced through factors that reduce the values of the longitudinal and transverse strain used to
calibrate the angle of the strut. In addition, the contribution of the transverse reinforcement in the capacity of
the element is included. These modifications together with the influence of the boundary reinforcement, yields a
good strength estimate for exterior and interior joints that fail in shear. When comparing with other models from

Reinforced concrete

the literature, it is observed that the proposed model provides one of the best correlations.

1. Introduction

Beam-column joints are used in frame structures and fulfill the
function of delivering continuity to the structure, in addition to trans-
ferring shear and moment forces from one structural element to an-
other. For these reasons it is required a correct design of these con-
nections in order to maintain stable structures. Structure collapse can
occur when a beam-column joint (reference as joints in the text) fails in
shear, which is a brittle failure response (Fig. 1a). Other type of po-
tential failure occurs when one of the elements adjacent to the joint fails
before the joint (Fig. 1b).

In frame analysis, most models assume a rigid behavior for beam-
column joints, giving only flexibility to column and beam elements.
Some previous works have modified the properties of the elements
framing into the joint in order to account for the additional joint flex-
ibility (e.g., Hoffmann et al. [1]). Many models have evolved from there
incorporating, among others, bond slip observed in the longitudinal
reinforcement of beams, confining effect of surrounding elements, and
shear response of the joint (e.g., Youssef and Ghobarah [2]); however,
for the shear response in some cases only simple models have been
included. In order to correctly predict the shear response of the joint,
more complete and complex formulations have been included, based on
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panel response (e.g., modified compression field theory in models such
as in Lowes and Altoontash [3] and Pan et al. [4]). Such formulations
allow representing the observed failure modes and are intended for
nonlinear analysis of elements or entire structures in finite element
formulation, rather than shear strength predictions for design.

The current work focuses in the shear strength estimation of beam-
column joints for different failure modes. In the literature there are
different models to estimate shear response in beam-column joints.
Some of them are based on a strut-and-tie model that incorporates
forces equilibrium, strain compatibility and the material constitutive
laws (e.g., [5,6]). There are also closed-form expressions, some as
simple as the one in ACI318-14 [7], semi-empirical expressions such as
the model by Kassem [8], and Kim and LaFave [9] that require cali-
bration of parameters and others more elaborated such as the model
developed by Wang et al. [10].

Hwang and Lee [5,6] present a strut-and-tie model to predict the
shear strength of interior and exterior reinforced concrete joints, which
satisfies conditions of equilibrium forces, strain compatibility and
constitutive law of cracked concrete. In those works, they propose to
model the distribution of stresses of the joint as a statically in-
determinate lattice, through three mechanisms: one diagonal, one
horizontal and one vertical (Fig. 2). The diagonal mechanism (Fig. 2a)
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Fig. 1. Type of failure in a joint — (a) Shear failure at the joint [38] and (b) failure of the beam adjacent to the joint in flexure [24].
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Fig. 2. Shear resistant mechanisms - (a) diagonal mechanism, (b) horizontal mechanism, and (c) vertical mechanism (after [5]).

consists of a diagonal compression strut with an angle of inclination
6 = tan~'(hy/h/), where hj and h! (Fig. 2) are the distances between
the end longitudinal reinforcements of the beam and the column, re-
spectively. In addition, it is assumed that the direction of the diagonal
strut coincides with the main direction of compression of the concrete.
The horizontal mechanism (Fig. 2b) consists of a horizontal tie and two
flat struts, in which the stirrups of the column constitute the tie. It is
also assumed that the stirrups in the core of the joint are considered
100% effective when calculating the area of horizontal reinforcement,
while those located at the ends of the joint are considered providing
only 50% of their force as effective. The vertical mechanism (Fig. 2c)
includes a vertical tie and two steep struts. The vertical tie is considered
as the vertical intermediate reinforcement of the column. The combi-
nation of the 3 lattices determines the complete system, so that by
equilibrium the resulting shear force is defined as,

Vin = —Dcosf + Fj, + Fcotd D)

where D is the compression force at the diagonal strut; and F;, and F, are
the forces in the horizontal and vertical struts, respectively. As the
system is hyperstatic, a load distribution pattern is assumed between
the 3 mechanisms.

Failure of the compression strut is defined when the concrete at the
end of the diagonal in compression, that is, in the nodal zone (Fig. 2a)
reaches its maximum compressive capacity. To determine the capacity,
it is necessary to define the constitutive laws of the materials. For
concrete, as same as in this work, the ascending branch for the com-
pression curve in the cracked concrete of the model by Zhang and Hsu
[11] is considered to characterize the biaxial action present in this
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material. As for reinforcing steel, its behavior is considered elasto-
plastic. When incorporating compatibility, forcing average deforma-
tions for the entire element, the nonlinear system requires an iterative
process to validate compatibility, which allows determining the shear
capacity.

In the ACI 318-14 [7], on the other hand, the shear strength is

obtained as a function of the compressive strength of concrete, defined
as,
Vin =1 \f A @
where v is a function of the confinement delivered by the surroundings
beams. For the purpose of this work, where joints with confluent beams
on only 1 or 2 sides are considered, for interior joints (beams in 2 faces)
y = 1.2 if the width of these beams is at least 75% of the width of the
joint. In other cases, y = 1.0. A; represents the effective area of the
joint, which for beams centered on the joint includes the entire cross-
sectional area of the joint.

Another closed-form expression is the model proposed by Wang
et al. [10], where it is assumed that the shear capacity of the joint is
obtained when the stresses in the concrete, located at point C (Fig. 3)
have reached their material failure envelope. The point C is considered
only subjected to an axial stress o, and a shear stress 7,,. Also, it is
assumed that the principal stresses at the joint at the moment of failure,
coincide with the two normal stresses acting along and perpendicular to
the diagonal strut AB.

On the other hand, the angle a is defined as o« = tan~!(h./h;), where
h. is the width of the column; hy, corresponds to the height of the beam;
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Fig. 3. (a) Forces and mechanism of a beam-column joint; and (b) stress field of point C (after [10]).

g, = N¢/bch, where N, is the axial load on the column, b, is the width of
the column; 7, = Vjn/bjh., where Vj, is the shear force of the joint in
the horizontal direction, b; is the depth of the joint, considered as the
lowest between b. and by, + 0.5h, if b. = by, or the lowest between by,
and b, + 0.5h. if b. < by; where by, is the width of the beam.

In order to incorporate the biaxial behavior of concrete, that is, the
effect of tensile stresses on the compressive strength, the Kupfer and
Gerstle [12] model is used, which is defined by the failure criterion

%—0.8% = 1, where o, is the main compressive stress and f; , is the
t,n C ’

nominalttensile stress of concrete in the direction of o,; (main tensile
stress), which considers the contribution of horizontal and vertical
distributed reinforcement. Through equilibrium, it defines
fon =hic + Pafincos’a + pf, sin*a, where p,, is the amount of hor-
izontal reinforcement (Ag,/bjhy) that includes the column stirrups be-
tween the upper and lower longitudinal reinforcement of the adjacent
beam; p, is the amount of vertical reinforcement (A,,/bjh.) that con-
siders the intermediate longitudinal bars of the column; f,;, and f;, are
the yield stress of the horizontal and vertical reinforcement, respec-
tively; f; . = 0.56,/f,, corresponds to the contribution of the concrete to
the nominal tensile strength. The model assumes that the tensile
strength of concrete is reached and that the horizontal and vertical
reinforcements have reached their respective yield stresses.

This gives a closed-form expression for the maximum shear strength
of the joint (Vj), as

1.0—(sin*a/f; ,~0.8cos*a/f)a,

Vi = bih
" alf,, +08/f)sima ¢

,@j
3)

In order to take into account the better behavior of the interior
joints than the exterior joints (due to the greater confinement effect
provided by the adjacent beams in interior joints), a reduction factor
(B is introduced in which B; = 1.0 for interior joints and 0.8 for ex-
terior joints.

The work by Kassem [8] uses the same principles developed in the
strut-and-tie model by Hwang and Lee [5,6], but reduces the expres-
sions to a closed-form solution by imposing the distribution of forces
between D, F;, and F;, as a calibration with test data. Thus, the ex-
pression reduces for exterior beam-column joints to,

b b
Vip = (0.21¢xcosat + 0.09(wy, + 3,47cobg"tana) + 0.22wvgbcotot)f’CAj
i i

C)
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And for interior beam-column joints to,

J

b
Vin = (0.26¢Kcosa + 0.44[o.>h + 1.39wbgbtanot)
j J

b
+ 0.070.)‘,Fbcotoc] LA,

()

where ¢ = 0.6(1—f, [MPa]/250) for  interior  joints  and

P = 0.48(1—f; [MPa]/250) for exterior joints; x = 0.25—0.85n./f;, with

n. the axial stress in the column; % is the beam to joint effective width
J

ratio; wp = pjhfyh/f’c, with pjhfyh the joint transversal reinforcement
strength (steel ratio times the yield stress); w, = p,fyu/f;, with p,fy, the
beam longitudinal reinforcement strength (steel ratio times the yield
stress); wy = py,fyv/fe, with pfyv the column longitudinal interior re-
inforcement strength (steel ratio times the yield stress).

The work by Kim and LaFave [9] developed a simple closed-form

expression that includes key parameters identified and calibrated with a
statistical analysis. The expression, for joints with no eccentricity, re-
duces to,
Vin = 13108, (pifyn/£0)015(py £/ £ (£ [MPa] *5A ©)
where oy = 1.0 for interior joints and 0.7 for exterior joints; 3, = 1.0 for
cases with none or one transverse beam (out-of-plane) and 1.18 for
cases with two transverse beams; p/fy, is the joint volumetric transverse
reinforcement strength in the direction of loading (steel ratio times the
yield stress).

In this paper, a panel model is validated in the estimation of shear
capacity of beam-column joints, which considers the joint as a single
element that represents its state with average strain and stress. The
model used as a base has its origins in the work carried out by Kassem
and Elsheikh [13], originally formulated for short walls and with the
main directions (crack or strut direction) calibrated for a database of
tests, and which has been generalized to angles of the strut direction
based on analysis and measurements of wall deformations in the work
of Massone and Ulloa [14], and later modified to incorporate the effect
of the main reinforcement (boundary) for corbels [15]. For its appli-
cation in beam-column joints it is necessary to incorporate the con-
finement effect provided by the elements adjacent to the joint, in ad-
dition to the contribution of the transverse reinforcement that in these
cases presents a relevant influence. Thus, the results of the modified
model are compared with tests of beam-column joints of a database
compiled from the literature, besides of a comparison of the predicted
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Fig. 4. Wall and beam-column joint analogy — (a) short reinforced concrete wall, (b) average stress on wall, (c) compression strut in wall (after [13]), (d) beam-

column joint, and (e) joint reinforcement.
capacity with other available models.

2. Base model and previous modifications

In the model proposed by Kassem and Elsheikh [13], an average
strain and stress field is considered for the entire element (wall in this
case), applying equations of equilibrium (Fig. 4), strain compatibility
and constitutive laws for concrete and reinforcing steel. Using this, the
angle of the compression strut, which is assumed equal to the angle of
principal stresses and strains, was determined to be the one that best
predicts the shear strength for a selected database.

Assuming that the reinforcing steel is only subjected to tensile
stresses and that the main stress direction is oriented at an angle o with
respect to the vertical direction, the equilibrium equations of the system
along the coordinate axis Lt are expressed by (Fig. 4b and c):

o, = ggcos’a + gsina + p,f; o)
o = ggsin*a + gycos’a + p,f; @)
7 = (—04 + op)cosasina ©

where ¢;, o; are the normal stresses in the directions L and t [MPa]; 7,
corresponds to the average shear stress in the L-t plane [MPal; gy, 0, are
the principal concrete stresses in the directions d and r [MPal; f;, f
correspond to the average stresses of the reinforcing steel in the di-
rections L and t [MPal; and p,, o, are the steel ratio in the L and t
directions.

Considering that the stress distribution in the joint is uniform, the
shear force is obtained as:

684

V=1tydy (10)

where V corresponds to the shear force in the section [N]; ¢, is the
thickness of the element [mm]; d,, is the horizontal length of the wall
between the centroids of the boundary elements [mm], or d,, can be
calculated as 0.8 L,,, where L,, is the length of the wall.

For the strain field, where perfect bond between concrete and steel
is assumed, the expressions are defined as:

g = gqco8?a + gsina amn
& = ggsina + g.cos?a (12)
Ve = 2(—€4 + &)cosasina (13)

where ¢, ¢; are the strain in the L and t directions; y;, corresponds to the
shear strain in the L-t plane; ¢4, €, are the principal strain in the d and r
directions (positive for tensile strain).

Finally, assuming that the top displacement of the wall (A [mm]) is
controlled by shear, its value is determined as:

A=y, H, 14)

where H,, corresponds to the height of the wall [mm].

In order to determine the concrete stress in compression, the con-
stitutive law by Zhang and Hsu [11] is considered, which considers the
strength degradation of concrete due to tensile strain in the orthogonal
direction (g,). Thus, the equations representing this behavior are as
follows:

Oq = —§fc' [2(%)—(%]2] If & < gED

(15)
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Fig. 5. Material laws - (a) concrete in compression [11]; (b) concrete in tension [16], and (c) reinforcing steel.
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where ¢ = 221 9% _ js the reduction coefficient; f corre-
\fc JT+400g 1+ 400¢ > Je

sponds to the maximum compression stress of a standard concrete cy-
linder [MPa]; ¢, = 0.002 corresponds to the strain associated with f c’ .

As for the constitutive law for concrete in tension, the proposal by
Gupta and Rangan [16] is adopted:

o =E¢& If 0<¢<ey a7
| Eur=Er
o, = — | If e;<¢&<5¢
r fcr (Eu,,Ec[) cf X Cr X Cut (18)

where f = 04,/f] [MPa] is the maximum tensile stress in concrete
[MPa]; E, = 4700 /fc’ [MPa] corresponds to the concrete modulus of
elasticity [MPa]; e, = fc’[ /E, is the cracking strain; ¢,, = 0.002 corre-
sponds to the ultimate concrete strain. In Fig. 5(a) and (b) the stress-
strain curves corresponding to the concrete behavior in compression
and tension, respectively, are shown.

The constitutive law of the reinforcing steel is modeled as perfect
elasto-plastic (Fig. 5¢). Thus, the equations that describe this model are:

fi=Esg If g<g 19

=5 I &2¢ (20)
where f; is the steel stress [MPa]; E; = 200 [GPa] corresponds to the
elastic modulus of steel; ¢ is the strain of the steel; fy is the yield stress
of steel [MPal].

Given the strut angle, for each value of the shear strain y,,, the strain
of the strut ¢; is varied until the vertical equilibrium equation is sa-
tisfied (o, = -, where N is the applied vertical load and A is the cross-
sectional area of the wall). In this way the model allows to obtain the
complete load-displacement curve, since for each deformation state the
tension state of the reinforced concrete panel is known.

Massone and Ulloa [14] proposed a new way of obtaining the crack
or strut angle, based on strain estimates from analysis that have been
validated experimentally for walls. On the other hand, Massone and
Alvarez [15] used the modified panel model for reinforced concrete
walls with corbel. For this, the model was adapted and modified in
order to obtain better results, in terms of a good prediction of capacity
and a low standard deviation. The angle of the strut in this case was
modified to correctly capture its value for geometric parameters and
reinforcing amounts that were different from those observed in the case
of walls. For walls clamped at both ends, the horizontal and vertical
average strain are defined by [17],

047 0.25
& = 0.0023(100p, + o.zsrﬂﬂ(ﬂ + 0.5) A00N 51 (1008)14
w fc tyLy
21
H ~018( 100N %
& = 0.0094(100p, + 0.25)—0»17(J + 0.5) " +5|  (1008)
Ly fc tyLy

+ eN (22)

where p, is the transverse steel ratio; § = A/H,is the lateral drift (as-
sumed as pure shear distortion, = y;,), and eN the elastic vertical de-
formation due to the axial load.

Another important modification corresponds to the incorporation of
the boundary reinforcement in the analysis, since in the work by
Massone and Ulloa [14] it was reported that there was an under-
estimation of the shear strength as the strength associated with the
boundary element increased.

One way of incorporating the effect of the main or boundary re-
inforcement is to rewrite the equation of longitudinal equilibrium (Eq.
(4)) as follows:

o, = ggcos’a + gsin’a + pf; + Popfy (23)

where f; is the stress of the main or boundary reinforcement in the
direction L [MPa] (associated to the same web longitudinal strain, ¢ );
pp is the main or boundary reinforcement ratio; § is the main re-
inforcement efficiency parameter (0 < f < 1). Massone and Alvarez
[15], based on a good estimate of the shear capacity for corbels, con-
cluded that B should take the value of 0.3.

3. Modified panel model for beam-column joints

At first, it is necessary to make a geometric analogy between a short
wall and a beam-column joint. As shown in Fig. 4(d), the cubic element
represents the joint, such that the following similarities can be made:
h = Hy, and b = t,,. In addition, in Fig. 4(e), the reinforcement bars in
the joint are illustrated. Three types of reinforcement are distinguished:
the transverse reinforcement (As,), the longitudinal reinforcement (Asy)
and the edge reinforcement (Asg).

3.1. Modification of the tensile constitutive law of concrete

A preliminary analysis of the results indicates that the model with
the modifications incorporated has good results, however, the impact of
the horizontal reinforcement is not captured adequately (the amount of
reinforcement reaches values of 3% in the database in some cases,
which was not observed in walls). This occurs because the equilibrium
is realized in the vertical direction, and indirectly and partially, the
effect is captured in the estimate of the horizontal strain (expansion)
that is used to determine the angle of the compression strut. To directly
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Table 1

Exterior and interior joint test comparison.
Type h(mm) Ly@mm) bmm) by mm) f (MPa) pp (%)  f,, (MPa) p (%) f, (MPa)  p5 (%) fyy (MPa)  N/Agf!  Viesx (kN)
Exterior 480 300 300 259 33.6 0.78 490 0.87 437 1.17 490 0.06 554
Interior 419 362 362 279 34.3 0.87 414 0.76 352 1.29 414 0.05 840

incorporate this effect into the analysis, the expression by Wang et al.
[10] to define the tensile capacity of concrete is used. This expression,
through equilibrium, incorporates both the contribution of vertical and
horizontal distributed reinforcement. For the purposes of this analysis,
and considering that vertical reinforcement is already incorporated in
the equilibrium equation, only the horizontal reinforcement component
is incorporated in this term. In this way, the tensile strength of concrete
is defined as:

fon = 04f] [MPa] + py.f,,cosa (24)

3.2. Effect of confinement of beams and columns adjacent to the joint

As reported in the literature (e.g. [10,18]) the interior joints present
higher shear capacity than the external joints under similar conditions,
because of their higher confining effect (constraining expansion) of
adjacent beams. This can be seen with the 1B (exterior — [19]) and X1
(interior — [20]) tests, where the interior and exterior joints are de-
signed similarly. Table 1, which shows the most relevant parameters of
the tests, indicates that the interior joint reaches a shear strength 52%
higher than the exterior joint. The proposed model, after incorporating
the confinement effect, provides similar joint shear strength estimates
(807 kN for the interior joint vs. 499 kN for the exterior joint), mainly
attributed to confinement.

Additionally, in the present work, it is considered that the columns,
as same as the beams, can provide some vertical (longitudinal) con-
finement to the joint. In this case, both exterior and interior joints have
the same elements above and/or below the joint, so this effect must
influence in a similar way both types of connections. Thus, in order to
incorporate the confinement influence provided by the beams and
columns, Egs. (21) and (22) were modified, such that s,f'l‘,‘;‘g = &,ag(1-4,)
and zL’f‘g“fg = &, mg (1—41), reducing their values, which is understood as a
limitation in the transverse and longitudinal expansion of the joint by
means of factors 4, (for the transverse direction) and 4, (for the long-
itudinal), which vary from the value 0 to 1.

These equations are used to obtain and calibrate the angle of the
strut (crack angle), a. It is assumed that the compression strut angle is
defined when o, = f, is reached, as same as with previous models.
Therefore, in this model, the confinement from beams and columns is
reflected in the expressions that calculate this angle. In order to set the
parameter values of ; and 1, a database of interior and exterior beam-
column joint tests was compiled (this is described in the following
section). While applying the modified model the pair of values that best
estimates the shear strength of joint with low scatter was selected.
Considering that both exterior and interior joints have the same con-
finement due to the presence of columns (not beams), the value of the
constant reducing the longitudinal expansion, 4, = 0.5 is selected for
both types of joint. On the other hand, as for the exterior joints
(1; = 0.2) there are fewer beam elements in the transverse direction
than those in interior joint, there is a higher level of confinement for
interior joint (4, = 0.7), resulting in a higher value of 4,.

These parameters allow determining the new values of vertical and
horizontal average strain for beam-column joints. As it was done by a
previous author [14], given a guess value for the shear distortion (y,,),
the longitudinal and transverse strain can be determined with the
modified expressions of Egs. (21) and (22), for a specific element
configuration (different values of geometries, axial load, material
properties and reinforcement amounts). By using compatibility and the
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material constitutive law for concrete in tension, it can be determine
whether the cracking stress has been reached (o, = f,,), increasing the
value of y;, until the crack has formed, which defines the crack angle
(o). After running this procedure, the new expressions for the cracking
angles (strut) are calibrated as a function of the most relevant para-
meters (aspect ratio and axial load level), as:

Exterior joint:
_ h —0.02/ —0.46
a= 17.6(]4—w + 0.5) (]‘Zwa + 0.1) (25)
Interior joint:
h 004/ o —0.43
a=195( + 0.5) (m + 0.1) 26)

3.3. Description of the database

A large series of research projects available from the literature are
used to compile a database for interior and exterior beam-column joints
[18-39]. The compiled database consists of 92 tests, with 54 exterior
joints and 38 interior joints (Table 2). The two types of joints and
testing scheme are shown in Fig. 6. For the database, the compressive
strength of concrete varies from 22.1 to 92.4 [MPa]; the longitudinal
reinforcing steel ratio varies from 0 to 4%; the boundary steel re-
inforcement ratio varies from 0.51 to 3.5%; the transverse reinforce-
ment steel ratio varies from 0 to 3%; the yield stress of the longitudinal
and boundary reinforcement steel varies from 280 to 644 [MPal;
whereas for the transverse reinforcing steel it varies from 235 to 1320
[MPa]; the axial load level varies from 0 to 0.75L,b f.. The database is
compiled from several research programs, with a variety of steel
quantities (low to high steel ratio), material strength (normal to high
strength materials), as well as axial load, which makes the database rich
in data that can identify the relevance of each parameter in the model.

3.4. Flexure model for beams and flexo-compression model for columns

In order to verify whether the beams or columns adjacent to the
joint fail before the joint, a simple bending model is implemented in the
case of the beams and one of flexo-compression for the columns. In both
cases, it is considered that failure occurs at the joint-beam or joint-
column interface, respectively. The procedure described in the ACI 318-
14 [7] is used in the analysis. Once the ultimate strength is obtained,
either from the beam or column, the forces acting on the joint are re-
presented by Fig. 7, such that the joint shear strength is determined as
Vioint = Ty p2—Ve1, for exterior joints and Ve = Typ1 + Typo—Ver for in-
terior joint, where V; represents the shear force in the column, and
Tsp1 and T po correspond to the tensile forces of the upper and lower
beam reinforcement, respectively.

4. Modified model results
4.1. Strength

Using the proposed model and incorporating the contribution of the
boundary reinforcement proposed by Massone and Alvarez [15], that is,
taking B = 0.3, as well as, incorporating the horizontal reinforcement
in the tensile strength of concrete and implementing the new expres-
sions to obtain the crack angle (strut) (Egs. (25) and (26)), the shear
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Fig. 6. Types of beam-column joints — (a) exterior joint, and (b) interior joint
(after [23]).
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Fig. 7. Forces acting at the joint — (a) interior joint, and (b) exterior joint.
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Fig. 9. Analytical shear stress versus shear strain response of selected speci-
mens.

the specimens reaches the tensile capacity of concrete followed by a
strength reduction due to the absence of longitudinal distributed re-
inforcement (ID-13); another specimen also presents strength reduction
once tensile of concrete is reached, but recovers its capacity reaching a
larger strength due to yielding of the longitudinal reinforcement (ID-5);
and similarly, the third specimens overcomes the cracking capacity, but
the longitudinal reinforcement due to its larger quantity, does not yield
resulting in a joint that reaches the compressive strength of concrete
(ID-79).

Table 3 shows the summary of the statistical results (mean and
standard deviation of the Vo4e1/Viest ratio) when applying the model.
When comparing the three types of failure modes (joint shear, beam
flexure or column flexo-compression), it is observed that for the data-
base there are no predicted tests that have a column failure (not shown
in table).

Considering all cases (joint shear and beam flexural failure) yield on
average that the capacity predictions for the database are under-
estimated by 3%. Now, if only joint shear failure is considered, a more
conservative prediction is observed, since it underestimates the joint
shear strength by 7%. As for beam flexural failure, the model agrees
well with the test results (error of 2%), although with greater dispersion
than in the case of shear (0.19 versus 0.14), with almost half of the
database failing in joint shear. On the other hand, similar accuracy is
shown between interior and exterior joints, with more conservative
results for interior joints failing in shear.

4.2. Confinement effect from beams

General trends of the two models implemented is provided, that is,
the original model where the angle of the strut is not affected by the
confinement generated by the adjacent beams (original model) and the
model presented in this work that corrects the angle with respect to the
level of confinement provided by the beams (both considering the
contribution of the boundary and transverse reinforcement), given by
the ratio conf = b N where by, corresponds to the width of the beam, b,

be 4’

Table 3
Vimodel/ Viest Tatio results for exterior and interior joints.

Fig. 8. Flow chart with the numerical scheme of the model formulation.

strength is calculated for the collected database, as well as the strength
for the flexural and flexo-compression models. The numerical proce-
dure is described in Fig. 8, where the general steps are described. In
order to iterate to solve the vertical equilibrium equation, any numer-
ical (e.g., Newton-Rapson, bisection) can be implemented. Once the
overall shear stress versus shear strain is determined, the shear strength
is selected as the peak capacity. The response of 3 selected specimens
with different failure modes are depicted in Fig. 9. In the figure, one of

689

All Joint shear Beam flexure

Type Avg Std. Dev. Avg Std. Dev. N° Avg Std. Dev. N°
cases cases
(%) (%)

Exterior 0.99 0.18 0.98 0.13 23 1.00 0.22 31
(43%) (57%)

Interior 0.95 0.15 0.89 0.13 24 1.05 0.13 14
(63%) (37%)

All 0.97 0.17 0.93 0.14 47 1.02 0.19 45
(51%) (49%)
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Fig. 10. Viode1/Viest ratio respect to confinement level for exterior joints — (a) original model, and (b) modified model.

to the width of the column and N to the number of beams surrounding
the joint.

For a better analysis of this parameter, interior and exterior joints
are presented independently. Fig. 10 shows the strength predictions for
different confinement levels provided by the beams in exterior joints.
This type of exterior joints is not considered confined by the beams in
ACI 318-14 [7]. This is mainly reflected in the model, where a trend
line (red line) is almost horizontal for both the original and the mod-
ified model, with a slight correction in the modified model. This in-
dicates a low dependency on this parameter. On the other hand, Fig. 11
shows the strength predictions for interior joints. ACI 318-14 in this
case improves the joint strength due to confinement. This time, the
original model is highly dependent on this parameter, observing that as
there is more confinement, the model becomes more conservative. This
indicates that the original model fails to correctly capture the con-
finement effect provided by beams. This is corrected when using the
modified model, resulting in a trend line (red line) more horizontal than
in the case of the original model.

4.3. Comparison with models from the literature

The experimental joint shear strength of the database is compared
with five models from the literature, for both exterior and interior
joints. These models are: ACI318-14 [7], the work done by Hwang and
Lee [5,6], the one by Kassem [8], the model developed by Kim and
LaFave [9] and the model presented by Wang et al. [10], which were
presented in the introduction. The model results are plotted in Fig. 12.
In addition, in all cases, predictions for flexural failure in beams and
flexo-compression in columns are also performed. The figure shows that
the proposed model and the models by Wang et al. [10], Kassem [8]
and Kim and LaFave [9] present average strength ratio close to 1 for
joint shear failure (red dots).

Table 4 classifies the strength estimated by failure type for all four
models. It is observed that flexo-compression failure in columns is

2
@) ¢ Original Model
15
g
3 B s el
'§ i '0 ¢ *
> N’
0.5 * s :
*
0
0.33 0.38 0.43 0.48
Conf

practically inexistent, except for the model by Hwang and Lee [5,6],
Kassem [8] and Wang et al. [10], presenting 1 case in each of them.
Most cases are controlled by joint shear failure, except for the model by
Kim and LaFave [9]. In addition, statistical results (mean and standard
deviation) of the model to test strength ratio (Viyodel/Viest) for the six
models are presented. This ratio was selected, since it is strength in-
dependent (instead of comparing Viodel VS Vies)- It is observed that the
model developed in ACI318-14 presents lowest strength ratio, under-
estimating the capacity by 17% for all specimens, with the highest
dispersion in the group. On the other hand, the proposed model and the
model by Wang et al. [10], as well as the semi-empirical models
(Kassem [8] and Kim and LaFave [9]) show the best strength ratio
(error on average less than 10%) for shear failure with also low stan-
dard deviation (between 0.13 and 0.15), with slightly better response in
the model by Kim and LaFave, in part due to the low number of spe-
cimens with shear failure (only 32 cases, also 2 specimens with no
transverse reinforcement were not included since the shear strength
becomes zero). The good performance of the semi-empirical models is
understandable due to the large database that was used for their cali-
bration. However, these 2 semi-empirical models also show the largest
differences between the number of specimens that are predicted with
shear failure, indicating that such formulations might be highly de-
pendent in the parameter selection, especially when more than one
failure mode is expected.

The results indicate that the proposed model accurately predicts the
shear strength of beam-column joints. Even, though the model presents
good correlation, it is necessary to study the dependency to the main
model parameters. Fig. 13 shows the same results presented in Fig. 12a,
but in the horizontal axis different model parameters are deployed. The
concrete compression strength (f’.) is presented in Fig. 13a; the long-
itudinal reinforcement strength (o,f,; + 0.3p5f,;), similar to the con-
tribution in Eq. (23) but for reinforcement yielding, in Fig. 13b; the
transverse reinforcement strength (p,f,,) in Fig. 13¢; and axial level
(N/f!Ag) in Fig. 13d. As it can be seen in all plots of Fig. 13, there is

2
(b) @ Proposed Model
15
.
S TS A B
[
g T e (
£ *
> :
0.5
0
0.33 0.38 0.43 0.48

Conf

Fig. 11. Viode1/ Viest ratio respect to confinement level for interior joints — (a) original model, and (b) modified model.
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Fig. 12. Joint shear model to test strength ratio, Vi,odel/ Viests — (2) proposed model, (b) ACI 318 [7]; (c) Kassem [8], (d) Hwang and Lee [5,6], (e) Wang et al. [10] and

(f) Kim and LaFave [9].

modest dependency of the accuracy of the proposed model (Vi,oge1/
Viest) to the parameters considered, indicating that their contribution is
well captured by the model.

5. Conclusions

In the present work, a model is implemented with the objective of
predicting the non-linear behavior of reinforced concrete beam-column
joints subjected to axial and shear stresses, which is based on a simple
formulation that considers an average strain and stress field of a re-
inforced concrete panel representing the joint. The model satisfies the
equilibrium in the longitudinal direction.

A modification to the original model is developed, incorporating the
confinement effect due to the presence of beams adjacent to the joint.
For this, the transverse and longitudinal expansions are reduced (since
the columns have a similar effect constraining the longitudinal strain),
yielding new expressions for the crack angle, differentiating between
exterior and interior joints, since the confinement effect of the beams

Table 4

Strength estimate ratio for the proposed model and models from the literature.

for the interior joints is larger. Another modification incorporated is the
constitutive law for concrete in tension, where the contribution of the
transverse reinforcement is included.

After applying these modifications, the proposed model yields an
average strength (Vi,odel/Viest) Of 0.97 and a standard deviation of 0.17,
maintaining good estimates for both exterior and interior joints. This
dispersion decreases to 0.14 when comparing only the specimens pre-
dicted to fail by joint shear. The incorporation of confinement for the
estimation of the angle of the principal direction captures the depen-
dence to the constraining of adjacent beams the joint, in particular with
the interior joints, where the effect is more relevant.

The proposed model together with the work by Wang et al. [4] and
the semi-empirical models (Kassem [8] and Kim and LaFave [9]) pro-
vide the best results, compared to others available in the literature,
regarding their dispersion values and in terms of the average shear
strength estimation. The semi-empirical models, however, present great
differences in the number of specimens with shear failure. The proposed
model can be used also to determine the entire shear load versus shear

Cases Prop. model ACI318 Hwang and Lee Wang et al. Kassem Kim and LaFave
All Average 0.97 0.83 0.87 0.96 0.95 1.03

St. dev. 0.17 0.18 0.15 0.15 0.15 0.15

C.0.V. 0.18 0.22 0.17 0.16 0.16 0.15
Joint shear Average 0.93 0.79 0.86 0.94 0.94 1.04

St. dev. 0.14 0.19 0.16 0.15 0.15 0.13

C.0.V. 0.15 0.24 0.18 0.15 0.16 0.13

N° cases (%) 47 (51%) 64 (70%) 64 (70%) 60 (65%) 80 (87%) 32 (36%)
Beam flexure Average 1.02 0.93 0.91 1.00 1.02 1.03

St. dev. 0.19 0.13 0.12 0.16 0.15 0.16

C.0.V. 0.19 0.15 0.13 0.16 0.15 0.16

N° cases (%) 45 (49%) 28 (30%) 27 (29%) 31 (35%) 11 (12%) 58 (64%)
Column flexo-comp. Average - - 0.94 0.94 0.94 0

N° cases (%) 0 (0%) 0 (0%) 1 (1%) 1 (1%) 1 (1%) 0

@ Only average is shown since there is 1 or 0 cases.
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