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■ This paper studies the use of short-grouted corrugat-
ed steel duct connectors for energy-dissipation rein-
forcing bars in seismic precast concrete construction.

■ The research focuses on the performance of 
short-grouted corrugated steel duct connectors in 
three precast concrete shear wall specimens tested 
under reversed-cyclic lateral loading.

■ The performance of the specimens is evaluated 
against seismic acceptance criteria for special pre-
cast concrete shear walls and design recommenda-
tions are made based on the performance differenc-
es among the specimens.

Grouted mechanical splices for reinforcing bars are 
allowed in seismic precast concrete shear walls by 
the American Concrete Institute’s Requirements for 

Design of a Special Unbonded Post-Tensioned Precast Shear 
Wall Satisfying ACI 550.6 (ACI 550.7-19).1 Grouted bar 
splices are preferred in precast concrete construction because 
using the full development length required by the Building 
Code Requirements for Structural Concrete (ACI 318-19) and 
Commentary (ACI 318R-19)2 is typically less practical for 
the handling, transportation, and erection of precast concrete 
components. However, previous experimental research3–5 has 
demonstrated that grouted mechanical splices that satisfy the 
Type II splice requirements of ACI 318-19 are not adequate to 
develop ASTM A7066 Grade 60 (414 MPa) energy-dissipation 
reinforcing bars (that is, reinforcing bars designed to yield 
and dissipate energy during a seismic event) crossing the base 
joint of precast concrete walls tested according to ACI 550.6-
19, Acceptance Criteria for Special Unbonded Post-Tensioned 
Precast Structural Walls Based on Validation Testing and 
Commentary.7 Specifically, premature pullout failure of ener-
gy-dissipation bars grouted inside Type II splices in a hybrid 
precast concrete shear wall4 showed that these bars were 
subjected to higher strains with larger number of cycles than 
the strains and number of cycles required to validate Type II 
splices by the ICC Evaluation Services’ Acceptance Criteria 
for Mechanical Connector Systems for Steel Reinforcing Bars 
(AC133).8

To address the need for ductile reinforcing bar connectors 
in special precast concrete shear walls satisfying the perfor-
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mance requirements of ACI 550.6-19, Aragon et al.9–11 tested 
a series of 20 jointed precast concrete specimens under cyclic 
uniaxial loading. Each specimen included a single ASTM A706 
Grade 60 (414 MPa) reinforcing bar that crossed the precast 
concrete joint and was developed and terminated (without 
a splice) inside a nonproprietary, short-grouted ductile rein-
forcing bar connector. Each reinforcing bar connector used a 
thin 26 gauge (0.018 in. [0.45 mm] thick) steel duct (sleeve, 
conduit) with and without corrugations, and with and without 
a taper along the length of the duct. In this type of connection, 
the bar forces are transferred into precast concrete components 
through the design of vertical, transverse, and longitudinal tie 
reinforcing bars around the connectors. Connectors were tested 
using three different commercially available grout products, 
with the tests including adverse conditions simulated by 
intentionally using excess water in the grout mixture and by 
misaligning the bars inside the ducts.

Reinforcing bar connections using grouted metallic ducts are 
discussed in the PCI Design Handbook (MNL 120).12 The 
tests conducted by Aragon et al.9–11 sought to establish a rigor-
ous seismic design methodology for connectors with shorter 
grouted lengths. The cyclic uniaxial loading tests showed that 
energy-dissipation bars in tapered connection ducts achieved 
the most ductile performance when a duct taper angle of 
1.5 degrees was used. However, a taper is not necessary as 
long as a straight corrugated steel duct is used with a mini-
mum bonded length of 12 times the bar diameter (12d

ED
) for 

no. 7 and 9 (22M and 29M) energy-dissipation bars and 15 
times the bar diameter (15d

ED
) for no. 11 (36M) bars. These 

bonded lengths are much shorter than the bar development 
lengths required by ACI 318-19. Ultimately, Aragon et al.11 
recommended corrugated straight steel ducts over tapered 
ducts because corrugated straight steel ducts take up less 
space in the wall cross section, are readily available, and are 
more cost effective.

This paper builds on and further develops the knowledge and 
validation for the use of short-grouted corrugated steel duct 
connectors for energy-dissipation reinforcing bars in seismic 
precast concrete construction. Specifically, whereas previous 
testing by Aragon et al. was limited to single connectors under 
uniaxial loading, the focus of the current paper is the perfor-
mance of these connectors, including group and edge effects, 
in precast concrete shear walls tested under reversed-cyclic 
lateral loading in accordance with the validation requirements 
of ACI 550.6-197 and ACI 318-192 section 18.11.2.2.

Test specimen design and details

Three shear wall specimens were designed, constructed, and 
tested.7 Each specimen included a single precast concrete wall 
panel connected to a reinforced concrete foundation along a 
horizontal joint. The wall panels for the three specimens were 
66 in. (1676 mm) long, 150 in. (3810 mm) high, and 15.5 
in. (394 mm) thick, while each foundation was 96 in. (2438 
mm) long, 32 in. (813 mm) high, and 56 in. (1422 mm) wide. 
The reinforcement cage and formwork for the wall panel and 

foundation for specimen 1 were constructed in California and 
shipped to the Structural Systems Laboratory at the University 
of Notre Dame, in Indiana, for concrete casting and testing. 
The wall panel and foundation components for specimen 2 
were produced in California and the components for specimen 
3 were produced in South Carolina and shipped to the Univer-
sity of Notre Dame for testing.

Following the recommendation by Aragon et al.,11 straight 
corrugated steel ducts were used as the connector ducts for the 
energy-dissipation bars. The connector ducts were placed in 
the wall panel rather than inside the foundation. This choice 
was made to create more critical conditions for performance 
testing of the connectors since the wall panel was thinner and 
provided less confinement to the connector ducts than the 
much larger foundation. The wall panel was also expected 
to receive more significant damage in the form of concrete 
cracking and crushing, resulting in reduced confinement 
around the connectors under lateral loading. To establish 
the wall-to-foundation connection in all three specimens, 
ASTM A7066 Grade 60 (414 MPa), no. 11 (36M) energy-dis-
sipation bars were embedded and fully anchored inside the 
foundation (using headed ends at the bottom of the bars) and 
grouted inside the ducts at the bottom of the wall panel. A 
1 in. (25 mm) thick horizontal grout pad was used between 
the wall and the foundation for tolerance and alignment at 
the interface. The energy-dissipation bars were intentionally 
unbonded (by wrapping the bars inside a thin plastic sleeve) 
within this horizontal grout pad (base pad) to limit damage to 
the grout pad by transferring the bar forces above and below 
the pad rather than within the pad.

Design of connector tie reinforcement

Steel tie reinforcement was designed around the short-grouted 
duct connectors to transfer the energy-dissipation bar forces into 
the wall panel. The tie reinforcement comprised vertical (along 
the wall height), transverse (along the wall thickness), and 
longitudinal (along the wall length) ASTM A706 bars. The steel 
area for each tie component was calculated based on the strut-
and-tie model (Fig. 1) developed by Aragon et al.8 The vertical 
ties were designed to yield when the energy-dissipation bars 
yield in order to spread the yielding of flexural reinforcement 
into the wall panel and reduce the concentration of yielding at 
the wall-to-foundation joint interface. The total required area of 
vertical tie reinforcement A

vt
 to transfer the total tension force in 

the energy-dissipation bars T
ED

 placed in a single layer across 
the wall thickness was calculated using:

Avt =
AED i f y ,ED
f y ,vt

where

A
ED

 = total area of energy-dissipation bar or bars placed 
in one layer across the thickness of the wall (Fig. 1 
shows a single energy-dissipation bar across the 
thickness of a wall)
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f
y,ED

 = yield strength of the energy-dissipation bars 

f
y,vt

 = yield strength of the vertical tie bars

The transverse and longitudinal tie reinforcing bars were 
designed to not yield until the attainment of the ultimate 
(peak) strength of the energy-dissipation bars. This design 
choice was made to limit the amount of vertical cracking near 
the base of the wall panel so that the concrete can provide ef-
fective confinement around the connectors. The total required 
area of transverse tie reinforcement A

tt
 and the total required 

area of longitudinal tie reinforcement A
lt
, designed as part of 

the strut-and-tie model, were calculated using:

Att =
Avt i fu,vt i tan θ( )
2 i f y ,tt i cos βtt( )

where

f
u,vt

 = ultimate (peak) strength of the vertical tie bars

θ = vertical plane angle of the strut-and-tie model (Fig. 1)

f
y,tt

 = yield strength of the transverse tie bars

β
tt
 = horizontal plane angle (Fig. 1)

A
ℓt =

Avt i fu,vt i tan θ( )
2 i f y ,ℓt i cos β

ℓt( )
where

f
y,lt

 = yield strength of the longitudinal tie bars

β
lt
 = horizontal plane angle (Fig.1, complementary angle 

to β
tt
)

The vertical tie reinforcement area A
vt
, transverse tie reinforce-

ment area A
tt
, and longitudinal tie reinforcement area A

lt
 should 

be provided symmetrically around each layer of energy-dissipa-
tion bars along the thickness and length of the wall, and should 
be adequately developed. The required vertical and transverse 
tie reinforcement areas between two adjacent layers of ener-
gy-dissipation bars can be combined. In the strut-and-tie model, 
β
lt
 and β

tt
 are complementary angles and can be calculated 

based on the layout of the tie and energy-dissipation reinforce-

Figure 1. Strut-and-tie model. Source: Adapted from Aragon, T. A., Y. C. Kurama, and D. F. Meinheit, “A Type III Grouted Seismic 
Connector for Precast Concrete Structures,” PCI Journal 62 (5): pp. 75–88. 
Note: ED = energy-dissipation. lb = bonded length of energy-dissipation bar; TED = total tension force in energy-dissipation bar 
or bars placed in one layer across thickness of wall; Tlt = total tension force in longitudinal tie reinforcement designed as part of 
strut-and-tie model; Ttt = total tension force in transverse tie reinforcement designed as part of strut-and-tie model; Tvt = total 
tension force in vertical tie reinforcement designed to transfer TED to wall; β

lt = angle of horizontal plane in strut-and-tie model of 
connector tie reinforcement; θ = angle of vertical plane in strut-and-tie model.
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ment in the wall cross section. In all three specimens, β
lt
 was 

approximated as 45 degrees (β
lt
 = β

tt
 = 45 degrees). The angle 

θ can be calculated based on the layout of the tie reinforcement 
and an estimated work point on the bonded length of the ener-
gy-dissipation bar. In specimen 1, θ was taken as 30 degrees, 
and in specimens 2 and 3, it was taken as 25 degrees.

Specimen 1

The cross-section view in Fig. 2 presents the reinforcement 
details at the base of the specimen 1 wall panel, which had 16 
no. 11 (36M) energy-dissipation bar connectors distributed 
symmetrically about the mid-length and mid-thickness of the 
panel. Of the 16 energy-dissipation bars, 14 had a bonded 
length of 15 times the energy-dissipation bar diameter, 15d

ED
, 

and the other 2 bars, which were located at the outermost 
northern layer, had a longer bonded length of 18d

ED
 (Fig. 2). 

The 15d
ED

 bonded length was consistent with the findings of 
Aragon et al.10 for no. 11 (36M) energy-dissipation bars, and 
the 18d

ED
 connector length was selected as a testing variable.

Two no. 8 (25M) ASTM A7066 Grade 60 (414 MPa) headed 
bars spaced at 3 in. (76 mm) were placed next to each con-
nector as the vertical tie reinforcement. The transverse tie 
reinforcement consisted of three layers (vertically spaced at 
4 in. [102 mm] along the height of the connectors) with four 
no. 5 (16M) rectilinear reinforcing bars (tie bar 1 and tie bar 
2) in each layer. Tie bar 1 was ASTM A706 Grade 60, and 
tie bar 2 was ASTM A706 Grade 80 (552 MPa). The legs of 
tie bars 1 and 2 running in the thickness direction of the wall 
were considered to be the transverse ties. In addition to the 
legs of these two tie bars running in the length direction of 
the wall, no. 5 reinforcing bars with 180 degree hooks were 
used as the longitudinal tie reinforcement. This reinforce-
ment consisted of three layers of ASTM A706 Grade 80 out-
er longitudinal bars and two layers of ASTM A706 Grade 60 
inner longitudinal bars (Fig. 2). Tie bars 1 and 2 and the 
hooked longitudinal bars were continued at 8 in. (203 mm) 
spacing along the height of the wall above the connector 
region. Generally, even though the wall reinforcement could 
be reduced above the connector region, these upper region 

Figure 2. Base of specimen 1 wall panel. Note: dED = diameter of energy-dissipation bar; ID = inner diameter; O.C. = on center.  
No. 8 = 25M; no. 10 = 32M; 1” = 1 in. = 25.4 mm; 1' = 1 ft = 0.305 m.
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details were deemed to have insignificant effect on the wall 
performance. As such, reinforcement changes above the 
connectors were minimized to ease specimen shop drawings 
and fabrication.

The design of specimen 1 included additional considerations 
that exceeded ACI 318-192 requirements to allow the wall 
to undergo large nonlinear base rotations without shear or 
concrete compression failure so that the connectors could be 
tested up to large nonlinear tension strains of the energy-dissi-
pation bars. Specifically, two shear dowels were placed at the 
mid-length of the wall base to reduce the relative slip displace-
ment between the wall and the foundation (wall base sliding). 
Furthermore, at each toe of the wall panel, one no. 4 (13M) 
ASTM A706 Grade 60 (414 MPa) U-shaped transverse bar and 
eight no. 10 (32M) ASTM A706 Grade 60 compression-on-
ly vertical steel bars were welded to a steel angle to prevent 
concrete crushing. The compression-only bars did not cross the 
base joint and, thus, did not contribute to the lateral strength of 
the wall. Concrete confinement above the welded U-shaped bar 

at each toe was provided by no. 4 ASTM A706 Grade 60 closed 
hoops spaced at 4 in. (102 mm) along the wall height.

Specimen 2

The design and detailing of specimen 2 were altered 
significantly based on the unsatisfactory measured and ob-
served performance of specimen 1 described in the results 
section of this article. The connector ducts in specimen 2 
were sized to accommodate 15d

ED
 bonded length of the 

no. 11 (36M) energy-dissipation bars projecting from the 
foundation. The energy-dissipation bars were moved closer 
to the wall toes, and the steel angles and compression-on-
ly bars used at the toes of specimen 1 were eliminated in 
specimen 2 (Fig. 3). The vertical and transverse tie re-
inforcement were provided by no. 8 (25M) ASTM A706 
Grade 60 (414 MPa) U bars placed on both sides of the 
connectors, where the vertical legs of the U bars served as 
the vertical tie reinforcement and the horizontal legs served 
as the transverse tie reinforcement.

Figure 3. Base of specimen 2 wall panel. Note: ID = inner diameter; O.C. = on center. No. 8 = 25M; 1” = 1 in. = 25.4 mm; 1’ = 1 ft = 
0.305 m.
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The purpose for selecting U bars for the vertical and trans-
verse ties was to better engage the wall thickness in transfer-
ring the energy-dissipation bar forces to the tie reinforcement. 
Similarly, a single closed no. 8 (25M) ASTM A706 Grade 60 
(414 MPa) hoop was placed around the entire wall perimeter 
(Fig. 3) to serve as the longitudinal tie reinforcement. The 
transverse reinforcement at the toes of the wall was designed 
in accordance with the special boundary region requirements 
in ACI 318-192 section 18.10.6.4. This boundary reinforce-
ment included two no. 4 (13M) ASTM A706 Grade 80 (552 
MPa) overlapping hoops spaced at 3¼ in. (83 mm) for the 
first 66 in. (1676 mm) of the wall height (that is, over a height 
equal to the wall length), and spaced at 6½ in. (165 mm) for 
the remaining height of the wall. Shear reinforcement was 
provided by no. 4 ASTM A706 Grade 80 hooked bars spaced 
at 6½ in. throughout the height of the wall in accordance with 
ACI 318-19 section 18.10.4.1. As in specimen 1, two shear 
dowels were installed in specimen 2 to limit shear slip (base 
sliding) at the wall-to-foundation joint interface.

Specimen 3

The schematic diagrams in Fig. 4 illustrate the reinforce-
ment layout at the base of the wall for specimen 3. This 
specimen was identical to specimen 2, except for minor 
changes based on the measured and observed performance 
of specimen 2 described in the results section of this article. 
The first alteration was the reduction of concrete cover to 
the tie reinforcement. The bottommost tie reinforcement in 
specimen 2 (Fig. 3) was the horizontal legs of the U bars, 
and the clear cover distance to this reinforcement from the 
bottom of the wall was 1½ in. (38 mm). In specimen 3, this 
cover was reduced to ¾ in. (19 mm), which is the minimum 
cover for shear wall reinforcement specified in ACI 318-
19.2 Furthermore, the first layer of confinement hoops was 
placed at the same level (Fig. 4). Reducing the concrete 
cover was intended to improve the effectiveness of the 
confinement and tie reinforcement around the energy-dissi-
pation bar connectors.

Figure 4. Base of specimen 3 wall panel. Note: ID = inner diameter; O.C. = on center. No. 8 = 25M. 1” = 1 in. = 25.4 mm; 1’ = 1 ft = 
0.305 m.
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As a second modification in specimen 3, the longitudinal 
tie reinforcement area was increased. Whereas the area in 
specimen 2 was 0.79 in.2 (20 mm2), composed of a single 
layer of no. 8 (25M) bars, the area in specimen 3 was 1.2 in.2 
(31 mm2), composed of two layers of no. 7 (22M) bars. The 
third change was to intentionally unbond the energy-dissipa-
tion bars over an additional length of 3d

ED
 right above the 1 

in. (25 mm) unbonded length within the base joint grout pad, 
while maintaining the 15d

ED
 length of the energy-dissipation 

bars within the connectors above the grout pad (3d
ED

 unbond-
ed length plus 12d

ED
 bonded length). As a final modification, 

the shear dowels were removed. The reasons for making the 
modifications in specimen 3 are described later as part of the 
measured test results for specimen 2.

The foundation in each specimen was sized to accommodate 
the layout of the tie-down locations in the laboratory strong 
floor. A numerical analysis model was used to determine the 
maximum shear force and moment transferred to the founda-
tion during the lateral loading of the wall. The steel reinfro-
cement in the foundation was designed according to these 
maximum forces.

Test setup

Each wall specimen was tested using the setup shown in 
Fig. 5. A reversed-cyclic lateral load was applied using a 
servo-controlled hydraulic actuator with a 15 in. (381 mm) 
stroke and a capacity of 1600 kip (7117 kN). The centerline of 
the actuator was positioned 11 ft (3.3 m) from the base of the 

wall (top of the base grout pad) to create a base moment–to–
shear ratio M

b
/V

b
 of 2.0l

w
, where M

b
 is the base moment of the 

wall specimen, V
b
 is the base shear of the wall specimen, and 

l

w
 is the wall length. In addition, a near-constant external axial 

load of 100 kip (445 kN) was applied using a vertically ori-
ented, multistrand, unbonded post-tensioning tendon (which 
was placed inside a vertical duct at the center of the wall cross 
section) and a 220 kip (981 kN) capacity, center-hole hydrau-
lic jack placed at the top of the wall. Including the self-weight 
of the wall panel, which was approximately 15 kip (67 kN), 
the total axial load ratio, P / ′fc Ag( ), was 0.019 at the base of 
each wall, where P is the total axial load, ′fc  is the specified 
concrete compression strength, and A

g
 is the gross area of the 

wall section.

The foundation was elevated on two supporting concrete 
blocks to anchor the axial-load post-tensioning strands under 
the foundation. The foundation, lateral-load reaction wall, and 
end block were clamped to the strong floor of the laboratory 
using 1 in. (25 mm) diameter threaded steel rods. In addition, 
the foundation was horizontally post-tensioned to the later-
al-load reaction wall and the end block using 0.6 in. (15 mm) 
diameter unbonded strands to create a stiff, self-reacting load 
application system with minimal sliding and uplifting.

To restrain the wall specimen from moving out of plane 
during the in-plane lateral-load testing, a steel frame was 
built around the wall. This steel frame was composed of 
columns, beams, diagonal braces, and plates. Two plates were 
connected to each north-south beam and extended to within 

Figure 5. Test setup. Note: N-S = north-south.
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a ¼ in. (6 mm) gap from the wall surfaces using threaded 
rods to provide out-of-plane restraint to the wall (Fig. 5). The 
surfaces of these plates were greased to minimize friction if 
the wall came into contact with the plates during the in-plane 
lateral-load testing.

Material properties

Reinforcing steel

Three samples for each reinforcing bar size in the three wall 
specimens were tested in a universal testing machine following 
ASTM A370, Standard Test Methods and Definitions for Me-
chanical Testing of Steel Products,13 to determine the mechani-
cal properties of the steel. All reinforcement was ASTM A7066 
Grade 60 or 80 (414 or 552 MPa). The bar strains up to the 
ultimate (peak) strength were measured using an extensome-
ter with a gauge length of 2 in. (51 mm). After 0.5% drop in 
stress from the ultimate (peak) strength, the extensometer was 
removed and the additional bar strains were calculated from the 
subsequent relative movement of the testing machine cross-
heads. The bar stresses were calculated as the load recorded by 
the internal load cell of the testing machine divided by the nom-
inal area of the bar. Table 1 lists the measured steel modulus 
of elasticity E

s
, yield strength f

y
, yield strain ε

y
, ultimate (peak) 

strength f
u
, strain at ultimate (peak) strength (uniform elonga-

tion strain) ε
u
, and strain at bar fracture ε

fr
.

Connector ducts

Table 2 provides the dimensions of the connector ducts used 
in the three specimens. The connector ducts were straight 
corrugated steel ducts cut to length from post-tensioning ducts 
commonly available in the construction industry. The 3 in.  
(76 mm) inner diameter was selected to provide sufficient tol-
erance around the no. 11 (36M) energy-dissipation bars while 
placing the precast concrete wall on top of the foundation. 
Even though the connection ducts were provided by the same 
duct manufacturer, there were differences in the measured 
corrugation dimensions for the three specimens.

Concrete

In specimen 1, the batch of concrete used to cast the foundation 
was different from that used to cast the wall panel. However, in 
specimens 2 and 3, a single batch (one batch per specimen) was 
used to cast both the foundation and wall panel. The specified 
concrete compression strength for all three specimens was 6 ksi 
(41 MPa). A set of 3 × 6 in. (76 × 152 mm) concrete cylinders 
were cast to measure the modulus of elasticity E

c
, from com-

pression tests in accordance with ASTM C469, Standard Test 
Method for Static Modulus of Elasticity and Poisson’s Ratio 
of Concrete in Compression14; compression strength ′fc , in 
accordance with ASTM C39, Standard Test Method for Com-
pressive Strength of Cylindrical Concrete Specimens15; and split 
cylinder tension strength f

t
, in accordance with ASTM C496, 

Standard Test Method for Splitting Tensile Strength of Cylin-
drical Concrete Specimens.16 In addition, 6 × 6 × 18 in. (152 × 

152 × 457 mm) modulus of rupture beams were cast to measure 
the flexural tension strength of the concrete in accordance with 
ASTM C293, Standard Test Method for Flexural Strength of 
Concrete (Using Simple Beam With Center-Point Loading).17 
All concrete samples were kept in a moist environment until 
tested. Table 3 presents the average measured concrete proper-
ties from three material samples. The concrete modulus of elas-
ticity was calculated from strains measured using an averaging 
extensometer with 2 in. (51 mm) gauge length.

Grout

Commercially available, premixed (bagged) cementitious grout 
was used in the energy-dissipation bar connector ducts and to 
create a horizontal pad (base pad) at the interface between the 
wall panel and the foundation. The grout products were the same 
as those used and identified by Aragon et al.9,10 as GM1, GM2, 
and GM3. Grout GM1 was used to create the horizontal grout 
pad at the base joint of all three specimens. Polypropylene fibers 
were added to the base pad grout mixture in specimens 1 and 2 
per the fiber manufacturer’s recommended dosage of 1.0 lb/yd3 
(0.59 kg/m3). In specimen 1, the wall panel was lowered on top 
of freshly placed grout mixed in a plastic consistency per the 
manufacturer’s recommendation to form the horizontal grout 
pad. In specimens 2 and 3, the wall panel was aligned on top of 
1 in. (25 mm) thick wooden shims, and grout mixed in a fluid 
consistency according to manufacturer’s recommendations was 
manually pumped under the wall to create the grout pad.

The grout material used in the connector ducts in specimens 
2 and 3 was GM3, which was identified by Aragon et al.10 as 
the lowest-performing grout. In specimen 1, different grout 
products were used in each connector duct (Fig. 6). To sim-
ulate possible field construction errors, the connector grout 
used in specimen 1 was mixed with 5% more water than the 
maximum amount recommended by the manufacturer for flu-
id consistency. In specimens 2 and specimen 3, the grout for 
the connector ducts was mixed with the maximum amount of 
water recommended by the manufacturer for fluid consisten-
cy. The connector grout for all three specimens was manually 
pumped into the ducts through a grout-in tube placed near the 
bottom of each duct until grout flowed from a grout-out tube 
near the top of the duct.

Figure 6. Wall cross-section view showing grout materials 
(GM) used in the connector ducts of specimen 1.
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Table 1. Reinforcing steel properties

Specimen 1 Specimen 2 Specimen 3

Energy dissipation

Bar size (Grade) no. 11 (60) no. 11 (60) no. 11 (60)

Es, ksi 27,613 28,154 27,291

fy,ED, ksi 63.12 64.81 66.98

εy,ED, in./in. 0.0037 0.0026 0.0031

fu,ED, ksi 99.23 96.15 89.39

εu,ED, in./in. 0.1086 0.1096 0.1258

εfr,ED, in./in. 0.196 0.198 0.196

Longitudinal tie

Bar size (Grade) no. 5 (60 and 80) no. 8 (60) no. 7 (60)

Es, ksi 27,389/25,866 27,476 28,503

fy,lt, ksi 62.82/83.09 63.52 69.67

εy,lt, in./in. 0.0034/0.0037 0.0027 0.0026

fu,lt, ksi 93.18/111.5 93.42 97.71

εu,lt, in./in. 0.1127/0.0912 0.1084 0.1161

εfr,lt, in./in. 0.199/0.165 0.181 0.192

Vertical tie

Bar size (Grade) no. 8 (60) no. 8 (60) no. 8 (60)

Es, ksi 28,082 27,476 24,885

fy,vt, ksi 65.57 63.52 63.34

εy,vt, in./in. 0.0029 0.0027 0.0035

fu,vt, ksi 94.84 93.42 94.29

εu,vt, in./in. 0.1156 0.1084 0.1169

εfr,vt, in./in. 0.208 0.181 0.202

Transverse tie

Bar size (Grade) no. 5 (60 and 80) no. 8 (60) no. 8 (60)

Es, ksi 27,389/25,866 27,476 24,885

fy,tt, ksi 62.82/83.09 63.52 63.34

εy,tt, in./in. 0.0034/0.0037 0.0027 0.0035

fu,tt, ksi 93.18/111.5 93.42 94.29

εu,tt, in./in. 0.1127/0.0912 0.1084 0.1169

εfr,tt, in./in. 0.199/0.165 0.181 0.202

Confinement hoop

Bar size (Grade) no. 4 (60) no. 4 (80) no. 4 (80)

Es, ksi n.d. 25,758 24,431

fy,c, ksi 68.90 86.49 86.71

εy,c, in./in. n.d. 0.0053 0.0056

fu,c, ksi 99.60 115.4 116.1

εu,c, in./in. n.d. 0.0801 0.0939

εfr,c, in./in. n.d. 0.122 0.143

Note: n.d. = no data; Es = modulus of elasticity of reinforcing bar; fu,c = ultimate (peak) strength of confinement hoop bars; fu,ED = ultimate (peak) 

strength of energy-dissipation bars; fu,lt = ultimate (peak) strength of longitudinal tie bars; fu,tt = ultimate (peak) strength of transverse tie bars; fu,vt = 

ultimate (peak) strength of vertical tie bars; fy,c = yield strength of confinement hoop bars; fy,ED = yield strength of energy-dissipation bars; fy,lt = yield 

strength of longitudinal tie bars; fy,tt = yield strength of transverse tie bars; fy,vt = yield strength of vertical tie bars; εfr,c = strain at fracture of confine-

ment hoop bars; εfr,ED = strain at fracture of energy-dissipation bars; εfr,lt = strain at fracture of longitudinal tie bars; εfr,tt = strain at fracture of transverse 

tie bars; εfr,vt = strain at fracture of vertical tie bars; εu,c = strain at ultimate (peak) strength of confinement hoop bars; εu,ED = strain at ultimate (peak) 

strength of energy-dissipation bars; εu,lt = strain at ultimate (peak) strength of longitudinal tie bars; εu,tt = strain at ultimate (peak) strength of transverse 

tie bars; εu,vt = strain at ultimate (peak) strength of vertical tie bars; εy,c = yield strain of confinement hoop bars; εy,ED = yield strain of energy-dissipation 

bars; εy,lt = yield strain of longitudinal tie bars; εy,tt = yield strain of transverse tie bars; εy,vt = yield strain of vertical tie bars. No. 4 = 13M; no. 5 = 16M; no. 7 

= 22M; no. 8 = 25M; no. 11 = 36M; 1 in. = 25.4 mm; 1 ksi = 6.895 MPa.
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Table 4 presents the water-to-grout weight ratio w/g as well as 
the spread, modulus of elasticity E

cg
, compression strength ′fcg, 

and split cylinder tension strength f
tg
 of the grout. The flow-

ability of each grout mixture was measured as the lateral flow 
diameter (spread) of freshly mixed grout on top of a smooth, 
nonabsorbent plastic plate after slowly lifting a 2 in. (51 mm) 
diameter, 4 in. (102 mm) tall plastic tube filled with grout. The 
compression strength was measured by testing 2 × 2 in. grout 
cubes in accordance with ASTM C109, Standard Test Meth-
od for Compressive Strength of Hydraulic Cement Mortars 
(Using 2-in. or [50-mm] Cube Specimens).18 To measure the 
modulus of elasticity and tension strength of the grout, 3 × 6 in. 
(76 × 152 mm) grout cylinders were tested in accordance with 
ASTM C46914 and ASTM C496,16 respectively.

Instrumentation

Forces, displacements, rotations, and strains were recorded 
during the testing of each specimen. Pressure transducers 
were used to measure the applied axial and lateral loads. In-
plane and out-of-plane displacements and deformations of the 
wall and the foundation were recorded using a set of string 
potentiometers installed on and around the specimen (Fig. 7). 
The in-plane displacements included the lateral displacement 
of the wall at the line of lateral loading (centerline of the 
lateral actuator), the lateral displacement of the wall base with 
respect to the foundation (wall base sliding), and the lateral 

displacement of the foundation (foundation sliding). To moni-
tor the out-of-plane displacements, four string potentiometers 
were connected to the wall and two were connected to the 
foundation. Diagonally and vertically oriented string poten-
tiometers were attached to the wall to measure the shear and 
flexural deformations, respectively. Linear variable displace-
ment transducers placed across the base joint interface were 
used to measure the rotation and neutral axis location at the 
base of the wall.

To measure the initiation and progression of yielding in the 
energy-dissipation bars, strain gauges were installed at the 
mid-length of the unbonded region of select bars in all three 
specimens (½ in. [13 mm] above the top of the foundation 
for specimens 1 and 2, and 25∕8 in. [67 mm] above the top of 
the foundation for specimen 3). The energy-dissipation bars 
in specimens 2 and 3 were also strain gauged 3 in. (76 mm) 
below the top of the foundation. Moreover, to understand the 
effectiveness of the tie reinforcement around the energy-dis-
sipation bar connectors, strain gauges were installed on select 
longitudinal, vertical, and transverse ties. Layouts of the strain 
gauges for the three specimens are shown in Fig. 8. The exact 
location and number of strain gauges varied from specimen to 
specimen depending on the design and detailing of the rein-
forcement. All strain gauges were installed on reinforcing bars 
near the west face of the wall, which was the open casting 
surface as shown in the photograph in Fig. 8 (the west bars 

Table 2. Connector duct dimensions

Specimen 1 Specimen 2 Specimen 3

Inner diameter, in. 3.0 3.0 3.0

Outer diameter, in. 3.125 3.125 3.125

Thickness, in. 0.02 0.02 0.02

Corrugation height, in. 0.04 0.07 0.07

Corrugation width, in. 0.22 0.34 0.19

Corrugation spacing, in. 0.51 0.93 0.51

Note: 1 in. = 25.4 mm.

Table 3. Concrete properties

Specimen Ec,td, ksi ′f
c ,28d , ksi fc,td , ksi ft,28d, ksi ft,td, ksi fr,28d, ksi fr,td, ksi

1
Wall 6471 7.5 8.4 0.711 0.811 n.d. 0.797

Foundation 6066 8.0 9.0 0.793 0.964 n.d. 0.798

2
Wall

3830 5.6 6.8 0.674 0.741 0.729 0.735
Foundation

3
Wall

2496 6.8 7.3 0.727 0.787 0.877 0.870
Foundation

Note: n.d. = no data; Ec,td = modulus of elasticity of concrete at wall test day; fr,td = modulus of rupture of concrete at test day; fr,28d = modulus of rupture 

of concrete at 28 days; ft,td = split cylinder tension strength of concrete at test day; ft,28d = split cylinder tension strength of concrete at 28 days; ′f
c ,td

 = 

compression strength of concrete at test day; ′f
c ,28d = compression strength of concrete at 28 days. 1 ksi = 6.895 MPa.
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were chosen because their surfaces were easier to access for 
strain gauge application inside the formwork). 

Loading protocol

Testing of each wall specimen started with the application of 
the superimposed axial load followed by a load-controlled 
lateral loading series. Three fully reversed lateral-load cycles 
were applied at target loads of ±50, 100, 150, and 200 kip 
(±222, 445, 667, and 890 kN) (Fig. 9). The lateral loading 
started toward the south direction, which is referred to as the 
positive direction (with the actuator in compression). The 

second series of the lateral loading protocol was a displace-
ment-controlled series in terms of lateral drift. Three fully 
reversed cycles were applied at each drift level, except for the 
last drift level (4.7% drift) during the testing of specimen 3; at 
that level, two cycles were applied. Each new lateral dis-
placement amplitude was calculated as 1.5 times the previous 
displacement amplitude in accordance with ACI 550.6-19.7 
The actual displacement-controlled loading histories for 
specimens 1, 2 and 3 are shown in Fig. 9. Unlike specimen 
1, the targeted drift levels applied on specimens 2 and 3 were 
back calculated from the ACI 550.6-19 validation-level drift 
of 2.1% for M

b
/V

b
 = 2.0l

w
.

Table 4. Grout properties

Specimen Location
Grout  

product
w/g

Spread, 
in.

Ecg,td, ksi fcg,28d , ksi fcg,td , ksi ftg,28d, ksi ftg,td, ksi

1

Base pad GM1 0.164 n.d. 3605 7.13 6.73 0.723 0.531

Connector  
ducts

GM1 0.201 8.56 3221 6.48 6.50 0.522 0.859

GM2 0.197 8.63 3125 5.81 5.59 0.397 0.713

GM3 east 0.183 10.1 2980 5.09 5.11 0.460 0.773

GM3 west 0.183 10.2 2945 4.84 4.68 0.371 0.679

2

Base pad GM1 0.191 7.50 4247 10.4 10.7 0.876 0.816

Connector  
ducts

GM3 0.174 11.6 4238 8.24 8.63 0.677 0.727

3

Base pad GM1 0.191 6.75 3916 10.2 11.3 n.d. n.d.

Connector  
ducts

GM3 0.174 6.88 3598 8.52* 0.788*

Note: n.d. = no data. Ecg,td = modulus of elasticity of grout at wall test day; ftg,td = split cylinder tension strength of grout at wall test day; ftg,28d = split cylin-

der tension strength of grout at 28 days; ′f
cg ,td = compression strength of grout at wall test day; ′f

cg ,28d
 = compression strength of grout at 28 days; w/g = 

water-to-grout weight ratio. 1 in. 25.4 mm; 1 ksi = 6.895 MPa.

* Specimen 3 was tested 28 days after placement of grout in the connectors.

Figure 7. Instrument layout. Note: LVDT = linear variable displacement transducer.
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Figure 8. Strain gauge placement. Note: ED = energy-dissipation.
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In the third negative-direction loading at the fourth drift level 
(validation-level drift), specimen 2 was displaced more than 
the target displacement in an attempt to reach the required 
strength specified by ACI 550.6-19 (less than 20% drop in 
strength from the overall peak strength in each direction).
Specimen 3 was similarly displaced beyond the target dis-
placement in the third negative-direction loading at the fifth 
drift level (3.1% drift). However, as discussed in the results 
section, neither specimen achieved the required strength 
during these increased lateral displacement cycles.

The wall drift was computed as the lateral displacement of 
the wall measured at the line of lateral loading divided by the 
height to the base grout pad (equal to 11 ft [3.3 m]). A string 
potentiometer mounted on a stationary scaffold at the same 
level as the centerline of the actuator was used to record the 
lateral displacement of the wall (Fig. 9). The wall drift was 
corrected for small amounts of sliding and rotation of the 
foundation, which were recorded using a set of string poten-
tiometers placed on the foundation as discussed earlier in the 
instrumentation section.

Figure 9. Lateral loading of test specimens. Note: 1 kip = 4.448 kN.
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Figure 10. Lateral load-drift behavior. Note: 1 kip = 4.448 kN.
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Results

Lateral load-drift behavior

Figure 10 presents the lateral load-drift behaviors of speci-
mens 1, 2, and 3. For specimen 1, the peak (maximum) lateral 
strength V

max
 was slightly higher in the positive direction 

(loading toward the south) than in the negative direction (397 
and 372 kip [1766 and 1655 kN], respectively, as noted in 
Table 5). This finding is typical of reversed-cyclic behavior 
of reinforced concrete structures where the strength is greater 
in the initial loading direction than in the reversed direction 
due to the accumulation of damage. Specimen 1 also had a 
longer bonded length of 18d

ED
 for the extreme north layer of 

energy-dissipation bars than the bonded length of all the other 
bars. The longer bonded length of the extreme north bars may 
have contributed to the greater strength of the wall by devel-
oping greater tension stresses when loading toward the south. 
Ultimate failure of specimen 1 was caused by breakout failure 
of the energy-dissipation bar connectors during the third cycle 
at 1.7% drift when the wall had 28% drop in load from the 
peak lateral strength V

max
 in the positive direction. This failure 

drift was smaller than, and did not satisfy, the ACI 550.6-197 
validation-level drift requirement of 2.1%. Nonetheless, the 
drift performance of specimen 1 was better than that of spec-
imen HW2 tested by Smith et al.,2 which used commercial 
Type II grouted mechanical splices for the energy-dissipation 
bars.

Specimen 2 had smaller peak lateral strength (by about 25%) 
but performed much better than specimen 1. The larger lateral 
strength of specimen 1 as compared with specimens 2 and 3 
was mostly because of the use of a larger total area of ener-
gy-dissipation bars (eight pairs in specimen 1 versus six pairs 
in specimens 2 and 3). In addition, the use of steel angles and 
compression-only bars at the toes of specimen 1 resulted in a 
smaller length of the wall base cross section in compression 
(which increased the lever arm for base moment resistance), 
as discussed in the neutral axis at wall base section of this 
article.

In the positive direction of loading, specimen 2 sustained 
three cycles at the validation-level drift of 2.1% with less than 
20% strength loss and failed during the second cycle of the 

subsequent drift level (3.1%) with 21% strength loss. Howev-
er, in the negative direction, the wall had a 33% drop in load 
(from the peak lateral strength V

max
 ) during the third cycle to 

the validation-level drift (2.1%). As discussed in the loading 
protocol section, specimen 2 was displaced beyond 2.1% 
during this cycle, but instead of gaining strength, the wall 
experienced further reduction in strength (Fig. 10). Conse-
quently, the wall was deficient by half a cycle from meeting 
the validation-level drift requirement of ACI 550.6-19.7

Comparing the hysteresis loops of specimens 1 and 2 in Fig. 
10, the revised detailing of the tie reinforcement in specimen 
2 enhanced the performance of the connectors. Notably, un-
like the breakout failure of the connectors in specimen 1, the 
ultimate failure of specimen 2 was attributed to the concen-
tration of concrete splitting, crushing, and loss of concrete 
confinement around the connectors, followed by the failure 
of the connectors. The evidence for this failure sequence is 
discussed in the neutral axis at wall base section later in the 
article.

Similar to specimen 2, specimen 3 achieved smaller peak 
lateral strength (by about 25%) as compared with specimen 1, 
but specimen 3 exhibited further improved performance as it 
sustained less than 20% strength loss at displacements beyond 
the validation-level drift. In the positive direction, the wall 
achieved a new peak lateral strength of 317 kip (1410 kN) and 
sustained three cycles at 3.1% drift and one additional cycle 
at the next drift level (4.7%) with less than 20% strength loss. 
In the negative direction, the peak lateral strength of 310 kip 
(1379 kN) was attained at the first cycle of the validation-level 
drift. Specimen 3 sustained three cycles at this drift level, plus 
two additional cycles at the next drift level (3.1%) with less 
than 20% load drop from the peak lateral strength recorded in 
the negative direction. The loss in strength was 23% during 
the third cycle at 3.1% drift, which was deemed the failure 
drift Δ

f
 for specimen 3.

The ratios of the peak measured lateral strengths of specimen 
3 to the probable strength V

pr
 (calculated using the measured 

compression strength of unconfined concrete and measured 
nonlinear stress-strain relationship of the energy-dissipation 
bars) were 1.06 and 1.04 in the positive and negative direc-
tions, respectively (Table 5). These ratios are well within the 

Table 5. Lateral load performance

Specimen
Vmax, kip Drift at Vmax, % 

Δf, %  
(cycle number)

Strength loss  
at failure, %

Vmax

Vpr

(+) (-) (+) (-) (+) (-) (+) (-) (+) (-)

1 397 372 1.7 1.7 1.7 (3) 2.6 (1) 28 21 1.14 1.07

2 314 303 2.1 1.4 3.1 (2) 2.1 (3) 21 33 1.03 1.00

3 317 310 3.0 2.1 4.7 (2) 3.1 (3) 30 23 1.06 1.04

Note: Vmax = measured peak (maximum) lateral (base shear); Δf = failure drift; Vpr = probable lateral (base shear) strength calculated using measured 

compression strength of unconfined concrete and measured nonlinear stress-strain relationship of energy-dissipation bars. 1 kip = 4.448 kN.
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ranges of 0.9 and 1.2 specified by ACI 550.6-19,7 where a 
ratio greater than 1.0 indicates that the measured strength was 
greater than the calculated strength. The calculated probable 
strength was more accurate (that is, the peak measured lateral 
strength–to–probable strength ratios were closer to 1.0) for 
specimen 2 and less accurate (ratios as high as 1.14) for speci-
men 1. The ratios of the peak measured lateral strengths to the 
calculated probable strength were likely greater for specimen 
1 because the probable strength calculation did not incorpo-
rate the steel angles or the compression-only bars used at the 
wall toes, which affected the neutral axis location at the wall 
base (and therefore, the lever arm used in the moment strength 
calculation). This point is discussed later in the neutral axis at 
wall base section of the article.

Progression of damage

Figure 11 presents damage photos for specimen 1 at the 
third cycle of the first displacement-controlled loading level 
(+0.53% drift), the failure drift level (+1.7%), and the last drift 
level (+3.9%) in the positive direction of loading. The damage 
photos provided in this section for all three specimens were 
selected from the failure direction for each specimen (positive 
direction for specimen 1 and negative direction for specimens 2 
and 3). At +0.53% drift, several diagonal shear cracks, horizon-
tal flexural cracks, and vertical cracks were observed at the base 
of specimen 1. The vertical cracks demonstrated the ineffective-
ness of the tie reinforcement in this wall and they were likely 
also related to the use of headed bars for the vertical ties. No 
concrete spalling was evident in specimen 1 at the failure drift 

level (+1.7%), which was due to the steel angles and compres-
sion-only steel bars used to strengthen the toes of the wall.

Breakout failure of the north connector group was the ultimate 
failure mode of specimen 1. The headed bars were ineffec-
tive as vertical tie reinforcement, and the rectilinear tie bars 
1 and 2 around the connectors were inadequate as transverse 
and longitudinal ties, ultimately resulting in the formation of 
connector breakout failure planes (Fig. 11). Upon excavation 
of the damaged concrete after the completion of the test, 
the same failure mechanism was observed at the south end 
connectors.

The damage to specimen 2 at the third cycle of the first 
displacement-controlled loading level (-0.62% drift) included 
shear and flexural cracks (Fig. 12). However, unlike speci-
men 1, specimen 2 did not have significant vertical cracks 
because the vertical headed tie bars were eliminated and the 
redesigned U-bar tie reinforcement was more effective. At 
the validation-level drift (-2.1%), extensive concrete crush-
ing and splitting developed at the south toe of specimen 2. 
Concentration of cracking was also observed around the shear 
dowels, which extended to the south toe along the longitu-
dinal tie bars, contributing to the concrete degradation at the 
toe. As the test continued, more concrete crushing at the south 
toe of the wall was observed, with significantly less damage 
at the north toe, as can be seen in Fig. 12 at the last applied 
drift cycle at -4.7%. Loss of concrete confinement around 
the connectors was the main cause of failure in specimen 2. 
Excavation of the damaged concrete after testing revealed 

Figure 11. Damage and failure in specimen 1. Note: ED = energy-dissipation.
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that the placement of the connector grout-in tubes below the 
confinement hoops and tie reinforcement (Fig. 12) resulted in 
excessive cover to the reinforcement at the bottom of the wall, 
which contributed to this failure.

Specimen 3 had significantly reduced damage throughout the 
test, as shown in Fig. 13, at the same drift levels provided for 
specimen 2 in Fig. 12. Concrete crushing in specimen 3 initi-
ated late at 3.1% drift and remained limited even by the end of 
the test. These results demonstrate that the design and detail-
ing modifications of specimen 3 improved the concrete behav-
ior at the wall toes, which allowed the energy-dissipation bar 
connectors to function as intended by effectively transferring 
the connection forces through the tie reinforcement in tension 
and concrete struts in compression. Removal of the shear 

dowels in specimen 3 reduced the concentration of damage at 
the bottom of the wall by distributing the resistance against 
base sliding to the dowel action of the energy-dissipation bars. 
Furthermore, intentional unbonding of the energy-dissipation 
bars over a length of three times the energy-dissipation bar di-
ameter (3d

ED
) inside the connectors significantly improved the 

performance of the concrete at the wall toes by transferring 
the energy-dissipation bar forces further up in the wall.

Importantly, the improved behavior of specimen 3 was 
achieved with no increase in the overall length of the connec-
tors since the bonded length of the energy-dissipation bars 
was decreased to 12d

ED
 to maintain the same total length of 

15d
ED

 as the other two specimens and as recommended for 
no. 11 (36M) energy-dissipation bars by Aragon et al.11 This 

Figure 12. Damage and failure in specimen 2.
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intentional unbonding detail is recommended for the flexural 
reinforcing bars in the boundary regions of special reinforced 
concrete shear walls, as was also experimentally demonstrat-
ed by Barbachyn et al.19 for the boundary reinforcement of 
coupled reinforced concrete shear wall structures.

Reducing the clear concrete cover for the tie and confinement 
reinforcement to ¾ in. (19 mm) by moving the connector grout-
in tubes above the bottommost hoop and tie bars improved the 
effectiveness of the concrete around the energy-dissipation bar 
connectors in specimen 3. Thus, the hoop and tie reinforcement 
around the connectors should be detailed with a specified clear 
cover not exceeding the minimum cover of ¾ in. required by 
ACI 318-192 for shear walls. The placement of the grout-in/
grout-out tubes for the connector ducts should be specified by 
the designer so that their detailing is explicitly incorporated 
into the shop drawings. The connector ducts should be a few 
inches longer than the length of the energy-dissipation bars 
inside the connectors to allow for construction tolerances and 
also accommodate the placement of the grout-out tubes at least 
1 in. (25 mm) above the end of the bar. The inner diameter of 
the connector duct should be selected to provide a tolerance of 
about ½ to 1 in. all around the energy-dissipation bar.

Figure 14 shows the top surface of each foundation after 
removal of the wall and base joint grout pad in specimens 2 
and 3. The foundation damage in specimen 2 was limited to 
well-distributed cracks originating from the energy-dissipa-
tion bars. The largest marked crack was 0.03 in. (0.76 mm) 
wide. For specimen 3, significant splitting and crushing of 
the foundation concrete was observed, especially on the north 
side. The increased foundation damage in specimen 3 is 
attributed to the transfer of greater compression stresses from 
the wall toes and greater shear stresses from the dowel action 
of the energy-dissipation bars.

Reinforcing bar tension strains

Table 6 summarizes the tension strain data from the gauged 
energy-dissipation bars and tie bars in each test. The ener-

gy-dissipation bars in all three specimens yielded during the 
first displacement-controlled loading level. The maximum 
strains recorded by the energy-dissipation bar gauges occurred 
before the failure of the three specimens, indicating that high-
er strains likely developed in the bars but were not measured 
due to gauge failure.

The strain gauge data show that the vertical tie bars yielded 
as designed in all three specimens. The transverse ties were 
designed to not yield; however, the rectilinear tie bars 1 and 
2 in specimen 1 yielded early in the test (in the first displace-
ment-controlled loading level to 0.53% drift), which supports 
the previous statement in the progression of damage section 
that the provided tie reinforcement detail was inadequate. In 
specimens 2 and 3, the horizontal legs of the vertical U bars 
were designed as transverse ties and they did not yield, indi-
cating that using U bars as vertical and transverse ties around 
the energy-dissipation bar connectors was effective. Thus, U 
bars instead of headed bars should be used as tie reinforce-
ment. In general, smaller-diameter U bars are recommended 
to minimize the bend radius of the bars for better detailing 
and placement of the reinforcement in the connection region.

Although the longitudinal tie bars did not yield in specimen 1, 
details of the longitudinal reinforcement at the bottom of the 
wall were changed in specimen 2 to improve the effectiveness 
of the longitudinal ties and to reduce congestion at the bottom 
of the wall. Similarly, even though the longitudinal tie bars 
in specimen 2 did not yield, the design was further modified 
in specimen 3 by adding the area of the bottommost shear 
bars to the longitudinal tie reinforcement area. This change 
was made because the longitudinal tie bars in specimen 2 had 
a considerably larger diameter (no. 8 [25M]) than the shear 
bars (no. 4 [13M]). As these different size bars were placed 
adjacent to each other, it is likely that the longitudinal tie bars 
with the much greater axial stiffness also contributed to the 
shear resistance of the wall. To avoid this condition and also 
minimize congestion, it is recommended that the first shear 
reinforcement bar at the bottom of the wall be removed and its 
area be added to the longitudinal tie reinforcement area.

Figure 14. Foundation damage.
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The revised design in specimen 3 included two layers of  
no. 7 (22M) longitudinal bars to serve as both longitudinal tie 
reinforcement and bottommost shear reinforcement. During 
the testing of specimen 3, both of these longitudinal bar layers 
yielded, with the top layer yielding at an earlier drift of 1.4% 
before the validation-level drift. This outcome may have 
occurred because intentional unbonding of the energy-dissipa-
tion bars transferred forces higher up in the wall, resulting in 
higher demands on the top layer. Since the longitudinal tie re-
inforcement was designed to not yield, the strut-and-tie design 
of the connectors may need to be revised in future research. 
The large tension strains measured in the longitudinal bars 
demonstrate the importance of anchoring these bars inside the 

boundary region at each end of the wall to develop the yield 
strength of the steel.

Components of deformation

The contributions of base rotation, base sliding, shear (diag-
onal tension/compression deformation over the wall weight), 
and flexure (over the wall height) to the total wall lateral drift 
were computed at the positive and negative peak drifts during 
the first cycle of each displacement-controlled load level. The 
calculation of shear deformations over the wall height used 
diagonal string potentiometers based on the method outlined 
by Oesterle et al.20 Once the contributions of base sliding, 

Table 6. Reinforcing bar tension strain data

Specimen 1 Specimen 2 Specimen 3

Energy-dissipation bar

Drift at yield, %
(+) 0.53 0.62 0.62

(-) 0.53 0.62 0.62

Maximum recorded strain
(+) 3.8εy,ED 3.3εy,ED 4.5εy,ED

(-) 2.3εy,ED 2.9εy,ED 2.9εy,ED

Drift at maximum recorded strain, %
(+) 1.2 0.90 1.4

(-) 0.79 0.90 0.90

Vertical tie bar

Drift at yield, %
(+) 0.53 0.90 2.1

(-) n.d. n.d. 2.1

Maximum recorded strain
(+) 1.5εy,vt 4.5εy,vt 2.2εy,vt

(-) n.d. n.d. 3.5εy,vt

Drift at maximum recorded strain, %
(+) 1.7 2.1 2.1

(-) n.d. n.d. 2.1

Transverse tie bar

Drift at yield, %
(+) 0.53 no yield no yield

(-) n.d. no yield no yield

Maximum recorded strain
(+) 3.5εy,tt 0.65εy,tt 0.65εy,tt

(-) n.d. 0.66εy,tt 0.26εy,tt

Drift at maximum recorded strain, %
(+) 0.79 3.1 3.1

(-) n.d. 2.1 1.4

Longitudinal tie bar

Layer 1 Layer 2

Drift at yield, %
(+) no yield no yield 4.7 no yield

(-) n.d. no yield 3.1 1.4

Maximum recorded strain
(+) 0.53εy,lt 0.75εy,lt 1.5εy,lt 0.75εy,lt

(-) n.d. 0.75εy,lt 1.5εy,lt 1.3εy,lt

Drift at maximum recorded strain, %
(+) 1.2 4.7 4.7 4.7

(-) n.d. 2.1 3.1 2.1

Note: n.d. = no data; εy,ED = yield strain of energy-dissipation bar; εy,lt = yield strain of longitudinal tie bar; εy,tt = yield strain of transverse tie bar; εy,vt, = yield 

strain of vertical tie bar.
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shear over the wall height, and base rotation were calculated, 
the remaining portion of the total wall drift was attributed to 
flexural deformations over the wall height. In specimen 1, the 
diagonal string potentiometers used to record the shear defor-
mations did not provide reliable data. Therefore, after calcu-
lating the contributions of base sliding and base rotation, the 
remaining portion of drift was attributed to combined shear 
and flexural deformations over the wall height. For specimens 
1 and 2, the displacement transducers used to measure the 
deformation components were removed from the wall during 
the last displacement-controlled loading level to protect the 
sensors from spalling concrete. Therefore, the deformation 
components of these two specimens were calculated up to (but 
not including) the last loading level.

The contribution of base sliding in specimens 1 and 2 did 
not exceed 10% of the total wall drift due to the use of shear 
dowels in these specimens (Fig. 15). In specimen 3, the con-
tribution of base sliding at the validation-level drift of 2.1% 

reached about 12% in the positive direction and 16% in the 
negative direction. The corresponding base sliding displace-
ments were about 0.33 in. (8.4 mm) and 0.44 in. (11.2 mm), 
respectively, and exceeded the 0.06 in. (1.5 mm) limit 
specified by ACI 550.6-197 for base sliding. Although the 
amount of base sliding exceeded the ACI 550.6-19 limit, this 
sliding did not cause failure. This finding suggests that the 
base sliding limit specified by ACI 550.6-19, which is set for 
post-tensioned precast concrete shear walls, is not applicable 
to precast concrete shear walls without post-tensioning steel. 
Base sliding in post-tensioned walls is typically smaller due to 
the additional compression transferred at the wall-to-founda-
tion joint interface.3–5

The total flexural deformation, including base rotation and 
flexural deformations over the wall height, was the dominant 
type of deformation in all three specimens. Base rotation is 
a desired mode of deformation because it is associated with 
energy dissipation through yielding of the flexural bars. This 

Figure 15. Components of deformation.
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deformation component was the highest contributor to the 
total drift of the three specimens throughout the displace-
ment-controlled loading series. The base rotation of specimen 
1 was significantly greater than that in specimens 2 and 3. 
This was likely because of the welded compression-only ver-
tical bars at the toes of specimen 1, which reduced the flexural 
deformations over the wall height.

The total shear deformation, which includes base sliding and 
shear (diagonal tension/compression) deformations over the 
wall height, was a smaller but not negligible component of 
total drift, as may be expected for shear walls with a base 
moment–to–shear ratio of two times the length of the wall 
(M

b
/V

b
 = 2.0l

w
). The average contribution of the total shear 

deformation in the positive and negative directions of loading 
at the validation-level drift (2.1%) was 36% for specimen 2 
and 30% for specimen 3.

Comparing the relative deformation components for speci-
mens 2 and 3, removal of the shear dowels in specimen 3 did 
not affect the total shear or flexural deformations. Instead, 
specimen 3 had increased base sliding but smaller diago-
nal-tension/compression deformations over the wall height, 
adding up to similar amounts of total shear deformation in 
the two walls. Specifically, the average (considering positive 
and negative loading directions) contributions of base sliding 
and shear (diagonal-tension/compression) deformations over 
the wall height at the validation-level drift were 4% and 32%, 
respectively, in specimen 2, and 14% and 16%, respectively, 
in specimen 3.

Secant lateral stiffness and relative  
energy dissipation

Table 7 provides the secant lateral stiffness between drift 
angles of 1/10 and -1/10 of the maximum applied drift during 
the failure drift cycle (1.7%) for specimen 1 and during 
the third validation-level drift cycle (2.1%) for specimens 
2 and 3. The secant stiffness is provided as a proportion of 
the initial lateral stiffness K

i
, which was calculated per ACI 

550.6-197 as the slope of the line connecting the origin to 0.75 
times the nominal strength V

n
 of the wall (calculated using 

the measured compression strength of unconfined concrete 
and measured yield strength of the energy-dissipation bars). 
ACI 550.6-19 requires the secant stiffness to be 0.1 times the 
initial stiffness or greater, because if the stiffness degradation 

of the wall is large (that is, the secant stiffness in proportion 
to the initial stiffness is low), large displacements will result 
from small changes in lateral load during an earthquake. Simi-
lar to the base sliding limit discussed in the previous section, 
the secant stiffness limit specified by ACI 550.6-19 is not 
applicable to precast concrete shear walls without post-ten-
sioning steel. Nonetheless, both specimens 2 and 3 satisfied 
this requirement, whereas specimen 1 had a larger amount of 
stiffness degradation in the negative loading direction than 
the ACI 550.6-19 limit. In all three specimens, the stiffness 
degradation in the negative direction was more than that in the 
positive direction. For specimens 2 and 3, this finding is likely 
related to the failure of the wall in the negative loading direc-
tion, whereas for specimen 1, it may be related to the higher 
initial stiffness of the wall in the negative direction.

Figure 16 shows the energy-dissipation ratios calculated for 
the third cycle at each drift level of the displacement-con-
trolled loading series based on the method described in ACI 
550.6-19. The relative energy-dissipation ratio is required by 
ACI 550.6-19 to be at least 0.125 at the validation-level drift. 
The relative energy-dissipation ratios for all three specimens 
were similar and well above this minimum requirement.

Neutral axis location at wall base

The neutral axis location measuring the contact (compression) 
length at the base of each wall specimen was calculated using 
the data from the linear variable displacement transducers 
across the wall-to-foundation joint interface. Figure 17 shows 
the compression length (normalized with respect to the wall 
length) calculated for the first cycle of each load and drift 
level from the testing of the three specimens.

All three specimens experienced a rapid reduction in the 
compression length early in each test, which was related to 
the initiation of gap opening at the wall-to-foundation joint 
interface. The subsequent changes in compression length fol-
lowed similar trends in the failure (negative) loading direction 
for specimens 2 and 3. Specifically, both specimens experi-
enced a gradual reduction in compression length, followed by 
a sudden growth at the failure drift (2.1% for specimen 2 and 
3.1% for specimen 3), followed by further reduction of the 
compression length at the subsequent drift level. The growth 
in the compression length at the failure drift is indicative of 
compression stress loss due to crushing of concrete at the 

Table 7. Secant lateral stiffness

Specimen
Drift level, % Initial stiffness Ki, kip/in. Secant stiffness

(+) (-) (+) (-) (+) (-)

1 1.7 1.7 433 520 0.14Ki 0.08Ki

2 2.1 2.1 291 309 0.26Ki 0.16Ki

3 2.1 2.1 318 326 0.22Ki 0.17Ki

Note: 1 kip/in. = 175.1 kN/m.
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boundary region of the wall. This is because a larger area of 
concrete needs to be in compression to satisfy axial equi-
librium while the concrete compression strength is lost due 
to crushing. In contrast, the decrease in compression length 
during the subsequent drift level of each wall is indicative 
of tension stress loss in the energy-dissipation bars due to 
pullout of the bars from the connectors. This is because as the 
tension forces in the bars decrease, a shorter concrete com-

pression length is needed to provide adequate compression 
forces to achieve axial equilibrium.

Based on these changes in compression length with increased 
drift, as well as the aforementioned observations for the dam-
age progression of each wall, this study concludes that the 
failure of specimens 2 and 3 occurred due to the crushing of 
the concrete in compression. Crushing of concrete also result-

Figure 16. Relative energy-dissipation ratio.
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ed in the loss of confinement around the connectors, which 
led to in further loss of lateral load in the subsequent drift cy-
cle for each wall due to pullout of the energy-dissipation bars 
in tension. To assess this conclusion, a section-cut was taken 
through the outermost northern layer of connectors across 
the wall thickness in specimen 2. As shown in Fig. 17, a gap 
was observed between the end of the energy-dissipation bars 
and the grout in both connectors, providing physical evidence 
that the energy-dissipation bars had pulled out. Despite the 
fact that specimens 2 and 3 had the same failure mechanism, 
crushing of the concrete occurred at a significantly greater 
drift level in specimen 3 than in specimen 2 (3.1% versus 
2.1%). Concrete crushing and ultimate failure in the positive 
loading direction of specimen 3 were further delayed up to a 
drift level of 4.7%, consistent with the elongation of compres-
sion length at this drift level as shown in Fig. 17. Based on 
this significantly improved behavior, the design and details 
in specimen 3 are recommended for the use of the proposed 
connectors in practice.

In comparison with specimens 2 and 3, the trends in Fig. 17 
show that specimen 1 had a consistent shortening of com-
pression length throughout the test. The lack of elongation in 
the compression length of specimen 1 was because the use of 
steel angles and compression-only bars at the toes prevented 
compression failure of this wall. Instead, breakout failure 
of the energy-dissipation bar connectors in tension was the 
predominant failure mode, as discussed earlier in the lateral 
load-drift behavior and progression of damage sections of this 
article. In addition to the greater energy-dissipation bar area, 
the smaller compression length of specimen 1 likely contrib-
uted to the greater peak lateral strength achieved by this wall 
as compared with the peak strengths of specimens 2 and 3.

Conclusion

In this study, three precast concrete shear walls were designed, 
constructed, and tested to evaluate the use of nonproprietary, 
short-grouted corrugated steel straight ducts to connect ductile 
energy-dissipating reinforcing bars crossing horizontal joints. 
In this type of connection, the energy-dissipation bars are ter-
minated inside the connectors, and the bar forces are transferred 
into the wall through the design of vertical, transverse, and 
longitudinal tie reinforcing bars around the connectors. The 
performance of the three specimens was evaluated according 
to the seismic acceptance criteria for special precast concrete 
shear walls in ACI 550.6-19.7 Based on the results from this 
study, the following conclusions were made:

• The precast concrete shear wall specimens tested with 
the proposed connectors had better performance when 
compared with previously tested precast concrete shear 
walls with Type II grouted mechanical splices.

• Two of the tested walls (specimens 2 and 3) satisfied the 
minimum energy-dissipation and maximum stiffness-deg-
radation requirements of ACI 550.6-19. However, only one 
wall (specimen 3) also satisfied the lateral strength loss 

limit (maximum loss of 20% from the peak lateral strength 
in each direction of loading) at the validation-level drift.

• The performance of specimen 3 demonstrates that 
nonproprietary short-grouted connectors using materials 
readily available in the construction industry can achieve 
ductile behavior of special precast concrete shear walls 
for use in high-seismic regions.

• Specimen 1, which used headed bars for the vertical tie 
reinforcement, failed due to breakout of the connector 
group at each end of the wall. The headed bars were in-
effective in transferring the energy-dissipation bar forces 
across the wall thickness.

• The use of U bars as the vertical and transverse tie 
reinforcement around the connectors in specimens 2 and 
3 significantly improved the performance of these walls. 
Thus, U bars instead of headed bars should be used as 
tie reinforcement. Smaller diameter U bars should be 
preferred to minimize the bend radius of the bars for 
better detailing and placement of the reinforcement in the 
connection region.

• Failure in both specimens 2 and 3 initiated due to 
compression failure of concrete around the connectors. 
Loss of confinement from the surrounding concrete 
subsequently resulted in tension failure (pullout) of the 
energy-dissipation bars from the connectors.

• In specimen 3, intentional unbonding of the energy- 
dissipation bars over a length of three times the energy- 
dissipation bar diameter (3d

ED
) inside the connectors 

significantly improved the performance of the concrete 
at the wall toes by transferring the energy-dissipation 
bar forces further up in the wall. This improved behavior 
was achieved with no increase in the overall length of the 
connectors since the bonded length of the energy-dissi-
pation bars was decreased to 12d

ED
 to maintain the same 

total length (15d
ED

) as the other two specimens and as 
recommended for no. 11 (36M) energy-dissipation bars 
by Aragon et al.11 This intentional unbonding detail is 
recommended for flexural reinforcing bars in the bound-
ary regions of special reinforced concrete shear walls in 
practice.

• The hoop and tie reinforcement around the connectors 
should be detailed with a specified clear cover not ex-
ceeding the minimum cover required by ACI 318-192 for 
shear walls.

• The connector duct should be a few inches longer than the 
length of the energy-dissipation bar inside the connector 
to allow for construction tolerances and accommodate the 
placement of the grout-out tube at least 1 in. (25 mm) above 
the end of the bar. The inner diameter of the connector duct 
should be selected to provide a tolerance of about ½ to 1 in. 
(13 to 25 mm) all around the energy-dissipation bar.
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• The placement of the grout-in/grout-out tubes for the 
connector ducts should be specified so that their detailing 
is explicitly incorporated into the shop drawings.

• Even though specimen 3 satisfied the validation-level 
drift requirement of ACI 550.6-19, the longitudinal tie 
reinforcement in this wall yielded before the valida-
tion-level drift. Since this reinforcement was designed not 
to yield, the strut-and-tie design of the connectors may 
need to be revised in future research.

• The longitudinal tie reinforcing bars should be anchored 
inside the boundary region at each end of the wall to 
develop the yield strength of the steel.

• To ensure effective shear and connector design and 
minimize congestion at the base of the wall, the bottom-
most shear reinforcing bar should be removed and its area 
should be added to the connector longitudinal tie rein-
forcement area.

• The base rotation, which is the most desirable mode of 
deformation, was the largest contributor to the total drift 
of the wall specimens.

• The total shear deformation, which includes base sliding 
and diagonal tension/compression deformations over the 
wall height, was a smaller but not negligible component 
of about 30% to 36% of the total wall drift. This amount 
of shear deformation may be expected for shear walls 
with a base moment–to–shear ratio of two times the 
length of the wall.

• In specimen 3, the contribution of base sliding at the 
validation-level drift reached about 12% to 16% of the 
total wall drift. The corresponding base sliding displace-
ments were about 0.33 to 0.44 in. (8.4 to 11.2 mm), and 
exceeded the 0.06 in. (1.5 mm) limit specified by ACI 
550.6-19 for base sliding. Although the amount of base 
sliding exceeded the limit, it did not cause the failure of 
specimen 3. This finding suggests that the maximum base 
sliding limit specified by ACI 550.6-19 for post-tensioned 
precast concrete shear walls is not applicable to precast 
concrete shear walls without post-tensioning steel.
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Notation

A
ED

 = total area of energy-dissipation bar or bars in one 
layer across wall thickness

A
g
 = gross area of wall cross section

A
lt
 = total required area of longitudinal tie reinforcement 

to transfer tension force in AED

A
tt
 = total required area of transverse tie reinforcement to 

transfer tension force in AED

A
vt
 = total required area of vertical tie reinforcement to 

transfer tension force in AED

d
ED

 = diameter of energy-dissipation bar

E
c
 = modulus of elasticity of concrete

E
cg

 = modulus of elasticity of grout

E
cg,td

 = modulus of elasticity of grout at wall test day

E
c,td

 = modulus of elasticity of concrete at wall test day

E
s
 = modulus of elasticity of reinforcing bar

′fc  = specified compression strength of concrete

′fc,28d = compression strength of concrete at 28 days

′fcg  = compression strength of grout

′fcg ,28d  = compression strength of grout at 28 days

′fcg ,td  = compression strength of grout at wall test day

′fc,td  = compression strength of concrete at wall test day

 f
r,28d

 = modulus of rupture of concrete at 28 days

 f
r,td

 = modulus of rupture of concrete at wall test day

 f
t
 = split cylinder tension strength of concrete

 f
t,28d

 = split cylinder tension strength of concrete at 28 days

 f
tg
 = split cylinder tension strength of grout

 f
tg,28d

 = split cylinder tension strength of grout at 28 days
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 f
tg,td

 = split cylinder tension strength of grout at wall test 
day

 f
t,td

 = split cylinder tension strength of concrete at wall 
test day

 f
u
 = ultimate (peak) strength of reinforcing bar

 f
u,c

 = ultimate (peak) strength of confinement hoop bar

 f
u,ED

 = ultimate (peak) strength of energy-dissipation bar

 f
u,lt

 = ultimate (peak) strength of longitudinal tie bar

 f
u,tt

 = ultimate (peak) strength of transverse tie bar

 f
u,,vt

 = ultimate (peak) strength of vertical tie bar

 f
y
 = yield strength of reinforcing bar

 f
y,c

 = yield strength of confinement hoop bar

 f
y,ED

 = yield strength of energy-dissipation bar

 f
y,lt

  = yield strength of longitudinal tie bar

 f
y,tt

 = yield strength of transverse tie bar

 f
y,vt

 = yield strength of vertical tie bar

K
i
 = initial lateral stiffness of wall specimen

l

b
 = bonded length of energy-dissipation bar

l

w
 = length of wall specimen

M
b
 = base moment of wall specimen

P = total axial load at base of wall specimen

T
ED

 = total tension force in energy-dissipation bar or bars 
placed in one layer across wall thickness

T
lt
 = total tension force in longitudinal tie reinforcement 

designed to transfer T
ED

 to wall

T
tt
 = total tension force in transverse tie reinforcement 

designed to tansfer T
ED

 to wall

T
vt
 = total tension force in vertical tie reinforcement 

designed to transfer T
ED

 to wall

V
b
 = base shear of wall specimen

V
max

 = measured peak (maximum) lateral (base shear)
strength of wall specimen

V
n
 = nominal lateral (base shear) strength of wall 

specimen calculated using measured compression 
strength of unconfined concrete and measured yield 
strength of energy-dissipation bars

V
pr

 = probable lateral (base shear) strength of wall 
specimen calculated using measured compression 
strength of unconfined concrete and measured 
nonlinear stress-strain relationship of energy-dissi-
pation bars

w/g = ratio of water weight to grout weight

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

(complementary to β
lt
) 

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

(complementary to β
lt
)

Δ
f
 = failure drift of wall specimen

ε
fr
 = strain of reinforcing bar at fracture

ε
fr,c

 = strain of confinement hoop bar at fracture

ε
fr,ED

 = strain of energy-dissipation bar at fracture

ε
fr,lt

 = strain of longitudinal tie bar at fracture

ε
fr,tt

 = strain of transverse tie bar at fracture

ε
fr,vt

 = strain of vertical tie bar at fracture

ε
u
 = strain of reinforcing bar at  f

u

ε
u,c

 = strain of confinement hoop bar at f
u,c

ε
u,ED

 = strain of energy-dissipation bar at f
u,ED

ε
u,lt

 = strain of longitudinal tie bar at f
u,lt

ε
u,tt

 = strain of transverse tie bar at f
u,tt

ε
u,vt

 = strain of vertical tie bar at f
u,vt

ε
y
 = yield strain of reinforcing bar

ε
y,c

 = yield strain of confinement hoop bar

ε
y,ED

 = yield strain of energy-dissipation bar

ε
y,lt

 = yield strain of longitudinal tie bar

ε
y,tt

 = yield strain of transverse tie bar

ε
y,vt

 = yield strain of vertical tie bar

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

This article presents results from the experimental testing 
of three precast concrete shear wall specimens that used 
nonproprietary, short-grouted corrugated steel straight 
duct connections for ductile energy-dissipating rein-
forcing bars crossing horizontal joints. In this type of 
connection, the energy-dissipation bars are terminated 
inside the connectors, and the bar forces are transferred 
into the precast concrete components through the design 
of vertical, transverse, and longitudinal tie reinforcing 
bars around the connectors. The performance of the 
specimens was evaluated against the seismic acceptance 
criteria for special precast concrete shear walls in the 

American Concrete Institute’s Acceptance Criteria for 
Special Unbonded Post-Tensioned Precast Structural 
Walls Based on Validation Testing and Commentary 
(ACI 550.6-19). All three specimens outperformed a 
previously tested precast concrete wall with Type II 
grouted mechanical reinforcing bar splices in terms of 
drift capacity and energy dissipation. However, only one 
wall (specimen 3) satisfied the maximum lateral strength 
loss limit (20%) at the validation-level drift specified by 
ACI 550.6-19. Important connector design and detailing 
recommendations are made based on the performance 
differences among the specimens. These details include 
the bonded and intentionally unbonded lengths of the 
energy-dissipation bars inside the connectors, as well 
as design of the vertical, transverse, and longitudinal tie 
reinforcement around the connectors. The results demon-
strate that nonproprietary short-grouted connectors using 
materials readily available in the construction industry 
can achieve ductile behavior of special precast concrete 
shear walls for use in high-seismic regions.

Keywords

Concrete crushing; energy-dissipation bars; grouted 
mechanical connectors; reinforcing bar pullout; seis-
mic reinforced concrete testing; special shear walls; 
strut-and-tie design model; Type II mechanical splices.
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