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Abstract: In nonlinear analysis for performance-based design of reinforced concrete moment frames,
a plastic hinge spring element is predominantly used in order to simply and accurately describe
the inelastic behavior of beam—column joints, including strength degradation. Although current
design codes and guidelines provide various beam-column joint models, the focus is on concentric
beam-column joints. Therefore, more studies are required for eccentric beam-column joints, which
are also common in practice. In the present study, to consider the effect of beam eccentricity on the
behavior of beam—column joints, a simplified plastic hinge model was proposed using the effective
joint width of current design codes. The proposed model was compared to the cyclic loading test
results of beam-column joints with/without beam eccentricity. The comparison showed that the
simplified plastic hinge model with the effective joint width of NZS 3101-2006 or Eurocode 8 is
considered acceptable for design purpose.

Keywords: beam—column joint; envelope curve; eccentric beam; performance-based design; plastic
hinge model

1. Introduction

For a safe and cost-effective design of building structures, the performance-based
earthquake design is widely used. For the design approach, nonlinear behavior of structural
components should be well described in analysis, including deformation capacity. In the
case of reinforced concrete (RC) moment frames, the deformation capacity is significantly
affected by shear damage and bar-slip at beam—column joints [1-11], and the joint shear
damage and bar-slip are unavoidable even if the requirements of current seismic design
codes [12-15] for beam—column joints are satisfied. Thus, to achieve a reliable design of
RC moment frames, those characteristics affecting the nonlinear behavior of beam-column
joints should be carefully considered in the analysis.

In practice, a lumped plastic hinge spring element is predominantly used for beam-—
column joints, because it is available in most of commercial software for nonlinear analy-
sis [16,17]. Thus, it is reasonable to reflect those characteristics in the plastic hinge spring
element. Meanwhile, joint shear strength degradation is also critical to the deformation
capacity of beam—column joints. To address the nonlinear behavior of beam—column joints,
a vast number of studies have been conducted: idealizing models, such as the strut-tie
mechanism-based models [7-10,18-20] and the rotating-angle softened-truss model [21],
and empirical equations [12,22,23] were proposed; the strain-increase in beam flexural bars
due to cyclic loads was considered in the prediction of the joint shear strength degradation
and deformation capacity [6]; the effects of joint shear demand, joint hoop bars, and yield
strength of beam flexural bars on the joint deformation capacity were considered [24]; the
effects of bar-slip, bar elongation, diagonal cracking, and shear deformation on the joint
shear strength degradation were studied [8]; and the joint shear strength was defined as a
function of target lateral drift ratio [9,10]. Although the existing studies provide a deep
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understanding on the behavior of beam—column joints, the majority of the existing studies
focused on concentric beam—column joints. However, eccentric beam—column joints, in
which the axis of beams framing into a joint does not lie on the column centerline, are also
common in practice.

To investigate the effect of eccentric beams on the joint shear strength, several experi-
mental studies were performed, and it was found that as the beam eccentricity increased,
the shear strength capacity and ductility were decreased at interior [25-31] and exte-
rior [32-34] beam-column joints. To consider the degradation in the shear strength of
eccentric beam—column joints, a simple method of reducing the effective joint width was
also proposed [27,28]. On the other hand, it was found that slabs can alleviate the shear
strength degradation of eccentric beam—column joints [35,36]. Although the existing stud-
ies investigated the joint shear strength of eccentric beam—column joints, the deformation
capacity and strength degradation were not evaluated, which were necessary for nonlinear
analysis modeling.

Recently, for an improved performance-based design, Hwang and Park [37] developed
an advanced plastic hinge model, which is applicable to interior and exterior beam-column
joints. In the model, the effects of beam bar-slip and joint shear strength degradation were
taken into account covering various design parameters, and the joint shear deformation
and beam flexural deformation were also combined for simple modeling and computa-
tion. However, the existing models, including the model of Hwang and Park [37], were
developed primarily for concentric beam—column joints. Thus, more studies are required
for eccentric beam—column joints, considering the facts that a considerable number of RC
structures are designed to have eccentric beam-column joints in practice and the design of
RC structures is subjected to seismic and dynamic influences.

In the present study, for a safer and more economical design of RC structures, the
effect of beam eccentricity on the behavior of beam—column joints was investigated. To this
purpose, the effective joint width of current design codes and the plastic hinge model of
Hwang and Park [36] were utilized with a modification, which can describe the nonlinear
behavior of eccentric beam—column joints. For verification, the proposed method was
compared to existing test results available in the literature.

2. Current Design Codes for Effective Joint Width

Current design codes, such as ACI 318-19 [12], ACI 352R-02 [13], and NZS 3101-
2006 [14], specify the effective joint width b for concentric and eccentric beam—column
joints (Figure 1). On the other hand, Eurocode 8 [15] does not consider the beam eccentricity
in calculation of the effective joint width.

bs = min[by + 2x, by + h¢, bc] in ACI 318 — 19 @)
. [by+0b h .
bs = min {”ZC by + Zm?ﬁ bc] in ACI 352R — 02 )
b, = min [bc, by + % b ; be | % - e] in NZS 3101 — 2006 3)
bs = min[b, b, + 0.5h.] in Eurocode 8 4)

where by, is the beam width; /i, is the column depth; b, is the column width; x is the smaller
distance between the beam and column edges; m = 0.3 when the eccentricity e is greater
than b./8 or m = 0.5 otherwise; and e is the eccentricity between the beam and column
centerlines. In Equation (2), the value of mh/2 is limited to the distance between the beam
and column edges at each side.
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Effective
joint area

Figure 1. Effective joint area: (a) concentric beam-column joint; (b) eccentric beam—column joint.

Figure 2 compares the effective joint width b; calculated by the current design codes
(Equations (1)—(4)). As shown in the figure, for concentric beam—column joints (Figure 2a),
the effective joint width was increased with the increase in the column width, and ACI 352R-
02 [13] provided the smallest estimation. On the other hand, for eccentric beam—column
joints (Figure 2b with x = 0), Eurocode 8 [15] ignoring the beam eccentricity provided the
largest estimation, while ACI 318-19 [12] having a limitation of x = 0 provided the smallest
estimation. As compared in Figure 2c, the effective joint width was decreased as the beam
eccentricity increased (except Eurocode 8 [15]), and ACI 352R-02 [13] provided a smaller
effective joint width than NZS 3101-2006 [14].

4 4 4
—ACI 318-19
h, =b, — —ACI 352R-02 h.=b =4b,
391e=0 =1 3 1—--NZS3101-2006 .. 3 -
e 5 I [ Eurocode8 e b — — — — -
b - - Urocodes .- N> -~
—= 2 —_— - 2 1 P 2 A <=
b, ~ —=""ACI 318-19 e — T D — = ——ACI 318-19
1 = - — —ACI 352R-02 1 = 1 4 — —ACI 352R-02
— - -NZS3101-2006 h =b —(b —b.)/2 — - -NZS3101-2006
....... Eurocode8 ¢ e € ( i ")/ «-wee- EUrocode8
0 T T 0 T T 0 T T
1 2 3 4 1 2 3 4 0 0.1 0.2 03
bc/ bb bc / bh e/ bc
(a) (b) ()

Figure 2. Comparison of effective joint widths in current design codes: (a) concentric beam—column joint; (b) eccentric

beam-—column joint; (c) effect of beam eccentricity.

3. Joint Shear Strength Degradation Model

Hwang and Park [37] proposed a simplified plastic hinge model for interior and
exterior beam—column joints, which could predict the lateral load—drift ratio relationship,
including strength degradation. Figure 3 shows the plastic hinge model for interior and
exterior beam—column joints [37,38]. In the model, a joint is simplified using elastic beam-
column elements, rotational spring elements, and rigid elements. The elastic beam-column
elements are used to represent the elastic flexural deformation of beams and columns along
their net length. The rigid elements are located at the center of the joint panel, and the
rotational spring elements connect the beam-column elements and rigid elements at the
joint interface and represent the sum of elastic joint shear deformation, plastic joint shear
deformation, and plastic beam deformation.
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Figure 3. Plastic hinge model for beam—column joints: (a) interior beam—column joint; (b) exterior
beam-—column joint.

3.1. Lateral Load—Drift Ratio Relationship

Figure 4a shows the envelop curve of the simplified plastic hinge model [37] for a joint,
and EY, EU, and EF in the figure indicate the yield, ultimate, and failure points, respectively.
In the model, the lateral load P, at EY corresponds to the nominal moment strength of
the beam section at the joint interface. The lateral drift ratio 6, at EY includes the elastic
deformations of beams and columns framing into the joint (affected by effective flexural
stiffness EI) and elastic joint shear deformation of the joint panel (affected by the rotation
angle 0;, [22]).

b
2 5f o A ; p
Lateral load S ‘ ¢ Beam moment 3 a, ;
U : ; m B 1 .EU
) ‘ EY
Py EY EU "’
S 9]}'
y ; !
'EF 'EF
0 0 _
Lateral drift ratio Rotation angle

@)

(b)

Figure 4. Load-displacement relationship of plastic hinge model: (a) lateral load—drift relationship of beam—column joint;

(b) moment-rotation relationship of plastic hinge.

For interior beam—column joints,

L (M"+M~
Pr=2m <Ls ) ©)
_ 2PH} 1 2P)L3 H | 20jLs ©)
Y7 BE.. H ' 3E.], L? L
048
e saro(p 0B he B\ L
0j, =84 x107*(f")) ()0 1 2L " 2H ) 2L (7)
For exterior beam~-column joints,
L (M~
P, = —
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where L is the beam length; H is the column height; Hs is the column shear span; Ls is the
beam shear span; /1, is the beam height; M and M~ are the positive and negative moments
of the beam section, respectively; As and A, are the areas of tension and compression bars
in the beam section, respectively; A, and f,, are the area and yield strength of joint hoop
bars parallel to beam flexural bars, respectively; and f.” is the concrete compressive strength.

According to ASCE/SEI 41-17 [16], the effective flexural stiffness of beams (E.I;) and
columns (E.I.) are defined as follows:

Eclp = 0.3Ec Iy (13)
N
Ecle = 03Eclge < (024 —— | Eclge < 0.7E I (14)
bcthc

where E is the elastic modulus of concrete (= 4700+/f."); Lo and Iy are the second-order
moments of inertia for gross section of beams and columns, respectively; and N is the axial
force in columns.

The lateral drift ratios 6, and 6f at EU and EF are defined as follows:

2L
6u =0y + ast (15)

2L
8 =dy+ by~ (16)

where a, (= a; + a5) and by, (= b; + by) are the plastic hinge rotation angles of a rotational
spring element at EU and EF (Figure 4b), which represent the sum of the joint plastic
shear angle and beam plastic rotation. The definitions of 4;, a5, bj, and by are given in the
following section.

3.2. Plastic Hinge Model
3.2.1. Ultimate Point

According to Hwang and Park [37], the joint plastic shear angle 4; is defined as follows:
For interior beam—column joints,

1 [11ac(B.+02) (6 - Bj)f’c(bshc)

L =0< — < .
aj=0< 1050 - 16| < ay; (17)
0.03 10.24; > 0.01 18
i = 008 = =045k, /L) (x — 0.13)(3 —5x) ~ 18
/
c=08" VS 005 <06 (19)
dy fy
(As+ A fy 20)

¢~ 0.85f_byhy
V= (A5+A/s)fy_Pu (21)
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Vr = min [Ah Fyir0.65A; fy} (22)
A
a =024 (1 n Ah];yh) <06 (23)
sJy
For exterior beam—column joints,
ot 2.80.(B, +0.1) (3 - Bj)f’c(bshc) o - 9
= 1050 Vi —Vr I @4
9a;
@y = 0.03 — / > 0.01 (25)
atfy (1 — 0.45h,/ L) (k — 0.12) (3 — 5K)
!
k=014 < 1.56ldi’1 Ve 06 <05 (26)
b Sy
Asfy
27
Pe = 585 £/ by, @7
Vu=Asfy— Pu (28)

where o, is the strength increment factor due to the confinement effect of cross-beams
(Figure 5); B is the compression zone depth ratio; f3; is the joint configuration ratio (=, /hc);
K is the energy dissipation ratio of beam—column joints; ly, is the development length of
beam flexural bars anchored into the joint; and dj, is the diameter of beam bottom bars.
Note that in the calculation of amj, the initial value of a; is used without consideration of
the limitation of a,,;.

I I Cross-beam (75% larger I I
Column L -eat] Column | Cross-beam Column
! ! than joint interface area) Column S ! ! N Beam
it ik IF ] 7
o| © off © o o) ©
o — - LL.-I_- e .LL.-I_- LL.-I_- ol d .L.-|_-
lkvBeam LBeam | |° |~ Beam | ° b
=== === = === === -] .-|_-
l l . . . . o e oi o
T T — With il
I I Loadi Cross-beam < | I I Loadi I I Loading /Without W ! | ]
] || | “oading Il || | Hoacing I || | toadine Cross-beamt_§ __ _{ ! Loading
a,=2.5 a,=1.0 a,=2.0 a,=1.0
(a) (b) (0 (d)

Figure 5. Confinement of beam—column joints: (a) interior beam—column joint with two-cross beams; (b) interior beam-—

column joint without two-cross beams; (c) exterior beam—column joint with two-cross beams; (d) exterior beam—column

joint without two-cross beams.

On the other hand, the beam plastic rotation angle ar is defined as a function of the
energy dissipation ratio k [8-10,37].

(29)

where a,,¢ is the maximum plastic rotation angle in order to consider the beam failure (=
0.003 to 0.025 rad) [16,37].
3.2.2. Failure Point

The joint plastic shear angle b; is defined as follows, assuming linear strength degra-
dation from EU to the point corresponding to 90% of the peak strength [37].
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For interior beam—column joints,

| Llac(B, +02) (6 - (Sj)f’c(bshc)vu

| = < 2a,,;
! 105009V, — Vi) (Ve — Vp) = i (30)
For exterior beam-column joints,
2.8ac (B, +0.1) (3 — (Sj)f’c(bshc)vu
- < 2ay; (31)

1 71050(0.9V,, — Vi) (Vi — Vi)

In this study, to avoid the overestimation of deformation capacity in building struc-
tures and to address the minimum increase in the joint plastic shear angle, the joint plastic
shear angle b; was simplified as follows:

b; = a; +0.01 (32)

On the other hand, the beam plastic rotation angle by is defined as a function of the
energy dissipation ratio k. [8-10,37]

by = 2 25p; < by (33)

3 -5k’

where b, is the maximum plastic rotation angle in order to consider the beam failure (=
0.01 to 0.05 rad) [16,36].

3.2.3. Summary of Parameters for Plastic Hinge Model

For modeling of the load—displacement relationship, the lateral load and drift ratios
at point EY are determined from Equations (5) and (6) for interior beam—column joints
(or Equations (8) and (9) for exterior beam—column joints), respectively. The drift ratios at
points EU and EF are determined from Equations (15) and (16), respectively, and the lateral
load at point EU is the same as that at point EY. The parameters for the plastic rotation
angles used in Equations (15) and (16) are summarized in Table 1.

Table 1. Parameters for plastic rotation angles.

Parameters Interior Beam—Column Joint Exterior Beam—Column Joint
. . ap =aj+as
Plastic rotation angles by = by + by
1 [11ac(B.+02) (6 - Bj)f’c(bshc) y 1 [28ac(B.+01) (3 - [3]»>f’c(bshc)
Ll]' = — — — a]- = — — -
Plastic shear angle of the joint 1050 Vu—Vr 1050 Vu—"Vr
< ”mj < ﬂmj
bj =a;+0.01 bj =a;+0.01
Maximum shear angle 4, = 0.03 (1 _ 0.1a]~> > 001
ajf
Partial bond fail L 10458 /L . 1-045k/Ls
artial bond faiture ajf 7atny(K70.l3)(375K) ﬂ]f—lxtny(Kfo.IZ)(3f5K)
3+ 5k
Plastic rotation angle of the ag = 3= 5Kﬂj < s
beam end 3+ 5k

br =350 S bw

Note: a. = 2.5 for interior joints with two cross-beams, 2.0 for exterior joints with two cross-beams, or 1.0 otherwise; b = effective joint
width in Equations (1)—(4); Vi, = (As + As) fy — Py for interior beam—column joint; V;, = As f, — Py for exterior beam~column joint; Vr =
min( Ay fyn, 0.65Asfy); Bj = hy/he > 1; Be = (As + A's) fy/ (0.85f'  byhy) for interior beam—column joint; and B = Asf, /(0.85f", byhy) for
exterior beam-column joint. Note that when calculating V,, and Vr in exterior beam—column joints, tension bars in a beam section are used
under positive or negative moment.



Appl. Sci. 2021, 11,1303

8 of 15

4. Application of Simplified Plastic Hinge Model
4.1. Existing Test Results

To verify the simplified plastic hinge model, existing test results available in the litera-
ture were collected. Among those test results, cyclic loading tests for interior [25,30] and
exterior [31,32,34] beam—column joints were used to compare predictions (envelope curves)
with measurements (cyclic responses). Table 2 summarizes the primary test parameters
of the test specimens. It is noted that the eccentricity ratio of beams e/b. was in the range
of 0-1/4, and the axial load ratio of columns (N./f. b:hc) was in the range of 0-0.20 in the
collected test specimens.

In the application of the simplified plastic hinge model, the effective joint widths of
the current design codes [12-15] were used. Table 3 compares the calculated effective joint
widths for the test specimens.

4.2. Comparison of Predictions to Test Results

Figures 6-9 compare the test results (black cyclic responses) with the predictions by
the simplified plastic hinge model (red envelope curves). It is noted that the compari-
son was made directly on the lateral load—drift ratio relationship. To examine the effect
of the effective joint width, the predictions in each figure were made with a different
design code: Figure 6 with ACI 318-19 [12] (or using Equation (1)), Figure 7 with ACI
352R-02 [13] (Equation (2)), Figure 8 with NZS 3101-2006 [14] (Equation (3)), and Figure 9
with Eurocode 8 [15] (Equation (4)). As shown in the figures, the predictions with different
effective joint widths showed similar strength, which agreed well with the test results, but
the deformation capacities (especially onset of strength degradation) varied. For concen-
tric beam~-column joint specimens (i.e., e/b; = 0), the predictions with ACI 352R-02 [13]
showed relatively earlier strength degradation after the peak strength. However, except
specimen C2 (Figure 7m), the discrepancy was not significant. For eccentric beam—column
joint specimens (i.e., e/b. > 0), the predictions with ACI 318-19 [12] underestimated the
deformation capacity, showing early strength degradation (Figure 6b,d,n,0,p). Compared
to the predictions with ACI 318-19 [12], the predictions with ACI 352R-02 [13] showed
better agreement, but slightly underestimated the deformation capacity in some specimens
(Figure 7c,d,o,p). Overall, the simplified plastic hinge model using the effective joint width
of NZS 3101-2006 [14] showed the best predictions for all test specimens (Figure 8). Unex-
pectedly, the predictions with Eurocode 8 [15], which does not consider the effect of the
beam eccentricity on the effective joint width, also showed quite good agreement, except
the test specimens EO, E2, and E5 (Figure 9n,0,p). From the comparison, it can be concluded
that the simplified plastic hinge model with the effective joint width of NZS 3101-2006 [14]
or Eurocode 8 [15] is considered acceptable for design purposes.



Appl. Sci. 2021, 11, 1303 9of 15
Table 2. Test parameters of existing beam~-column joint test specimens.
Top Bar Bottom Bar
. .1 P . 3
Specimens Geometric Properties of Beam 2 of Beam 2 Joint Hoop iz ¢ ,117\];1/ s elb, 6
c Yclte
L H hy by, he bc As fy dy Ag fy dy Ay, fyn
JXO-B1 21.3 0
Joh et al. [25] JXO-B5 3000 1750 350 150 300 300 398 371 12.7 398 371 12.7 283 307 231 0.16 1/4
JE-0 320 0
Kusuhara et al. [30] JE-55 2700 1350 300 180 280 320 710 387 9.5 710 387 9.5 320 364 27.0 0.00 11/64
JE-55S 604 11/64
S0 4150 2700 450 300 600 400 1749 455 222 1749 455 222 426 471 29.5 0.10 0
Lee and Ko [31] S50 1/8
WO 0
W75 4150 2700 450 300 400 600 1749 455 222 1749 455 222 1065 471 29.5 0.10 1/8
W150 1/4
Chen and Chen [32] }g 5000 2840 500 300 500 500 2056 438 222 2056 438 222 1065 399 20.0 0.00 195
Co 101 0
EO 0 1/4
Ma et al. [34] E2 4000 2800 500 200 400 400 1511 452 20.0 686 436 18.0 101 378 23.8 0.20 1/4
E5 251 1/4

1 L = beam length (mm); H = column height (mm); h, = beam depth (mm); b, = beam width (mm); k. = column depth (mm); b, = column width (mm). ? A; = cross-sectional area of bars (mm?); fy = yield strength
of bars (MPa); d, = bar diameter (mm). 3 Aj, = area of hoop bars parallel to beam flexural bars (mm?); fyn = yield strength of hoop bars (MPa). * Compressive strength of concrete. 5 Axial load ratio of columns.

6 Eccentricity ratio of beams.
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Table 3. Calculated effective joint widths for existing test specimens.

Geometric Properties (mm)

Effective Joint width, bs (mm)

Specimens
by b. e ACI 318-19, Equation (1) ACI 352R-02, Equation (2) NZS 3101-2006, Equation (3)  Eurocode 8, Equation (4)
JXO-B1 0 300 25 300 300
Joh etal. [25] xoBs 120 300 75 150 195 25 300
JE-0 0 320 250 320 320
Kusuhara et al. [30] JE-55 180 320 55 210 237 265 320
JE-555 55 210 237 265 320
S0 0 400 350 400 400
S50 300 400 50 300 350 400 400
Lee and Ko [31] WO 0 600 450 500 500
W75 300 600 75 450 450 475 500
W150 150 300 360 400 500
C 0 500 400 500 500
Chen and Chen [32] }E 300 500 100 300 375 405 500
2 200 400 0 400 300 400 400
EO 100 200 260 300 400
Maetal. [34] E2 100 200 260 300 400
E5 100 200 260 300 400
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Figure 7. Comparison between test results and predictions with ACI 352R-02.
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More specifically, the deformation capacity &, by the predictions were quantitatively
compared with the test results 67 in Table 4: the deformation capacity & of the test speci-
mens was defined as the drift ratio corresponding to the nominal strength P, (Equations (5)
and (8)) in the post-peak response. As summarized in Table 4, the simplified plastic hinge
model using the effective joint width of NZS 3101-2006 [14] or Eurocode 8 [15] matched
well with the test results: the mean and COV (coefficient of variation) of 67/, were 1.07
and 0.113 for the predictions with NZS 3101-2006, respectively, [14] or 0.97 and 0.177 for
the predictions with Eurocode 8, respectively [15]. The underestimation of the predictions
with ACI 318-19 [12] (1.45 and 0.474) or ACI 352R-02 [13] (1.25 and 0.165) was due to the
underestimated effective joint width (Table 3): the effective joint width of the eccentric
beam-column joint specimens was symmetrically decreased at both sides due to the beam
eccentricity (x) in ACI 318-19 [12] (Equation (1)), and the effect of beam eccentricity was
indirectly considered in ACI 352R-02 [13] by using a factor m (Equation (2)). On the other
hand, NZS 3101-2006 [14] directly considered the beam eccentricity (¢) in the calculation
(Equation (3)), and the calculated effective joint width of NZS 3101-2006 [14] was larger
than that of ACI 318-19 [12] or ACI 352R-02 [13] but less than that of Eurocode 2 [15]
without consideration of the beam eccentricity (Table 3). For these reasons, the simplified
plastic hinge model using the effective joint width of NZS 3101-2006 [14] showed the best
predictions for all test specimens.

Table 4. Comparison of deformation capacity between test results and predictions.
Test Predictions with Predictions with Predictions with Predictions with
Specimens Results ACI 318-19 ACI 352R-02 NZS 3101-2006 Eurocode 8
81 (%) 8, (%) 81/8, 8, (%) 81/8, 8, (%) 81/8, 8, (%) 81/8,
Joh et al. [25] JXO-B1 4.68 4.55 1.03 3.83 1.22 4.55 1.03 4.55 1.03
onetal JXO-B5 424 1.28 3.31 3.05 1.39 3.90 1.09 4.65 0.91
JE-0 3.39 411 0.82 2.55 1.33 411 0.82 411 0.82
Kusuhara et al. [30] JE-55 3.50 1.20 291 211 1.66 3.06 1.14 4.11 0.85
JE-55S 3.50 2.74 1.28 3.85 0.91 411 0.85 4.55 0.77
SO 6.03 4.79 1.26 4.50 1.34 4.79 1.26 4.79 1.26
S50 5.02 4.21 1.19 4.50 1.11 4.79 1.05 4.79 1.05
Lee and Ko [31] WO 6.01 4.67 1.29 5.10 1.18 4.96 1.21 4.96 1.21
W75 6.01 5.10 1.18 5.10 1.18 5.03 1.19 4.96 1.21
W150 5.03 5.53 0.91 5.36 0.94 5.25 0.96 4.96 1.01
JC 5.52 4.92 1.12 5.22 1.06 4.92 1.12 4.92 1.12
Chen and Chen [52] JE 5.20 5.51 0.94 5.29 0.98 5.14 1.01 492 1.06
C2 2.96 297 0.99 2.00 1.48 297 0.99 297 0.99
Ma et al. [34] EO 1.95 1.39 1.40 1.49 1.31 1.86 1.05 2.78 0.70
: E2 2.18 1.39 1.57 1.61 1.35 2.00 1.09 297 0.73
E5 2.70 1.37 1.98 1.81 1.49 2.23 1.21 3.28 0.82
Mean - 1.45 1.25 1.07 0.97
Cov - 0.474 0.165 0.113 0.177

It is noted that in eccentric beam—column joints, the joint shear strength could decrease
due to additional torsion and stress concentration developed by eccentric beams at the
joint interface. Moreover, when a wide column is used, the joint hoop bar stress close to the
eccentric beam would be much higher than that far from the eccentric beam [31]. For these
reasons, the use of total amount of joint hoop bars could overestimate the performance in
the simplified plastic hinge model, particularly for the beam—column joints with a wide
column and large beam eccentricity. Of the test specimens, W0, W75, and W150 used wide
columns (Tables 2 and 3). Among them, W150 had the widest column and largest beam
eccentricity, and the overestimation in the onset of strength degradation in W150 may be
caused by the use of total amount of joint hoop bars (Figures 6j, 7j, 8j and 9j). However, to
generalize the effect of joint hoop bars in the case of having a wide column and large beam
eccentricity or to suggest an effective joint hoop bar area, existing test results relevant to
the case are limited. Thus, further experimental studies are needed.
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5. Conclusions

In the present study, the effect of beam eccentricity on the behavior of eccentric beam-
column joints was investigated. A simplified plastic hinge model was proposed using the
effective joint width of current design codes, and it was applied to existing test specimens.
The principal findings can be summarized as follows:

(1) Current design codes provide the effective joint widths for concentric and eccentric
beam—column joints, but the effective joint widths vary widely.

(2) In eccentric beam—column joints, the beam eccentricity reduces the effective joint
shear area, which results in a decrease in the joint shear strength and more drastic
strength degradation after the peak strength.

(3) For nonlinear analysis of eccentric beam—column joints, a simplified plastic hinge
model was proposed, addressing the beam eccentricity.

(4) To verify the simplified plastic hinge model, the predictions with various code-
specified effective joint widths were compared to the existing test results. The com-
parison showed that the simplified plastic hinge model with the effective joint width
of NZS 3101-2006 matched best to eccentric beam—column joint specimens (for the
deformation capacity, the mean and COV of test-to-prediction ratios were 1.07 and
0.113, respectively). Thus, for safer and more economical design of eccentric beam—
column joints, the effective joint width of NZS 3101-2006 is recommended to be used
in the simplified plastic hinge model.

Compared to concentric beam—column joints, previous experimental studies for ec-
centric beam—column joints are limited. Considering the fact that eccentric beam—column
joints are also common in practice, further studies are needed to investigate the effects of
beam eccentricity on the behavior of interior and exterior beam—column joints with various
design parameters.
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