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ABSTRACT

This paper presents a mechanics based model (MBM) for predicting the behavior of SC wall panels
subjected to in-plane membrane forces (S, Sy, and Sy). The model is verified using existing experimental results,
and also using detailed nonlinear finite element models that overcome some of the limitations of the mechanics
based model. The verified models (both MBM and finite element models) are used to develop an interaction surface
in principal force space, which can be used for design. The models are further modified to account for the effects of
out-of-plane moments (M, My, and My,) combined with the in-plane forces. Analytical results are used to develop
a simple design approach that is based on the interaction surface in principal force space and can be implemented
easily for SC wall sections.

INTRODUCTION AND SCOPE

The design of conventional reinforced concrete (RC) walls for nuclear facilities is governed by the
American Concrete Institute (ACI) code 349 [1]. However, there is no such code for the design of SC walls for
safety-related nuclear facilities in the US. Over the past 25 years, Japanese researchers have conducted extensive
experimental and computational research on the behavior and design of SC walls for nuclear facilities. In the past
few years, S. Korean and US researchers have contributed to the knowledge and experimental database. The
American Institute of Steel Construction (AISC) has formed a sub-committee to develop an appendix to AISC N690
[2] focusing on SC walls. This appendix is currently in development, and this paper presents some of the
fundamental research that is being used to develop design specifications and associated commentary for SC walls.

The implicit design philosophy is to design and detail the SC wall sections to prevent SC specific failure

modes, for example, steel plate local buckling, interfacial shear failure between the steel plates and concrete infill,
and section delamination or splitting failure through the concrete infill. Experimental results indicate that preventing
these failure modes results in SC walls with excellent behavior and ductility for in-plane and out-of-plane forces and
moments. This paper presents the design approach for SC walls subjected to combined in-plane forces (S, Sy, and
Syy) and out-of-plane moments (My, My, and Myy,).
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Figure 1. (a) Steel-plate (SC) composite wall, (b) Membrane forces, (c) Plan View and Deformations

MECHANICS BASED MODEL

A simple mechanics based model was developed to investigate the in-plane behavior of SC wall panels (or
elements). These panel are assumed to have plan dimensions at least equal to the section thickness (T), and
subjected to uniform membrane forces (Sy, Sy, and S,y) per unit length as shown in Figure 1(a, b). These membrane
forces cause deformations and membrane averaged strains (&, &, and [1,,) as shown in Figure 1(c). The steel plates
and concrete infill are assumed to have compatible strains as an engineering approximation (over the plan
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dimensions of at least T x T). This is typically achieved using shear connectors, for example, steel headed stud
anchors that are stud-welded to the steel faceplates and anchored to the concrete. The size, length, and spacing of
shear connectors are assumed to be adequate for providing strain compatibility.

The membrane forces (Sx, Sy, and S,y) can be used to compute a principal direction (0;) and associated
principal forces (S;; and S,,) as shown in Figure 2. Concrete cracking will occur when either or both principal forces
(Sp1 and S;,) become greater than the tensile cracking strength (S.;). S, can be estimated using Equation 1, where the
concrete cracking stress (f';) is assumed to be 4Vf’; in psi and shrinkage strain (&) effects are included [See Varma
et al. [3] for additional discussion]. Cracking will occur perpendicular to the direction of the principal force causing
it. The cracked concrete will potentially have orthotropic behavior with no stiffness in the principal force direction
causing the cracks, and significant stiffness in the principal force direction perpendicular to it (if uncracked).
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Figure 2. Steel-plate (SC) composite wall: (a) Membrane Forces, (b) Principal Forces, (c) Equations
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The cracked concrete can be assumed to have zero stiffness and strength perpendicular to the direction of
cracking, which is a reasonable and conservative assumption. Japanese researchers (Ozaki et al. [4]) recommend that
the stiffness in the direction parallel to the plane of cracking (E’¢) can be assumed to be 70% of the uncracked
stiffness (E¢). Thus, Figure 3 summarizes the stress-strain relationship for the cracked orthotropic concrete in
principal stress space. It assumes that the principal strains (g, and g,,) are in the same direction as the principal
stresses (0,1 and (0,,) and the principal forces (S,; and S,,).
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Figure 4. Concrete Stress-Strain Relationship in x-y Stress Space
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As shown in Figure 4, this stress-strain relationship can be recast in the x-y coordinate system using the
stress and strain transformation matrices [T], and [T],. In Figure 4, [K]. is the cracked concrete stiffness matrix in x-
y coordinate system. Figure 5 shows the stress-strain relationship for the steel faceplates, which is based on 2-D
plane stress behavior. Eg, v, and [K]; are the elastic modulus, poisson ratio, and stiffness matrix for the steel plate.
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Figure 6. Free Body Diagram and Force Equilibrium for Steel-Plate Composite (SC) Section

Figure 6 shows the free body diagram of the SC composite section subjected to membrane forces (S, Sy,
and S,y). It includes the stresses in the steel faceplate and the concrete infill, and the static force equilibrium
equations relating the applied forces (S, Sy, and Sy,) to the section averaged strains (g, €y, and [lyy). As shown, the
section averaged strains can be estimated using the applied forces and the steel and cracked concrete stiffness
matrices [K]; and [K]. along with their respective areas.

The section averaged strains (&, €, and yy,) can then be used to compute the stresses (.Ox, .0y, and 1) in
the concrete infill and the steel faceplates (o, sGy, and 1) using the equations in Figures 4 and 5, respectively. The
stress transformation matrix [T], can then be used to compute the principal stresses (.0, and (,,) in the concrete
infill and the steel faceplates (s6,; and (G,,). The steel faceplate principal stresses can be used to determine the
occurrence of Von Mises yielding using Equation 2, where oyy, is the Von Mises stress and yielding occurs when it
becomes equal to the steel plate yield stress Fy.

_ 2 2 -
Gyy = \/Gpl +0,,-6,0,, <F Equation 2

The concrete behavior was assumed to be linear elastic (albeit with reduced stiffness and orthotropic
behavior as shown in Figure 3). Therefore, the concrete minimum principal stress should be checked to ensure that it
is still within the elastic range. For example, min{cc,; , Oy} = -0.7 f’c , where 0.7f"; is assumed to represent the
limit of linear elastic behavior from the concrete.
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VERIFICATION USING EXPERIMENTAL DATA

The mechanics based model was used to develop a simple computer program that can be used to
investigate the behavior of SC wall sections subjected to membrane in-plane forces (S, Sy, and S,y). This program
determines the linear load proportional ratio (LPR) for the applied forces to cause either: (i) Von Mises yielding of
the steel plate, or (ii) concrete compression inelasticitiy.

The mechanics based model was used to predict the pure in-plane shear behavior of SC composite walls
tested by Ozaki et al. [4] and Varma et al. [3]. Additional details of the verification for pure in-plane shear behavior
are given in Varma et al. [3] and not repeated here for brevity.

The mechanics based model was also used to predict the behavior of SC wall panels subjected to
combined axial compression and in-plane shear by Ozaki et al. [4]. The specimens were 47.25 x 47.25 in. square
panels that were 7.87 in. thick [1200 x 1200 x 200 mm in size]. Additional specimen details are given in Table 1,
which includes the steel plate thickness (t,), the measured steel plate yield stress (Fy), the concrete compressive
strength (f’¢), the stud diameter (d), and the stud spacing to steel plate thickness (s/t,) ratio.

Table 1. Experimental Results and Analytical Comparisons for SC Panel Specimens Subjected to Axial
Compression and In-Plane Shear.

Steel Plate | Concrete Stud Experimental Experimental to Analytical
properties | strength | properties | Axial Cracking Yielding Result Comparisons
Specimen | t, | F, e d [Stud| S | S, | S, gow Y-
(in) | (ksi) | (ksi) | (in) | s/t, | (kips) | (kips) | (kips) s_l SY{CHIC
cr Xy
S2-00-NN | 0.09 | 49.3 6.1 0.16 | 30 0 65.8 493.9 1.01 1.14
S2-15-NN | 0.09 | 49.3 6.1 0.16 | 30 -79 97.2 518.6 1.05 1.11
S2-30-NN | 0.09 | 49.3 6.1 0.16 | 30 -158 121.7 568.0 1.08 1.15
S3-00-NN | 0.13 | 50.9 6.1 0.20 | 31 0 69.8 689.2 1.04 1.14
S3-15-NN | 0.13 | 50.9 6.1 0.20 | 31 -79 86.2 700.4 0.91 1.11
S3-30-NN | 0.13 | 50.9 6.1 0.20 | 31 -158 86.4 691.4 0.76 1.05
S4-00-NN | 0.18 | 50.2 6.2 0.35 | 30 0 78.3 793.6 1.10 1.00
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Figure 7. Comparison of Experimental Results with Analytical Predictions for Cracking and Yield Strength

As shown in Table 1, there were three families of specimens (S2-XX-NN, S3-XX-NN, and S4-XX-NN)
with reinforcement ratios (2t,/T) of 2.3%, 3.4%, and 4.5%, respectively. Specimens S2-00-NN, S3-00-NN, and S2-
00-NN were subjected to pure in-plane shear with no axial compression. They are included in the Table for
comparison with the Specimens S2-15-NN and S3-15-NN that were subjected to 79 kips of axial compression
producing an average compressive stress of 216 psi, and Specimens S2-30-NN and S3-30-NN that were subjected to
158 kips of axial compression producing an average compressive stress of 416 psi.

Table 1 also includes comparisons of the experimental results with those predicted analytically for the
tested specimens. The cracking strength (S,°) was computed using Equation 1, while assuming the shrinkage
strain (gg) to be approximately (0.002VF()/E.. The in-plane shear strength (Sny'“lc) was estimated using the
mechanics based model (computer program), and for all cases it corresponded to the ductile limit state of Von Mises
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yielding of the steel faceplates. These comparisons are also shown graphically in Figure 7. As shown, the mechanics
based model (MBM) predicts the behavior and strength of the tested specimens (with or without axial compression)
with reasonable accuracy and conservatism.

NONLINEAR INELASTIC FINITE ELEMENT MODEL

The mechanics based model has some important limitations. It does not include the concrete cracking and
post-cracking behavior in tension. The model cannot directly account for concrete inelasticity in compression
(although it rarely happens). The minimum principal (compressive) stress in concrete is monitored and the analysis
is terminated if it exceeds 70% of the compressive strength. The discrete nature of the bond between the steel plates
and the concrete infill is not modeled. They are assumed to be fully bonded or composite in an averaged sense over
the section dimensions.

A detailed nonlinear finite element model was developed to address some of these limitations. The steel-
plate (SC) composite section was modeled using layered composite shell (LCS) finite elements. These 4-node shell
elements model the top and bottom steel faceplates and the concrete infill with three different plies. Each ply
consists of several membrane layers that are used for integrating the behavior through the thickness. At least three
layers are used for the top and bottom steel plate plies, and at least nine layers are used for the concrete infill ply.
The number of layers in each ply can be increased up to fifteen if needed.

Each layer (of a ply) is associated with its specific material constitutive model (steel or concrete). The
steel material model was based on multiaxial plasticity with Von Mises yield surface, associated flow, and kinematic
hardening. The uniaxial stress-strain (c-g) behavior of steel was used to completely define the multiaxial plasticity
model. It can be based on measured material properties (for test specimens if available), or nominal material
properties (for evaluating design etc.).

The concrete material model was based on multiaxial plasticity in compression with Drucker-Prager
compression yield surface, non-associated flow, and hardening followed by softening. The uniaxial compression
stress-strain behavior of concrete was used to completely define the multiaxial model in compression. It can be
based on the measured compressive strength (for test specimens if available), or the nominal compressive strength
(for evaluating design etc.) along with the empirical Popovics’s model for concrete 6-¢ behavior in compression.

The concrete behavior in tension was modeled using the smeared tension cracking approach. The concrete
tensile strength was assumed to be 4\f’; in psi. The post-cracking behavior was modeled using Hilleborg’s fracture
energy approach (Gg), which removes mesh sensitivity issues and allows the concrete material to have brittle post-
cracking and tension fracture behavior.
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Figure 8. SC Wall Behavior Predicted Using Layered Composite Shell Finite Element Model

The nonlinear finite element model was developed and analyzed using ABAQUS, which is a
commercially available finite element analysis program. Figure 8 shows an example of the results from the finite
element analysis of an SC composite wall panel subjected to pure in-plane shear. Figure 8(a) shows the finite
element model that was subjected to pure in-plane shear loading with appropriate boundary conditions. The model
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was for an SC composite section made from 65 ksi yield stress steel plates and 6 ksi concrete infill. The steel

reinforcement ratio (2t,/T) was equal to 4.16%.

Figure 8(b) shows the deformed shape of the SC wall panel subjected to in-plane shear along with the Von
Mises yielding of the steel faceplates. Figure 8(c) shows the direction vector for the minimum principal
(compressive) stress in the concrete infill. Figure 8(d) shows the in-plane shear force-shear strain behavior, which
has also been discussed in detail in Varma et al. [3], and is in good agreement with mechanics based models and
experimental results (in terms of the normalized behavior). Figure 8(e) shows the shear force vs. Von Mises Stress

in the steel plates, and the occurrence of yielding. Figure 8(f) shows the shear force vs. concrete compressive stress
and also the shear force vs. concrete tensile stress. As shown, the minimum principal stress in the concrete was no
larger than 3 ksi (approximately 0.50 f’;), and the concrete tensile post-cracking behavior was modeled

appropriately.

The nonlinear finite element model predicts the behavior of the SC wall panels with reasonable accuracy,
while addressing the limitations of the mechanics based model. It is important to note however that the results from
the mechanics based model are more conservative (because it does not account for the post-cracking behavior of
concrete), and generally in good agreement with experimental results and the nonlinear finite element model.

SC WALL BEHAVIOR FOR IN-PLANE FORCES
The nonlinear finite element modeling approach was further verified by using it to predict the behavior of
all specimens tested by Ozaki et al. [4]. The verified model was used to predict the complete in-plane behavior of

SC wall panels subjected to combinations of in-plane membrane forces (S, Sy, and S,). The focus was on the entire
gamut of behavior, i.e., both axial tension + in-plane shear, and axial compression + in-plane shear. The results from
the finite element analyses included the combinations of membrane forces (Sy, Sy, and S,y) that cause the limit state
of steel plate Von Mises yielding or in some cases concrete crushing. These membrane forces were used to compute

the principal forces (S, and S;,), which were plotted to develop the interaction surface shown in Figure 9.
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Figure 9. Interaction Surface for Composite SC Wall Panels in Principal Force Space
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The interaction surfaces for SC composite wall panels with different material and geometric parameters

are quite similar to the example surface shown in Figure 9, which was developed for a 36 in. thick wall with 0.75 in.
thick steel faceplates made from 50 ksi steel and 6 ksi concrete infill. Thus, Figure 9 shows the fundamental

behavior of SC wall composite section in principal force space. It includes: (i) the interaction surface developed
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using nonlinear finite element models that can explicitly account for the concrete material inelasticity (in
compression) and brittle post-cracking behavior in tension, (ii) the interaction surface developed using the
mechanics based model that limits the concrete minimum principal stress to 0.70f’; and the steel plates to Von Mises
yielding, and (iii) the interaction surface recommended for design.

As expected, the interaction surface predicted using the nonlinear finite element analyses is much larger
than that predicted by the mechanics based model, which is limited to the elastic range (stress less than 0.70f’;) of
behavior for concrete in compression. As shown, there are four distinct regions of behavior: (i) region I corresponds
to the primarily to the state of biaxial tension, (ii) region II corresponds to the state of axial tension + in-plane shear,
(iii) region III corresponds to the state of axial compression + in-plane shear, and (iv) region IV corresponds to the
state of biaxial compression.

The anchor points marking the transition from one region to the next can be computed using simple
equations for the tension strength (T, = AF,), in-plane shear strength (V," = S,,"), and compression strength (P, =
AF+0.85F°:A,) of the SC composite section. A simple design interaction curve is developed by connecting these
anchor points with straight line segments. As shown, the design curve is quite conservative with respect to the
nonlinear finite element analysis curve, and also conservative with respect to the mechanics based model except for
some portions of regions III and IV, where the mechanics model was severely limited by the concrete behavior in
compression.

SC WALL BEHAVIOR FOR IN-PLANE FORCES + OUT-OF-PLANE MOMENTS

The nonlinear finite element modeling approach was used to evaluate the behavior of SC wall panels
subjected to combinations of in-plane forces and out-of-plane bending moments (My, My, and M,y). The finite
element models were similar to those developed earlier for the in-plane forces, with the exception that the number of
layers in the steel plies were increase to at least five, and the number of layers in the concrete ply were increase to at
least fifteen. The finite element models were used to evaluate the effect of different force combinations like axial
compression + bending moment (S, and M), in-plane shear + bending moment (S, and M), etc.

The mechanics based model was also modified to include several layers through the composite section,
and three more deformations at the central layer (g, €, and yy) corresponding to the moments (M, My, and M,y).
The strains in each layer (i) were assessed using the six strains at the central layer (g, &y, Yxy> Ox, Oy, and ¢yy) and the
distance from it (y;). These strains were then used to compute the principal direction (0,), principal strains (g, and
€y). The concrete cracking direction for each layer was slightly different depending on the combination of applied
forces. The principal strains were used to compute the corresponding stresses in the concrete or steel layers using the
equations in Figures 4 and 5. The stresses were integrated through the cross-section, and force equilibrium was
established for the applied combinations of forces.

A computer program was developed to solve the force and moment equilibrium equations iteratively, i.e.,
to determine the strains (g, €y, Yxy» $x, §y, and ¢xy) associated with the applied forces (Sy, Sy, Sy, My, My, and M,y).
These strains were used to determine the principal direction, strains, and stresses in each layer through the SC
composite section. The steel plate stresses were used to establish Von Mises yielding, and the concrete layer
minimum principal stress was checked to limit behavior and stresses in the elastic range (stress less than 0.70 f°).

The results from the nonlinear finite element
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DESIGN FOR COMBINED FORCES AND MOMENTS

The results from the finite element analyses and the mechanics based models were used to develop a
simple design approach for evaluating SC wall sections subjected to combined in-plane forces (S, Sy, Syy) and out-
of-plane moments (M, M, M,,). The design approach considers the SC composite section in two notional halves
(top and bottom) that are subjected primarily to membrane forces (Si’, Sy, and S,,’) that can be calculated using the
in-plane forces and out-of-plane moment demands using an assumed arm length (for example, 0.90 T).

These membrane forces (S’, Sy’, and S,,’) can be used to compute principal membrane forces (S,; and
Sp2) for each of the two notional halves. These principal forces (S,; and S;;) must lie within the interaction surface
shown in Figure 1 for both notional halves. The interaction surface shown in Figure 11 was developed considering
the results from the nonlinear finite element analyses and mechanics based models conservatively as shown in
Figure 9. The conservatism of this approach was evaluated using several case studies and force-moment interactions.
For example, Figure 10 includes the bending moment — in-plane shear force interaction predicted by the design
approach and demonstrates it to be conservative than both the mechanics based model and the finite element results.
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Figure 11. Interaction Surface in Principal Force Space for Each Notional Half

SUMMARY AND CONCLUSIONS

This paper presents a simple design approach for SC walls subjected to combined in-plane forces and out-of-
plane moment demands. The approach is applicable to SC Walls that are detailed to prevent SC specific failure
modes like local buckling, interfacial shear failure, etc. The design approach has been developed using the results of
mechanics based models verified using experimental results and detailed nonlinear finite element analyses. The
design approach consists of developing an interaction surface in principal force space (S, and Sy,), and using it to
check each notional half of the SC wall section subjected to combined in-plane forces and out-of-plane demands.
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