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mechanisms. An SC wall under out-of-plane forces could reach a desired failure mechanism such
as flexure or shear only if the composite action between the steel plate and concrete is sufficient.
Otherwise, debonding, the failure mechanism associated with composite action, could govern. A

Cross-ties
UHPC design equation is derived to predict the composite action capacity accurately. The design
Structural Design guidelines and the proposed equation are validated using an experimental database of eight SC

beams under varying a/d ratios, longitudinal reinforcement ratio, transverse reinforcement ratio,
and concrete strength. A systematic comparison between test results and proposed design
guidelines is conducted showing that the proposed method offers high accuracy and safety over
existing methods. The findings clarify the interaction between flexural, shear and composite
capacities and provide practical design methods for both conventional SC composite walls and
steel-Ultra high performance concrete composite walls.

1. Introduction

The Composite Steel Plate Concrete (SC) structural system presents an innovative alternative to the conventional Reinforced
Concrete (RC) structural system. It provides numerous advantages including accelerated onsite construction, enhanced material se-
curity, reduced construction duration, and improved structural performance. The SC system consists of two steel plates with a layer of
concrete sandwiched between them. These steel plates serve as permanent formwork, making the system highly suitable for prefab-
rication and rapid assembly. In comparison to RC, the SC system exhibits superior strength and ductility, increased stiffness, and
considerable energy dissipation capacity. The application of Composite Steel Plate Concrete (SC) structures has seen a rapid increase in
recent decades within the field of structural engineering. They are employed in various critical applications such as containment walls
for nuclear power plants, tall buildings, and shield tunnels. [1-3]. Steel Plate Concrete (SC) has been extensively utilized in nuclear
containment structures, including the AP1000 (Fig. 1) and US-APWR (Advanced Pressurized Water Reactor) to reduce construction
time [4].

The advantages of composite structures can be categorized into two main areas: (1) construction and (2) structural performance.
Below are the advantages related to construction [5].
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(1) Steel plates reduce construction time/costs by eliminating formwork acquisition, installation, and removal. The comparison of
material/labor requirements between RC and SC systems by Takeuchi et al. [6] in ABWR construction is shown in Fig. 2.

(2) Congestion of reinforcement in highly reinforced concrete structures could be avoided by using the Steel Plate Concrete (SC)
structural system.

(3) SC modules using steel plates of standard dimensions could minimize waste and reduce construction costs compared to con-
ventional rebar reinforcement, which requires cutting and sizing.

(4) SC elements are typically prefabricated. The modules’ assembly is much simpler than built-up steel walls since the welded
connections consist of straight segments making it easier to weld on site.

(5) Steel plates can be externally treated and inspected for corrosion. Therefore, the design life of the structure is improved.

The advantages related to structural performance of SC structures include.

(1) SC structures offer enhanced impact and blast resistance, crucial for critical installations such as nuclear containments [7].

(2) SC structures have increased stiffness and strength due to the confinement effect and the higher amount of steel plate
reinforcement.

(3) In shear-governed RC walls, rebar placement at 45° aligns with principal stress direction to mitigate pinching effect [8], but is
impractical in construction. SC structures inherently orient steel plates along principal stress, eliminating pinching and
improving ductility under reversed cyclic loads.

From the mechanics perspective, when integrity is achieved between steel plate and concrete, SC structures can fully utilize the
individual strengths of these materials. To facilitate an effective force-transfer mechanism between steel plates and concrete, a variety
of techniques are employed, including the use of cross-ties, shear studs, J-hooks, and the preparation of profiled or textured surfaces on
steel plates.

Profiled/textured steel surfaces may lead to early interfacial shear failure due to bond slip between concrete and steel plates.
Overlapping shear studs can mitigate bond slip progression but do not contribute significantly to out-of-plane shear resistance, thus
requiring additional shear resistance measures. Cross-ties (welded to steel plates and embedded in concrete) are highly efficient for SC
module construction in terms of time, cost, and quality [9,10], while enhancing shear load capacity. A typical cross-tie configuration is
illustrated in Fig. 3.

The SC structural system is increasingly used in nuclear containment walls, where high safety margins lead to thick, heavily
reinforced concrete walls prone to rebar congestion, prolonged construction time, and higher costs. SC modules offer economic ef-
ficiency and shorter construction periods, making them ideal for small modular reactors (SMRs).

In addition to the general type of generated loading (i.e. dead load, live load, and earthquake load), nuclear containments are
subjected to design internal pressure P. The different combinations of dead load, live load, internal pressure, and earthquake loading
can give rise to in-plane and out-of-plane stresses in the containment wall. The stresses that develop from the applied loading in a
nuclear containment structure are illustrated in Fig. 4. A thorough understanding of SC elements under within the plane and outside
the plane applied loads are important to develop analysis tools, design guidelines, and recommendations. This study investigates the
behavior of SC walls when subjected to out-of-plane forces.

Out-of-plane shear and bending stresses occur at structural discontinuities (e.g., locations A and B in Fig. 4), around openings, and
at wall-foundation joints (location A). Stresses at location A can be mitigated by equalizing deformations above/below the
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Fig. 1. AP 1000 nuclear power plant [4].
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discontinuity through adjusted reinforcement ratios [11]. Shear reinforcement is critical in regions subjected to transverse or
out-of-plane shear stresses.

A thorough understanding of SC elements under out-of-plane shear is vital because shear failure is inherently brittle in nature.
Brittle shear failures are disastrous because it provides little or no warning before the structural capacity is reached. When configuring
SC elements, it is crucial to secure their ductile behavior.

The shear resisting components of SC elements are similar to that of RC, consisting of the sandwiched concrete and embedded cross-
ties. In RC structures, the longitudinal reinforcement is encased within the concrete, whereas in SC structures, the steel plates are
positioned outside the concrete, exhibiting minimal or no bond with the concrete. A shear transfer mechanism is necessary to secure
the steel plates to the concrete and transfer forces between them, ensuring force equilibrium. Shear connectors such as shear studs or
cross-ties may be utilized to achieve coupling action between the composite structure.

Cross-ties (tie bars) are used exclusively in this research as shear connectors, serving dual roles: enabling composite action and
enhancing shear capacity. Unlike prior studies that relied on shear studs or combined connectors [7,12], this approach simplifies
design while acknowledging that full composite action may be uneconomical.

SC system stiffness depends on shear connector rigidity [9,13-15]. While rigid connectors could theoretically match the stiffness of
doubly reinforced concrete, practical limitations cause bond-slip at the steel-concrete interface, degrading performance in terms of
stiffness, strength, ductility and potentially altering the failure mode [13,14,16].

The out-of-plane behavior of SC walls relies on composite action between materials. Without shear connectors, the steel and
concrete separate, rendering design code-based shear/flexural capacities invalid due to loss of assumed full composite action. The
behavior of SC elements under out-of-plane shear (including shear strength, flexural strength, and interfacial shear (composite)
strength) requires experimental validation. Existing design equations (e.g., ACI, UH method) conservatively predict shear resistance
for RC/PSC beams [17-19], but their applicability to SC systems remains unverified. This study examines the behavior, failure
mechanisms, and design standard applicability for SC systems using cross-ties under out-of-plane stresses.

2. Current specifications and code provisions

The following are the design codes and provisions available for predicting the flexural and shear capacities of SC elements. Most of
these provisions were developed by assuming that there would not be a debonding failure between concrete and steel plate, and that
the bond is perfect, similar to RC elements. In such a case, either the flexural or the shear capacity would govern the design. However,
In SC structures with cross-ties only, the strength of the connection between the steel plate and the concrete is limited by the amount of
cross-ties provided. Therefore, a third failure mode, called “Composite Capacity”, associated with debonding between two bound
materials, may govern the design. The applicability of these design codes will be validated using the experimental database arranged
for this study.

2.1. Flexural capacity
The flexural capacity of an SC wall subjected to out-of-plane forces can be determined using the following codes and specifications.

2.1.1. ACI 349M — 06 provisions

Based on ACI 349M-06 assumptions for doubly reinforced concrete beam, flexural capacity of SC elements can be estimated using
adapted formulations. [20]. The assumptions include 1) a linear distribution of strain across the section, 2) maximum concrete
compressive strain is limited to 0.003., 3) the strain in the steel plate is restricted to the yield strain in the extreme tension fiber of the
steel plate, 4) the tensile contribution of concrete is not considered, and 5) an equivalent rectangular stress distribution for the concrete
is considered with a reduction factor of 0.85 for the peak concrete compressive stress. Two additional assumptions are considered for
SC elements.

1) To limit the compressive strain in the extreme compression fiber to the yield strain or the critical buckling strain of the compression
steel plate. This is necessary not to violate the sectional force equilibrium conditions.

2) Steel plate and concrete are assumed to have full composite action, and the strain profile is linear and continuous over the entire
section.

The derivation by Sener [7], which is based on the above assumptions, is used for calculating the flexural capacity of SC beams
subjected to out-of-plane forces. The flexural capacity is given as

1., s
Myscr— {A&fy(d 4) - of bwc(§+%)] )
c=2t,(n —n),wherec >0 2)

where, ¢ denotes the height of the triangular stress block in concrete above the neutral axis, A; denotes the cross-sectional area of a
single steel plate, t; denotes the thickness of the steel plate, d denotes the depth, b,, denotes the section width, n denotes the modular
ratio (Es/E.), and n’ denotes the ratio of the steel plate yield stress to the concrete compressive strength (f, /f.).
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2.1.2. JAEC-4618 technical code

The JAEC-4618 [21] is a technical standard for the seismic design of steel plate reinforced concrete structures, issued by the
Japanese Electric Association Committee (JAEC). In the equation recommended by the technical code, the assumed lever arm, denotes
the distance from the center of the steel plate on the tension side to the point where the resultant compressive force acts. This mea-
surement, assumed to be (7 /8)d, simplifies the calculation of flexural strength for SC elements under out-of-plane moments by defining
the effective length of the lever arm within the structural element. The moment capacity of an SC beam according to theJAEC code is
given as

7
My jaec :Axfyg d 3)

2.1.3. AISC-N690 specifications

AISC-N690 [22] provides specifications for steel structures related to safety in nuclear facilities. This standard simplifies the
calculation of the flexural strength of SC elements under out-of-plane moments by assuming a lever arm equal to (0.9)d. The formula
given by the AISC-N690 code for calculating the moment capacity of an SC beam is as follows:

My aisc =Af,(0.9)d 4)

2.1.4. KEPIC-SNG specifications

The KEPIC-SNG [23] is specifications for steel plate concrete structures related to safety for nuclear facilities, published by the
Korea Electric Association. The equation is provided by the association to determine the flexural resistance capacity of SC elements
under out-of-plane forces. The equation considers the contribution of stiffener elements and restricts the stresses in the compression
steel plate to the critical buckling stress. The moment capacity of an SC element by KEPIC-SNG is given as

Mn.SNG :fy.cr As(d — ) + (fy 7f_y.cr >As <d - 1~5ts - 05ts"%> +fy,n'bAn'bdn'b (5)

for= (1.570.00431%570.18(;&)]3 <, ©)
P

where, f, i is the yield strength of the stiffener, A is the area of the stiffener, and d.; is the distance between the centroidal axes of the
stiffener (ribs) on both steel plates.

2.2. Shear capacity

The shear capacity of an SC wall under out-of-plane forces can be determined using the following codes and specifications.
2.2.1. ACI 318-11 provisions

ACI 318-11 [24] has been developed for the design of Reinforced Concrete (RC) structures and applied in ACI 349 [25] to design of

SC structures for seismic resilience. The nominal shear force (V,) is calculated as the sum of the shear strength from concrete (V¢) and
reinforcement (Vs).

Vaa = Ve + Vs @
Vid

V.= (1,9 \/f. +2500p, <Mu>>bwd <35,/f.b,d ®)

Vs=A,fy (d/s) ©

where, V4 is the nominal shear strength; V. is the contribution of shear strength of concrete; V; is the contribution of shear rein-
forcement; d is the effective depth of the section; f, is the concrete compressive strength in psi; V, is the ultimate shear force; M, is the
ultimate bending moment; M, /(V,d) is also the shear span to depth ratio (a/d), p,, is the longitudinal reinforcement ratio; b,, is the
effective width in inches, p, = A;/(bd) , A, is the area of shear reinforcements (cross-ties); f,; is the yield strength of shear re-
inforcements (cross-ties); and s is the spacing of shear reinforcements (cross-ties).

Eq. (8) stipulates that the ratio (V,d)/M, must not exceed 1.0, with V, calculated as {/ﬁbwd for f, in psi, following ACI 318-11
guidelines. The basis of Eq. (8) in the guideline is a truss analogy, assuming a 45-degree failure crack, and it points to shear strength
arising from shear reinforcement yielding, known as shear-tension failure. The ACI-ASCE Committee 326 warns that excessive web
reinforcement may lead to shear-compression failure in concrete struts. Thus, to prevent concrete from crushing before transverse
reinforcement yields, it is crucial to limit the shear contribution from shear reinforcement.

Minimum shear reinforcement is crucial to avoid abrupt shear failure. As per the ACI 318-11, the specifications for the minimum
area and ratio of shear reinforcement are provided as follows:
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where, Ay min denotes the minimum area of shear reinforcement, p, 4¢; denotes the shear reinforcement ratio, s denotes the spacing of
cross-ties in a member of width b,,. f;, is the yield strength of the rebars, and f, is the compressive strength of concrete at 28 days [24].

2.2.2. UH method (KUO et al., 2014)

The UH Method [19], developed by researchers at the University of Houston, offers a comprehensive shear design approach for
both RC and PSC structures [26,27]. The shear strength of RC beams Vyy consists of the contribution of the concrete V. and the shear
reinforcement V;. The formulas to determine the shear strength of RC beams are outlined in following equations. This method con-
siders arch action by accounting for the ratio a/d, and the contribution of the concrete is based on the depth of the compression zone

nan

"c". The depth of the compression zone "c" can be determined using Eq. (14).

Vo=V, +V, (12)
ve=14 (5 ) "fibee<10fbuc (13)
2: Zﬂw n-+ (pw Tl)2 — Pwlt (14)
V,=A,f, (d/s—1) (15)

where, Vyy denotes the nominal shear strength; V. denotes the shear contribution of concrete; V; denotes the shear contribution from
shear reinforcements; a/d denotes the ratio of shear span to effective depth; f, denotes the concrete compressive strength in psi; ¢
denotes the depth of the un-cracked flexural compression zone; p,, denotes the longitudinal reinforcement ratio p,, = A;/ (bd); n =E,/
E. modular ratio; E; denotes the elastic modulus of steel reinforcement; E. denotes the elastic modulus of concrete; A, denotes the area
of shear reinforcements (cross-ties); f,; denotes the yield strength of shear reinforcements (cross-ties); and s denotes the spacing of
shear reinforcements (cross-ties).

2.3. Composite capacity

There is no code provision for determining the composite capacity of SC elements subject to out-of-plane shear. Nonetheless, the
interfacial shear capacity of an individual shear connector can be computed using specific codes and standards. The relevance of these
formulas will be assessed through an experimental database.

2.3.1. AISC guidelines
The AISC code [28] provides equations to determine the interfacial shear strength of shear studs. The equations are provided for
steel failure as well as concrete failure. The equations are given as

Steel Failure : Q, = Ay*fuy (16)

Concrete Failure : Q, = 0.5*A;*\/f.*E, 17

where, Q, denotes the interfacial shear strength of shear stud; A; denotes the cross-sectional area of the shear connector; f,, denotes the
maximum tensile strength of the shear connector; f, denotes the concrete compressive strength; and E. denotes the modulus of
elasticity of concrete.

2.3.2. ACI 318-11 guidelines
The ACI code [24] offers formulas for computing the interfacial shear strength of shear studs, with specific equations for both steel
failure and concrete failure. The formulas are presented as follow:

Steel Failure : Q, = 0.65%A*f,,, (18)

Concrete Failure : Q,=0.70%k, */1\/}76 (19)

where, Q, denotes the interfacial shear strength of shear stud; A; denotes the cross-sectional area of the shear connector; f,, denotes the
maximum tensile strength of the shear connector; f, denotes compressive strength of concrete; kg, denotes coefficient for pry out
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strength; A donates modification factor reflecting the reduced mechanical properties of lightweight concrete, all relative to normal
weight concrete of the same compressive strength.

2.3.3. IBC guidelines
The IBC code includes formulas to determine the interfacial shear strength of shear connectors, with specific equations for steel
failure and concrete failure. The equations are specified as follow:

2
Steel Failure : Q, = 0.8*kL*fuv*ﬂdZ (20)
1
Concrete Failure : Q, = 0.29*d?* (f,*E,)? (21
k= (0.024t+0.76)fi andk, <1 (22)

355

where, Q, denotes the interfacial shear strength of the shear connector; d denotes the diameter of the shear connector; f,, denotes the
maximum tensile strength of the shear connector; f, denotes the compressive strength of concrete; f,;, denotes the yield strength of steel
plate; and t denotes the thickness of steel plate; k;, is an empirical factor related to the steel plate properties as defined in Eq. (22).

The interfacial shear strength equations in AISC, ACI318-11, and IBC differ due to variations in design philosophies, safety factors,
failure mode considerations, and empirical adjustment. These differences reflect the distinct priorities of each code and the experi-
mental databases underpinning them: AISC emphasizes steel reliability, ACI addresses concrete variability, and IBC integrates system-
level effects.

3. Experimental database

Fig. 5 shows a scaled version of a strip from a nuclear containment wall that is part of the experimental database. The details of
experimental program are published in separate journal papers by the authors [29,30]. The nuclear containment walls typically have a
thickness ranging from 25 in. to 60 in. (508 mm-1524 mm) and steel plates have a thickness ranging from 0.25 in. to 1.5 in.(6.35
mm-38.1 mm). A 36"-thick (914.4 mm) overall nuclear containment wall with 0.42"” and 0.5625" (10.668 mm and 14.2875 mm) steel
plate thicknesses was scaled by a factor of 4/9, such that large-scale testing could be performed on the PSC specimens within the
experimental setup constraints of the laboratory. The scaled beam measures 15.0 feet (4572 mm) in length, 12.0 inches (305 mm) in
width, and 16.0 inches (406 mm) in depth.

The experimental database for eight SC beams, along with their specifics, variables, ultimate load, and failure mechanism, are
displayed in Table 1. The primary test parameters are the concrete strength, shear span-to-depth (a/d) ratio, slenderness ratio, and

s P
Typical Wall Thickness: 25 to 60 in. l Steel Plate l Concrete
Typical Steel plate Thickness: 0.25 to 1.5 in. (1—\— 72‘4\7 7/ Cross ties

D=16"

Pl Concrete/UHPC

7/ C;gss ties

D=16"

Specimen SC4, SC5, SUC1, SUC2

Fig. 5. A scaled strip of nuclear containment wall



J. Sawab et al. Journal of Building Engineering 111 (2025) 113148

cross-tie ratio (p, ,;;). When the shear span-to-depth (a/d) ratio is 2.5, reinforced concrete (RC) elements subjected to a concentrated
load display minimum shear strength [31]. Tests conducted on Prestressed Concrete (PSC) beams caught this phenomena [26]. A
minimal amount of shear reinforcement for the PSC part was suggested based on the test findings. The suggested sum was twice as
much as what the ACI 349 guidelines said for an a/d between 2.0 and 4.0 [26,27]. Consequently, three a/d values—1.5, 2.5, and
5.2—were determined, and the range of p, ., was varied from 0.102 % to 0.323 %. The distance between the center line of the actuator
and the support, as depicted in Fig. 5, is known as the shear span a. Similarly, the depth d is the distance between the center line of the
bottom steel plate and the extreme top fiber. ACI 349 provisions equation (11) was used in the design of the cross-ties in Specimen SC1
and SUC1 North to confirm that the minimum shear reinforcement requirements [25] applied to SC and S-UHPC beams.

3.1. Material properties

Based on the intended shear reinforcement ratio, the diameter of the rebars and the cross-tie spacing (s) were computed. Shear
reinforcement was provided by deformed No. 2 reinforcing bars, while top and bottom steel plates for SC1 through SC6 were made of
3/16-inch (4.76 mm) high-strength low-alloy structural steel (ASTM A572-50 [32]).The top and bottom steel plates for specimen SUC1
and SUC2 were made of 0.25-inch (6.35 mm) grade 70 high strength steel that complied with ASTM/ASME SA 516. No. 3 rebars were
utilized as the shear reinforcement. A total of 3 coupon tests and 3 rebar tension tests were performed to capture the yield strength and
tensile strength of the steel plate and rebar and the average values were reported in Table 2, respectively.

Specimens SC1 through SC6 were cast using normal strength concrete, which has a strength range of 5-8 ksi (34.474 MPa-55.158
MPa). Specimens SUC1 and SUC2 were made of Ultra-High Performance Concrete (UHPC), which has a compressive strength of 22 ksi
(151.7 MPa).

The specimen naming system follows a clear and consistent format to describe key experimental parameters. The prefix "SC" de-
notes a Steel Plate-Concrete (SC) composite specimen, while "SUC" indicates a Steel Plate-UHPC (Ultra-High-Performance Concrete)
specimen. The numerical value immediately following these prefixes serves as a unique specimen identifier (e.g., SC1, SUC2). The first
hyphenated number specifies the critical shear span-to-depth ratio (a/d). Subsequent notations include "S" followed by a number
representing the cross-tie spacing in inches (converted to millimeters in parentheses where applicable), and a final "N" or "S" indicating
whether loading was applied on the north or south side of the specimen. For example, specimen SC1-2.5-S8-N describes a standard
steel plate-concrete specimen (SC1) with a shear span-to-depth ratio of 2.5, cross-ties spaced at 8 inches (203.2 mm), and north-side
loading application.

3.2. Loading protocol and test setup

The specimens underwent vertical loading using north and/or south actuators, each with a capacity of 600 kips (2670 kN), as
shown in Fig. 6(a). The loading process, controlled by the MTS Flex system, included several steps, and managed both loads and
displacements of the actuators. Each loading step was conducted at a constant rate of 0.10 inch (2.54 mm) every 15 minutes. During
these steps, loading could be paused and resumed to inspect and document any cracks. Each test spanned three to five hours. The

Table 1
Summary of experimental parameters and failure modes of SC elements under for out-of-plane loading.
No. Specimen f. (MPa) a P d (mm) s (mm) Prest Py (kN) Test Failure
Identifier d % % Mode

Conventional Concrete f; (34.5-55.2) MPa
Steel plate Thickness - t; (4.76)mm, f, (441.26 MPa), f, (537.79 MPa) d, (6.35 mm, #2 rebar), f, (419.2 MPa), f, (613.63 MPa)

1 SC1-2.5-S8-N 56.05 2.5 2.36 404.11 203.2 0.102 121.88 Interfacial Shear
2 SC1-2.5-88-S 56.05 2.5 2.36 404.11 203.2 0.102 116.09 Interfacial Shear
3 SC2-2.5-S7-S 39.98 2.5 2.36 404.11 177.8 0.117 120.10 Interfacial Shear
4 SC3-2.5-S6-N 40.13 2.5 2.36 404.11 152.4 0.137 141.01 Interfacial Shear
5 SC3-2.5-86-S 40.13 2.5 2.36 404.11 152.4 0.137 154.79 Interfacial Shear
6 SC4-2.5-S5-N 50.81 2.5 2.36 404.11 127 0.164 189.93 Interfacial Shear
7 SC4-2.5-54-S 50.81 2.5 2.36 404.11 101.6 0.205 236.20 Flexural Tension
8 SC5-1.5-S6-S 55.16 1.5 2.36 404.11 152.4 0.137 121.88 Shear Tension

9 SC5-1.5-S5-N 55.16 1.5 2.36 404.11 127 0.164 116.09 Shear Tension

10 SC6-5.2-S6 55.16 5.2 2.36 404.11 152.4 0.137 120.10 Flexural Tension

Ultra-high Performance Concrete - f, (~151.68 MPa)
Steel plate Thickness - t; (6.35 mm), f, (510.21 MPa), f, (606.39 MPa) d; (9.53 mm, #3 rebar), f, (458.5 MPa), f, (602.60 MPa)

11 SUC1-2.5-10-S 154.03 2.5 3.14 403.35 254 0.184 220.19 Interfacial Shear

12 SUC1-2.5-8-N 154.03 2.5 3.14 403.35 203.2 0.231 206.84 Interfacial Shear

13 SUC2-2.5-6.75-S 153.89 2.5 3.14 403.35 171.45 0.277 346.07 Interfacial Shear

14 SUC2-2.5-5.75-N 153.89 2.5 3.14 403.35 146.05 0.323 382.10 Flexural Tension
Note.

1, Py is the highest load P achieved during the experimental procedure as per the loading protocol described in Fig. 5.
2, f. is the compressive strength of the concrete determined by testing three 4'x8" cylinders on the day of testing the specimen.
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Table 2

Mechanical properties of the materials.
Material Diameter/Thickness(mm) fy (MPa) fu (MPa)
No. 2 Rebars 6.35 419.20 613.63
Grade 50 Steel plate 4.76 441.26 537.79
No.3 Rebars 9.53 458.50 602.60
Grade 70 Steel plate 6.35 510.21 606.39

Notes: f, = Yield stress, f, = Maximum tensile stress.

4 =1 LVDT for
u Settlement

a) Loading arrangement

LVDT for
Deflection

b) LVDT Setup

Fig. 6. Test setup of the specimen

displacement control feature played a crucial role in observing the post-peak behavior of the SC beams.

Specimens SC1 and SC3 underwent simultaneous loading at both their north and south ends. In contrast, an issue with the control
system during the symmetrical loading of SC2 led to an early failure at the north end, leaving the south end unaffected and not
subjected to load, hence SC2 was loaded solely at the south end afterward. For specimens SC4, SC5, SUC1, and SUC2, each end was
tested sequentially, shifting support to the nearest intact section after a failure occurred, as seen with SC4 south and SC5 north ends.
Specimen SC6 uniquely experienced loading at its central span via a single actuator.
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4. General behavior and modes of failure

The fourteen experiments conducted on eight simply supported SC beams make up the experimental database. Specimen SC1 and
SUC1-South were designed as per the minimum shear reinforcement provision of the ACI code. Specimens SC2, SC3, SC4, SUC1-North,
and SUC2 were designed with an increasing amount of cross-tie ratio. The purpose of specimens SC5 and SC6 was to examine the
impact of the a/d ratio.

A common observation in the specimens was the formation of an inclined crack within the shear span area, which subsequently
initiated bond-slip at the interface between the concrete and the bottom steel plate. The failure mode of the beam—whether from
debonding, shear tension, or flexural tension—varied based on the quantity of cross-ties used. Notably, none of the tests exhibited
compression shear or compression flexure failures.

In specimens with a low amount of cross-ties, debonding would significantly develop at earlier loading stages. The cross-ties would
not yield, and due to large cracking, the beams would lose its load bearing capacity and fail due to debonding in a sudden and brittle
manner.

In specimens with a higher amount of cross-ties, there could be three possible failure modes.

1) The cross-ties at the interface would yield, providing some ductility before ultimately failing. This failure mode is categorized as
debonding.

2) The cross-ties possessed sufficient composite capacity to enable those at the center of the beam cross-section to yield under high
shear stresses, leading to a failure mode characterized by shear tension.

3) The cross-ties would have enough composite capacity and shear capacity to allow the steel plate yield resulting in flexural tension
failure mode.

As an example, the failure pattern of Specimen SUC2-2.5-5.75-N is shown in Fig. 7. After the initiation of the inclined crack, bond-
slip between the steel plate and concrete began to develop. However, the composite capacity and shear capacity provided by the cross-
ties in this specimen was sufficient to allow the steel plate to yield, resulting in flexural tension failure.

5. Applicability of design codes

Using ACI and UH equations, the shear capacity for all test specimens was determined and compared with the experimental results
in Table 3.

It can be observed from the tabulated results that ACI and UH equations could not predict the shear capacity of SC/SUC beams
except for specimen SC5-1.5-S6-S and SC5-1.5-S5-N. For the ACI and UH equations to be applicable, the composite capacity of the SC
system needs to be greater than the shear capacity. For specimen SC5-1.5-S6-S and SC5-1.5-S5-N, the composite capacity was sufficient
to reach the desired failure mode, which was the shear failure mode.

The flexural capacity for all test specimens was determined through the transformed section method, incorporating the cracked
moment of inertia and employing methods from ACI, JAEC, AISC, and the Korean standards. The results for each method are tabulated
and analyzed alongside the experimental data in Table 4.

Initially, most of the specimens were designed to predominantly exhibit shear failure mode. Specimens SC4-2.5-S4-S, SC6-5.2-S6
and SUC2-2.5-5.75-N failed in flexural tension. The composite action and shear capacity provided by the cross-ties in these specimens
were larger than the flexural capacity of the section. Therefore, the bottom steel plate in these specimens yielded before the composite
action capacity or the shear capacity was reached. The equations provided by all of the methods could calculate an SC beam’s flexural

North p
w Actuator
= Top _
fie] buz ‘x ‘
e % =
= f I :
D B
Botton
7 By )
6” Fa “North Support
12”7 |7 39. 5% FS"

Cross Section South East Side of-Beam

Concrete

Steel Plate

Fig. 7. Failure pattern of SUC2-2.5-5.75-N
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Table 3
Shear capacity by ACI and UH and comparison with test results (Unit:kN).
No. Specimen Identifier Viest (en) Shear Comparison
ACI (kN) UH (kN) Viest Viest
) . Vaa Vun
Vs (Eq. (8)) Ve (Eq. (9)) Vacr (Eq. (7)) Vs (Eq. (13)) Ve (Eq. (15)) Vuyn (Eq. (12))
1 SC1-2.5-S8-N 121.88 52.93 157.47 210.40 26.24 173.48 199.73 0.58 0.61
2 SC1-2.5-S88-S 116.10 52.93 157.47 210.40 26.24 173.48 199.73 0.55 0.58
3 SC2-2.5-S7-S 119.66 60.50 134.34 194.83 33.81 156.58 190.83 0.62 0.63
4 SC3-2.5-S6-N 144.57 70.28 134.78 205.06 44.04 157.02 201.06 0.70 0.72
5 SC3-2.5-56-S 156.13 70.28 134.78 205.06 44.04 157.02 201.06 0.76 0.78
6 SC4-2.5-S5-N 189.94 84.52 150.35 234.87 58.27 168.14 226.41 0.81 0.84
7 SC4-2.5-54-S 235.76 105.42 150.35 255.77 79.18 168.14 247.77 0.92 0.95
8 SC5-1.5-S6-S 248.66 70.28 162.80 233.09 44.04 246.43 290.47 1.07 0.86
9 SC5-1.5-S5-N 287.80 84.52 162.80 247.32 58.27 246.43 304.70 1.16 0.95
10 SC6-5.2-S6 127.7 70.3 151.2 221.5 44.04 103.2 147.2 0.58 0.87
11 SUC1-2.5-10-S 220.19 95.19 257.11 352.30 35.14 262.00 297.14 0.62 0.74
12 SUC1-2.5-8-N 206.84 118.77 257.11 375.87 59.16 262.00 321.16 0.55 0.64
13 SUC2-2.5-6.75-S 346.07 152.57 257.11 409.68 80.96 262.45 343.40 0.84 1.01
14 SUC2-2.5-5.75-N 382.10 178.82 257.11 435.93 105.42 262.45 367.87 0.88 1.04
Average 0.76 0.80
Standard Deviation 0.20 0.15
cov 0.26 0.19
Note.

1. Vit is the highest load P achieved during the experimental procedure as per the loading protocol described in Fig. 5.

Table 4
Flexural Capacity Calculations and Comparison(Unit: kN.m).

Specimen Identifier Myt cnmy Flexure govm) Comparison

M. Mucr M;, My, M. My My My My My

Mz, Mucr M;. My, Mk

SC1-2.5-S8-N 123.94 270.60 259.41 231.39 237.95 257.49 0.46 0.48 0.54 0.52 0.48
SC1-2.5-S8-S 117.96 270.60 259.41 231.39 237.95 257.49 0.44 0.45 0.51 0.50 0.46
SC2-2.5-S7-S 121.80 270.60 256.93 231.39 237.95 258.51 0.45 0.47 0.53 0.51 0.47
SC3-2.5-S6-N 146.65 270.60 256.93 231.39 237.95 259.98 0.54 0.57 0.63 0.62 0.56
SC3-2.5-56-S 158.63 270.60 256.93 231.39 237.95 259.98 0.59 0.62 0.69 0.67 0.61
SC4-2.5-S5-N 193.09 270.60 258.85 231.39 237.95 261.00 0.71 0.75 0.83 0.81 0.74
SC4-2.5-54-S 239.42 270.60 258.85 231.39 237.95 261.00 0.88 0.93 1.03 1.01 0.92
SC5-1.5-S6-S 151.63 270.60 259.30 231.39 237.95 260.20 0.56 0.58 0.66 0.64 0.58
SC5-1.5-S5-N 175.58 270.60 259.30 231.39 237.95 261.00 0.65 0.68 0.76 0.74 0.67
SC6-5.2-S6 269.58 270.60 259.30 231.39 237.95 260.20 1.00 1.04 117 1.13 1.04
SUC1-2.5-10-S 223.48 399.18 347.20 351.16 361.21 343.81 0.56 0.64 0.64 0.62 0.65
SUC1-2.5-8-N 210.27 399.18 347.20 351.16 361.21 345.62 0.53 0.61 0.60 0.58 0.61
SUC2-2.5-6.75-S 351.50 399.18 347.20 351.16 361.21 346.52 0.88 1.01 1.00 0.97 1.01
SUC2-2.5-5.75-N 388.10 399.18 347.20 351.16 361.21 347.09 0.97 1.12 1.11 1.07 1.12
Average 0.66 0.71 0.76 0.74 0.71
Standard Deviation 0.20 0.22 0.23 0.22 0.22
cov 0.30 0.31 0.30 0.30 0.31

Notes: My, = Transformed cracked moment capacity, Mac; = Moment capacity based on ACI; M; = Moment capacity based on JAEC. My = Moment
capacity based on ASCE. Mg = Moment capacity based on Korean method.

capacity accurately, given that the composite action capacity provided is sufficient to achieve the desired flexural failure mode.

6. Composite capacity

The shear capacity V,, for most of the experimental test results was lower than the shear capacities calculated from the ACI and UH
equations. Furthermore, the moment capacity M, calculated from codes and guidelines did not match with the experimental moment
capacities of most of the specimens. This is a result of insufficient composite action at the steel plate and concrete interaction to keep
the forces in equilibrium. The capacity of the shear connectors to resist interfacial shear force, calculated using AISC, ACI, and IBC
design codes and guidelines, was found to be conservatively estimated and did not accurately predict the actual capacity.

The three codes do not account for friction at the interface due to normal forces. Accounting for friction using a coefficient of 0.7
resulted in an accurate prediction of the composite action capacity [33]. An equation is derived to predict the composite capacity of SC
elements by considering the frictional forces combined with the contribution of cross-ties calculated from AISC specifications. A free
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body diagram, as shown in Fig. 8, illustrates the forces on the beam between the point where the load is applied and the end of the
beam. From this diagram, the following expressions can be formulated.
By equilibrium:

(a+2)
Thax = / Vlnterfacedx (23)
0
. a+z),, .,
Tma_x :ﬂﬁ Vmax + ( S )"AV"fuv (24)
Tmax W Vinax (a + Z) EAV .
_max P Fmax | AT T ATV 2
fy =g = Fg B, (25)
Considering:
M,
a
Mmax :As*fy*jd (27)
where, jd = 0.875*D based on JAEC specifications, the equation for f,g;, for design purposes is derived as follows
_'M*M'"‘D‘ (a+z)‘kﬂ-k
Sy =g g 28)
wd*Af,  (a+2) Ay,
_ KV 29
f;’ a‘k As + S As uv ( )
a+3z), Ay,
fp = T E A Jo <f (30)

)

The value of jd = 0.875*D based on JAEC specifications was selected as the most predictive for determining the moment capacity of
composite SC sections. The comparison between the steel plate stresses was defined by the new model, and test results are shown in
Table 5. The equation starts to diverge for smaller a/d ratios due to the arch action becoming more predominant. Therefore, the
applicability of the proposed equation is limited to a/d ratios of greater than 1.5.

The composite capacity is also the maximum tensile force in the steel plate Tpax, given as

Tnax = /4*Vmux + n‘kAV*fuv (31

where, yu is the friction coefficient of the interface, V is the normal force in the shear span (Shear force), n is the number of cross-ties in
the shear span, A, is the area of a single cross-tie and f,, is the ultimate tensile capacity of the cross-tie.

The composite capacity or the maximum steel plate tensile force is calculated for each specimen and subsequently converted into
equivalent shear force. The equivalent composite action shear force (C,) could be determined using equation (33). The moment ca-
pacity equation by JAEC is considered for calculating the equivalent composite action shear force.

7

Mn.JAEC = Tma.xgd (32)
_ _ Minax _ Z Tinax
Co=Vinax = a 8 (a/d) (33)

The experimental results and code comparisons for composite action are tabulated in Table 6. In Table 6, Tsee and Teoncrere are the
steel and concrete capacities calculated using equations provided in section 2.3. Furthermore, Taisc, Tact, Tisc is the minimum of Tigeel
or Teoncrete fOr the respective code. Table 6 comparison shows that the interfacial shear capacity equations by AISC, ACI and IBC are
grossly conservative. In comparison, the interfacial shear capacity equation developed in this paper and compared to test results in
Table 5 is accurate in predicting the interfacial shear capacity of the steel plate concrete beams.

7. Conclusions
e Cross-ties, known as tie bars, effectively transfer shear between the steel plate and concrete. They not only facilitate composite
action but also serve as shear reinforcement, enhancing the shear carrying capacity of the SC beam.

e The initial chemical bond between the two materials was observed to fail at the early stages of loading. The subsequent bond was
maintained by the cross-ties and the friction resulting from normal forces.

12
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Cross Ties Steel Plates Concrete/UHPC

T
Z a
I T 1
Fig. 8. Free body diagram of SC/S-UHPC beam
Table 5
Comparison of the steel plate design model and experimental results.
Specimen £y 1ese (KN) fymodet (kN) f_y_Tgst My rese gevm) Mi Modet (kNm) M rest
Identifier £y Model My modet
SC1-2.5-S8-N 215.12 219.25 0.98 123.83 113.21 1.09
SC1-2.5-S8-S 213.74 219.25 0.97 117.96 113.21 1.04
SC2-2.5-S7-S 213.74 250.28 0.85 121.68 129.37 0.94
SC3-2.5-S6-N 302.68 292.34 1.04 146.65 150.95 0.97
SC3-2.5-S6-S 328.88 292.34 1.13 158.63 150.95 1.05
SC4-2.5-S5-N 359.91 350.94 1.03 192.98 181.23 1.07
SC4-2.5-54-S 439.89 438.51 1.00 239.42 226.42 1.06
SC5-1.5-S6-S 339.91 248.90 1.37 151.63 128.46 1.18
SC5-1.5-S5-N 357.15 298.54 1.20 175.47 154.11 1.14
SC6-5.2-S6 441.26 441.26 1.00 269.58 231.39 1.17
SUC1-2.5-10-S 335.77 295.79 1.13 223.48 203.82 1.10
SUC1-2.5-8-N 319.23 369.56 0.86 210.27 254.78 0.83
SUC2-2.5-6.75-S 430.92 438.51 0.98 351.50 302.01 1.16
SUC2-2.5-5.75-N 523.31 521.24 1.00 388.10 308.45 1.26
Average 1.04 1.08
Standard Deviation 0.13 0.11
cov 0.13 0.10
Table 6
Composite Capacity and Comparisons (Unit: kN).
Specimen Identifier Tiest Composite Capacity Comparison
AISC ACI IBC
Tsteel Tconcrete  Tarsc Tsteel Tconcrete  Tacr Tsteel Tconcrete Tisc Trest Trest Trest
Taisc Tact Tic
SC1-2.5-S8-N 347.0 231.3 266.9 231.3 151.2 422.6 151.2 106.8 111.2 106.8 1.50 2.29 3.25
SC1-2.5-S8-S 333.6 231.3 266.9 231.3 151.2 422.6 151.2 106.8 111.2 106.8 1.44 2.21 3.13
SC2-2.5-S7-S 3425 271.3 240.2 271.3 177.9 355.9 177.9 124.6 102.3 102.3 1.43 1.93 3.35
SC3-2.5-S6-N 413.7 311.4 275.8 275.8 200.2 355.9 200.2 137.9 115.7 115.7 1.50 2.07 3.58
SC3-2.5-S6-S 444.8 311.4 275.8 275.8 200.2 355.9 200.2 137.9 115.7 115.7 1.61 2.22 3.85
SC4-2.5-S5-N 542.7 387.0 413.7 387.0 253.5 404.8 253.5 173.5 173.5 129.0 1.40 2.14 3.13
SC4-2.5-54-S 671.7 467.1 498.2 467.1 302.5 404.8 302.5 209.1 204.6 204.6 1.44 2.22 3.28
SC5-1.5-S6-S 427.0 231.3 262.4 231.3 151.2 418.1 151.2 106.8 111.2 106.8 1.85 2.82 4.00
SC5-1.5-S5-N 493.8 271.3 306.9 271.3 177.9 418.1 177.9 124.6 129.0 124.6 1.82 2.78 3.96
SC6-5.2-S6 756.2 582.7 658.3 582.7 378.1 418.1 378.1 262.4 271.3 262.4 1.30 2.00 2.88
SUC1-2.5-10-S 627.2 471.5 1067.6 471.5 284.7 702.8 284.7 155.7 351.4 155.7 1.33 2.20 4.03
SUC1-2.5-8-N 591.6 564.9 1281.1 564.9 342.5 702.8 342.5 186.8 422.6 186.8 1.05 1.73 3.17
SUC2-2.5-6.75-S 987.5 751.7 1708.1 751.7 453.7 702.8 453.7 249.1 560.5 249.1 1.31 2.18 3.96
SUC2-2.5-5.75-N 1089.8 845.2 1921.6 845.2 511.5 702.8 511.5 280.2 631.6 280.2 1.29 2.13 3.89
Average 1.45 2.21 3.53
Standard Deviation 0.21 0.29 0.41
cov 0.15 0.13 0.12
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o Sudden brittle failure occurred when the number of cross-ties provided met only the minimum shear reinforcement requirements of
ACI 318-11. The composite capacity between the two materials was insufficient to achieve the shear capacity dictated by the
minimum reinforcement provided.

A targeted failure mechanism, such as flexure or shear, can only be achieved if sufficient composite capacity is provided. Without

this, “debonding”, the failure mechanism associated with composite action, would govern.

e The ACI code and UH method proved accurate in estimating the shear capacity of beams, assuming the contribution of cross-ties to

composite action and shear is well understood.

Equation derived based on AISC provisions predicted the provided composite action accurately.

A steel plate model is proposed for design calculations. The model is derived based on AISC specifications. The derived model takes

into account all the physical parameters that govern the maximum stress development in the steel plate of an SC beam under out-of-

plane forces.

e Specimens SC5 North and South failed in the shear tension failure mode. The provided composite action was sufficient for the beam
to reach the shear capacity. The equations provided by ACI code predicted the shear capacity accurately.

e Specimen SC4 South, SC6, and Specimen SUC2 North exhibited a flexural tension failure mode due to the yielding of the bottom
steel plate. The composite action from the cross-ties in these beams was sufficient to enable the specimens to reach this mode of
failure. In essence, the composite action capacity and shear capacity exceeded the flexural capacity of the beam. The formulas from
ACI, JAEC, AISC, and KEPIC-SNG accurately predicted the flexural capacity.
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