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■ This study presents a ductile rod exterior connection 
system developed for applications to precast con-
crete pipe rack frames in industrial plants.

■ Five full-scale precast concrete specimens repre-
senting T-shaped exterior joints were constructed 
for testing. For the purpose of comparing respons-
es of the precast concrete connections with those 
of cast-in-place reinforced concrete connections, 
two comparable full-scale conventional reinforced 
concrete beam-to-column joint specimens were also 
constructed and tested under the equivalent lateral 
loading.

■ Seismic performance of the developed exterior 
connection system was experimentally investigated 
through a series of quasi-static cyclic lateral loading 
tests.

Precast or prefabricated concrete offers great benefits, 
such as high construction quality, speed, and eco-
nomic efficiency.1,2 Considerable efforts have been 

made in recent decades to develop various types of precast 
concrete connection systems. Some early studies attempted 
to adopt welded connections for joining precast concrete 
beams and columns. Pillai and Kirk3 used steel plates and 
bars, welded at the top and bottom ends of the beam, and 
tested nine full-scale precast concrete beam-to-column 
specimens along with two reinforced concrete specimens. 
Bhatt and Kirk4 improved the detail of the previous weld-
ed connection, which showed premature joint failure, by 
adding T-shaped steel plates. Then, in 1987, the National 
Institute of Standards and Technology initiated research for 
the design of an earthquake-resistant and fast, constructible 
precast concrete connection system. Experimental testing on 
precast concrete and reinforced concrete beam-to-column 
connections was conducted in a total of four phases.5–8 In 
those studies, prestressing bars and strands were used for 
enhanced energy dissipation of precast concrete beam-to-
column connections. The use of partially bonded strands 
to reduce slip at the joint was also considered. In the last 
phase, hybrid connections that used low-strength steel bars 
and prestressing steel were devised for high energy dissipa-
tion as well as strong lateral resistance. In 1990, as part of 
a coordinated project between the United States and Japan, 
the PRESSS (Precast Seismic Structural Systems) research 
program was launched for the purpose of developing the 
seismic design of precast concrete structures.9 Diverse 
design concepts were discussed in PCI workshops, includ-
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ing a spaced-out thread-bar frame system, which is a type of 
bolted connection that employs wrench-tight threaded bars for 
the beam-to-column joint.10 The bolted-type precast concrete 
connection was further developed by Nakaki et al.11 with the 
concept of a ductile precast concrete frame (DPCF) that uses 
a ductile link connector. This connector assembles beam and 
column components through ductile rods embedded in the 
column. Within the DPCF, inelastic deformation is mainly 
enforced in the ductile rods, inducing a plastic hinge at the 
column joint. A DPCF beam-to-column subassembly tested 
under lateral cyclic loading exhibited stable response with 
no strength degradation at drift ratios beyond 4% and sus-
tained a minimal degree of structural damage.11,12 Study of the 
hybrid connection was followed by experimental work at the 
University of Washington.13,14 Three two-thirds scale beam-
to-column assemblies connected with mild steel bars and 
unbonded prestressing tendons were tested under quasi-static 
cyclic loading. Yielding of mild steel bars and recentering of 
the prestressing tendons provided the precast concrete beam-
to-column connections with sufficient deformation and energy 
dissipation capabilities with little structural damage. More 
recently, Chang et al.15 conducted full-scale testing of two 
interior precast concrete beam-to-column subassemblies. Both 
specimens used the ductile connector system: one of them had 
a T-shaped beam section with concentric prestressing, while 
the other had the rods only with a rectangular beam section. 
Subjected to reversed cyclic loading at drift ratios over 7%, 
both specimens experienced low to intermediate damage 
around the joint region, but they retained high lateral resis-
tance with adequate damping characteristics.

Due to comprehensive and dedicated efforts encompassing 
both academia and industry, a variety of precast concrete con-
nection systems have been developed and studied; however, 
some of the connections, including the welded, hybrid, and 
prestressing types, may involve complex and heavy on-site 

workloads. Bolted-type interior connections using ductile rods 
have shown good seismic performance and can be applied in 
the field in a simpler fashion, but the exterior version of this 
connection type has not been experimentally evaluated. This 
study presents a ductile rod exterior connection specifical-
ly developed for applications to precast concrete pipe rack 
frames in industrial plants. Design and fabrication processes 
of the exterior connection are first addressed in detail; its seis-
mic performance and important design considerations are then 
examined through full-scale experimentation.

Development of precast concrete 
exterior beam-to-column connection

To supplement existing precast concrete connection systems, 
this study develops a precast concrete exterior beam-to-col-
umn connection. The developed moment-resisting exterior 
connection aims to fully exploit the benefits of the pure dry-
cast method, enhance the constructibility of frames with easy 
joint connection and less congestion, provide better economic 
feasibility by adopting lower-cost components, and achieve 
sufficient levels of deformation capability applicable in high 
seismic regions. Figure 1 presents components of the exterior 
beam-to-column connection system, which consists of ductile 
rods with circular heads embedded in the column, high-
strength threaded bars placed along the beam, and a pair of 
steel transfer blocks with high-tension bolts (ASTM A49016) 
connecting them to the ductile rods.

The bolted connection enables fast and easy assembly of the 
beam and column components on the construction site and 
effectively transfers forces between the threaded bars and duc-
tile rods. The ductile rods are designed as the only yielding 
component, allowing the joint to behave in a ductile manner 
by forming a plastic hinge within the column. The center 
region of the ductile rods has a reduced cross-sectional area, 

Figure 1. Components and assembly of the precast concrete exterior beam-to-column connection system.
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designated as an effective yield zone (Fig. 1). Equations (1) 
and (2) were used in the design of the threaded bars, A490 
bolts, and ductile rods.
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bar
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For connection of the ductile rods and transfer block, a 
tightening torque of 1393 N-m (1027 lb-ft) was applied to the 
A490 bolts, inducing about 25% of the nominal yield strength 
of the bolts (Eq. [3]).

		        T = KD
bolt

N
bolt

� (3)

where

T	 = torque

K	 = coefficient of torque = 0.1518

D
bolt

	 = diameter of high-tension bolt

N
bolt

	 = tension in bolt induced by tightening = 25% of the 
yield strength

The adequacy of the ASTM A490 bolts for combined tension 
and shear at the joint interface was also checked according to 
the AISC specification17 and per Englekirk.19 The uneven sur-
face of the circular head is intended to avoid unwanted spinning 
of the ductile rod during connection with the transfer block.

Experimental program

In this study, the seismic performance of the developed exteri-
or connection system was experimentally investigated through 
a series of quasi-static cyclic lateral loading tests. A total of 
five full-scale precast concrete beam-to-column connection 
subassemblies representing T-shaped exterior joints were con-
structed for testing. For the purpose of comparing responses 
of the precast concrete connections with those of cast-in-place 
reinforced concrete connections, two comparable full-scale 
conventional reinforced concrete beam-to-column joint spec-
imens were also constructed and tested under the equivalent 
lateral loading.

Test specimens

The precast concrete test specimens incorporated various 
design parameters, such as diameter and development length 
of the ductile rods, flexural and shear strengths of the beam-
to-column connections, and the existence of prestressing 
steel tendons. Table 1 summarizes the main properties of 
all test specimens used in this study. The specimens can be 
divided into two main configurations depending on the size 
(cross-sectional area) of the column and beam components.

The column and beam dimensions of the configuration 1 
specimens were 500 × 500 mm (19.7 × 19.7 in.) and 400 
× 650 mm (15.8 × 25.6 in.), respectively. The PC specimen 
label indicates precast concrete specimens reinforced with 
two threaded bars (40 mm [1.57 in.] diameter) and two ductile 
rods (typically 45 mm [1.8 in.] diameter). One of the precast 
concrete specimens, PC1-T, was prestressed using three steel 
tendons (12.7 mm [0.5 in.] diameter) in the beam. Speci-
men PC1S had two ductile rods of smaller diameter (35 mm 
[1.4 in.]) to explore the structural response of a connection 
with reduced flexural strength capacity.

The column and beam dimensions of the configuration 2 
specimens were larger: 700 × 700 mm (27.6 × 27.6 in.) and 
500 × 700 mm (19.7 × 27.6 in.), respectively. The precast 
concrete specimens in configuration 2 had three ductile rods 
(45 mm [1.8 in.] diameter) with a longer development length 
(400 mm [15.8 in.]) and were labeled according to the same 
system as the configuration 1 specimens.

Two conventional reinforced concrete specimens (designated 
C-RC) were constructed according to a strong column–weak 
beam design concept. One was assigned to each specimen 
configuration, and these reinforced concrete specimens were 
designed to have flexural strength capacity comparable to that 
of their precast concrete specimen counterparts.
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Figures 2 and 3 show the cross sections and configurations 
of the beam-to-column connection subassemblies, as well 
as details of the connection components used in this study. 
Table 2 provides the design strength of each beam-to-col-
umn joint specimen. The nominal moment strength M

n
 of the 

precast concrete specimens was assumed to be governed by 
yielding of the ductile rods and was calculated using Eq. (4), 
based on the American Concrete Institute’s (ACI’s) Building 
Code Requirements for Structural Concrete (ACI 318-19) and 
Commentary (ACI 318R-19).20
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where

d
rod

	 = distance from beam’s top face to centroid of bottom 
ductile rod

′drod 	 = distance from beam’s top face to centroid of top 
ductile rod

The nominal shear strength V
n
 and shear force demand on 

the joint V
j
 of the precast concrete specimens were calculated 

using Eq. (5) and (6), respectively, following ACI 352R-02.21 
Note that PC1-T and PC2-T were expected to have unbal-
anced positive and negative strengths because of the eccentri-
cally provided prestressing tendons.

		  Vn = 0.083γ ′fc Aj � (5)

where

′fc 	 = nominal compressive strength of concrete

γ	 = coefficient for the connection type = 12

Table 1. Details of the test specimens

Configuration Specimen

Column Beam Connection

Dimensions, 
mm

Longitudinal 
reinforce-

ment

Dimension, 
mm

Longitudinal  
reinforcement

Ductile rod  
quantity-diameter  

length, mm

1

C-RC1 500 × 500 12 D25 bars 400 × 650 Ten D29 bars
n/a  

(monolithic connection 
without ductile rods)

PC1 500 × 500 12 D25 bars 400 × 650

Four D22 bars and four 
40 mm diameter threaded 
bars

Two 45 × 300

PC1-T 500 × 500 12 D25 bars 400 × 650

Four D22 bars, four 40 
mm diameter threaded 
bars, and three 12.7 mm 
diameter prestressing 
tendons

Two 45 × 300

PC1S 500 × 500 12 D25 bars 400 × 650

Four D22 bars and four 
36 mm diameter threaded 
bars

Two 35 × 300

2

C-RC2 700 × 700 12 D29 bars 500 × 700 Sixteen D29 bars
n/a  

(monolithic connection 
without ductile rods)

PC2 700 × 700 12 D29 bars 500 × 700

Six D25 bars and four 40 
mm diameter threaded 
bars

Three 45 × 400

PC2-T 700 × 700 12 D29 bars 500 × 700

Six D25 bars, four 40 mm 
diameter threaded bars, 
and three 12.7 mm diame-
ter prestressing tendons

Three 45 × 40

Note: Configuration 1 specimens have a 500 × 500 mm column and 400 × 650 mm beam configuration, and configuration 2 specimens have a 700 × 

700 mm column and 500 × 700 mm beam configuration. C-RC1 = conventional reinforced concrete specimen with configuration 1 dimensions; C-RC2 = 

conventional reinforced concrete specimen with configuration 2 dimensions; n/a = not applicable; PC1 = precast concrete specimen with configuration 

1 dimensions; PC1S = precast concrete specimen with smaller diameter ductile rods and configuration 1 dimensions; PC1-T = precast concrete specimen 

with prestressed tendons and configuration 1 dimensions; PC2 = precast concrete specimen with configuration 2 dimensions; PC2-T = precast concrete 

specimen with prestressed tendons and configuration 2 dimensions. 1 mm = 0.0394 in.
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Figure 2. Configuration and details of the beam-to-column subassemblies. Note: All dimensions in millimeters. Config-1 = spec-
imen with 500 × 500 mm column and 400 × 650 mm beam configuration; Config-2 = specimen with 700 × 700 mm column 
and 500 × 700 mm beam configuration; C-RC1 = conventional reinforced concrete specimen with configuration 1 dimensions; 
C-RC2 = conventional reinforced concrete specimen with Config-2 dimensions; PC1 = precast concrete specimen with Config-1 
dimensions; PC1S = precast concrete specimen with smaller diameter ductile rods and Config-1 dimensions; PC1-T = precast con-
crete specimen with prestressed tendons and Config-1 dimensions; PC2 = precast concrete specimen with Config-2 dimensions; 
PC2-T = precast concrete specimen with prestressed tendons and Config-2 dimensions. 1 mm = 0.0394 in.
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Figure 3. Construction process of the precast concrete exterior beam-to-column connection specimens.

Table 2. Calculation of nominal moment capacity and shear forces and strengths at the joint

Configuration Specimen
Nominal moment 
capacity Mn, kN-m

Joint shear force Vj, kN
Nominal shear  

strength Vn,* kN
Vj/Vn

1

C-RC1 683 1341 1331 1.01

PC1 660 1414 1331 1.06

PC1-T +778/-686 +1512/–1374 1331 1.14/1.03

PC1S 400 856 1331 0.64

2

C-RC2 1063 2067 2485 0.83

PC2 1128 2071 2485 0.83

PC2-T +1227/-1125 +2123/–1999 2485 0.86/0.8

Note: Configuration 1 specimens have a 500 × 500 mm column and 400 × 650 mm beam configuration, and configuration 2 specimens have a 700 × 

700 mm column and 500 × 700 mm beam configuration. ACI = American Concrete Institute; configuration 1 = specimens with 500 × 500 mm column 

and 400 × 650 mm beam configuration; configuration 2 = specimens with 700 × 700 mm column and 500 × 700 mm beam configuration; C-RC1 = 

conventional reinforced concrete specimen with configuration 1 dimensions; C-RC2 = conventional reinforced concrete specimen with configuration 2 

dimensions; PC1 = precast concrete specimen with configuration 1 dimensions; PC1S = precast concrete specimen with smaller diameter ductile rods and 

configuration 1 dimensions; PC1-T = precast concrete specimen with prestressed tendons and configuration 1 dimensions; PC2 = precast concrete speci-

men with configuration 2 dimensions; PC2-T = precast concrete specimen with prestressed tendons and configuration 2 dimensions. 1 mm = 0.0394 in.; 

1 kN = 0.225 kip; 1 kN-m = 0.738 kip-ft.

* According to ACI 352R-02.
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where

α	 = stress multiplier for longitudinal reinforcement to 
account for its actual yield stress = 1.25

h
c
	 = distance between column supports in the test setup

Different joint shear demand-to-capacity ratios V
j 
/V

n
 were 

applied to verify the behavior of individual components as 
well as resistance and damage mechanisms in the connec-
tion systems. While the configuration 2 specimens (C-RC2, 
PC2, and PC2-T) were designed to have sufficient joint shear 
capacity, with V

j
/V

n
 close to 0.8, the typical configuration 1 

specimens (C-RC1, PC1, and PC1-T) had V
j 
/V

n
 close to or 

even greater than 1. (PC1S was designed with sufficient joint 
shear capacity due to its reduced flexural strength capacity.) 
Table 2 presents the expected shear demand-to-capacity ratio 
for each specimen.

Unlike the reinforced concrete specimens that had a mono-
lithic connection, each beam and column pair for the precast 
concrete specimens was cast separately on the same day and 
then assembled after curing. Figure 3 shows the construction 
process of the precast concrete specimens, including fabrica-
tion of reinforcement cages, placement of the ductile rods and 
steel block, casting of the concrete, and assembly of the beam 

and column. For PC1-T and PC2-T, the steel tendons pene-
trating the specimen were prestressed after the components 
were assembled, with the interface of the beam and column 
first filled with grouting material for effective transfer of the 
compression force generated by the prestressing.

Material properties

Concrete with a target compressive strength of 35 MPa (5.1 ksi) 
and steel reinforcing bars with a minimum (nominal) yield 
strength of 400 MPa (58 ksi) were used to construct the test 
specimens. Table 3 gives the compressive strength of concrete 
′fc  measured on the day of subassembly testing. It also shows 

experimentally obtained yield strength f
y
, measured yielding 

stress of stirrups f
y,h

, measured yielding stress of ductile rods 
f
y,rod

, and measured yielding stress of threaded bars f
y,thr

 values for 
the longitudinal steel bars, transverse stirrups, ductile rods, and 
high-strength threaded bars, respectively. The yield strengths 
of D29 reinforcing bars (with a yield strength f

y
 of 536.5 MPa 

[77.8 ksi]) and D22 reinforcing bars (with a yield strength f
y
 of 

554.8 MPa [80.5 ksi]) used in the configuration 1 specimens 
and C-RC2 (Table 1) turned out to be much higher than their 
nominal yield strength. The steel tendons used in specimens 
PC1-T and PC2-T exhibited an average ultimate tensile strength 
f
u,ten 

of 1893 MPa (274.6 ksi). Two months before testing, the 
tendons in those specimens were prestressed with a prestressing 
force reaching 85% of their tensile strength, but some prestress-
ing force was lost due to shrinkage and creep (including gradual 
elastic shortening) of the concrete. Table 3 gives the average 
effective prestressing value f

eff,ten
 at subassembly testing.

Table 3. Properties of materials used in beam components

Configuration Specimen

Measured 
com-

pressive 
strength of 
concrete  

′fc , MPa

Measured 
yielding 
stress of 

reinforcing 
bars fy, MPa

Measured 
yielding 
stress of 
stirrups  
fy,h, MPa

Measured 
yielding 
stress of 
threaded 

bars fy,thr, MPa

Measured 
yielding 
stress of 

ductile rods 
fy,rod, MPa

Ultimate 
stress of 
tendons  
fu,ten, MPa

Effective 
prestress 

of tendons 
feff,ten,* MPa

1

C-RC1 38.3 536.5 487.7 n/a n/a n/a n/a

PC1 38.5 554.8 487.7 1001 413.7 n/a n/a

PC1-T 36.9 554.8 487.7 1001 413.7 1893 773

PC1S 42.5 554.8 487.7 1001 413.7 n/a n/a

2

C-RC2 43.6 536.5 487.7 n/a n/a n/a n/a

PC2 43.6 484.3 487.7 1001 413.7 n/a n/a

PC2-T 54.1 484.3 487.7 1001 413.7 1893 778.1

Note: Configuration 1 specimens have a 500 × 500 mm column and 400 × 650 mm beam configuration, and configuration 2 specimens have a 700 × 

700 mm column and 500 × 700 mm beam configuration. C-RC1 = conventional reinforced concrete specimen with configuration 1 dimensions; C-RC2 = 

conventional reinforced concrete specimen with configuration 2 dimensions; n/a = not applicable. PC1 = precast concrete specimen with configuration 

1 dimensions; PC1S = precast concrete specimen with smaller diameter ductile rods and configuration 1 dimensions; PC1-T = precast concrete specimen 

with prestressed tendons and configuration 1 dimensions; PC2 = precast concrete specimen with configuration 2 dimensions; PC2-T = precast concrete 

specimen with prestressed tendons and configuration 2 dimensions. 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi.

* Measured on the day of testing.
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Testing

Figure 4 depicts the test setup used to simulate seismic 
loading conditions for the T-shaped beam-to-column connec-
tion subassemblies. In this test setup, the column was placed 
horizontally with pinned supports at both ends, assuming that 
each end represents an inflection point that has zero bending 
moment. For application of cyclic lateral loading, an actuator 
with force capacity up to +900/–550 kN (+202/–124 kip) was 
installed at the top of the beam. Out-of-plane deflection of 
the specimens was prevented by installing steel ball jigs at f

y
 

the midpoint of the beam on both sides. The vertical distance 
from the face of the column to the center of the loading point 
for the configuration 1 and configuration 2 specimens was 
3800 and 3600 mm (150 and 142 in.), respectively. Figure 4 
further illustrates the loading protocol, determined in accor-
dance with ACI 374.1-05.22 The actuator applied displace-
ment-controlled lateral loading to the top of the beam at a rate 
of approximately 0.3 to 1.5 mm/sec (0.012 to 0.059 in./sec) in 
both the positive and negative directions. The actuator initially 
imposed low-level displacements, corresponding to an inter-
story drift ratio of 0.5% and then incrementally increased to a 
5% drift ratio. Three cycles of loading were repeated at each 
target drift. The specimens were considered to reach their 
ultimate state if they experienced a significant strength degra-
dation. Therefore, testing was typically terminated when the 
lateral force dropped below 80% of the peak measured force. 
During testing, no axial force was applied to the column. This 
was intended to conservatively evaluate the connection per-
formance without any axial confinement of the joint region. 

A certain level of compressive force in the column (less than 
approximately 30% of its axial capacity) can be effective in 
enhancing joint behavior by securing the ductile rods and 
delaying concrete cracking.

Figure 4 also shows different types of sensors installed to cap-
ture the global and local structural responses of the specimens. 
Lateral displacement of the beam was measured by one linear 
variable displacement transducer (LVDT) internally installed in 
the actuator and one cable extension transducer installed at the 
midpoint of the beam. Four LVDTs were used to measure flex-
ural deformation of the beam and slippage of the reinforcement 
near the interface of the beam and column. Shear distortion of 
the beam-to-column joint was measured by two pairs of LVDTs 
attached on the front and back sides of the joint, respectively. 
Four LVDTs were also placed to check if there was any vertical 
or horizontal slippage of the specimens at the pinned supports. 
The lateral resistance force of the specimens was measured by 
a load cell installed in the actuator. For the specimens with pre-
stressing tendons (PC1-T and PC2-T), six additional load cells 
were used to monitor the prestressing force of the steel tendons. 
Strain gauges were also used to measure local deformations of 
the steel reinforcing bars, ductile rods, and threaded bars.

Test observations and results

Overall behavior

All configuration 1 specimens sustained their cyclic lateral 
loading up to 5% drift ratio, except for PC1S. As a result of 

Figure 4. Test setup and loading protocol. Note: Config-1 = specimens with 500 × 500 mm column and 400 × 650 mm beam 
configuration; Config-2 = specimens with 700 × 700 mm column and 500 × 700 mm beam configuration; LVDT = linear variable 
displacement transducer. 1 mm = 0.0394 in.; 1 kN = 0.225 kip.
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insufficient joint shear capacity (V
j
/V

n
 ≈ 1), most damage 

appeared in the joint region of the columns, with critical 
concrete cracking eventually contributing to failure of the 
specimens. Figure 5 shows the final damage status of the 
configuration 1 specimens.

In the specimen with a monolithic connection, C-RC1, initial 
damage appeared as minor flexural and shear cracks in the 
beam and joint during early stages of loading. Under higher 
drift ratios (above 4%), the joint shear cracking developed as 
large, symmetric X-shaped diagonal cracks, extending over 
the entire joint region. C-RC1 experienced severe spalling of 
cover concrete on both sides of the joint.

Specimens PC1 and PC1-T showed quite similar damage prop-
agation. At a drift ratio of 0.5%, horizontal concrete cracking 
was initially observed at the beam base along the embedded 
tie rod (Fig. 2) of the transfer blocks. When subjected to drift 
ratios beyond 2%, both specimens began to develop diagonal 
cracks in the upper-half region of the joint. These cracks grew 

and widened, developing a W-shaped cracking zone in the 
joint of each column. At ±5% drift ratios, both precast concrete 
specimens lost large chunks of cover concrete.

The different joint failure patterns of the reinforced concrete 
and precast concrete specimens can be explained by their 
different resistance mechanisms. In C-RC1, because the 
beam’s longitudinal bars extended and were hooked near the 
exterior column surface (Fig. 2), the entire joint was engaged 
in the cyclic shearing actions transferred from the beam. 
On the other hand, joints of the precast concrete specimens 
were strongly governed by push-in and pullout actions of the 
ductile rods anchored at mid-depth of the columns. The upper 
joint region was partially involved when the ductile rods were 
pulled out, forming the W-shaped crack pattern. Due to the 
cracking, subsequent spalling of cover concrete eventually 
occurred in both PC1 and PC1-T (Fig. 5).

The testing of PC1S was terminated prematurely, during the 
first cycle of 1.5% drift ratio, because of an unexpected rup-

Figure 5. Final damage status of Config-1 specimens. Note: Config-1 = specimens with 500 × 500 mm column and 400 × 
650 mm beam configuration; C-RC1 = conventional reinforced concrete specimen with Config-1 dimensions; PC1 = precast 
concrete specimen with Config-1 dimensions; PC1S = precast concrete specimen with smaller diameter ductile rods and Config-1 
dimensions; PC1-T = precast concrete specimen with prestressed tendons and Config-1 dimensions. 1 mm = 0.0394 in.
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ture of the ductile rods (Fig. 5). All ductile rods had a hollow 
space with a threaded inner surface for connection with the 
A490 bolts (Fig. 2). The hollow space of the ductile rods in 
PC1S approached the effective yield zone too closely. This 
design flaw sharply decreased the effective cross-sectional 
area, creating a point in the ductile rods that was too weak to 
transfer the force of the longitudinal bars.

Configuration 2 specimens were subjected to cyclic lateral 
loading up to 4% to 5% drift ratios but exhibited different 
damage and failure patterns than those of the configuration 1 
specimens. Due to the increased column size and sufficient 
joint shear capacity (V

j
/V

n
 ≈ 0.8), the joints of configuration 

2 specimens were not heavily damaged. Figure 6 shows 
the final damage status of the configuration 2 specimens. In 
C-RC2, horizontal flexural cracks appeared around the base of 
the beam at 1% drift ratio and were soon followed by minor 
shear cracks in the joint. At drift ratios of approximately 4% 
to 5%, the beam’s flexural cracks developed more prominent-
ly, contributing to the formation of a complete plastic hinge 
that involved severe spalling of cover concrete and buckling 
of reinforcing bars.

Similar to the configuration 1 precast concrete specimens, 
PC2 experienced initial horizontal cracking along the tie rod 
at 0.5% drift ratio and several vertical cracks were found near 
the base of the beam. As the drift ratios further increased, 
more vertical cracks formed along and adjacent to the 
threaded bars toward the top of the beam, which eventually 
led to splitting of concrete and bond failure of the threaded 
bars in the first cycle to ±4% drift ratio. In PC2, the number 
of ductile rods increased to three, but the number of threaded 
bars remained the same. Accordingly, higher flexural demands 

and bond stresses were imposed on the threaded bars than for 
PC1. It seemed that due to the high bond stresses, the con-
crete split (Fig. 6) when the ribs of the threaded bars (40 mm 
[1.6 in.] diameter) were bearing against the surrounding con-
crete (wedging action). Such bond failure should be prevent-
able simply by providing sufficient development length for 
the threaded bars.

The damage pattern of PC2-T was quite similar to that of 
PC2, as vertical cracks developed on the top and bottom beam 
surfaces and then resulted in bond failure along the threaded 
bars. However, its damage propagation occurred much later 
than that of PC2 and it successfully completed the full cycles 
of ±4% drift ratio. The prestressing tendons shared the flexur-
al demand imposed on the beam, alleviating the forces acting 
in the threaded bars. Both PC2 and PC2-T showed minor 
diagonal joint cracks.

Flexural response

Figures 7 and 8 present the flexural responses of the configu-
ration 1 and configuration 2 specimens, respectively, in terms 
of moment-to-drift ratio relationships. Beam end moment 
was calculated as the actuator force times the vertical dis-
tance between the beam-to-column interface and the loading 
point (Fig. 4). Drift ratio was calculated as the beam’s lateral 
displacement divided by the vertical distance between the 
column centerline and the loading point.

Table 4 summarizes the main response parameters. Figures 7 
and 8 present the expected flexural capacities of the speci-
mens M

exp
, which were recalculated based on the measured 

material strengths (Table 3). The measured peak moment M
pk

 

Figure 6. Final damage status of configuration 2 specimens. Note: Config-2 = specimens with 700 × 700 mm column and 500 
× 700 mm beam configuration; PC2 = precast concrete specimen with Config-2 dimensions; PC2-T = precast concrete specimen 
with prestressed tendons and Config-2 dimensions. 1 mm = 0.0394 in.
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values matched M
exp

 well, except for PC1S. The drift ratio 
at yield d

y
 was estimated based on recommendations from 

ACI 374.2R-13.23 The ultimate drift ratio d
u
 was determined 

when the measured moment dropped below 80% of M
pk

 in the 
first loading cycle or when a significant moment reduction 
occurred in any loading cycle.

The configuration 1 specimens exhibited overall stable 
responses (Fig. 7) except for PC1S, which suffered brittle 
failure of the ductile rods. C-RC1 demonstrated the great-
est flexural capacity among all configuration 1 specimens. 
The considerable moment of C-RC1 resulted from the 
unexpectedly high yield strength of the D29 bars (Table 3). 
During drift ratios of between approximately 2% and 4%, 
C-RC1 retained high flexural resistance of about 900 kN-m 
(663.8 kip-ft), recording peak moments in cycles of ±3% 
drift ratio. The moment of C-RC1 dropped below 80% of its 
peak at a drift ratio of -4.84%, with a corresponding dis-
placement ductility μ

d
 of 2.95. In the case of PC1, yielding 

occurred at drift ratios of +2.6% and -2.72%, and the peak 
moments (of +713.3 kN-m [+516.1 kip-ft] and -677.8 kN-m 

[-499.9 kip-ft]) achieved the expected flexural capacity at 
+3.91% and –4%, respectively. Despite severe joint damage 
(Fig. 5), PC1 demonstrated its lateral deformation capacity 
up to ±5% drift ratio without significant strength reduction. 
The peak responses of PC1 were exhibited about 1% later 
than for C-RC1. This was primarily due to the overall lower 
lateral stiffness of PC1. Furthermore, PC1 exhibited signifi-
cantly reduced stiffness near the origin during load reversals 
(Fig. 7). It is presumed that this pinching behavior, which 
contrasts clearly with the behavior of the monolithic con-
nection, occurred due to gap opening at the interface of the 
bolted connection. PC1-T showed quite similar response to 
that of PC1. PC1-T recorded its peak moment during ±4% 
loading cycles, with an obvious pinching effect. The pre-
stressing tendons that were eccentrically added to the beam 
increased the flexural capacity of PC1-T in the positive direc-
tion, resulting in 14.2% higher peak moment than that in the 
negative direction (Table 4). PC1-T successfully sustained 
the full loading cycles and maintained its flexural resistance 
above 80% of the peak moment in both directions. PC1S 
mostly showed elastic response and then suddenly failed due 

Figure 7. Moment-to-drift ratio relationships of the configuration 1 specimens. Note: Config-1 = specimens with 500 × 500 mm 
column and 400 × 650 mm beam configuration; C-RC1 = conventional reinforced concrete specimen with Config-1 dimensions; 
Mexp = expected moment strength based on measured material properties; PC1 = precast concrete specimen with Config-1 
dimensions; PC1S = precast concrete specimen with smaller diameter ductile rods and Config-1 dimensions; PC1-T = precast con-
crete specimen with prestressed tendons and Config-1 dimensions. 1 mm = 0.0394 in.; 1 kN-m = 0.738 kip-ft.
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to rupture of the ductile rods at a drift ratio of +1.1%; only 
80% of the expected flexural capacity was achieved by PC1S.

Among the configuration 2 specimens, C-RC2 showed very 
high flexural capacity due to the high yield strength of the 
D29 bars (Table 3). High moment, exceeding 1400 kN-m 
(1032.6 kip-ft), was maintained until the first cycle of 5% drift. 
In the third cycle, however, C-RC2 was no longer able to carry 
the load because of the buckling of longitudinal bars, with 
recorded displacement ductility μ

d
 greater than 3. PC2 exhibited 

well-balanced flexural capacity in both directions, with peak 
moments of about 1100 kN-m (811.3 kip-ft) at ±3% drift ratio. 
The lateral resistance of PC2 dramatically deteriorated during 
the 4% drift loading cycles after the onset of bond failure of 
the threaded bars (Fig. 6), and it ended up with an average 
displacement ductility μ

d
 of about 1.63. The response of PC2 

was also clearly affected by similar pinching behavior observed 
in the configuration 1 precast concrete specimens. Specimen 
PC2-T, equipped with the prestressing tendons, exhibited peak 
moments at ±4% drift ratio, which is 1% drift later than PC2. 

About 13.3% greater peak moment was obtained in the positive 
direction with the aid of the added steel tendons. Unlike PC2, 
PC2-T was able to complete the full loading cycles up to 4% 
drift without losing its lateral load resistance and then failed in 
the subsequent 5% drift loading cycle. Although more in-depth 
study is needed on the effect of prestressing, this experimen-
tal result indicates that it played a role in delaying damage 
propagation and increasing the flexural strength of the precast 
concrete beam-to-column connections.

Joint shear response

Figure 9 illustrates the shear responses of the joint panels up 
to 4% drift ratio through shear force-distortion relationships. 
The joint shear forces are normalized by the expected shear 
capacities V

exp
, which were recalculated based on the mea-

sured material strengths (Table 3). (The response of PC1S, 
which showed premature ductile rod failure, is not reported.) 
Figure 9 also shows the peak responses corresponding to the 
first cycles of 3% and 4% drift ratios.

Figure 8. Moment-drift ratio relationships of the configuration 2 specimens. Note: Config-2 = specimens with 700 × 700 mm 
column and 500 × 700 mm beam configuration; C-RC2 = conventional reinforced concrete specimen with Config-2 dimensions; 
Mexp = expected moment strength based on measured material properties; PC2 = precast concrete specimen with Config-2 di-
mensions; PC2-T = precast concrete specimen with prestressed tendons and Config-2 dimensions. 1 mm = 0.0394 in.;  
1 kN-m = 0.738 kip-ft.
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In C-RC1, which exhibited large X-shaped cracks, the 
shear force at the joint reached its capacity with distortions 
up to 0.011 rad at 4% drift ratio. Joint shear distortions 
of approximately 0.01 rad typically have been associated 
with reaching a reinforced concrete joint’s shear strength in 
well-detailed structural concrete exterior connections.24 On 
the other hand, PC1 recorded a normalized joint shear slight-
ly above 0.8 but the maximum joint distortions were higher 
than 0.015 rad in both directions. Even though PC1 still had 
a shear force safety margin of more than 10% against joint 
shear failure, the joint was substantially governed by pullout 
of the ductile rods and much higher resultant distortions 
occurred than for C-RC1. The overall hysteretic response of 
PC1-T was similar to that of PC1, but the range of joint dis-
tortion was below ±0.015 rad. Furthermore, PC1-T obtained 
higher normalized joint shear (greater than 1), especially 
in the positive direction, indicating that the prestressing 

tendons acted to increase shear force demand and capacity 
of the beam-to-column joint.

The normalized joint shear forces and distortions of the config-
uration 2 specimens were much lower than those of the config-
uration 1 specimens. This reduced joint shear response agreed 
with the limited joint damage of the configuration 2 specimens 
(Fig. 6) and their sufficient joint shear capacity (V

j
/V

n
 ≈ 0.8) 

considered in design. The maximum distortion of all configu-
ration 2 specimens was below 0.006 rad, with joint shear force 
capacity not reached in any configuration 2 specimens (Fig. 9 
and Table 4). Furthermore, as the drift ratio changed from ±3% 
to ±4%, the configuration 2 specimens experienced only small 
increases in peak distortion of about 0.02 ∼ 0.14 × 10-2 rad. This 
increment range was substantially less than the corresponding 
range for the configuration 1 specimens (0.32 ∼ 1.04 × 10-2 rad) 
that experienced critical damage propagation at the joint.

Table 4. Summary of test results

Configuration Specimen Direction

Measured 
peak  

moment 
Mpk, kN-m

Mpk/
Mexp

Measured 
peak shear 
strength of 
joint Vj,pk,* 

kN

Vj,pk/
Vexp

Drift 
ratio at 
yielding 

point 
dy,† %

Drift 
ratio at 
peak 

moment 
dpk, %

Drift at 
ultimate 
state du, 

%

Displacement 
ductility μd  

(du/dy)

1

C-RC1
+ 918.2 1.03 1480 1.06 1.71 2.88 n/a n/a

– 925.2 1.03 1491 1.07 1.64 2.99 4.84 2.95

PC1
+ 713.3 1.08 1223 0.88 2.6 3.91 n/a n/a

– 677.8 1.03 1162 0.83 2.72 4 4.63 1.7

PC1-T
+ 859.3 1.12 1415 1.04 2.84 3.92 n/a n/a

– 752.4 1.09 1239 0.90 2.77 3.96 n/a n/a

PC1S
+ 319.8 0.8 619.3 0.42 n/a 1.1 1.1 n/a

– 317.9 0.8 615.6 0.42 n/a 1 n/a n/a

2

C-RC2
+ 1525 1.08 2456 0.89 1.52 2.92 4.96 3.26

– 1428.1 1.01 2300 0.83 1.44 2.97 4.98 3.46

PC2
+ 1100.1 0.98 1830 0.66 2.52 2.97 4 1.59

– 1102.6 0.98 1834.3 0.66 2.40 2.96 4 1.67

PC2-T
+ 1273.3 1 1864.8 0.6 2.63 3.98 4.77 1.81

– 1123.7 0.96 1645.2 0.53 2.41 3.95 n/a n/a

Note: Configuration 1 specimens have a 500 × 500 mm column and 400 × 650 mm beam configuration, and configuration 2 specimens have a 700 

× 700 mm column and 500 × 700 mm beam configuration. ACI = American Concrete Institute; C-RC1 = conventional reinforced concrete specimen 

with configuration 1 dimensions; C-RC2 = conventional reinforced concrete specimen with configuration 2 dimensions; du = ultimate drift ratio; Mexp 

= expected moment strength based on measured material properties; n/a = not applicable; PC1 = precast concrete specimen with configuration 1 

dimensions; PC1S = precast concrete specimen with smaller diameter ductile rods and configuration 1 dimensions; PC1-T = precast concrete specimen 

with prestressed tendons and configuration 1 dimensions; PC2 = precast concrete specimen with configuration 2 dimensions; PC2-T = precast concrete 

specimen with prestressed tendons and configuration 2 dimensions; Vexp = expected shear strength at joint with measured material properties based 

on ACI 352R-02. 1 mm = 0.0394 in.; 1 kN = 0.225 kip; 1 kN-m = 0.738 kip-ft.

* Vj,pk = Mpk/(0.9d) – Vcol, where d is effective beam depth and Vcol is column shear.

† Estimated based on ACI 374.2R-13.
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Contribution of flexural and shear  
deformations at the joint to total drift

To better understand the effects of flexural and shear deforma-
tions at the joint region on overall deformation of the speci-
mens, contributions from beam end rotation and joint distor-
tion to the total displacement of each beam were investigated. 
Figure 10 shows the contributions of deformation compo-
nents at each positive target drift, which were estimated based 
on LVDT measurements around the joint region (Fig. 4).

In C-RC1, the contribution of beam end rotation was main-
tained at about 30% until reaching 2% drift; it then increased 
to above 50% by 3% drift. The contribution of joint distortion 
increased to above 20% relatively early (by 1% drift ratio) and 
then continued to the end of testing. The rest of the contribu-
tion not presented in Fig. 10 is considered mostly attributable 
to distributed flexural deformation of the beam above the 
joint region. PC1 and PC1-T showed comparable contribution 

patterns in which more than 70% of the total displacement in 
the initial loading stage was from deformations due to beam 
end rotation. This substantial contribution indicates that defor-
mation of the precast concrete specimens was predominantly 
concentrated at the beam end due to joint opening. Similar 
levels of so-called rigid-body rocking end rotation have also 
been reported in other types of precast concrete structural 
connections.25 As the specimens displaced to 4% drift, the 
contribution of beam end rotation dropped to 54%, while that 
of joint distortion eventually increased to 30%. 

Contribution patterns for the configuration 2 specimens gener-
ally seemed analogous to those of the configuration 1 speci-
mens, but joint distortion contributions in all configuration 2 
specimens were limited to just above 10%. Contributions of 
beam end rotation in PC2 and PC2-T, again mostly affected 
by joint opening, were maintained between approximately 
62% and 79% within the entire drift ratio range, while the 
beam end rotation contribution in C-RC2 went as high as 

Figure 9. Shear-distortion responses of the joint panels. Note: Config-1 = specimens with 500 × 500 mm column and 400 × 
650 mm beam configuration; Config-2 = specimens with 700 × 700 mm column and 500 × 700 mm beam configuration; C-RC1 
= conventional reinforced concrete specimen with Config-1 dimensions; C-RC2 = conventional reinforced concrete specimen 
with Config-2 dimensions; PC1 = precast concrete specimen with Config-1 dimensions; PC1-T = precast concrete specimen with 
prestressed tendons and Config-1 dimensions; PC2 = precast concrete specimen with Config-2 dimensions; PC2-T = precast 
concrete specimen with prestressed tendons and Config-2 dimensions; V = joint shear force ; Vexp = expected shear strength at 
joint with measured material properties. 1 mm = 0.0394 in.
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57%. Considering the similarity between the two precast 
concrete specimens (in configuration 1 and configuration 2), 
the existence of the prestressing tendons appeared to have no 
effect on the deformation contribution patterns.

Lateral stiffness and stiffness degradation

All precast concrete specimens exhibited apparent pinching 
behavior and resulting stiffness variations associated with slip 
at the connection. Figure 11 shows a typical lateral force-
to-drift ratio relationship of the precast concrete specimens 
during load reversal. To better investigate the pinching 
behavior, two stiffness values K

1
 and K

2
 were considered. 

K
1
 indicates lower stiffness of the lateral response due to 

slip, whereas K
2
 indicates increased stiffness after the slip. 

An intersection of the K
2
 slope line and the horizontal axis 

is denoted as O ,́ where O  ́corresponds to the effective slip 
displacement and its abscissa from the origin can be defined 
as an effective slip Δ

slip
 in each direction (positive and nega-

tive). Lateral stiffness of the precast concrete specimens and 
its degradation under cyclic loading were compared with the 
stiffness of the reinforced concrete specimens.

Figure 12 presents lateral secant stiffness of the specimens 
in the first cycle to each target drift. To estimate the secant 
stiffness of reinforced concrete specimens, the slope from the 
origin to the peak load point was calculated at each drift. For 
the precast concrete specimens, the point corresponding to 
effective slip displacement O  ́from Fig. 11 was used as a ref-
erence in each direction to minimize the effect of initial slip. 
In Fig. 12, C-RC1 shows a symmetric stiffness degradation 
pattern. Its initial stiffness reached 5000 kN/m (342.6 kip/ft), 

but with increased drift ratio the stiffness degraded rapidly to 
only 20% of the initial value at 5% drift ratio. Initial secant 
stiffness of PC1 was about half that of C-RC1; however, PC1 
showed a much lower stiffness degradation rate, which in turn 
greatly reduced the stiffness gap between the two specimens 
at 5% drift ratio. Compared with PC1, PC1-T attained higher 
secant stiffness—as high as 3000 kN/m (205.6 kip/ft) in the 
positive direction—with the help of the prestressing tendons. 
The stiffness of PC1-T eventually became equivalent to that 
of C-RC1, from a drift ratio of 3% in the positive direction.

Figure 10. Contributions of beam end rotation (BER) and joint distortion (JD) to the total drift ratio in the positive direction. 
Note: Config-1 = specimens with 500 × 500 mm column and 400 × 650 mm beam configuration; Config-2 = specimens with 
700 × 700 mm column and 500 × 700 mm beam configuration; C-RC1 = conventional reinforced concrete specimen with 
Config-1 dimensions; C-RC2 = conventional reinforced concrete specimen with Config-2 dimensions;  PC1 = precast concrete 
specimen with Config-1 dimensions; PC1-T = precast concrete specimen with prestressed tendons and Config-1 dimensions; PC2 
= precast concrete specimen with Config-2 dimensions; PC2-T = precast concrete specimen with prestressed tendons and Con-
fig-2 dimensions. 1 mm = 0.0394 in.

Figure 11. Stiffness variation of the precast concrete speci-
mens due to slip during load reversals. Note: K1 = lower stiff-
ness of lateral response due to slip; K2 = increased stiffness 
after slip; Ó  = point corresponding to effective slip displace-
ment; Δslip = effective slip. 1 kN = 0.225 kip.
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According to Fig. 12, the configuration 2 specimens were 
twice as stiff as the configuration 1 specimens, but their deg-
radation patterns were quite similar. C-RC2 initially had much 
higher secant stiffness than the precast concrete specimens, 
but it decreased much more rapidly. Due to the prestressing 
effect, PC2-T recorded higher stiffness than PC2, by about 
32% at 0.5% drift in the positive direction.

To assess how prestressing can affect the lateral stiffness of 
precast concrete specimens during slip, ratios of the two stiff-
ness values K

1
/K

2
 were estimated from the first loading cycle to 

each target drift; they are compared in Fig. 13. The prestressing 
tendons started to make a clear difference in the stiffness ratios 
from a drift ratio of ±0.75%. Regardless of specimen configu-
ration, the specimens without tendons mostly recorded stiffness 
ratios below 0.1 at drift ratios beyond 0.75% in both directions. 
The prestressed specimens, however, showed higher stiffness 
ratios—above 0.35 at low drift ratios—and retained at approx-
imately 0.2 even at approximately 4% to 5% drift ratios, with 
gradual decreasing rates. The K

1
/K

2
 result in Fig. 13 reveals that 

although all precast concrete specimens inevitably experienced 
slip-induced, low lateral stiffness during load reversals (Fig. 6 
and 8), this can be mitigated to some extent by the prestressing 
force acting through the joint, which provided extra lateral 
stiffness throughout testing.

Hysteretic energy dissipation

Figure 14 compares the overall energy dissipation capabilities 
of the beam-to-column connections up to the 4% drift loading 
cycle. Areas enclosed by lateral force-displacement curves of all 
three cycles were added to calculate the amount of cumulative 
energy dissipation. With increased component sizes, configu-
ration 2 specimens dissipated much more energy than did the 

configuration 1 specimens. In both configurations, however, the 
reinforced concrete specimens generally possessed better energy 
dissipation capability than the precast concrete specimens. The 
cumulative energy dissipated by C-RC1 up to 4% drift ratio was 
168.7 kN-m (124.4 kip-ft), about 1.83 times greater than that 
of PC1-T (92 kN-m [67.9 kip-ft]). An even greater difference, 
more than three times greater, was reported between C-RC2 
(394 kN-m [290.6 kip-ft]) and PC2-T (124.2 kN-m [91.6 kip-ft]) 
at a 4% drift ratio. The high energy dissipation in the reinforced 
concrete specimens can be explained by a combination of two 
main factors: the yield strength of the D29 steel bars was much 
greater than their design strength and distributed damage due to 
a strong steel-to-concrete bond in the monolithic connections, 

Figure 12. Lateral secant stiffness of beam-to-column connection specimens. Note: Config-1 = specimens with 500 × 500 mm 
column and 400 × 650 mm beam configuration; Config-2 = specimens with 700 × 700 mm column and 500 × 700 mm beam 
configuration; C-RC1 = conventional reinforced concrete specimen with Config-1 dimensions; C-RC2 = conventional reinforced 
concrete specimen with Config-2 dimensions; PC1 = precast concrete specimen with Config-1 dimensions; PC1-T = precast con-
crete specimen with prestressed tendons and Config-1 dimensions; PC2 = precast concrete specimen with Config-2 dimensions; 
PC2-T = precast concrete specimen with prestressed tendons and Config-2 dimensions. 1 mm = 0.0394 in.; 1 kN/m = 0.0685 kip/ft.

Figure 13. Effect of the prestressed tendons on stiffness ratio 
variations. Note: K1 = lower stiffness of lateral response due to 
slip; K2 = increased stiffness after slip; PC1 = precast concrete 
specimen with Config-1 dimensions; PC1-T = precast concrete 
specimen with prestressed tendons and Config-1 dimensions; 
PC2 = precast concrete specimen with Config-2 dimensions; 
PC2-T = precast concrete specimen with prestressed tendons 
and Config-2 dimensions.
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which enabled stable and wide hysteresis loops. Conversely, the 
precast concrete specimens showed relatively more limited en-
ergy dissipation because of the good agreement between actual 
and design strengths of the ductile rods as well as the pinched 
behavior from reduced hysteresis loop areas. The cumulative 
energy dissipated by PC1 up to a 4% drift ratio was 87.9 kN-m 
[64.8 kip-ft], which indicates that prestressing tendons did not 
have a dramatic impact on the energy dissipation capability of 
the connection system (similar to the cases of PC2 and PC2-T, 
with up to a 3% drift ratio as shown in Fig. 14).

Tensile strains in longitudinal  
reinforcement

To help understand the flexural resistance mechanism of the 
specimens, tensile strains of the main longitudinal reinforce-
ment were investigated. The D29 bars at the beam-to-column 
interface were selected for the reinforced concrete specimens, 
and the ductile rods and threaded bars were selected for the 
precast concrete specimens. Figure 15 displays the peak tensile 
strains ε

pk
 of each reinforcement normalized by the correspond-

Figure 14. Cumulative energy dissipated by the beam-to-column connection specimens. Note: Config-1 = specimens with 500 × 
500 mm column and 400 × 650 mm beam configuration; Config-2 = specimens with 700 × 700 mm column and 500 × 700 mm 
beam configuration; C-RC1 = conventional reinforced concrete specimen with Config-1 dimensions; C-RC2 = conventional rein-
forced concrete specimen with Config-2 dimensions; PC1 = precast concrete specimen with Config-1 dimensions; PC1-T = precast 
concrete specimen with prestressed tendons and Config-1 dimensions; PC2 = precast concrete specimen with Config-2 dimensions; 
PC2-T = precast concrete specimen with prestressed tendons and Config-2 dimensions. 1 mm = 0.0394 in.; 1 kN-m = 0.738 kip-ft.

Figure 15. Normalized strains of longitudinal reinforcement. Note: Config-1 = specimens with 500 × 500 mm column and 400 × 
650 mm beam configuration; Config-2 = specimens with 700 × 700 mm column and 500 × 700 mm beam configuration; C-RC1 = 
conventional reinforced concrete specimen with configuration 1 dimensions; C-RC2 = conventional reinforced concrete specimen 
with Config-2 dimensions; PC1 = precast concrete specimen with Config-1 dimensions; PC1-T = precast concrete specimen with pre-
stressed tendons and Config-1 dimensions; PC2 = precast concrete specimen with Config-2 dimensions; PC2-T = precast concrete 
specimen with prestressed tendons and Config-2 dimensions; εpk = peak tensile strains; εy = yield strain. 1 mm = 0.0394 in.
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ing yield strain ε
y
. The graphs in Fig. 15 show somewhat large 

variations, but there is an overall increasing trend with the 
increment of imposed drift. For both configurations, the D29 
bars and ductile rods (designated as the yielding components 
in the reinforced concrete and precast concrete specimens, 
respectively) yielded within a drift range of approximately 
0.5% to 3%, a bit earlier than the yield drifts d

y
 determined 

globally in Table 4. Normalized strains of the threaded bars did 
not exceed unity, revealing that they all remained in the elastic 
range during testing. Despite some variation, the strain data in 
Fig. 15 confirm that the ductile rods were indeed functioning as 
the yielding component of the proposed connection system, in 
accordance with the intended resistance mechanism.

Prestressing forces

The prestressing forces of the tendons in PC1-T and PC2-T 
were continuously measured during testing. Figure 16 shows 
the average measurements from the load cells. Prestressing 
forces of the two specimens varied cyclically and increased 
incrementally with applied drift ratio. Both forces started 
from around 80 kN (18 kip) and then reached more than 
130 kN (29 kip) at 5% drift ratio (Fig. 16). The maximum 
forces in the tendons corresponded to 67.5% and 70.5% 
of their measured tensile strength (1893 MPa [275 ksi]) in 
PC1-T and PC2-T, respectively. Contribution of the tendons 
to the flexural strength was about 18.1% and 14.5% of the 
maximum force for PC1-T and PC2-T, respectively. The 
contribution of the tendons was maintained below 25% of the 
flexural strength at the joint section, so they satisfied section 
18.6.3.5(c) of ACI 318-19.20 The tendons in PC1-T provided 
an overall stable prestressing force throughout testing, with 
only 1.9% loss compared with its initial value. In PC2-T, 
however, the prestressing force dropped as low as 71.9 kN 
(16.2 kip) (an 11.2% loss) when the specimen was deformed 
by approximately 4% to 5% drifts in the negative direction. 
This higher force reduction could be associated with the 

cracking that occurred along the threaded bars. As the thread-
ed bars were not fully able to carry the compressive forces 
due to bond failure, this may have imposed higher compres-
sive force demands on the adjacent tendons, reducing their 
prestressing forces.

Performance evaluation by acceptance 
criteria of ACI 374.1-05

The acceptance criteria of ACI 374.1-0522 were applied to 
examine the adequacy of using the ductile rod connection sys-
tem as an effective lateral-force-resisting component in high 
seismic regions. For the third loading cycle at a drift ratio not 
less than 3.5%, ACI 374.1-0522 requires the following:

•	 The peak lateral force of the loading cycle is not less than 
75% of the maximum force capacity of the specimen in 
the same direction.

•	 The ratio of energy dissipated by the hysteretic loop to 
the area of circumscribing parallelograms is not less than 
1⁄8 (12.5%).

•	 The secant stiffness between drift ratios of ±0.35% is not 
less than 5% of the stiffness at the initial drift ratio.

In this study, the test results of the configuration 1 specimens, 
which completed the full loading cycles of ±4% drift ratio, 
were used. (The configuration 2 specimens were excluded 
from the evaluation. PC2 abruptly lost its load-carrying ca-
pacity after reaching the first cycle at the ±4% drift ratio and 
although PC2-T completed its full loading cycles up to ±4% 
drift ratio, it did not properly demonstrate its performance due 
to bond failure of the threaded bars.)

Figure 17 shows a seismic performance evaluation for the 
configuration 1 specimens (that made it to 4% drift ratio) 

Figure 16. Average prestressing forces of the tendons in PC1-T and PC2-T. Note: PC1-T = precast concrete specimen with pre-
stressed tendons and Config-1 dimensions; PC2-T = precast concrete specimen with prestressed tendons and Config-2 dimen-
sions. 1 kN = 0.225 kip.
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with respect to lateral force, energy dissipation, and lat-
eral stiffness. Among the three specimens, PC1 exhibited 
the overall lowest performance but still satisfied the three 
acceptance criteria. With the prestressing tendons, PC1-T 
showed enhanced performance in all aspects. The lateral 
force, energy dissipation, and secant stiffness ratios of PC1-T 
increased to more than 85%, 23%, and 12%, respectively, 
achieving outcomes comparable to or better than C-RC1. The 
seismic performance evaluation for the precast concrete spec-
imens demonstrates that they, as part of a whole frame, have 
sufficient lateral resistance and energy dissipation capability 
to prevent undesirable oscillations or excessive displacements 
after a seismic event.

Conclusion

This study introduces a ductile rod exterior connection 
system for precast concrete components and presents 
experimental results of seven full-scale exterior beam-to-
column connection subassemblies tested under reversed 
cyclic loading. Different design parameters—ductile rod 
size, presence of prestressing, beam flexural capacity, and 
joint shear capacity—were applied to the five precast con-
crete specimens, and their responses were compared with 
two monolithic reinforced concrete specimens. The main 
findings and lessons learned from the current study can be 
summarized as follows:

•	 The precast concrete specimens accurately achieved their 
expected moment capacities in both configuration 1 (PC1 
and PC1-T) and configuration 2 (PC2 and PC2-T). In most 
cases, the moment capacities of the precast concrete spec-
imens were reached by 4% drift ratio, about 1% behind 
otherwise comparable reinforced concrete specimens.

•	 The ductile rods embedded in the joint governed the 
flexural response of the connections through inelastic 
push-in and pullout actions. Flexural rotation at the end 
of the precast concrete beam contributed to a majority of 
the total lateral deformation.

•	 The precast concrete specimens showed lower lateral 
stiffness than the reinforced concrete specimens. Con-
versely, stiffness degradation with an increase in drift 
ratio progressed at a much slower pace in the precast 
concrete specimens. Furthermore, all precast concrete 
specimens exhibited clear pinching behavior during load 
reversals, which can be alleviated by providing prestress-
ing tendons.

•	 The precast concrete specimens exhibited different dam-
age mechanisms depending on their connection design. 
PC1 and PC1-T, which had the smaller column size, 
sustained substantial joint damage associated with pullout 
of the ductile rods. PC1S failed prematurely in the early 
loading stage due to inadequate rod design. The increased 
number of ductile rods in the configuration 2 precast 
concrete specimens induced high force demand on the 
threaded bars and a resulting bond failure.

•	 The aforementioned damage mechanisms provide im-
portant insight into the design of the proposed connection 
system. Sufficient size of the column is needed to prevent 
pullout or shear failure of the joint (collapse prevention). 
To avoid undesirable failure modes and damage patterns, 
it is crucial to carefully consider all connection details 
and their consequences, including the size, shape, and 
number of ductile rods. Last, a sufficient development 
length (or continuity) needs to be secured for the thread-

Figure 17. Seismic performance evaluation for the configuration 1 specimens according to ACI 374.1-05. Note: ACI = American 
Concrete Institute; Config-1 = specimens with 500 × 500 mm column and 400 × 650 mm beam configuration; C-RC1 = con-
ventional reinforced concrete specimen with Config-1 dimensions; C-RC2 = conventional reinforced concrete specimen with 
Config-2 dimensions; PC1 = precast concrete specimen with Config-1 dimensions; PC1-T = precast concrete specimen with pre-
stressed tendons and Config-1 dimensions. 1 mm = 0.0394 in.
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ed bar to enable the precast concrete specimens to fully 
exploit their performance.

•	 Despite the severe joint damage, the configuration 1 
precast concrete specimens showed satisfactory seis-
mic performance at a high drift ratio. They fulfilled the 
acceptance criteria of ACI 374.1-0522 in terms of lateral 
strength, relative energy dissipation, and lateral stiffness.

Finally, it is worth noting that use of the developed exterior 
connection system is more suitable for industrial buildings. If 
more than two beams are connected to one column location 
using the ductile rods, interference or congestion of the ductile 
rods can be expected to occur at the joint. In industrial build-
ings, the beams can be connected at different locations (that is, 
at varying heights) of the column or with different methods (for 
example, by using corbels in one direction) to avoid this issue.
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Notation

A
bolt

	 = cross-sectional area

A
j
	 = effective joint area

A
rod

	 = cross-sectional area of ductile rod

A
thr

	 = cross-sectional area of high-strength threaded bar

d	 = effective beam depth

d
pk

	 = drift ratio at peak moment

d
rod

	 = distance from beam’s top face to centroid of bottom

′drod 	 = distance from top of beam face to top ductile rods

d
u
	 = ultimate drift ratio

d
y
	 = drift ratio at yield

D
bolt

	 = diameter of high-tension bolt

′fc 	 = compressive strength of concrete

f
eff,ten

	 = effective prestressing value of tendons measured on 
day of testing

f
u,ten

	 = ultimate stress of tendons

f
y
	 = yield strength

f
y,h

	 = measured yielding stress of stirrups

f
y,rod

	 = measured yielding stress of ductile rods

f
y,thr

	 = measured yielding stress of threaded bars

F
nt
	 = nominal tensile strength

h
c
	 = distance between column supports in test setup

K	 = coefficient of torque

K
1
	 = lower stiffness of lateral response due to slip

K
2
	 = increased stiffness after slip

M
exp

	 = expected moment strength based on measured ma-
terial properties

M
n
	 = nominal moment capacity

M
pk

	 = measured peak moment

n
rod

	 = number of ductile rods

n
thr

	 = number of high-strength threaded bars

N
bolt

	 = tension in bolt induced by tightening

O 	́ = point corresponding to effective slip displacement

T	 = torque

V	 = joint shear force
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V
col

	 = column shear

V
exp

	 = expected shear strength at joint with measured 
material properties

V
j
	 = shear force demand on joint

V
j,pk

	 = measured peak shear strength of joint

V
n
	 = nominal shear strength

α	 = stress multiplier for longitudinal reinforcement

γ	 = coefficient for connection type

Δ
slip

	 = effective slip

ε
pk

	 = peak tensile strains

ε
y
	 = yield strain

μ
d
	 = displacement ductility

ϕ
1
	 = resistance factor that conservatively considers 

uncertainties in load and effective (reduced) tension 
area of threaded portion

ϕ
2
	 = resistance factor for tension yielding in gross section
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Abstract

The seismic performance of a ductile rod system for 
exterior precast concrete beam-to-column connections 
was experimentally evaluated. Five full-scale precast 
concrete beam-to-column subassemblies connected 
with ductile rods were fabricated, considering various 
aspects (ductile rod size, prestressing, and flexural/
shear capacities). Lateral cyclic loading tests were 
conducted for the precast concrete connections along 

with two monolithic reinforced concrete connec-
tions. Despite their relatively lower lateral stiffness, 
most precast concrete connections showed sufficient 
moment capacities with peak moments at approxi-
mately 3% to 4% interstory drifts. The prestressing 
tendons were effective at enhancing moment and shear 
strengths of the precast concrete connections, as well 
as in reducing slip of the ductile rods. The precast con-
crete specimens generally showed satisfactory seismic 
performance, fulfilling acceptance criteria specified 
by the American Concrete Institute. The test results 
demonstrated that careful considerations are required 
in the design of ductile rods and high-strength threaded 
bars to induce stable flexural responses of the precast 
concrete connections.

Keywords

Ductile rod connection system, exterior beam-to-col-
umn connection, lateral cyclic loading tests, prestress-
ing, seismic performance.
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