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ABSTRACT

Concrete-filled composite plate shear walls (C-PSW/CF) are an emerging structural system in building construction. The composite wall-to-
base connection is a critical component influencing system behavior and design. Different types of composite wall-to-base connections are
possible, but the noncontact lap splice connection between the dowel bars of the reinforced concrete (RC) base and the steel faceplates of
the composite walls is of interest due to its constructability and potential structural efficiency. This type of wall-to-base connection can gov-
ern the lateral resistance of the overall wall system, which may be acceptable for wind loading situations and, depending on ductility, may
also be acceptable for seismic loading conditions. This study presents the design and detailing of noncontact dowel bar lap splice connec-
tions for composite walls-to-RC foundations or walls. Design parameters include embedment length and arrangement of dowel bars within
the composite wall cross section and the interfacial shear strength provided using ties or a combination of ties and stud anchors (shear
studs) to transfer forces from the dowel bar to the steel faceplates. Previous recommendations for these parameters, provided in the litera-
ture, are used and verified experimentally. Three large-scale specimens with different connection details are designed, constructed, and
tested to failure. The experimental results are evaluated, and design recommendations are proposed along with methods to calculate the
flexural stiffness and flexural strength of the composite wall-to-base connections.

Keywords: composite plate shear walls/concrete-filled, SpeedCore system, experimental study, seismic and wind design, lap splice,

connections, composite walls, wall-to-foundation connection.

INTRODUCTION

oncrete-filled composite plate shear walls (C-PSW/

CF) effectively combine the advantages of steel con-
struction with concrete materials to result in a composite
wall system that has excellent structural performance and
efficient constructability. These composite plate shear walls
have been used in the construction of nuclear power plants
(e.g., AP 1000°) and energy related structures, where they
are referred as steel-plate composite (SC) structures and
designed in accordance with the ANSI/AISC N690, Spec-
ification for Safety-Related Steel Structures for Nuclear
Facilities (AISC, 2024), hereafter referred to as AISC
N690-24, and AISC Design Guide 32, Modular Steel-Plate
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Composite Walls for Safety-Related Nuclear Facilities
(Bhardwaj and Varma, 2017).

The use of composite plate shear walls has gained more
acceptance in the commercial building construction indus-
try over the past few years due to the advantages of mod-
ularization and resulting improvements in construction
schedule. For example, the construction of Rainier Square
Tower (Traut-Todaro, 2019) using C-PSW/CF core walls
reduced the construction time by approximately 40% viz-a-
viz traditional reinforced concrete (RC) core walls and
demonstrated these benefits. The construction of 200 Park
Avenue using C-PSW/CF core walls saved 3 months on the
overall construction schedule and reduced costs (Klemen-
cic et al., 2023). The system was conferred the name
“SpeedCore” by the American Institute of Steel Construc-
tion (AISC) in recognition of these advantages.

For example, a planar C-PSW/CF comprised of web
and flange steel plates, forming a box section enclosing
the concrete infill, is shown in Figure 1. Complete-joint-
penetration (CJP) groove welds are typically used to con-
nect the flange plates to the web plates. Regularly spaced
tie bars are used to connect the web plates. They ensure sta-
bility of the empty steel modules during the transportation
and erection phases. These tie bars can either be welded
to the web plates, or threaded rods can also be used. Steel
headed stud anchors (also referred to as shear studs) can be
used to supplement or partially replace tie bars, offering
similar composite action between steel and concrete. These
shear studs can be welded to the inner surface of web plates
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(Bhardwaj et al., 2017). In C-PSW/CEF, steel plates provide
the primary resistance to tensile and shear stresses, whereas
the concrete infill contributed to resisting compressive and
shear stresses while acting composite with the steel. Acting
together through composite action, both steel and concrete
enhance the flexural and shear stiffness of the system.

A C-PSWI/CF system could either be coupled or uncou-
pled. ASCE 7-16 (2016) included uncoupled C-PSW/CF
as a seismic force-resisting system, and the correspond-
ing design provisions were first laid out in the 2016 ANSI/
AISC Seismic Provisions for Structural Steel Buildings
(AISC, 2016) and further enhanced in the 2022 version of
the AISC Seismic Provisions for Structural Steel Buildings
(AISC, 2022a), hereafter referred to as the AISC Seismic
Provisions, and in the 2022 version of the AISC Specifica-
tion for Structural Steel Buildings (AISC, 2022b), hereaf-
ter referred to as the AISC Specification, based on recent
research (Agrawal et al., 2020; Broberg et al., 2023).

In design situations with high base shear and overturn-
ing moments (e.g., taller buildings), it is beneficial to con-
nect the individual (or uncoupled) C-PSW/CF to each other
using coupling beams, resulting in coupled C-PSW/CF sys-
tem. ASCE 7-22 (2022) incorporated seismic modification
factors for coupled C-PSW/CF, and the design and detail-
ing requirements were included in the 2022 AISC Seismic
Provisions and in the 2022 AISC Specification based on
recent research (Broberg et al., 2022; Kizilarslan et al.,
2021; Ahmad et al., 2024).

Web Plate

PRIOR INVESTIGATIONS

The response of C-PSW/CF under wind and seismic load-
ing has been studied extensively. Design recommendations
based on experimental and numerical studies (Shafaei et al.,
2022,2023) have been outlined and incorporated into AISC
Design Guide 38, SpeedCore Systems for Steel Structures
(Varma et al., 2023).

The lateral forces resisted by these walls and the corre-
sponding base shear and overturning moment need to be
transferred to the base, making this connection a critical
aspect in their commercial applications. C-PSW/CF may be
connected directly to the RC foundation or through an RC
wall. The C-PSW/CF-RC wall connection may be favored
for certain projects due to lower costs of construction and
other design preferences. In both cases, the embedded
dowel bar technique, commonly referred as a noncontact
lap splice connection, can be effective in establishing the
connection between the C-PSW/CF and the RC base, with
or without an RC wall. In this type of connection, the forces
from the C-PSW/CEF steel plates are transferred to the dow-
els through the formation of compression struts in the
concrete infill. For example, Figure 2 illustrates the force
transfer from C-PSW/CF flange plate to an adjacent dowel
bar. The tensile stresses in the dowels are transferred to
the surrounding concrete through the concrete-dowel rebar
bond.

Seo and Varma (2017) conducted experimental and
numerical investigations on the behavior of SC-to-RC

Flange Shear Stud

Infill Concrete

‘Web Shear Stud

Tie bar

Flange Plate

Fig. 1. Typical details of planar (uncoupled) C-PSW/CF.
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noncontact lap splice connections and developed recom-
mendations for their design and detailing. These included
(1) using continuous tie bars in the SC walls to prevent
splitting failure, (2) providing adequate embedment/devel-
opment length for the dowel bars in both the C-PSW/CF
and RC base, (3) providing sufficient shear studs/tie bars
for interfacial shear transfer, and (4) placing the dowel at
a minimum distance from the steel faceplates for complete
formation of compression struts. Seo et al. (2021) corrobo-
rated and expanded these recommendations by conducting
further experiments. They suggested using a maximum dis-
tance between steel faceplates and dowel rebar for ductile
failure.

Cyclic tests on SC wall-to-RC foundation lap splice con-
nections were conducted by Wang et al. (2020) to evalu-
ate their seismic performance. The connections exhibited
highly ductile behavior and failed in a flexure-dominated
mode, marked by tensile yielding of the dowels. Kurt et al.
(2022) investigated the behavior of lap splice connections
under cyclic lateral load. The development length of dow-
els in the connection was in accordance with ACI 318-19
(2019), and they were expected to reach their yield strength.
The connections exhibited highly ductile behavior with
failure occurring due to crushing of concrete in compres-
sion followed by tensile rupture of the dowels. Both these
studies demonstrate that the noncontact lap splice tech-
nique is an effective way of connecting C-PSW/CF to the
RC foundation. Moreover, unlike these studies where infill
concrete spalling led to lower connection capacity, the pres-
ence of flange plates required in C-PSW/CF as per the
AISC Specification will constrain the concrete from spall-
ing, thus providing additional confinement of the dowels.
Consequently, the dowels are expected to achieve their ulti-
mate tensile strength, thus enhancing the overall ductility
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of the connection. Additionally, evaluating the performance
of these connections for wind loading histories can pro-
vide valuable insights while designing for wind-governed
designs.

This paper presents the design and detailing of noncon-
tact lap splice connections for C-PSW/CF for wind and seis-
mic applications. Three full-scale specimens—including
two specimens connecting C-PSW/CF to the RC foundation
and one connecting C-PSW/CF to the RC wall with differ-
ent connection details—are designed and experimentally
evaluated. Design recommendations for prescriptive design
of noncontact lap splice connections for C-PSW/CF are pro-
vided for engineers. In addition, methods to calculate the
flexural stiffness and flexural capacities of the connections
are proposed.

DESIGN OF NONCONTACT
LAP SPLICE CONNECTIONS

Wind and seismic events impose large force demands on
noncontact splice connections. The tensile stresses from
steel plates of C-PSW/CF must be transferred to the dowels
continuing into the RC base. To ensure adequate strength,
ductility, and energy dissipation during such events, the
design of these connections should favor limit states like
yielding of the dowel bar or C-PSW/CF steel plates while
avoiding premature failure in the stud anchors, dowel bar
pullout, or concrete infill splitting.

The overall system consists of (1) the C-PSW/CF wall;
(2) the RC base—that is, wall and/or foundation; and (3) the
noncontact lap splice connection region between the wall
and the base. This section discusses the design and detail-
ing recommendations available in literature for developing
ductile failure modes that consist of yielding in the dowel

Dowel

Rebar l F

Fig. 2. Load transfer mechanism in the noncontact lap splice connection.
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bars of the connection region. For further clarity, the RC
section in the connection region, which is confined by the
steel modules of C-PSW/CEF, is referred to as the “confined
RC section.”

Confined RC Section

AISC Seismic Provisions Section H7.7c specifies that the
C-PSW/CF-to-foundation connection should be detailed
such that the connection is able to transfer the base shear
force, axial force, and overturning moment corresponding
to 1.1 times the plastic flexural strength of the composite
wall. This is comparable to the full-strength design philos-
ophy specified in AISC N690-24, which requires the con-
nection to develop at least 125% of the nominal strength of
the weaker of the two connected components.

The noncontact lap splice connection can be designed to
develop the full strength of the composite wall. However, it
is typically designed and detailed to develop the full strength
of the confined RC section in the connection region, which
will be the weaker of the two connected components. This
is done to improve constructability by reducing rebar con-
gestion. This is also practical for wind-governed designs
where the connection must be designed only for the cal-
culated demands. This may also be practical for situations
where the steel plates of the C-PSW/CF are overdesigned
(in terms of plate thickness) to facilitate fabrication, han-
dling, etc., and/or to meet drift requirements if they govern
over strength requirements.

The contributions of the C-PSW/CF steel plates are not
considered while calculating the strength (e.g., axial, flex-
ural, etc.) of the confined RC section. Analytical methods
have been developed by the authors to calculate the flex-
ural and shear capacities of the confined RC section. These
methods have been adapted from existing design codes and
are presented later in this paper.

Design Recommendations

The recommendations provided by Seo and Varma (2017)
and Seo et al. (2021) were used to design and detail the
connection region. While the presence of steel flange plates
and tie bars in C-PSW/CF helps in inhibiting splitting fail-
ure, requirements concerning interfacial shear, dowel bar
development length, and appropriate placement of dowel
bars still need to be met.

Interfacial Shear Strength

The connection must be designed to have interfacial shear
strength greater than or equal to 1.25 times the nominal
yield strength of the dowel bars in the confined RC sec-
tion. The connection interfacial strength is the sum of the
nominal shear strength provided by tie bars and shear studs
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inside the dowel embedment region. Direct shear strength
equations provided in AISC Specification Section 18.3a, are
used for the shear studs, and those developed by Seo et al.
(2019) are adapted for the threaded tie rods. These equa-
tions are presented later in the paper.

Embedment/Development Length

Wall Portion

Adequate embedment length needs to be provided for the
dowels to develop their full tensile strength. Development
lengths for deformed bars can be calculated using ACI
318-19, Section 25.4.2.3 or 25.4.2.4. The shorter develop-
ment lengths calculated using ACI 318-19, Section 25.4.2.4,
account for the effects of confinement. For tension splice
lengths, ACI 318-19, Section 25.5.2, recommends using
a multiplication factor of 1.3. However, multiplying the
development lengths calculated using ACI 318-19, Sec-
tion 25.4.2.3 (which does not account for effects of confine-
ment), by 1.3 can lead to extremely conservative designs.
Therefore, the development lengths calculated using ACI
318-19, Section 25.4.2.4 (which includes the effects of con-
finement), multiplied by the factor of 1.3 are recommended
as the minimum embedment length for design and detailing.

RC Base Portion

The development length for hooked dowel bars in the RC
base can be calculated using ACI 318-19, Section 25.4.3.1.
These hooked dowel bars need to be provided with the min-
imum inside bend diameter and straight extension length in
accordance with ACI 318-19, Table 25.3.1. However, in most
practical cases, these bars are just extended to the bottom of
the RC base for convenience.

Dowel Location

To facilitate the development of concrete compression
struts between C-PSW/CF steel plates and the dowel bars,
the spacing between the dowels and the interior surface of
C-PSW/CF steel plates must be greater than the diameter of
the dowel. At the same time, the dowel in the exterior layers
must also be placed within the length of shear stud anchors
and those in the middle layers must be placed within the
length of the tie bars, as shown in Figure 3. These recom-
mendations follow those by Seo and Varma (2017) and Seo
et al. (2021).

EXPERIMENTAL PROGRAM AND RESULTS

Three specimens with noncontact lap splice connections
were tested under wind and seismic loading and their behav-
ior was evaluated. Two of these specimens (SP-1 and SP-2)



consisted of C-PSW/CF wall connected to RC foundation
directly, while one (SP-3) included an RC wall in-between.
Figure 3 shows these two types of connections evaluated in
this study.

As shown in Figure 3, the dowel bars form a noncon-
tact lap splice with the steel plates of C-PSW/CF and facili-
tate the transfer of tensile forces from C-PSW/CF to the RC
foundation. The connection region consists of an RC section
with rebar dowels embedded in the C-PSW/CF, previously
defined as the confined RC section. Adequate C-PSW/CF
wall and foundation embedment lengths, denoted as /; a1
and Iy pq, respectively, are provided for the dowels to
develop the full strength of the confined RC section. Shear
studs and tie bars are provided to ensure adequate inter-
facial strength in the connection. The tie bars also help in
preventing splitting failure in the connection. For the con-
nection having an RC wall, transverse shear reinforcement
is provided to prevent failure in the RC wall.

Test Matrix

All specimens had an identical C-PSW/CF wall with details
provided in Table 1. The C-PSW/CF had length, [, and
thickness, f,., of 37.5 in. and 10 in., respectively. ASTM
AS572/A572M Gr. 50 steel faceplates (ASTM, 2021), having
thickness, #,, of ¥ in., were used in the web whereas the
C-shape section, MC 10x8.4, was used as the flange sec-
tion. ASTM A193 B7 steel threaded tie bars and shear studs

(ASTM, 2023) having a diameter of 0.5 in. and spacing of
5 in. on center were provided in the web and flange plates.
Figure 4 provides the geometric details of the C-PSW/CF.

For SP-3, the RC wall had a length and thickness of
39.5 in. and 12 in., respectively. The height of the wall was
24 in., extending from the top of the RC foundation to the
C-PSW/CF base. It was transversely reinforced using #3
Gr. 60 ties. Several layers of transverse reinforcement were
provided to ensure sufficient shear strength, as shown in
Figure 4(f). Perimeter hoops with supplemental 135° cross
ties were also provided for further reinforcement. The var-
ious sublayers of the horizontal reinforcement are shown
later in Figure 6.

The connection consisted of dowel bars of different
diameters, dp,,, and nominal yield strengths, F, ;.. Their
details are presented in Table 2. SP-1 and SP-3 consisted of
#6 Gr. 60 dowel bars, whereas SP-2 had #8 Gr. 80 dowel
bars. These dowels had different embedment lengths in the
wall, Iy waii_provided» @8 shown in Table 2. For adequate inter-
facial strength, the dowel embedment region was reinforced
with additional shear studs welded to the C-PSW/CF web
plate.

The RC foundation block for the specimen was designed
to resist all loads originating during the test. SP-1 and SP-2
had identical foundation design, while SP-3 had a differ-
ent foundation design. Figure 5 shows the geometric details
and rebar layout for the foundations for all three specimens.

C-PSW/CF

_ Flange Shear
Stud

Nk

/

C-PSW/CF
1, Flange

/ d wall

Dowel Rebar

Confined RC section

La fa

\ R N \u/\ N
Al h ol
Shear Stud/ = | il La san
Tie-bar »
sl - o]
RC wall
Dowel Rebar

/’

RC Foundation

(a) Without RC wall

(b) With RC wall

Fig. 3. Schematics of the noncontact lap splice connections.
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Table 1. Details of Planar C-PSW/CF

General Web Flange
hy Iy tsc t, P Sstud dstud | Fu_stud M Stie diie F, y_tie % Ptie
(in) | (n) | Gn) | (n) | % (in) | (in) | ksi) | o (in) | (n) | ksi) | % MC
120 37.5 10 3/16 3.75 5 0.5 65 26.7 5 0.5 60 26.7 0.78 10x8.4
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Fig. 4. Specimen geometric details.

32/ ENGINEERING JOURNAL / FIRST QUARTER / 2026

(f) Section D-D




Table 2. Details of Dowels in Lap Splice Connections
Dowels
F, y_bar Id_wall |_provided dbar
Specimen (ksi) (in.) (in.)
SP-1 60 22 Y%
SP-2 80 55 1
SP-3 60 22 Y%

Design of Test Specimens

This section presents the design details of the test specimens.

C-PSW/CF Wall Portion

Several archetype structures, using coupled and uncoupled
C-PSW/CF systems for the primary lateral-force-resisting
system, were designed for wind and seismic loading gov-
erned designs (Shafaei et al., 2022). The planar C-PSW/CF

wall portions used in the cyclic experiments represented
the individual walls of these uncoupled or coupled C-PSW/
CF systems subjected to axial forces and lateral loading.
The specimens were not precisely scaled down models of
the individual planar C-PSW/CF walls of the archetype
building structures. Instead, relevant structural characteris-
tics were retained, such as (1) the steel reinforcement ratio
(p =21,/t,0), (2) the steel plate slenderness ratio (s/t,), (3) the
tie bars reinforcement ratio (p;;e = 2Ayi./s1ic), and (4) the tie

/-#6 Gr. 60 rebar /— Wwall /- #5 Gr. 60 rebar

t/
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Fig. 5. Foundation details.
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bar spacing to wall thickness ratio (s,ie/t,,). All ratios met
the applicable requirements of AISC Specification Sec-
tion I-1.5 and the AISC Seismic Provisions. The height-to-
length ratio of the wall specimens was close to 3.0 to ensure
flexure-dominant behavior. The authors have tested similar
C-PSW/CF wall specimens with other types of wall-to-base
connections that were designed to develop the full strength
(plastic flexural capacity) of the C-PSW/CF walls under
wind and seismic loading conditions (Shafaei et al., 2021,
2023).

RC Wall Portion (SP-3 Only)

The RC wall portion was designed using ACI 318-19,
Chapter 18, to resist seismic loads while providing ductile
inelastic response. For design, the height of the wall, h,,
was taken as 9 ft, which was the distance between the base
of the RC and the load application point during the cyclic
tests. The wall section was 39.5 in. long and 12 in. wide.
Consequently, the coefficient of concrete contribution to
wall shear strength, o, was taken as 2.0, per ACI 318-19,
Section 18.10.4.1.

Dowel bars served as the longitudinal reinforcement for
the RC wall. In addition, transverse reinforcement was pro-
vided for adequate shear strength. Figure 6 presents the
various layers of transverse reinforcements provided in the
RC wall. The reinforcement was provided in two orthogo-
nal directions as per ACI 318-19, Section 18.10.4.3. In addi-
tion to horizontal web reinforcement, perimeter hoops with
supplemental 135° cross ties and through web cross ties
were also provided. Here, #3 Gr. 60 steel was used for the
transverse reinforcement. The longitudinal and transverse
wall reinforcement ratios (p; and p,) were 0.022 and 0.007,

3'-07%"

87/8"

’«
F2

veditte

‘ 678"

(c) Cross ties

respectively, greater than the required value of 0.0025 as
per ACI 318-19, Section 18.10.2.1.

The nominal shear strength of the RC wall, V,,, was cal-
culated using the expression provided in ACI 318-19, Sec-
tion 18.10.4.1, subject to an upper limit (shear strength of
104/f/A.,, where f; is expressed in psi and A, is the area
of the concrete cross section). The nominal shear strength
of the RC wall was calculated as 289 kips, which is approx-
imately 73% of the upper limit. While designing, it was
ensured that the RC wall had adequate shear strength, V,,
to transfer the lateral force, H,, corresponding to the flex-
ural strength of the confined RC section in the connection
region, which was calculated as 142 kips (explained later).

Table 3 summarizes the geometric properties and design
strengths for the RC wall.

Noncontact Lap Splice Connection Region

The full-strength connection design philosophy and the
design recommendations discussed earlier were used to
design and detail the noncontact lap splice connections.
The applied loading subjects the connection region to axial
force, P, bending moment, M, and shear force, V. The P-M
combination results in tensile stresses (and forces) in the
dowel bars on the tension side of the neutral axis. Under
reversed cyclic loading, the dowel bars at both ends of the
section are subjected to large tensile stresses and strains.
The shear force, V, is resisted by either a direct shear mech-
anism or shear friction mechanism afforded by the dowel
bars closer to the center (neutral axis) of the cross section.
Thus, all the dowel bars in the connection region are sub-
jected to large tensile stresses. Consequently, the design and
detailing of dowel bars in the connection region focuses on
developing their tensile strength.

87/3"

‘ 678"

(b) Perimeter hoops

3-312"

10"

v

(d) All shear reinforcement (Section D-D in Figure 4)

Fig. 6. RC wall cross section.
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Table 3. Section Details and Calculations for the RC Wall
RC Wall Dimensions
hy, ft 9.0
Ly, in. 39.5
ty, in. 12.0
Design Parameters
hy/lw 2.83
O¢ 2.00
Wall Reinforcement
o) 0.022
Pt 0.007
Pmin_req 0.0025
Shear Strength
(ACI 318, gg’c!:if:18.1 0.4.1) 289
Vi
m 0.727
Hp, kips 142

The connections were designed to develop the full tensile
strength, N,, of the weaker of the connected parts—that is,
1.25 times the nominal yield strength of the dowels Ay, Fy_par
in the connection. The tensile forces in the dowels are trans-
ferred to the steel plates of the C-PSW/CF by interfacial
shear stresses produced by direct shear of the stud anchors
and tie bars (see Figure 2). The connections were detailed
such that the net interfacial strength, %Qn, calculated as

the sum of the direct shear strengths of the stud anchors
(¢Ruq) and tie bars (pR;;.) in the dowel embedment region,
exceeded the required tensile strength (&V,) to be transferred
through them. In the specimens, the direct shear strengths
of individual headed stud anchors and threaded rods were
calculated using Equation 1 from AISC Specification Sec-
tion 18.3a, and Equation 2 adapted from Seo et al. (2019),
respectively. In Equation 1, Ay, and F, g, denote the
gross cross-sectional area and nominal tensile strength of
the stud anchors, respectively. In Equation 2, A;;, and Fy,_,
denote the gross cross-sectional area and nominal yield
strength of the threaded rods, respectively. The 0.75 factor
accounts for the effects of threads on the cross-sectional
area, and 0.577 relates the tensile yield to shear yield stress.

¢R.vtud = (0-65)(1-0)AstudFu_xtud (1)
ORsie =(0.577)(0.75) Asie Fy, e )

Minimum spacing limits of the dowels were checked in
accordance with ACI 318-19, Section 25.2. The minimum
spacing of the dowels was taken as the greater of (1) 1 in.,

(2) the dowel bar diameter, or (3) 4/3 times the maximum
size of aggregate. For effective development of concrete
compression struts, the exterior layers of dowel bars were
included within the length of the stud anchors, and the mid-
dle layer was included within the length of the tie bars.

The development length for dowel bars in the wall was
calculated using ACI 318-19, Section 25.4.2.4, and then
multiplied with 1.3 in accordance with Section 25.5.2 to
calculate the required embedment length, /; ;. Hooked
dowel bars were used in the foundation with development
lengths also calculated using ACI 318-19. The calculated
and provided values for the development lengths are listed
in Table 4.

Test Setup and Loading Protocol

The test setup used for cyclic testing was similar to that
used by Shafaei et al. (2021, 2023). Lateral and axial loads
were applied to the top of the specimen after fixing them to
the strong floor using 1%-in.-diameter post-tensioning rods.
Axial force, corresponding to 10% of the axial compression
strength of the confined RC section, was applied at the top
of the specimen. The axial loading was applied using a 500
ton Enerpac ram, while three MTS-100-kip actuators with a
stroke length of 15 in. were used for lateral loading. Lateral
loading beams were bolted to the specimens to apply the
load. The axial loading was maintained constant while the
cyclic lateral loading was applied. The test setup is shown
in Figure 7.
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Table 4. Design Calculations for Noncontact Lap Splice Connections

Specimen SP-1 SP-2 SP-3
Required Connection Strength
1.25A0arFy bar, Kips 33 79 33
N,, kips 795 1885 795
Interfacial Shear Strength
0ORye (Using Eq. 1), kips 286 714 286
ORstug (using Eq. 2), kips 597 1493 597
2.Q. kips 883 2207 883
Development Length (Wall)
lg_wan (using ACI 318-19, 25.4.2.4)*, in. 20.9 53.6 20.9
lg wall_provided, 1. 22.0 55.0 22.0
Development Length (Base)
lg o (using ACI 318-19, 25.4.3.1), in. 8.50 17.4 8.50
ld tnd provideds iN. 31.5 31.5 31.5

* Already multiplied by a factor of 1.3

-

. AxialLoading . | |
- Hydraulic J: Jack. . .

-

Axlal Load Spreﬁder

Lateral Loadlng
e Beams

‘“h»"p‘;

Fig. 7. View of the test setup.
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Figure 8 presents the loading protocol for wind and seis-
mic loading previously developed and used by the authors
(Shafaei et al., 2021, 2023). The nominal flexural strength,
M,,, used in the protocol was calculated as the nominal flex-
ural strength of the confined RC section using the AISC
Specification Section I-1.2a plastic stress distribution
method. Nominal steel and concrete material properties
were used, and the effect of axial forces was considered.

The wind loading protocol is shown in Figure 8(a). The
wind loading cycles consisted of 500 force-controlled
elastic cycles each at 0.25 and 0.50M,, followed by 75
force-controlled elastic cycles at 0.75M,,. Inelastic wind
cycles were applied thereafter. The yield rotation (8, =A,/h)
used for these cycles was computed based on the lateral
stiffness reported in the first 0.75M,, elastic cycle. After the
inelastic wind cycles, the elastic cycles were repeated to
reevaluate the lateral stiffness of the specimen.

Seismic cycles in the inelastic range of behavior were
performed after the wind cycles. Three cycles were applied
at 20, and 36,, followed by two cycles at 40,, 56,, 60, and
so on. The cycles continued until (1) a significant drop in

10

the peak lateral loads, and base moments, was observed
or (2) fracture in the specimen occurred. Figure 8(b)
shows the seismic loading protocol used in experimental
investigations.

Summary of Experimental Results

The experimental behavior all three specimens is sum-
marized in this section. Despite differences in connection
detailing, variations in dowel size and layout, and the inclu-
sion of an RC wall between C-PSW/CF and RC founda-
tion, significant similarities were observed in the overall
cyclic response of SP-1, SP-2, and SP-3. Eventually, after
significant inelastic cycles and ductility, tensile rupture of
the dowels occurred in the confined RC section of SP-1 and
SP-2, and at the RC wall-RC base interface for SP-3. This
failure mode was expected as per the full-strength design
approach.

Figure 9(a)—(c) present the response of the three spec-
imens to wind and seismic loading. The applied moment
at the base of the connection and the corresponding lateral

10
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(b) Seismic test

Fig. 8. Cyclic lateral loading protocol.

ENGINEERING JOURNAL / FIRST QUARTER / 2026 / 37



drift are shown. The lateral drift (A/h) is calculated by
dividing the lateral displacement, A, at the lateral load
application point by 4, the distance between the load appli-
cation point and the connection base. Results for all 2,162
wind cycles and seismic cycles are shown. The figure also
includes horizontal dashed lines corresponding to 80% of
the experimentally observed maximum capacity.

All three specimens exhibited linear behavior during the
elastic wind cycles, and no major stiffness degradation was
observed. Yielding of the dowels in the outermost layer was
observed during the 0.75M,, elastic cycles across all spec-
imens, as corroborated by the strain gauge data. Minor
cracks in the RC wall were observed in SP-3 during the same
cycles. Inelastic cycles at 1.00, and 1.50, led to yielding in
additional dowels closer to the C-PSW/CF flanges. How-
ever, the specimens’ overall behavior remained predomi-
nantly linear. During these inelastic cycles, the C-PSW/CF
steel plates in SP-1 and SP-2 showed no signs of yielding,
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(c) SP-3

and the RC wall concrete in SP-3 remained intact. A loss in
flexural stiffness was observed in the second set of elastic
wind cycles, as expected.

The seismic cycles were based on the yield rotation of
the specimen, 0,, computed using the lateral stiffness
reported during the first of 0.75M,, elastic cycle. All speci-
mens behaved linearly during the three seismic cycles at
20,. However, during the cycles at 36,, minor excursions
into the nonlinear range were observed. Specifically, the
C-PSWICF flanges of SP-2 exhibited yielding. In the 40,
cycles, the C-PSW/CF flanges of SP-1 experienced yield-
ing, while SP-2 had a loss in stiffness due to local defor-
mations in the north C-PSW/CF flange, located between
the C-PSW/CF base and the first row of flange shear studs.
For SP-3, the behavior was marginally inelastic, and some
cracking in the RC wall was observed. The second cycle
at 50, resulted in a decrease in base moment and flexural
stiffness for SP-2 accompanied by local deformations in the
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(d) Average push and pull backbone curves

Fig. 9. Base moment-drift responses.
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Table 5. Measured Material Properties
Dowel Rebar Concrete
F, F, fem
Specimen (ksi) (ksi) (psi)
SP-1 66 108 7564
SP-2 91 118 7441
SP-3 69 108 8926

south C-PSW/CF flange. The south and north directions of
the specimens are indicated in Figure 7. SP-1 and SP-3 also
showed nonlinear behavior; however, no reduction in base
moment was observed.

In 606, cycles, five out of six outermost dowels of SP-2
underwent tensile rupture, causing an abrupt reduc-
tion in stiffness. In addition, the maximum base moment
decreased by more than 20%. An additional cycle at the
same amplitude led to tensile rupture of the remaining
dowel and a 40% reduction in the maximum base moment.
The test was stopped as a result. SP-1 and SP-3 remained
inelastic in these cycles and were subjected to two seismic
cycles at 70,. Excessive deformations in C-PSW/CF flanges
of SP-1 were observed in the first cycle, while tensile rup-
ture in one outermost dowel was observed during the sec-
ond cycle. Moreover, there was a notable decrease in the
maximum base moment during the second cycle. SP-3 also
exhibited a highly nonlinear base moment-drift response
with unchanged maximum base moments and loss in RC
wall concrete cover due to cracking. However, no rupture
in dowels occurred.

Both SP-1 and SP-3 were subjected to seismic cycles at
80,. In SP-1, a decrease in the maximum base moments
was seen along with tensile rupture in five outermost dow-
els throughout the two cycles. SP-3 was only subjected to
a single cycle at 80,, during which tensile rupture in six
outermost dowels occurred. The maximum base moments
in both push and pull directions reduced by more than 40%,
and the test was concluded.

Figure 9(d) shows the backbone of the base moment-drift
curves for the specimens. These backbone curves represent
the average of the push and pull responses for the speci-
mens. The initial behavior prior to concrete cracking is
consistent for all three specimens, and no significant dif-
ference in secant stiffness is observed. However, after con-
crete cracking, the response of SP-2 is stiffer compared to
SP-1 and SP-3 due to the presence of higher strength dowel
bars. Significant changes in the base moment-drift response
are observed during the seismic cycles, with losses in lat-
eral stiffnesses because of dowel yielding. The peak base
moment is highest for SP-2, due to higher strength rebar,
followed by SP-3, having a larger confined RC section, and

lowest for SP-1. All three specimens exhibited significant
ductility prior to failure, which occurred during the 80,
cycles for SP-1 and SP-3 and the 60, cycles for SP-2.

Failure in all three specimens occurred due to ten-
sile rupture in the dowel bars. These dowels were in the
peripheral (end) layers of the confined RC section. The
failure occurred at the base of the C-PSW/CF for SP-1 and
SP-2 and at the base of RC wall for SP-3. Following the
cyclic test, concrete surrounding the ruptured dowels was
removed from the specimens. Figure 10 shows the ruptured
dowels on the north and south side of the specimens, with
tensile failure clearly visible. The remaining dowels show
no signs of failure.

FIBER-BASED MODEL OF
CONFINED RC SECTION

A fiber-based model of the confined RC section in the non-
contact lap splice connection region was developed and
used to compute the moment curvature, M-¢, response.
This fiber-based approach extended the Euler-Bernoulli
beam bending theory, which assumes that plane sections
remain plane and perpendicular to the neutral axis before
and after bending. Additional assumptions included linear
distribution of longitudinal strains through the cross sec-
tion, full strain compatibility between the steel dowels and
the surrounding concrete, and negligible tensile stress con-
tribution from the concrete infill.

Axial loads acting on the section were considered while
obtaining the M-¢ relationship. The steel stress-strain
behavior was modeled with linear elastic behavior up to the
measured yield stress, F, followed by yield plateau, and
then power-law strain hardening up to the measured ulti-
mate stress, F,,. The concrete was modeled with stress-strain
behavior based on Tao et al. (2013) up to the measured con-
crete strength, fi7,, and plastic (no degradation in strength)
behavior thereafter to account for the confinement from
C-PSWI/CF steel plates. The calculated M-¢ relationship
was used to evaluate the flexural stiffness and strength of
the connection region, as discussed later. Table 5 includes
the measured material properties used in the fiber analysis.
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Fig. 10. Ruptured dowel bars on the north and south sides of the wall specimens.
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These included the yield and tensile strengths of the dowel
bars and the concrete compressive strengths.

FLEXURAL STIFFNESS

The flexural stiffness of the noncontact lap splice connec-
tion region can influence serviceability design (e.g., drift
requirements). In this section, the flexural stiffness of the
wall specimen, including the connection region, is estimated
using experimental results and used to evaluate assump-
tions regarding the stiffness of the connection region. The
experimental flexural stiffness, El,,,, is calculated using
the secant stiffness from the lateral force-displacement,
H-A, response of the wall specimen during the 0.50M,, wind
cycles because they are most representative of serviceabil-
ity (story drift during wind cycles) performance. The speci-
men is assumed to be a fixed-base cantilever, and the entire
specimen height is assumed to have the same effective stiff-
ness, El,,,, that can then be calculated using Equation 3.
In this equation, & is the height of the wall between the fix
base and lateral load location, and (FH/A)g sou, is the secant
stiffness. Table 5 reports the experimental flexural stiffness
values, EI,,,, for Specimens SP-1, SP-2, and SP-3.

"""" Elc pswicr

.......

EICO::

(a) SP-1 and SP-2

m(H
EIexp = (_) (3)
3 VA Josom,
EIC—PSW/CF = Esls +O.35ECIC (4)
EIRC_wall = 0-35Eclg ®)

Assumptions regarding the flexural stiffness of the con-
nection region, EI.,,, were then evaluated using elastic mod-
els of the specimens shown schematically in Figure 11. The
composite wall portions were modeled using the flexural
stiffness recommendation from AISC Specification Section
I1.5(e) as shown in Equation 4. In this equation, Elc_psw/cr
is the flexural stiffness of the composite wall portion; Ej
and E, are the elastic modulus of steel and concrete, respec-
tively; and /; and I, are the moments of inertia of the steel
module and concrete infill of the composite cross section,
respectively. The RC wall portion of Specimen SP-3 was
modeled using flexural stiffness recommendations from
ACI 318-19, Table 6.6.3.1.1(a), as shown in Equation 5. In
this equation, Elgc .4y is the flexural stiffness of the rein-
forced concrete wall portion of SP-3, E. is the elastic modu-
lus of concrete, and I, is the moment of inertia of the gross
concrete section.

.......
.......

....... Elcpswicr

.......

EI('au

EI RC _wall

(b) SP-3

Fig. 11. Spring model system schematic.
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Table 6. Flexural Stiffness Comparison (Experimental-to-Calculated)
Specimen Flexural Stiffness Stiffness Ratios (Experimental-to-Calculated)
Eloyy Elcon = 0.35Eclg Elcon = Esls + 0.35E/ Elcon using M-¢
x 106 (Kip-in.?) Eloxp/Eletr. Eloxp/Eletri Elesp/Eletti
SP-1 142 1.48 0.95 1.00
SP-2 128 1.73 1.16 0.91
SP-3 162 1.33 1.22 1.18

The connection region of the wall specimen was modeled
considering three options for El.,,: (i) assuming that the
connection region can be modeled with the same flexural
stiffness as an RC wall (E1,, = 0.35El,), (ii) assuming that
the connection region can be modeled with the same flex-
ural stiffness as the composite wall (El.,, = E I+ 0.35E.I .,
and (iii) assuming that the connection region flexural stiff-
ness can be represented with the M-¢ relationship obtained
from fiber analysis of the confined RC section.

An elastic model of the specimen length with a fixed
base was developed using different stiffnesses for differ-
ent portions as explained above and shown schematically in
Figure 11. This model was analyzed for the applied lateral
loading, H, corresponding to the 0.50M,, cycles, and the lat-
eral deflection, A, was calculated by integrating curvatures
corresponding to the moments and section flexural stiff-
ness along the height as per Lai et al. (2016). The calcu-
lated lateral deflection was used to estimate the effective (or
smeared) wall stiffness using the right side of Equation 3.
The estimated wall stiffnesses are referred to as Elyy,
Elyy.;i, and Ely.;, respectively, corresponding to the use
of assumptions (i), (i), and (iii) for the connection region
stiffness.

Table 6 includes comparisons of the experimental stiff-
ness, El,,, with the stiffness calculated using assumptions
(1), (i1), and (iii) for the connection region. As shown by the
ratios in the table, using assumption (i) significantly under-
estimates (ratios ranging from 1.33—1.73) the flexural stiff-
ness of the walls with connection regions. Using assumption
(ii) reasonably estimates the flexural stiffness (ratios rang-
ing from 0.95-1.22) of walls with connection regions. Using
assumption (iii) also reasonably estimates (ratios ranging
from 0.91-1.18) the flexural stiffness of walls SP-1, SP-2,
and SP-3. Due to its simplicity, assumption (ii), which mod-
els the noncontact lap splice connection region with the
same flexural stiffness (El,,, = EI; + 0.35E_1,) as the com-
posite wall is recommended.

FLEXURAL STRENGTH

The flexural strength of the confined RC section in the con-
nection region was calculated using analytical approaches
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based on ACI 318-19 code recommendations, the 2022
AISC Specification, and the fiber-based analysis of the
cross section as mentioned earlier. These approaches inher-
ently assume that the connection is designed and detailed
appropriately with (1) sufficient interfacial shear strength,
(2) adequate embedment (development) length for the dow-
els, and (3) appropriate placement of the dowels for a ductile
failure mode. All the approaches accounted for the effects
of axial force on the flexural strength and used the mea-
sured material properties for steel and concrete (reported in
Table 5) in the calculations.

The ACI 318-19 approach used recommendations from
Section 22.2 to compute the flexural strength. These
included an extreme concrete compression fiber strain
of 0.003, rectangular concrete stress distribution in com-
pression, zero concrete stress contribution in tension,
and elastic-perfectly plastic behavior for the dowels. Fig-
ure 12(a) illustrates a characteristic stress distribution in the
confined RC section per ACI 318-19. In this figure, x; is the
distance from the rebar to the extreme compression fiber,
and a is the depth of the rectangular (Whitney) stress block.
The rebar stresses, F;, increase linearly (in compression and
tension) from the neutral axis but are limited to the maxi-
mum yield stress of F).

The AISC Specification approach used the plastic stress
distribution method from Specification Section I1.2a to
compute the flexural strength. Figure 12(b) illustrates the
assumed plastic stress distribution. In this figure, a is the
depth of the plastic neutral axis. The concrete in compres-
sion was assumed to reach 0.85f,, and its stress contribu-
tion in tension was neglected. All dowels were assumed to
reach their yield strength of Fy in tension and in compres-
sion. Because the experiments eventually failed with tensile
rupture of the dowels, the AISC Specification Section 11.2a
approach was modified to assume that all dowels reach
their ultimate tensile strength, F,, and the flexural strength
was calculated again.

Table 7 includes the experimental flexural strength, M.,
from the tests. It also includes ratios of the experimental-to-
calculated flexural strength using the approaches mentioned
previously. As shown, using the ACI 318-19 method results
in experimental-to-calculated strength ratios that are very



Table 7. Flexural Strength Comparisons (Experimental-to-Calculated)

Experimental
Flexural Strength

Connection Flexural Strength Ratios
(Experimental-to-Calculated)

AISC AISC
Meyxp Specification Specification
Specimen (kip-ft) ACI 318-19 (using Fy) (using F,) M-¢
SP-1 1539 1.52 1.35 1.00 1.04
SP-2 2538 1.49 1.23 1.01 1.01
SP-3 1949 1.54 1.33 1.038 1.09

conservative (ratios ranging from 1.49-1.54). Using the
AISC Specification method with yield stress, Fy, for the dow-
els also results in conservative experimental-to-calculated
strength ratios (ranging from 1.23-1.35). However, using
the AISC Specification method with ultimate stress, F,, for
the dowels results in accurate experimental-to-calculated
strength ratios (ranging from 1.00-1.03). Similarly, using
the fiber-based method also results in experimental-to-
calculated strength ratios that are quite reasonable (ranging
from 1.01-1.09).

Thus, the ACI 318-19 and AISC Specification (with Fy)
approaches can be used to conservatively estimate the flex-
ural strength of the confined RC section, and thus the con-
nection region. Both these methods provide a lower-bound
estimate of the flexural strength, but the ACI method is
more conservative because it does not assume full plas-
tification of the cross section. We recommend using the
AISC Specification (with Fy) approach to estimate the flex-
ural strength for design. The AISC Specification modified
approach (using F,, instead of F,) can be used to estimate the
expected flexural strength of the confined RC section and

)

Mﬂﬂ.@.f;l

(a) ACI 318 approach

thus the connection region. Similarly, the fiber-based analy-
sis of the confined RC section can also be used to estimate
the expected flexural strength.

SHEAR STRENGTH

The connection region is also designed with adequate shear
strength to resist the corresponding (shear) demands asso-
ciated with lateral loading on the C-PSW/CF wall. These
shear demands are also resisted by the dowels located closer
to the center (or neutral axis) of the confined RC section.
The dowels resist the shear demands in direct shear, which
is indicated by their deformed shapes at the end of testing
and observed after removal of concrete (Varma et al., 2024).

For a lap splice connection with dowels having a gross
cross-sectional area of A, and nominal yield strength of
Fy par, the shear strength can be calculated as the direct
shear strength (0.6Ap,,F,_par) of approximately 80% of the
rebar in the connection, resulting in an estimated shear
strength of 0.5Ap4,Fy_par. The ratio of the maximum lat-
eral load (or base shear) from the experiment, H,,,, and the

(b) AISC Specification plastic distribution approach

Fig. 12. Analytical approaches for flexural strength calculation.
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Table 8. Shear Demand to Estimated Strength Ratios
Maximum Lateral Load Shear Strength Ratios
(kips) (Experimental-to-Calculated)
Specimen Hexp Hexp/0.5AparFy
SP-1 171 0.49
SP-2 282 0.33
SP-3 217 0.60

calculated expected shear strength, 0.54,,,F), for the tested
specimens is provided in Table 8. As shown, the shear
demand was just a fraction of the calculated shear strength
with experimental-to-calculated strength ratios ranging
from 0.33 to 0.60. This agrees with experimental results
where no shear failure or cracking was observed.

The ratios of H,,, with respect to the upper limit of shear
strength for reinforced concrete walls from ACI 318-19,
Section 18.10.4.1 (mentioned earlier), were equal to 0.53,
0.87, and 0.49 for Specimens SP-1, SP-2, and SP-3, respec-
tively. These ratios were calculated using measured mate-
rial strengths and are provided for informational purposes
and do not have any direct implication on the design of the
confined RC section in the connection region.

CONCLUSIONS

This paper provides information on the design and detailing
of noncontact lap splice connections for C-PSW/CF to RC
base. These connections may be used to directly connect the
C-PSWI/CF to the RC foundation, or to an intermediate RC
wall. They were designed to develop the full strength of the
weaker of the connected parts, which is typically associated
with 1.25 times the nominal yield strength of the dowels
in the connection. Accordingly, previous design consider-
ations proposed for noncontact lap splice connections for
SC walls were applied here for C-PSW/CF-RC base con-
nections. These primarily included (1) dowel development
length, (2) interfacial shear strength, and (3) dowel layout.
Experimental investigations were conducted on large-
scale C-PSW/CF-to-RC base specimens, and their response
under wind and seismic loading was evaluated. Experi-
mental results indicated that appropriately designed and
detailed connections have excellent performance (stiffness,
strength, and ductility), which are primarily governed by
the behavior of the “confined RC section” in the connection
region. Methods to estimate the flexural stiffness and flex-
ural strength of the confined RC were evaluated. The fol-
lowing conclusions are drawn from the investigations:

1. The design recommendations offered by Seo and Varma
(2017) and Seo et al. (2021) are effective and could be
applied to detail C-PSW/CF-to-RC base connections.
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Specimens that were designed and detailed using these
recommendations developed the full strength of confined
RC section in the connection region as intended for
ductile failure modes.

. The specimens were able to resist wind cycles without

any significant loss in lateral stiffness or yielding in the
C-PSWI/CF steel plates. However, minor yielding in the
dowels was observed during the 0.75M,, cycles. In the
seismic cycles, a reduction in the lateral stiffness of the
specimens was apparent after excursions into the inelastic
range of the behavior.

. The seismic response of the specimens was very ductile,

with SP-1, SP-2, and SP-3 failing during 89,, 60,, and
80, cycles, respectively, due to tensile rupture of multiple
dowel bars. This can be attributed to the confinement
provided by the steel plates of the C-PSW/CF to the
concrete infill, inhibiting concrete spalling and delaying
the buckling of the dowel.

. Modeling the connection region with the same flexural

stiffness as an RC wall (El.,, = 0.35E.l,) significantly
underestimates the stiffness of walls with connection
regions. Modeling the connection region with the
same flexural stiffness as the composite wall (El,,, =
0.35E.I. + E(ly) adequately represents the stiffness of
walls with connection regions.

. Modeling the connection region using the moment-

curvature relationship (M-¢) obtained from fiber analysis
of the confined RC section also adequately represents
the stiffness of walls with connection regions. However,
due to its simplicity, modeling the connection regions
with the same flexural stiffness as the composite wall is
recommended.

. The design flexural strength of the confined RC section

in the connection region can be calculated conservatively
using the AISC Specification Section I1.2a plastic stress
distribution method. Calculating this flexural strength
using ACI 318-19 code recommendations can be too
conservative.

. The expected flexural strength of the confined RC section

in the connection region can be calculated accurately by



modifying the AISC Specification Section I1.2a plastic
stress distribution method to use the ultimate or tensile
stress, F,, for the dowels instead of the yield stress, F).
This expected flexural strength can also be estimated
with reasonable accuracy using the fiber-based section
moment-curvature (M-¢) analysis method.

8. Overall, noncontact lap splice connections are an
effective method to connect C-PSW/CF walls to RC
bases. They can be detailed and designed appropriately
to achieve the full strength of the confined RC section
in the connection region resulting in excellent stiffness,
strength, and ductility of the composite wall system.
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SYMBOLS

The following symbols are used in this paper:

Apar Gross cross-sectional area of dowel bars in the
connection

Ay Cross-sectional area of concrete in confined
RC section

Ao Area of tie bar

A Area of tie bar

E. Modulus of elasticity of concrete

El, Experimental flexural stiffness

ElL.,, Flexural stiffness of the connection region

Elc pswicr  Flexural stiffness of the C-PSW/CF portion

Elgc wan Flexural stiffness of the RC wall portion

E; Modulus of elasticity of steel

F, Measured dowel bar yield strength

Fy par Dowel bar nominal yield strength

Fy e Tie bar/threaded rod nominal yield strength

F, Measured dowel bar ultimate strength

Fy stud Stud anchor (shear stud) nominal ultimate
strength

H Lateral load applied at level of loading
actuators

H exp

b

o~

dbar

dsua
dsie
fe
fem

hH/

la_fna

ldﬁdjravided

l d_wall

ldeall _provided

Lateral force corresponding to the nominal
flexural strength of the confined RC section

Maximum experimental lateral load

Moment of inertia of C-PSW/CF infill concrete
core

Moment of inertia of RC wall section
Moment of inertia of C-PSW/CF steel section
Maximum experimental moment strength

Nominal flexural strength of the confined RC
section

Required tensile strength
Shear resistance of individual anchor/tie bar
Direct shear strength of the stud anchor

Direct shear strength of the tie bar/threaded
rods

Smallest distance between rows of tie bars or
shear studs

Diameter of dowel bar

Diameter of shear stud

Diameter of tie bar

Nominal concrete compression strength
Measured concrete compression strength

Distance between the load application point
and the connection base

Wall height
Dowel bar foundation development length

Provided dowel bar foundation development
length

Dowel bar wall development length
Provided dowel bar wall development length
C-PSW/CF wall length

Shear stud spacing

Tie bar spacing

C-PSW/CEF steel plate thickness

C-PSW/CF wall thickness

RC wall thickness

Coefficient of concrete contribution to wall
shear strength
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A Lateral displacement
A, Yield displacement

Steel reinforcement ratio
Py Longitudinal wall reinforcement ratio
P: Transverse wall reinforcement ratio
Prie Tie bar reinforcement ratio
0, Yield rotation
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