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ABSTRACT

Steel-plate composite (SC) walls are comprised of concrete walls sandwiched between steel faceplates located on the exterior surfaces.
These faceplates are anchored to the concrete infill using steel anchors and connected to each other using ties. The faceplates serve as stay-
in-place formwork for concrete casting and act as the primary reinforcement after the concrete sets. Steel-plate composite (SC) walls have
been used extensively in the third generation of nuclear power plants and are also being considered for small modular reactors (SMRs) of
the future. The American Institute of Steel Construction (AISC) has published Supplement No. 1 to AISC N690, which includes Appendix N9
for the design of SC walls in safety-related nuclear facilities. This paper presents the minimum requirements for SC walls and the section
detailing provisions from Appendix N9 along with their bases. The minimum requirements include requirements for minimum and maximum
SC wall thickness, faceplate thickness, and steel and concrete material strengths. The provisions of Appendix N9 are applicable to SC walls
that satisfy these minimum requirements. The section detailing provisions include requirements for the size and spacing of steel anchors and
ties to (1) provide composite action between the faceplates and concrete infill, (2) prevent local buckling of the faceplates, (3) provide inter-
facial shear (slip) resistance, (4) provide structural integrity by preventing section delamination through the concrete thickness, and (5) pro-
vide out-of-plane shear strength. The design provisions account for the effects of interaction between out-of-plane shear demands (in both
x- and y-directions) and the corresponding interfacial shear demands while accounting for the differences in behavior between yielding and
nonyielding steel anchors and ties as classified by AISC N690 Supplement No. 1.
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INTRODUCTION for the entire CIS. Future nuclear power plants, including
advanced light water reactors (ALWRs) and small modular
reactors (SMRs), are considering SC walls for achieving
modularity and expediting the construction schedule while
improving structural strength, safety, and resilience for seis-
mic load combinations and accident thermal load combina-
tions (Varma et al., 2015).

As shown in Figure 1, steel-plate composite (SC) walls
consist of concrete walls sandwiched between two steel
plates (also referred as faceplates) located at the exterior
surfaces. The faceplates are anchored to the concrete infill
using steel anchors and are connected to each other using
tie bars. These faceplates serve as stay-in-place formwork
for casting concrete and act as the primary reinforcing steel
after the concrete sets. Thus, the SC wall system eliminates
the need for conventional formwork, which can expedite the
construction schedule. The SC wall system also eliminates

Steel-plate composite (SC) walls have been used extensively
in the third generation of nuclear power plants and are also
being considered for small modular reactors (SMRs) of the
future. For example, the AP1000® nuclear power plants
being constructed in China (Sanmen and Haiyang) and in
the United States (VC Summer, South Carolina, and Vogtle,
Georgia) utilize SC walls for most of the containment inter-
nal structures (CIS). Additionally, the AP1000 (DCD, 2011)
plants being built in the United States utilize SC wall design
for the enhanced shield building to provide seismic resis-
tance and beyond design basis aircraft impact resistance.
Similarly, the US-APWR® (DCD, 2013) power plants being
considered for licensing in the United States utilize SC walls
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The behavior of SC walls under axial compression (Zhang
et al., 2014), out-of-plane flexure (Sener et al., 2015b), and
out-of-plane shear (Sener and Varma, 2014) is similar to
that of reinforced concrete (RC) walls. However, behavior
of SC walls under in-plane shear (Seo et al., 2016; Varma
et al., 2011a; Ozaki et al., 2004), combined in-plane forces
and out-of-plane shear forces (Varma et al., 2014), can be
significantly different from that of RC walls. Additionally,
specific limit states such as faceplate local buckling (Zhang
et al., 2014), interfacial shear failure (Sener and Varma,
2014) between the faceplates and concrete infill, and sec-
tion delamination (through the concrete infill) need to be
adequately considered in the design of SC walls. These limit
states are discussed in the following sections along with sec-
tion detailing provisions to prevent them from limiting the
design.

The use of SC construction in the United States has
been hindered by the absence of a U.S.-based design code
for SC walls. In 2006, AISC formed a subcommittee on
modular composite construction under Task Committee 12
for nuclear structures. Over the next nine years, from 2006
to 2015, specification for the design of SC walls in safety-
related nuclear facilities was developed and finalized as an
appendix (Appendix N9) in AISC N690sl (AISC, 2015),
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which is Supplement No. 1 to AISC N690-12 (AISC, 2012).
An outline of the modular composite specification (Appen-
dix N9) and a brief discussion of how the provisions of the
appendix may be used are provided in Bhardwaj et al. (2015).

The modular composite specification (Appendix N9)
starts with minimum detailing requirements that SC walls
should satisfy so that the rest of the provisions of the speci-
fication may be used for their design. These include require-
ments for steel faceplate thickness, SC wall thickness, steel
yield strength, concrete strength, and others. The details of
these minimum requirements and the corresponding ratio-
nale are presented in the following section.

MINIMUM REQUIREMENTS FOR SC WALLS

The majority of SC wall tests have been performed on walls
with two faceplates, where composite action is provided
using either steel anchors or tie bars or a combination of
both. The provisions of the modular composite specification
have been developed based on this experimental database
and the associated mechanics-based behavioral models. As
a result, the modular composite specification is limited to
walls with two faceplates anchored to the concrete infill by
means of steel anchors, tie bars, or a combination of both.

Steel-Headed Shear Studs

Steel Faceplate
Tie Bars

Concrete Infill

Fig. 1. Typical SC wall configuration (AISC, 2015).
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Table 1. Minimum Requirements for SC Walls

Parameter

Minimum Value Maximum Value

Reinforcement ratio, p

0.015 0.050

Faceplate thickness, t,

0.25in. (6 mm) 1.50 in. (838 mm)

SC section thickness, t;c—interior walls

12 in. (300 mm) 60 in. (1500 mm

SC section thickness, ts.—exterior walls

Steel faceplate yield stress, F,

)
18 in. (450 mm) 60 in. (1500 mm)
50 ksi (350 MPa) 65 ksi (450 MPa)

Concrete compressive strength, f£

4 ksi (28 MPa) 8 ksi (55 MPa)

The provisions are not applicable to SC walls reinforced
with more than two steel plates, which may be used for the
design of the primary shield structure supporting and shield-
ing the reactor vessel. The design of such structures com-
posed of extremely thick SC walls with three or more steel
plates is discussed in Booth et al. (2015b).

The modular composite specification is limited to the
design of SC walls with boundary elements or flanges,
which are typically the purview of safety-related nuclear
facilities consisting of labyrinthine SC walls connected to
each other and to the concrete floor or basemat. The modu-
lar composite specification does not include provisions for
the design of SC wall piers (with no flanges or large bound-
ary columns) that are typically used in commercial building
structures. The seismic behavior and design of SC wall piers
is discussed in Kurt et al. (2016) and Epackachi et al. (2015)
and the upcoming AISC 341 (AISC, 2016) seismic design
provisions.

Table 1 summarizes some of the minimum requirements
for SC walls that can be designed using the provisions of the
modular composite specification. These minimum require-
ments were selected based on the range of parameters in the
experimental database of SC walls and some other criteria
as described here. The minimum thickness, z,., for exte-
rior walls is based on Table 1 of the Standard Review Plan
(SRP), Section 3.5.3, Revision 3 (NRC, 2007). The maxi-
mum limit for 7. is based on the experimental database of
out-of-plane shear tests conducted on SC walls in Japan
(Ozaki et al., 2001), South Korea (Hong et al., 2009), and the
United States (Sener and Varma, 2014). The reinforcement
ratio, p, is calculated using Equation I:

o=2 (AISC N690 Eq. A-N9-1) M)

tSC
where
t, = faceplate thickness
t,.= section thickness for SC wall

The limits for p, shown in Table 1, were established
because the use of reinforcement ratios lower than 0.015 can
lead to potential concerns regarding (1) handling strength

and stiffness of empty modules and (2) higher residual
stresses due to fabrication activities and concrete casting.
The use of reinforcement ratios higher than 0.05 can poten-
tially result in higher concrete stresses and change the gov-
erning in-plane shear strength limit state from steel faceplate
yielding to concrete compression strut failure, which can
potentially reduce the strength and ductility of SC walls (Seo
et al., 2016).

The limits for faceplate thickness (shown in Table 1)
were established because 0.25-in.-thick faceplate is needed
for adequate stiffness and strength during concrete place-
ment and rigging and handling operations. Additionally,
faceplates thinner than 0.25 in. (6 mm) can have the mate-
rial properties and imperfections (waviness, etc.) associated
with sheet metal (instead of structural plates) (Bruhl et al.,
2015). The maximum faceplate thickness of 1.5 in. (38 mm)
corresponds to a reinforcement ratio of 0.050 for a 60-in.
(1500-mm) -thick SC wall. The minimum thickness for
interior walls is based on the maximum reinforcement ratio
(p = 0.050) and minimum faceplate thickness, 7, equal to
0.25 in. (6 mm). The specified minimum thickness values
for interior and exterior walls are conservatively larger than
absolute minimum values.

As shown in Table 1, a minimum yield stress of 50 ksi
(350 MPa) is specified to prevent premature yielding of the
steel faceplates due to (1) residual (locked-in) stresses from
concrete casting and (2) thermally induced stresses from
accident thermal scenarios because such premature yielding
could limit the strength and ductility of SC walls (Varma et
al., 2013). High-strength steels with yield stress greater than
65 ksi (450 MPa) are typically less ductile and hence not
desirable for beyond-safe shutdown earthquake (SSE) shak-
ing (Varma, 2000).

The use of concrete with compressive strength less than
4 ksi (28 MPa) is rare in safety-related nuclear facilities,
with the possible exception of the concrete basemat. A mini-
mum concrete strength of 4 ksi (28 MPa) is also specified
so that under in-plane shear loading, the minimum principal
(compressive) stress in concrete remains in the elastic range
while faceplate yielding governs. Provisions of the modu-
lar composite specification are based on the test results of
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specimens with specified concrete strength of 8 ksi (55 MPa)
or less. Figure 2 shows the range of concrete strengths cov-
ered in the experimental database of out-of-plane shear tests
conducted internationally on SC walls, discussed in Sener
and Varma (2014). In Figure 2, the ordinate is the ratio of the
experimental out-of-plane shear strength, V,,,, with respect
to the nominal out-of-plane shear strength calculated using
ACI 349 (ACI, 2006) code equations, V,, acs, as discussed
in Sener and Varma (2014). The entire database of SC wall
tests includes specimens with concrete strengths in the range
of 4-8 ksi (28-55 MPa).
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Fig. 2. Range of concrete compressive strength from
experimental database (Sener and Varma, 2014).

SECTION DETAILING REQUIREMENTS

Faceplate Slenderness Requirement

Local buckling of steel faceplates is an important limit state
to be considered in the design of SC walls. When subjected
to compressive stresses, the steel faceplates of SC walls
can undergo local buckling between the steel anchors. This
local buckling behavior of steel faceplates has been inves-
tigated experimentally by Akiyama et al. (1991), Usami et
al. (1995), Kanchi et al. (1996), Choi and Han (2009), and
Zhang (2014). These experimental studies have evaluated
the effects of plate slenderness ratio, s/t, (defined as the steel
anchor spacing, s, divided by the faceplate thickness, f,,, and
yield stress, F, on local buckling of faceplates).

Zhang et al. (2014) have summarized these experimental
studies and conducted additional numerical analyses to con-
firm and expand the experimental database. Figure 3 shows
the relationship between the normalized critical buckling
strain (buckling strain/steel yield strain, €.,/€,) and the nor-
malized faceplate slenderness ratio (s/t, X F,/E). For large
slenderness ratios, €., is reasonably consistent with Euler’s
elastic column buckling curve with partially fixed (K =
0.7) end conditions. As the slenderness ratio decreases, €.,
becomes more conservative with respect to Euler’s column
buckling curve due to material inelasticity. No data points
are located in the shaded area, which implies that yielding
in compression occurs before local buckling for faceplate
slenderness ratio (s/tp) less than 1.0.

Based on the studies conducted by Zhang et al. (2014),
the modular composite specification requires the steel face-
plates to be nonslender—that is, undergo yielding in com-
pression before local buckling—as follows:

Faceplates shall be anchored to concrete using
steel anchors, ties, or a combination thereof. The
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Fig. 3. Normalized critical buckling strain vs. slenderness ratio with K = 0.7 (from Zhang et al., 2014).
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width-to-thickness ratio of the faceplates, b/t,, shall be
limited by Equation 2:

L /f;— (AISC N690 Eq. A-N9-2)  (2)
.,

tp

where
E; = modulus of elasticity of steel, ksi (MPa)
F, = specified minimum yield stress of faceplate, ksi
(MPa)
b =largest unsupported length of faceplate between
rows of steel anchors or ties, in. (mm)

t, = thickness of faceplate, in. (mm)

Because ties may also act as steel anchors, Equation 2
considers the largest unsupported length between rows of
steel anchors or ties, b. For steel faceplates with a speci-
fied yield stress greater than or equal to 50 ksi (350 MPa),
the slenderness limit of Equation 2 implicitly addresses the
influence of residual stresses or stresses due to concrete
casting (Bhardwaj and Varma, 2016). The use of faceplates
with a specified yield stress less than 50 ksi (350 MPa) is
not permitted because the slenderness limit of Equation 2
cannot assure yielding in compression before local buckling
due to the influence of residual stresses and concrete casting
stresses (Zhang, 2014).

Requirements for Composite Action

The steel faceplates are anchored to the concrete infill
using steel anchors (and/or tie bars), which develop com-
posite action by resisting the relative slip between the steel
faceplates and the concrete infill. These steel anchors can
develop the yield strength of the steel faceplate over a cer-
tain length depending on their spacing. Steel anchors used in
SC construction may consist of steel-headed studs, embed-
ded steel shapes, tie bars (smooth or deformed), or a com-
bination thereof, which can be attached to the faceplates by
welding or bolting.

Classification of Steel Anchors

Steel anchors that have a ductile shear force-slip displace-
ment behavior can redistribute the interfacial shear equally
over several connectors. Such connectors are referred to as
yielding type (e.g., steel-headed stud anchors). Steel anchors
that have a nonductile, shear, force-slip behavior cannot
redistribute interfacial shear force over several connectors
and are referred to as nonyielding type. The modular com-
posite specification provides requirements to classify steel
anchors as yielding or nonyielding type:

Connectors with interfacial slip of at least 0.20 in.
(5 mm), while maintaining a resistance greater than
90% of the peak shear strength, shall be classified as

yielding steel anchors. Steel anchors not meeting this
requirement shall be classified as nonyielding steel
anchors. Steel-headed stud anchors shall be classi-
fied as yielding steel anchors and the available shear
strength, Q,,, shall be obtained using AISC 360 (AISC,
2010). Classification and available strength, Q.,, for all
other types of steel anchors shall be established through
testing.

As shown in Figure 4, interfacial slip displacement capa-
bility of at least 0.20 in. (5 mm) before reduction in shear
strength to 90% of the available shear strength is required to
qualify a yielding type connector. Steel-headed stud anchors
are typically capable of sustaining at least 0.20 in. (5 mm)
of interfacial slip displacement in a ductile manner (Oll-
gaard et al., 1971). All other types of steel anchors need to
be tested to determine their available shear strength and slip
displacement capacity. An adequate number of tests must be
performed to ascertain the available strength of nonyielding
steel anchors. The safety factors applicable for nonyielding
steel anchors can be obtained from the experimental stud-
ies by following the reliability analysis procedures used by
Ravindra and Galambos (1978).

For cases where a combination of yielding and nonyield-
ing steel anchors are used, the system is classified conser-
vatively as nonyielding type because (1) the peak strengths
of yielding and nonyielding steel anchors may not occur at
similar slip displacement levels; (2) the post-peak behav-
ior of yielding and nonyielding steel anchors may be sig-
nificantly different; and (3) as a result, the interfacial shear
force cannot be distributed equally over several connec-
tors. The system is classified as nonyielding type, and the
strength of yielding steel anchors has to be limited to the

A Peak Strength

Strength

Conduct statistical evaluation of
results (peak strength, slipgge;)
from pushout tests to establish:
1) Available shear strength Q,,
2) Available slipggy
3) If available slipgyy = 0.2 in.,
then yielding steel anchor
4) If available slipgge; < 0.2 in.,
then non-yielding steel
anchor

Shear Force, Q

R e T T S

\

Slip displacement, A SiPgoss

Fig. 4. Typical steel anchor force-slip
behavior from a pushout test.
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strength corresponding to the slip displacement at which the
nonyielding steel anchors reach their ultimate strength. This
is illustrated in Figure 5. This requirement is mentioned in
the modular composite specification as follows:

Where a combination of yielding steel anchors and
nonyielding steel anchors is used, the resulting steel
anchor system shall be classified as nonyielding. In
these cases, the strength of yielding steel anchors shall
be taken as the strength corresponding to the interfacial
slip at which the nonyielding steel anchors reach their
ultimate strength.

Spacing of Steel Anchors: Development Length

The development length, L,, is the distance over which the
steel faceplate can develop its yield strength due to the shear
strength and number of steel anchors over L,. Thus, any tar-
get development length can be achieved by designing the size
and spacing of steel anchors. The target development length
has a direct influence on the degree of composite action in
terms of the strain compatibility achieved between the steel
faceplate and concrete infill. This partial composite action
(strain compatibility, or interfacial slip) has a direct influ-
ence on the flexural stiffness (E7) of the composite section.
Zhang et al. (2014) investigated the relationship between
the target development length and the degree of composite
action (strain compatibility) between steel and concrete.
They concluded that the target development length should
not exceed three times the section (or wall) thickness, t,.,
and that 75 to 90% partial composite action (in terms of

Ry, _
Non-Yielding steel anchor
/
Yielding steel anchor
R| | p
0_ R,: Strength of yielding steel anchors
g | Ry Strength of non-yielding steel anchors
(@)
L
S
@®
2
w Slip corresponding to ultimate strength
of non-yielding steel anchors
4

Slip displacement, A

Fig. 5. Strength of yielding steel anchors that
form part of a nonyielding steel anchor system.
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strain compatibility) can be achieved for target development
lengths less than or equal to 3¢,.. They also investigated the
relationship between partial composite action (strain com-
patibility) and flexural section stiffness, EI, of the composite
section. They concluded that 75 to 90% partial compos-
ite action has less than a 10% influence on the cracked-
transformed flexural stiffness, EI, of the composite section.

Based on Zhang et al. (2014), the modular composite spec-
ification requires the development length to be less than or
equal to 3t,.. For the range of geometric parameters—wall
thickness #., plate thickness f,, and stud anchor diameter
and spacing—used in nuclear construction, this requirement
(Lg < 3t,) will result in faceplate development lengths that
are comparable to ACI 349 (ACI, 2006) based development
lengths calculated for No. 11, 14 or 18 rebar used typically in
nuclear concrete construction.

Figure 6 shows the free-body diagram associated with the
development length, L,, of the steel faceplate. In the dia-
gram, the width of the faceplate is equal to the transverse
spacing, s, of the stud anchors, and it develops yield stress,
F,, over the development length. For designs with yielding
stud anchors, the interfacial shear force is assumed to redis-
tribute uniformly over the development length, and the value
is governed by the available shear strength, Q.. of the yield-
ing anchor. Zhang et al. (2014) developed Equation 3 using
the free-body diagram shown in Figure 6 to relate the devel-
opment length, L, to the available shear strength, Q.,, and
spacing of yielding stud anchors, where s, is the spacing in
the direction of the development length and sy is the spacing
transverse to it:

0 X2 511, F, )
SL

Equation 4 was developed by the authors for nonyield-
ing stud anchors. The interfacial shear force is assumed
to distribute linearly over the development length, and the
maximum value is governed by the available shear strength,
QO.v, of the nonyielding anchor. Both Equations 3 and 4 are
based on the consideration that the total shear strength of the
anchors over the development length should be greater than

or equal to the yield strength of the faceplate:

L0nH 25, F, @

2 S
The stud anchor spacing, s, is typically equal in the lon-
gitudinal (s;) and transverse (s7) directions, and Equations 3
and 4 can be simplified to Equation 5, which is provided in
the modular composite specification. The engineer selects
(or designs) the development length, L, for the SC wall and
calculates the stud anchor spacing required to achieve it.
The development length cannot exceed three times the wall
thickness. According to the modular composite specifica-
tion, the spacing required to develop the yield strength of



the faceplates over the development length, L, is given by
Equation 5:

chLd
s<c T (AISC N690 Eq. A-N9-3) )
P
where

L; =development length, in. (mm) < 3¢,
0., = available shear strength of steel anchor, kips (N)
1, =F,t, for LRFD, kip/in. (N/mm)
¢y = 1.0 for yielding steel anchors
= (.7 for nonyielding steel anchors

The constant ¢; takes into consideration the difference in
the resistance distributions of yielding and nonyielding steel
anchors.

Spacing of Steel Anchors: Interfacial Shear

When subjected to out-of-plane shear force, V, there are three
potential failure modes: (1) out-of-plane flexural yielding,
(2) out-of-plane shear failure through the concrete infill and
tie bars, or (3) interfacial shear failure at the steel-concrete
interface through the shear connectors. The out-of-plane
flexural yielding limit state is discussed in detail by Sener
et al. (2015b), and the out-of-plane shear failure mode is dis-
cussed in detail by Sener and Varma (2014). They have also
provided design strength equations and resistance (¢) fac-
tors for SC walls. The modular composite specification also
includes equations for calculating the (1) flexural strength
(M,) based on Sener et al. (2015b) and (2) the out-of-plane
shear strength (V,) of SC walls based on Sener and Varma
(2014). Therefore, this subsection focuses on the third failure
mode—that is, interfacial shear failure—which is somewhat
similar to bond shear failure in reinforced concrete beams.
The design philosophy is to prevent interfacial shear failure
from occurring before out-of-plane shear failure—that is,
interfacial shear failure should not be the governing failure
mode of the three potential modes.

T steel anchors

L4 = development length for faceplate

Figure 7a shows the free-body diagram of an SC wall sub-
jected to out-of-plane shear forces, V. The out-of-plane shear
forces, V, change the out-of-plane bending moment, M, by
AM along the length of the shear span, L,. As a result, the
tension force in the steel faceplate changes by AM//jt,. over
the shear span length, where jt,. is the arm length associated
with the bending moment over the cross-section and can be
estimated conservatively as 0.9¢,. (Sener et al., 2015b). This
change (in tension force) is in equilibrium with the inter-
facial shear flow between the steel faceplate and concrete
infill, which is resisted by the steel anchors as shown in Fig-
ure 7b. The interfacial shear strength of the anchors must be
greater than or equal to the shear flow demand to prevent
failure.

Figure 7c shows the free-body diagram with yielding
anchors resisting the interfacial shear flow. The interfacial
shear strength is equal to the number of anchors, calculated
as the shear span length divided by the longitudinal spacing,
L, /sy, multiplied by the available shear strength, Q.,, of the
yielding anchor. As expressed by Equation 6, the interfa-
cial shear strength should be greater than or equal to the
demand shear flow. If the longitudinal and transverse spac-
ing of anchors is equal (i.e., s = s, = s7), then Equation 6 can
be simplified to Equation 7. In Equation 7, AM/L, is equal to
the out-of-plane shear force, V, and is limited to the out-of-
plane shear strength, V,, of the SC wall section. Thus, Equa-
tion 7 can be simplified to Equation 8, which specifies the
maximum spacing, s, of anchors to prevent interfacial shear
failure from occurring before out-of-plane shear failure:

L M,

Qn—22
“s. 091,

o< /ch (‘(1-9&-0) %

Similarly, Figure 7d shows the free-body diagram with
nonyielding anchors resisting the interfacial shear flow. For
this case, the interfacial shear strength is equal to one-half

ST (6)

faceplate

St = transverse spacing of steel anchors
S, = longitudinal spacing of steel anchors

Fig. 6. Yielding steel anchor spacing requirement (Zhang et al., 2014).
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of the number of anchors, calculated as LV/sL, multiplied by
the available shear strength, Q,,, of the nonyielding anchor
because the most stressed nonyielding anchor will fail before
redistributing the shear flow over several anchors. Similar
to the preceding discussion, Equation 8 specifies the maxi-
mum spacing of anchors to prevent interfacial shear failure
from occurring before out-of-plane shear failure. In this
Equation 8, the factor ¢; distinguishes between the design of
yielding and nonyielding anchors. The modular composite
specification presents this requirement as follows:

The spacing required to prevent interfacial shear fail-
ure before out-of-plane shear failure of the SC section is
given by Equation 8:

[ 0nl
< —_— AISC N690 Eq. A-N9-4) (8
s<c V. /091, ( q ) (8)

(c¢) Shear resistance of yielding steel anchors

where

V. =available out-of-plane shear strength per unit
width of SC panel section, kip/ft. (N/mm)

Q., = available shear strength of steel anchor, kip
(N)

[ =unit width, 12 in./ft. (1000 mm/m)

t, = SC section thickness, in. (mm)

The constant ¢; takes into consideration the difference in
the resistance distribution of yielding and nonyielding steel
anchors (Figure 7). The modular composite specification
requires that the spacing of steel anchors be less than the
spacing calculated using Equations 5 and 8. Steel anchor
spacing is typically governed by Equation 5—that is, the
requirement for the development length to be no greater than
3t,.. However, for portions of the SC structure subjected

faceplate

T steel anchors

L4 = development length for faceplate
; M, + AM,

Sr = transverse spacing of steel anchors - -

S, = longitudinal spacing of steel anchors 0.9xt,

xS

(d) Shear resistance of nonyielding steel anchors

Fig. 7. Steel anchor spacing requirement for preventing interfacial shear failure before out-of-plane shear failure.
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to extremely large out-of-plane moment gradient, Equa-
tion 8—that is, the requirement for interfacial shear strength
to be greater than the available out-of-plane shear strength—
may control the steel anchor spacing.

Tie Requirements

Ties are required to connect the steel faceplates of the
SC wall through the concrete infill. A tie may be a single
structural element (e.g., tie rod) or an assembly of several
structural elements (e.g., tie bar with gusset plate at one or
both ends). They provide direct connectivity between the
steel faceplates and, along with the stud anchors, enable
the SC wall section to behave as an integral unit. SC walls
for nuclear applications can be extremely thick (up to 60 in.
as permitted by AISC N690s1) with relatively thin (0.5- to
1.0-in.-thick) steel faceplates on the surfaces. If the steel
faceplates are not tied together, then there is a potential fail-
ure mode, which consists of splitting or delamination of the
wall section (along a plane parallel to the faceplates) through
the concrete thickness. Such a failure mode has only been
observed in the force transfer region of an axially loaded
eccentric lap-splice connection (Seo and Varma, 2016), but
not in member tests.

Ties serve multiple purposes in SC walls. They provide
structural integrity in terms of resistance to delamination
or splitting failure of the wall section through the concrete
thickness. They provide out-of-plane shear reinforcement
and contribute to the out-of-plane shear strength, depend-
ing on their classification and spacing. Ties act in tandem
with steel anchors to contribute to the interfacial shear
strength of SC walls. Ties can also participate in the force
transfer mechanisms associated with SC wall connections if
they are engaged appropriately. Per the modular composite
specification:

The opposite faceplates of SC walls shall be connected
to each other using ties consisting of individual compo-
nents such as structural shapes, frames or bars.

Classification and Spacing of Ties

The design tensile strength of ties considers the limit states
of (1) gross yielding, (2) net section rupture, and (3) failure
of tie-to-faceplate connections. If the limit state of gross
yielding governs, then the ties are considered as yielding;
otherwise, the ties are considered as nonyielding. Due to the
differences between nominal and actual (measured) mate-
rial properties, there may be cases where components that
appear to be governed nominally by yielding may, in reality,
be controlled by nonyielding limit states. Therefore, a mini-
mum margin was specified between the nominal strength
calculated for yielding and nonyielding limit states. The
modular composite specification addresses this requirement
as mentioned here:

Ties shall be classified as yielding shear reinforcement
when

F,y <0.8F,,

ny =

(AISC N690 Eq. A-N9-5)  (9)

where

F,,=nominal rupture strength of the tie, or the
nominal strength of the associated connection,
whichever is smaller, kips (N)

F,y=nominal yield strength of the tie, kips (N)

Otherwise, ties shall be classified as nonyielding shear
reinforcement.

These requirements ensure that for ties to be classified
as yielding, their nominal rupture strength (or the nomi-
nal strength of associated connections) should be at least
1.25 (1/0.8) times the nominal yield strength. The nominal
strength of the associated connection is calculated as the
governing nominal strength of the welded or bolted connec-
tion of the tie to the faceplate. The classification of ties as
yielding or nonyielding also governs their contribution to the
out-of-plane shear strength.

The maximum spacing requirement for ties is influenced
by the tie spacing requirement for compression members in
ACI 349, Section 7.10.5.2 (ACI, 2006), which specifies the
maximum tie spacing for reinforced concrete compression
members to be limited to 48 times the tie bar diameter or
the least dimension of the compression member. Due to the
fundamental differences between behavior of reinforced
concrete columns and SC walls, the modular composite
specification specifies the following maximum spacing
requirement for ties:

Ties shall have spacing no greater than the section
thickness, f,..

Transfer Length (LTR)

The transfer length, Ly, is defined as the length required to
develop strain compatibility between the steel and concrete
portions of the composite section if only one of the portions
(e.g., concrete) is loaded at the end. The concept of trans-
fer length is similar to load introduction length (length over
which steel anchors transfer longitudinal shear in compos-
ite sections) discussed in Section 16 of AISC 360-10 (AISC,
2010). Zhang et al. (2014) have analytically investigated
transfer lengths for composite SC walls subjected to axial
loading on the concrete only at the ends. As shown in Fig-
ure 8, strain compatibility (steel strain/concrete strain), or
the percentage of composite action, increases with distance
from the concrete-only loaded ends. The transfer lengths are
typically greater than or equal to 3¢, for SC walls with rein-
forcement ratios of 0.015 to 0.050.
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Zhang et al. (2014) have shown that SC walls designed with
steel anchor spacing, s, satisfying the faceplate slenderness
requirement (Eq. 3) and achieving development lengths, L,
less than or equal to 3f,., have transfer lengths, Ly, greater
than or equal to 3z,.. It is important to note that the develop-
ment length, L, is associated with the shear strength of steel
anchors and their ability to develop the yield strength of the
faceplate. The transfer length, Ly, is associated with the
relative stiffness (force-slip behavior) of the steel anchors
and their ability to develop strain compatibility between the
faceplates and concrete infill. The transfer lengths are lon-
ger than the development lengths for typical SC wall designs
(faceplates and steel anchor size and spacing).

The effects of having transfer lengths longer than the
development lengths are inconsequential. The design capac-
ities or available strengths of SC walls depend on developing
the yield strength of the faceplates, not strain compatibility.
The effective stiffness of the composite section depends on
strain compatibility but is dominated by the effects of con-
crete cracking. The effects of having longer transfer lengths
(and 75 to 90% composite action) on effective stiffness are
marginal compared to the reduction due to concrete crack-
ing (Zhang et al., 2014).

The transfer length, Ly, used in the tie strength and spac-
ing requirements discussed next is limited to 3#,. Smaller
values are improbable, and larger values will reduce the
required tension force, F),, that the ties have to be designed
for. Thus, using Lyy of 3¢, is conservative for the calculation
of the required tensile strength described next.

Required Tensile Strength: Delamination Failure

The required tensile strength for ties is based on a postulated
failure mode of section delamination or splitting through the
concrete thickness of the SC wall. As mentioned earlier, this

2t /t,= 0.02

Composite Action %

L/t

Composite Action%

failure mode has not been observed in any SC wall member
or component tests. However, it is possible in the connec-
tion regions of SC walls where only one of the two compo-
nents (faceplates or concrete infill) are directly loaded—for
example, in eccentric lap-splice anchorage of SC walls to
the concrete basemat (Seo and Varma, 2016). The failure
mode is improbable but catastrophic and can be prevented
by appropriately designed tie bars. This subsection develops
the required (tensile) strength of ties to prevent the occur-
rence of a postulated splitting or delamination failure mode
in the connection and load transfer region of an SC wall.
There are two loading cases, where forces are applied
to only one of the two components (faceplates or concrete
infill), which can introduce an eccentric moment, M,, in the
SC walls. This eccentric moment needs to be resisted by tie
bars. The required tensile strength of the tie bars to resist the
eccentric moment can be determined as follows. Case 1 is
when the load is applied to concrete only, and the moment is
resisted by the composite section. If the compressive forces
are applied only to the concrete, they will transfer into the
composite section over the transfer length, Lyz. Figures 9
and 10 illustrate the forces in the composite section. Over
this transfer length, there will be an eccentric moment, M,,
that will have to be resisted by the cross-section without
splitting. The resisting moment, My, is depicted in Figure 11.
Figure 9 considers a lateral section of the wall length along
the transfer length, Lyk. The compressive force applied only
to the concrete (on the left) spreads to the composite sec-
tion over the transfer length (on the right). In Figure 10, K;
and K, are the stiffness of steel and concrete, respectively.
Figure 10 establishes that there is an eccentric moment, M,,
resulting from the significant thickness, ., of the wall, as
well as the fact that the force applied on the left-hand side
and the resultant on the right-hand side are not collinear.

2t /t= 0.04

Local
Buckling

0 05 1 15 2 25
L/t

3.5 4 4.5 5

Fig. 8. Development of strain compatibility with distance from member end (Zhang et al., 2014).
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The moment M, is as shown in Equation 10:

P K t t,
Mo =—| —=— || == |=steel plate forcex =< (10
© Z(KS+KCJ(4) plate f g 10

Figure 11 shows how the eccentric moment, M,,, is resisted
by the tie bars (with area equal to A;;,) acting along with the
concrete in compression. As shown, the strain diagram is
assumed to be linear, but the contribution of the concrete to
resist tensile stresses is conservatively neglected. The size of
the concrete compression block is also assumed to be very
small to simplify calculations, and the contribution of the
concrete compression block to the resisting moment, Mk,
is also conservatively ignored. As shown by the plan view
in Figure 11, a region of the wall (dimensions Lz and s;,)
with contributing ties is considered. The resisting moment,
My, is calculated as shown in Equation 11 by including the
contributions of all the ties in the wall region, where Gfeq is
the stress in the tie bar and 7 is the number of tie bars in the
transfer length region. The tie bar force required to resist
the overturning moment, Fy,,, is equal to A Gye,, and other
terms have been defined previously.

n—1 ;
Mg = glz[o.SAﬁe(io:’eq)axs,l)]+ 2[0.25A4ie(0 g X()(s11)]

2
1( Lz 1 "
=|=|—1| +=|suFx 11
l3(5;1) 6:| t1Creq ( )
The required tie strength, F),,, is estimated by setting Mg
equal to M,. Modular composite specification presents the
required tensile strength for tie bars, F., as follows:

The required tensile strength, F,.,, for each individual tie
shall be determined by Equation 12:

P =(l‘prtsc)(Sl) 6
req 2
A 18(“0) Tl
Stl
(AISC N690 Eq. A-N9-6) (Eq. 12)
where
F, = specified minimum yield stress of the faceplate,

ksi (MPa)

Sy, i = spacing of shear reinforcement in orthogonal
directions, in. (mm)

Fig. 10. Eccentric moment, M,, acting to split section.
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ty = thickness of the faceplate, in. (mm)
tqe = SC section thickness, in. (mm)

Based on the study by Zhang et al. (2014) discussed earlier,
a transfer length value of 37, has been used conservatively
in the formulation of Equation 12.

The second case that can give rise to eccentric moments
is when the tensile forces are applied only to the faceplates.
In this case, the forces will transfer to the composite section
until concrete cracking occurs after the transfer length, Lyx.
Over this transfer length, there will be an eccentric moment,
M,, that will have to be resisted by the cross-section without
splitting. Additionally, there may be a case where there is an
imbalance in the forces in the thick SC cross-section due to
different actual areas and yield strengths of the faceplates.
For example, under in-plane shear loading, the composite
section typically develops its yield strength, which could
correspond to slightly different yield forces in the faceplates
due to differences in their actual areas or yield stresses (the
modular composite specification requires the faceplates to
have same nominal thickness and yield stress). The required
force calculated using Equation 12 is applicable for these
cases, too. It is important to note that the required force,
Feq, 1s ahypothetical demand that has been posited to ensure
structural integrity of the SC wall by avoiding the splitting
failure of the section. It should not be deducted from the
available capacity of the ties.

Contribution of Ties to Out-of-Plane Shear Strength of
the SC Wall

The out-of-plane shear behavior of SC walls is similar to
that of RC walls, with some differences associated with con-
crete crack spacing and width due to the discrete nature of
the bond between the faceplates and concrete infill achieved
using discretely spaced steel anchors and/or ties. Research-
ers in Japan (Ozaki et al., 2001), South Korea (Hong et al.,
2009), and the United States (Varma et al., 2011b; Sener et
al., 2016) have performed experiments to study the out-of-
plane behavior of SC sections. Sener and Varma (2014) have
compared the shear strengths obtained from this experi-
mental database with ACI 349 (ACI, 2006) and other (South
Korean, Japanese, and Eurocode) shear strength equations.
The comparisons demonstrated that out-of-plane shear fail-
ure is a nonductile failure mode, and the concrete contribu-
tion to out-of-plane shear strength reduces with increasing
wall thickness due to size effects. Based on these observa-
tions, the modular composite specification has the following
provisions for determining the nominal out-of-plane shear
strength of the SC walls:

The nominal out-of-plane shear strength per unit width
shall be established by one of the following:

1. Conducting project-specific large-scale out-of-plane
shear tests.

2. Using applicable test results.

Assumed force
e diagram

Tie bars

g
%

Fig. 11. Resisting moment, Mg.
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3. Using the provisions of this section (the provisions
mentioned in the corresponding section of the modular
composite specification).

The modular composite specification addresses the non-
ductile nature of the failure mode by defining suitable values
for resistance factor (¢,, = 0.75) based on the reliability anal-
ysis presented in Sener and Varma (2014). The nominal shear
strength of the SC walls depends on the spacing of shear
reinforcement and the classification of shear reinforcement
as yielding or nonyielding. If the shear reinforcement spac-
ing is less than #,./2, the nominal out-of-plane shear strength
will include out-of-plane shear contributions from concrete
as well as steel, when ties act as shear reinforcement.

The modular composite specification addresses the size
effect by limiting out-of-plane shear contribution of concrete
in SC walls to 1.5./f/ (in psi units) [0.05\/2 (in ksi units)].
The shear reinforcement contribution is based on the
well-known mechanism of a shear or flexure-shear crack
passing through yielding-type shear reinforcement ties
and engaging them in axial tension. The classification
of the shear reinforcement (or ties) as yielding and the
determination of its available axial tensile strength are
important for this calculation. The modular composite
specification limits the maximum possible contribution of
the shear reinforcement to the out-of-plane shear strength
to 8\/f A, (in psi units) [0.25\/1? A, (in ksi units)], where
A, is the area of concrete per unit width. This upper limit is
influence by the similar limit in ACI 349 (ACI, 2006).

According to the modular composite specification, the
out-of-plane shear strength for an SC wall with shear rein-
forcement spaced not greater than #,./2 is determined as
follows:

The nominal out-of-plane shear strength per unit width
for SC panel sections with shear reinforcement spacing
no greater than half of the section thickness shall be
calculated as per Equation 13:

Vio = Veone+ Vs (AISC N690 Eq. A-N9-20) (13)

where
Veone =0.05 fc,tcl
Vione = 013/ f71.1

(AISC N690 Eq. A-N9-21) (14)
(AISC N690 Eq. A-N9-21M)
(14M)
1
Vi =EpF (—) <025\ f1l

St

(AISC N690 Eq. A-N9-22) (15)
Vi =&pk (L) <0.67\[f/1.l

St

(AISC N690 Eq. A-N9-22M) (15M)
F, =nominal tensile strength of ties, kips (N)
f¢ = concrete compressive strength, ksi (MPa)

[ = unit width, 12 in./ft.(1000 mm m)

ps = tc/stl
sy =spacing of shear reinforcement along the
direction of one-way shear, in. (mm)

s; = spacing of shear reinforcement transverse to
the direction of shear, in. (mm)

t. = concrete infill thickness
= tyc — 21, in. (mm)
& = 1.0 for yielding shear reinforcement
= (.5 for nonyielding shear reinforcement

The concrete contribution, V.., is determined per Equa-
tion 14, and steel contribution, Vi, is determined per Equa-
tion 15. For nonyielding shear reinforcement with spacing
less than or equal to #,/2, it is possible that the concrete
shear or flexure shear crack will engage all the individual
shear reinforcements that it will pass through. However, it is
unclear whether these individual shear reinforcements will
be able to develop their individual design strengths before
one of them—the one with the largest axial force—fails in a
nonductile manner. Therefore, the shear reinforcement con-
tribution in Equation 15 has been reduced to one-half.

If the spacing of the yielding shear reinforcement is
greater than t,./2, the maximum out-of-plane shear strength
is limited to the greater of (1) the concrete shear strength
contribution or (2) the shear reinforcement contribution
alone. This is based on the ability of the SC section to
develop an internal truss mechanism for equilibrium. The
strength of this truss mechanism is limited to that of the tie
shear reinforcement. The concrete and steel contributions
cannot be added for shear reinforcement spacing greater
than #,./2 because the shear or flexural-shear crack may not
pass through more than one tie.

Per the modular composite specification, the out-of-plane
shear strength for an SC wall with shear reinforcement
spaced greater than #,./2 is determined as follows:

The nominal out-of-plane shear strength per unit width
for SC panels with shear reinforcement spaced greater
than half the section thickness shall be the greater of
Veone and Vi. V., shall be calculated using Equation 14,
and V;shall be calculated using Equation 15 taking both
€ and p, as 1.0.

The behavior of nonyielding shear reinforcement with
spacing greater than half the wall thickness will be same as
that of yielding shear reinforcement spaced at more than half
the wall thickness.

Interaction of Out-of-Plane Shear Forces

The out-of-plane shear demands in both x and y directions,
V.x and V,,, rely on using the same tie shear reinforcement
for the steel contribution, Vj, to the corresponding available
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out-of-plane shear strengths, V., and V.. Both out-of-pane
shear demands, V., and V,,, subject the ties to axial tension
demand after concrete cracks and its contribution, V, .ouc,
in the respective directions is exceeded. Additionally, shear
reinforcement and steel anchors are subject to interfacial
shear demands in both the x and y directions. The modu-
lar composite specification provides Equation 16 to check
the interaction of out-of-plane shear and interfacial shear

demands on an SC wall as follows:

If the required out-of-plane shear strength per unit width
for both the x and y axes, V,, and V,,, is greater than the
available out-of-plane shear strength contributed by the
concrete per unit width of the SC panel section, V. .o,
and the out-of-plane shear reinforcement is spaced no
greater than half the section thickness, the interaction
of out-of-plane shear forces is limited by Equation 16:

%
(Vr_vcconc) +(V}’_Vcconc) ‘
Vc _Vcconc X Vc _Vc conc /y

%
JV2 +v2 09 |
+ > / ( ) <1.0

P (105%/s%)
(AISC N690 Eq. A-N9-23) (16)
where
V. = available out-of-plane shear strengths per

unit width of SC panel section in local
x (V) and y (V,,) directions, kip/ft. (N/mm)

Ve conc = available out-of-plane shear strength con-
tributed by concrete per unit width of SC
panel section, kip/ft. (N/mm)

v, =required out-of-plane shear strength per
unit width of SC panel section in local
x (V) and y (V) directions using LRFD or
ASD load combinations, kip/ft. (N/mm)

o® =weighted average of the available interfa-

cial shear strengths of ties and steel anchors
while accounting for their respective tribu-
tary areas and numbers (Eq. 17), kips (N)

l = unit width, 12 in./ft. (1000 mm/m)

s = spacing of steel anchors, in. (mm)

tee = SC section thickness, in. (mm)

X = subscript relating symbol to the local x-axis,
as defined earlier

y = subscript relating symbol to the local y-axis,
as defined earlier

v = 1.0 for panel sections with yielding shear

reinforcement and yielding steel anchors
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= (.5 for panel sections with either nonyield-
ing shear reinforcement or nonyielding
steel anchors for design in accordance with
LRFD

V. = 0y V,10, kip/ft (N/m), where V,,, is nominal
out-of-plane shear strength per unit width
of SC panel section and ¢,,, = 0.75

Ve cone = OvoVeone, Kip/ft (N/m), where V., is nomi-
nal out-of-plane shear strength contributed
by concrete per unit width and ¢,, = 0.75

The interaction equation, Equation 16, is based on the
shear-tension interaction equation in ACI 349 (ACI, 2006)
Appendix D, Commentary RD.7, which is applicable to
concrete anchors, or connectors, with ductile and nonduc-
tile limit states. In the first part of the interaction equation,
the numerators are the tensile force demands in the tie bars,
which are calculated as the portions of the out-of-plane shear
demands greater than the corresponding concrete contribu-
tion, V, con.- The denominators are the available strength
contributions of the ties, V. The second term in the interac-
tion equation accounts for the shear demand in the ties and
steel anchors due to their participation in resisting interfa-
cial shear demands, which are also the result of out-of-plane
shear demands as discussed previously. The numerator is the
vector sum of the out-of-plane shear demands, V,, and V,,,
obtained by algebraic manipulation of Equation 8.

The denominator is the weighted average of the shear
strength contributions of ties and steel anchors, Q&%, and
can be calculated using Equation 17:

tie
Mg Qv + Nes O

Nt + Neg

where
! — available interfacial shear strength of tie bars, kip
(N)
n., = effective number of ties contributing to a unit cell
n.s = effective number of shear connectors contributing
to a unit cell
and where the unit cell is the quadrilateral region defined by
a grid of four adjacent ties.

For example, Figure 12 illustrates the unit cell for an SC
wall of thickness 36 in. (900 mm), with ties spaced at 36 in.
(900 mm) and steel anchors spaced at 9 in. (225 mm). As
shown in the figure, the tie bars at the corners participate in
four adjoining unit cells, and the steel anchors at the bound-
aries participate in two adjacent unit cells. The steel anchors
within the boundaries of the unit cells contribute fully. For
the example shown in Figure 12, the effective number of tie
bars contributing to the unit cell, n,,, is equal to 1, and the
effective number of steel anchors, n,, is equal to 15 [namely,
(D9 +(0.5)(12) = 15].



When the spacing of the shear reinforcement is greater
than #,./2, the nominal out-of-plane shear strength is gov-
erned by the greater of the steel and concrete contributions
as discussed previously. When the steel contribution is
greater than the concrete contribution, Equation 16 will not
include the concrete contribution. The modular composite
specification discusses this requirement as follows:

If the available strength, V,, is governed by the steel
contribution alone and the out-of-plane shear reinforce-
ment is spaced greater than half the section thickness,
V. conc shall be taken as zero in Equation 16.

When one of the out-of-plane shear demands, V. or V,,, is
less than the concrete contribution, there will be no interac-
tion of out-of-plane shear demands. For shear reinforcement
spaced greater than z,./2, if the concrete contribution is more
than the shear reinforcement contribution, the concrete infill
will be subject to two-way shear (punching shear), which
will be resisted by perimeter of the unit cell for the SC panel
section.

SUMMARY AND CONCLUSIONS

This paper discussed the minimum requirements and sec-
tion detailing provisions for steel-plate composite (SC) walls
in safety-related nuclear facilities as discussed in Appendix
NO to AISC N690s1 (AISC, 2015). The minimum require-
ments—including the minimum and maximum section
thickness, f,.; faceplate thickness, t,; reinforcement ratio,
p; concrete strength, f7; steel yield stress, Fy—were based
primarily on the experimental database of SC walls tested
under different loading conditions and practical concerns
related to fabrication and handling requirements. The sec-
tion detailing provisions include requirements for size and
spacing of stud anchors and ties, which provide composite
action, structural integrity, interfacial shear resistance, and
out-of-plane shear strength to the SC wall design. These
steel anchors and ties are classified as yielding or nonyield-
ing type based on behavior and failure mode.

The stud anchor detailing provisions are based on
requirements to prevent local buckling before yielding of

[0} . . . Q@ . . (0] . ] o Q@
S4[36 in.(900 mm)]
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=~
. : . = g. . ) .
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[©) . . . @ . . . (&)
s [9in.(225 mm)]
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« Shear Connectors
""""""" Unit Cell Boundary

Fig. 12. Unit cell for calculating Q&°.
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Table 2. Parameters for Design Example

Steel minimum specified yield stress, F,

Parameter Value
Faceplate thickness, t, 0.5in.
SC section thickness, tg. 56 in.

50 ksi

(A 572 Gr. 50)

Concrete minimum specified compressive strength, f¢ 5 ksi

Steel anchor (3%-in.-diameter steel-headed stud anchors) spacing, s, (s7) 6in.

Tie (0.5-in. x 6-in. flat bars) spacing, sy (St)

24 in.

the faceplates in compression, having development lengths
less than three times the wall section thickness, and prevent-
ing interfacial shear failure from occurring before out-of-
plane shear failure. The tie detailing provisions are based
on the requirements to prevent section delamination through
the plain concrete in between the steel faceplates and out-
of-plane shear strength. All these provisions distinguish
between yielding and nonyielding types of steel anchors
and ties because of the differences in resistance distribution
along the length.

The paper also discussed AISC N690sl provisions related
to the out-of-plane shear strength of SC walls and the con-
tribution of ties depending on their classification—yielding
or nonyielding—and spacing along the length. The interac-
tion of different out-of-plane shear demands in the x- and
y-directions on the design of steel anchors and ties was also
discussed. All these minimum requirements and section
detailing provisions have to be checked for SC wall sections
used in safety-related nuclear facilities before the remaining
provisions of AISC N690sl1 (AISC, 2015) can be applied for
their design.

DESIGN EXAMPLE

This section presents sample calculations for a typical
SC wall used in a safety-related nuclear facility. The wall
dimensions are established in the plant layout process and
serve as the initial iteration for the design. Table 2 summa-
rizes the geometric and material details of the sample SC
wall that satisfies all the minimum requirements of Table 1.
Table 3 summarizes the calculations associated with the
section detailing requirements. The steel anchor and tie
bar spacing meets the faceplate slenderness requirement
of Equation 2. Steel anchors additionally meet the spacing
required to develop the yield strength of the steel faceplate
over the development length (Equation 5) and the spacing
required to prevent interfacial shear failure before out-of-
plane shear failure (Equation 8). The tie bars have tensile
strength greater than the tensile demand, F,., (Equation 12).
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Steel-headed stud anchors used are classified as yielding
shear connectors. Tie bars are of the yielding type (Equa-
tion 9). The tie bar spacing meets the spacing requirement.
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Table 3. SC Example Minimum Requirements and Detailing Provisions Check

Requirement

Check

Minimum requirements
(Table 1)

ty, tse, Fy and f¢ meet the minimum requirements. Reinforcement ratio, p, within the limits.

Faceplate slenderness
requirement (Eq. 2)

botofEs 12<24
tP Fy

Steel anchor and tie spacing meet the requirement.

Steel anchor classification

Steel-headed stud anchors are yielding steel anchors.

Steel anchor spacing:
development length (Eq. 5)

L, = 3t,;Q,, = 18.7 kips (83.2 kN) [AISC 360, Section 18.3]
chLd

P
Steel anchor spacing meets the development length requirement.

s<cy 6in.<11.2in. (150 mm < 285 mm)

Tie bar classification and
spacing (Eqg. 9)

St <tse = 24 in. < 56 in. (610mm < 1420 mm)

Ties meet the spacing requirement.

Fry < 0.8F, = 150 Kkip < 156 kip < (667 KN 694 kN)

Tie bars (yielding type) connected to faceplates using complete-joint-penetration welds.

Required tension strength:
delamination failure (Eq. 12)

Freq =21.2 kips (94.3 kN)
Available tensile strength of ties is greater than Fie,.

Contribution of ties to out-of-
plane shear strength of SC

Vs =172 kips (765 kN); Voone = 74 kips (329 kN) = V, = 184 kips (818 kN) (AISC, 2015)

walls, Vs (Egs. 13, 14, 15)

Steel anchor spacing:
interfacial shear (Eq. 8)

/
s<c _Qul  gin<78in. (152 mm < 198 mm)
V,/0.9t,,

Spacing of steel anchors meets the requirement for preventing interfacial shear failure.
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