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ABSTRACT

In safety-related nuclear structures, steel-plate composite (SC) walls are often used in combination with reinforced concrete (RC) walls or
foundations. Appropriate connections are required to transfer force demands from the SC walls to the RC components without the connec-
tion failure that is often associated with brittle failure mode. This paper presents a design procedure developed for mechanical connections
between SC and RC walls. This procedure implements the full-strength connection design approach in ANSI/AISC N690-18, Specification
for Safety-Related Steel Structures for Nuclear Facilities (AISC, 2018), which requires connections to be stronger than the weaker of the
connected walls. This paper also presents the results from experimental and analytical investigations conducted to verify the structural
performance of the full-strength SC-to-RC connection. The focus of this paper (Part 1) is on the evaluation of the performance, strength,
and ductility of SC wall-to-RC wall mechanical connections subjected to out-of-plane flexure. The results include global force-displacement
responses, observations on concrete crack propagation, as well as applied force-strain responses of the connection region. The experimen-
tally observed and analytically predicted results verify the conservatism of the proposed design procedure.

Keywords: steel-plate composite, reinforced concrete, mechanical connection, full-strength connection design, out-of-plane moment,

LS-DYNA.

INTRODUCTION

Asteel—plate composite (SC) wall is typically comprised
of plain concrete reinforced with two steel faceplates,
as shown in Figure 1. The faceplates are attached to con-
crete using shear connectors and connected to each other
using tie bars. Shear connectors provide composite action,
whereas tie bars provide structural integrity and serve as
out-of-plane reinforcement. Significant experimental and
analytical research has been conducted around the world
on the behavior and design of SC walls over the last two
decades for various force demands including in-plane
shear (Ozaki et al., 2004; Lee et al., 2009; Song et al.,
2014; Bhardwaj et al., 2019), out-of-plane flexure and shear
(McKinley and Boswell, 2002; Foundoukos and Chapman,
2008; Hong et al., 2009; Leng et al., 2015; Sener et al.,
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2015), axial compression (Takeuchi et al., 1998; Choi and
Han, 2009; Zhang et al., 2020), and impact loading (Bruhl
et al., 2015a; Kim et al., 2020). The results from some of
the aforementioned and other research programs have
been used to develop design specifications and aids such
as JEAC-4618 (JEAC, 2009), KEPIC-SNG (KEA, 2010),
AISC N690 (AISC, 2018), AISC Design Guide 32 (Bhard-
waj and Varma, 2017), and AISC 341-16 (AISC, 2016).

Previously conducted research has proven that SC walls
have superior structural performance over conventional
RC walls. In addition, the recent construction of SC walls
for nuclear power plants (AP1000® nuclear power plants
in China and Vogtle, Georgia) and a high-rise building
in Seattle (Rainier Square, utilizing composite steel-plate
shear wall systems) have proven that SC walls can reduce
the overall construction duration. For these reasons, SC
walls are continuously gaining interest from both (1) the
nuclear industry for the third generation of nuclear power
plants as well as small modular reactors (SMRs) and (2) the
building industry for the application to core wall of high-
rise structures.

Despite their advantages and potential as an alternative
to conventional reinforced concrete (RC) described ear-
lier, it is challenging to completely replace RC structures
with SC walls in an entire structure due to relatively higher
material and fabrication costs as well as the designer’s
personal preference to use RC walls for certain applica-
tions. Therefore, there is an inevitable need for providing
joints between SC walls and RC structural elements. SC
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wall-to-RC connections can be found when (1) SC walls are
connected to RC floor slabs, (2) SC walls are connected to
an RC basemat, and (3) SC walls are connected to RC walls.
Only the SC wall-to-RC wall connection is considered in
this study because the other two connections have already
been previously investigated both experimentally and ana-
lytically (Kurt, 2016; Seo and Varma, 2017c).

The design demands need to be transferred properly from
one structure to the other structure through the connection
region so that the maximum benefits of SC walls can be
achieved. Connecting SC and RC walls can be achieved
using noncontact lap splice or mechanical connections.
Multiple curtains of large reinforcement (in diameter) are
typically placed for RC walls subjected to higher design
demands. Connecting SC walls to RC walls using the
noncontact lap splicing for reinforcement bars larger than
1.4-in. diameter (#11) would require a significantly longer
development length, which may not be suitable for some
locations. To overcome this challenge, mechanical con-
nection of reinforcement bars greater than 1.4-in. diameter
(#11) can be considered as per ACI 349-06 (ACI, 2000).

Although ACI 349-06 (ACI, 2006) specifies the design
requirements for mechanical connection of reinforcement
bars in RC construction, it cannot be easily extended to SC
wall-to-RC wall mechanical connections due to complex
force transfer mechanisms associated with two different
structural systems and lack of detailed design requirements
in ANSI/AISC N690-18, Specification for Safety-Related
Steel Structures for Nuclear Facilities (AISC, 2018), here-
after referred to as AISC N690. For these reasons, a design
procedure for SC-RC mechanical connections was devel-
oped by the authors based on available and existing connec-
tion design philosophy and concepts. The procedure was
evaluated experimentally and analytically, and this paper
focuses on the experimental and analytical investigation
of the SC-RC mechanical connections subjected to out-of-
plane flexure. It presents (1) the development of the design

connector

Fig. 1. Typical SC wall configuration.
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procedure, (2) results and observations from both experi-
mental and analytical investigation, and (3) the validity of
the design procedure.

BACKGROUND

The typical SC wall connections to RC structures include
(1) SC wall-to-RC slab, (2) SC wall-to-RC foundation, and
(3) SC wall-to-RC wall. These SC wall connections can be
designed based on two different connection design philos-
ophies for SC wall connections permitted by AISC N690
(AISC, 2018), and they use both full-strength connection
design philosophy and overstrength connection design phi-
losophy. With the full-strength connection implemented,
the connection is strong enough to develop the full strength
(125%) of the weaker of the connected structural compo-
nents. It is often associated with forming plastic hinges
away from the connection region, dissipating energy dur-
ing design basis seismic events. Thus, the connection phi-
losophy is often recommended and preferred. On the other
hand, with the overstrength connection implemented, the
connection can be weaker than the connected structural
components, but its strength is designed to be greater than
or equal to 200% of the seismic demands and +100% of the
nonseismic demands in the load combination.

Seo and Varma (2017b, 2019) conducted experimental
and analytical investigations for SC wall-to-wall connec-
tions (T and L joints). The focus was on understanding the
behavior of SC wall joints and developing design recom-
mendations. The authors developed a connection design
method for SC wall-to-wall T and L joints by implementing
a full-strength connection design philosophy and recom-
mended a design equation for the strength of SC wall joints.
However, SC wall-to-RC structure connections can be dif-
ficult to design due to a complex force transfer mechanism
and the absence of specific design aids and specifications.

JEAC (2009) recommends three connection techniques
to transfer the forces from SC wall to RC foundation: non-
contact lap splicing between foundation dowel bars and SC
wall steel faceplates [technique (a)], steel faceplates of SC
wall embedded into the RC foundation using shear studs
[technique (b)], and steel faceplates and embedded foun-
dation dowel bars welded to the baseplate [technique (c)].
These three techniques are shown in Figure 2. Connection
techniques (a) and (c) were experimentally and analytically
investigated by Kurt (2016). A total of 10 tests were con-
ducted with aspect ratios (height/length of SC wall) from
0.60 to 1.00. The specimens were subjected to cyclic in-
plane loading, and the failure of the specimens occurred as
crushing of concrete and fracture of steel dowel bars. The
SC wall-to-RC foundation anchorage connection technique
(a) subjected to monotonic tension loading was investigated
by Seo and Varma (2017a). Three full-scale specimens were



designed based on a full-strength connection design phi-
losophy. The focus was on the influence of shear reinforce-
ment, dowel embedment length, and tie bar configuration
on the axial behavior and force transfer mechanism of the
SC-to-RC lap splice connection. Based on the results from
this study, the authors concluded that the ductile behavior of
the SC-to-RC lap splice connection can be led by develop-
ing concrete compressive struts within the connection
Researchers including Hwang et al. (2013), and Lee et al.
(2012) have discussed the behavior of the SC wall-to-RC
wall (L-joint) connection. For example, Hwang et al. car-
ried out an experimental and analytical study to evaluate
the strength, ductility, and failure mode of the noncontact
lap splice (L-joint) connection, shown in Figure 3. The L
joint exhibited ductile failure mode with yielding of vertical

reinforcement in the connection region governing the over-
all force-displacement behavior. Additionally, Lee et al.
carried out a similar experimental program and reported
flexural reinforcement pull out along with RC wall shear
failure.

DESIGN PROCEDURE

RC or SC walls in any structure are designed for seismic and
nonseismic load combinations resulting in design demands.
These design demands are transferred from one wall to the
other through the connection region. Although AISC N690
(AISC, 2018) recommends two connection design philoso-
phies (full-strength and overstrength), it does not provide
a detailed design approach and recommendations for SC
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Fig. 2. Connection techniques for SC wall-to-RC foundation (Seo and Varma, 2017a).
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Fig. 3. SC wall-to-RC wall noncontact lap splice (L-joint) connection (units: in.) (Hwang et al., 2013).
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wall-to-RC wall mechanical connections. In addition, there
are no SC wall-to-RC wall mechanical connections that
have been previously developed and tested. The authors
have developed a design procedure for SC wall-to-RC wall
mechanical connections based on the full-strength connec-
tion design philosophy.

When SC walls are implemented and connected to RC
walls, these design demands must be transferred to con-
nected structural components. Figure 4 illustrates four major
design force demands on an RC wall panel section near the
SC wall-to-RC wall connection, including axial tension (S,
S,), in-plane shear force (S,y, S,.), out-of-plane shear force
(Sxz» Sy2), and out-of-plane flexural or twisting terms (M,,
M,, M,,, M,,). In general, M,, and M,, are obtained from
finite element analysis and added to M, and M,, respec-
tively. In addition, Sy, S,, S, and M, are resisted by the RC
and SC walls independently; therefore, these terms are not
required to be transferred to the SC wall. Thus, only four
force terms (S}, Sy, Sy;, M,), shown in Figure 5, need to be
transferred from RC wall to SC wall. S, is the axial force
in the y-direction (I') and M, is the out-of-plane moment
(OOPM). S, and S, are the in-plane shear (IPV) and the
out-of-plane shear (OOPV), respectively.

Figure 6 presents a schematic view of a typical SC wall-
to-RC wall mechanical connection considered in this study.
As shown, reinforcement embedded in the RC wall is
extended and connected to the baseplate using mechanical

S
M,

Fig. 4. Forces on RC wall panel section.
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couplers. The baseplates are welded to the faceplates and
the wing plates to resist the force from the rebars. The steel
tie plates are placed and welded to the faceplates to pro-
vide the resistance against the tension force induced by the
moment generated from the eccentricity.

Figure 7 illustrates the axial force, 7, transfer through the
mechanical connection from the RC wall to the SC wall. As
shown, the rebar in the RC wall are extended and connected
to the baseplate that is welded to both the wing plate and
the faceplate of the mechanical connection. With the full-
strength connection design philosophy, the maximum axial
force that needs to be transferred to the SC wall is 125%
of the yield strength of the reinforcing bars (7} =T, = T5 =
T, = 1.25A,F, ). This maximum axial force is referred to
as the required axial tension strength, N,, and it is equally
distributed between the two faceplates. The required axial
tension strength, N,, in the rebars is transferred to the face-
plates and generates the moment due to the eccentricity.
The moment is resisted by concrete in compression and the
tie plate in tension that connects the two faceplates.

Figure 8 illustrates the out-of-plane moment (OOPM)
transfer mechanism from the RC wall to the SC wall. As
shown, the OOPM is transferred to the SC wall through
compression force in the concrete and tension force in
the steel rebar and the faceplates. The maximum OOPM
that needs to be transferred through the mechanical con-
nection is 125% of the flexural strength of the RC wall,

RC

Fig. 5. Four forces on RC wall
panel to be transferred to SC wall.
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MZEC. Thus, the required OOPM, M %", is 1.25M €. The
M,O OF also generates an eccentric moment, and it is resisted
by the SC wall infill concrete in compression near the base-
plate, and the tensile force in the tie plate that connects the
two faceplates.

For both the out-of-plane shear (OOPV) and the in-plane
shear (IPV), the shear friction is the main force transfer
mechanism, as shown in Figure 9. When the mechanical
splice connection is subjected to either of the two shear
forces, the shear transfer occurs across two planes via fric-
tion between the two concrete surfaces. The friction force is
a result of the clamping forces created by the rebar keeping
the two surfaces together. The maximum transferred shear
force between two concrete surfaces, V,,S F, is limited by the
lesser of 0.2 f/A,, 1600A,, or (480 + 0.08 /')A, according to
ACI 318-19, Section 22.9.4.4 (ACI, 2019), where A, is the
area of concrete resisting shear transfer.

In general, the out-of-plane shear strength of RC walls
is less than the shear friction force. Thus, the mechanical
splice connection will not fail prior to the shear failure of
the RC wall as long as the connection region can transfer
the shear friction force. For this reason, the mechanical
connection is designed based on the assumption that all
the rebars connected to the connection develop 125% of
their yield strength, which results in the moment due to the
eccentricity induced by the required axial tension strength,
N,. Similarly, the moment is resisted by concrete near the
baseplate and the tie plate that connects the two faceplates.

The design procedure developed in this study in underly-
ing sections assumes that (1) both RC and SC walls have

SC

ﬁ
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=
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been designed, (2) wall thickness of the RC wall is the same
as the wall thickness of the SC wall, and (3) width of the
baseplate is the same as the maximum width of the wing
plate. The procedure can be generalized in three steps:
(1) tie plate design, (2) baseplate design, and (3) wing plate
design.

Tie Plate (TP) Design

Designing the steel tie plate involves identifying the
required axial tension force for the tie plate, R, ;,. As shown
in Figures 7 and 8, the magnitude of R, , is influenced by
the distance of the tie plate with respect to the baseplate,
hyp, and the rebar distance, i3 and h4, with respect to the
section centerline (CL). From the free-body diagrams, R, ,
can be calculated by taking a moment at location O, as
given in Equation 1. In the equation, N, is the sum of 7}, 75,
Ts, and Ty. T, T», T3, and T, are the respective full strengths
of the steel rebar (1.25A, .F,,,). In addition, t,,,; is the wall
thickness, and ¢, is the faceplate thickness.

Nr Lyall tp)
2o | 2vall 22 | =(Tyhs + Tyh
I:Z ( P ) ( 313 4 4)

Ru,tp = h Q)]
i

Baseplate Design

The baseplate design can be performed using the yield line
method. The yield line method is based on the bending
moment of the structural element at its collapse state. The
unit baseplate is subjected to two concentrated forces, equal

rdin nils

Fig. 9. Out-of-plane shear and in-plane shear force transfer mechanism.
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to 125% of the yield strength of the steel rebar, 1.25A; ,.F) ,.
As shown in Figure 10, the three perimeters of the unit
baseplate reach their negative flexural strength, My, form-
ing yield lines /4, I5, and ls. Three additional yield lines,
l1, I, and I3, (as a result of positive flexural strength, M;f,,,
are formed inside the unit baseplate connecting the concen-
trated forces, P, the bottom center point, and the two top
corners, respectively. The spacing and thickness of the wing
plate are S, and ¢, ,,,, respectively. In addition, W,,, is the
width of the wing plate, S,; is the distance of the rebar to the
faceplate, and S,, is the center-to-center distance between
rebar. With the yield line analysis method, it is assumed
that the work done by external forces, XW,,,, in undergoing
a small deflection, A, is equal to the internal work, XW,,,,
done in rotations along yield lines, 0; and 0,; see Figure 11.
Equating Y>W,,; and >W,,, will result in the required flex-
ural strength of the baseplate, M, ;,, per unit length (1 in.).
The external and internal work, XW,,, and >W,,;, are given
in Equations 2 and 3, and the required flexural strength,
M, 1, is given in Equation 4.

Y Wey =2PA=2(1.25A, ,F,,)A ©)
My =M @

B 2(1.25A,,F,,)A
a 20,0, +12(9] +92)+l3(9] +92)+l491 +l<,61 +1592

where

Iy =Wy =811 = 1.5dpose

Sw —t wp . 1
hL=1 =\/(%) +(8)? _Edhole

Iy =lg =Wy
Is= Swp —Ipwp

A=1
The minimum baseplate thickness can be calculated by
equating M, ;,, and OM, ;, (i.e., oM, , = OF,Z) using
Equation 5.

b Sup ~
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C
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Fig. 10. Yield lines for unit baseplate.
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Fig. 11. Small deflection angles at section A-A and B-B.
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8(1.25A,,F, )
2[29] + lz (6] + 92 ) + l3 (6] + 92) + l46| + 1691 + 1562

Ip,bp,min =
OF, y:bp

®)

where

= (Lin))”
4

Wing Plate Design

In this design process, the thickness of the wing plate is
determined. Figure 12 illustrates a single wing plate that is
subjected to axial compression force from four reinforcing
bars located on both sides of the wing plate. As shown, the
geometry of the system, as well as the loading condition,
is similar to those of the triangular bracket seat in AISC
Companion to the AISC Steel Construction Manual, Vol-
ume 1: Design Examples (AISC, 2019). Thus, the design
process for the triangular bracket seat can be implemented
for the steel wing plate if the variables P, a, and b as shown
in Figure 12(b) are replaced with T} + T3, hy,, and Wy, as
shown in Figure 12(a), respectively. During the wing plate
design process, demands and available strengths at sections
A-A and B-B are calculated and compared.

EXPERIMENTAL INVESTIGATION

The design procedure developed for SC wall-to-RC wall
mechanical connections was verified experimentally. A
total of seven tests (four full scale and three small scale)
were conducted to evaluate the performance of the SC

(a) Wing plate

P

- e
T;I T,
| ﬁ a: hxp

b=W,,

wall-to-RC mechanical connections designed through the
procedure. They were subjected to monotonic OOPM and
OOPYV and cyclic in-plane shear (IPV). In this paper, only
two large specimens subjected to OOPM are discussed.
The results from the remaining five specimens subjected to
OOPYV and IPV will be published later.

Design of Test Matrix

The specimens were designed to depict a unit cell of a typi-
cal wall section in nuclear facilities. The typical configura-
tion of the test specimens is shown in Figure 13. As shown,
the specimens had a wall thickness, T,,,;, and width, w,,q,
of 36 in., with a span length, Iy, of 324 in. (9.0T,,,;). The
RC wall portion had flexural reinforcement placed in four
curtains, a pair along each edge, comprised of ASTM A706
(ASTM, 2016) Grade 60 #14 rebar at center-to-center spac-
ing, 51, of 9 in., with a longitudinal reinforcement ratio,
p1, of 0.027. Shear reinforcement was comprised of ASTM
A706 Grade 60 #4 double hoop stirrups at the same center-
to-center spacing of 9 in. along the length of the wall. The
SC wall portion of the test specimens consisted of ¥-in.-
thick, Grade 50 faceplates, resulting in a reinforcement
ratio, pp, of 0.04; 1-in.-diameter stud anchors at center-to-
center spacing, s,, of 9 in.; and ASTM A706 Grade 60 #8
tie bars welded with a partial-joint-penetration groove weld
to faceplates at a center-to-center spacing, s;, of 18 in. The
mechanical connection region was designed using the pro-
posed design procedure. The 27-in.-long connection region
was comprised of a 2-in.-thick (#,,) and 11-in.-wide base-
plate (wp,), 1-in.-thick wing plate (¢,,,), and a 1-in.-thick (¢,,)
and 1%-in.-wide tie plate (w;,). All steel plates within the
mechanical connection region were Grade 50.

(b) Bracket seat design
per AISC (2019)

Fig. 12. Design comparison.
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Table 1 presents geometric details of the test specimens.
The two specimens in Table 1 are essentially identical
specimens. They are only differentiated by their names as
well as longitudinal rebar-to-baseplate connection plans.
Figure 14 illustrates the two rebar-to-baseplate connection
plans considered in this study. The coupler plan shown in
Figure 14(a) utilizes a coupler that connects with the tapered
threaded #14 reinforcing bar at one end. The coupler is then
bolted to the baseplate using ASTM A449 (ASTM, 2020)
high-strength bolts. The bolt is stronger than the connected
reinforcing bar with a tensile strength, F,, of 90 ksi and
required no special tightening considerations. Similarly, the
double nut plan as shown in Figure 14(b) also utilizes the

360 in. (30 ft)

tapered threaded #14 reinforcing bar, which is connected to
the baseplate using the coupler and a threaded rod.

The steel components of the two specimens were made
from the same heat. The steel material properties were
measured by conducting uniaxial tension tests according to
ASTM E8 (ASTM, 2013). Table 2 summarizes the average
measured steel material properties of the test specimens
used in the study. In Table 2, F is the average measured
0.2% offset yield stress. The concrete material properties
were measured by conducting uniaxial compression tests
according to ASTM C39 (ASTM, 2014) on 4-in.-diameter
concrete cylinders that were cast at the same time as the test
specimens. The average measured concrete strengths at day
of test for the test specimens are also presented in Table 2.

324 in. (27 ft)
126 in. | 72 in. | 126 in.
3.5 7:r(.'” 2. OI;q'aII 3.5 T;rnfl
3-in.-thick Gr. 50
/ steel faceplate
/
Gr. 60 / 1-in.-dia Nelso
14 rebar / stud at 9 in.
A B/ Gr. 60 #8 at 18 in.
‘//
UL B Uy opg AL HpL Aqd
S== QU0 NOO OO0 NN nin nom ¢dn |
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(a) Elevation view
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(b) Section view A-A

(c) Section view B-B

(d) Connection region

Fig. 13. OOPM test specimen.
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Table 1. Geometric Details of OOPM Test Specimens

Overall Dimension SC Wall RC Wall Connection
Specimen | w,.; | Ispan | Twan | to Ss st |Rebar| sy, Wip to | Wep | top | tup
(in.) | (in.) | (in) | (in.) P2 (in.) | (in.) | Size | (in.) P1 (in) | (in) | (in.) | (in.) | (in.)
OOPM-C 36 324 36 Y% 0.04 9 18 14 9 1]0.027| 1.75 1 11 2 1
OOPM-DN | 36 324 36 % 0.04 9 18 14 9 1]0.027 | 1.75 1 11 2 1
Table 2. Measured Properties of OOPM Test Specimens
Specimen Steel Yield Strength, Fy, ksi Concrete Strength,
Faceplate | Baseplate | Tie Plate | Wing Plate Rebar Stirrup fé, psi
OOPM-C 60 62 57 57 68 67 5,447
OOPM-DN 60 62 57 57 68 67 5,470

Instrumentation Plan

The OOPM test specimens were subjected to monotonic
loading in the vertical direction, as illustrated in Figure 13.
Two 500-kip hydraulic actuators were connected to the test
frames to apply the monotonic loading at two locations
36 in. away from the center of the specimen.

The layout of string potentiometers (SPs) and displace-
ment transducers (DTs) is illustrated in Figure 15. One set
of two SPs were attached to the center of connection region
to measure global deflection and possible twisting of the
specimen. Another pair of SPs were attached to the bottom
of the specimen under each loading point. Two DTs were
placed under each roller support to measure support settle-
ment. Four electrical-resistance strain gauges (SGs), each
on the interior wing plates and tie plates, were attached as
per the configuration shown in Figure 16. In case of base-
plates, two SGs were attached, each on top and bottom
baseplates at horizontal distances of 13.5 in. and 22.5 in.,
respectively, from the left face, as shown in Figure 17. Two
SGs were attached on each #14 horizontal rebar (one at the
top and one at the bottom of rebar) located at a horizontal
distance of 2 in. from the mechanical coupler, making a
total of 16 SGs in the specimen rebar cross section (connec-
tion region). This arrangement is illustrated in Figure 18.

#14 rebar _coupler
L \\ \

N M
| Dq high strength

bolt

d

base plate /L
(a) Coupler

EXPERIMENTAL OBSERVATIONS AND RESULTS

Specimen OOPM-C

The applied force—displacement response of specimen
OOPM-C is shown in Figure 19. As shown, the first con-
crete flexural cracks occurred in the RC wall portion at the
applied force of P = 80 kips, resulting in a change in the
stiffness. Additionally, a significant decrease in the stiff-
ness at P = 500 kips was observed due to yielding of the
bottom #14 reinforcing bars. Concrete crushing under the
loading point in the RC portion was also observed at P =
514 kips. The maximum applied force, P, ., was 585 kips,
and the corresponding displacements were 6.39 in., 6.07 in.,
and 4.83 in. at the RC portion, center, and the SC wall por-
tion, respectively. As expected, the maximum displacement,
Ayax, was observed in the RC wall portion of the specimen
(SP4). The maximum applied force, P, ., was greater than
the force associated with the flexural strength of the RC
portion calculated using ACI 349 (ACI, 2006) provisions
with the measured properties (Py,.gc = 495 kips) by 18%.
The shear force associated with P, was 293 Kips (Pyax/2),
less than the shear strength of the RC wall portion deter-
mined using ACI 349 (V,, gc = 329 kips), thus confirming
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Fig. 14. Rebar to baseplate connections.

40 / ENGINEERING JOURNAL / FIRST QUARTER / 2022



A

| 126 in. se— 721 5k 126 in. |
=T 1E
RC Wall i SC Wall
< 2h /i//” | i
: i T h S ERE
18 in. 1 ! ) o o ,
DT 1 SP4  SP1  iSP3 b12
Al SP 1 SP2
(a) Elevation view (b) Section view A-A
Fig. 15. SP and DT sensor layout.
Igin.l
‘ >
YV HsG 19 \ SGL7_ ®) SW
~ ° Ll
- |
/T\ © L
9 1n. T T
|
sGlo. © ° 8G23
1350, | -
856G 20 SG 24 [ ]
s 2 ! . [
(a) Elevation view (b) Plan view
Fig. 16. SG layout of wing plates and tie plates.
|<_13.5 in. | 9 in_.>|
o |l oJl.o | [ ]
SG DS - SG 26 © L s
O O O @] - I
o
T © SG 25
91n. o ‘
L ra
O O O O - © ° 5G 2\6
SG27= || =mS@28 13.5 in. —
d o O O [ B
[o ol [ ——
(a) Elevation view (b) Plan view

Fig. 17. SG layout of baseplates.

ENGINEERING JOURNAL / FIRST QUARTER / 2022 / 41



36 1in.

J I —
I |
©
- ]
N3 —
T - [
©
91n. - |
SG 9 T
= l#
© o
— - I
13.5 in.
|
== C
(a) Elevation view (b) Plan view
Fig. 18. SG layout for #14 rebar.
700
600
&
g 500 3
g 400
s
=
2 300 i
< 200 1. Cracking (RC) @ —Center SP1,2
3 2. Cracking (SC) m -~ SP3 (SC)
100 /i 3. Cracking (Conn) 4 =SP4 (RC)
0 i 4.Concrete crushing % == Py,pc
2 4 6 8
Displacement, in.
Fig. 19. Applied force—displacement response.
700
600
500 /
3
=
o 400
=
=)
=
= 300
2
E —8G 14 (Rebar)
< 200 S
—SG 20 (TP)
---8G 21 (WP)
Lie ---SG 28 (BP)
0 ===Rebar Yield Strain
-1000 0 1000 2000 3000 4000
Microstrain

Fig. 20. Applied force—strain response of specimen OOPM-C (#14 rebar, wing plates, tie plates, and baseplates).

42 / ENGINEERING JOURNAL / FIRST QUARTER / 2022



flexural yielding of the RC wall portion to be the governing
failure mode.

Figure 20 shows the applied force—strain response for #14
rebar, wing plate, tie plate, and baseplate. The bottom #14
rebar exhibited the maximum strain of 2,640 pe (SG 14),
which was greater than the yield strain (g, = 2,330 ue).
Note that the maximum strain of the #14 rebar is some-
what lower than expected because the strain gauges were
attached 2 in. away from the mechanical couplers rather
than being attached at the interface between the RC wall
and SC wall portions. As shown, the maximum strain for
wing plates and tie plates at P,,,, was 1,440 pe (SG 20, tie
plate) and —360 pe (SG 21, wing-plate), respectively, with
corresponding stress values of 41.6 ksi and —10 ksi. Lastly,
a similar response of baseplates is shown in the same figure
exhibiting the maximum strain of 802 pe (SG 28) at P,,4,-
As expected, all steel components in the connection region
remained in the elastic range.

Figure 21 presents the overall damage progression in
terms of concrete crack patterns. First flexural cracks
appeared in the bottom of RC wall portion near the loading

(a) Gap opening at the RC-SC interface

point at 14% of P,,,.. As the loading increased, additional
flexural cracks were formed within the RC wall shear span
as well as in the SC wall region around 235 Kips (0.4P,,4,)-
The flexural cracks transformed into flexural-shear cracks
at 0.6P,,,,. Cracks appeared in the connection region just
before the onset of concrete crushing at the RC wall por-
tion loading point. After the yielding of the #14 rebar, the
compression zone under the loading point (RC wall portion)
softened as a result of concrete crushing and spalling, caus-
ing extensive ductile deformation of the test specimen, as
shown Figure 22.

Specimen OOPM-DN

Figure 23 shows the applied force—displacement response
of specimen OOPM-DN. As shown in the figure, the speci-
men exhibited similar behavior to that of OOPM-C. The
maximum applied load was P,,,, = 570.8 kips, and the
corresponding displacements were 4.98 in., 4.80 in., and
3.79 in. at the RC portion, center, and the SC wall portion,
respectively. The maximum vertical displacement, A,

(b) Significantly deformed specimen

Fig. 22. Damage of specimen OOPM-C.
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was measured from the RC wall portion of the specimen
(SP4). P, was greater than the force associated with the
flexural strength of the RC wall portion calculated using
ACI 349 (ACI, 2006) provisions (P, gc) With the measured
material properties by 75.8 kips (15%).

Figure 24 shows the applied force-strain response of
the #14 rebar. The bottom #14 rebar exhibited strain val-
ues greater than their yield strain (¢, = 2,330 ue) at P,y
with maximum strain value of 2,710 pe (SG 8). The same
figure presents the response of wing plates and tie plates.
The plates remained in the elastic range during the test,
exhibiting maximum strain of 1,670 L (tie plates, SG 20)
and —297 ue (wing plates, SG 23) at P,,,,, respectively. The
applied force-baseplate strain response shows the maxi-
mum strain of 176 pe (SG 27).

Figure 25 shows the overall damage progression in terms
of concrete crack pattern. As shown, the damage progres-
sion was similar to specimen OOPM-C. The first flexural
crack occurred at 18% of P, As the load increased,
additional flexural cracks were formed within the RC wall
shear span, as well as in the SC wall region around 150 kips
(0.26P,,,,). The flexural cracks transformed into flexural-
shear cracks, and cracks appeared in the connection region
at 52% of P,,,,. After the yielding of the #14 reinforcement,
the compression zone under the loading point (RC wall por-
tion) softened as a result of concrete crushing and spalling,
which initiated around 90% of P, as shown in Fig-
ure 26(a). Thus, the beam deformations became prominent
as the specimen deflected in a ductile manner, as shown in
Figure 26(b).

NUMERICAL INSIGHT INTO BEHAVIOR

A three-dimensional (3D) finite element model (FEM) was
developed and analyzed to provide better insight into the

force transfer mechanism for the design demand. Analysis
was conducted to predict the performance, strength, ductil-
ity, and failure mode of the designed specimens. The tests
described in the previous section were simulated using the
commercially available finite element modeling (FEM)
software LS-DYNA, (LS-DYNA, 2012a, 2012b) employing
an explicit time-stepping algorithm.

Analysis Approach

The concrete in the SC and RC wall portions, the SC wall
faceplate, and the connection region (wing plates, tie plates,
and baseplates), as well as the RC wall flexural reinforce-
ment, were modeled using eight-node hexahedron solid ele-
ments with six degrees of freedom per node as shown in
Figure 27. The two most common integration techniques
used for solid elements in LS-DYNA are the reduced and
full integration technique (LS-DYNA, 2012a, 2012b). Con-
crete was modeled using a computationally less extensive
constant stress (ELFORM 1, reduced integration) formula-
tion. However, the connection region, SC wall faceplate, and
flexural reinforcement (#14 rebar) were modeled using full
integration element formulation due to the nature of their
geometries. While the reduced integration technique has an
inherent drawback of introducing zero energy modes, com-
monly referred to as hourglass modes, it does compensate
by providing the computational efficiency. The potential
hour glassing issue was prevented by introducing stiffness-
based hourglass control with an hour-glassing coefficient of
0.1 consistent with the values used by Yang (2015). On the
contrary, full integration technique is prone to shear inter-
locking in case of pure bending. To overcome the issue,
the LS-DYNA full integration type for poor aspect ratio
(ELFORM 1) was used to reduce transverse shear locking.
The Hughes-Liu beam element formulation (ELFORM 1)
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Fig. 23. Applied force—displacement response of specimen OOPM-DN.
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was used to explicitly model the RC wall shear reinforce-
ment, SC wall shear studs, and tie bars using two node
beam elements with one-point integration and a circular
cross section, as shown in Figure 28. These element formu-
lations are evaluated by various authors, including Bruhl
et al. (2015b) and Epackachi et al. (2015). Both definitions
for solid and beam elements are accessible via SECTION_
SOLID keyword. The average size of a solid element across
the faceplate and the concrete infill is 1 in.

RC wall reinforcement and SC wall studs and tie bars
(tied to the faceplate) were embedded in the respective con-
crete portions by coupling the acceleration and velocity
via the Constrained_Lagrange_In_Solid (CLIS) keyword
to depict a perfect bond behavior. Connection region tie
plates, wing plates, and baseplates were also coupled to the
SC wall infill concrete using the same constraint definition.
Interaction between SC wall infill concrete and faceplate
was defined using the Automatic_Surface_To_Surface
formulation. This two-way contact definition prevents the
slave and master nodes from penetration. In the tangential
direction, a median value of coefficient of friction equal to
0.64, reported by Rabbat and Russel (1985), was used. The
embedment length of the RC wall flexural reinforcement
extending inside the SC wall was less than the required

development length from ACI 349 (ACI, 2006); therefore, it
was not embedded inside the SC wall (connection region),
and its interaction with infill concrete was also defined
using the same contact definition. Additionally, the inter-
action between loading plates, support rollers, and corre-
sponding surfaces of RC and SC walls were simulated using
the same contact formulation.

Material Models and Properties

Continuous_Surface_Cap_Model (CSCM) concrete (MAT
159), chosen from the library of LS-DYNA (LS-DYNA,
2012a, 2012b), is an isotropic model that requires only basic
strength data (f/) and aggregate size. Therefore, it mini-
mizes the need for expansive testing to determine a wide
range of parameters. The input compressive strength was
based on the average values obtained on the day of tests.
The concrete material model (MAT 159) was developed
as part of an effort to predict the performance of road-
side concrete safety structures. The strength of the iso-
tropic cap model revolves around the smooth intersection
between failure and cap surfaces. To simulate concrete
damage progression such as cracking, crushing, and spall-
ing, element erosion criteria in the form of maximum and

Fig. 27. FEM solid element formulation.

RC shear rft

Fig. 28. FEM beam element formulation.
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Table 3. Input Parameters for LS-DYNA Material Models

Material
Type Input Parameters Value/Equation Reference
Mass density 2.25 x 107 Ibfs%/in.
Unconfined compression strength Table 2 Based on material tests
Maximum aggregate size 0.750 in. Experimental data
Concrete . .
Erosion criteria:
MNEPS —-0.003
MXEPS 0.005 Equation 6

Mass density

7.34 x 107* Ibfs?/in.

Steel Yield strength

Young’s modulus 2.90 x 107 psi
Poisson’s ratio 0.300

Table 2 Based on material tests
Failure strain Table 2 Based on material tests
Stress—plastic strain curve Table 2 Based on material tests
Hardening variable 0 LS-DYNA (2012a, 2012b)

minimum principal strains were artificially included by
defining a MAT_ADD_EROSION keyword. A concrete
ultimate compressive strain value of —0.003 was specified
as minimum principal strain (MNEPS), whereas maximum
principal strain (MXEPS) was calculated using Equation 6.
These values are consistent with the findings obtained by
Yang (2015), where ® is the crack width at zero tensile
strength and V, is the volume of one solid element. Con-
crete crack width, ®, can be estimated from Equation 7. In
Equation 7, f; is uniaxial tensile strength and Gyis specified
fracture energy, which can be estimated using Equation 8
(Wittmann et al., 1988). In Equation 8, @ is the maximum
aggregate size.

Maximum principal strain (MXEPS) = 30‘)/ ©6)
2Gy
w=— @)
Ji
Gy =1.297@"% ®

RC wall reinforcement, connection region, and SC wall
faceplates were modeled using the Piecewise_Linear_Plas-
ticity material model (MAT 24). It is a constitutive steel
material model with isotropic elastic, von Mises yield cri-
terion, associated flow rule, and post-yield plastic behav-
ior (Kurt et al., 2016). MAT 24 provides the flexibility of
defining post-yield hardening behavior in form of effective
stress-plastic strain curves averaged from standard uniaxial
tension coupon tests performed during the experimentation

phase, thus allowing explicit modeling of nonlinear behav-
ior. SC wall shear studs and tie bars were modeled with
Plastic_kinematic (MAT 03) material model. Both the steel
models are featured with a strain rate scale effect, which
was not activated due to quasi-static nature of tests. Addi-
tionally, Rigid material (MAT 20) was used to provide
material definition for loading beams and roller supports.
Table 3 summarizes the material properties used in the
simulations.

Analytical Verification

Figure 29 shows the analytically predicted applied force-
displacement response of the model mapped over the experi-
mentally measured response of the OOPM-C test specimen.
As shown, the analytically predicted response is in close
agreement with the experimentally measured response. The
displacement is measured under the RC wall portion load-
ing point (36 in. from the interface of SC wall region). The
analytically predicted maximum load, PLEA was 571 kips,
which is greater than the force associated with the flexural
strength of the RC wall portion, Py, gc = 495 kips,
by 15%. The shear force, Vg,l,fﬁx, associated with the ana-
lytically predicted Plifwas 286 kips, which is less than the
shear strength of the RC wall portion (V, gc = 329 kips),
confirming flexural yielding as the governing failure mode.
The maximum stress predicted in the bottom layer of #14
rebar was approximately 93 ksi, which is just over 125% of
the yield stress of the reinforcing bars (1.25F),, = 83.3 ksi).
Longitudinal strain responses predicted by the model are
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compared with experimentally measured strain responses
in Figure 30. In the case of the tie plate, SG 20 values were
compared directly with corresponding simulated strains in
Figure 30(a). In Figure 30(b), the same comparison is shown
for the wing plate (SG 22). The simulated strain values are
in a reasonable agreement compared with observed data in
this case. Strain contour plots of the mechanical connection
region at P,I,;-ffare shown in Figure 31. As shown, the maxi-
mum predicted strain values for the tie plate (corresponding
to SG 20) and wing plate (corresponding to SG 22) are some-
what lower than the experimental data. This was attributed
to the treatment of the interface between concrete and the
steel plates in the connection region in the model. The steel

plates (tie plate, wing plate, and baseplate) were embedded
in concrete in the model, which allows the perfect composite
action. However, no perfect composite action is developed
in the connection region of the specimens. Only a limited
level of bonding between the steel plates and concrete is
achieved. For this reason, the tie plate and wing plate car-
ried lower stress and exhibited lower strain. However, all
steel components (including tie plate, wing plate, and base-
plate) in the connection region remained in the elastic range
until the connected RC wall portion developed its flexural
strength (RC flexural yielding), which is in accordance with
the experimental observation.
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SUMMARY AND CONCLUSIONS

Both experimental and numerical investigations were con-
ducted to evaluate the design procedure developed for SC
wall-to-RC wall mechanical connections. The design pro-
cedure was developed based on the full-strength connec-
tion design philosophy. The applied force-displacement
responses and the applied force-steel strain responses were
measured and evaluated to determine the ultimate strength
and the governing failure. The measured strengths were
compared with the RC wall strength determined using ACI
349 (ACI, 2006). The results from both experimental and
analytical investigations indicated the following:

1. The governing failure mode of the two test specimens
was flexural yielding of the RC components, ensuring
energy dissipation away from the connection region.
Thus, the connection region can be designed and detailed
using the proposed design procedure.

2. The type of connection plan, coupler or double nut, had
no influence on the force transfer mechanism of the
designed connection.

3. The measured ultimate strength was 585 kips for specimen
OOPM-C and 571 kips for specimen OOPM-DN, which
was greater than the ACI code equation by 18% and 15%,
respectively.

4. All the steel components in the connection region
remained in the elastic range until the RC wall developed
its full flexural strength.

5. The experimentally observed and analytically predicted
maximum strain values in the case of the wing plates and

6.555e-03
2.328e-03
-1.898e-03

G

(a) Tie plate and wing plate

Max Prin Strain

-6.125¢-03 _|

baseplates were well under their yield strain, indicating
a significant contribution of the concrete in the force
transfer mechanism and exhibiting conservatism in the
design procedure.

6. The proposed design procedure is suitable and
conservative for designing SC wall-to-RC mechanical
connections. However, additional experimental and
analytical studies should be conducted to expand the
limited database and further verify the design procedure
for different loading conditions such as in-plane and out-
of-plane shear.
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