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Abstract.

In this study, cyclic loading tests were conducted on the precast concrete (PC) wide beam (WB)-column joints. Two

beam-column joint specimens were fabricated with the arrangement and anchorage details of the reinforcing bars penetrating the
beam and column as variables. Through a cyclic loading test, the lateral load-story drift ratio responses, seismic performance
characteristics (e.g., ductility, overstrength factor), energy dissipation, strength and stiffness degradations of each specimen were
compared and analyzed based on the various indices and the current structural codes (ACI 318-19 and ACI 374.1-05 report). In
addition, the shear lag effect was confirmed through the gauge values of the PC beam, and the differences in seismic performance

between the specimens were identified on that basis.
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1. Introduction

With the recent growth of the global e-commerce market
owing to spikes contact-free industries, the demand for
logistics warehouses is rapidly increasing worldwide.
Various construction methods have been applied to meet the
increasing demand for logistics warchouses. Among them,
the precast concrete (PC) construction method, which has
the advantage of shortening the construction period, is
emerging as an optimal alternative. However, in some
countries, the cost of the framework for the PC system is
often higher than that of a conventional reinforced concrete
(RC) construction method, owing to the additional costs
incurred from transportation and assembly in addition to the
production costs of the PC member. Accordingly, in the PC
industry, significant efforts are being made to improve the
PC slabs, which account for a large proportion of the
framework costs, so as to reduce the quantity of materials
required for the production of PC members. However, the
PC slabs developed so far are similar in concept and shape,
and when applied to the same span length, the differences in
the material quantities between the PC slabs are not
significant (Rosenthal 1978, Arockiasamy ef al. 1991,
Mejia-McMaster and Park 1994, Tan et al. 1996, Natio et
al. 2009). Therefore, in recent years, a wide beam (WB)
system has attracted attention, as it can secure economic
feasibility by reducing the required span length of a PC slab
through the width of the WB member supporting the PC
slab and lowering the individual floor height of the
structure. However, in a general WB system, as certain
longitudinal reinforcing bars of the beam penetrate the
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outside of the column section owing to the wide width of
the beam, shear lag effects (Kulkarni and Li 2009,
Gunasekaran and Ahmed 2014, Kuang et al. 2016) occur,
resulting in degradation of the structural performance (i.e.,
flexural performance and lateral load resistance
performance of the beam, etc.). For this reason, several
standard design codes limit the application of WB systems
by presenting criteria for the width of an WB manufactured
using the RC method (RC-WB), as shown in Table 1
(Fadwa et al. 2014).

Although there are very few studies on WB
manufactured using the PC method (PC-WB), many
experimental and analytical studies have been conducted on
RC-WB systems (Siah et al. 2003, Benavent-Climent 2007,
Li and Kulkarni 2010, Mirzabagheri et al. 2016, Turker and
Gungor 2018, Dabiri et al. 2019). Gentry et al. (1994)
performed tests on RC-WB joints with the reinforcement
details of the beam as variables, and Carlos et al. (2001)
conducted an experimental study on an RC-WB system
using the ratio of the beam to column width as the main
variable. Fadwa et al. (2014) and Elsouri et al. (2015)
performed cyclic loading tests on RC-WB joints and
quantitatively evaluated their seismic performance, based
on the comparative analysis with general RC beam-column
joints. Behnam et al. (2018) developed a finite element
model for simulating the behavior of RC-WB joints using
ABAQUS, and performed a parametric study on the aspect
ratios of the beams and columns and the number of
reinforcing bars in the beam. A PC-WB system facilitates
the quality control of members and implements the full PC
method at the entire site with the PC slab, thereby reducing
the construction time. However, a PC-WB system has a
disadvantage in that it is difficult to secure the integrity of
the beam-column joint relative to a general RC-WB system,
as the beam and column members are individually
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Table 1 Wide beam width in code provisions

Code of practice Year Conditions
Eurocode 8 2004 bw <min (bc + hy; 2bc)
NZS 3101 2006 bw < min (b + hc; 2bc)
ACI 318 2019 bw<min (bc + 1.5h; 3bc)

*Notations: bw = beam width; be = column width; hy = beam depth; hc = column depth

I Cast-in place concrete
Precast concrete

PC column

PC beam

Fig. 1 Description of the wide beam-column joints

manufactured in the factory and assembled on site.
Therefore, many studies are needed to ensure the integrity
of the PC-WB system; however, very few studies have been
conducted (Moon et al. 2007).

In this study, joint details comprising the PC column and
PC-WB were developed as shown in Fig. 1. The proposed
PC-WB system not only minimizes the quantity of materials
required for the concrete owing to the presence of a void
section in the longitudinal direction but also reduce the self-
weight of the PC member, so as to facilitate lifting on the
site. In addition, it can increase the structural integrity by
pouring cast-in-place concrete into the void section at the
PC-WB and beam-column joint, and ensures excellent
buildability, as most of the reinforcing bars penetrating the
beam and column can be placed in a straight line. (refer to
Fig. 2) In this study, a quasi-static cyclic loading test was
conducted on the developed PC-WB joint specimens, and
the seismic performance evaluation of the PC-WB joints
was conducted.

2. Experimental program
2.1 Test specimens

As shown in Figs. 2 and 3 and Table 2, two precast
column-WB joint specimens were fabricated as a 1/2 scaled
size of those used for typical logistics warehouses located in
low-to-moderate seismic regions. Clear span length, and
column height of the prototype were 8,420 mm and 4,020

mm, respectively. The details of the prototype wide beam
were designed by considering dead load (2.7 kN/m?) and
lateral load (seismic zone factor = 0.11 g, site coefficient for
short period = 1.12, site coefficient for long period = 0.84,
and importance factor = 1.0) for the target logistics
warehouse with 5 floors. Also, the prototype and specimens
were designed to satisfy the details of the special moment
frame presented in the ACI 318. Accordingly, the criteria
for beam reinforcing details (clause 18.6 of ACI 318-19),
column reinforcing details (clause 18.7 of ACI 318-19), and
beam-column joint reinforcing details (clause 18.8 of ACI
318-19 except for 18.8.2.2) were checked. According to the
clause 18.8.2.2 of ACI 318-19, the beam longitudinal
reinforcement terminated in a joint shall extend to the far
face of the joint core; however, the PC-WB joint presented
in this study could not satisfy this clause because it had a
unique shape (i.e., wide PC beam unit with a W-shape at the
column-beam interface, and a M-shape at mid-span)
different from typical RC beam-column joints. Variables of
the specimens included the anchorage and reinforcing
details of the bottom reinforcing bars penetrating the beam
and column. As shown in Fig. 2(a), the total length (Lb) of
the specimens was 6,100 mm, and the total height (Hc) was
3,125 mm. Figs. 2(b), 2(c), and 2(d) show that the beam
width (bw) was 950 mm, and the beam height before the
placement of the topping concrete (hp) was 325 mm,
whereas the beam height after the placement of the topping
concrete (h) was 500 mm. The cross-section of the PC beam
was made to have a W-shape (A-A’ section in Fig. 2(b))
from the column-beam interface to the 900 mm section, and
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Table 2 Summary of test specimens

Specimen WB-H WB-S
Size 950 mm x 500 mm
Top reinforcing bars 11-D16
Beam * . . 8-D13 8-D13
Bottom reinforcing bars (2-D13 hooked bars + 6-D13 straight bars) (8-D13 straight bars)
Flexural strength, Mnp ff 394.8 kKN -m (Mnb1=269.6 KN -m, Mnx2=519.9 kN -m)
Size 600 mm x 600 mm
Column Reinforcing bars 12-D19
Flexural strength, Mnc 750.9 KN-m
Column overstrength factor, Mnc / Mnb (= Aaci) 1.9

T This shows the details of beam section at the interface of beam-column joints.

Tt Muws; The average of positive (Mnp1) and negative moment (Mnb2)

a M-shape (B-B’ section in Fig. 2(c)) for the remaining
section, so as to reduce the material quantity and lifting
weight. In the fabrication of the PC beam units, 8-915.2
prestressing tendons were placed, and a prestress equivalent
to approximately 0.6 times (0.6 fy,) the ultimate strength of
the tendons was introduced to control the beam deflection
caused by the construction load. In addition, 6-D13
reinforcing bars were placed continuously over the entire
length of the PC beam units in the lower parts. Also, 6-D16
reinforcing bars were placed on the top of the PC beam
units to control the cracks at the time of prestressing
tendons, creep and shrinkage, etc., and to hold stirrups
during the fabrication and to reinforce the anchorage of
stirrups.

In the upper part of the PC beam, 11-D16 straight bars
were placed through the column over the entire span of the
specimens when pouring the cast-in-place concrete.
Meanwhile, D10 closed tie bars were used for stirrups in the
PC beam; they were placed at 100 mm intervals in the A-A’
section of the PC beam, and at 200 mm intervals in the
remaining sections.

As shown in Fig. 2(d), the sectional size of the upper
and lower PC columns was 600 x 600 mm; and the
length of the upper column was 1,525 mm, excluding the
beam-column joint in which the topping concrete was
poured, whereas that of the lower column was 1,100 mm,
including the corbel. In addition, 16-D22 longitudinal
reinforcing bars were placed in the cross-sections of the
upper and lower columns, respectively. At this time, splice
sleeves were installed on the lower parts of all longitudinal
reinforcing bars of the upper column, and the integrity of
the upper and lower PC columns was secured by filling the
splice sleeves with non-shrinkable mortar when assembling
the upper and lower PC columns. D13 closed tie bars were
used for stirrups in the PC column, and were placed at 50
mm intervals from the top of the upper PC column to the
450 mm section and bottom of the upper PC column to the
375 mm section, and at 100 mm intervals in the remaining
sections. In addition, the stirrups of the lower PC column
were placed at 50 mm intervals from the bottom to the
200mm section, and at 100 mm intervals in the remaining
sections.

Figs. 2(e) and 2(f) show the details of the corbel as
fabricated integrally with the lower PC column. The corbel
was 950mm in width (be), 900 mm in depth (heo), and 250

mm in height (He). In the cross-section of the corbel, D13
reinforcing bars were placed at 30 mm intervals in the
vertical direction, and were assembled in the form of a grid
with 100 mm spacing parallel to the column section of the
specimen.

As shown in Fig. 3(a), the bottom of the PC beam of the

WB-H specimen, 6-D13 straight bars were placed through
the column, whereas 2-D13 hooked bars were placed with a
development length of 400 mm outside the column section.
As specified in ACI 318, the minimum development length
(Iha) of tensile deformed bars with standard hooks is 171.9
mm. For the 2-D13 hooked bars to be anchored to the
outside of the joint, the panel zone area protruding outside
the column section was filled with cast-in-place concrete. In
addition, the distance from the center of the section to the
center of the outermost reinforcing bar was 441 mm.
Fig. 3(b) shows that in the WB-S specimen, 8-D13 straight
bars were placed through the column in the bottom of the
PC beam without hooked bars, and the distance from the
center of the section to the center of the outermost
reinforcing bar was 311 mm. Unlike the WB-H specimen,
the panel zone area protruding outside the column section
of the WB-S specimen comprised PC extending from the
beam (Area 1 in Fig. 3(b)), whereas the area between the
column and protruding parts of the PC beam (Area 2 in Fig.
3(b)) was filled with cast-in-place concrete. As shown in
Fig. 3(b), the PC beam units of the WB-S specimen
protruded 295 mm from the beam-column interface and
were fabricated in a U-shape, and both were placed at a
separation distance of 10 mm from the center of the
column. All other details were the same as those for the
WB-H specimen.

Fig. 4 shows the fabrication process for the specimens.
The PC beam and PC columns were individually
manufactured. At the assembly stage, the PC beam units
were then positioned in the corbel of the lower PC column,
and the straight bars penetrating the beam-column joint
were placed as shown in Fig. 4(c). Subsequently, the
topping concrete was poured to integrate the lower PC
column and PC beam units, as shown in Fig. 4(d) and the
specimens were subjected to steam curing for a week. The
upper and lower PC columns were then connected to
complete the assembly, as shown in Fig. 4(e). The splice
sleeves of the upper PC column were then filled with non-
shrinkable mortar to ensure the integrity of the longitudinal
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Fig. 2 Dimensions and section details of test specimens (unit: mm)
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Fig. 3 Longitudinal reinforced details at the interior joint (unit: mm)

Table 3 Material properties of test specimens (units in MPa)

Compressive strength

Yield strength of reinforcing bars

Yield strength of tendons

Specimen of concrete, fe (Tensile strength of reinforcing bars), fy(fu) .
PC RC D10 D13 D16 D22 (Tensile strength of tendons), fpy(fpu)
VV\\/;;' 455 280  459.1(597.3) 456.5(618.0) 448.0(591.4) 454.2(599.8) 1,784.5(1,952.4)

T Cast-in-place concrete

reinforcing bars for the upper and lower PC columns.
2.2 Material properties

Table 3 lists the material test results for each specimen. The
compressive test for the concrete and tensile tests of the
reinforcing bars and tendons were conducted according to
ASTM C39/C39M-21 and ASTM A370, respectively. It
was found that the compressive strength of the concrete
used for the PC member was 45.5 MPa, and that of the cast-
in-place concrete was 23.4 MPa. The yield strength (f,) of
reinforcing bars ranged from 448.0 MPa to 459.1 MPa, and
the tensile strength (f,) ranged from 591.4 MPa to 618.0
MPa. The yield strength (f,y) and tensile strength (f,) of the
prestressing tendons were 1,784.5 MPa and 1,952.4 MPa,
respectively.

2.3 Test set-up and loading protocol

As shown in Fig. 5(a), both ends of the beam were
fastened with two hinges to implement roller support, and

the bottom of the column was set as a hinged support. In
addition, a hydraulic jack was used to introduce a pre-axial
load of 100 tonf, i.e., approximately 5.3% of the axial
strength of the column (P, = 1,871.5 tonf). The top of the
column was connected to the actuator, and the lateral
loading was applied using a displacement control method,
according to the loading protocol shown in Fig. 5(b). This
loading protocol complied with the provisions specified in
the ACI 374.1 report 7.1, 7.2, 7.3 and 7.4. It is noted that
the loading protocol is very important in seismic
performance assessment of structures because it is supposed
to reflect the time history of ground motions. (Rai 2001,
Catalan et al. 2010). However, the goal of this study was to
assess whether the seismic performance (i.e., integrated
performance) of the joints in the proposed wide beam-
column system satisfies the minimum requirements for the
special moment resisting frame specified in the ACI 318-19,
based on which a better way of its applications can be
referenced.

As shown in Fig. 5(a), the distance (L.;) between the roller
supports of the beam was 5,100 mm, and the effective
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Fig. 4 Fabrication process of test specimen

height (H.;), which is the distance between the hinge
support of the column and center of the loading point, was
3,070 mm.

As shown in Fig. 6(a), linear variable differential
transformers (LVDTs) | and 2 were installed to measure the
displacement of the loading point and that of the hinge
frame located at the bottom of the column. The drift ratio
(A) of the specimen was defined as follows:

A= (5LVDT1 B 5LVDT2) ~ (5act - 5s|ip) (1)
HLVDT Heff

where dzypr; and drypr2 are the horizontal displacements as
measured using LVDT1 and LVDT2, respectively, and
Hiypr is the vertical distance between LVDT1 and LVDT2,
which is 2,980 mm. In addition, d.. represents the loading
displacement of the actuator, and dy;, represents the slip
generated between the specimen and support frames. When
the lateral load was applied to the specimen, the
displacement of the actuator was controlled in real time, so
that A could be the same as the target drift ratio shown in
Fig. 5(b).

As shown in Fig. 6(b), strain gauges were attached at a
distance of 200 mm from the beam-column interfaces to

measure the longitudinal strain of the longitudinal top
reinforcing bars penetrating the beam-column joint.
However, the strain of the longitudinal bars could be
different depending on the width direction of the beam,
owing to the characteristics of the WB. Therefore, Gaugel
was attached 108 mm away from the column surface in the
width direction, whereas Gauge2 was attached to the center
of the column.

As summarized in Table 2, the nominal flexural strength of
the PC beam (Mnp) and nominal flexural strength of the PC
column (My) as calculated from the material test results
were 394.8 kN-m and 750.9 kN-m, respectively. In both
specimens, the strength ratio of the column to the beam
(Mnc/Mnp) was 1.9, and each specimen was designed such
that the PC beam yielded before the PC column. Therefore,
the nominal strength (Qn) of the beam-column joint
specimens could be defined as follows:

— (Mnb1+Mnb2)

Qn H

2
eff
where M1 (= 269.5 kN-m) is the nominal flexural strength

for the positive moment of the PC beam, and M, (= 520.0
kN-m) is the nominal flexural strength for the negative
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Fig. 5 Test setup and loading protocol

moment of the PC beam. The nominal strength, Qp
calculated using Eq. (2) was 257.4 kN for all specimens.

3. Experimental results
3.1 Lateral force responses

Fig. 7 shows the lateral responses according to the drift
ratio of each specimen, and Fig. 8 shows the failure modes
for each specimen. As shown in Fig. 7(a), in the WB-H
specimen in which 2-D13 hooked bars extending from the
beam were placed outside the column section, the initial
vertical cracks occurred at the interface between the panel
zone and PC beam ends at drift ratio of 0.2%.
Simultaneously, the initial flexural cracks occurred at the
ends of the PC beam. In addition, initial diagonal cracks in
the panel zone were observed at drift ratio of 0.75%. The
applied load reached the nominal strength (Q,= +257.4
kN) at drift ratio of 0.67% and -1.86%. It is noted that the
difference in the maximum applied load of each load step
for the drift ratio from -0.75% to -2.0% was at the level of

6%, indicating that there is no significant difference in the
point of the drift ratio for O, in the positive and negative
directions. The maximum loads (Oumax) of the specimen were
found to be 296.4 kN and -262.0 kN at drift ratios of 1.46%
and -1.99%, respectively. These values correspond to 1.15
and 1.02 times the nominal strength (Q,) of the WB-H
specimen calculated using Eq. (2). Concrete crushing was
observed in some areas at the end of the PC beam at drift
ratio of 3.5%, and the applied load began to decrease at drift
ratio of 4.5%. At drift ratio of 6.0%, a large portion of
concrete at the end of the PC beam underwent crushing
(refer to Fig. 8(a)) and showed the significant level of
strength degradation in the successive cycles. In the 3rd
cycle with drift ratio of 6.0%, the maximum applied load of
the specimen was 53% and 57% of the maximum strength
in the positive and negative directions, respectively.
Fig. 7(b) shows that in the WB-S specimen with straight
bars penetrating the beam and column, cracks occurred
along the interface between the PC beam units located in
the panel zone at drift ratio of 0.2%, and interfacial cracks
in both PC beams and subsequent diagonal cracks occurred
at drift ratio of 0.25%. In addition, initial flexural cracks
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occurred at the ends of both PC beams at drift ratio of
0.35%. The applied load of the specimen reached the
nominal strength (Q, = +£257.4 kN) at drift ratios of 0.72%
and -0.85%. The maximum loads (QOmax) of the WB-S
specimen were found to be 320.6 kN and -293.5 kN at drift
ratios of 1.48% and -1.49%, respectively. These values
correspond to 1.25 and 1.14 times the nominal strength (QO,)
of the WB-S specimen in the positive and negative
directions, respectively. At drift ratio of 2.5%, the concrete
in the panel zone peeled off. Similar to the WB-H
specimen, a large portion of concrete at the end of the PC
beam was crushed showing a significant level of strength
degradation in the successive cycles at drift ratio of 6.0%
(refer to Fig. 8(b)). In the 3rd cycle with drift ratio of 6.0%,
the maximum applied load of the specimen was found to be
64% and 51% of the maximum strength in the positive and
negative directions, respectively. In the WB-S specimen, as
shown in Fig. 8(b), significant concrete spalling was
observed at the end of the PC beam parallel to the panel
zone. However, no damage was found in the internal panel
zone surrounded by the PC beam units (refer to Fig. 8(c)).

3.2 Ductility

Fig. 9(a) shows the skeleton curve of the specimens for
each cycle (e.g., 1st cycle, 2nd cycle, and 3rd cycle). The
yield point (A,) of the specimens was determined based on
the ACI 374.2 report 4.7 (2013) for the Ist cycle of all
loading steps as shown in Fig. 9(b), where Q, is the yield
strength of the test specimens, K. is the effective elastic
stiffness, A. is the drift ratio under the load of aQ,, and a is
the fraction of O, used to define the idealized effective
elastic stiffness; a value of 0.75 is generally used for
flexure-dominant elements. In this study, the ultimate point
(Ay) of the specimens was defined as the point reduced to
less than 80% of the maximum strength for the 3rd cycle of
all loading steps. Table 4 shows the yield point (A)),
ultimate point (A,), and ductility (© = A, / A)) of each
specimen in the positive and negative directions,
respectively. The WB-H specimen reached the yield point at
drift ratio of 0.58% in the positive direction and of 0.56% in
the negative direction, and reached the ultimate point at
drift ratio of 4.24% in the positive direction and of 4.02% in
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Fig. 7 Applied load-drift ratio curves of test specimens
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the negative direction. The ductility of the WB-H specimen
was 7.31 in the positive direction and 7.18 in the negative
direction. The WB-S specimen reached the yield point at
drift ratio of 0.64% and 0.65% in the positive and negative
directions, respectively, and reached the ultimate point at
drift ratio of 4.75% and 4.11% in the positive and negative
directions, respectively. The ductility of the WB-S specimen
was 7.42 in the positive direction and 6.32 in the negative
direction. The ductility of all specimens was smaller than
the response modification factor (R = 8) of the RC special
moment frame and larger than that (R = 5.5) of the
intermediate RC moment frame as specified in ASCE
(2010). In other words, the developed WB system exhibited
a ductile behavior higher than the ductility level for an
intermediate RC moment frame stipulated in the current
structural codes.

3.3 Overstrength factor

Table 5 shows the maximum applied load (Qmax),
nominal strength (Q,), and corresponding overstrength
factors (Q, = Omax / On) for each specimen in the positive
and negative directions. The corresponding overstrength
factors (Q,) of the WB-H specimen were 1.15 in the
positive direction and 1.02 in the negative direction,
whereas those Q, of the WB-S specimen were 1.25 in the
positive direction (109% of the WB-H specimen) and 1.14
in the negative direction (112% of the WB-H specimen).

ACIT 318 presents the acceptance criteria for the column
overstrength factor (lucy = Y. Mye / Y. My refer to Table 2)
greater than 1.2 in an RC special moment frame. In ACI
374.1 report 9.1.2, it was suggested that for special-shaped
beam-column joints (e.g., precast joints) that cannot meet
the minimum requirements of the RC special moment frame
as specified in ACI 318, so as to be considered to have the
same level of structural performance as the RC special
moment frame, the acceptance criteria should be as follows.

Qn = Z’ACI (3)

This is a criterion to limit the €, value while
considering the overstrength of the materials to be smaller
than the A4cr value, and to thereby minimize damage to the
column owing to an unexpected increase in the strength of
the beam. It was found that for the aforementioned
acceptance criteria, the WB-H specimen secured a safety
margin of 0.75 (= 1.9 — 1.15; Z4scr — Qn) in the positive
direction and 0.88 in the negative direction, and the WB-S
specimen 0.65 in the positive direction and 0.76 in the
negative direction, as summarized in Table 2 and 5.
Consequently, all specimens met the acceptance criteria, or
Eq. (3), as presented in the ACI 374.1 report 9.1.2.

3.4 Energy dissipation

The energy dissipation performance of the structural
members is the main parameter for evaluating the seismic
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Fig. 8 Failure mode of test specimens

Table 4 Ductility of test specimens

Specimens Load directions Ay [%] Ay [%] te=Ad/ Ay
WB-H positive direction (+) 0.58 4.24 7.31
negative direction (-) -0.56 -4.02 7.18
WB-S positive direction (+) 0.64 4.75 7.42
negative direction (-) -0.65 -4.11 6.32
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E ? @ @ Ultimate point ;
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Fig. 9 Skeleton curve and yield point of test specimens

response of an entire structure (Choi et al. 2018, Yang ef al.

In the preceding equation, Ej; is the dissipated energy

2018, Karayannis and Golias 2003, Zhang et al. 2020, Kim determined using the internal area of the hysteresis curve of

et al. 2021). In this study, the energy dissipation each loading step, and QOuax1,; and Opax 2, are the maximum
performance of each specimen was analyzed using the applied loads in the positive and negative directions,
energy dissipation ratio (facr) presented in the ACI 374.1 respectively, at the same cycle. A';; and A';; can be
report 9.1.3-2 as shown in Fig. 10(a). calculated as follows:
E, ‘ )
Bacri = - A=A - Qraxi 5)

(Qmaxl,i + Qmaxz,i )(All + A2| ) (4)
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Specimens  Load directions  Qn [kN] (Corresponding drift ratio, %)  Omax [KN] (Corresponding drift ratio, %) Qn = Qmax/ Qn
WB-H positive direction (+) 257.4 (0.67%) 296.4 (1.46%) 1.15
negative direction (-) -257.4 (-1.86%) -262.0 (-1.99%) 1.02
WB-S positive direction (+) 257.4 (0.72%) 320.6 (1.48%) 1.25
negative direction (-) -257.4 (-0.86%) -293.5 (-1.49%) 1.14
=N
205
Applied load (Q) S WG-H specimen
g 0.45 WG-S specimen
(=] 04 Baci =0.280
'g 0.35 Drift ratio 4.5%,
=03 214 cycle
£ o : <
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Ej, = hatched area

(a) determination of energy dissipation ratio

*

Drift ratio 3.5%, 3 cycle

Loading step

(b) energy dissipation ratio

Fig. 10 Energy dissipation ratio of test specimens

where A; is the drift ratio at Quavi, and K; is the initial
stiffness of the specimen as defined at drift ratio of 0.35%.
Fig. 10(b) shows the energy dissipation ratio (S4cz;) of each
specimen at the loading step after drift ratio of 0.35% (3rd
cycle, loading step: 9). The changes in the energy
dissipation ratio of each specimen similar up to drift ratio of
0.75% (3rd cycle, loading step: 15). In the drift ratios
ranging from 1.0% (1st cycle, loading step: 16) to 4.5% (1st
cycle, loading step: 31), the WB-H specimen showed a
relatively higher energy dissipation performance. However,
the energy dissipation ratio of the WB-H specimen
decreased rapidly at drift ratio of 4.5% (1st cycle, loading
step: 31). Consequently, the WB-S specimen showed a
relatively higher energy dissipation performance relative to
the WB-H specimen after drift ratio of 4.5% (2nd cycle,
loading step: 32). This will be discussed further below.

In Fig. 10(b), the red dotted line indicates the acceptance
criteria from the ACI 374.1 report 9.1.3-2. This means that
for special-shaped beam-column joints such as PC beam-
column joints to have an energy dissipation performance
equivalent to that of the RC special moment frame, Sacri
should be greater than 0.125 until the 3rd cycle of drift ratio
of 3.5%. As a result, the values of B4 of each specimen at
drift ratio of 3.5% (3rd cycle, loading step: 30) were 0.280
and 0.271 for the WB-H and WB-S specimens,
respectively, which is more than twice the acceptance
criteria (0.125). That is, the WB system proposed in this
study has an energy dissipation performance higher than
that of the RC special moment frame.

3.5 Strength degradation
In general, beam-column joints can be regarded as

primary elements with significant impacts on the seismic
behavior of the entire frame. Therefore, the beam-column

joint should ensure a high level of residual strength, even
after the frame is subjected to the ultimate load (Chiu et al.
2019, Nguyen et al. 2020, Al-Osta et al. 2020). In this
study, the strength degradation of each specimen was
quantitatively compared using the strength degradation
index (Strl) as presented in the ACI 374.1 report 9.1.3-1.
The strength degradation index (Str/) can be calculated as
follows.

Strl, = Quas.

max

(6)

where Ouay; 1s the maximum applied load for each loading
step. Fig. 11 shows the strength degradation index for the
loading steps after the maximum applied load (Qpax). As the
drift ratio increased, the Str/; values of the two specimens
tended to be similar.

The ACI 374.1 report 9.1.3-1 stipulates that the strength
degradation of a specimen should not exceed 25% before
the 3rd cycle of drift ratio of 3.5%. The red dotted line in
Fig. 11 indicates the acceptance criteria according to the
ACI 374.1 report 9.1.3-1, which is a Strl; value of 0.75. The
Strl; values of both specimens were 0.87 in the positive
direction and 0.88 in the negative direction at drift ratio of
3.5% (3rd cycle, loading step: 30), respectively. These
results suggest that the two specimens met the
corresponding criteria. Therefore, it can be said that the WB
system proposed in this study has a strength degradation
performance equal to or that of the RC special moment
frame.

3.6 Stiffness performance

In this study, the stiffness performance of the WB system
was evaluated based on the ACI 374.1 report 9.1.1 and ACI
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374.1 report 9.1.3-3. The ACI 374.1 report 9.1.1 prescribes
that a specimen should develop the design strength (#Qx;
#=1.0) before reaching the allowable drift ratio (Aauow). This
can be represented in terms of the stiffness, as follows.

(R

@0gQ, ~ K =

(7
allow
where kexpgon 1S the secant stiffness when the specimen
reached Q,. k, is the demand stiffness of the specimen as
determined by ¢Q, and Auuw, and the value of k, is 4.19
kN/mm for all specimens. Considering that the application
of the WB system developed in this study is applied in
logistic warehouses, Adiow Was set to 2.0 %, corresponding
to the structure for seismic category II as presented in
IBC (2018).

The kexp,gon of the WB-H specimen was 299% of &, (i.e.,
kexp,p0=12.51 kN/mm) in the positive direction and 108 %

(i.e., kexpgon=4.51 kN/mm) in the negative direction.
Meanwhile, the kexpgon Of the WB-S specimen was 278% of
k. in the positive direction and 233% in the negative
direction, respectively. That is, both specimens met the
initial stiffness criteria for RC special moment frame
specified as specified in ACI 374.1 report 9.1.1. However,
in the WB-H specimen, the ke go. value was relatively
small in the negative direction as the maximum load was
exerted at a relatively high drift ratio, as mentioned earlier.
In this study, the stiffness index (St#i/) was introduced to
compare and analyze the stiffness degradation
characteristics according to the loading steps as follows.
. K,
Stil, ” (8)

where k; is the secant stiffness from story drift ratio of
0.35% to -0.35% at each loading step. Fig. 12(a) shows the
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Fig. 13 Strain of top reinforcing bars in beams obtained from gauges

values of Stil; for each specimen according to the loading
steps, and Fig. 12(b) shows an enlarged view of the Stil;
values at drift ratio of 3.5% (i.e., loading steps from 28 to
30). In the ACI 374.1 report 9.1.3-3, it is specified that the
Stil; of a specimen should be greater than 0.05 at the 3rd
cycle of drift ratio of 3.5%, and this criterion was indicated
with red dotted lines as shown in Fig. 12. The Stil; of the
WB-S specimen was 0.055 in the positive direction and
0.043 in the negative direction at drift ratio of 3.5%.
Accordingly, the aformentioned criteria were met only in
the positive direction. In contrast, the S#/; of the WB-H
specimen was 0.043 in the positive direction (78% of the
WB-S specimen) and 0.041 in the negative direction (95%
of the WB-S specimen), thus the S#i/; criteria were not met.
This is addressed further in the discussion below.

4. Discussions
4.1 Shear lag effect

When the width of the beam is larger than that of the
column to a certain degree as in the WB system, the
reinforcing bars located in the entire cross section of the
beam may not experience the same strain in the width
direction of the beam, owing to the shear lag effect
(Kulkarni and Li 2009, Gunasekaran and Ahmed 2014).
Particularly in the case of PC members for which the
integrity of joints (i.e., the development performance of the
main bars) is important for transmitting member forces
between the PC members, the reinforcing bars experiencing
load resistance at a relatively early time bear more of the
required bond stress than the other reinforcing bars.
Consequently, the demand bond stress is concentrated on
the reinforcing bars activated first, and this may cause the
early bond loss of these reinforcing bars, leading to the
deterioration of integrity between the structural members
(Kuang et al. 2016).

Fig. 13 shows the strain data (&) as measured from the
gauges 1 (i.e., the gauge attached to the outermost
reinforcing bar) and 2 (i.e., the gauge attached to the center

reinforcing bar in the cross-section) shown in Fig. 6(b) at
drift ratio of 0.2%, 0.25%, 0.35%, 0.5%, 0.75%, 1.0%,
1.5%, 2.0% and 2.5%, respectively. Unfortunately, as the
gauges of the WB-H specimen were lost owing to
premature damage, only the data of the WB-S specimen are
shown in Fig. 13. Both the outermost reinforcing bar and
center reinforcing bar in the cross-section show relatively
similar values up to drift ratio of 0.5%, after which the
center reinforcing bar in the section underwent a higher
strain than the outermost reinforcing bar. In particular, the
outermost reinforcing bar underwent a strain of 0.0018 at
drift ratio of 0.65%, the point at which the center
reinforcing bar in the section reached the yield strain
(6,=0.0021). The outermost reinforcing bar reached the
yield strain at drift ratio of 0.81%. It is noted that the yield
point (A,) of the WB-S specimen according to the ACI
374.2 report 4.7 described in Fig. 9(b) is 0.64% as shown in
Table 4, which is very similar to the 0.65% drift ratio at the
point when the center reinforcing bar in the cross-section
reached the yield strain (,=0.0021). At drift ratio of 0.5%,
the center strain in the section underwent a strain of 0.0057,
whereas the outermost reinforcing bar underwent a strain of
0.0036. That is, it is estimated that a relatively larger
deformation occurs in the center of the beam section
relative to that in the outer end of the WB, owing to the
shear lag effect before and after the yield point of the beam.
That is, in the WB system, it is estimated that the center of
the beam section experiences a relatively larger deformation
than the outer end before and after the yielding of the beam,
owing to the shear lag effect.

4.2 Design implication

In this study, the top reinforcing bars (i.e., 11-D16) of
the specimens were integrally placed across the entire span
to penetrate the column section, whereas only some of the
bottom reinforcing bars penetrated the column section or
past the sides of the column in placing the topping concrete.
That is, as shown in Figs. 2 and 3, for the WB-H specimen,
the 6-D13 bottom reinforcing bars penetrated the column
and the 2-D13 bottom reinforcing bars passed through the
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side of the column. In contrast, in the case of the WB-S
specimen, all of the bottom reinforcing bars (8-D13 bars)
were reinforced through the column. In general, if the
anchorage details of the reinforcing bars continuously
placed in the PC column and PC beam members of the PC
system are undesirable, or if damage occurs to the concrete
surrounding the reinforcing bars owing to a large strain, slip
may occur owing to the bond loss of the reinforcing bars,
leading to the stiffness degradation of the beam-column
joints. The test specimens used in this study were found to
meet the initial stiffness criterion specified in ACI 374.1
report 9.1.1. However, although the stiffness degradation
criterion presented in the ACI 374.1 report 9.1.3-3 was met
in the positive direction of the WB-S specimen, the criterion
was not met in both the positive and negative directions of
the WB-H specimen. That is, it is assumed that the
specimens meet the initial stiffness criterion; however, slip
occurs owing to the damage to the concrete surrounding the
reinforcing bars in the high displacement stage (e.g., drift
ratio of 3.5%, 3rd cycle). The slip of the reinforcing bars is
also closely related to the energy dissipation performance of
the joint. In other words, when slip occurs, the plastic
behavior of the reinforcing bars is limited, and the energy
dissipation performance also decreases. As mentioned
earlier, the WB-H specimen showed a rapid decrease in the
energy dissipation performance after drift ratio of 3.5% (1st
cycle, loading step: 29). It is estimated that the shear lag
effect is relatively higher in the WB-H specimen than in the
WB-S specimen. This is because the distance in the
direction of width between the outermost bottom
reinforcing bars penetrating the beam and column of the
WB-H specimen was 882.0 mm, whereas that in the WB-S
specimen was 622.0 mm as shown in Fig. 3. For the PC-
WB system proposed in this study to meet all of the ACI
374.1 report, the bottom reinforcing bars penetrating the
beam and column should be placed within the appropriate
effective flange width (b.;). However, the number of test
specimens in this study was small, and the measurement
information of the gauges attached across the width of the
specimen was insufficient, further experimental research is
needed to identify the b5 of the PC-WB.

5. Conclusions

In this study, PC WB-column joint specimens were
fabricated with the arrangement and anchorage details of
reinforcing bars penetrating the beam and column as
variables, and the quasi-static cyclic loading tests were
performed. Based on the various indices and response data
obtained from the ACI 374.1 report and gauges, the seismic
performance of the developed PC-WB specimens was
compared and analyzed in detail. Based on this, the
following conclusions can be drawn:

* The maximum load (Qm) of all specimens showed
values that exceeding the nominal strength (Q,) as
calculated based on ACI 318. The specimens failed owing
to concrete crushing at the end of the beam in the 3rd cycle
of drift ratio of 4.5%. In addition, the ductility (u.) of all the
specimens was higher than that of the intermediate RC

moment frame specified by the ASCE (2010).

* A comparative analysis of the structural performance
of the specimens based on various indices (e.g., Strl;, Stil;
and Bucii) revealed that the two specimens were very
similar in regards to the column overstrength factor, energy
dissipation performance, strength performance, and
stiffness performance.

* The acceptance criteria of the ACI 374.1 report were
partially met. The WB-H specimen failed to meet the
stiffness degradation criterion (i.e., ACI 374.1 report 9.1.3-
1) in the 3rd cycle of drift ratio of 3.5% in all load
directions. This is because a bond degradation of the center
reinforcing bar at the beam section occurred because of the
shear lag effect; thus, the center reinforcing bar underwent a
relatively higher strain relative to the outermost reinforcing
bar at the high loading step (i.e., A>A)). In contrast, the
WB-S specimen in which all bottom reinforcing bars
penetrated inside the column was found to partially meet
the acceptance criteria of the ACI 374.1 report 9.1.3-1, as
the slip of the reinforcing bars was relatively small
compared to the WB-H specimen.

* The loading protocol reflecting the time history of
ground motions is very important for more realistic seismic
risk assessment of the proposed PC-WB joint. For further
verification of seismic performances of target structures
with the PC-WB joints, the shaking table test considering
ground motions in the target seismic zone is suggested to be
performed in the future.
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