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■ This paper discusses the testing of six specimens 
with grouted energy-dissipating reinforcing bars 
forming the connection across the gap-opening 
joint in the precast concrete structure. The effects of 
grout and energy-dissipating bar properties on the 
connection performance are investigated.

■ The connection test results show that additional 
requirements should be introduced in ASTM A706 
to improve the low-cycle fatigue performance of rein-
forcing bars intended for seismic applications.

■ There is no simple correlation between the connector 
grout properties and the bond pull-out performance 
of the connection under cyclic loading. Thus, it may 
be necessary to increase the bond length of the en-
ergy-dissipating bar for this nonproprietary connec-
tion to be used without the requirement for a specific 
grout product.

Precast concrete building and bridge structures with 
gap-opening joints (commonly known as rocking 
joints) that allow large lateral displacements have 

been successfully developed for seismic regions.1–3 An 
important component for lateral strength and energy dissi-
pation in these systems is the ductile deformed reinforcing 
bars crossing the gap-opening joints between the base of the 
structure and the foundation (for example, column, shear 
wall, and bridge pier bases). These bars are designed to 
undergo repetitive tension-compression yielding to provide 
energy dissipation during a large earthquake. A predeter-
mined length of each energy-dissipating bar is unbonded 
from the concrete (by wrapping the bar inside a plastic 
sleeve) above or below the gap-opening joint to minimize 
the concentration of inelastic strains in the bar. The length of 
this unbonded region (also referred to as the stretch length) 
is selected so that the maximum steel strain in tension is 
within the intended range of 0.5ε

uel
 (to provide adequate 

energy dissipation) and 0.85ε
uel

 (to prevent low-cycle fatigue 
fracture),2,4 where ε

uel
 is the uniform elongation strain of the 

bar (that is, the strain at the maximum strength f
uel

) under 
monotonic loading.

Using this concept, a precast concrete wall system was 
recently validated4,5 based on ACI’s Building Code Require-
ments for Structural Concrete (ACI 318-14) and Commen-
tary (ACI 318R-14)6 as a special shear wall following the 
requirements in Acceptance Criteria for Special Unbonded 
Post-Tensioned Precast Structural Walls Based on Validation 
Testing and Commentary (ACI ITG-5.1).7 One of the wall 
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test specimens with Type II grouted mechanical splices for the 
energy-dissipating bar connections to the foundation failed 
prematurely due to bond pullout of the energy-dissipating bars 
from the splice sleeve. Thus, to reach the required energy-dis-
sipating bar strains without pullout under cyclic loading, 
the bars needed to be grouted over the full ACI 318-146 
development length inside the foundation. This fully grouted 
detail resulted in a large amount of field grouting and long 
energy-dissipating bar lengths protruding out of the precast 
concrete wall panel base, making production, transportation, 
and erection more cumbersome.

Responding to the need for a higher-performing (called Type 
III here) connection for anchoring energy-dissipating bars 
with short grouted embedment lengths in gap-opening precast 
concrete joints, Aragon et al.8 presented the results from six 
specimens investigating a new tapered cylindrical grouted 
seismic connection. The goal of this Type III connection is 
to allow cyclically loaded energy-dissipating bars to reach 
close to their full ultimate tensile strength and corresponding 
strain. Toward this goal, Aragon et al.8 showed that the tested 
bond length of 10 times the nominal bar diameter d

b
 was 

adequate to reach large cyclic energy-dissipating bar strains. 
However, this finding was limited to only one grout product, 
one energy-dissipating bar size (no. 7 [22M]), and one steel 
manufacturing heat for the initial six experiments (specimens 
1 through 6). Importantly, two of the specimens, 2 and 6, 
experienced low-cycle fatigue fracture prior to reaching the 
maximum allowable strain of 0.85ε

uel
 suggested by Require-

ments for Design of a Special Unbonded Post-tensioned 
Precast Shear Wall Satisfying ACI ITG-5.1 and Commentary 
(ACI ITG-5.2).2 This paper extends the previous experimen-
tal program to additional test parameters involving different 
grout products, grout strengths, energy-dissipating bar sizes, 
and energy-dissipating bar heats.

Overview of experimental program

The same test setup from Aragon et al.8 was used for the six 
additional specimens (specimens 7 through 12) described in 
this paper. Each connection specimen (Fig. 1) consisted of a 
wall-panel block and a foundation block that were cast sep-
arately and then connected using a single energy-dissipating 
bar with a grouted connector sleeve at the top and centered 
in the foundation block. During testing, the foundation block 
was fixed to the laboratory strong floor, and the wall-panel 
block was moved vertically to subject the energy-dissipat-
ing bar to a rigorous quasi-static cyclic axial strain history 
(Fig. 1). The strain history varied slightly between tests but in 
general was consistent with the recommended loading for the 
validation of energy-dissipating bar connections in gap-open-
ing joints of precast concrete walls for seismic applications.4,8

The connector sleeve and energy-dissipating bar properties for 
specimens 7 through 12 are summarized in Table 1. Similar in-
formation for the previous specimens 1 through 6 can be found 
in Aragon et al.8 A no. 7 (22M) Grade 60 (414 MPa) Standard 
Specification for Deformed and Plain Low-Alloy Steel Bars for 

Concrete Reinforcement (ASTM A706)9 reinforcing bar (d
b
 = 

0.875 in. [22.22 mm]) served as the energy-dissipating bar to 
connect the wall-panel and foundation blocks for specimens 
7 through 10. A no. 9 (29M) (d

b
 = 1.128 in. [28.65 mm]) and 

a no. 11 (36M) (d
b
 = 1.410 in. [35.81 mm]) Grade 60 ASTM 

A706 reinforcing bar served as the energy-dissipating bar for 
specimens 11 and 12, respectively.

The wall-panel block (Fig. 2) had a thickness t
w
 of 15 in. 

(380 mm) and length l
w
 of 24 in. (610 mm), representing a 

portion of a precast concrete wall panel at its base connection 
to the foundation. Each wall-panel block was reinforced with 
nominal no. 3 (10M) deformed Grade 60 (414 MPa) Standard 
Specification for Deformed and Plain Carbon-Steel Bars for 
Concrete Reinforcement (ASTM A615)10 bars similar to the 
reinforcement described by Aragon et al.8 for specimens 1 
through 6. The height of the block h

w
 was governed by the 

hooked energy-dissipating bar development length, based on 
section 25.4.3 of ACI 318-14.6 The height of the block h

w
 was 

32 in. (810 mm) for specimens 7 through 10 with no. 7 (22M) 
energy-dissipating bars and 48 in. (1220 mm) for specimens 
11 and 12 with no. 9 and 11 (29M and 36M) bars. The 90-de-
gree hook (Fig. 2) was needed for full development at the top 
of the energy-dissipating bar inside the wall-panel block but 
would not be necessary in a full-scale/full-height precast con-
crete wall panel in practice. The large height of a full-sized 
panel would allow full development using a straight bar. The 
no. 7 energy-dissipating bars used 90-degree hooks, while the 
no. 9 and 11 bars had 180-degree hooks.

Each energy-dissipating bar was unbonded from the concrete 
over a length of 12d

b
 (Table 1) at the bottom of the wall-panel 

block by wrapping it inside a plastic sleeve. This wrapped 
length l

sw
 was where the yielding of the bar was designed to 

develop and was chosen to achieve the following:

• result in significant yielding and elongation of the bar 
before failure, thus allowing measurable separation at 
the horizontal joint between the wall-panel block and the 
foundation block

• 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

The wrapped length of each bar was supported laterally by the 
surrounding wall-panel concrete, preventing buckling upon 
reversal of load into compression. As the bar was pulled in 
tension, gap opening between the wall-panel and foundation 
blocks exposed some of this unbonded length. However, the 
exposed length was not long enough to cause buckling. The 
restraining columns and angles of the test setup8 prevented 
rotation of the wall-panel block during compression loading, 
thus ensuring uniaxial loading of the energy-dissipating bar.

Figure 2 shows the foundation block with a width w
f
 of 24 in. 

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

f
 of 
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Table 1. Connector sleeve, energy-dissipating bar, and connection grout properties (specimens 7 through 12)

Specimen

7 8 9 10 11 12

Connector 
sleeve

Taper angle θd, 
degrees

4.5 4.5 0.0 4.5 4.5 4.5

Entrance (top) 
diameter, in.

2.75 2.75 2.75 2.75 3.00 3.25

Bottom diameter, 
in.

4.50 4.50 2.75 4.50 5.125 5.75

Surface  
corrugations

None None
Automated 
corrugations

None None None

Length, in. 11.0 11.0 11.0 11.0 13.5 16.0

Energy- 
dissipating bar

Size No. 7 No. 7 No. 7 No. 7 No. 9 No. 11

Wrapped length 
lsw, in.

10.5 (12db) 10.5 (12db) 10.5 (12db) 10.5 (12db) 13.5 (12db) 16.9 (12db)

Bond length lb, in. 8.75 (10db) 8.75 (10db) 8.75 (10db) 8.75 (10db) 11.28 (10db) 14.10 (10db)

Connection 
grout

Grout product GM2 GM3 GM2 GM2 GM2 GM2

Target 28-day  
compressive 
strength, psi

8000 8000 8000 < 8000 8000 8000

Flow diameter, in. 5.25 5.75 5.375 9.75 5.75 6.00

Average 28-day 
compressive 
strength f 'cg28d, psi

8835 8224 7821 7320 7783 8107

Average test-
day compressive 
strength f 'cg, psi

8890 8345 8427 7721 8595 8310

Test-day age 39 59 41 40 73 78

Note: db = nominal diameter of reinforcing bar. No. 7 = 22M; no. 9 = 29M; no. 11 = 36M; 1 in. = 25.4 mm; 1 psi = 6.895 kPa.

Figure 1. Energy-dissipating bar connection tests. Note: db = nominal diameter of energy-dissipating bar; fsy = yield strength of 
energy-dissipating bar under monotonic tension loading. 1 in. = 25.4 mm.
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Figure 2. Wall-panel block and foundation block dimensions and reinforcement. Note: See Table 1 for energy-dissipating bar 
and connector sleeve information. See Table 2 for tie reinforcement information. hf = height of foundation block; hw = height of 
wall-panel block; lf = length of foundation block; lw = length of wall-panel block; tw = thickness of wall-panel block; wf = width of 
foundation block. No. 3 = 10M; no. 7 = 22M; no. 9 = 29M; no. 11 = 36M; 1 in. = 25.4 mm.
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54 in. (1370 mm). Each foundation block was designed to be 
reused in two tests and accommodate two energy-dissipating 
bar connector sleeves (one on the top and one on the bottom 
of the block) by rotating the top of the block with respect to 
the bottom after the completion of a test. Deformed ASTM 
A615 Grade 60 (414 MPa) vertical (hoop) tie and horizontal 
tie reinforcement was placed around each connector sleeve to 
prevent breakout of the concrete surrounding the energy-dis-
sipating bar connection. Table 2 shows the tie reinforcement 
for the different energy-dissipating bar sizes. Details on the 
strut-and-tie model used in the design of this tie reinforcement 
can be found in Aragon et al.8

Energy-dissipating bar  
connection properties

The connector sleeves used in specimens 7 through 12 are 
shown in Fig. 3 and listed in Table 1. Except for specimen 
9, the sleeves were made by a local sheet metal manufac-
turer using light-gauge smooth sheet metal with a thickness 
of 0.0209 in. (0.531 mm) (gauge 25). Each sleeve used a 
spot-welded lap joint that was not intended to provide con-
finement. Note that although the metal sleeve itself did not 
provide confinement to the grout, the surrounding foundation 
concrete did provide confinement due to the tapered shape 
of the connection. As the reinforcing bar was pulled, the 
surrounding concrete restrained the tapered grout cone from 
pulling out of the sleeve. This restraint resulted in confining 
stresses at the top (narrow) end of the grout cone.

The straight sleeve in specimen 9 was a commercially avail-
able corrugated steel pipe typically used in the post-tensioning 
industry. The sleeve corrugations in specimen 9 were much 
larger than those in the corrugated sleeves in specimens 2 
through 6,8 which were placed manually during the manufac-
turing of the sleeves from smooth sheet metal. For practical 
tolerance purposes, the sleeves were fabricated to be slightly 
longer than the embedment bond length (10d

b
) of the ener-

gy-dissipating bars. Further, the diameter of the top end for 
each sleeve (energy-dissipating bar entry end) was oversized 
to provide adequate clearance and tolerance for the placement 
of the energy-dissipating bars in the field.

As described in detail in Aragon et al.,8 for each specimen, 
a 55 lb (25 kg) bag of prepackaged grout was mixed using 

a drill mixer per manufacturer instructions to reach a flow-
able consistency. All of the grout products were hydraulic, 
cement-based, nonshrink grouts that met the requirements of 
Standard Specification for Packaged Dry, Hydraulic-Cement 
Grout (Nonshrink) (ASTM C1107)11 (Grades A, B, and C) 
and were specified for a wide range of applications, including 
the grouting of anchor bolts, reinforcing bars, and dowel rods. 
Prior to placement inside the connector sleeve, the consis-
tency of the grout was checked to ensure that there was no 
separation or other undesirable behavior. The flow diameter 
(spread) of each batch was measured using a 2 in. (50 mm) 
diameter by 4 in. (100 mm) tall plastic tube that was filled 
with grout and slowly lifted on top of a flow template. Upon 
confirmation that the grout satisfied the target spread diameter 
(described later), it was gravity fed manually into the connec-
tor sleeve and a tamping rod was used to ensure that the grout 
was properly placed with no voids.

One of the experimental variables in this series of tests was 
the connection grout placed inside the sleeves, as shown in 
Table 1. To examine the effect of different grout products and 
manufacturers, specimens 7 and 8 used the same energy-dissi-
pating bar size (no. 7 [22M]), bond length (10d

b
), and connec-

tor sleeve dimensions (top diameter of 2.75 in. [70 mm] and 
length of 11 in. [280 mm]) as in specimen 1,8 except that dif-
ferent grout products were used (GM2 and GM3 in specimens 
7 and 8, respectively, compared with GM1 used in specimen 
1). Results from a microscopic characterization of these three 
grout products are discussed later in this paper. The target 
grout spread diameter for specimens 7 and 8 was 5 to 6 in. 
(125 to 150 mm), as in specimen 1. The average connection 
test-day grout compressive strengths fcg

'  in specimens 7 and 8 
were 8890 psi (61.3 MPa) and 8345 psi (57.54 MPa), respec-
tively, and were smaller than the grout strength fcg

'  of 9498 psi 
(65.49 MPa) in specimen 1.

The straight connector sleeve in specimen 9 had similar over-
all dimensions to the straight sleeve in specimen 5 from Ara-
gon et al.8 The grout in specimen 5 had a very high test-day 
average compressive strength fcg

'  of 10,324 psi (71.18 MPa), 
and therefore a lower grout average compressive strength was 
investigated in specimen 9 ( fcg

'  = 8427 psi [58.10 MPa]) using 
GM2. In addition, the corrugations on the connector sleeve in 
specimen 9 were much deeper and more closely spaced than 
the corrugations in specimen 5.

Table 2. Foundation block tie reinforcement 

Energy-dissipating 
bar size

Horizontal tie reinforcement Hoop tie reinforcement

Reinforcement Total area, in.2 Reinforcement Total area, in.2

No. 7 Two no. 5 bars 0.62 Two no. 5 hoops 1.24

No. 9 Two no. 6 bars 0.88 Two no. 6 hoops 1.76

No. 11
Two no. 5 plus two 
no. 6 bars

1.50 Four no. 5 hoops 2.48

Note: No. 5 = 16M; no. 6 = 19M; no. 7 = 22M; no. 9 = 29M; no. 11 = 36M; 1 in.2 = 645.2 mm2.
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Specimen 10 used the same connector sleeve geometry as 
in specimens 7 and 8, but with a target grout compressive 
strength lower than 8000 psi (55.2 MPa). An increased 
amount of water was added during the mixing of the grout 
(simulating a possible field construction error) to achieve the 
lower strength, resulting in a grout spread diameter of 9.75 in. 
(250 mm) and a grout average compressive strength fcg

'  of 
7721 psi (53.24 MPa) using GM2.

The connectors in specimens 11 and 12 used no. 9 and 11 
(29M and 36M) energy-dissipating bars, respectively. The 
connector sleeve taper angle remained the same as the other 
tapered sleeves (θ

d
 = 4.5 degrees), but the top (energy-dissipat-

ing bar entry) diameter (3.0 in. [75 mm] and 3.25 in. [83 mm]) 
and length (13.5 in. [340 mm] and 16.0 in. [410 mm]) of the 
sleeve were increased to accommodate the larger no. 9 and 
11 energy-dissipating bar diameters, respectively. The bond 
length of the energy-dissipating bar was kept at 10d

b
 (11.3 in. 

[287 mm] and 14.1 in. [358 mm] for the no. 9 and 11 bars, 
respectively). The average connection test-day grout compres-
sive strengths fcg

'  using GM2 were 8595 and 8310 psi (59.26 
and 57.3 MPa) in specimens 11 and 12, respectively.

Energy-dissipating bar  
stress-strain properties

The monotonic tension stress-strain behavior of the Grade 60 
(414 MPa) ASTM A706 energy-dissipating reinforcement was 
determined by testing sample bars in a hydraulic universal test-
ing machine. The bar strains in these monotonic material tests 
were measured using an extensometer with a 2 in. (50 mm) 
gauge length placed over the free length of each bar (in 
between the end grips of the testing machine). The extensom-
eter was removed prior to bar fracture (to prevent damage to 
the extensometer) but after the bar had reached the maximum 

stress f
uel

 and corresponding uniform elongation strain ε
uel

 and 
undergone an approximately 0.5% decrease in stress from f

uel
. 

The subsequent incremental strains (that is, additional strains 
after removal of the extensometer) were calculated from the 
relative displacements of the testing machine crossheads.

The no. 7 (22M) energy-dissipating bars used in specimens 7 
through 10 were from a single manufacturing heat (called heat 
2 here) but were provided by a different manufacturer than the 
no. 7 bars in specimens 1 through 68 (heat 1). Figure 4 shows 

Figure 3. Connector sleeve dimensions (specimens 7 through 12). Note: 1 in. = 25.4 mm.
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monotonic tension loading; εuel = uniform elongation strain of 
energy-dissipating bar at fuel under monotonic tension load-
ing. no. 7 = 22M; no. 9 = 29M; no. 11 = 36M; 1 in. = 25.4 mm; 1 ksi 
= 6.895 MPa.
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the measured monotonic tension stress-strain behaviors for 
the no. 7, 9, and 11 (22M, 29M, and 36M) energy-dissipating 
bars and includes the stress-strain behavior of the no. 7 bars 
for specimens 1 through 6.

The energy-dissipating bar properties are summarized in Ta-
ble 3. The yield strength f

sy
 and strain ε

sy
 for the no. 7 (22M) 

energy-dissipating bars in specimens 1 through 6 were deter-
mined based on the measured stress and strain at the initiation 
of the yield plateau.8 The stress-strain behaviors of the no. 7, 
9, and 11 (22M, 29M, and 36M) energy-dissipating bars in 
specimens 7 through 12 did not have a distinct yield plateau. 
For these bars, the yield strength was determined using the 
0.2% offset method in Standard Test Methods and Definitions 
for Mechanical Testing of Steel Products (ASTM A370-17).12 
The modulus of elasticity E

s
 was calculated as the ratio of 

the difference between two stresses (50 and 20 ksi [345 and 
138 MPa]) within the initial linear-elastic range and the dif-
ference between the two corresponding strains. The uniform 
elongation strain ε

uel
 was determined at the maximum strength 

f
uel

 of the measured stress-strain behavior. Based on the 
material testing, all of the energy-dissipating bars satisfied all 

requirements for ASTM A706 steel, including the minimum 
elongation requirement (that is, fracture strain ε

s,fr
) of 12% for 

Grade 60 (414 MPa) no. 7, 9, and 11 bars.

Figure 4 and Table 3 highlight large variations in the uniform 
elongation strain ε

uel
 and fracture strain ε

s,fr
 of the ASTM 

A706 bars from different heats and for the different bar sizes. 
Note that the stress-strain curve is typically very flat over the 
strain range encompassing ε

uel
, which likely contributes to this 

variability. Careful consideration should be taken to acquire 
ASTM A706 reinforcing bars with large fracture strain ε

s,fr
 for 

use as energy-dissipating bars crossing gap-opening joints. 
ACI ITG-5.22 specifies a maximum allowable energy-dissi-
pating bar tension strain of 0.85ε

uel
 in the design of gap-open-

ing precast concrete joints. However, because reinforcing 
bars satisfying ASTM A706 can show great variation in ε

uel
, 

validation of energy-dissipating bar connections based on 
a prescribed absolute value of maximum strain rather than 
strain as a proportion of ε

uel
 would result in more consistent 

performance requirements. Accordingly, a target maximum 
energy-dissipating bar strain of 0.06 in./in. (0.06 mm/mm) 
was deemed appropriate for the cyclic load validation of the 

Table 3. Energy-dissipating bar properties under monotonic tension

Energy- 
dissipating 

bar

Sample 
number

Yield 
strength fsy, 

ksi

Yield strain 
εsy,

* %

Modulus of 
elasticity Es, 

ksi

Ultimate 
(maximum) 
strength fuel, 

ksi

Uniform 
elongation 

strain εuel,
† %

Strain at bar 
fracture εs,fr,

‡ 
%

No. 7 heat 1 
(specimens 1 
through 6)

1 67.3 0.34 30,689 100.2 12.86 21.28

2 66.9 0.34 30,680 100.1 14.06 21.36

3 67.5 0.31 31,135 100.4 13.33 21.21

Average 67.2 0.33 30,835 100.2 13.42 21.28

No. 7 heat 2 
(specimens 7 
through 10)

1 68.7 0.44 28,456 99.6 9.59 15.50

2 69.7 0.47 25,967 99.6 9.19 16.44

3 69.2 0.47 25,738 99.0 9.02 14.62

Average 69.2 0.46 26,720 99.4 9.27 15.52

No. 9 
(specimen 11)

1 70.1 0.46 27,240 100.2 9.26 12.47

2 70.2 0.45 27,734 100.5 8.96 12.31

3 70.1 0.45 28,011 100.3 8.97 12.06

Average 70.1 0.45 27,662 100.3 9.06 12.28

No. 11  
(specimen 12)

1 65.2 0.43 28,120 95.0 10.93 15.75

2 65.0 0.44 27,440 94.8 11.57 17.76

3 65.3 0.44 26,811 94.9 10.99 17.61

Average 65.2 0.44 27,457 94.9 11.16 17.04

Note: No. 7 = 22M; no. 9 = 29M; no. 11 = 36M; 1 ksi = 6.895 MPa.
* O markers in Fig. 4.
† Δ markers in Fig. 4. 
‡  

Δ

 markers in Fig. 4.
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Figure 5. Energy-dissipating bar connection test results showing measured cyclic stress-strain behaviors from specimens 7 
through 12. Note: fuel = ultimate (maximum) strength of energy-dissipating bar under monotonic tension loading; εsu = tension 
strain amplitude (that is, maximum tension strain) of last loading series (that is, last loading increment) before connection failure 
under cyclic loading; εuel = uniform elongation strain of energy-dissipating bar at fuel under monotonic tension loading. 1 in. = 
25.4 mm; 1 ksi = 6.895 MPa.
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Type III connections. This maximum strain value was selected 
based on the maximum energy-dissipating bar strains from 
the precast concrete shear wall specimens tested according to 
ACI ITG-5.17 in Smith et al.4 and the full-scale wall design 
example in Smith and Kurama.5

Energy-dissipating bar  
connection test results

Figure 5 shows the measured cyclic stress-strain behavior 
of the energy-dissipating bar from specimens 7 through 12. 
The corresponding measured monotonic tension stress-strain 
behaviors from Fig. 4 are superimposed on each cyclic stress-
strain plot. As described in Aragon et al.,8 the bar strains 
were calculated by dividing the average relative displacement 
between the wall-panel and foundation blocks with a total 
estimated unbonded length l

su
. The average relative displace-

ment was measured as the joint separation from four linear 
variable displacement transducers (LVDTs). The estimated 
unbonded length l

su
 of 13d

b
 included 12d

b
 of wrapped length 

plus an assumed 1d
b
 of additional debonding caused by the 

cyclic loading of each bar. Even though any debonding likely 
developed gradually throughout each test, this adjustment was 
applied to the entire strain history from the LVDTs because 
the property of greatest interest was the largest tension strain 
(that is, connection strain capacity) toward the end of the test. 
The unbonded (wrapped) length of each bar where yielding in 
tension occurred included two strain gauges (Fig. 1); however, 
these gauges failed relatively early in each test and thus could 
not be used to measure the strains throughout the test.

Table 4 provides a summary of the results from the cyclic 
connection tests, including the total number of sustained load-
ing cycles, accumulated strain, tension strain amplitude (that 
is, maximum tension strain) of last loading series (that is, last 
loading increment), number of sustained cycles in the last 
loading series, and failure mode. Consistent with ACI ITG-
5.1,7 failure was deemed to have occurred during any cycle 
with a tension stress drop of 20% or greater from the largest 
tension stress reached in the entire loading history. Thus, the 

number of sustained cycles in Table 4 indicates the number 
of cycles where at least 80% of the overall maximum stress 
was maintained. The accumulated strain represents the total 
amount of tension and compression strain (in absolute value) 
that each bar was subjected to during all of the sustained cy-
cles. Any specimen that sustained 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 (none of the specimens 
in Table 4), regardless of the eventual failure mode: either 
low-cycle fatigue fracture or bond pullout of the energy-dissi-
pating bar.

Failure in specimens 7 and 9 occurred due to low-cycle 
fatigue fracture of the energy-dissipating bars, which is 
considered to be a desirable failure mode for the experimental 
validation of the connection (that is, failure occurs in the bar 
rather than in the grouted connector). However, the maximum 
tension strains prior to bar fracture were relatively low (ε

su
 

= 0.0534 and 0.0543 in./in. [0.0534 and 0.0543 mm/mm] 
[0.58ε

uel
 and 0.59ε

uel
] in specimens 7 and 9, respectively) and 

did not achieve the target ductility requirement of 0.06 in./in. 
(0.06 mm/mm). The bar fractures occurred away from the 
strain gauge locations and thus were not affected by the 
placement or presence of the gauges. These results show that 
the maximum allowable strain of 0.85ε

uel
 recommended for 

the design of energy-dissipating bars in ACI ITG-5.22 is not 
readily achievable by ASTM A706 bars and thus is unconser-
vative for design. Because of the premature energy-dissipating 
bar fractures, the performance of the different connection 
grout (GM2) in specimen 7 and the straight connector sleeve 
in specimen 9 could not be fully tested.

ASTM A7069 specifications focus on regulating the mono-
tonic stress-strain parameters (minimum elongation, and 
minimum yield and ultimate tensile strengths) and the 
chemistry of the bars for weldability. Previous experimental 
studies13–15 have shown that there is no correlation between the 
monotonic stress-strain properties and the low-cycle fatigue 
performance of ASTM A706 Grade 60 (414 MPa) deformed 
reinforcing bars. Ghannoum and Slavin13 therefore suggest 

Table 4. Energy-dissipating bar connection 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

7 66 1.12 0.0534 (0.58εuel) 4 Fracture

8 48 0.46 0.0202 (0.22εuel) 4 Brittle pullout

9 68 1.25 0.0543 (0.59εuel) 6 Fracture

10 69 1.38 0.0770 (0.84εuel) 1 Brittle pullout

11 72 1.28 0.0536 (0.59εuel) 6 Brittle pullout

12 55 0.72 0.0484 (0.44εuel) 1 Brittle pullout

Note: fuel = ultimate (maximum) strength of energy-dissipating bar under monotonic tension loading; εuel = uniform elongation strain of energy-dissipat-

ing bar at fuel under monotonic tension loading. 1 in. = 25.4 mm.
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that additional specifications for the rolling of the bars be 
introduced in ASTM A706 “to improve the reliability of the 
low-cycle fatigue performance of reinforcing bars intended 
for seismic applications.” The results from specimens 7 and 9 
support this recommendation.

Specimen 8, which used a different connection grout (GM3 
with fcg

'  = 8345 psi [57.5 MPa]), failed through progres-
sive debonding/pullout of the energy-dissipating bar after 
the first complete cycle to a strain of ε

su
 = 0.0202 in./in. 

(0.0202 mm/mm) (approximately 0.22ε
uel

). Complete pullout 
(bond failure and stress drop by more than 20%) occurred 
after the completion of four cycles at this strain level. Speci-
mens 10 (no. 7 [22M] energy-dissipating bar, fcg

'  = 7721 psi 
[53.24 MPa]), 11 (no. 9 [29M] energy-dissipating bar, fcg

'  = 
8595 psi [59.26 MPa]), and 12 (no. 11 [36M] energy-dissi-
pating bar, fcg

'  = 8310 psi [57.3 MPa]), which used GM2, also 
failed through bar pullout. In all four specimens, the bond 
failure developed on a cylindrical surface just outside of the 
lugs, similar to the bond failure shown in Figure 9 of Aragon 
et al.8 for specimen 3. Importantly, the GM3 compressive 
strength in specimen 8 was similar to many of the GM2 speci-
mens, but bond failure occurred at a very small strain capac-
ity. Conversely, even though GM2 in specimen 10 had the 
lowest test-day compressive strength of 7721 psi, complete 
pull-out failure of the energy-dissipating bar occurred after 
one full cycle at a strain ε

su
 of 0.0770 in./in. (0.0770 mm/mm) 

(0.84ε
uel

), thus achieving the target strain of 0.06 in./in. 
(0.06 mm/mm), though it did not complete the full six cycles 
necessary to achieve ductile failure. This shows that despite 
the reduced grout compressive strength, it was possible to 
develop large tension stresses and strains in the no. 7 ener-
gy-dissipating bar over a short bond length of 10d

b
, consistent 

with the findings in Aragon et al.8

Figure 6 shows the accumulated energy-dissipating bar strain 
compared with the test-day average compressive strength 
of the grout fcg

'  for each specimen that failed by bar pullout 
(specimens 3,8 8, 10, 11, and 12). Comparing specimen 8 
(no. 7 [22M] energy-dissipating bar embedded in GM3) with 
specimen 10 (no. 7 energy-dissipating bar embedded in GM2) 
shows the inferior performance from GM3 despite its higher 
compressive strength compared with GM2. This implies that 
grout properties other than the compressive strength may have 
contributed to the premature pull-out failure of the energy-dis-
sipating bar in specimen 8, pointing to the need to further 
study the connection grout as discussed in the following sec-
tions. Note that the connection test results were not influenced 
by the reuse of the foundation block in two tests. This is be-
cause any concrete cracking at the top of the foundation block 
from the first test did not extend to the bottom of the block 
where the second connector was located. Furthermore, grout-
ing of the second connector was done only after the testing of 
the first connector was completed and the block was rotated. 
In the case of specimen 8 with the premature pull-out failure, 
the foundation block had not been used in a previous test.

Another important observation is that the reduced cyclic 
strain capacities when comparing specimens 10, 11, and 12 
(no. 7, 9, and 11 bars, respectively), all using GM2, indicate 
that larger-diameter bars resulted in more demanding bond 
conditions on the connector grout, despite the proportionally 
increased bond length l

b
 with the bar diameter d

b
 (that is, l

b
 = 

10d
b
). This finding is different from the monotonic pull-out 

tests described in Steuck et al.,16 where the effect of bar size 
on the anchorage of reinforcing bars in grouted straight ducts 
was found to be small.

Post-test condition  
of connector grout

To assess the post-test condition of the grout inside each con-
nector sleeve, the two foundation blocks used in specimens 
7, 8, 9, and 10 were saw cut along the height of the sleeves 
in each block (Fig. 7). Visual inspections confirmed that the 
grout was placed uniformly within each connector, with no 
voids or separation. The cut grout surfaces were subsequently 
sprayed with alcohol to highlight the crack patterns. All of 
the cracking was isolated within the connector grout, with no 
cracks in the surrounding concrete below the top surface of 
the foundation block. The following observations were made 
based on the visible crack patterns at different stages during 
the drying of the alcohol:

• A significant number of cracks developed in the con-
nector grout, but there was no evidence of significant 
dislocation or slip of the cracked pieces.

• The cracks in the connector grout were generally con-
sistent with the mechanism of bond resistance for cyclic 
loading described in Eligehausen et al.17 Inclined cracks 
developed at the point of contact between the energy-dis-
sipating bar and the grout under loading in tension. The 

Figure 6. Accumulated energy-dissipating bar strain plotted 
against average grout compressive strength for specimens 
that failed by energy-dissipating bar pullout (bond failure). 
Note: f 'cg = compressive strength of grout at day of energy-dis-
sipating bar connection testing. No. 7 = 22M; no. 9 = 29M; no. 
11 = 36M; 1 in. = 25.4 mm; 1 ksi = 6.895 MPa.
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cracks abruptly stopped at the connector sleeve; they did 
not continue into the foundation block concrete. Upon 
reversal of loading, the initial cracks closed and inclined 
cracks nearly perpendicular to the initial cracks devel-
oped, resulting in the observed crisscross crack pattern.

• The main distinction in grout crack patterns between the 
tapered connector with bar fracture (specimen 7) and 
the tapered connectors with bar pullout (specimens 8 
and 10) was that the grout inside the connectors with bar 
pullout seemed to have more distributed cracking over 
the sleeve height, whereas the grout inside the connector 
with bar fracture had almost no cracking near the narrow 
(top) end of the sleeve. The lack of cracking at the top of 
the grout cone in specimen 7 is believed to be a result of 
the confinement provided to the grout due to the tapered 
shape of the connection. Specimens 8 and 10 also had 
this confinement effect, but the grout properties in these 
specimens likely resulted in the additional cracks at the 
top and the bond failure of the reinforcing bar.

• The grout inside the straight sleeve connector with bar 
fracture (specimen 9) had cracking near the top and 
middle of the sleeve height, but no cracks were seen near 
the bottom. This is consistent with the Eligehausen et al.17 
model, where bond stresses develop closer to the loaded 
end of the reinforcing bar.

Microscopic characterization of grout

Following the experimental testing of specimens 7 through 
12, an additional bag of each grout product (GM1, GM2, and 
GM3) was mixed per manufacturer instructions to reach a 
flowable consistency (similar to the grout used in the ener-
gy-dissipating bar connectors). Each batch of grout was then 
cast into 2.0 × 2.0 × 2.0 in. (50 × 50 × 50 mm) molds and 

sent to a materials scientist for microscopic characterization. 
In general, the results of this characterization did not indicate 
material differences that were significant enough to cause the 
performance differences observed in the cyclic energy-dissi-
pating bar connection tests. It was found that GM1 contained 
quartz-quartzite natural sand with a no. 8 (2.4 mm) mesh 
maximum size dispersed in portland cement paste with a small 
amount of fragmental carbonate. The cement was defined 
as somewhat coarse, and the air content was estimated to be 
3% to 4%. The air voids were spherical, small to coarse, and 
nonuniformly distributed. GM2 was composed of mainly 
quartz-feldspar natural sand with a no. 30 (0.6 mm) mesh 
maximum size, distributed in portland cement and fly ash 
paste. There was a significant amount of fly ash replacement in 
the grout. The cement was found to be fairly coarse, and the air 
content was estimated to be 2%. The air voids were spheri-
cal, mostly coarse, and very nonuniformly distributed. The 
composition of GM3 was found to be mainly of quartz-feld-
spar natural sand with a no. 30 mesh maximum size, dispersed 
with a small amount of carbonate aggregate in portland cement 
paste. The cement was somewhat coarse, and the air content 
was estimated to be 3%. The air voids were spherical, general-
ly small, and slightly nonuniformly distributed.

Monotonic energy-dissipating bar 
pull-out tests in grout

To further investigate the mechanical properties of each grout 
(GM1, GM2, and GM3), monotonic bond pull-out tests were 
conducted. A modified version of ASTM 1081, Standard Test 
Method for Evaluating Bond of Seven-Wire Steel Prestressing 
Strand,18 was used. The tests were conducted using ASTM 
A706 no. 7 (22M) bar samples from the same heat as the en-
ergy-dissipating bars in specimens 7 through 10. Each bar was 
centered in a grouted steel tube with an outside diameter of 
5 in. (125 mm) (Fig. 8). Three specimens were cast for each 

Figure 7. Post-test condition of connector grout.



Modulus-of-rupture test setup

GM2
GM3

GM1

9888
√f’cg, psi

0

800

 f rg
, p

si

8.5√f’cg

6.9√f’cg6.8√f’cg

Modulus-of-rupture test results

6.
12

5 
in

.
Bond breaker

LVDT

Steel bearing 
plate

Grout

Steel tube

Test machine
top crosshead

3.
5d

b 
Neoprene pad

Pull-out force

Bottom plate of 
steel cylinder

3.
5d

b 

Reinforcing bar
specimen

Bond pull-out test setup

 
9389 √f’cg, psi

 f bg
, p

si

0

4000

GM2
GM3

GM1

Bond pull-out test results

32.8√f’cg

38.3√f’cg 37.8√f’cg

GM1

42 PCI Journal  | January–February 2019

grout product, using a single bag of prepackaged grout mixed 
per manufacturer instructions to reach a flowable consistency. 
The bond strength tests for each grout were accompanied by 
three 2.0 × 2.0 × 2.0 in. (50 × 50 × 50 mm) grout cube com-
pressive strength tests.

The no. 7 (22M) bar in each monotonic pull-out test extended 
out from both ends of the grout-filled steel tube. The thickness 
of the tube wall was 0.119 in. (3.02 mm) in accordance with 
ASTM 1081. The tube may have provided confinement and 
affected the bond strength; however, as each grout was cast 
and tested under the same conditions (for example, same tube 
thickness), the confinement was the same for all of the pull-out 
tests. The tube with the embedded bar was placed over a neo-
prene pad and a thick steel bearing plate above the top cross-
head of a hydraulic universal testing machine. An LVDT was 
attached to the top free end of the bar to record the slip relative 
to the top surface of the grout. The bottom end of the bar was 
anchored to the bottom crosshead of the testing machine using 
wedge grips. A tension force was applied on the bar by moving 
the top crosshead of the testing machine upward at a constant 
rate of 0.1 in./min (2.5 mm/min). The tests were conducted 
at a grout age of 14 days, after the grout samples had reached 
average compressive strengths fcg

'  over 8000 psi (55 MPa).

The bond strength f
bg

 was calculated as the average stress be-
tween the bar and the surrounding grout along the embedded 
length of the bar.

fbg =
Pf
πdblb

where

P
f
 = maximum pull-out force

d
b
 = nominal diameter of bar

l
b
 = bond length of bar

A short bond length l
b
 of 3.5d

b
 (3.0625 in. [77.79 mm]) was 

chosen to prevent yielding of the bar prior to slip to remove 
this variable from the monotonic bond strength tests. Be-
yond this bond length, each bar was unbonded from the 
grout (by wrapping the bar inside a plastic sleeve) over a 
length of 3.5d

b
, resulting in a total height of 7.0d

b
 = 6.125 in. 

(155.6 mm) for the steel tube. GM1 (Fig. 8) and GM3 expe-
rienced slight upward expansion at the top of the tube (where 
the grout was open to air) during curing (approximately 0.25 
and 0.10 in. [6.4 and 2.5 mm], respectively), which was in-
cluded in the total bond length.

Figure 8 shows the data from the pull-out tests, where each 
point represents the bond strength f

bg
 from a single pull-out 

specimen plotted against the average fcg
'  from the three com-

panion grout cube compressive strength specimens. Table 5 
gives the average bond strength f

bg
 along with the average 

Figure 8. Monotonic bar bond pull-out test and modulus-of-rupture test setup and results for each grout. Note: db = nominal 
diameter of reinforcing bar; fbg = bond strength of grout from monotonic bar pull-out testing; f 'cg = compressive strength of grout 
at day of monotonic bar bond pullout or modulus-of-rupture testing; frg = modulus-of-rupture strength of grout; LVDT = linear 
variable displacement transducer. 1 in. = 25.4 mm; 1 psi = 6.895 kPa.
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fcg
'  for the three grout products. Despite the increasing grout 

compressive strength, the bond strength did not increase 
from GM2 to GM3. However, overall, the differences in the 
monotonic bond strength f

bg
 were not representative of the 

extremely poor performance of GM3 during the cyclic Type 
III connection tests (Fig. 6). These results attest to the im-
portance of conducting cyclic tests when evaluating grouted 
energy-dissipating bar connectors for seismic applications.

Modulus-of-rupture tests of grout

A significant amount of cracking occurred in the energy-dis-
sipating bar connector grout (Fig. 7), which likely affected 
its performance. As a measure of tensile strength, the 28-day 
modulus-of-rupture (MOR) strength f

rg
 of each grout product 

was determined by testing three grout beams under three-point 
bending (Fig. 8). The three MOR beams (and accompanying 
2.0 × 2.0 × 2.0 in. [50 × 50 × 50 mm] cubes for compressive 
strength testing) for each grout product were cast using a sin-
gle bag of prepackaged grout that was mixed per manufacturer 
instructions to reach a flowable consistency. The MOR beams 
measured 3.67 × 3.67 × 14.0 in. (93.2 × 93.2 × 360 mm), with 
a span length L of 11 in. (280 mm), satisfying Standard Test 
Method for Flexural Strength of Concrete (Using Simple Beam 
with Center-Point Loading) (ASTM C293)19 requirements.

Each MOR beam was placed on its side with respect to its 
casting configuration so that the support and loading reaction 
rods could rest against smooth formwork-finished surfaces as 
specified by ASTM C293. The beam was loaded at a rate of 
433 lb/min (197 kg/min) (corresponding to a stress increase 
of 150 psi/min [1030 kPa/min] on the extreme tension face) 
using a hydraulic universal testing machine.

The MOR strength f
rg
 was calculated as the following:

 
frg =

3PL
2bh2

where 

P = maximum applied load at failure

L = span length of MOR beam (11.0 in. [280 mm])

b = width of MOR beam at ruptured section

h = depth of MOR beam at ruptured section 

Figure 8 and Table 5 show the 28-day f
rg
 values from each 

set of three tests along with the average fcg
'  values from the 

accompanying 2.0 × 2.0 in. × 2.0 in. (50 × 50 × 50 mm) grout 
cubes. The MOR strength of 8.5 fcg

'  for GM1 was significant-
ly greater than the MOR strengths of 6.9 fcg

'  and 6.8 fcg
'  for 

GM2 and GM3, respectively. The largest variability between 
the three MOR specimens occurred for GM2, while the small-
est variability occurred for GM1.Similar to the monotonic 
pull-out tests, these MOR test results did not explain the sig-
nificantly inferior performance of GM3 compared with GM2 
in the cyclic Type III connection tests. Because an important 
goal of this nonproprietary connection is for it to be used with-
out requiring a specific grout product, more research needs to 
be conducted before it can be used in practice. Given the wide 
performance differences observed from the cyclic connection 
tests and the lack of a reliable method to identify these differ-
ences from simple grout tests (for example, compression/ten-
sion tests or monotonic pull-out tests), it may be necessary to 
increase the bond length of the Type III connection to achieve 
this objective. Given the similar compressive and tensile 
strengths of the three grout products, achieving a certain grout 
strength does not necessarily indicate satisfactory bond perfor-
mance with the reinforcing bar under cyclic loading.

Strains in foundation tie  
reinforcement

The 28-day compressive strength of the foundation block 

Table 5. Monotonic bond pull-out tests and modulus-of-rupture tests of grout

Grout 

Bond pull-out tests Modulus-of-rupture tests

Bond strength fbg, psi
Average 
square 
root of 
grout 
com-

pressive 
strength  
fcg
' , psi

fbg
fcg
'

 

,

 
with 

numera-
tor and 
denom-
inator in 

psi

Modulus-of-rupture strength frg, psi
Average 
square 
root of 
grout 
com-

pressive 
strength  
fcg
' , psi

frg
fcg
'

 

,

 
with 

numera-
tor and 
denom-
inator in 

psi

Specimen

Average

Specimen

Average
1 2 3 1 2 3

GM1 2880 3000 2940 2940 89.7 32.8 760.3 754.2 775.2 763.3 90.0 8.5

GM2 3480 3415 3515 3470 90.6 38.3 563.0 667.6 755.8 662.1 95.8 6.9

GM3 3620 3425 3410 3485 92.1 37.8 672.4 629.4 534.5 612.1 90.4 6.8

Note: 1 psi = 6.895 kPa.
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concrete for specimens 7 through 12 fc,28d
'  was 4851 psi 

(33.45 MPa). A few short hairline cracks were observed 
extending outward from the edge of the connector sleeve at 
the top of the foundation block after the connection testing in 
specimens 7 through 10 with no. 7 (22M) energy-dissipating 
bars (Fig. 9). The largest measured foundation block steel 
strains in these specimens were 0.00203 and 0.00163 in./in. 
(0.00203 and 0.00163 mm/mm) in the vertical and horizontal 
tie reinforcement, respectively, which were close to the yield 
strain of the bars (ε

sy
 = 0.00224 in./in. [0.00224 mm/mm]).

The cracking in the foundation block of specimens 11 and 
12 (with the larger energy-dissipating bar sizes) was more 
extensive (both in length and number of cracks); however, the 
cracks remained hairline width (Fig. 9). The largest mea-
sured steel strains in specimen 11, which used a no. 9 (29M) 
energy-dissipating bar, were 0.00232 and 0.00114 in./in. 
(0.00232 and 0.00114 mm/mm) in the vertical and horizon-
tal tie reinforcement, respectively. For specimen 12 (with 
no. 11 [36M] energy-dissipating bar), the largest measured 
steel strains were 0.00231 and 0.00178 in./in. (0.00231 and 
0.00178 mm/mm) in the vertical and horizontal tie reinforce-
ment, respectively. As discussed in Aragon et al.,8 the tie 
reinforcement was not designed with any overstrength (that is, 
the provided tie reinforcement areas were very close to the re-
quired areas from the strut-and-tie model); therefore, a small 
amount of yielding was deemed possible. The hairline width 
of the cracks and the steel strains close to the yield strain of 
the bars (ε

sy
 = 0.00224 in./in. [0.00224 mm/mm]) validated 

the strut-and-tie design of the foundation reinforcement. In a 
real-world application, a capacity reduction factor should be 
used to incorporate an appropriate factor of safety to the tie 
reinforcement design.

Conclusion

This paper extends previous experimental results8 of a 
Type III cementitious-grouted connection for energy-dissi-
pating deformed steel reinforcing bars at gap-opening joints 
in precast concrete structures subjected to seismic loads. Six 

connection tests and accompanying energy-dissipating bar 
and connector grout material tests were conducted to investi-
gate the effect of the following parameters on the connection: 
grout product, grout strength, energy-dissipating bar diameter, 
and energy-dissipating bar heat. The conclusions from these 
test results are listed. Note that these conclusions may be 
limited to the specimens and materials tested, as well as the 
applied loading conditions (that is, uniaxial loading) on the 
connections. Also, as reflected by the title, the primary focus 
of this paper is on the effects of grout and energy-dissipating 
bar properties. As such, the findings related to these effects 
are important and have implications beyond the Type III con-
nectors investigated.

• Large variations were measured in the monotonic 
uniform elongation strain ε

uel
 and fracture strain ε

s,fr
 of 

ASTM A706 bars from different heats and of differ-
ent sizes. ACI ITG-5.2 specifies a maximum allowable 
energy-dissipating bar tension strain (for the design of 
gap-opening precast concrete joints) as a proportion 
of ε

uel
 (specifically, 0.85ε

uel
). Because bars satisfying 

ASTM A706 can show great variation in ε
uel

, a prescribed 
value of the maximum allowable energy-dissipating bar 
tension strain (not as a proportion of ε

uel
) would result in 

more consistent performance.

• In general, careful consideration should be taken to 
acquire ASTM A706 reinforcing bars with large frac-
ture strain ε

s,fr
 for use as energy-dissipating bars across 

gap-opening joints.

• The maximum strain capacity of two connection speci-
mens (specimens 7 and 9) was limited by the low-cycle 
fatigue fracture of the energy-dissipating bar, which is 
considered to be a desirable failure mode for the experi-
mental validation of the connection (that is, failure occurs 
in the bar rather than in the grouted connector). However, 
the maximum tension strains prior to bar fracture were 
relatively low (approximately 0.6ε

uel
), demonstrating that 

the maximum allowable strain of 0.85ε
uel

 recommended 

Figure 9. Cracking at top of foundation block.
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for the design of energy-dissipating bars in ACI ITG-5.2 
is unconservative. These results support previous research 
recommendations from Ghannoum and Slavin13 that 
additional requirements be introduced in ASTM A706 to 
improve the low-cycle fatigue performance of reinforcing 
bars intended for seismic applications.

• The maximum strain capacity of the other four speci-
mens (specimens 8, 10, 11, and 12) was limited by bond 
failure (that is, energy-dissipating bar pullout) inside the 
grouted connector sleeve, demonstrating that the grout 
properties are very important in determining the failure 
mode of the connection and resulting strain capacity. 
The compressive strength of the grout in specimen 8 
(GM3) was similar to the compressive strength of GM2 
used in the other specimens, but GM3 resulted in bond 
failure at a very small strain capacity. Conversely, even 
though GM2 in specimen 10 had the lowest compres-
sive strength, pull-out failure occurred at a strain of ε

su
 

= 0.0770 in./in. (0.0770 mm/mm), thus reaching the 
target strain of 0.06 in./in. (0.06 mm/mm), though not 
completing the full six cycles. This shows that despite 
the reduced grout strength, it was possible to develop 
large tension stresses and strains in the energy-dissipat-
ing bar over a short bond length of 10d

b
 (consistent with 

the findings in Aragon et al.8), and that grout properties 
other than the compressive strength may be important in 
determining the connection performance.

• The reduced cyclic strain capacities when comparing 
specimens 10, 11, and 12 (no. 7, 9, and 11 [22M, 29M, 
and 36M] bars, respectively, all using GM2) indicate that 
larger-diameter bars resulted in more-demanding condi-
tions on the connector grout, despite the proportionally 
increased bond length l

b
 with the bar diameter d

b
 (that is, 

l
b
 = 10d

b
).

• The specimens that were saw cut along the height of the 
connector sleeve after the connection testing showed sig-
nificant cracking of the connection grout; however, there 
was no evidence of dislocation or slip of the cracked 
grout pieces. The tapered connection with energy-dissi-
pating bar fracture (specimen 7) had almost no cracking 
near the narrow (top) end of the sleeve, whereas the con-
nections with bar pullout (specimens 8 and 10) had more 
distributed cracking over the entire sleeve height.

• Monotonic energy-dissipating bar bond pull-out tests and 
grout modulus-of-rupture tests showed relatively small 
differences between the three different grout products. 
These tests were not conclusive in identifying the reasons 
for the significantly inferior performance of GM3 during 
the cyclic connection tests. The results of a microscopic 
characterization also did not indicate material differences 
between the three grout products that were significant 
enough to cause the performance differences observed in 
the cyclic energy-dissipating bar connection tests.

• The differences between the bond performance of the 
three grout products when tested under monotonic load-
ing compared with the bond performance under cyclic 
loading attest to the importance of conducting cyclic tests 
to evaluate grouted energy-dissipating bar connectors for 
seismic application. Further, given the similar compres-
sive and tensile strengths of the three grout products, it 
can be concluded that achieving a certain grout strength 
does not necessarily ensure satisfactory bond perfor-
mance with reinforcing bar.

• Given the wide performance differences observed from 
the cyclic connection tests with different grout products 
and the lack of a reliable method to identify these differ-
ences from simpler tests (for example, grout compres-
sion tests or monotonic pull-out tests), it may be neces-
sary to increase the bond length of this nonproprietary 
Type III connection.

• Future tests using a wider range of parameters (for 
example, increased energy-dissipating bar bond length) 
as well as more realistic multidirectional loading 
conditions (that is, combined axial and lateral loads at 
a gap-opening joint with rotation) are needed. Other 
parameters that need to be tested include additional 
variations of the connector sleeve taper angle, connector 
edge distance, construction tolerances, inaccuracies, and 
errors, as well as energy-dissipating bar groups tested 
in representative structural wall, column, or pier details 
and configurations.

• Concrete cracking around (outside) the connector sleeve 
at the top of the foundation remained hairline width, and 
the maximum tension strains in the foundation tie rein-
forcement were close to the yield strain of the bars. These 
results validated the strut-and-tie design of the connection 
tie reinforcement in the foundation.
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Notation

b =  width of grout modulus-of-rupture beam at ruptured 
section

d
b
 = nominal diameter of reinforcing bar

E
s
 = modulus of elasticity of reinforcing bar

f
bg

 =  bond strength of grout from monotonic bar pull-out 
testing

fcg
'  =  compressive strength of grout at day of energy-dis-
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sipating bar connection testing, monotonic bar bond 
pull-out testing, or grout modulus-of-rupture testing

fc,28d
'  =  compressive strength of foundation and wall-panel 

block concrete at 28 days

fcg ,28d
'  =  compressive strength of grout at 28 days

f
rg
 = modulus-of-rupture strength of grout

f
s,fr

 =  stress of energy-dissipating bar at fracture under 
monotonic tension loading

f
sy
 =  yield strength of energy-dissipating bar under mono-

tonic tension loading

f
uel

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

h =  depth of grout modulus-of-rupture beam at ruptured 
section

h
f
 = height of foundation block

h
w
 = height of wall-panel block

L = span length of grout modulus-of-rupture beam

l
b
 = embedment (bond) length of energy-dissipating bar

l
f
 = length of foundation block

l
su

 =  total unbonded length of energy-dissipating bar (that 
is, wrapped length plus additional debonded length 
expected under cyclic loading)

l
sw

 = wrapped length of energy-dissipating bar

l
w
 = length of wall-panel block

P =  maximum applied load at failure of grout modu-
lus-of-rupture beam

P
f
 =  maximum pull-out force for monotonic pull-out bar 

specimen

t
w
 = thickness of wall-panel block

w
f
 = width of foundation block

ε
s,fr

 =  strain of energy-dissipating bar at fracture under 
monotonic tension loading

ε
su

 =  tension strain amplitude (that is, maximum tension 
strain) of last loading series (that is, last loading 
increment) before connection failure under cyclic 
loading

ε
sy
 =  yield strain of energy-dissipating bar and tie rein-

forcement under monotonic tension loading

ε
uel

 =  uniform elongation strain of energy-dissipating bar at 
f
uel

 under monotonic tension loading

θ
d
 =  taper angle of energy-dissipating bar connector 

sleeve
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Abstract

This paper investigates the effects of grout properties 
and energy-dissipating steel reinforcing bar properties 
on the performance of a grouted Type III connection 
for gap-opening joints of precast concrete structures 
subjected to seismic displacements. This Type III 
connection offers the potential for a high-performance 
yet simple nonproprietary, low-cost system that allows 
Grade 60 (414 MPa) energy-dissipating ductile de-
formed reinforcing bars to reach close to their ultimate 
tensile strength and strain capacity under cyclic loading 
in a short grouted embedment length. The use of short 
grouted connections simplifies the construction of pre-
cast concrete structures because protruding bar lengths 
from precast concrete members can be minimized, and 
field-grouting lengths can be reduced. The test parame-
ters investigated were the grout product, grout strength, 
energy-dissipating bar size, and energy-dissipating bar 
heat. It was found that the grout used in the connector 
sleeve and low-cycle fatigue fracture of the energy-dis-
sipating bar can limit the deformation capacity of the 
connection. Additional requirements should be intro-
duced in ASTM A706 to improve the low-cycle fatigue 
performance of reinforcing bars intended for seismic 
applications. Furthermore, it may be necessary to in-
crease the bond length of the energy-dissipating bar for 
this nonproprietary connection to be used without the 
requirement for a specific grout product.

Keywords

ASTM A706, deformed reinforcing bar, energy-dis-
sipating steel bar, gap-opening joint, grouted seismic 
connector, low-cycle fatigue fracture, Type III connec-
tion, uniform elongation strain.
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