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Abstract

To avoid excessive slip of beam longitudinal bars at the joints of an earthquake-resisting moment frame, ACI 318
Building Code set a minimum joint depth of 20 times the diameter of the largest longitudinal beam bars passing
through the joint, which is based on prior experimental verification of beam-column joints with Grade 420 MPa
reinforcement. In view of that the 20-bar-diameter criterion cannot be simply extended for concrete frame joints with
higher grade reinforcement, this paper summarizes international existing design criteria and proposes a simplified
equation for the minimum joint depth. The equation applicability is assessed by evaluating the cyclic testing results of
beam-column joints conducted in East Asian and Pacific Countries, where Grade 490, 590, and 690 MPa reinforcement
have been used for earthquake-resistant concrete structures. Beam-column joints that satisfy the proposed equation

can demonstrate satisfactory hysteresis behavior at an interstory drift of 4%.
Keywords: beam-column joint, bond, cyclic testing, high-strength reinforcement, slip

1 Introduction

A well-designed beam-column joint in a special moment-
resisting frame should be able to transfer beam and
column moments and anchor the beam and column lon-
gitudinal reinforcement. Under the design basis earth-
quake (DBE) or the maximum considered earthquake
(MCE), beam hinging adjacent to the faces of beam-col-
umn joints is anticipated, which results in a severe bond
stress demand along the straight beam bars extending
through the joint. As shown in Fig. 1, the straight beam
bars in the joint are subjected to tension at one face of the
joint and compression at the opposite face. If the column
dimension or joint depth is relatively short, the beam bar
tension cannot be fully developed in the joint because of
excessive bond demands, but instead the beam bar must
be anchored within the beam on the opposite side of the
joint. This results in an increase in flexural compression
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and indicate if changes were made.

at the opposite beam end, leading to crushing of the con-
crete. Figure 2 shows consequences of excessive bond
demands at an interior joint with adequate transverse
reinforcement (Lee et al. 2007). Moehle (2015) indicated
that such bond deterioration along the beam bars in the
joint and severe damage at the beam ends enable the bars
to slip almost freely, resulting in excessive deformation
of the beam-column joint for small lateral force changes
(very pinched hysteresis behavior), and thereby reduc-
ing the energy dissipation capacity. From analytical and
experimental observations, Hakuto et al. (1999) and Shi-
ohara (2001) also indicated that the bond deterioration
could cause degradation in beam flexural strength. The
occurrence of bond deterioration or joint core anchorage
failure in a DBE event may render the frame flexible and
prone to large lateral drift in the later moderate earth-
quakes. Because severe bond deterioration is difficult to
repair, and it should be avoided in the design of a special
moment frame at the drift demand from the DBE event.
ACI 318 Building Code (ACI Committee 318 2014)
has set a minimum joint depth of 20 dj, where d}, is the
diameter of the largest longitudinal beam bars extend-
ing through a joint of a special moment frame. This 20
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Fig. 1 Moment-resisting frame joints with plastic hinges at the joint
faces.
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dj criterion is based on an evaluation (Zhu and Jirsa
1983) of cyclic loading response for 18 beam-column
joints made with normal-strength concrete and Grade
420 MPa reinforcement. Zhu and Jirsa (1983) concluded
that a minimum column depth of 20-22 d, is appropriate
to avoid excessive bar slip at an interstory drift of 3% for
Grade 420 MPa reinforcement.

Currently, several reinforcement producers in the
United States are capable of producing Grade 550 and
690 MPa reinforcement with similar manufacturing costs
per unit weight (Kelly et al. 2014). Therefore, the use of
higher grade reinforcement has advantages of cost and
labor savings in steel fabrication. However, ACI 318-14
(2014) only permits Grade 420 MPa for primary rein-
forcement of special seismic systems because of insuf-
ficient data to confirm the applicability of existing code
provisions for structures using higher grades. On the
other hand, Grade 490 or 500 MPa reinforcement has
been widely used as primary reinforcement of earth-
quake-resistant concrete structures in Japan (AIJ 2010),
Taiwan (Ministry of the Interior 2017), and New Zealand
(NZS 3101 2006). Even higher Grade 590 and 690 MPa
reinforcement can be used in high-rise buildings with
peer review and special approval in Japan (Aoyama 2001;
Nishiyama 2009). Whenever a higher grade reinforce-
ment is used, the anchorage at a beam-column joint
become a critical issue.

To address concerns about the excessive slip of higher
grade bars at beam-column joints, the ACI-ASCE Joint
committee 352 recommended a multiplier to the 20 d,
criterion as follows (ACI-ASCE Committee 352 2002).
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Fig. 2 Consequences of bond deterioration along the beam bars passing through a joint with Grade 420 reinforcement, 31-MPa concrete, and 20

dy, column depth (Lee et al. 2007).
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More recently, Hwang et al. (2014) conducted cyclic
loading tests of three cruciform beam-column joints
made with Grade 600 MPa am bars and 32 MPa con-
crete. The column depths ranged from 20 dj, to 25 dj,
which is less than 29 dj, required by Eq. (1). The test
results exhibited very pinched hysteresis behavior
due to excessive slip of beam bars in the joint core.
The multiplier of f,/(420MPa) in Eq. (1) seems neces-
sary for the joints made of normal-strength concrete
and higher grade reinforcement; however, a greater
hc/dp ratio needs either a large column depth or a
small permissible diameter of beam bars, which would
make the design or construction difficult. In practice,
higher grade reinforcement is used together with high-
strength concrete, particularly for columns with lim-
ited architectural dimensions and high axial load at the
lower levels of high-rise buildings (Aoyama 2001). Basi-
cally, Eq. (1) does not account for the beneficial effects
of high-strength concrete and high axial load. Some-
what more complicated equations of minimum #./d)
ratios can be found in other international concrete
design codes (AIJ 2010; CEN 2004; NZS 3101 2006).

This paper summarizes international existing design
criteria and proposes a simplified design equation for
the minimum joint depth of special moment frames.
The applicability of the proposed equation is assessed
using a test database of beam-column joints made with
Grade 490, 590, and 690 MPa reinforcement. Hysteresis
performance in terms of strength degradation, residual
stiffness, and energy dissipation capacity of each joint
test is evaluated according to the ACI standards for
special moment frames. Referable design equations and
experimental verification are provided. Areas needing
further research experiments are also indicated in this

paper.

2 Existing Design Codes and Recommendations

2.1 Generic Formula

During the formation of beam hinging adjacent to the
joint faces, the beam bar may be subjected to a tensile
stress of a,f, at one face of the joint and a compressive
stress of ka,fy at the opposite face of the joint, as shown
in Fig. 1c. By assuming an average bond stress on the
beam bar along the column depth, the bond demand
should not exceed the available bond resistance in the
joint to avoid excessive bar slip, as expressed below.

rm,’g
o (aofy + kaofy) < mdpheayup (2)

Rearranging the equation, one can obtain:

& - 1+ 1) ayfy . os0tofy
d, — 4

®3)

apllp N dapuy
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The design criteria of minimum /4, /d), ratios or maxi-
mum dp/h, limits on the basis of Eq. (3) can be found
in international concrete design codes and standards
such as the NZS 3101 (2006), AIJ (2010), and Eurocode
8 (CEN 2004). Table 1 compares these design equations
together with additional two sets of equations from
Brooke and Ingham (2013) and Li and Leong (2015),
both of which were amendments to the NZS 3101 (2006).
These existing design criteria have been widely used
for earthquake-resisting concrete buildings made with
Grade 300-500 MPa reinforcement and normal strength
concrete. Unfortunately, the expressions of aj, ), and
uyp listed in Table 1 are inconsistent. Notably, the design
equations of Eurocode 8 (CEN 2004) and AIJ (2010) are
similar, the difference being the application of reduction
factors of 0.75 for the reinforcement compressive stress,
0.80 for the bond strength, and 0.80 for the column axial
stress in the case of Eurocode 8. On the other hand, NZS
3101 (2006) uses a basic bond strength of 1.5 \/E MPa,
which is 60% of the peak local bond strength of 2.5
\/f, MPa observed by Eligehausen et al. (1983), and two
additional modification factors, of and oy, to consider the
bidirectional loading and the top bar effects, respectively.

Recently, Brooke and Ingham (2013) assembled a data-
base of 93 interior beam-column joint tests to assess the
suitability of existing design criteria for the minimum
joint depth. The research concluded that the existing cri-
teria cannot reflect the bond deterioration observed in
experiments. Brooke and Ingham (2013) recommended
to modify the basic bond strength to 1.25 \/E MPa and
the corresponding equations of a5 and o), for NZS 3101
(2006), as shown in Table 1. In addition, Li and Leong
(2015) performed experimental and numerical investi-
gations on eight interior beam-column joint specimens
and proposed somewhat different modifications. More
detailed comparisons of the design equations listed in
Table 1 are summarized elsewhere (Brooke 2011; Chen
2017).

2.2 Comparison of Existing Equations for Minimum
Column Depth

In common design practice, the beam reinforcement
ratio Agpo;/Astop usually ranges between 0.5 and 1.0. If
the top reinforcement area (A;p) exceeds the bottom
reinforcement area (A, ;) at a beam-column joint, rela-
tively larger flexural compression would be developed
at the bottom beam ends in order to balance the greater
flexural tension developed from the top beam bars at the
same section. Thus, the compressive stress of the bottom
beam bars at the joint face would be greater than that of
the top beam bars at the opposite face. In other words,
the stress gradient along the bottom bars is larger than
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Table 1 Comparison of existing design equations for the minimum joint depth.

Design criteria Factor for bar stresses

Basic bond strength Factor for column

at the joint faces up, MPa (psi) axial stress on bond
os = 1 + Olp
Ast £ ;
AlJ (2010) 14 Aopor 07F, T
r2
<3.7f53 )
Eurocode 8 (CEN 2004) 1+ O.75A;g—';°‘ O56f’c% 1+08 A:flc
2
(2.9ff )
NZS 3101 (2006) 14155 ;s 8 095 +05-£7 <125

Brooke and Ingham (2013)

Liand Leong (2015)

T+ 084 08 (1 - A

As,top

ocfom.S\/Z
(@rar18y/f))

’ P
ara) 25,/f. 09+20.5 <120

(afaHS\/Z)

afaHAZS\/Z
(a,«aHS\/E)

7
Agfc

095+ 0.5 Pf <1.10

7
Agc

With limitation of Astop > As pot, Where Ag por =area of bottom beam bars; Ag top = area of top beam bars; As =area of the bar group A top Or As pot cOntaining the bar
for which development length is being calculated; o, = bar overstrength factor; a¢ = 1.0 for a beam bar passing through a joint subjected to unidirectional loading,
and af = 0.85 for bi-directional loading; Bar location factor a¢ = 0.85 for a top beam,bar where more than 300 mm of fresh concrete is cast below the bar, e = 1.0 for
all other cases. P =axial compression force on column; Ag = gross area of column; f . = concrete compressive strength.

that along the top bars in the joint, indicating a relatively
severe bond demand for the bottom bars.

For a common beam reinforcement ratio of
Agpot/Asitop < 0.75 and overstrength factor a, = 1.25,
the outcomes of the stress gradient factor o = (1 + «)
for bottom beam bars are equal to 2.0 per AIJ (2010), 1.75
per Eurocode 8 (CEN 2004), 1.80 per NZS 3101 (2006),
1.75 per Brooke and Ingham (2013), and 1.64 per Li and
Leong (2015). Notably, the bar compressive stress ka,fy
is unlikely to reach a,f, as for the tensile stress, because
of the limited compressive strain of the beam bar in the
flexural compression zone at the beam ends. To conclude,
taking a; = 2.0 (or ¥ = 1.0) is the most conservative but
unrealistic condition, and thereby o = 1.8 (or « = 0.8)
may be taken as a physically reasonable assumption.

To compare the minimum column dimensions required
by various design codes and recommendations, a refer-
ence cruciform beam-column joint is assumed to have
beam hinging adjacent to the joint faces, a typical over-
strength factor o, = 1.25, a minimum axial compres-
sion P=0.2 Agfc/, a common beam reinforcement ratio
Ag pot/Astop = 0.75, and an equal bar diameter dj, for the
top and bottom beam bars. Because of the larger stress
gradient (o) along the bottom bars due to the unequal
reinforcement ratio Agpy,/Assop = 0.75, the minimum
column dimension given by Eq. (3) and Table 1 would be
determined by the bottom beam bars passing through the
joint.

For the reference beam-column joint, Fig. 3 shows the
ratio of Eq. (3) to Eq. (1) for various values of fc/ using the
five sets of design equations listed in Table 1. Notably,
Eq. (1) requires minimum /. /d}, ratios of 20, 26, and 33
for Grade 420, 550, and 690 MPa reinforcement, respec-
tively. The minimum /. /d}, ratios for bottom beam bars
per Eurocode 8 (CEN 2004) are the most conservative
(Fig. 3) because of lower bond strength (Table 1). The
requirements of the AIJ (2010) are also conservative at
taking oy = 2.0. As shown in Fig. 3, the recommendation
of Li and Leong (2015) is more conservative than that
of NZS 3101 (2006) because of reduced bond strength
(Table 1). Brooke and Ingham (2013) also suggested a
lower bond strength but allowed taking more advantage
of the column axial load (Table 1), thus resulting in /. /d},
ratios about 2% larger than those of NZS 3101 (2006)
for P=0.2 Agfcl - For very low or high axial load, such as
P=0.05 Agf, or 0.50 A,f,, the h/d), ratios recommended
by Brooke and Ingham (2013) would be 17% larger than
those of NZS 3101 (2006). For the normal-strength con-
crete of fc/ <55 MPa, the minimum column dimensions
required by the five sets of design equations are well
above that obtained from Eq. (1) per ACI 352R-02 (ACI-
ASCE Committee 352 2002). By contrast, the require-
ment of Eq. (1) may be too conservative for a concrete
compressive strength exceeding 70 MPa.
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Fig. 3 Comparison of minimum column dimensions required by different codes and recommendations for a reference beam-column joint having
a column axial load of 0.2 Agfc’, a reinforcement ratio of A por /Asop = 0.75, and various concrete strengths.

3 Simplification of Design Equation for the
Minimum Joint Depth

Due to the long-standing use of 1/f, in NZS3101 (2006)
and ACI 318 (2014) for bond and shear strengths, this
paper also recommends simplifying the design equa-
tion from the criterion of NZS 3101 (2006), which sets
the basic bond strength u,=1.5 \/f, MPa for Eq. (3). As
listed in Table 1 and discussed in the prior section, the
stress gradient factor s is affected by beam reinforce-
ment ratios and bar overstrength factor «,. Except for the
AJJ (2010), all existing criteria give a o factor not exceed-
ing 1.80 for bottom beam bars with «, = 1.25. For sim-
plicity and conservativeness, og=1.80 is taken to simplify
Eq. (3) as follows.

h 1.8a,fy
- = 7 (4)
dp ~ apb/f;

where a typical value of o, = 1.25 is usually used in prac-

tice, and this paper recommends to use
ap =09+ 2.OA£f, < 1.20, which is proposed by Brooke
and Ingham (2013).

All design equations listed in Table 1 allow design-
ers to increase the reliable bond strength in the joint
with different rates and limits as the column axial load

increases. The effect of column axial load on the reliable
bond strength in the joint was extensively investigated by
Brooke and Ingham (2013). The data support the com-
mon view that increasing axial load increases the bond
strength. However, tests on isolated bars embedded in
concrete suggest that there is an upper limit to the bond
strength enhancement that can be achieved by increasing
the transverse compression stress acting on an anchor-
age. Therefore, Brooke and Ingham (2013) proposed to
set an upper limit of 1.20 on the o, factor.

The seismic forces acting on a moment frame gener-
ally do not make large contributions to the axial load at
interior columns (Moehle 2015). For a typical interior
column in a multistory building, a minimum column
axial load of 0.15/Agfc/ is a rational assumption. Substitut-
ing P=0.15 Agf, into the equation of «), recommended
in Eq. (4) results in a constant o, = 1.20. Accordingly,
Eq. (4) can be further simplified as below.

he Qofy
—_ >
dp ~ 4 f. )

The proposed Eq. (5) gives a relatively short depth for
the reference beam-column joint shown in Fig. 3 and ver-
ified with the database presented later.
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4 Database Investigation
4.1 Assessment of Anchorage Performance of Beam Bars
in the Joint
The quasi-static reversed cyclic loading test is the most
commonly used method for testing components of
earthquake-resistant structures in laboratory. Numerous
cyclic loading tests of reinforced concrete beam-column
joints have been extensively reviewed and assembled in
several databases (Brooke and Ingham 2013; Kim and
LaFave 2007; Lee and Hwang 2013) for various evalu-
ations of design equations or analytical models. Brooke
and Ingham (2013) assembled a database of 93 interior
beam-column joint tests to evaluate the minimum joint
depth; however, only 32 specimens had reinforcement
grades of 490 or higher. The anchorage performance of
higher grade bars has not been fully clarified. For high-
strength reinforcement and concrete, Lee and Hwang
(2013) also assembled a more comprehensive database
consisting of 202 cruciform beam-column joints to assess
current ACI 318 design provisions for the joint strength
and confinement.

For cyclic testing of a cruciform beam-column joint,
the consequences of bond deterioration along the beam
bars in the joint core includes excessive bar slip, severe
concrete crushing at beam ends, strength degradation at
peak displacement, very low stiffness at small displace-
ment, and reduced energy dissipation capacity (hyster-
etic pinching). In the database of Lee and Hwang (2013),
some test results with aforementioned characteristics
were reported as “BJa” failure [joint core anchorage fail-
ure after beam yielding, or “bond” failure as called by
Brooke and Ingham (2013)] by the original researchers.
However, some test results may also have bond dete-
rioration but not subjectively indicated as “BJa” failure
because of the difficulty in detecting such damage in the
joint core.

Therefore, this paper proposes to assess how well the
beam bars are anchored in the joint by evaluating the
hysteresis behavior of a beam-column joint. For accept-
ance, as illustrated in Fig. 4, the test results of the third
complete cycle to a limiting drift ratio of 3.5% at least
should satisfy the following acceptance criteria for test-
ing components of special moment frames given by ACI
374.1-05 (2005).

1. Strength degradation at the peak displacement of the
limiting drift cycle shall not exceed 25% of the maxi-
mum load resistance in the same loading direction;

2. Residual secant stiffness between=£1/10 of the limit-
ing drift ratio shall not be less than 5% of the initial
stiffness obtained from the first cycle; and
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Fig. 4 Acceptance criteria for testing components of special
moment frames given by ACI 374.1-05.

3. Energy dissipated in the limiting drift cycle shall
not be less than 12.5% of the idealized elastoplastic
energy of that drift ratio.

Unfortunately, only a few tests had three cycles at the
limiting drift ratio. More recently, ACI 374.2R-13 (ACI
Committee 374 2013) reported that a minimum of two
cycles at each drift ratio is sufficient to consider the dam-
age associated with the number of cycles at a given drift
ratio. To evaluate the hysteresis performance for each
test specimen, the second (or third, if available) cycle at
a drift ratio of 3.5% or 4% was used. Therefore, this study
omitted the test data that did not have a minimum of
two cycles at a drift ratio of 3.5% or 4%. In addition, the
beam-column joints that failed in joint shear (so-called
“J” failure) without yielding of beam bars were excluded,
because the “J” failure is primarily dominated by the joint
shear stress and indirectly related to the permissible bond
stress of the beam bars in the joint. Finally, to evaluate
the minimum joint depth, this study assembled a data-
base of available test data with the following conditions.

1. Reinforced concrete cruciform beam-column joints
without transverse beams and slabs. The confine-
ment of continuous transverse beams and slabs may
enhance the bond strength of the joint core concrete.

2. For each joint, all the beam longitudinal bars
extended through the joint core are confined by
transverse reinforcement.

3. The hysteresis loop of the second (or third, if avail-
able) cycle at a drift ratio of 3.5% or 4% can be
extracted data values from published graphs by a plot
digitizer.

4. Yielding of beam bars occurred at the joint faces, fol-
lowed by beam flexure, joint shear, or anchorage fail-
ure (“B’, “BJ, or “BJa” failures).
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Table 2 Key parameters of the joints with Grade 490 or 500 MPa beam bars.
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First author Specimen  Failure Test parameters Performance evaluation®
mode f f h he Aspt P Virma  Aghraic® & Ko Ep  Rating
MPa I\;/Itll’a ngm & Astop  Agfe Vi e on K Erp
Teraoka (1994) HNO. 9 BJ 93 599 400 180 100 020 098 1.03 087 011 035 o
Nakachi (1995) NO. 1 BJa 45 493 400 209 1.00 020 070 233 069 002 0.21 X
NO. 2 BJ 48 493 400 209 1.00 0.20 1.02 218 069 002 023 X
NO. 3 Bla 31 493 400 209 100 020 080 336 063 000 017 X
NO. 4 BJ 32 493 400 209 1.00 0.20 113 3.21 0.62 0.03 0.25 X
NO. 5 BJa 60 493 400 209 100 020 094 1.72 054 001 029 x
NO. 6 BJ 65 493 400 209 1.00 0.19 1.18 161 0.67 0.05 030 x
Hosoya (2003) NO. 1 BJa 47 535 450 236 083 019 075 0.61 062 002 023 «x
Maruta (2004) CC-3 BJ 185 543 400 180 1.00 007 098 0.29 062 014 035 x
Hori (2004) B1 BJ 89 542 400 209 075 0.27 0.88 033 079 013 0.35 o
Brooke (2006) 1B B 31 552 800 320 100 O 0.77 201 092 018 040 o
2B B 41 552 800 320 1.00 0 0.70 1.29 0.67 0.17 0.51 X
3B Bla 45 537 675 270 100 0 0.75 1.13 080 018 042 o
4B Bla 43 537 675 27.0 1.00 0 0.74 1.19 0.81 0.12 036 o
Umemura (2006) PJN BJ 76 554 500 22.5 1.00 0.15 0.94 0.87 0.83 011 035 o
Kimoto (2006) l6C BJa 71 518 400 209 100 020 087 039 076 009 028 o
6P Bla 71 518 400 209 1.00 0.20 0.87 0.39 0.80 0.11 0.29 0
np BJ 105 518 400 209 100 020 097 033 081 015 035 o
Yagenji (2009) JU-S Bla 55 541 400 209 067 0.10 091 0.55 0.63 0.03 026 x
Li (2015) NS1 B 60 510 450 375 1.00 0 1.06 0.83 090 033 043 o
NS2 B 61 508 450 281 050 O 0.65 0.58 092 013 024 o
NS3 B 61 508 450 28.1 1.00 0 0.76 0.82 0.95 0.29 042 [¢)
NS4 B 60 513 450 225 064 O 0.53 0.64 087 009 028 o
AS1 B 61 510 450 375 1.00 030 1.02 0.82 087 013 044 o
AS2 B 61 508 450 281 0.50 030 055 0.58 064 000 009 x
AS3 B 61 508 450 28.1 100 030 073 0.82 078 013 042 o
AS4 B 62 513 450 225 0.64 030 053 0.62 069 004 037 x
Alaee (2017) IN80 B 80 564 450 281 050 O 045 0.99 079 009 029 o
INT00 B 100 564 450 281 050 O 040 1.01 083 021 036 o

Failure mode: “B’, beam flexural failure; “BJ", Beam yielding followed by Joint shear failure; “BJa” Beam yielding followed by Joint anchorage failure.

? Experimental-to-nominal joint strength ratio per ACI 318.

b Provided-to-required confinement reinforcing ratio per ACl 318 without limiting fyt.

¢ Joints with hysteresis performance satisfying the three acceptance criteria (Fig. 4) given by ACI 374.1-05 are evaluated to be “Acceptable” and denoted by symbol “o”.

y

The rest joints are evaluated to be “Unacceptable” and denoted by symbol “x".

Finally, this paper presents the evaluation results of 61
cruciform beam-column joints reinforced with beam bars
of Grade 490 MPa or higher, as listed in Tables 2, 3, and
4. Only nine specimens had three cycles at a drift ratio
of 3.5% or 4%. The details and cyclic loading response
for each beam-column joint are summarized elsewhere
(Chen 2017).

4.2 Joints with Grade 490 or 500 MPa Beam Bars

Table 2 shows the evaluation of the data subset of joints
with Grades 490 or 500 MPa beam bars. The hyster-
esis loops of these tests were obtained from references

(Teraoka and Kanoh 1994; Nakachi and Tabata 1995;
Hosoya et al. 2003; Maruta and Sanada 2004; Hori et al.
2004; Brooke et al. 2006; Umemura et al. 2006; Kimoto
et al. 2006; Yagenji et al. 2009; Li and Leong 2015; Alaee
and Li 2017) and evaluated according to the ACI stand-
ards. The joints having hysteresis performance that
fully satisfy the three criteria of strength, stiffness, and
energy dissipation (Q, > 0.75Q;;, K, > 0.05K;, and
Ep > 0.125E,,) given by ACI 374.1-05 (ACI Committee
374 2005) are evaluated to be “acceptable’, while the oth-
ers are evaluated as “unacceptable”. Figure 4 illustrates an
unacceptable 4% drift cycle for a cruciform beam-column
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Table 3 Key parameters of the joints with Grade 590 MPa (85 ksi) beam bars.

First author Specimen  Failure Test parameters Performance evaluation®
mode £ f h he Apot P Vinma  Agpatic” & Ko Ep  Rating
MPa My‘E’a mcm % Asop  Agfe  Vn e on K Err
Oka (1992) J-1 BJ 81 638 300 236 078 011 1.15 0.26 070 012 028 X
Teraoka (2004) HJ-5 BJ 54 645 400 209 1.00 018 092 0.66 0.76 0.07 0.25 0
HJ-8 BJ 93 599 400 18.0 1.00 0.20 0.97 0.27 091 0.10 033 o
HJ-12 BJ 89 604 400 180 100 017 155 0.58 071 010 035 X
Abe (2006) MJIS BJ 86 626 475 214 1.00 0.15 0.98 0.55 0.80 0.1 0.36 [¢)
Hori (2006) B15-4 B 152 616 380 199 067 033 074 0.70 096 022 040 o
B15-5 B 146 616 380 19.9 0.67 03 0.75 0.73 0.93 0.22 036 o
Takamori (2007)  HNO. 18 BJ 147 646 700 245 100 010 096 0.62 09 014 031 o
HNO. 19 BJ 165 657 700 245 100 010 104 0.57 093 019 034 o
HNO. 20 BJ 140 640 700 245 1.00 0.10 1.10 0.68 0.93 0.18 0.35 o)
Hwang (2014) C2-600 Bla 32 710 550 248 060 O 0.89 1.70 071 003 015 x
C3-600 BJa 32 710 450 20.3 0.60 0 1.09 146 0.73 0.11 0.19 X
C4-600 Bla 30 635 550 217 050 O 0.79 1.81 073 006 017 x

Failure mode: “B’, beam flexural failure; “BJ’, Beam yielding followed by Joint shear failure; “BJa” Beam yielding followed by Joint anchorage failure.

2 Experimental-to-nominal joint strength ratio per ACI 318.

b Provided-to-required confinement reinforcing ratio per ACl 318 without limiting fye.

¢ Joints with hysteresis performance satisfying the three acceptance criteria (Fig. 4) given by ACI 374.1-05 are evaluated to be “Acceptable” and denoted by symbol “o”.

The rest joints are evaluated to be “Unacceptable” and denoted by symbol “x".

joint with bond deterioration initiating in the prior 3%
drift cycles.

For various failure modes, the relations of the /4 /dj
ratio, measured concrete compressive strength f,, and
evaluated hysteresis performance are shown in Fig. 5,
wherein the symbols “0” and “x” denote the “accept-
able” and “unacceptable” test results, respectively. The
proposed minimum /. /d), ratios of Egs. (1) and (5) for
Grade 490 MPa are plotted for comparison. Ideally, the
test data having /./d), ratios above the minimum joint
depth should demonstrate acceptable performance
unless other design parameters do not conform to the
code. In contrast, the test data having /./d}, ratios below
the minimum joint depth would exhibit unacceptable
performance.

From the comparison shown in Fig. 5, the minimum
he/dy ratio from Eq. (1) is obviously too conservative
for test data with fC, > 70MPa. Comparatively, the pro-
posed Eq. (5) is less conservative. Most of the test data
having 4. /d), ratios above the curve of Eq. (5) are evalu-
ated as acceptable. Three “B” failure data [Table 2, Speci-
men 2B (Brooke et al. 2006); Specimens AS2 and AS4 (Li
and Leong 2015)] performed well up to 3% drift but the
strengths rapidly degraded in the later drift cycles due
to buckling of the beam bars in the plastic hinge regions.
Therefore, the unacceptable evaluation of three “B” fail-
ure specimens can be primarily attributed to beam flex-
ural failure rather than bond deterioration.

Excluding “B” failure specimens, the remaining four
unacceptable data had h./d, ratios slightly above the
curve of Eq. (5). Figure 6 shows the reproduced cyclic
responses of Specimens NO. 5 and NO. 6 (Nakachi and
Tabata 1995), Specimen NO. 1 (Hosoya et al. 2003), and
Specimen JU-S (Yagenji et al. 2009). The strength and
stiffness of Specimen NO. 6 gradually degraded in 2%, 3%,
and 4% drift cycles. This degradation can be attributed
to the excessive joint shear stress (Vj,,;/Vyacr = 1.18)
of Specimen NO. 6, as listed in Table 2. Note that either
joint shear failure or bond deterioration would result in
hysteretic strength and stiffness degradation; however,
the joints with bond deterioration would typically display
very low residual stiffness at small displacement (very low
K,/K;). As shown in Fig. 6 and Table 2, Specimens NO. 5,
NO. 1, and JU-S exhibited very low K,/K; values in the
evaluation of the 4% drift cycle because of the bond dete-
rioration initiated in the previous 3% drift cycles. Since
the limiting drift cycle evaluated in this study is 4% drift,
which is slightly beyond the 3.5% drift given by ACI
374.1-05 (ACI Committee 374 2005), the performance of
Specimens NO. 5, NO. 1, and JU-S could be considered
as marginally acceptable.

Notably, four “BJa” failure specimens [Specimens
3B and 4B (Brooke et al. 2006); Specimens I6C and 16P
(Kimoto et al. 2006)] are still evaluated as acceptable
(Table 2) at the 4% drift cycle, in which the excessive bar
slip or joint core anchorage failure has not occurred. In
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Table 4 Key parameters of the joints with Grade 690 MPa (100 ksi) beam bars.

First author Specimen  Failure Test parameters Performance evaluation®
mode £ f h he Aspot P Virma  Apraic® & Ko Ep  Rating
R S A
Noguchi (1992) OKJ-1 BJ 70 718 300 236 078 012 121 047 059 012 031 x
OKJ-4 BJ 70 718 300 236 078 0.12 1.22 0.95 0.73 013 033 X
Watanabe (2005) NO. 2 B 107 724 400 209 1.00 0.15 1.15 1.01 0.93 020 033 o
NO.3 BJ 107 724 400 209 100 015 148 1.01 085 017 039 o
NO. 4 BJ 157 724 400 209 1.00 0.15 1.28 0.69 091 020 038 o
NO. 5 B 107 748 400 180 100 015 118 1.01 086 014 037 o
Hori (2006) B15-1 BJ 189 690 380 199 067 0.23 0.66 0.21 056  0.08 0.55 X
B15-3 BJ 186 690 340 178 100 023 074 0.19 065 009 048 x
Kuo (2011) X100 BJ 120 744 600 236 050 003 086 097 094 018 020 o
Lee (2016) CG1 BJ 81 738 600 236 0.67 0.05 0.86 0.65 0.82 016 021 o
CG3 BJ 85 738 600 236 067 005 086 0.62 090 018 020 o
CG4 BJ 83 738 600 236 067 0.05 091 0.64 091 0.21 0.20 o
Lee (2014) A24 BJ 116 725 600 236 075 004 094 0.86 078 013 025 o
B24 BJ 104 725 600 236 1.00 0.04 1.1 0.95 0.81 013 0.25 o
Alaee (2017) IH80 B 80 712 450 28.1 0.50 0 0.62 0.97 0.96 020 025 o)
IH80A B 80 712 450 281 050 030 062 097 086 036 046 o
IH100 B 100 712 450 28.1 0.50 0 0.54 1.01 0.95 0.22 028 o
IH60 BJa 60 707 450 237 100 0 0.60 1.29 080 004 022 x
IH60A Bla 60 707 450 23.7 1.00 030 056 1.29 077 004 018 x

Failure mode: “B’, beam flexural failure; “BJ’, Beam yielding followed by Joint shear failure; “BJa” Beam yielding followed by Joint anchorage failure.

2 Experimental-to-nominal joint strength ratio per ACI 318.

b Provided-to-required confinement reinforcing ratio per ACl 318 without limiting fye.

¢ Joints with hysteresis performance satisfying the three acceptance criteria (Fig. 4) given by ACI 374.1-05 are evaluated to be “Acceptable” and denoted by symbol “o”.

The rest joints are evaluated to be “Unacceptable” and denoted by symbol “x".

other words, the “BJa” failure could be acceptable if the
failure drift ratio is large enough.

4.3 Joints with Grade 590 or 600 MPa Beam Bars

To date, no experiment has been conducted for beam-
column joints with ASTM A706 Grade 550 MPa rein-
forcement, for which the specified yield strength ranged
from 550 to 675 MPa. Therefore, the available test data
of beam-column joints with Grade 590 or 600 MPa beam
bars were collected from literature (Oka and Shiohara
1992; Teraoka et al. 2004; Abe et al. 2006; Hori et al. 2006;
Takamori et al. 2007; Hwang et al. 2014) and assem-
bled in Table 3, where 11 out of 13 data had actual yield
strength f,, meeting the specification of ASTM A706
Grade 550 MPa. Thus, this subset of the database could
be referred for the application of ASTM A706 Grade
550 MPa bars.

Table 3 and Fig. 7 show the relations of the evaluated
hysteresis performance and the key test parameters.
Obviously, the minimum /. /d}, ratio of 28 obtained from
Eq. (1) is too conservative for the eight acceptable data
with f, > 55MPa and h./d, < 25. Notably, although

the three “BJa” failure specimens tested by Hwang et al.
(2014) also used h./dy ratios ranging from 20 to 25, they
did not perform well within 3.5% drift cycles because of
the low f, value of 32 MPa. The last two data [Specimen
J-1 (Oka and Shiohara 1992); Specimen HJ-12 (Tera-
oka et al. 2004)] had significant strength losses at the 4%
drift cycle due to excessive shear stress and insufficient
transverse reinforcement in the joint (Table 3). Exclud-
ing Specimens J-1 and HJ-12, only three “BJa” failure
specimens had /. /dj, ratios much smaller than that from
Eq. (5) and exhibited unacceptable hysteresis perfor-
mance. However, there are no test data with lower £, val-
ues and larger /. /d}, ratios in Fig. 7, neither for higher f,
values with smaller /. /d), ratios. Therefore, it is difficult
to conclude whether the proposed Eq. (5) is conservative
for various concrete strengths. More beam-column joint
tests are needed for these areas.

4.4 Joints with Grade 690 MPa Beam Bars
The available test data of beam-column joints with
Grade 690 MPa (100 ksi) beam bars are collected from
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Failure mode
Behavior BJa BJ B

Acceptable ¢) o o
Unacceptable x X X

Concrete compressive strength, f,.’ (ksi)
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T 2B (Brooke et al. 2006)
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30+
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he . : NO.1 (Hosoya et al. 2003)
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204 * XXX X O o O
], Jus AN
| (Yagenii et al. 2009) NO 586 =
g (Nakachi et al. 1995)
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Concrete compressive strength, f." (MPa)
Fig. 5 Relations of the h¢/d, ratio, measured concrete compressive

strength, and evaluated hysteresis performance for joints with Grade
490 or 500 MPa beam bars.

a Specimen NO.5 b Specimen NO.6

1.0 2
> i %
g 00+ g 2A
c P

1.0

4 2 0 2 4 2 0 2 a4
Drift ratio (%) Drift ratio (%)

Fig. 6 Normalized column shear versus story drift for beam-column
joints with h¢/dj, ratios close to the proposed equation: a Specimen
NO. 5; b Specimen NO. 6 tested by Nakachi and Tabata (1995); ¢
Specimen NO. 1 tested by Hosoya et al. (2003); and d Specimen JU-S
tested by Yageniji et al. (2009).

literature (Noguchi and Kashiwazaki 1992; Watanabe
et al. 2005; Hori et al. 2006; Kuo 2011; Lee et al. 2014,
2016; Alaee and Li 2017) and listed in Table 4. All the
specimens were made with higher strength concrete.
Figure 8 shows the relations of the evaluation results
to the h./dj ratio and measured concrete compressive
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strength fC/ Definitely, the minimum joint depth from
Eq. (1) is far above the acceptable test results with
smaller /./d), ratios. As listed in Table 4, six speci-
mens did not perform well at the limiting drift ratio.
Specimens OKJ-1 and OKJ-4 (Noguchi and Kashi-
wazaki 1992) were subjected to excessive joint shear
stress (Vipm/Viaci > 1.2). Thus, the lateral strength
degraded rapidly due to the occurrence of joint shear
failure. Specimens B15-1 and B15-3 (Hori et al. 2006)
used ultra-high strength concrete for the joint but the
amounts of transverse reinforcement (Agj 40, Table 4)
were far below the code requirement. Thus, both joints
failed in shear with a stress level below the nominal
joint shear strength. Specimens IH60 and IH60A (Alaee
and Li 2017) demonstrated severely pinched hyster-
esis loops due to the unmatched use of 60 MPa con-
crete with a joint depth of 24 dj, which is less than the
minimum joint depth obtained from Eq. (5) for Grade
690 MPa beam bars.

On the other hand, the first author and his colleagues
(Kuo 2011; Lee et al. 2014, 2016) also tested several
cruciform beam-column joints at the laboratory of the
National Center for Research on Earthquake Engineering
(NCREE) in Taiwan. As shown in Fig. 9, each joint speci-
men had a unit column length of 3.2 m and a unit beam
length of 6 m to simulate an interstory beam-column
joint under reversed cyclic loading (Fig. 1b). The test
specimens satisfied most of the ACI 318 (2014) and ACI
352R-02 (ACI-ASCE Committee 352 2002) seismic pro-
visions for special moment frames, except the limitations
on the joint shear stress, bar f;, and /./d), ratio. As listed
in Table 4, six “BJ” failure specimens (X100, CG1, CG3,
CG@G4, A24, and B24) were reinforced with 25-mm Grade
690 MPa beam bars passing through a joint depth of
600 mm, resulting in a /. /d}, ratio of 24. The design con-
crete strength was 100 MPa but the measured concrete
compressive strength ranged from 80 to 120 MPa. Fig-
ure 10 shows the normalized cyclic loading response of
Specimens X100, CG1, A24, and B24 with various ratios
of Agpot/Astop and Vi, ,/Viaci- The cyclic responses of
Specimens CG3 and CG4 are not shown here, because
they were almost identical to that of Specimen CG1 with
the same reinforcing details, except the use of mechani-
cal couplers for bottom beam bars. As demonstrated in
Fig. 10, all tested specimens performed well up to the 4%
drift ratio, although eventually they failed in joint shear
in the later 6% drift cycles. Notably, the residual stiffness
around zero drift of the 4% drift cycles were not too low.
Excessive bar slip was not observed in these experiments
within 4% drift cycles.

Based on Figs. 8 and 10, the proposed Eq. (5) seems
adequate for concrete strength ﬂ ranged from 80 to
120 MPa, but it may be inadequate for higher strength
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Failure mode
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Acceptable o o
Unacceptable x x
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Fig. 7 Relations of the h¢/d, ratio, measured concrete compressive

strength, and evaluated hysteresis performance for joints with Grade
590 or 600 MPa beam bars.
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Fig. 8 Relations of the h./d,, ratio, measured concrete compressive

strength, and evaluated hysteresis performance for joints with Grade
690 MPa beam bars.
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Fig. 9 Typical test setup for cruciform beam-column joints at the
NCREE laboratory.

10 @ Specimen X100 b Specimen CG1
’ BJ failure BJ failure
>
g 0.0
c 4
-1.04
104€ Specimen A24 d specimen B24
’ BJ failure BJ failure
>
S 004
o 4
1.0
T T T T T T T T T

6 -4 -2 0 2 4 6 4 -2 0 2 4 6
Drift ratio (%) Drift ratio (%)

Fig. 10 Normalized column shear versus story drift for beam-column

joints tested at NCREE with h./dp, = 24.

concrete, where the bond strength of ultra-high strength
concrete is still questionable. Due to the limited test data
with & /dj, < 20, this study also suggests to set a lower
limit of 20 for Eq. (5). In other words, this study recom-
mends the minimum joint depth to be the larger of 20 dj,
and a,fyd), / (4\/]‘7 ) This recommendation is conserva-

tive for cruciform beam-column joints reinforced with
reinforcement grades not exceeding 690 MPa.

4.5 Overall Observation

For all the test data listed in Tables 2, 3, and 4, Fig. 11
displays the data distributions of unacceptable and
acceptable data with respect to the ratio of experimental-
to-nominal shear strength and the provided-to-required
column dimension ratio (i.e., the provided column depth
divided by the minimum joint depth). Attention shall
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Fig. 11 Relations of performance evaluation to the shear strength ratio and provided-to-required joint depth ratio.

be drawn to the test data that fall in Quadrants 3 and 4,
where Vinm / Viaci < 1.0 means the experimental shear
stresses are below the nominal value of 1.25 /f, MPa
specified in ACI 318-14 (2014), and thus, the premature
joint shear failure data were precluded. The horizontal
axis of Fig. 11 represents the ratio of the column depth
provided in experiments to the proposed minimum joint
depth. Therefore, the test data in Quadrant 4 of Fig. 11
are requirement-conforming joints and are expected to
perform well up to 4% drift ratio. Ideally, the joints with
excessive bar slip or anchorage failure should not appear
in Quadrant 4 of Fig. 11a, where only three BJa-failure
specimens (Specimens NO. 5, NO. 1, and JU-S, as shown
in Fig. 6) had marginally-acceptable hysteresis perfor-
mance. The other three “x” data in Quadrant 4 of Fig. 11a
are B-failure specimens (Specimens 2B, AS2, and AS4
listed in Table 2), which had significant strength loss at
the limiting drift cycle due to bar buckling in the beam
hinging zone. In other words, these three B-failure data
can be precluded for bond assessment.

Notably, the recommended minimum /./d, ratio is
smaller and less conservative than those required by
other design codes listed in Table 1. However, most of
the test data that fall in Quadrant 4 of Fig. 11 had accept-
able hysteresis performance, indicating that the recom-
mended minimum /. /dj ratio could be acceptable, on

the basis of the present database investigation. Notably,
setting the basic bond strength u;, = 1.25\/_}’7 MPa as
suggested by Brooke and Ingham (2013) for Eq. (4) could
give a relatively conservative /./d), ratio for the presented
data.

A larger h./d, ratio and a lower joint shear stress
(Quadrant 4 of Fig. 11b) can ensure better performance
of joints under cyclic loading. Higher joint shear stress
may result in premature joint shear failure, which may
cause building collapse, and therefore should be avoided.
A smaller /./dj ratio may result in excessive bar slip in
the joint core and pinching hysteretic performance, but it
would not lead to any local collapse. Therefore, the mini-
mum /. /d), ratios specified for special moment frames
by codes and standards are based on the judgment of the
expected hysteresis behavior at a design interstory drift.

5 Summary and Recommendations

This paper reviews existing design criteria in different
codes for the minimum joint depth of special moment
frames and proposes a simplified equation by omit-
ting some minor variables. The applicability of the
proposed equation is verified against a database assem-
bling available experiments on the use of higher grade
reinforcement in reinforced concrete beam-column
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joints subjected to quasi-static reversed cyclic load-
ing. The hysteresis behavior of each beam-column joint
was evaluated according to the ACI standards for spe-
cial moment frames. Based on this review and database
assessment, the following conclusions and recommen-
dations can be drawn:

« Relatively pinched hysteresis behavior can be
observed in the beam-column joints with bond
deterioration along the beam bars passing through
the joint. Such damage in the joint core is unlikely
to be easily repairable and therefore should be
avoided in a design basis earthquake event.

+ The ACI 318 (2014) requirement of a minimum
joint depth of 20 dj, is based on test data with Grade
420 reinforcement and may be too short for bar
Jy exceeding 420 MPa. ACI 352R-02 (ACI-ASCE
Committee 352 2002) recommends a simple mul-
tiplier of f,/420 on the 20 dj criterion without
accounting for the various concrete strength, which
is very conservative for high-strength concrete and
unconservative for low-strength concrete, accord-
ing to the presented database investigation.

+ Based on the evaluation of the assembled test data,
this study recommends that the joint depth, or the
column dimension in parallel to the beam bars
extending through the joint should not be less than
the larger of 20 dj, and aofyd)/ (4\/]?) Cruciform

beam-column joints with column dimension meet-
ing this criterion can demonstrate acceptable hys-
teresis performance up to a limiting drift ratio of
3.5% at least.

+ The proposed design equation is empirical and
should be used with limitations of f, not exceeding
690 MPa and f, not exceeding 100 MPa.

+ The simplified design equation is proposed for typi-
cal interior beam-column joints with column axial
load exceeding 0.15 Agfc/. If the seismic forces lead
to significant variation of the column axial load, the
detailed design equations including the effects of
column axial load and other parameters should be
used.

Abbreviations

Ag: Gross sectional area of column; A;: Area of the bar group As’mp OfAs,hot
containing the bar for which the development length is being calculated;

Ag por: Area of bottom beam bars; As top: Area of top beam bars; Agp rasio
Provided amount of joint transverse reinforcement divided by the amount
required in ACI 318; db: Diameter of largest beam longitudinal bars extending
through the joint; Ep: Area of hysteresis loop or energy dissipated in the
limiting drift cycle; Epp: Area of the elastoplastic loop for the limiting drift
cyde;f; Compressive strength of concrete; fs: Tensile stress in reinforce-
ment; f;: Compressive stress in reinforcement; fy: Minimum specified yield
strength of reinforcement, or reinforcement grade; ]S,a: Actual yield strength
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of longitudinal reinforcement; fyt? Yield strength of transverse reinforce-
ment; A1¢: Column depth or joint depth; Kjy: Secant stiffness around zero dfrift,
obtained for positive and negative loading directions between = 1/10 of the
limiting drift ratio in the hysteresis loop; Kj: Initial secant stiffness of the first
drift cycle; Lg: Unit beam length of test module, or distance between the
assumed inflection points; L, Unit column height of test module, or assumed
story height; P: Axial compression on the column; Q: Lateral load or column
shear force of test module; Qm: Maximum lateral load of test module; Qr

: Peak lateral load of test module in the repeated cycle of the limiting drift
ratio; Qy:Yie\d strength of test module with beam yielding at both joint faces,
determined using actual bar yield strength, measured concrete compressive
strength, and nominal beam moment strength at the joint face; U, Basic
bond strength on the beam bar over the column depth; V,: Beam shear force;
th,m3 Experimental shear force acting on the joint, back-calculated using the
force couples in the beam resisting Qy;; Vi, aci: Nominal joint shear strength
per ACI 318; of:0.85 for bi-directional loading; 1.0 for uni-directional loading;
&: Overstrength factor of the beam bars; ¢: Factor accounting for the effect
of column axial compression on the bond strength; &g 1+ K, stress gradient
factor accounting for the bar stress developed at the joint faces; &y: 0.85 for

a top beam bar where more than 300 mm of fresh concrete is cast below the
bar; 1.0 for all other cases; 8: Beam deflection; A: Interstory drift; 0: Drift ratio,
or angular rotation between the beam and column centerlines at the joint; K

: Ratio of the bar compressive stress to bar tensile stress developed at the joint
faces.
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