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B Design, detailing, and analysis recommendations
are given for nonproprietary short-grouted ductile
energy-dissipation bar connections in special seis-
mic precast concrete shear walls, validated through
experimental testing per the American Concrete
Institute’s (ACI’'s) Requirements for Design of a Spe-
cial Unbonded Post-Tensioned Precast Shear Wall
Satisfying ACl 550.6 and Commentary.

B A strut-and-tie model to design the connection tie
reinforcement and grouted bar length is developed
and validated, and simplified design equations are
presented for practical engineering use.

B Results from fiber-element nonlinear numerical
analyses as well as conventional closed-form sec-
tional strength analysis methods are compared with
experimental measurements to demonstrate that
the behavior of precast concrete shear walls with
short-grouted connections can be analyzed using
standard reinforced-concrete modeling technigques.

guidelines along with design examples (included as

an accompanying article) for short-grouted ductile re-
inforcing bar connections across horizontal joints of special
precast concrete shear walls. A previous study (Smith et al.")
highlighted the need for developing ductile grouted mechan-
ical connections for yielding reinforcing bars (referred to
as energy-dissipation bars) crossing the horizontal joints of
special precast concrete shear wall structures. In accordance
with this need, Aragon et al.>* investigated nonproprietary
short-grouted ductile reinforcing bar connections using
straight and tapered steel ducts with and without corru-
gations. Results from a series of 20 single-bar connection
specimens tested under uniaxial cyclic loading showed that
adequate strength and ductility of the connection can be
achieved using straight corrugated ducts with a connection
bond length of nine times the bar diameter 9d,,, for no. 7 and
9 (22M and 29M) bars, and 12d,,, for no. 11 (36M) bars.

This paper provides design, detailing, and analysis

To investigate group and edge effects for the connections
under in-plane reversed-cyclic lateral loading combined with
superimposed axial loading, six shear wall specimens with
multiple energy-dissipation bars crossing the base joint were
subsequently tested by Al-Khateeb et al.>® The performance
of each specimen was evaluated in accordance with the ap-
plicable requirements of ACI 550.6-19, Acceptance Criteria
for Special Unbonded Post-Tensioned Precast Structural
Walls Based on Validation Testing and Commentary.’

Shear wall specimens 1 and 2 described in Al-Khateeb
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et al.’ did not meet the ACI 550.6-197 validation require-
ments because these walls failed to sustain three cycles at the
validation-level drift without exceeding a 20% drop in lateral
strength from the peak strength in each direction of loading.
Design and detailing modifications implemented in specimen
3 improved the effectiveness of the tie reinforcement in the
connection, leading to satisfactory performance and com-
pliance of the wall with applicable ACI 550.6-197 require-
ments. The performance of specimen 3 demonstrated that the
proposed connection can achieve ductile behavior of special
precast concrete shear walls in high-seismic regions.

The second set of specimens described in Al-Khateeb et al.®
(specimens 4, 5, and 6) evaluated the performance of the
connection under varying parameters, including the energy-dis-
sipation bar size, wall base moment-to-shear ratio M,/V,, wall
thickness, axial load ratio, and layout of the energy-dissipation
bars and tie reinforcement in the wall cross section. All of
these specimens met the applicable validation requirements of
ACI 550.6-19,” maintaining a relatively low damage condition
at the end of the test despite undergoing large lateral displace-
ments. Specimen 5 achieved ductile low-cycle fatigue fracture
of an energy-dissipation bar, highlighting the high performance
of the connections for seismic applications.

The experimental program was designed to rigorously test
short-grouted ductile reinforcing bar connections under the
most demanding in-plane loading that would be experienced in
special shear walls with significant flexural yielding and cyclic
compression/tension damage to the concrete. The specimen
deformations also included significant shear sliding along the
horizontal joint with the grouted connections, but the ulti-
mate failure of the walls was not governed by shear friction.
The authors believe that shear friction (sliding) failure of a
wall would result in less demanding loading conditions on

the grouted connections. Thus, it is deemed that the proposed
connection can be used generally to connect precast concrete
components both for shear friction and flexural yielding.

The nonproprietary short-grouted corrugated steel straight
duct connection validated by this research uses vertical,
transverse, and longitudinal tie reinforcing bars in the
connection region. Unlike available proprietary grouted
mechanical splices that use end-threaded reinforcing bars for
force transfer along the splice, the energy-dissipation bars
terminate inside the corrugated steel connection ducts, and the
bar forces are transferred into the precast concrete compo-
nent through the design and detailing of the surrounding tie
reinforcement. A strut-and-tie model was originally developed
by Aragon et al.>* to design the tie reinforcement; this model
was subsequently revised based on the testing of shear wall
specimens 1 through 6 by Al-Khateeb et al.>® and in accor-
dance with the American Concrete Institute’s (ACI’s) Building
Code Requirements for Structural Concrete (ACI 318-19) and
Commentary (ACI 318R-19)? section 23.2.7.

The following sections of this paper summarize the strut-
and-tie model in a form suitable for design practice, present
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recommended connection details, and provide closed-form
section analysis methods for estimating the nominal and prob-
able axial-flexural strengths of precast concrete shear walls
using the proposed connection. Results from fiber-element
nonlinear analyses of specimens 1 through 6 are compared
with the experimental measurements to demonstrate that
precast concrete walls with short-grouted energy-dissipa-
tion bar connections can be simulated numerically using
conventional modeling methods. These design, detailing,

and analysis recommendations represent an accumulation

of the research findings from all of the single-bar connec-
tion tests”* and the shear wall tests® conducted to date. In
addition, design examples are presented in an accompany-
ing paper’ to demonstrate and clarify the connection design
procedure. Ultimately, this paper provides engineers with the
information needed to implement the proposed connection at
base panel-to-foundation and upper panel-to-panel joints of
high-seismic shear wall applications in practice. The cost-ef-
fectiveness and simplicity of this connection also make it
viable for nonseismic applications, following the same design,
detailing, and analysis recommendations presented herein. At
upper panel-to-panel joints or in other applications where the
connected flexural bars are designed not to yield, the required
grouted connection length and connection tie reinforcement
areas could potentially be reduced based on the development
of the yield strength (rather than the ultimate strength) of the
connected bars. However, these elastic reinforcing bar con-
nections were not tested in this research program.

Connection design

The design of short-grouted connections for the energy-dis-
sipation bars (that is, yielding flexural reinforcement) of a
special precast concrete shear wall involves determining the
connection length of the bars and the amount and placement
of the vertical, transverse, and longitudinal tie reinforcement
around the connections. The strut-and-tie model (Fig. 1)
described in Al-Khateeb et al.® successfully achieved the
design objectives for the strength and ductility of the grouted
connections per the applicable performance requirements of
ACI 550.6-19.7 The equations from that strut-and-tie model
can be used to derive simplified design equations for practice
as described in this paper. The connection tie reinforcement is
designed separately from the concrete confinement reinforce-
ment (hoops and ties) in special boundary elements but should
be detailed to integrate with the boundary reinforcement
designed according to ACI 318-198 section 18.10.6.4.

Figure 1 and other associated figures in this paper depict
placement of the connections inside a wall panel. This is a
more critical condition than the placement of the connections
inside the foundation (for the base connection of a shear wall)
because the relatively large foundation allows more space and
better confinement for the connection ducts and tie reinforce-
ment. Placement of the connections inside the foundation
would be preferred for the base joint of a wall. In this case,
the design equations remain the same, but the connections

are oriented so that the energy-dissipation bars extend from
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Figure 1. Strut-and-tie model. Note: A_, = total area of energy-dissipation bar or bars in one layer across thickness of wall cross
section; A, = total required area of longitudinal tie reinforcement to transfer tension force in A_; A,, = total required area of
transverse tie reinforcement to transfer tension force in A_; d, = diameter of U bar; D = horizontal distance between center of
energy-dissipation reinforcing bar and center of vertical tie bar (vertical leg of U bar); ED = energy-dissipation; hwp = height of
strut-and-tie model work point measured from center of transverse tie (horizontal leg of U bar) projected onto energy-dissipa-
tion bar; /") = prescribed grouted bond length extension (beyond strut-and-tie work point) of 9 times bar diameter for no. 7, 8,
and 9 (22M, 25M, and 29M) energy-dissipating bars and 12 times bar diameter for no. 10 and 11 (32M and 36M) bars; /., = length
of energy-dissipation bar inside connection duct; S_, = vertical distance between center of transverse tie bar (horizontal leg of
U bar) and centroid of longitudinal tie reinforcement; X = horizontal distance between center of energy-dissipation reinforcing
bar and center of vertical tie bar (vertical leg of U bar) in wall length direction; Y = horizontal distance between center of ener-
gy-dissipation reinforcing bar and center of vertical tie bar (vertical leg of U bar) in wall thickness direction; 8, = horizontal plane
angle of strut-and-tie model (complementary to B8,); B,, = horizontal plane angle of strut-and-tie model (complementary to 8,); 6
= vertical plane angle of strut-and-tie model between work point and transverse tie node; 6’ = vertical plane angle of strut-and-
tie model between work point and longitudinal tie node.

the base of the wall panel into ducts cast inside the top of verse and longitudinal tie reinforcing bars do not yield until
the foundation (the connection would be rotated vertically the ultimate (peak) strength of the energy-dissipation bars is
180 degrees, as compared with the depiction in Fig. 1). reached. These design choices are made to spread the yielding
of flexural reinforcement into the wall panel (and reduce con-
The design intent is for the vertical tie reinforcing bars to centration of yielding at the horizontal joint) while limiting
yield when the energy-dissipation bars yield, while the trans- the amount of vertical cracking of the wall panel around the
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connections so that the concrete can provide effective confine-
ment to the connection ducts.

Based on Al-Khateeb et al.,° the required (minimum) vertical
tie reinforcement area for the connection is calculated using
vertical equilibrium of the strut-and-tie model, given in Eq. (1).

AED X fy,ED
= (n
J
vt

where
A, = total area of vertical tie reinforcement required to

transfer the force in A, across the connection
A, = total area of the energy-dissipation bar or bars

placed in one layer across the thickness of the wall
S = yield strength of the energy-dissipation bars
. = yield strength of the vertical tie bars

Validation of the short-grouted connections in this research
project was limited to ASTM A706'° Grade 60 (414 MPa)
reinforcing steel. Therefore, ﬁ o = ﬁ p = 00 ksi, and Eq. (1)
can be simplified as follows in Eq. (2):

A, =Ap @)

Using U bars for the vertical tie reinforcement is a prescribed,
mandatory design requirement based on the shear wall tests de-
scribed in Al-Khateeb et al.” The horizontal legs of these U bars
serve as the connection transverse tie reinforcement. Thus, the
total vertical leg area of the U bars dictates the reinforcement
area for the transverse ties as given by Eq. (3).

Avt
4,=5 3)
where
A = total area of the transverse tie reinforcement used to

1
transfer the force in A o ACTOSS the connection

Using nodal force equilibrium of the strut-and-tie model,

Eq. (4) through (6) were derived in Al-Khateeb et al.® to deter-
mine the total longitudinal tie area A, required to transfer the
force in A, across the connection.

A 4
4, =2 x Rxtan(6)x cos(B, ) )
tan(@") = for25 <@’ <65 (5)
wp - c,UL
X
cos(B, ) = - for25 <, <65 (6)
where
R = ratio between the ultimate (peak) strength of the

vertical tie reinforcing steel f  and the yield
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strength of the longitudinal tie reinforcing steel f,

o’ = vertical plane angle of the strut-and-tie model be-
tween the work point and the longitudinal tie node

B, = horizontal plane angle of the strut-and-tie model

D = horizontal distance between the center of the ener-
gy-dissipation bar and center of the vertical tie bar
(vertical leg of the U bar)

hwp = height of the work point measured from the center
of the transverse tie (horizontal leg of the U bar)
projected onto the energy-dissipation bar

S, ur = vertical distance between the center of the trans-
verse (horizontal) leg of the U bar and the centroid
of the longitudinal tie reinforcement on each face of
the wall (Fig. 1)

X = horizontal distance between the center of the
energy-dissipation bar and center of the vertical
tie bar (vertical leg of the U bar) in the wall length
direction (Fig. 1)

Substituting Eq. (2), (5), and (6) into Eq. (4) and taking R as
1.5 for ASTM A706'° Grade 60 (414 MPa) reinforcing bars
results in Eq. (7).

0.75x X
4, :—h .y X A, @)
wp c,UL
The longitudinal tie reinforcement should be placed close to
the transverse (horizontal) legs of the U bars such that Eq. (8)

is satisfied.

S <h (®)

c,UL wp

As discussed later, increased distance between the centroid of the
longitudinal tie bars and the transverse legs of the U bars (that is,
increased S_ ) will result in a longer grouted connection length.

The strut-and-tie model angles 6" and f3, in Fig. 1 depend on
the layout of the tie reinforcement and energy-dissipation
bars in the wall (or foundation) cross section, expressed in
terms of the X and Y dimensions per Eq. (5) and (6), where

Y is the horizontal distance between the center of the ener-
gy-dissipation bar and center of the vertical tie bar (vertical
leg of the U bar) in the wall thickness direction. (Note that X*
+ Y? = D? based on the Pythagorean theorem.) Although 6’
and B, are eliminated in Eq. (7), these angles must satisfy the
maximum and minimum strut-and-tie angle limits specified in
ACI 318-19® section 23.2.7, as described by Eq. (9) and (10).

%] <((tan65)=2.1) (9)

wp c,UL

((tan25) = 0.47) < (tan(@') =

((cos65) = 0.42) < (cos(ﬂh) = %j < ((00525) = 0.91) (10)



As given in Eq. (11), the limits for 8” and f3, can be combined
into conservative upper and lower limits for the term tan(6”)

x cos(f,) in Eq. (4). Specifically, when 6" is limited to

65 degrees, 3, can be assumed to be equal to 25 degrees as the
upper bound, and when S, is limited to 65 degrees, 6" can be
assumed to be equal to 45 degrees as the lower bound.

((tan45) X (cos65) = 0.42) < ((tan(@’))x (cos(ﬁh ))

D X}
= x—
hwp - Sc,UL D

<((tan65)x (cos25) = 2.0)

042< <2.0 (11

h,=S..
These simplifications to determine upper and lower limits

for the term tan(0”) x cos(3,) were made after analyzing the
effects of changing the connection reinforcement layout (as
quantified by X and Y) on the strut-and-tie model angles 6’
and f,. Figure 2 shows how an increase in the X dimension
(for example, from X| to X,) results in an increase in 6’ (from
6/ to 6) and a decrease in B, (from 8, to B,)). Conversely, an
increase in Y (for example, from Y, to ¥, in Fig. 2) causes an
increase in the height of the work point hwp (per Eq. [17], dis-
cussed later), which results in a decrease in 6 and an increase
in f,. The three-dimensional plots in Fig. 2 demonstrate the
inverse relationship between 8" and 3, for X and Y varying
within a range of 2 to 5 in. (51 to 127 mm). Specifically, these
plots reveal that 8" consistently reaches its maximum limit of
65 degrees (per ACI 318-19 section 23.2.7) before 3, reaches
its minimum limit of 25 degrees. Consequently, limiting f3, to
25 degrees when 6’ is capped at 65 degrees provides a conser-
vative and efficient design approach for checking these limits,
resulting in the upper bound limit of 2.0 for the term tan(6”) x

cos(B,) in Eq. (11).

In comparison, as 8, reaches its maximum limit of 65 degrees
(per ACI 318-19® section 23.2.7), 6" approaches 45 degrees,
which is greater than the ACI 318-19 minimum limit of

25 degrees. This finding demonstrates that the ACI 318-19
minimum limit of 25 degrees for 6" will not be reached.
Instead, based on the results in Fig. 2, a conservative value of
6’ = 45 degrees was selected for the calculation of the
lower-bound limit of 0.42 in Eq. (11).

Finally, the required (minimum) area of longitudinal tie
reinforcement can be determined by applying the limits in
Eq. (11) to Eq. (7) as follows:

0.75x X
0.32x 4,, SAlt:TXAED <1.5x4,, (12)
wp c,UL
0.75x X
In Eq. (12), hix is referred to as the longitudinal tie
wp - ¢, UL

reinforcement area multiplier K as defined in Eq. (13).

0.75x X <

032<K= <1.5 (13)
h _Sc,UL

wp

The height of the work point hwp is derived in Al-Khateeb
et al.® as follows:

h,=RxY (14)

Per Eq. (5), 6’ depends on the location of the work point and
should be between 25 and 65 degrees. Figure 2 shows that

6 does not reach the lower limit of 25 degrees and only the
upper limit of 65 degrees can control design. The height of the
work point corresponding to this upper limit can be derived
from Eq. (5) as follows in Eq. (15) and (16):

+S.u (15)

h, =05NX +Y +S (16)

wp

In addition, if hwp calculated using Eq. (14) is less than or
equal to S_,, then the location of the work point should be
moved up to create an angle of 65 degrees with the longitudi-
nal tie node, satisfying the upper limit of 8”. These limitations
for calculating 2 can be combined in Eq. (17), with R in

Eq. (14) taken as 1.5 for ASTM A706'° Grade 60 (414 MPa)
reinforcing bars.

15xY205VX*+Y*+S ,, ifS , <1.5xY
= ’ ’ a7
0.5VX*+Y* +S ifs , =1.5xY

c, UL —

wp

The total required (minimum) area of longitudinal tie rein-
forcement A, given in Eq. (12) is a function of both the total
area A, of the energy-dissipation bar or bars placed in one
layer across the thickness of the wall and the layout of the
tie reinforcement around the connections (X, Y, and SC' o)
Figure 3 illustrates the effect of different tie reinforcement
arrangements on K for SC,UL values of 1.5, 2.5, and 3.0 in.

(38, 64, and 76 mm). Increasing the X dimension increases K
because the vertical legs of the U bars are placed farther apart
from the energy-dissipation bars along the wall length, requir-
ing a larger longitudinal tie reinforcement area A, to achieve
equilibrium in the strut-and-tie model. Conversely, increasing
the Y dimension decreases the multiplier but increases the
height of the work point hwp (Eq. [17]), which also increases
the connection length, as described later.

Based on the observed damage in shear wall specimen 2 de-
scribed in Al-Khateeb et al.,’ the longitudinal tie bars should
engage the U bars, and the centroid of the longitudinal tie bars
should be placed as close as possible to the transverse (hori-
zontal) legs of the U bars. Placing the longitudinal tie bars in
multiple layers over the length of the connection ducts (that is,
over the height of the wall) moves the centroid of these bars
away from the transverse legs of the U bars, thus increasing
S, .- This reduces the effectiveness of the longitudinal tie bars
and leads to an increase in the longitudinal tie area multi-

PCl Journal | May-June 2026




Connection
duct
ED bar Same ¥
— X,> X, f————+
27 v 2
92> 91 X . .
B< Bn | .
kel Y Y
©
g 7
S ED bar
1]
%]
(0]
c
Ny S ED bar
£ .
Longitudinal tie = Vertical leg
= of U-bar
Longitudinal A ——
tie nodes Wall length direction
3D view of strut-and-tie model Plan view of connection
Changing X dimension
dConnection
Same X
Yo> Y,
65< 67
Btz > Birq -
il
£
w
"
Q
C
S ED bar
£
=
= It
Vertical leg Pie
of U-bar
Longitudinal . SEEE—
tie nodes Wall length direction
3D view of strut-and-tie model Plan view of connection

Changing Y dimension

Limited to
65°

6"angle, degrees

Byt angle, degre

Changing X and Y dimensions

Figure 2. Effect of X and Y dimensions on strut-and-tie angles 6’ and B8,. Note: ED = energy-dissipation; X = horizontal distance
between center of energy-dissipation reinforcing bar and center of vertical tie bar (vertical leg of U bar) in wall length direction;
X, = horizontal distance between center of energy-dissipation reinforcing bar and center of vertical tie bar (vertical leg of U bar)
in wall length direction, sample 1; X, = horizontal distance between center of energy-dissipation reinforcing bar and center of
vertical tie bar (vertical leg of U bar) in wall length direction, sample 2; Y = horizontal distance between center of energy-dissi-
pation reinforcing bar and center of vertical tie bar (vertical leg of U bar) in wall thickness direction; Y, = horizontal distance be-
tween center of energy-dissipation reinforcing bar and center of vertical tie bar (vertical leg of U bar) in wall thickness direction,
sample T; ¥, = horizontal distance between center of energy-dissipation reinforcing bar and center of vertical tie bar (vertical leg
of U bar) in wall thickness direction, sample 2; 8, = horizontal plane angle of strut-and-tie model (complementary to 8,); B, =
horizontal plane angle of strut-and-tie model (complementary to B8,), sample 1; 8,, = horizontal plane angle of strut-and-tie mod-
el (complementary to B,), sample 2; 8’ = vertical plane angle of strut-and-tie model between work point and longitudinal tie
node; 6= vertical plane angle of strut-and-tie model between work point and longitudinal tie node, sample 1; 67, = vertical plane
angle of strut-and-tie model between work point and longitudinal tie node, sample 2. 1in. = 25.4 mm.
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Figure 3. Effect of arrangement of tie reinforcement on longitudinal tie reinforcement area multiplier K. Note: S_ , = vertical dis-
tance between center of transverse tie bar (horizontal leg of U bar) and centroid of longitudinal tie reinforcement; X = horizontal

distance between center of energy-dissipation reinforcing bar and center of vertical tie bar (vertical leg of U bar) in wall length
direction; Y = horizontal distance between center of energy-dissipation reinforcing bar and center of vertical tie bar (vertical leg
of U bar) in wall thickness direction. 1in. = 25.4 mm.

plier K, eventually triggering the upper limit value of 1.5 in
Eq. (13), which is shown in Fig. 3 for different values of S_ .
Longitudinal tie reinforcement areas above this upper limit

of 1.5 x A, are ineffective and should not be included in the
connection design. While it is permissible to design a connec-
tion where the longitudinal tie reinforcement area is limited

to the upper-bound value of 1.5 X A, this detail will result in
an increase in S, and the height of the work point hwp—per
Eq. (15), (16), and (17)—and subsequently lead to an increase
in the connection length (described later).

Figure 3 shows the required longitudinal tie reinforcement
area multiplier K for each shear wall specimen tested in this
research, except for specimen 1,7 which did not use U bars

as the vertical and transverse tie reinforcement, rendering

it outside the intent of the design recommendations herein.
Specimen 2 used a single layer of longitudinal tie bars;
however, the placement of these bars was inefficient (the lon-
gitudinal tie bars were placed away from the transverse legs

of the U bars),’ resulting in an SC,UL value of 2.50 in. (64 mm),
which contributed (among other factors®) to the insufficient
performance of that specimen to satisfy ACI 550.6-19.7
Specimen 3 used two layers of longitudinal tie bars. The first
layer of these bars was placed at 2.00 in. (51 mm) from the
transverse legs of the U bars, resulting in only a slight in-
crease in SC,UL to a value of 2.94 in. (75 mm). The closer place-
ment of the first layer of longitudinal tie bars to the transverse
legs of the U bars, along with other design and detailing
modifications,’ improved the confinement and force transfer
of the connection at the wall base. As described in Al-Khateeb
et al.,’ this wall satisfied the applicable performance require-
ments specified by ACI 550.6-19.

Two layers of longitudinal tie bars were used in specimens
4,5, and 6, with S«:,UL values of 2.88, 2.75, and 2.56 in. (73,
70, and 65 mm), respectively. The first layer of longitudinal
tie bars was placed as close as possible to the transverse legs
of the U bars, but the longitudinal tie reinforcement areas
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for specimens 4 and 5 were calculated prior to the develop-
ment of the final strut-and-tie design procedure described in
this paper. Specifically, the longitudinal tie reinforcement
areas for specimens 4 and 5 were calculated by lumping (for
design purposes) all of the longitudinal reinforcement at the
first layer, resulting in smaller S, values (2.06 and 1.81 in.
[52 and 46 mm], respectively). This simplification led to
slightly under-designed longitudinal tie reinforcement areas
in these walls; in specimen 4, these bars yielded by the end

of the test.® Despite using slightly smaller longitudinal tie
reinforcement areas compared with the areas required by the
subsequently revised strut-and-tie model, the overall perfor-
mance of both specimens 4 and 5 satisfied ACI 550.6-19, with
no significant concrete damage, indicating good confinement
and force transfer around the connections. The longitudinal tie
reinforcement area of specimen 6 was determined according
to the procedure described herein and was limited to the upper
bound of 1.5 x A, . This specimen demonstrated satisfactory
performance as well and also showed no yielding of the longi-
tudinal ties throughout the test, which was consistent with the
aforementioned design intent, indicating that the reinforce-
ment was not under-designed.

The last step in the short-grouted connection design is deter-
mining the required (minimum) connection length /, (that
is, the minimum embedment length of the energy-dissipation
bars inside the connection ducts), given in Eq. (18) from Al-
Khateeb et al.® as follows:

ZED:C+O.5><dU+hWP+l; (18)
where
C = clear vertical cover to the U bars
d, = U bar diameter
I = prescribed minimum grouted bond length extension

(beyond the strut-and-tie model work point) of nine
times the bar diameter (9d,,)) for no. 7, 8, and 9
(22M, 25M, and 29M) energy-dissipating bars and
12d,,, for no. 10 and 11 (32M and 36M) bars

Note that only specimens with no. 7, 9, and 11 energy-dissi-
pation bars were tested in this research. The aforementioned
minimum bond length extension recommendations for no. 8
and 10 bars are based on the specimens with no. 9 and 11
bars, respectively.

Wall shear design and special boundary confinement rein-
forcement are outside the scope of this paper. However, this
reinforcement should be considered when placing the con-
nection ducts and tie reinforcement in the wall cross section.
The longitudinal tie reinforcement should not be included in
the shear reinforcement ratio when determining the nominal
shear strength of the wall. The first shear reinforcing bar at the
bottom of the wall should be placed above all of the longitudi-
nal tie reinforcement for the connection or its area should be
added to the longitudinal tie reinforcement area.
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Connection detailing

Key connection detailing recommendations were developed
based on the experimental program of this research project.
These recommendations, combined with the connection
design procedure derived from the strut-and-tie model, result-
ed in ductile performance of the shear wall specimens that
were tested.>

One important detail is the use of U bars around the connection
ducts, where the vertical legs of the U bars serve as vertical

tie reinforcement and the transverse (horizontal) legs serve as
transverse tie reinforcement. This detail was implemented after
testing specimen 1, which used headed bars for the vertical tie
reinforcement and separate rectilinear bars as the transverse tie
reinforcement.’ The headed bars were ineffective in transferring
the energy-dissipation bar forces to the wall, resulting in prema-
ture failure due to breakout of the connection group at each

end of the wall. Subsequent testing of specimens 2 through 6
demonstrated that using U bars around the connection ducts
significantly improved the performance of the walls.>¢

Smaller diameter U bars should be selected to minimize their
bend radius and accommodate more efficient placement of the
tie reinforcement around the connection ducts. However, when
desirable, the required U bar areas for two adjacent layers (over
the wall length) of energy-dissipation bars can be combined,
as discussed in Al-Khateeb et al.’ This detail was implement-
ed in specimen 4,° where a pair of no. 5 (16M) U bars de-
signed as the vertical and transverse ties between two layers

of energy-dissipation bars were combined into a single no. 7
(22M) U bar. The U-bar bend radii for the connections in all
test specimens satisfied the minimum bend radii specified for
ties in Table 25.3.2 of ACI 318-19. Note that this research was
informed by strut-and-tie design principles but did not consider
all of the strut-and-tie design details of ACI 318-19, such as
section 23.10 for curved bar nodes, in an effort to provide a
practical design methodology. The provided bend radii for the
U bars in specimens 3, 4, and 5 were larger than those calcu-
lated using ACI 318-19 Eq. (23.10.2b) and section 23.10.3 for
180-degree bends, while the U bars in specimen 6 had smaller
180-degree bend radii. No differences were observed in the
performance of the strut-and-tie nodal zones between these
specimens.

ASTM A706'" Grade 60 (414 MPa) bars should be used for
the transverse ties (U bars) and longitudinal ties to effectively
confine the concrete and transfer forces around the connection
ducts. Specifically, compared with higher-grade steel, using
Grade 60 bars increases the minimum required areas of hori-
zontal (that is, transverse and longitudinal) tie reinforcement,
which helps control the development of vertical cracks around
the connection ducts.

The vertical legs of the U bars should be fully developed
beyond the end of the energy-dissipation bars, ensuring that
the minimum required length of the vertical legs of the U bars
[, is the sum of the connection length [, , calculated using



Eg. (18), and the development length [, of the U bar, calculat-
ed using ACI 318-19® section 25.4.2. Where providing the full
[, is not feasible, such as in the case of connections placed
inside a shallow foundation, the vertical legs of the U bars
can be hooked or headed, providing an adequate develop-
ment length in accordance with ACI 318-19 section 25.4.3 or
25.4.4, respectively, beyond the end of the energy-dissipation
bars. For connections placed inside a wall panel, the U bars
can serve as the vertical panel reinforcement or can be lap
spliced with the vertical panel reinforcement.

Another important detail is the intentional unbonding (by
wrapping inside plastic sheathing) of the energy-dissipation
bars over a length of 3d,,, inside the connection ducts (that is,
within the connection length /,, ) and immediately adjacent to
the precast concrete joint (Fig. 4). This unbonding detail helps
reduce the tension demands in the concrete at the beginning of
the connection by transferring the energy-dissipation bar forces
to a region of the wall where the concrete is better confined by
the reinforcement. This detailing was introduced after testing
specimen 2,° which suffered from severe concrete damage at the
bottom of the wall due to the high localized connection forces
and was adopted based on the recommendations of Barbachyn

o i = ; o s Plasti wra in _
| Foundation v o0 O

Figure 4. Intentional unbonding of energy-dissipation bars.

Note: d,, = diameter of energy-dissipation bar; ED = ener-
gy-dissipation.

Longitudinal
bars
SR

Figure 5. Placement of reinforcement around connection ducts.

et al." for flexural reinforcement in the boundary regions of
special reinforced concrete shear walls. The observed behaviors
of specimens 3 through 6> confirmed that the intentional un-
bonding of the energy-dissipation bars improved the connection
performance and reduced the damage concentrated at the bottom
of the walls. In addition to the 3d,, unbonded length, the ener-
gy-dissipation bars should also be intentionally unbonded within
the horizontal joint grout pad to limit damage to the grout pad
by transferring the bar forces above and below the pad rather
than within the pad. The plastic wrap material used for unbond-
ing should be secured onto the bars so that the unbonded loca-
tion does not shift during construction. Furthermore, the plastic
wrap should be thick enough to create a smooth cover over the
bar ribs (lugs) so that mechanical interlock with the surrounding
grout is prevented, but not excessively thick so that the bars can
still provide dowel resistance across the precast concrete joint.
Plastic window insulation tape, 0.024 in. (0.61 mm) thick, was
used as the unbonding material for the energy-dissipation bars in
this research.

As shown in Fig. 5, the first layer of reinforcing steel around
the connections should be placed as close to the precast
concrete joint as possible, while complying with the minimum
concrete cover requirements of ACI 318-19® section 20.5.1.
This recommendation applies to the transverse legs of the

U bars and the concrete confinement reinforcement (hoops
and ties) in special boundary elements. Minimizing the con-
crete cover enhances the effectiveness of confinement around
the connection ducts, as demonstrated in specimens 3 through
6, which used 0.75 in. (19 mm) concrete cover to the steel
reinforcement. In contrast, specimen 2, which had a larger
(1.5 in. [38 mm]) concrete cover, exhibited more damage
adjacent to the joint, as discussed in Al-Khateeb et al.’

The centroid of the longitudinal tie bars should be placed as
close as possible to the transverse legs of the U bars (Fig. 5)
to minimize S_,, thereby reducing the required longitudi-

nal tie reinforcement area A, as discussed in the connection
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design section of this paper. If the longitudinal tie reinforce-
ment is provided by a single layer of bars over the connection
length, then the centerline of each bar should be placed no
closer to the transverse legs of the U bars than the center half
of the U-bar bend. The intent of this requirement is to ensure
that the longitudinal tie bars engage the U bar. If the longitu-
dinal tie reinforcement is provided in multiple layers (Fig. 5),
the clear spacing between the layers should comply with the
minimum spacing requirements of ACI 318-19 section 25.2.
Minimizing the spacing between layers of longitudinal tie
bars reduces S_,, , consequently reducing A, .

The longitudinal tie reinforcement should be fully devel-
oped along the connection region and anchored at the wall
ends. Where connection ducts are distributed along the

wall length, the longitudinal tie bars can be developed by
providing them as closed hoops around the full wall length
or as horizontal U bars placed at each end and spliced along
the wall length. Where connections are used only at the
wall ends, closed hoops can be placed around each con-
nection group or horizontal U bars can be used at each end
of the wall with full development length (calculated per
ACI 318-19% section 25.4.2) beyond the last (innermost)
connection layer. For connections placed inside the founda-
tion, the longitudinal bars can be developed as continuous
straight bars that extend beyond the outermost layer of
connection ducts at each end.

Commercially available prebagged nonshrink cementitious
grout in pumpable consistency should be used for the con-
nection grout of the energy-dissipation bars. The grout pad
needed for construction tolerances and alignment at the
horizontal joint between the wall and the foundation (as well
as any upper panel-to-panel joint grout pad) should also be
constructed using nonshrink cementitious grout. To ensure
proper integrity of the grout, the grout placement at each
location should be completed in a single application. The base
joint grout pads of the test specimens in this research program
were constructed using two different methods:

e The wall panel was lowered on top of 1 in. (25 mm) thick
wooden shims placed inside freshly mixed grout in a
plastic consistency per the grout manufacturer’s recom-
mendations.

e The wall panel was aligned on top of 1 in. (25 mm) thick
wooden shims, and grout mixed in a pumpable consis-
tency according to manufacturer’s recommendations was
manually spread and pumped under the wall.

Either of these methods can be used to ensure that the grout
pad is free of voids and defects, but the second method was
easier to apply and achieved more consistent results for the
construction of the base joint grout pads in this research.
The horizontal joint grout pads should be of adequate thick-
ness (approximately 1 in. [25 mm]) for the chosen method
of construction. The integrity of the grout at joints where
nonlinear behavior of the wall is expected has significant
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importance for the seismic performance of the wall. To limit
deterioration of the grout pad during the lateral displace-
ments of the wall subjected to a large earthquake, polypro-
pylene fibers (dosage per the fiber manufacturer) should be
added to the grout mixture at these joints. Dry packing of
this grout is not recommended because it would be difficult
to ensure that the grout is adequately compacted without
voids over the entire joint volume with this method. ACI
550.7-19" requires the nonshrink base pad grout at the wall—
foundation joint interface to contain at least 0.1% fibers by
volume and the thickness of this grout not to exceed 1.5 in.
(38 mm) in order to prevent failure of the grout pad under
combined shear and axial stresses.

On wall test day, the compression strengths of the connec-
tion grout for the specimens that passed the ACI 550.6-197
validation requirements were as follows: 8.52 ksi (58.7 MPa)
for specimen 3, 9.88 ksi (68.1 MPa) for specimen 4, 9.68 ksi
(66.7 MPa) for specimen 5, and 8.75 ksi (60.3 MPa) for
specimen 6.>¢ The base joint pad grout strengths for the
same specimens were 11.3, 9.45, 8.32, and 8.59 ksi (77.9,
65.1, 57.4, and 59.2 MPa), respectively. Based on these
results, a minimum 28-day compression strength of 9.00 ksi
(62.1 MPa) should be specified for both the connection grout
and the joint pad grout. ACI 550.7-19'2 requires the spec-
ified compression strength of the joint pad grout not to be
less than the specified compression strength of the adjacent
precast concrete wall panel. In addition, it recommends the
compression strength of the joint pad grout to be close to the
compression strength of the wall panel to provide a match-
ing (with compatible strength) bearing bed for the wall at
large lateral displacement levels.

The location of the connection ducts dictates the connec-
tion grout placement method. If the energy-dissipation bars
protrude down from the bottom of a wall panel, grout can
be pumped or gravity-placed into the ducts located at the
top of the lower panel or foundation before or after lower-
ing the upper panel into position, ensuring that the entire
duct is filled with grout without air pockets. If instead the
energy-dissipation bars protrude up from the top of a lower
wall panel or foundation, grout-in and grout-out tubes must
be attached to the connection ducts inside the upper panel to
facilitate grout pumping without air pockets. It is important
to ensure that the grout pad at the horizontal joint immedi-
ately below the connection ducts fully seals the connection
grout from leaking out of the ducts. The grout-in tube lo-
cations should be specified in the wall panel shop drawings
and should be positioned above the first reinforcement layer
(special boundary confinement hoops and transverse legs of
U bars), as illustrated in Fig. 6. This detailing was intro-
duced after testing specimen 2, which had grout-in tubes
located below the first layer of connection reinforcement,
resulting in this reinforcement being placed farther away
from the precast concrete joint. The grout-out tube locations
should also be specified and be placed at least 1 in. (25 mm)
above the end of the energy-dissipation bar to ensure that the
full length of the bar is grouted.
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Figure 6. Grout-in and grout-out tubes. Note: ED = energy-dissipation. 1in. = 25.4 mm.

Straight corrugated steel ducts (Fig. 7), commonly used in
post-tensioning applications in the construction industry, can
serve as connection ducts if they have sufficient thickness
and corrugations. A minimum steel thickness of 0.018 in.
(0.46 mm) (26 gauge) is recommended, as the ducts used

in this experimental program were all 26 gauge. Because
corrugation patterns differ among duct manufacturers, the
recommended minimum amount of corrugation is expressed
as a cumulative corrugation depth, calculated as the number
of corrugations per foot of duct multiplied by the nominal
corrugation depth. Based on the ducts used in the wall test
specimens that passed the ACI 550.6-197 validation re-
quirements, a minimum cumulative corrugation depth of
1.25 in./ft (104 mm/m) is recommended. The cumulative
corrugation depth for the ducts used in specimen 3 was

1.72 in./ft (143 mm/m), while for specimens 4, 5, and 6, it
was 1.25 in./ft.

The inner diameter of the connection ducts d, = should be 1

to 2 in. (25 to 51 mm) larger than the nominal diameter of the
energy-dissipation bars d,, to provide sufficient placement and
grouting tolerance around the energy-dissipation bars (Fig. 7).
Excessively small ducts could cause erection and installation
challenges and impede effective grout placement. Excessively
large connection ducts should also be avoided, as their use
could complicate detailing and fabrication by increasing the
distance between adjacent energy-dissipation bars. This is
particularly important for connections placed inside a thin wall
panel, where the limited wall thickness must accommodate

the connection ducts, tie reinforcement, and special boundary
confinement hoops with adequate concrete cover. Each con-
nection duct should extend a few inches beyond the end of the
energy-dissipation bar to allow for installation tolerances and
accommodate the placement of the grout-out tube (when grout
is pumped into ducts at the bottom of a wall panel).

Straight
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ED bars
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Figure 7. Connection ducts. Note: d, , = diameter of connection duct; d., = diameter of energy-dissipation bar; ED = energy-

dissipation.
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Fiber-element nonlinear numerical
modeling and analysis

A two-dimensional fiber-element numerical model was de-
veloped using the Open System for Earthquake Engineering
Simulation (OpenSees) platform to analyze the reversed-cy-
clic nonlinear lateral-load behavior of the precast concrete
wall specimens tested as part of this research project.>® The
numerical model used conventional techniques commonly
adopted for the analysis of reinforced concrete shear walls
and was refined and validated based on the measured be-
haviors of the test specimens. Each specimen was modeled
using a single force-based beam-column element representing
the height of the wall (Fig. 8). The top node of the element
was at the location of the lateral-load application, while the
bottom node was at the top of the base grout pad. The height
of the specimen above the lateral-load application point was
not modeled. For specimens 4 through 6, the increased wall
length to accommodate the lateral-load actuator-to-wall
connection at the top was also not modeled, resulting in a
constant wall length over the entire height of each numerical
model. The top node was free to displace, while the bottom
node was fixed, without modeling the grout base pad or the
foundation. Five integration points with the Gauss-Lobatto
integration method were used along the height of the fiber
element."” The nonlinear axial-flexural behavior of the wall
was modeled using a number of uniaxial fibers (oriented
along the wall height) with assigned nonlinear material prop-
erties for the concrete and the energy-dissipation bars (Fig. 9).
No other reinforcement was explicitly modeled, and the shear

Gravity
load

P A—

Lateral

load
Wall
/Grout pad
Foundation

Shear wall specimen

behavior of the wall was assumed to be linear elastic. The
analyses were conducted under displacement control follow-
ing the applied lateral loads and displacements during each
test, together with the applied superimposed axial load and
the self-weight of the wall (Fig. 8). Only one cycle of loading
was applied at each lateral displacement increment, with the
exception of the last increment, where two cycles of loading
were applied.

The Concrete01 material in OpenSees was used to simu-

late the confined and unconfined concrete in each wall. The
maximum compression strength of confined concrete f, was
calculated based on the procedure outlined in ACI 550.7-19,"
using the special boundary confinement reinforcement at

the wall base and the measured compression strength of
unconfined concrete f”. The connection tie reinforcement
designed for the energy-dissipation bars was not considered in
the confined concrete compression strength calculation. The
confined concrete regions were assumed to be the areas en-
closed by the centerlines of the special boundary confinement
hoops at the ends of the wall (shaded in gray in Fig. 9). The
ultimate strains of the unconfined concrete ¢ and confined
concrete ¢ were determined using the regularization method
described in Pozo et al."® to reduce the mesh sensitivity of the
analysis results (that is, sensitivity of the results to the number
of numerical integration points) in the postpeak range of the
wall lateral load—versus—drift behavior. The residual concrete
compression strength was taken as 20% of the maximum
compression strength for confined concrete and zero for un-
confined concrete.
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Figure 8. Fiber-element model elevation for test specimens.
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Figure 9. Concrete and steel fiber material models. Note: ED = energy-dissipation; f, = stress of concrete; f’ = compression
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ing bar; e_= strain of concrete;

ccu

= ultimate strain of confined concrete; €_, = ultimate strain of unconfined concrete; €_= strain
of reinforcing bar; € = yield strain of reinforcing bar.

The energy-dissipation bars were simulated using the Steel4
material model in OpenSees based on the measured non-
linear monotonic stress-strain relationship of the steel. The
maximum strength of the reinforcing steel was limited to the
stress corresponding to 0.06 in./in. (0.06 mm/mm) strain f
from the measured monotonic stress-strain relationship (Fig.
9). The application of this stress limit was informed by the
maximum energy-dissipation bar stresses reported in Aragon
et al.>* for the validation of the short-grouted connections
under uniaxial cyclic loading and considers reduction of bar
strains (and therefore stresses) due to the intentional and

any additional unbonding of the bars under cyclic loading,
compared with stresses determined from bar strains calculated
using section strain compatibility (that is, strains calculated
assuming perfect bond with concrete). The tie reinforcement
for the energy-dissipation bar connections was not modeled in
the analyses. Instead, the energy-dissipation bars crossing the
base joint were modeled as being fully developed inside the
wall (perfect bond assumption) with no unbonding of the bars
at the wall base. Fracture or pullout of the energy-dissipation
bars was not modeled.

Figure 10 shows the measured and simulated reversed-cyclic
base moment versus lateral drift behaviors for the six test

specimens. In addition, the estimated trends for the ratio of
compression length to wall length from the numerical models
are compared with the measured trends in Fig. 11, where the
compression length was calculated as the length from the
extreme compression edge to the neutral axis location at the
bottom of the wall (that is, the neutral axis length at the wall
base). The numerical analysis results generally matched the
measured base moment-drift behaviors of the specimens.

The models estimated the ultimate failure of each wall to
occur due to concrete crushing at the base, represented by
postpeak reductions in base moment in Fig. 10. This concrete
crushing failure was reflected as increases in the simulated
compression length (Fig. 11) due to loss of compression stress
(softening behavior of concrete in compression) during the
large applied displacement cycles. The concrete crushing was
more evident in the analyses of specimens 1, 2, and 3, which
was likely because of the large compression demands induced
by the large amount of energy-dissipation steel used in these
specimens. As discussed in Al-Khateeb et al.,’ specimens 2
and 3 experienced concrete crushing during testing (consistent
with the analysis results), followed by pullout failure of the
energy-dissipation bars inside the grouted connections. This
bar pullout was not modeled and therefore not captured in the
numerical analyses. For specimen 1, concrete crushing was
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Figure 11. Estimated and measured compression (neutral axis) length-to-wall length ratio.

not observed during testing (as evident from the continuous nents were not considered in the numerical model, resulting in
decrease in the measured compression length in Fig. 11); this the discrepancy in the estimated failure mode.
specimen failed because of a sudden breakout of the connec-

tion group in tension.’> Specimen 1 included steel angles and For specimens 4, 5, and 6, the concrete crushing estimated by
compression-only vertical reinforcing bars at the wall toes, the numerical analyses was less significant, likely because of
which prevented concrete crushing. These additional compo- the smaller energy-dissipation bar areas used in these walls.
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The axial load ratios for specimens 4, 5, and 6 were 0.013,
0.026, and 0.044, respectively, of f 'Ag, where f” is the mea-
sured compression strength of unconfined concrete and Ag is
the gross area of the wall cross section. These increasing axial
load ratios and the associated increase in concrete crushing
are reflected in larger growth of the estimated compression
length during the large applied-displacement cycles when
comparing specimens 4, 5, and 6 in Fig. 11. Because the nu-
merical models did not include bar fracture, this failure mode
observed in specimen 5 did not develop in the analyses.

The numerical analyses accurately estimated the measured
maximum base moment strength of the test specimens, sug-
gesting that limiting the maximum stress of the energy-dis-
sipation bars to f, , , . (Fig. 9) was able to indirectly account
for the effects of intentional bar unbonding and any addition-
al unbonding of the bars under cyclic loading. The model
slightly underestimated the measured maximum strength for
specimens 4, 5, and 6, which can be attributed to the better
concrete confinement and improved force transfer around the
connection ducts for these specimens as the final revision of
the strut-and-tie model was implemented to design the tie
reinforcement. Because the connection tie reinforcement was
not considered in the confined concrete stress-strain model,
the numerical analyses may have underestimated the concrete
compression stresses in these walls. Quantitative comparisons
for the maximum base moment strength of the test specimens
are provided in the next section.

To evaluate the hysteretic wall behavior simulated by the
numerical models, the modified Nash-Sutcliffe efficiency
NSE metric was calculated up to the measured failure drift
of each specimen (Fig. 10) following the procedure described
in Pozo et al." This metric incorporates both the traditional
Nash-Sutcliffe efficiency'> NSE and an energy error (error

in the cumulative energy dissipated by the simulated base
moment-drift curve with respect to the cumulative energy
dissipated by the measured curve). The NSE  values for spec-
imens 1, 2, 3, 4, and 6 ranged from 0.88 to 0.95, indicating a
satisfactory match between the numerical and experimental
base moment-drift curves according to the evaluation criteria
established by Pozo et al."* For specimen 5, the calculated
NSE was 0.96, demonstrating a good match between the
estimated and measured curves.

Overall, the comparisons of the nonlinear analysis results with
the experimental measurements and observations presented

in this paper show that conventional numerical modeling
techniques for reinforced concrete structures can be used to
analyze the nonlinear reversed-cyclic lateral load behavior of
precast concrete shear walls with the proposed short-grouted
energy-dissipation bar connections.

Nominal and probable axial-flexural
strength

The nominal axial-flexural strength M of a precast concrete
shear wall with short-grouted connections for the energy-dissi-

pation bars (for example, at the wall-foundation joint interface)
can be determined using conventional closed-form reinforced
concrete section analysis procedures. In accordance with

ACI 318-19® section 22.2.2.1, the extreme concrete compres-
sion strain & is taken as 0.003. The concrete compression stress
is assumed to be 0.85 times the unconfined concrete strength,
uniformly distributed over an equivalent compression zone
length of 3¢, where f, is the factor for equivalent uniform con-
crete stress distribution per ACI 318-19 section 22.2.2.4.3, and
c is the neutral axis length (that is, the length from the extreme
concrete compression edge to the location of the neutral axis).
The strain in the energy-dissipation bars at each layer is deter-
mined using section strain compatibility (Fig. 12). The corre-
sponding stress in the energy-dissipation bars f, is calculated as
the strain in the steel ¢ times the modulus of elasticity £ up to
the steel yield strain g, Beyond the yield point, the steel stress
is limited to the yield strength f, as illustrated in the reinforce-
ment model in Fig. 12.

The probable axial-flexural strength M, of the wall is cal-
culated similarly to the nominal axial-flexural strength by
assuming a uniformly distributed confined concrete compres-
sion stress of o times f,, over an equivalent uniform compres-
sion stress zone length of fc within the area covered by the
centerlines of the confinement hoops. The procedure outlined
in ACI 550.7-19'2 is used to determine the confined concrete
compression strength f. . The equivalent uniform confined
concrete compression stress zone is based on ACI 550.7-19'"
and Sritharan et al.,'® with ¢ and 8 taken as 0.92 and 0.96,
respectively (Fig. 13). ACI 550.7-19"? and Sritharan et al.'®
recommend these values for simplicity of design as reason-
able values for the range of unconfined concrete compression
strengths f ” between 4 and 8 ksi (27.6 and 55.2 MPa). A
more detailed procedure for determining @ and f3 is described
in Sritharan et al.'®

The extreme concrete compression strain is taken as the
maximum usable strain of confined concrete ¢, , which

is determined using the procedure in ACI 550.7-19.'2 The
energy-dissipation bar strains are then determined based on
section strain compatibility, and the corresponding stresses
f, are determined from the nonlinear monotonic stress-strain
relationship of the bars. As described in the previous section
on nonlinear numerical modeling, and, as the reinforce-
ment model of Fig. 13 shows, the energy-dissipation bar
stresses are limited to the stress corresponding to a strain of
0.06 in./in. (0.06 mm/mm) f
Figure 14 compares the nominal and probable axial-flexural
(base moment) strengths, determined using the aforemen-
tioned procedures, with the measured base moment—drift
behavior of each wall test specimen. Table 1 presents the
maximum (peak) measured axial-flexural (base moment)
strength M in the positive and negative directions of
loading, the ratio of M to the probable axial-flexural
strength M, calculated for the tested specimens, the ratio of
M, to the maximum base moment strength estimated by the
OpenSees numerical model M, in each direction of loading
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Figure 12. Wall section strain and stress distributions for nominal axial-flexural strength calculation. Note: ¢ = neutral axis length
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of reinforcing bar at layer 4; €_; = strain of reinforcing bar at layer 5; € = strain of reinforcing bar at layer 6; g, = yield strain of
reinforcing bar.
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[ ) : [ ) [ ) ° ° o
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Figure 13. Wall section strain and stress distributions for probable axial-flexural strength calculation. Note: ¢ = neutral axis length
(that is, length from extreme concrete compression edge to location of neutral axis); ED = energy-dissipation; f/ = compression
strength of confined concrete; f, = stress of reinforcing bar; £, = stress of reinforcing bar at layer 1; f, = stress of reinforcing bar
at layer 2; f, = stress of reinforcing bar at layer 3; £, = stress of reinforcing bar at layer 4; f,_ = stress of reinforcing bar at layer

5; f . = stress of reinforcing bar at layer 6; f, . = stress from nonlinear monotonic stress-strain relationship of reinforcing bar at
0.06 in./in. strain; fy = yield strength of reinforcing bar; €. = Maximum usable strain of confined concrete; €_ = strain of reinforc-
ing bar; € = strain of reinforcing bar at layer 1; €, = strain of reinforcing bar at layer 2; €_; = strain of reinforcing bar at layer 3;

€., = strain of reinforcing bar at layer 4; € ; = strain of reinforcing bar at layer 5; €, = strain of reinforcing bar at layer 6; g, = yield
strain of reinforcing bar. 1in. = 25.4 mm.
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(presented in the previous section), and the ratio of M |
calculated nominal axial-flexural strength M .

.. tothe  specified by ACI 550.6-19 for each specimen. Focusing

on specimens 3 through 6, the maximum measured base
moment strength M to the maximum strength estimated
by the OpenSees model M, ratio ranged between 0.97 and
1.17 (average of 1.05), and the ratio between M _and M
ranged between 1.11 and 1.37 (average of 1. 23) These ratlos
confirm good correlation of the design calculations and nu-

merical model results with the measured maximum strength,

The M /M ratios for all six specimens ranged from 0.82
to 1.09 (average of 0.96). The M /M . Tatios for speci-
mens 3, 4, 5, and 6 (which passed the apphcable validation
requirements of ACI 550.6-197) were between 0.90 and

1.09 (average of 1.01), thus satisfying the 0.90 to 1.2 range

Figure 14. Nominal and probable axial-flexural (base moment) strengths of test specimens. Note: M

(base moment) strength; M, = probable axial-flexural (base moment) strength. 1 kip-ft = 1.356 kN-

Monotonic envelope

Nominal strength, M,

—— Probable strength, Mp,

Table 1. Nominal and probable axial-flexural (base moment) strengths of test specimens

Specimen
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max’
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C C C
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& & = 1 = —
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£ £ £
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Drift, % Drift, % Drift, %
Specimen 4 Specimen 5 Specimen 6

ominal axial-flexural

1 4334 4092 0.89 0.84 1.03 0.98 1.24 1.16

2 3454 BEEY 0.85 0.82 0.96 0.94 1.16 1.12

5 3487 3410 0.92 0.90 0.99 0.97 1.14 111

4 1043 1038 1.01 1.01 1.01 1.02 1.23 1.22

5 1321 1410 1.01 1.08 1.02 1.09 1.18 1.25

6 1285 1336 1.05 1.09 1.13 1.17 1.31 1.37
Note: M__ = measured maximum (peak) axial-flexural (base moment) strength; M =maximum (peak) axial-flexural (base moment) strength estimat-

ed by nonlinear numerical model; M, = nominal axial-flexural (base moment) strength; Mpr = probable axial-flexural (base moment) strength.
1 kip-ft = 1.356 kN-m.

PCl Journal | May-June 2026




and reasonable overstrength of the test specimens compared
with the calculated nominal axial-flexural strength. More
detailed discussion of the calculated M, values for all six
specimens follows.

Specimen 1 had MmaX/Mpr values of 0.89 and 0.84 in the
positive and negative directions of loading, respectively,
indicating that the calculated probable axial-flexural strength
overestimated the measured maximum strength. This overes-
timation, which exceeded the ACI 550.6-19 limit, was likely
due to overestimation of the energy-dissipation bar strains
(and thus the bar stresses). Specifically, because specimen 1
failed prematurely due to breakout of the connection group at
each end of the wall,’ it is likely that the energy-dissipation
bars had smaller strains than the calculated strains when the
wall reached M .

The calculated M, overestimated the measured maximum
strength for specimen 2 as well, with Mm_/Mpr ratios of
0.85 and 0.82 in the positive and negative loading direc-
tions, respectively, thus exceeding the ACI 550.6-19 limit
in both directions. As discussed in Al-Khateeb et al.,’
specimen 2 was not well confined at the bottom of the
wall, contributing to its failure. However, the probable
axial-flexural strength calculation assumed the wall to be
well confined, leading to an overestimation of the concrete
compression stresses and overestimation of the maximum
base moment strength.

For specimen 3, the M”m/Mpr ratios were 0.92 and 0.90 in
the positive and negative loading directions, respective-

ly, also indicating overestimations of the wall maximum
base moment strength, but within the ACI 550.6-19 limit.
Similar to specimen 2, specimen 3 failed due to crushing of
the concrete around the connections, followed by pullout

of the energy-dissipation bars. However, as discussed in
Al-Khateeb et al.,’ the detailing modifications implemented
in specimen 3 improved the confinement of concrete and
transfer of forces around the connection ducts. This resulted
in a better estimation of the maximum base moment strength
for specimen 3 compared with specimen 2.

Specimens 4, 5, and 6 had MMX/M[” ratios between 1.01 and
1.09, indicating small underestimations of the measured
maximum base moment strength of the wall. This can be at-
tributed to the improved design and detailing of tie reinforce-
ment around the connections in these specimens, because the
strut-and-tie model was revised after testing specimen 3.° As
another potential contributor, the base moment-to-shear ratio
of specimens 4 through 6 was greater than that of specimens
1 through 3 (ratio of 3 compared with 2 times the wall length,
respectively). This difference resulted in greater contribu-
tion of flexural deformations to the lateral load behavior of
specimens 4 through 6 (as compared with specimens 2 and
3),>¢ leading to better alignment with the axial-flexural anal-
ysis procedures. The maximum base moment strength M
estimated by the nonlinear numerical model for specimens
4,5,and 6 (M, /M ratios between 1.01 and 1.17) were
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consistent with the M, results from the closed-form probable
axial-flexural strength calculation procedure. This indicates
that for walls with short-grouted energy-dissipation bar
connections designed and detailed as described in this paper,
both the proposed closed-form probable strength calculation
procedure and the nonlinear numerical model results provide
reasonable estimations of the actual maximum base moment
strength.

It should be noted that the Mmax/Mpr ratios presented in
Al-Khateeb et al.’ for specimens 1, 2, and 3 differ from the
corresponding values in Table 1 because of three differences
in the calculation of M,. Specifically, in Al-Khateeb et al.,’

*  The concrete stresses in the compression zone were es-
timated using the Hognestad et al.!” unconfined concrete
stress-strain relationship (rather than the uniform con-
fined concrete stress of 0.92 f ’L described herein).

e The energy-dissipation bar strains were estimated using
strain compatibility with a maximum Hognestad et al."”
unconfined concrete compression strain of 0.0038 (rather
than the maximum usable confined concrete strain ¢ ).

*  The energy-dissipation bar stresses were obtained from
the nonlinear monotonic stress-strain relationship of the
steel without any limit (rather than limiting the maximum
energy-dissipation bar stresses to f ).

The revised procedure presented in this paper is ultimate-
ly recommended based on the test results from all six wall
specimens.

Conclusion

This paper presents design, detailing, and analysis recom-
mendations for nonproprietary, short-grouted, corrugated
steel straight duct connections for energy-dissipation bars
crossing horizontal joints in precast concrete shear walls.
Design examples are presented in “Design, Detailing,

and Analysis of Short-Grouted Ductile Reinforcing Bar
Connections for Special Precast Concrete Shear Walls,
Part 2: Short-Grouted Ductile Reinforcing Bar Connection
Design Examples” on pages 78 through 104° The connec-
tion design approach is based on a strut-and-tie model to
determine the connection length as well as the amount and
detailing of tie reinforcement around the ducts. Closed-
form procedures for estimating the nominal and probable
(maximum) axial-flexural strengths of walls incorporating
these connections are described. In addition, numerical
analysis results using conventional fiber-element models are
compared with the wall test results. The following conclu-
sions are drawn from the study:

*  The minimum required vertical tie reinforcement area
A , transverse tie reinforcement area A , longitudinal tie
reinforcement area A,, and connection length [,/ can be
calculated using Eq. (2), (3), (12), (17), and (18).



U bars should be used to serve as both vertical and
transverse tie reinforcement around the connection ducts.
Thus, Eq. (3) for the transverse tie reinforcement area

A, is automatically satisfied and does not need to be
checked.

The energy-dissipation bars should be intentionally
unbonded within the horizontal joint grout pad and over a
length of 3d, inside the connection ducts (that is, within
the connection length /) immediately adjacent to the
horizontal joint grout pad.

Placement of the longitudinal tie bars is a key factor

in the effectiveness of the connection reinforcement.

To optimize the connection design, the longitudinal tie
reinforcement should engage the U bars and the centroid
of the longitudinal tie bars should be located as close as
possible to the transverse (horizontal) legs of the U bars
(reducing the SC) ... distance).

Although it is permissible to design connections where
the longitudinal tie reinforcement area is limited to the
maximum effective area of 1.5, , this design will result
in longer connections by shifting the strut-and-tie model
work point farther away from the centroid of the longitu-
dinal tie reinforcement.

The minimum 28-day compression strength of the
energy-dissipation bar connection grout and the hori-
zontal joint pad grout should be specified as 9.00 ksi
(62.1 MPa). The connection grout should be in pump-
able consistency according to the grout manufacturer’s
recommendations. Both the connection grout and the
horizontal joint pad grout should be placed without any
voids, air pockets, or other defects. To limit deteriora-
tion of the horizontal joint grout pad during the lateral
displacements of the wall subjected to a large earth-
quake, polypropylene fibers (dosage per the fiber man-
ufacturer) should be added to the grout at horizontal
joints where nonlinear behavior of the wall is expected.
Dry packing of this grout is not recommended because
it is difficult to ensure that the grout is adequately com-
pacted without voids over the entire joint volume with
this method.

A minimum cumulative corrugation depth of 1.25 in./ft
(104 mm/m) should be specified for the connection ducts
to ensure sufficient mechanical interlock of the ducts with
the connection grout and the wall concrete.

The reversed-cyclic hysteretic lateral load behavior of
precast concrete shear walls with short-grouted ener-
gy-dissipation bar connections can be simulated using
conventional numerical modeling approaches commonly
adopted for the analysis of reinforced concrete shear
walls. The measured maximum lateral strength—to—nu-
merical model strength ratio M, /M for all specimens

max m

ranged from 0.94 to 1.17, with an average of 1.03.

*  The nominal axial-flexural strength of precast concrete
shear walls with short-grouted energy-dissipation bar
connections can be determined using conventional
closed-form reinforced concrete section analysis proce-
dures with the compression strength of unconfined con-
crete and the yield strength of the energy-dissipation bars.

e The probable (maximum) axial-flexural strength of
precast concrete shear walls with short-grouted ener-
gy-dissipation bar connections can similarly be deter-
mined using conventional closed-form reinforced con-
crete section analysis procedures. This calculation uses
the compression strength of confined concrete and the
nonlinear stress-strain relationship of the energy-dissipa-
tion bars, with the energy-dissipation bar stresses limited
to the stress corresponding to 0.06 in./in. (0.06 mm/mm)

strain f, .. For specimens 3, 4, 5, and 6, which passed

the applicable validation requirements of ACI 550.6-19,

the measured maximum lateral strength—to—calculated

probable strength ratio Mmax/Mpr ranged from 0.90 to 1.09,

within the acceptable range of 0.90 through 1.20 speci-

fied by ACI 550.6-19.
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Notation

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

A = gross area of wall cross section

A = total required area of longitudinal tie reinforcement
to transfer tension force in A,

A = total required area of transverse tie reinforcement to
transfer tension force in A |

A = total required area of vertical tie reinforcement to
transfer tension force in A |

c = neutral axis length (length from extreme concrete
compression edge to location of neutral axis)

C = clear vertical cover to U bars

d,. = inner diameter of connection duct

d,, = diameter of energy-dissipation bar

d, = diameter of U bar

D = distance between center of energy-dissipation bar

and center of vertical leg of U bar

E, = modulus of elasticity of reinforcing bar

I = stress of concrete

S = compression strength of unconfined concrete
1 = compression strength of confined concrete



/. = stress of reinforcing bar

£ = stress of reinforcing bar at layer 1

f, = stress of reinforcing bar at layer 2

/s = stress of reinforcing bar at layer 3

£ = stress of reinforcing bar at layer 4

fis = stress of reinforcing bar at layer 5

fis = stress of reinforcing bar at layer 6

Siwops = stress from nonlinear monotonic stress-strain relation-
ship of energy-dissipation bar at 0.06 in./in. strain

. = ultimate (peak) strength of vertical tie bar

1, = yield strength of reinforcing bar

fv) . = yield strength of energy-dissipation bar

Lo = yield strength of longitudinal tie bar

- = yield strength of vertical tie bar

= height of strut-and-tie model work point measured
from center of transverse tie (horizontal leg of U
bar) projected onto energy-dissipation bar

wp

K = longitudinal tie reinforcement area multiplier

4 = prescribed minimum grouted bond length exten-
sion (beyond strut-and-tie model work point) of 9
times bar diameter for no. 7, 8, and 9 (22M, 25M,
and 29M) energy-dissipating bars and 12 times bar
diameter for no. 10 and 11 (32M and 36M) bars

L, = development length of reinforcing bar

L., = length of energy-dissipation bar inside connection
duct

L, = required length of vertical legs of U bars

= wall base moment

= maximum (peak) measured axial-flexural (base
moment) strength

max

= maximum (peak) axial-flexural (base moment)
strength estimated by nonlinear numerical model

mm

= nominal axial-flexural (base moment) strength

= probable axial-flexural (base moment) strength

NSE = Nash-Sutcliffe efficiency

NSE ~ =modified Nash-Sutcliffe efficiency

R = ratio between ultimate (peak) strength of vertical tie
reinforcing steel and yield strength of longitudinal
tie reinforcing steel

S = vertical distance between center of transverse tie
bar (horizontal leg of U bar) and centroid of longi-
tudinal tie reinforcement

= wall base shear force

X = horizontal distance between center of energy-dissi-
pation reinforcing bar and center of vertical tie bar
(vertical leg of U bar) in wall length direction

X = horizontal distance between center of energy-dis-
sipation reinforcing bar and center of vertical tie
bar (vertical leg of U bar) in wall length direction,
sample 1

X = horizontal distance between center of energy-dis-
sipation reinforcing bar and center of vertical tie
bar (vertical leg of U bar) in wall length direction,
sample 2

Y = horizontal distance between center of energy-dissi-
pation reinforcing bar and center of vertical tie bar
(vertical leg of U bar) in wall thickness direction

Y = horizontal distance between center of energy-dissi-
pation reinforcing bar and center of vertical tie bar
(vertical leg of U bar) in wall thickness direction,
sample 1

Y = horizontal distance between center of energy-dissi-
pation reinforcing bar and center of vertical tie bar
(vertical leg of U bar) in wall thickness direction,
sample 2

a = factor relating stress of equivalent uniform confined
concrete compression stress zone at Mpr to compres-
sion strength of confined concrete

B = factor relating length of equivalent uniform con-
fined concrete compression stress zone to neutral

axis length at M,

B, = horizontal plane angle of strut-and-tie model (com-
plementary to f3)

B = horizontal plane angle of strut-and-tie model (com-
plementary to f3,), sample 1

B = horizontal plane angle of strut-and-tie model (com-
plementary to f3), sample 2
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B, = horizontal plane angle of strut-and-tie model (com-
plementary to f3,)

B, = factor relating length of equivalent uniform uncon-
fined concrete compression stress zone to neutral
axis length at M

£ = strain of concrete

P = ultimate strain of confined concrete

= maximum usable strain of confined concrete

cmax

£, = ultimate strain of unconfined concrete

£, = strain of reinforcing bar

£, = strain of reinforcing bar at layer 1

£, = strain of reinforcing bar at layer 2

£, = strain of reinforcing bar at layer 3

£, = strain of reinforcing bar at layer 4

£ = strain of reinforcing bar at layer 5

£ = strain of reinforcing bar at layer 6

g, = yield strain of reinforcing bar

0 = vertical plane angle of strut-and-tie model between
work point and transverse tie node

6’ = vertical plane angle of strut-and-tie model between
work point and longitudinal tie node

0/ = vertical plane angle of strut-and-tie model between
work point and longitudinal tie node, sample 1

0, = vertical plane angle of strut-and-tie model between

work point and longitudinal tie node, sample 2
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Abstract

This paper presents design, detailing, and analysis
recommendations for nonproprietary short-grouted
ductile energy-dissipation bar connections in special
seismic precast concrete shear walls. The performance
of the connections was experimentally validated based
on previous testing of six shear wall specimens in
accordance with ACI 550.6-19. Vertical, transverse,
and longitudinal tie reinforcing bars were designed
for the connections to transfer the energy-dissipation
bar forces into the precast concrete components. A
strut-and-tie model was developed and validated to
design the tie reinforcement and connection length

of the energy-dissipation bars to meet the specified
performance objectives. Simplified equations are pre-
sented in this paper for practicing engineers to design
precast concrete components that use these connec-
tions without going into the details of the strut-and-tie
model. Conventional closed-form section analysis
procedures to predict the nominal and probable
axial-flexural strengths of walls using short-grouted
energy-dissipation bar connections are presented and
validated against the measured behaviors of the tested
specimens. In addition, results from nonlinear fiber-el-

ement analyses are compared with the experimental
data to demonstrate that precast concrete walls with
short-grouted connections can be simulated numerical-
ly using techniques commonly adopted for reinforced
concrete shear walls. The connection design procedure
is demonstrated on numerical examples of realistic
wall cross sections covering a wide range of properties
in an accompanying article.

Keywords

Energy-dissipation bar, mechanical grouted connec-
tion, nominal and probable axial-flexural strength, rein-
forcing bar connector, special shear wall, strut-and-tie
design model, unbonding.
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