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A hybrid precast concrete wall system with hori-
zontal joints was recently validated1–5 as a special 
shear wall according to the American Concrete In-

stitute’s (ACI’s) Building Code Requirements for Structural 
Concrete (ACI 318-14) and Commentary (ACI 318R-14)6 
following the requirements given in ACI’s Acceptance 
Criteria for Special Unbonded Post-Tensioned Precast 
Structural Walls Based on Validation Testing and Commen-
tary (ACI ITG-5.1).7 Similar systems with gap-opening 
joints have also been developed for precast concrete build-
ing frames and bridge piers.8,9 An important component in 
these structures is the ASTM A70610 energy-dissipating 
bars crossing the gap-opening joint between the foundation 
and base of the structure (for example, shear wall, column, 
and bridge pier bases). The energy-dissipating bars are 
designed2,5 such that the tension strains at the maximum 
structural member drift are greater than 0.5ε

uel
 (to provide 

adequate energy dissipation) but do not exceed 0.85ε
uel

 
(to prevent low-cycle fatigue fracture), where ε

uel
 is the 

uniform elongation strain of the energy-dissipating bar at 
ultimate (maximum) strength f

uel
 under monotonic tension 

loading. A predetermined length of each bar is unbonded 
from the concrete (by wrapping the bar with plastic) at the 
gap-opening joint to avoid concentrating nonlinear defor-
mations over a short length of the bar and to ensure that the 
steel strains remain within the intended range.

Sufficient development length of the energy-dissipating 
bars is required for the bars to reach the expected tension 
strains without pullout under cyclic loading. In the hy-

■ The Type III connector presented in this paper 
offers the potential for a high-performance yet 
simple nonproprietary, low-cost system that al-
lows energy-dissipating bars under cyclic loading 
to reach close to their full ultimate (maximum) 
strength and strain capacity in tension over a short, 
grouted embedment length.

■ The use of short grouted connections simplifies the 
construction of precast concrete structures be-
cause protruding bar lengths from precast concrete 
members are minimized and field-grouting lengths 
are reduced.

■ Out of the six specimens tested, five bars achieved 
low-cycle fatigue fracture and one bar failed 
through ductile pullout at maximum strains close to 
the monotonic tension strain capacity correspond-
ing to the ultimate (maximum) strength of the bar.
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bars from the splice sleeve, preventing the ACI ITG-5.1 
validation of the wall.

The Type II splices used in the wall specimen met all 
ACI 318-14 and AC13312 requirements, and the grout for 
the splices met the splice manufacturer’s specifications.3,5 
The reason for the splice failures was that energy-dissipat-
ing bars tested in precast concrete structures per ACI ITG-
5.1 undergo much greater strains over a significantly larger 
number of cycles than the strain history required to classify 
a Type II mechanical connector system per AC133.12 
Therefore, Smith and Kurama2 suggested that for the 
development length of the energy-dissipating bars “Suffi-
cient development length or anchorage should be provided 
at both ends of the wrapped region of the energy-dissi-
pating bars. Due to the large reversed-cyclic steel strains 
expected through Δ

wm
, Type II grouted mechanical splices 

specified in section 21.1.6 of ACI 318-11 and permitted 
by section 5.4.2 of ACI ITG-5.2 should not be used for the 
energy-dissipating bars in hybrid precast concrete walls 
in seismic regions unless the splices have been tested and 
validated under cyclic loading up to a steel strain of at least 
0.85ε

su
.” (Δ

wm
 is maximum-level wall drift corresponding to 

maximum-considered earthquake, and ε
su

 in Smith and Ku-
rama2 is the same as ε

uel
 defined in this paper.) In response 

brid precast concrete wall system that was validated, this 
objective could only be achieved by casting (at one end) 
and grouting (at the other end) the full ACI 318-14 devel-
opment length of each energy-dissipating bar.1–6 However, 
using the full development length required by ACI 318-14 
results in long energy-dissipating bar lengths protruding 
out of the precast concrete base, creating challenges for 
production, transportation, and erection.

To address the issue of long development lengths for 
the energy-dissipating bars, Smith et al.3,5 used a Type II 
grouted mechanical splice system in the foundation of 
one of the six wall specimens tested in their experimental 
program (specimen HW2). Type II splices are a commonly 
used detail in precast concrete construction and are allowed 
in seismic regions of the United States by section 5.4.2 of 
ACI ITG-5.2.11 The use of short, grouted Type II splices 
can simplify the construction of precast concrete structures 
by allowing the energy-dissipating bars to be precast into 
the member with only a short bar length protruding out for 
field grouting into a splice sleeve cast into the top of the 
foundation. However, the Type II splices in specimen HW2 
were unable to withstand the large gap-opening deforma-
tions at the base of the structure, causing the system to fail 
prematurely due to bond pullout of the energy-dissipating 

Figure 1. Energy-dissipating bar connection test setup. Note: Figure not to scale. db = bar diameter.
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The wall-panel block (Fig. 3), which had a thickness t
w
 

of 15 in. (380 mm), height h
w
 of 32 in. (810 mm), and 

length l
w
 of 24 in. (610 mm), was designed to represent a 

slice over the length of a precast concrete wall panel at the 
base. The deformed Grade 60 (414 MPa) ASTM A61513 
reinforcement placed within the block was similar to that 
found around the energy-dissipating bars in a hybrid pre-
cast concrete wall base panel.2 A no. 7 (22M; nominal di-
ameter d

b
 of 0.875 in. [22.2 mm]) Grade 60 ASTM A706 

reinforcing bar served as the energy-dissipating bar to 
connect the wall panel and foundation blocks in all six 
tests. The energy-dissipating bar was cast at the center of 
the wall-panel block with a standard 90-degree hook to 
fully anchor the bar. (This hook would not be needed in a 
full-height wall panel in practice.) The bar was unbond-
ed from the concrete over a length l

sw
 of 12d

b
 (where d

b
 

is the bar diameter and l
sw

 is equal to 10.5 in. [270 mm] 
for a no. 7 bar) at the bottom of the wall-panel block by 
wrapping it with plastic. The unbonded (wrapped) portion 
of the energy-dissipating bar (frequently referred to as 

to the need for a higher-performing connection (referred to 
here as Type III) for anchoring energy-dissipating bars, this 
paper discusses the results from investigating the use of a 
new type of tapered cylindrical grouted seismic connector 
for six energy-dissipating bar specimens.

Test setup

Figure 1 shows the test setup used in the Type III connector 
experiments. The foundation and wall-panel blocks were 
cast separately and then connected using a single grouted 
connector at the center of the foundation and wall panel. 
The foundation block (Fig. 2), which had a width w

f
 of 

24 in. (610 mm), height h
f
 of 36 in. (910 mm), and length l

f
 

of 54 in. (1370 mm), was designed to represent the foun-
dation in a precast concrete wall system. The height of the 
foundation block was designed to accommodate two ener-
gy-dissipating bar connector sleeves, one on top and one on 
the bottom of the block. This allowed the foundation block 
to be reused in two separate tests by turning the block over.

Figure 2. Foundation block. Note: no. 3 = 10M; no. 5 = 16M; 1 in. = 25.4 mm.
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the foundation block, a small initial gap was created using 
0.015 in. (0.38 mm) thick temporary steel shims at the 
horizontal joint between the two blocks.

Design of tie reinforcement around 
energy-dissipating bar connector

Deformed ASTM A615 Grade 60 (414 MPa) vertical 
and horizontal tie reinforcement was placed around each 
connector sleeve inside the foundation to prevent breakout 
of the concrete surrounding the connection. A strut-and-tie 
model was used to proportion the vertical and horizontal 
reinforcing bars (Fig. 4). From vertical equilibrium, the 
total force in the vertical U-bar tie reinforcement ΣT

v
 (equal 

to ΣA
v 
f
y
) within the effective connection zone is equal to the 

tension force in the energy-dissipating bar T
ED

 (equal to A
ED 

f
uel

).

∑Tv =TED ⇒∑ Av =
AED fuel
f y

where

T
v
  =  tension force in a vertical tie bar around the 

connector sleeve

A
v
  =  area of a vertical tie bar around the connector 

sleeve

A
ED

  = area of the energy-dissipating bar

the stretch length), which is a typical feature to limit the 
maximum steel strains in hybrid precast concrete sys-
tems, was long enough to result in significant elongation 
of the bar before fracture (and therefore allow measur-
able separation at the joint between the wall-panel block 
and the foundation block). The unbonded portion of the 
energy-dissipating bar was also long enough to reduce the 
effect of any additional bar debonding (due to the cyclic 
loading of the bar) on the steel strains determined from the 
measured joint separation and the wrapped length (that is, 
any additional bar debonding length was small compared 
with the wrapped length).

During fabrication, the energy-dissipating bar protruded 
out of the bottom of the wall-panel block over the specified 
connection bond length. The cement-based, high-strength, 
flowable grout was mixed and placed manually up to a 
predetermined depth from the top of the connector sleeve 
at the top of the foundation block. Then the connection be-
tween the wall-panel and foundation blocks was achieved 
by embedding the protruding length of the energy-dissipat-
ing bar within the grout inside the connector sleeve. 

The original grout depth inside the sleeve is a function of 
the energy-dissipating bar size and the connector sleeve ge-
ometry and was determined such that the grout cone would 
rise to the top of the connector sleeve upon full embedment 
of the energy-dissipating bar. To allow the energy-dissipat-
ing bar to be loaded into a small amount of compression 
strain without the wall-panel block making contact with 
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radius (measured from the energy-dissipating bar center-
line) of 0.5 times the energy-dissipating bar embedment 
(bond) length l

b
 of 10d

b
 were considered effective. Also, 

the angle of the vertical plane in the strut-and-tie model 
θ was approximated as tan-1[(0.5l

b
)/l

b
] ≈ 30 degrees. The 

angle β of the horizontal plane (dark shaded region in Fig. 
4) was assumed to be 45 degrees. This design approach 
was evaluated in the tests by measuring the strains in the 
tie reinforcement.

Energy-dissipating bar  
connection properties

Figure 5 shows the connector sleeves (ducts) used in 
the six tests and Table 1 gives their properties. The 
sleeves were made by a local sheet metal fabricator using 
25-gauge (0.0209 in. [0.53 mm] thick), smooth sheet met-
al. The sleeves were slightly longer than the connection 
bond length of the energy-dissipating bars for practical 
tolerance purposes. The sleeve diameter at the top of the 
foundation block was chosen to provide enough clear-
ance and tolerance for the no. 7 (22M) energy-dissipating 
bar. The same high-strength cementitious grout product 
(meeting the requirements of ASTM C110714) was used 
in all six tests. For each connection, a 55 lb (25 kg) bag 
of prepackaged grout was mixed per the manufacturer’s 
instructions to reach a flowable consistency. The flow 
diameter (spread) of each batch was measured using a 
2 in. (50 mm) diameter × 4 in. (100 mm) tall plastic tube 
that was filled with grout and slowly lifted on top of a 
flow template. The target grout spread was 5 to 6 in. (130 
to 150 mm). The compression strength of the grout at 
28 days and on the day of energy-dissipating bar connec-
tion testing was determined as the average from a mini-
mum of three 2 × 2 in. grout cubes. Although a reasonably 
consistent grout spread diameter of 5 to 6 in. was achieved 
for the six connections, there were considerable differenc-
es in the grout strength even at a consistent age of 28 days 
(Table 2).

The connector sleeve in specimen 1 had a length of 11 in. 
(280 mm), a taper angle θ

d
 of 4.5 degrees (with a taper 

entrance inner diameter of 2.75 in. [69.9 mm] and bottom 
inner diameter of 4.5 in. [110 mm]), and a smooth (uncor-
rugated) surface. The bond length of the energy-dissipating 
bar was 10d

b
 (8.75 in. [222 mm] for a no. 7 [22M] bar). 

Specimen 2 was used to investigate a longer bond length of 
15d

b
 (13.125 in. [333 mm] for a no. 7 [22M] bar). Surface 

corrugations (deformations) were placed at approximately 
1 in. (25 mm) spacing at the bottom and top of the connec-
tor sleeve to provide additional mechanical interlock for 
the grout cone. The taper angle θ

d
 was kept at 4.5 degrees 

(with a taper entrance inner diameter of 2.75 in. [69.9 mm] 
and bottom inner diameter of 5.25 in. [133 mm]). The 
sleeve length was increased to 15.75 in. (400 mm) to ac-

f
uel

  = measured ultimate (maximum) strength of the 
energy-dissipating bar under monotonic tension 
loading

f
y
  = specificed yield strength of the tie reinforcement

Similarly, the total required horizontal tie steel area within 
the effective connection zone ΣA

h
 can be calculated as

∑ Ah =
AED fuel tanθ
2 f y cosβ

where

θ  =  angle of the vertical plane in the strut-and-tie 
model

β  =  angle of the horizontal plane in the strut-and-tie 
model

To test the limits of the design, no capacity reduction fac-
tor was used in determining the tie steel reinforcement for 
the specimens. Because of the testing of two connectors in 
each foundation block, closed hoops (Fig. 2) rather than U 
bars were used as the vertical tie reinforcement. Based on 
section R17.4.2.9 (Anchoring to Concrete) of ACI 318-14, 
only the tie bars placed within an effective connection 
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Figure 4. Strut-and-tie model for design of tie reinforcement 
around energy-dissipating bar connector. Note: AED = area 
of energy-dissipating bar; Ah = area of horizontal tie bar 
around connector sleeve; Av = area of vertical tie bar around 
connector sleeve; fuel = ultimate (maximum) strength of 
energy-dissipating bar under monotonic tension loading; 
lb = energy-dissipating bar embedment (bond) length; TED = 
tension force in energy-dissipating bar; Th = tension force in 
horizontal tie bar; Tv = tension force in vertical tie bar; β = 
angle of horizontal plane in strut-and-tie model; θ = angle of 
vertical plane in strut-and-tie model.



80 PCI Journal  | September–October 2017

Table 1. Test parameters

Specimen 

Connector sleeve Energy-dissipating bar

Taper 
angle θd, 
degrees

Entrance 
diameter, 

in.

Bottom 
diameter, 

in.

Surface  
corrugations

Length, 
in.

Size
Wrapped 

length lsw = 
12db, in.

Bond length 
lb, in.

1 4.5 2.75 4.5 None 11 No. 7 10.5 8.75

2 4.5 2.75 5.25 Spaced at 1 in. 15.75 No. 7 10.5 13.125

3 4.5 2.75 4.5 Spaced at 1 in. 11 No. 7 10.5 8.75

4 9.0 2.75 6.25 Spaced at 1 in. 11 No. 7 10.5 8.75

5 0.0 2.75 2.75 Spaced at 1 in. 11 No. 7 10.5 8.75

6
4.5

(option 2)
2.75 4.5 Spaced at 1 in. 11 No. 7 10.5 8.75

Note: lb is equal to 15db for specimen 2 and 10db for all other specimens. Corrugations in specimen 2 were only placed within the top and bottom third of 

the sleeve length. db = bar diameter. No. 7 = 22M; 1 in. = 25.4 mm.

Figure 5. Connector sleeve dimensions. Note: 1 in. = 25.4 mm.

Table 2. Measured connector grout properties

Specimen 
Grout 

product

Target 28-day 
compression 
strength, psi

Flow  
diameter, in.

Average 28-day 
compression strength 

f�cg,28d, psi

Average test-
day compression 
strength f�cg, psi

Test-day age

1 GM1 8000 5 8912 9498 54

2 GM1 8000 5.5 8519 8631 124

3 GM1 8000 5.125 8931 8965 135

4 GM1 8000 5.25 9237 9515 41

5 GM1 8000 5.125 9908 10,324 48

6 GM1 8000 5.75 8642 9231 49

Note: 1 in. = 25.4 mm; 1 psi = 6.895 kPa.
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(specimen 6) included an ASTM A706 threaded dowel-
bar coupler (splicer) cast into the bottom of the wall-
panel block. Figure 6 shows a drawing of this option 2 
test specimen. To achieve the connection, the energy-
dissipating bar was first threaded into the dowel-bar 
coupler according to manufacturer’s specifications. Then 
the energy-dissipating bar was grouted into a sleeve 
cast inside the foundation below. The sleeve included a 
straight portion on top for the wrapped (unbonded) length 
of the energy-dissipating bar and a tapered portion for the 
connection bond length.

Loading

The foundation block was fixed to the laboratory strong 
floor, and the wall-panel block was connected to a ser-
vo-controlled hydraulic actuator supported by a stiff steel 
loading frame (Fig. 1). During testing, the hydraulic actu-
ator was used to move the wall-panel block vertically to 
subject the energy-dissipating bar to a rigorous quasi-static 
cyclic axial strain history. The strain history varied slightly 
between tests but in general was consistent with the rec-
ommended loading for the validation of energy-dissipating 
bar connections in hybrid precast concrete walls.2 Figure 7 
shows the strain history (solid line) that was the basis of 
loading in the tests. Also shown in the figure (dashed line) 
is the required strain history to certify Type II mechanical 
connector systems per AC133.12 The strain history used in 
the testing of the Type III connectors herein was signifi-
cantly more rigorous (both in amplitude and in number of 
cycles) than that required to certify a Type II connector.

The energy-dissipating bar was first subjected to 20 repeat-
ed cycles of loading, similar to the requirement in AC13312 
for Type II connectors. AC133 recommends loading to 
95% of the specified yield strength of the bar during the 

commodate the longer energy-dissipating bar bond length. 
The average connection test-day grout strength '

cgf  for 
this specimen (8631 psi [59.51 MPa]) was the lowest of the 
six specimens.

Specimen 3 had a sleeve with the same dimensions as 
specimen 1; however, this sleeve had surface corrugations 
at approximately 1 in. (25 mm) spacing throughout its 
length. The energy-dissipating bar bond length was kept 
at 10d

b
.

A larger sleeve taper angle θ
d
 of 9.0 degrees (with taper 

entrance inner diameter of 2.75 in. [69.9 mm] and bottom 
inner diameter of 6.25 in. [159 mm]) was investigated in 
specimen 4. Corrugations spaced at approximately 1 in. 
were also included on this sleeve.

A straight sleeve (θ
d
 equal to 0 degrees) with entrance 

and bottom inner diameter of 2.75 in. (69.9 mm) was 
investigated in specimen 5. The average connection 
test-day grout strength '

cgf  for this specimen (10,324 psi 
[71.184 MPa]) was the highest of the six specimens.

To investigate the possibility of eliminating protruding 
bars out of the wall panel, the final specimen 

Figure 6. Option 2 connection test setup. Note: Figure not to 
scale. db = bar diameter.
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of the bar under the cyclic loading history. As a result, the 
measured gap-opening displacement, when converted to 
strain on the wrapped length of the energy-dissipating bar, 
may overestimate the actual strain in the bar, potentially 
leading to an unconservative evaluation of the connec-
tion (that is, estimation of a greater strain capacity for the 
connection).

To address this discrepancy, the bar strains were estimated 
by dividing the average displacement (that is, relative joint 
displacement) from the four linear variable displacement 
transducers with an assumed total unbonded length l

su
 of 

13d
b
 (that is, 12d

b
 of wrapped length plus an assumed 1d

b
 of 

additional debonding). Even though any additional debond-
ing likely developed gradually throughout each test, this 
adjustment was applied to the entire strain history from the 
linear variable displacement transducers because the proper-
ty of greatest interest was the largest tension strain (that is, 
connection strain capacity) toward the end of the test. 

According to Smith and Kurama,2 the total length of 
additional debonding expected to develop in an ener-
gy-dissipating bar during cyclic loading to 0.85ε

uel
 is 

approximately equal to 2d
b
 (1d

b
 at each end of the wrapped 

region). However, this recommendation was based on the 
results of energy-dissipating bars across rocking joints in 
hybrid precast concrete walls.4,5 The debonding length in 
bars subjected to pure axial loading (as in the testing of the 
energy-dissipating bar connections herein) may be smaller 
than the debonding length in bars subjected to combined 
axial and lateral loads (as in the rocking base joint of 
the hybrid walls tested by Smith et al.4,5). Further, visual 
evidence after the completion of the energy-dissipating bar 
connection tests indicated an additional debonding length 
of no more than 0.5d

b
 at the top of the foundation block. 

Because it was not possible to determine the amount of 
debonding at the other end of the wrapped length inside the 
wall-panel block, the same debonding length of 0.5d

b
 was 

assumed at both ends of the wrapped length, resulting in a 
total additional debonding length of 1d

b
.

Test results

Table 3 lists the results of the tests, including the total 
number of loading cycles sustained, accumulated strain, 
tension strain amplitude of last loading series (that is, last 
loading increment), number of cycles sustained in the last 
loading series, and failure mode. The accumulated strain 
represents the total amount of tension and compression 
strains (in absolute value) that each bar was subjected to 
during all of the sustained cycles. All of the presented 
strains are the adjusted strains (using l

su
 equal to 13d

b
) from 

the linear variable displacement transducer measurements 
described previously. Failure was deemed to have occurred 
during any loading cycle if there was a tension stress drop 
of 20% or greater from the largest tension stress reached 

tension excursions of the first 20 cycles; however, for the 
tests conducted in this program, it was decided to load to 
75% of f

sy
, where f

sy
 is the measured yield strength of the 

energy-dissipating bar under monotonic tension, to ensure 
that the bar remained in the linear-elastic range. After 
reaching the peak tension stress in each cycle, the loading 
was reversed and a maximum compression stress of about 
50% of f

sy
 was applied to the bar.

Following these initial 20 cycles, six cycles were applied 
in each subsequent loading series, with the tension strain 
amplitude increased to approximately  to  times the 
strain amplitude from the previous series. Upon reversal of 
the load, a small amount of compression strain was applied 
to the energy-dissipating bar until the two concrete blocks 
were in contact (simulating gap closing along the joint) 
and the compression strain in the bar no longer increased 
significantly. Testing continued until failure, with the 
objective of achieving ductile failure of the bar. Any spec-
imen able to sustain six cycles at a peak tension strain of 
0.06 in./in. (0.06 mm/mm) or greater was deemed to have 
undergone ductile failure, regardless of the eventual failure 
mode: either low-cycle fatigue fracture or bond pullout 
of the energy-dissipating bar. Because energy-dissipating 
bars satisfying ASTM A70610 can show great variation in 
ε

uel
, validation of connections based on a prescribed value 

of strain capacity rather than strain as a proportion of ε
uel

 
results in more consistent requirements, regardless of the 
energy-dissipating bar used. Based on the test specimens in 
Smith et al.1,3–5 and the full-scale design example in Smith 
and Kurama,2 it was deemed that a reasonable target maxi-
mum energy-dissipating bar strain for the validation of the 
system as a Type III connector may be 0.06 in./in.

Instrumentation

Four linear variable displacement transducers were placed 
at midlength along the four edges of the horizontal joint 
to measure the relative vertical displacement between the 
wall-panel and foundation blocks. In addition, two strain 
gauges were placed on the wrapped length of the ener-
gy-dissipating bar and eight strain gauges were used on 
the tie reinforcement around the connector sleeve in the 
foundation block. To determine the stress in the energy-dis-
sipating bar, the measured force in the hydraulic actuator 
was divided by the nominal bar area.

Because of the large elongation and strains reached in 
the energy-dissipating bar, the strain gauges on the bar 
failed relatively early during each test; therefore, the gap 
displacements from the four linear variable displacement 
transducers, measured throughout the test, were used to 
estimate the bar strains. An important factor for the ener-
gy-dissipating bar strains determined from the linear vari-
able displacement transducers was the additional debond-
ing that likely occurred at each end of the wrapped region 
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Figure 8. Energy-dissipating bar stress versus strain behavior under cyclic loading. Note: fuel = measured ultimate (maximum) 
strength of energy-dissipating bar under monotonic tension loading; εsu = maximum strain reached by energy-dissipating bar 
before connection failure; εuel = uniform elongation strain of energy-dissipating bar at fuel under monotonic tension loading. 1 in. = 
25.4 mm; 1 ksi = 6.895 MPa.

Specimen 1 (ductile fracture) Specimen 2 (ductile fracture)

Specimen 3 (ductile pullout) Specimen 4 (ductile fracture)

Specimen 5 (ductile fracture) Specimen 6 (ductile fracture)
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rotated back to flat between the guiding angles, which were 
present in the initial laboratory setup, and the compression 
stiffness decreased because the wall-panel block was no 
longer in contact with the foundation block. There was 
another increase in stiffness toward the end of the compres-
sion loading, which was likely due to the wall-panel block 
contacting the small amount of grout that had bulged out 
(which is discussed later) from the connector sleeve during 
the loading of the bar in tension.

Due to the irregularities in how the load was transferred 
in compression, the measured stress-strain behavior in 
compression for specimen 1 (Fig. 8) does not reflect the 
true behavior of the energy-dissipating bar in compres-
sion. However, the behavior of the bar in tension was not 
affected. There was a slight bulging-out and deterioration 
of the grout at the top of the connector sleeve, but this 
did not affect the performance of the connection other 
than to increase the total unbonded length of the bar as 
discussed previously. Figure 9 shows the bar fracture 
from specimen 1 as well as the slight grout bulging that 
was observed.

Following the testing of specimen 1, the laboratory setup 
was modified by placing guiding columns and bars to pre-
vent any significant rotation of the wall-panel block. The 
smooth cyclic stress-strain behavior for specimen 2 (Fig. 8) 
verifies that the rotation of the wall-panel block was es-
sentially eliminated. The energy-dissipating bar achieved 
ductile fracture (without pullout) during the first cycle after 
a complete series of six cycles to a maximum adjusted 
strain ε

su
 of 0.0971 in./in. (0.0971 mm/mm) (approximately 

0.72ε
uel

). 

The fracture strain capacity of 0.72ε
uel

 of this bar (and some 
of the other specimens tested subsequently, as described lat-
er) indicates that the maximum allowable strain of 0.85ε

uel
 

recommended for the design of energy-dissipating bars in 
ACI ITG-5.211 may be too high and unconservative.

in the entire loading history. Thus, the number of sustained 
cycles in Table 3 indicates the number of cycles during 
which at least 80% of the overall maximum tension stress 
was maintained. Any specimen able to sustain six cycles 
at a peak tension strain of 0.06 in./in. (0.06 mm/mm) or 
greater was deemed to have undergone ductile failure, due 
to either low-cycle fatigue fracture or bond pullout of the 
energy-dissipating bar.

The black lines in Figure 8 show the measured cyclic 
stress versus strain behavior of the energy-dissipating bar 
specimens. Also shown in Fig. 8 are the measured mono-
tonic tension stress versus strain behaviors of three bars 
from the same heat as the energy-dissipating bars used in 
the connections. All of the no. 7 (22M) energy-dissipating 
bars used in this phase of testing came from the same heat 
of steel. The bar strains in the monotonic tests were mea-
sured using an extensometer with a 2 in. (50 mm) gauge 
length. The resulting average uniform elongation strain 
ε

uel
 of the energy-dissipating steel at f

uel
 under monotonic 

tension loading was 0.1342 in./in. (0.1342 mm/mm).

The energy-dissipating bar in specimen 1 (Fig. 8) achieved 
ductile low-cycle fatigue fracture (without pullout) during 
the fifth cycle of the final series of cycles to a maximum 
strain ε

su
 of 0.1143 in./in. (0.1143 mm/mm) (approximate-

ly 0.85ε
uel

). During load reversal into compression, there 
were some irregularities in the energy-dissipating bar 
stress-strain behavior due to unintended rotations of the 
wall-panel block with respect to the foundation block. The 
guiding columns and bars in Fig. 1 were not present in the 
initial laboratory setup. The observed rotation was likely 
due to a small accidental eccentricity of the wall-panel 
block and the energy-dissipating bar with the actuator axis. 
As the wall-panel block rotated, it contacted the foundation 
block along one edge of the wall-panel block while the 
other edges were not in contact. This is most evident in the 
sudden increase in compression stiffness during the last 
series of cycles (Fig. 8). Subsequently, the wall-panel block 

Table 3. Test results

Specimen
Total number of 
sustained cycles

Accumulated 
strain, in./in.

Strain amplitude 
of last series εsu

Number of  
sustained cycles  

in last series
Failure mode

1 78 2.08  0.1143  (0.85εuel) 4 Ductile fracture

2 68 1.95  0.0971  (0.72εuel) 6 Ductile fracture

3 68 1.87  0.0961  (0.72εuel) 6 Ductile pullout

4 76 2.11  0.1145  (0.85εuel) 2 Ductile fracture

5 76 1.87  0.1153  (0.86εuel) 2 Ductile fracture

6 73 1.70  0.0890  (0.66εuel) 5 Ductile fracture

Note: fuel = measured ultimate (maximum) strength of energy-dissipating bar under monotonic tension loading; εsu = maximum strain reached by energy-

dissipating bar before connection failure; εuel = uniform elongation strain of energy-dissipating bar at fuel under monotonic tension loading. 1 in. = 25.4 mm.
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more practical while still providing the desired connection 
performance.

To further explore the taper angle parameter, specimen 5 
employed a straight sleeve with no taper (θ

d
 equal to 0 de-

grees). All other connection properties were kept the same, 
including the bond length for the energy-dissipating bar. 
The bar achieved ductile fracture (without pullout) during 
the third cycle of the final series of cycles to a maximum 
strain ε

su
 of 0.1153 in./in. (0.1153 mm/mm) (approxi-

mately 0.86ε
uel

) (Fig. 8). The compression strength of the 
grout ( '

cgf  equal to 10,324 psi [71.2 MPa]) in this speci-
men was the highest of all of the specimens tested (Table 
2). The high performance (that is, bar fracture rather than 
pullout) achieved by the straight sleeve connector in spec-
imen 5 may be the result of the high grout strength. This 
result again demonstrates the importance of the grout in 
governing the failure mode of the energy-dissipating bar 
and the connection strain capacity. While this connection 
failed in a desirable mode (ductile fracture without pull-
out), it may not be practical to require a grout compres-
sion strength of over 10,000 psi (69 MPa).

Specimen 6 was used to study an alternative connection 
scheme to eliminate protruding energy-dissipating bars 
from the wall panel by using a threaded bar coupler 
(splicer) together with a grouted tapered connector 
(option 2) (Fig. 6). The energy-dissipating bar achieved 
ductile fracture during the sixth cycle of the final series 
of cycles to a maximum strain ε

su
 of 0.0890 in./in. 

(0.0890 mm/mm) (approximately 0.66ε
uel

) (Fig. 8). The 
fracture of the bar occurred approximately 2 in. (50 mm) 
away from the threaded coupler, indicating that the 
coupler did not affect the performance of the specimen. 
The energy-dissipating bar had a tapered threaded end 
to match the coupler, resulting in the throat thickness 
of the threaded portion being smaller than the full bar 
diameter. Therefore, to strengthen the threaded portion, 
the end of the energy-dissipating bar was cold worked 
by the threaded coupler manufacturer. Although this 
configuration would be desirable in eliminating protruding 
energy-dissipating bars from the precast concrete member, 
it is important that the threaded couplers be aligned 
(that is, straight) and secured to the formwork to prevent 
misalignment during casting of the precast concrete 
member, which could cause the connector to become 
unusable.

None of the six specimens had any visible concrete 
cracking extending outward from the edge of the connec-
tor sleeve. The foundation block concrete compression 
strength '

,28c df  was 6680 psi (46.1 MPa) at 28 days, which 
was greater than the specified strength of 4000 to 5000 psi 
(28 to 34 MPa). The tension strains in the vertical and hor-
izontal tie reinforcement were small, also implying that the 
concrete did not crack. The largest tension strain measured 

Like specimen 1, there was little deterioration in or around 
the tapered connector, with only a slight bulging-out of the 
grout at the top of the connector sleeve. No other damage 
was visible.

Figure 8 shows the measured cyclic stress-strain behavior 
for specimen 3, which was similar to specimen 1 except for 
the slightly lower compression strength of the connection 
grout (Table 2) and the presence of corrugations on the 
surface of the sleeve. The energy-dissipating bar in speci-
men 3 experienced progressive pullout during the loading 
cycles to a strain ε

su
 of 0.0961 in./in. (0.0961 mm/mm) 

(approximately 0.72ε
uel

), with the development of complete 
pullout (bond failure) after the completion of six cycles at 
this strain level (Fig. 9). This bond failure occurred in a 
ductile manner after significant nonlinear straining of the 
bar (Fig. 8). Because the bond failure occurred between 
the energy-dissipating bar and the surrounding grout, the 
corrugations on the connector sleeve surface were not ef-
fective and likely not necessary. These results demonstrate 
the importance of the grout in governing the failure mode 
of the connector and the resulting strain capacity.

Specimen 4 investigated a larger connector sleeve taper 
angle θ

d
 of 9.0 degrees. The energy-dissipating bar achieved 

ductile fracture (without pullout) during the third cycle 
of the final series of cycles to a maximum strain ε

su
 of 

0.1145 in./in. (0.1145 mm/mm) (approximately 0.85ε
uel

) 
(Fig. 8). No bulging of the grout cone from the top of the 
connector sleeve was visible during or after the test, which 
may indicate that the increased taper angle was more 
effective in confining the grout cone inside the connector. 
However, because the larger taper angle would require 
larger connector spacing between multiple energy-dissipat-
ing bars, the taper angle θ

d
 of 4.5 degrees is believed to be 

Figure 9. Ductile connection failure examples.

Low-cycle fatigue fracture 
(specimen 1)

Bond pullout  
(specimen 3)

Wall-panel block

Foundation block

Wall-panel block

Foundation block

Bulged 
grout
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practical while still providing the desired connection 
performance.

• It is possible to eliminate the protruding length of an 
energy-dissipating bar from a precast concrete mem-
ber by using a threaded bar coupler with a grouted 
tapered connector (specimen 6).

• Two of the specimens (specimens 2 and 6) expe-
rienced low-cycle fatigue fracture before reaching 
0.85ε

uel
, which indicates that the maximum allow-

able strain of 0.85ε
uel

 recommended for the design 
of energy-dissipating bars in ACI ITG-5.211 may be 
unconservative.
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'
,28cg df  = average compression strength of connector 

grout at 28 days

f
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 = measured yield strength of energy-dissipating 

bar under monotonic tension loading
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uel

 = measured ultimate (maximum) strength of 
energy-dissipating bar under monotonic tension 
loading

f
y
 = specified yield strength of tie reinforcement

h
f
 = height of foundation block

h
w
 = height of wall-panel block
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 = embedment (bond) length of energy-dissipating 

bar
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f
 = length of foundation block
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su
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θ = angle of vertical plane in strut-and-tie model

θ
d
 = taper angle of energy-dissipating bar connector 

sleeve

ΣA
h
 = total required area of horizontal tie 

reinforcement around connector sleeve

ΣA
v
 =  total required area of vertical tie reinforcement 

around connector sleeve

β = angle of horizontal plane in strut-and-tie 
model

Δ
wm

 = maximum-level wall drift corresponding to 
maximum-considered earthquake

ε
su

 = maximum strain reached by energy-dissipating 
bar before connection failure

ε
uel

 = uniform elongation strain of energy-dissipating 
bar at f

uel
 under monotonic tension loading
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Abstract

The results from an experimental investigation of a 
novel tapered, cylindrical grouted Type III connector for 
ductile, energy-dissipating, deformed reinforcing bars in 
gap-opening joints of seismic precast concrete structures 
are presented. This Type III connector offers the poten-
tial for a high-performance yet simple, nonproprietary, 

low-cost system that allows energy-dissipating bars under 
cyclic loading to reach close to their full ultimate strength 
and strain capacity in tension over a short, grouted 
embedment length. The use of short grouted connections 
simplifies the construction of precast concrete structures 
because protruding bar lengths from precast concrete 
members are minimized and field-grouting lengths are 
reduced. Six energy-dissipating bar specimens were 
subjected to a rigorous uniaxial cyclic loading history 
inside a grouted sleeve. Five of the bars achieved ductile 
fracture (without pullout) and one bar (with slightly lower 
connector grout strength) failed through ductile pull-
out at maximum strains close to the monotonic tension 
strain capacity corresponding to the ultimate (maximum) 
strength of the bar.

Keywords

Connection, deformed reinforcing bar, energy-dissipat-
ing steel bar, gap-opening joint, grouted seismic connec-
tor, low-cycle fatigue fracture, pull-out (bond) failure, 
reinforcing bar, Type III connection, uniform elongation 
strain.
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