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A B S T R A C T   

New high-strength reinforced concrete column and steel beam (New RCS) joints were developed in this research. 
Two-way, through-beam New RCS joint details with beams concentrically or eccentrically connected to the joint 
were proposed. The beam in one direction was continuous through the joint (continuous beam). The beam in the 
other direction was connected to the continuous beam by complete joint penetration (CJP) groove welds. Five- 
spiral reinforcement was used for joint transverse reinforcement. A method to calculate the amount of five-spiral 
reinforcement was proposed considering the confinement effect from the face-bearing plates (FBPs). Doubler 
plates were used to strengthen the eccentric beam flanges with predrilled holes to allow the passage of column 
longitudinal reinforcement. A method was proposed for the design of the doubler plates. Large-scale New RCS 
joint specimens designed to fail in joint shear were tested. Test results showed that the proposed joint details and 
design methods effectively avoided failure in undesirable locations. All the specimens failed in joint shear but 
still reached high drift ratios. The eccentric joint specimens (IDEHS and ISEHS) exhibited peak joint shears higher 
than the concentric beam specimen (IHS). The 1994 ASCE and 2015 ASCE shear strength models produced 
conservative predictions of the peak joint shear and the joint shear at 0.5% joint shear deformation for all the 
specimens. The predictions by the 2015 ASCE method were more reasonable with less scatter than the 1994 
ASCE method because the former recognizes the shear strength contribution from the outer joint panel even 
without the use of shear keys and allows a longer steel web in shear strength calculation.   

1. Introduction 

Reinforced concrete column and steel beam (RCS) structures are a 
type of composite frame that effectively combines the advantages of 
reinforced concrete and steel. The cost of reinforced concrete columns is 
typically lower than comparable steel columns. This advantage becomes 
even more significant as the price of steel soars recently. On the other 
hand, for the same depth of the beam, steel beams typically can achieve 
a longer span than reinforced concrete beams. This allows for a building 
with fewer columns, particularly favorable for office use. As a result, 
RCS structures have gained more attention in Taiwan for office 
buildings. 

In 1994, ASCE published guidelines for designing the beam-column 
joints of RCS frames for use in low-to-moderate seismic zones [1]. The 
guidelines resulted from several studies on the seismic behavior of RCS 
frames conducted in the 1980s and 90s [2,3]. In the guidelines, design 
methods for the through-beam type of joints of RCS frames were 

presented. These included methods for joint shear and bearing strength 
calculations and detailing considerations for transverse reinforcement 
within and adjacent to joints, face and extended face bearing plates, the 
size limit of column longitudinal bars, and others. Later, RCS frames’ test 
results based on the ASCE guidelines [4–8] showed that the guidelines 
could also be used for regions of high seismicity. Moreover, design 
methods [9–12] were proposed to cover more joint details, and 
improved joint shear and bearing strength calculation methods were 
developed. Important new joint details included transverse beams and 
headed studs to mobilize joint shear strength contribution from the 
outer joint panel, and steel band plates to confine the column right 
above and below the joint. Important improvements for joint strength 
calculation included proper consideration of joint strength difference 
between interior and exterior joints, limiting the deformation of the 
joint for damage control, and treating the vertical bearing strength as the 
upper limit of the joint shear strength contribution from the inner joint 
panel. More recently, Alizadeh et al. [13] introduced additional bearing 
plates to increase the joint bearing strength. Mirghaderi et al. [14] 
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proposed to place the through-beams outside the beam-column joint to 
eliminate the interference of through-beams with the column joint re
gion. Eghbali and Mirghaderi [15] used vertical through-plates and 
shear connectors to transfer beam forces into the concrete column. 
Khaloo and Doost [16] welded steel channels to the face-bearing plates 
and to the through-beam flanges to increase the vertical and horizontal 
shear transfer, respectively. Lee et al. [17] investigated simplified 
connection details using face bearing plates, transverse beams, and 
shear studs to increase shear transfer across the joint. Test results 
showed the proposed simplified connection details could be used for 
RCS frames in low-to-moderate seismic regions. 

Although many tests on RCS frames have been conducted, most of 

the tests were conducted on RCS frames with columns made of normal- 
strength materials. In recent years, new high-strength reinforced con
crete (New RC) with f ’

c ≥ 70 MPa and fy ≥ 690 MPa have been developed 
in Taiwan for high-rise reinforced concrete residential buildings [18]. 
The high seismic demand and high axial load for columns in high-rise 
buildings in Taiwan typically make the size of RC columns excessively 
large and the reinforcement over-crowded. High-strength materials can 
reduce the column size and relieve reinforcement congestion. Test re
sults have shown New RC columns have satisfactory seismic perfor
mance [19–21] for use in regions of high seismicity. 

In this research, New RC columns were combined with steel beams to 
form New RCS frames for use in high-rise office buildings. Two-way, 

Nomenclature 

Ac concrete area confined by five-spiral reinforcement 
Ach cross-sectional area enclosed by the outside edges of five- 

spiral reinforcement 
Ag gross area of concrete cross-section 
Ah cross-sectional loss of steel beam flange due to drilled holes 
Ahc concrete area confined by the FBPs and beam webs and 

flanges 
Auc unconfined concrete area 
bf width of steel beam flange 
bi width of inner concrete panel 
bo effective width of outer concrete panel 
bp width of FBP 
C coefficient to account for the effect of stress concentration 

around the holes 
Ccn1 nominal compression strength of bearing zone calculated 

by 1994 ASCE guidelines 
Ccn2 nominal compression strength of bearing zone calculated 

by 2015 ASCE draft Pre-Standard 
dh diameter of holes on steel beam flanges 
dj effective joint depth determined as the distance between 

steel beam flange centerlines 
dw depth of the beam web 
D’

L outside diameter of large spiral 
D’

S outside diameter of small spiral 
f ’
c specified compressive strength of concrete 

f ’
ca actual compressive strength of concrete 

fy specified yield strength of reinforcement and steel plate 
SN490B 

fya actual yield strength of reinforcement and steel plate 
SN490B 

fyt specified yield strength of transverse reinforcement 
fua actual ultimate strength of reinforcement and steel plate 

SN490B 
Fysp yield strength of the steel beam web in the joint 
h height of the concrete column measured parallel to the 

beam 
jh horizontal distance between the resultant of the internal 

force couple 
kf concrete strength factor 
Mp,actual nominal moment strength of the beam based on actual 

material properties 
Mtest measured average maximum moment of the test beams at 

the column face 
∑

Mtest total measured average maximum moment of the test 
beams at the column face 

Mvb1 bearing moment strength of joint calculated by 1994 ASCE 
guidelines 

Mvb2 bearing moment strength of joint calculated by 2015 ASCE 
draft Pre-Standard 

Pu axial force 
tr thickness of doubler plate 
tsp thickness of the steel beam web in the joint 
Vb bearing capacity between the beam flange and the column 
Vb1 bearing capacity between the beam flange and the column 

predicted by ASCE guidelines 1994 
Vb2 bearing capacity between the beam flange and the column 

predicted by ASCE draft Pre-Standard 2015 
Vbeam,test applied load measured at the end of the test beam 
Vcol measured column shear 
Vicn predicted inner diagonal concrete strut 
Vicn1 inner diagonal concrete strut predicted by ASCE guidelines 

1994 
Vicn2 inner diagonal concrete strut predicted by ASCE draft Pre- 

Standard 2015 
Vn nominal joint shear strength 
Vn1 nominal joint shear strength predicted by 1994 ASCE 

guidelines 
Vn2 nominal joint shear strength predicted by 2015 ASCE draft 

Pre-Standard 
Von predicted outer diagonal concrete strut 
Von1 outer diagonal concrete strut predicted by ASCE guidelines 

1994 
Von2 outer diagonal concrete strut predicted by ASCE draft Pre- 

Standard 2015 
Vspn predicted horizontal shear strength of steel web panel 
Vspn1 horizontal shear strength of steel web panel predicted by 

ASCE guidelines 1994 
Vspn2 horizontal shear strength of steel web panel predicted by 

ASCE draft Pre-Standard 2015 

Vtest measured average peak joint shear,Vtest =

∑
Mtest

dj
− Vcol 

Vtest 0.5 measured joint shear corresponding to 0.5% joint shear 
deformation 

αsp coefficient differentiating interior and exterior joints 
αc strength factor depending connection type 
β1 stress block depth coefficient determined by 1994 ASCE 

guidelines 
β*

1 stress block depth coefficient determined by 2015 ASCE 
draft Pre-Standard 

γ reduction factor 
γy shear yield strain 
εy longitudinal yield strain 
ρs volumetric ratio of spirals 
ρs,ACI minimum amount of confinement reinforcement specified 

by ACI 318–19 
ρs,prop proposed amount of transverse reinforcement  
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through-beam joints were developed. Joints with beams concentrically 
or eccentrically connected to the joint were studied. “Two-way” means 
that beams frame into a column from two orthogonal sides with 
moment-resisting connections. Buildings in Taiwan are typically 
designed with two-way (space) moment-resisting frames. Most of the 
RCS joints studied in the literature belong to one-way (planar) frames 
with beams concentrically framed to the joint. In one-way frames, beams 
framing in from the out-of-plane direction do not transfer significant 
moments into the joint. In regions such as the United States, RCS joints 
are primarily used in one-way frames [11]. The objective of this research 
was to investigate the joint shear behavior of the proposed New RCS 
joints. Large-scale specimens were designed and tested. Test results were 
used to observe the joint shear behavior and examine joint shear 
strength models. 

2. Specimen design and test setup 

2.1. Proposed joint details 

A two-way, through-beam joint was developed in this research, as 
shown in Fig. 1. “Through-beam” means that beams run through a col
umn. In the proposed joint, the beam in one direction runs continuously 
through the joint. The beam in this direction is referred to as “contin
uous beam.” The beam in the other direction is divided into two parts 

with the flanges and webs welded to the flanges and web of the 
continuous beam, respectively. The beam in this direction is referred to 
as “welded beam.” Face bearing plates (FBPs) covering the column faces 
bounded by the beam flanges are used to increase the joint shear 
strength contributed by joint concrete, increase the joint stiffness, and 
provide additional concrete confinement. FBPs are the minimum 
attachment required by the 1994 ASCE guidelines [1] and 2015 ASCE 
draft Pre-Standard [11]. 

For transverse reinforcement in the joint region with beams framing 
into the joint from two orthogonal directions, previous researchers have 
proposed using four overlapping cross-ties [22] or four square ties [6]. 
The former requires predrilled holes in the webs of the beams, while the 
latter does not. According to the ACI 318-19 code [23], when rectilinear 
ties are used and when f ’

c ≥ 70 MPa or Pu ≥ 0.3Agf ’
c , every longitudinal 

bar around the perimeter of the joint core needs lateral support provided 
by the corner of a hoop or by a seismic hook. Moreover, the amount of 
transverse reinforcement needs to be increased. Since f ’

c ≥ 70 MPa and 
Pu ≥ 0.3Agf ’

c are the target application range of New RCS columns, it is 
difficult for the joint transverse reinforcement to meet the requirement 
of ACI 318-19 if rectilinear ties are to be used. Therefore, five-spiral 
reinforcement [24–26] is proposed for the transverse reinforcement of 
New RCS joints. The five-spiral reinforcement consists of a large central 
spiral and four small corner spirals, as shown in Fig. 1. The spirals 
themselves can provide lateral support to every longitudinal bar around 

Fig. 1. Proposed joint design details: (a) concentric joint, and (b) eccentric joint.  

Table 1 
Specimen design parameters.  

Specimen IHS IDEHS ISEHS 

Steel beam Beam section (mm) H468 × 308 × 10 × 36 
Face bearing plate (FBP) (mm) 149 × 396 × 32 
Thickness of flange doubler plate tr (mm) − 16 
Hole diameter on beam flanges dh (mm) − 39 
Length of test beam (mm) (welded beam) 2300  

RC column f ’
c (MPa) 70 

f ’
ca (MPa) 91.7 76.9 84.1 

Column section (mm) 800 × 800 
Column length (mm) 3700 
Longitudinal reinforcement 16 D32 (No. 10) SD 550 W 
Large spiral Column D16 @45 mm SD 420 W, D’

L = 720 mm 
Joint D13 @85 mm SD 490 W, D’

L = 720 mm 
Small spiral Column D10 @45 mm SD 500, D’

S = 230 mm 
Joint D12 @85 mm SD 500 

D’
S = 230 mm D’

S = 190 mm 
Volumetric ratio of confinement reinforcement ρs (%) Column 2.52 

Joint 1.09 1.08 1.08  
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the perimeter of the joint core. Moreover, a lower amount of rein
forcement is required by ACI 318-19 for spiral reinforcement than for 
rectilinear tie reinforcement for the confinement design of the joint 
region. 

In architectural design, beams may be designed to frame concentri
cally into the joint, as shown in Fig. 1(a). However, the beams are often 
required to frame eccentrically into the joint, as shown in Fig. 1(b). 
Eccentric RCS joints have never been studied in the literature. When 
beams frame eccentrically into the joint, the beams interfere with the 
longitudinal bars of the column. In this research, holes are predrilled in 

the eccentric beam flanges to allow passage of the longitudinal bars. To 
prevent damage to the flanges, the flanges within the joint are 
strengthened with doubler plates welded to the flanges. This is shown in 
Fig. 1(b). 

2.2. Specimen design 

Three large-scale specimens were designed and tested to observe the 
seismic shear behavior of the proposed New RCS joint. Specimen design 
parameters, including concrete strengths, are listed in Table 1. Design 

Fig. 2. Design details of column and beam of specimens: (a) elevation view of beam and column, (b) beam section, and (c) column section (Unit: mm).  

Fig. 3. Design details of joint: (a) IHS, (b) IDEHS, and (c) ISEHS.  

Table 2 
Specified and actual strengths of steel materials.   

SD 420 W SD 490 W SD 500 (D10) SD 500 (D12) SD 550 W SN490B (steel flange) SN490B (steel web) 

fy (MPa) 420 490 490 490 550 350 350 
fya (MPa) 412 504 698 581 556 462 379 
fua (MPa) 670 684 734 628 741 588 510  
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details of beams and columns are illustrated in Fig. 2, and those of joints 
are shown in Fig. 3. The yield and ultimate strengths of steel materials 
are listed in Table 2. 

The specimens were designed so that joint shear failure would occur 
rather than beam hinging or joint bearing failure. Steel beams of H468 ×

308 × 10 × 36 with a strength grade of SN490B were used for all three 
specimens. The continuous beam of each specimen was designed in the 
same location within the joint, from the West to East face of the column 
(Fig. 3). The welded beams were welded with complete joint penetration 
(CJP) groove welds to the continuous beam at different locations for 
different specimens. In specimen IHS (Interior joint, High strength, and 
Shear failure), the welded beams were welded concentrically to the 
continuous beam (Fig. 3(a)). In specimen IDEHS (Interior joint, Different 
sides of Eccentricity, High strength, and Shear failure), one of the wel
ded beams was welded eccentrically to the continuous beam near the 
column’s East face while the other near the West face of the column 
(Fig. 3(b)). In specimen IESHS (Interior joint, Same side of Eccentricity, 
High strength, and Shear failure), two welded beams were welded 
eccentrically to the continuous beam at the same location near the East 
face of the column (Fig. 3(c)). In this research, the load was applied to 
the welded beams because they are more critical than the continuous 
beam due to the presence of the welds. Hence, the continuous beam was 
terminated on the faces of the column. The FBPs were designed for each 
welded beam and for the two ends of the continuous beam. In other 
words, FBPs existed on the four faces of the column. The FBPs were 
made of SN490B steel and had a thickness of 32 mm. The thickness 
satisfied the 2015 ASCE draft Pre-Standard [11]. Moreover, the thick
ness of the beam flange within the joint also met the Pre-Standard [11]. 

For the eccentric joints (IDEHS and ISEHS), holes were pre-drilled to 
the flanges of the welded beams (Fig. 3(b) and (c)). For each flange, two 
holes were drilled for two longitudinal bars to pass through. Two more 
holes were made to prevent the flanges from being under torsion. Steel 
doubler plates were fillet welded to the flanges within the joint region to 
strengthen the flanges. The doubler plates had the same steel material as 
the beam flange. The thickness of each doubler plate (tr) was selected to 
compensate for the maximum cross-sectional loss of the flange due to the 
drilled holes (Ah). Eq. (1) was proposed to determine the tr. 

tr = C
Ah

bf −
∑

dh
(1) 

The tr depends on the number and diameter of the holes (
∑

dh) and a 
coefficient (C) to account for the effect of stress concentration around 
the holes. A hole diameter (dh) of 39 mm was selected for D32 longi
tudinal bars (32 mm in diameter). To determine C, a three-dimensional 
finite element model of the beam flange was constructed by ABAQUS 
[27], as shown in Fig. 4(a) and (b). A portion of the model simulated the 
flange within the joint (with a doubler plate), and the other portion 

simulated the flange outside the joint. The flange and doubler plate were 
modeled using the 3D deformable solid. The bottom surface of the 
doubler plate was tied to the top surface of the flange. The steel material 
was modeled using the Von Mises yield criterion with an isotropic 
hardening property. The end of the model within the joint was fixed. The 
other end was subjected to a monotonically increasing displacement 
introducing an increasing tensile force to the flange. The value of tr was 
gradually increased from 0 (without a doubler plate) to 24 mm to 
observe the flange’s force–displacement behavior and stress distribu
tion. Note that for C = 1, the tr was determined to be 12 mm by Eq. (1). 
Fig. 4(c) shows the relationship between the tensile force and applied 
displacement of the flange. When tr ≥ 12 mm, the force–displacement 
was no longer dependent on tr. As tr reached 16 mm, high stresses 
causing yielding in the regions around the holes were significantly 
reduced and spread to the region outside the joint (Fig. 4(b)). Hence, C 
in Eq. (1) was set to 1.33, and the tr for the doubler plate used was 
selected to be 16 mm. 

To enable concrete vibrators to compact concrete and to allow 
entrapped air to leave concrete, circular holes with a diameter of 40 mm 
were drilled on the webs of the continuous beam and welded beams 
(Fig. 3). Finite element analysis was conducted to ensure the holes 
would not significantly affect the shear resistance of the web. Also 
shown in Fig. 3(b), for specimen IDEHS, the webs of the welded beams 
were extended to the other side of the web of the continuous beam to 
enhance the bearing resistance of the flanges and to increase the stiffness 
of the connection between the welded beam and continuous beam. 

The high-strength concrete columns were designed following the ACI 
318-19 code [23]. The columns had a square cross-section of 800 × 800 
mm and a height of 3700 mm for all three specimens. The specified 
compressive strength of concrete (f ’

c) was 70 MPa. The actual 
compressive strength (f ’

ca) for each specimen on the test day is listed in 
Table 1. As shown in Fig. 2, sixteen D32 SD 550W deformed bars were 
used as longitudinal reinforcement, resulting in a longitudinal rein
forcement ratio of 2.04%. 

Five-spiral reinforcement was used as transverse reinforcement. For 
the column portions outside the joint region, D16 SD 420W and D10 SD 
500 deformed bars were used for the large and small spirals, respec
tively, of the five-spiral reinforcement. The outer diameters of the large 
and small spirals were 720 mm and 230 mm, respectively. According to 
the ACI 318-19 code [23], for columns of special moment frames, the 
minimum amount of confinement reinforcement (ρs,ACI) for the potential 
plastic hinge region should be the greatest of values given by Eqs. (2), 
(3), and (4) when f ’

c ≥ 70 MPa. 

ρs,ACI = 0.45
(

Ag

Ach
− 1

)
f ’
c

fyt
(2) 

Fig. 4. (a) Finite element model with tr = 12 mm, (b) finite element model with tr = 16 mm, and (c) force vs. displacement relationships with various thicknesses of 
the doubler plate. 

Y.-C. Ou et al.                                                                                                                                                                                                                                   



Engineering Structures 265 (2022) 114497

6

ρs,ACI = 0.12
f ’
c

fyt
(3)  

ρs,ACI = 0.35kf
Pu

fytAch  

kf =
f ’
c

175
+ 0.6 ≥ 1.0 (4) 

Note that Ach is the area enclosed by the outside edges of the five 
spirals. ρs,ACI needs to be satisfied for each spiral. Based on Eqs. (2), (3), 
and (4), the vertical spacing of the spirals outside the joint was selected 
to be 45 mm (ρs = 2.52%). The shear strength of the five-spiral rein
forcement was calculated based on the discrete computational shear 
strength model [26]. The design shear strength of the column was suf
ficient to ensure no shear failure of the column would occur. The amount 
of confinement above and below the beam flanges satisfied the 2015 
ASCE draft Pre-Standard [11]. 

According to the ACI 318-19 code [23], transverse reinforcement in 
the joint must satisfy Eqs. (2), (3), and (4). Moreover, according to the 
1994 ASCE Guidelines [1]. The ratio of the net area to the gross area of 
the web should be greater than 0.7. For the proposed two-way New RCS 
joint to satisfy the amount of transverse reinforcement required by ACI 
318-19, very dense holes would be needed on the webs for the passage of 
transverse reinforcement, which would violate the 1994 ASCE guide
lines on the net web area. In this research, a reduction in the amount of 
transverse reinforcement was proposed for the large spiral considering 
the confinement effect from the FBPs. The proposed reduced amount of 
transverse reinforcement (ρs,prop) is defined by Eqs. (5) and (6). Note that 
only the amount of the large spiral was reduced by Eq. (5), while the 
amount of the small spirals was not reduced. This is because most of the 
area confined by FBPs is within the confined area of the large spiral. 

ρs,prop = γ × ρs,ACI (5)  

γ =
Ac + Auc

Ahc + Ac + Auc
(6) 

The concrete in the joint region is divided into three distinct areas, 
the one confined by the FBPs and beam webs and flanges (Ahc), the one 
confined only by five-spiral reinforcement (Ac), and the remaining un
confined concrete area (Auc), as demonstrated in Fig. 5. It is proposed 
that the minimum amount of transverse reinforcement required by ACI 
318-19 (ρs,ACI) can be reduced by a coefficient γ, which is defined by Eq. 
(6). In Eq. (6), it is assumed that the FBPs interconnected by webs and 
flanges of the beams can provide sufficient confinement to the area Ahc 

so that this area can be removed from the confinement calculation. As 
shown in Fig. 5, confining pressures from concrete are resisted by ten
sion forces developed in the beam webs and top and bottom flanges. 
FBPs act as “slabs” to take and transfer the confining pressures from the 
concrete to the steel webs and flanges. Based on the proposed equation 
(Eq. (5)), D13 SD 490W and D12 SD 500 deformed bars were used for 
large and small spirals, respectively, for the joint region. The spacing of 
the spirals was selected to be 85 mm, which resulted in a volumetric 
ratio ρs = 1.1%. The amount of transverse reinforcement in the joint 
region was 52% of that in the column. Note that for the eccentric joints 
(IDEHS and ISEHS), the outer diameter of the small spirals in the joint 
region was reduced from 230 mm to 190 mm to fit into the reduced 
corner space due to the eccentricity of the welded beams. 

2.3. Construction of specimens 

Fig. 6 depicts the construction of the specimens. The steel compo
nents, including the continuous steel beam, welded beams, face bearing 
plates, and doubler plates (used only for eccentric joints) were first 
welded. Then, the large spiral was inserted through the predrilled holes 
in the beam webs within the joint. And, the small spirals were placed 
within the joint, interlocking with the large spiral. Finally, the steel 
reinforcement of the column outside the joint was fabricated before the 
steel formwork was built for concrete casting. 

2.4. Test setup 

The specimens were tested at National Center for Research on 
Earthquake Engineering (NCREE), Taiwan (Fig. 7). The upper end of the 
column was pin connected to two horizontal actuators, which were used 
to fix the horizontal movement of the upper end of the column during 
testing. The lower end of the column was tied in a way to simulate a pin 
connection to a steel frame fixed to the strong floor. The length of the 
column from the center of the upper pin to the lower pin was 3200 mm, 
representing the distance between the inflection points of the column 
under seismic loading. Axial compression of 5 %Agf ’

ca was applied to the 
top end of the column and maintained constant throughout testing. This 
low level of axial compression was not intended to simulate the axial 

Fig. 5. Confined and unconfined regions of joint.  

Fig. 6. Construction of specimens: (a) large spirals within the joint, (b) the doubler plates (eccentric joints), and (c) steel beams and reinforcement cage of 
the column. 
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load of the column but to stabilize the test setup and to provide a con
servative test value of joint shear strength. 

Two test beams (welded beams), referred to as north and south 
beams, framed into the joint. Each test beam was divided into two parts. 
The first part was connected to the joint. The second part was connected 
to the first part with bolts and was reused for every specimen. Cyclic 
loading was applied to the free ends of the test beams using vertical 
actuators to drift levels of 0.25%, 0.375%, 0.5%, 0.75%, 1%, 1.5%, 2%, 
3%, 4%, 5%, 6%, 7%, 8%, 9%, and 10%. The two vertical actuators 
moved in opposite directions to simulate beam movement during an 
earthquake. The drift level was determined by dividing the relative 
vertical displacement of the two vertical actuators by the distance be
tween the loading points of the two actuators (6000 mm). Note that 
loading was applied at the beam ends, so the drift level represents the 
beam drift level rather than the column drift level [28,29]. The effect of 
loading at beam ends or column ends on the behavior of beam-column 
joints can be found in Yang et al. [30]. Each drift level has positive 
and negative drift ratios. A positive drift ratio means the actuator at the 
north beam end moving up and that at the south beam end moving 
down. Each drift level was repeated three times to observe the degra
dation of stiffness and strength of the joint. Two additional steel frames 
were attached to the strong floor and positioned at 1000 mm from each 
vertical actuator to provide lateral support to the test beams. 

The applied forces and displacements of the actuators were recorded. 
An optical motion tracking system was used to measure the deformation 
of the joint and test beams. Sensors were attached to the east face of the 
joint and the test beams for the optical system to monitor the displace
ments of the sensor locations (Fig. 8(a)). Strain gauges were installed on 
the test beams and the longitudinal and transverse reinforcement of the 
column. Locations of the strain gauges are illustrated in Fig. 8(b) and (c). 

3. Test results and discussion 

3.1. Crack patterns and damages condition 

For all three specimens, at early drift levels (0.5–0.75%), horizontal 
cracks occurred in the column near the flanges of the test beams. These 
cracks were due to the flexural tensile stresses induced by the column 
moment above and below the joint and soon stabilized. Cracks also 
occurred on the east and west faces of the column radiating from the 
corners of the continuous beam. These cracks were due to the rotation of 
the continuous beam mobilized by the movement of the test beams. As 
the drift levels increased to 0.75–1.0%, diagonal cracks appeared on the 
east and west faces of the column on the two sides of the continuous 
beam. As the drift level increased, the number of cracks increased. 
Moreover, the cracks gradually propagated into the column regions 

Fig. 7. (a) Test setup, and (b) photo of test setup (north-east side view).  

Fig. 8. (a) Location of optical sensors (east side), (b) location of strain gauge (plan view), and (c) location of strain gauge (elevation view).  
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approximately 300–400 mm above and below the steel beam flanges. 
These diagonal cracks showed that the outer concrete panel was mobi
lized to resist the joint shear. The outer concrete panel was likely 
mobilized by the combined effect of the continuous beam (transverse 
beam) and the friction between the beam flange and concrete in the 
vertical bearing region. At 3–5%, spalling of concrete occurred starting 
from the corners of the column, followed by spalling on the east and west 
faces of the column around the continuous beam. Spalling was first seen 
in ISEHS at 3%, earlier than in IHS and IDEHS, for which spalling started 
at 4%. The eccentricity of both welded beams to the same side (east face) 
of ISEHS created higher shear demand to that side of concrete and hence 
induced earlier spalling. 

For specimen IHS, the total applied load (summation of the applied 
load of the north beam actuator (positive for “push”) and that of the 
south beam actuator (positive for “pull”)) reached the peak at a drift 
level of 5% (Table 3). The damage condition is shown in Fig. 9(a) (east 
face) and (d) (west face). Significant diagonal cracks and some spalling 

of concrete can be seen. For specimen IDEHS, the total applied load 
reached the peak load at a drift level of 6%. The damage condition is 
shown in Fig. 9(b) (east face) and (e) (west face). Both the photos show 
more damage on the left side because the test beam framed into the joint 
eccentrically closer to that side. For specimen ISEHS, the total applied 
load reached the peak at a drift of 6% for positive drift ratios and 5% for 
negative drift ratios. The damage condition at a drift level of 5% is 
shown in Fig. 9(c) (east face) and (f) (west face). The east face of the 
column suffered more damage than the west face because the test beams 
framed to the joint eccentrically closer to the east face than the west 
face. 

At a drift level of 7%, gaps were visible between beam flanges and 
column concrete for specimen IHS. The gaps were caused by the vertical 
movement of the steel beam flanges relative to the column concrete. 
However, the core concrete of the column did not crush under the push 
of the beam flange until the end of the test at a drift level of 10%. The 
peak total applied load at a drift level of 10% had dropped to 62% of all 

Table 3 
Peak applied load and joint shear.  

Specimen Peak total applied load Peak joint shear (kN) Joint shear at 0.5% shear deformation (kN) Vtest 0.5

Vtest 
+ − + − Average (Vtest) + − Average (Vtest 0.5)

Drift (%) Force (kN) Drift (%) Force 
(kN) 

IHS  5.01 1673  − 5.00 1655 8509 8436 8472 7681 7818 7749  0.91 
IDEHS  6.00 1803  − 5.98 1813 9319 9373 9346 8490 7862 8176  0.87 
ISEHS  6.00 1696  − 4.99 1699 8671 8852 8761 7171 6419 6795  0.78  

Fig. 9. Damage of joint at the peak load: (a) IHS (East face), (b) IDEHS (East face), (c) ISEHS (East face), (d) IHS (West face), (e) IDEHS (West face), and (f) ISEHS 
(West face). 
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drift levels’ peak total applied load. The gaps were also seen for speci
mens IDEHS and ISEHS but were less pronounced. This was likely due to 
the strengthening effect of the column longitudinal bars that passed 
through the flanges on the vertical bearing capacity between the beam 
flanges and concrete. Specimen IDEHS was terminated at a drift level of 
10%. The total peak applied load at that drift level had dropped to 66% 

of all drift levels’ peak total applied load. The strength degradation of 
specimen ISEHS was faster than the other two specimens. Hence, the test 
was terminated earlier at a drift level of 9% when the peak total applied 
load had dropped to 65% of all drift levels’ peak total applied load. For 
this specimen, both the test beams were eccentric to the same side of the 
joint, causing more severe damage to one side than the other two 

Fig. 10. Damage of joint at test end: (a) IHS, (b) IDEHS, and (c) ISEHS.  

Fig. 11. Hysteresis response: (a) IHS, (b) IDEHS, (c) ISEHS, and (d) envelope response.  
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specimens, thus resulting in a faster strength degradation. 
Fig. 10 shows the damage conditions of all three specimens at the test 

end. All the specimens failed due to joint shear. Spalling of cover con
crete and crushing of core concrete in the joint’s outer and inner con
crete panels were seen. Spirals and longitudinal bars within the joint 
were exposed. No fracture of transverse reinforcement within the joint 
was found except that one fracture was found for one small spiral of 
IDEHS. After removing the joint concrete, the webs of the test beams 
were found to fracture. No visible damage was found to the CJP welds 
connecting the test beams to the continuous beam. The flanges of the 
eccentric test beams did not show any fracture around the holes. The 
doubler plates were effective in protecting the flanges with holes. The 
FBPs and the surrounding welds were all not damaged. 

No obvious sign of bearing failure was observed. Spalling of concrete 
was found above and below the joint. However, the spalling was pri
marily limited to the cover concrete. Note that the damage condition 
presented in Fig. 10 was at the end of the test (drift levels of 9–10%). 
When the specimens reached the joint shear strength (peak load) at drift 
levels of 5–6%, as shown in Fig. 9, the damage to cover concrete right 
above and below the joint was much less. These findings confirmed that 
the specimen failed due to joint shear rather than bearing. 

3.2. Hysteresis responses and force-drift envelope 

The hysteretic and envelope responses between the total applied load 
and drift ratio of all three specimens are shown in Fig. 11. The values of 
the peak total applied loads are listed in Table 3. Interestingly, the 
eccentric specimens (IDEHS and ISEHS) showed 10.3% and 3.4% higher 
average joint shear strength than the concentric specimen (IHS). This 
was likely due to the strengthening effect of column longitudinal bars 
that passed through the beam flanges of the eccentric specimens. Those 
bars increased the joint shear strength by providing dowel actions to 
resist the shearing movement of beam flanges. Moreover, the doubler 
plates increased the stiffness against bending of the beam within the 
joint and could better maintain the concrete strut of the inner panel to 
resist joint shear. The average joint shear strength of IDEHS was higher 
than that of ISEHS by 6.7%. This was likely because the test beams of 
IDEHS were eccentric to different sides within the joint, which spread 
the damage to different sides of the joint. In contrast, the test beams of 
ISEHS were eccentric to the same side within the joint, which made the 
damage concentrated to one side (Fig. 9). This reduced the joint shear 
strength compared with IDEHS. Moreover, the concentration of damage 
to one side degraded the joint shear strength faster than in the other two 
specimens. This can be seen in Fig. 11(d). As a result, testing of ISEHS 
was terminated 1% drift level earlier than the other two specimens, as 

stated previously. One more possible reason for IDEHS to show the 
highest joint shear strength was that the total length of steel webs of the 
test beams within the joint was the largest, as shown in Fig. 3. 

The peak values of joint shear forces are listed in Table 3. Joint shear 
deformation was calculated using the recorded data from the optical 
motion tracking system stated previously. The envelope responses be
tween the drift ratio and joint shear deformation of all three specimens 
are shown in Fig. 12(a). Due to the earlier damage to the east face of 
specimen ISEHS, the sensors measuring the deformation of the joint 
were removed earlier than those of the other two specimens. Thus, the 
curve for ISEHS in Fig. 12(a) was terminated earlier. The joint shear 
deformation of this specimen (ISEHS) increased faster than the other 
two specimens. The envelope responses between the joint shear and 
joint shear deformation of all three specimens are shown in Fig. 12(b). 
The joint shear corresponding to 0.5% joint shear deformation for each 
specimen was identified in Fig. 12(b) and listed in Table 3 (Vtest 0.5). 
According to Parra and Wight [12], the joint shear deformation can be 
limited to 0.5% to limit the joint damage. Fig. 12(b) shows that signif
icant softening in responses occurred after 0.5% joint shear deformation. 

3.3. Strain responses 

The strain responses from various locations are presented in Fig. 13. 
Also indicated in the figure are the drift corresponding to 0.5% joint 
shear deformation and peak joint shear. In some plots, responses were 
not shown for all the specimens because of the malfunction of the strain 
gauges. The steel web within the joint reached shear yielding before 
peak joint shear (Fig. 13(a)). This means the full yield strength of the 
web can be used for joint shear strength calculation. The shear strain of 
IDEHS was smaller than IHS for the same drift ratio. This was due to the 
increased joint shear resistance due to column longitudinal bars that 
passed through the flanges of the test beams and a longer total length of 
steel webs within the joint. 

The large spiral within the joint showed yielding before the peak 
joint shear was reached (Fig. 13(b)). The strain increased rapidly after 
yielding. The large spiral appeared to be fully mobilized to provide 
confinement and resist joint shear. Note that no fracture of large spirals 
was found at the end of the test, as stated previously. The small spiral 
within the joint was less mobilized but still showed strain responses 
exceeding or close to yielding at the peak joint shear (Fig. 13(c)). The 
column longitudinal reinforcement outside but close to the joint slightly 
exceeded yielding (IHS and ISEHS) or close to yielding (IDEHS) (Fig. 13 
(d)). Significant flexural yielding did not occur in the column as inten
ded in the design. The beam flanges outside but close to the joint 
exceeded yielding before the peak joint shear for all specimens (Fig. 13 

Fig. 12. Envelope responses for (a) joint shear deformation and drift ratio; and (b) joint shear and joint shear deformation.  
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(e)). However, the yielding was not significant enough to cause any 
distortion or buckling of the flanges until the end of the test, as shown in 
Fig. 10. 

4. Shear strength models for joints 

The measured beam peak moment, peak joint shear, and joint shear 
at 0.5% joint deformation were compared to the analytical flexural 

strength of the beam, and the analytical bearing strength and shear 
strength of the joint. The joint shear strength and bearing strength 
models from the 1994 ASCE guidelines (Vn1 and Vb1, respectively) [1] 
and those from the 2015 ASCE draft Pre-Standard (Vn2 and Vb2, 
respectively) [11] were examined. The equations of the models are listed 
in Table 4. The results of the comparison are listed in Table 5. The 
measured average peak moment (Mtest) was close to or slightly exceeding 
the nominal moment strength of the beam based on actual material 

Fig. 13. Envelope of strain responses: (a) steel web in the joint, (b) large spiral in the joint, (c) small spiral in the joint, (d) longitudinal reinforcement of the column 
close to the joint, and (e) steel beam flange close to the column. 
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properties (Mp,actual). The average value of Mtest/Mp,actual was 0.96. The 
measured peak joint shear (Vtest) was much less than the shear corre
sponding to the bearing capacity between the beam flange and the 
column (Vb1 and Vb2) for all the specimens. The average values of Vtest/

Vb1 and Vtest/Vb1 were 0.62 and 0.59, respectively. These comparison 
results are consistent with the test observations that the failure of the 
specimens was not governed by the flexural failure of the beam nor the 
bearing failure between the beam flange and the column. 

The values of Vtest/Vn1 and Vtest/Vn2 were larger than 1.0 for all the 
specimens with an average value of 1.73 and 1.46, respectively. The 
joint shear strength models from the 1994 ASCE guidelines and 2015 
ASCE draft Pre-Standard provided conservative predictions of peak joint 
shear for all the specimens, including the eccentric specimens. However, 
predictions by the 1994 ASCE method were too conservative. This is 
mainly due to two reasons. One is that in Vn1, the shear strength 
contribution of the outer joint panel can only be mobilized by shear keys 
(steel columns or extended FBPs), which were not used in the specimens 
tested. In contrast, in Vn2, the shear strength contribution of the outer 
joint panel can also be mobilized by the friction between the beam 
flange and concrete in the vertical bearing region. The second reason is 
the Vn2 allows a longer steel web within the joint to be used in shear 
strength calculation. The 2015 ASCE method produced predictions that 
were reasonably conservative and with less scatter (a smaller COV) than 
the 1994 ASCE method. 

The average values of Vtest 0.5/Vn1 and Vtest 0.5/Vn2 were 1.47 and 
1.25, respectively. Both joint shear strength models can provide con
servative predictions even for joint shear corresponding to 0.5% joint 
shear deformation. In other words, the damage of joints with the pro
posed design details is expected to be limited if designed with any of the 
two models. As stated in the 2015 ASCE draft Pre-Standard [11], a co
efficient k of 0.85 can be used to reduce the joint shear strength to limit 
the joint deformation. Therefore, Vtest 0.5 was further compared with 
0.85Vn2. The average value of Vtest 0.5/0.85Vn2 was 1.47 (Table 5), 
similar to the average value of Vtest/Vn2 (1.46). This is because the 
average value of Vtest 0.5/Vtest was 0.853 (Table 5), close to k (0.85). This 
means the value of k may be appropriate for the proposed joint details to 
further control the joint deformation. However, note that the value of 
Vtest 0.5/Vtest for ISEHS was 0.78, lower than the value of k. 

5. Conclusion 

New high-strength reinforced concrete column and steel beam (New 
RCS) joints were proposed. The proposed joints used high-strength 
concrete and reinforcement for columns. New through-beam joint de
tails were developed, including two-way joint connection, five-spiral 
reinforcement for joint confinement, and eccentric joint details. Large- 
scale New RCS specimens were designed to fail in joint shear and 
tested. Important conclusions are summarized as follows.  

(1) All the specimens showed joint shear failure characterized by 
crushing of joint concrete, yielding of joint transverse reinforce
ment, and fracture of steel webs within the joint. With the pro
posed joint details, all specimens reached high drift ratios (10% 
for IHS and IDEHS and 9% for ISEHS) before the test was 
terminated. The five-spiral reinforcement with the proposed 
amount provided sufficient confinement and shear resistance to 
the joint. The welded connection joining the welded beams (test 
beams) to the continuous beam did not show any fracture for all 
the specimens. For the eccentric specimens (IDEHS and ISEHS), 
the beam flanges with predrilled holes strengthened by doubler 
plates did not show any fracture around the holes. The proposed 
design method for the doubler plate was effective.  

(2) The eccentric joint specimens (IDEHS and ISEHS) exhibited 
10.3% and 3.4% higher peak joint shear than the concentric joint 
specimen (IHS). This was likely due to the strengthening effect of 
column longitudinal reinforcement that passed through the beam 
flanges and the doubler plates used to strengthen the beam 
flanges within the joint. The specimen with the test beams 
eccentric to the same side of the joint (ISEHS) showed a faster 
strength degradation and faster increase of joint shear deforma
tion because the damage was concentrated on one side of the 
joint. Although this specimen (ISEHS) showed a higher peak joint 
shear, the joint shear corresponding to 0.5% joint shear defor
mation was lower than the concentric specimen (IHS). 

(3) Both the 1994 ASCE and 2015 ASCE models provided conserva
tive predictions of joint shear strength to all the specimens. 
However, the predictions by the 1994 ASCE were too conserva
tive. The shear strength contribution from the outer joint panel 
was ignored for all the specimens because no steel columns or 
extended FBPs were used as shear keys. The 2015 ASCE method 
produced more reasonable predictions with less scatter by 
considering the shear strength contribution from the outer joint 
panel and allows a longer steel web in shear strength calculation. 
Both methods, without any reduction to limit the joint defor
mation, also produced conservative predictions for the joint shear 
strength corresponding to 0.5% joint shear deformation. The 
strength reduction factor of 0.85 to limit the joint deformation 
specified in the 2015 ASCE method may be appropriate for the 
proposed joint details. 

Data Availability Statement 
Some or all data, models, or code generated or used during the study 

are available from the corresponding author by request. 

Table 4 
Joint shear and bearing strength equations (stress in MPa).   

1994 ASCE guidelines [1] 2015 ASCE draft Pre-Standard [11] 

Vn Vn1 = Vspn1 + Vicn1 + Von1 Vn2 = Vspn2 + Vicn2 + Von2 

Vspn Vspn1 = 0.6Fysptspjh Vspn2 = 0.6αspFysptsph 
αsp = 0.9: interior joints 
αsp = 0.8: exterior joints 

Vicn Vicn1 = 1.7
̅̅̅̅̅

fc ’
√

bph ≤ 0.5fc ’bpdw Vicn2 = 1.7αc

̅̅̅̅̅

fc ’
√

bih ≤ 0.5fc ’bf dj 

αc = 1: interior joints 
αc = 0.6: exterior joints 

Von Von1 = 1.7
̅̅̅̅̅

fc ’
√

boh Von2 = 1.25αc

̅̅̅̅̅

fc ’
√

boh 
Vb Vb1 =

Mvb1 − Vbeam,testh
dj 

Mvb1 = Ccn1h(1 − β1/2)
Ccn1 = 2f ’

cbj(β1h/2)

Vb2 =
Mvb2 − Vbeam,testh

dj 

Mvb2 = Ccn2h
(
1 − β*

1/2
)

Ccn2 = 2f ’
cbf

(
β*

1h/2
)

Table 5 
Comparison of test results with analytical strengths.   

Vn1 (kN) Vn2 (kN) Vb1 (kN) Vb2 (kN) Mtest (kN) Vtest (kN) Vtest 0.5(kN) Mtest

Mp,actual 

Vtest

Vb1 

Vtest

Vb2 

Vtest

Vn1 

Vtest

Vn2 

Vtest 0.5

Vn1 

Vtest 0.5

Vn2 

Vtest 0.5

0.85Vn2 

IHS 5389 6274 16,024 16,808 2168 8472 7749  0.92  0.53  0.50  1.57  1.35  1.44  1.24  1.45 
IDEHS 4903 5884 13,030 13,688 2391 9346 8176  1.01  0.72  0.68  1.91  1.59  1.67  1.39  1.63 
ISEHS 5156 6078 14,504 15,224 2242 8761 6795  0.95  0.60  0.58  1.70  1.44  1.32  1.12  1.32 
Average         0.96  0.62  0.59  1.73  1.46  1.47  1.25  1.47 
COV         0.05  0.15  0.15  0.10  0.08  0.12  0.11  0.11  
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