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ABSTRACT 

 

SC structures may be subjected to a combination of in-plane and out-of-plane forces for extreme 

loading combinations (e.g., seismic and accident thermal).  There are currently no guidelines to design the 

wall structures for this combination of forces. This paper summarizes the results from experimental 

investigations conducted to study the interaction of in-plane and out-of-plane force demands on SC wall 

piers. It is observed that the effect of out-of-plane forces on the in-plane behaviour of SC wall piers depends 

on the location and magnitude of the out-of-plane loading. Walls subjected to out-of-plane shear equal to 

their nominal shear strength (per US codes) develop flexural yielding and failure due to interaction between 

the in-plane and out-of-plane moment. Shear failure does not occur for these walls. Wall piers subjected to 

out-of-plane shear forces significantly greater than the nominal shear strength (per US codes) will be forced 

into a shear failure mode by the interaction of in-plane shear and out-of-plane shear. The experimental 

results are used to develop and benchmark analytical models. An interaction surface for in-plane and out-

of-plane moments is obtained. The interaction surface is intended to serve as a simplistic tool for designers 

to consider simultaneous in-plane and out-of-plane moment demands.  

 

INTRODUCTION  

 

The seismic behavior and design of industrial structures and high rise buildings is typically 

governed by the performance of the corresponding reinforced concrete (RC) or steel-plate composite (SC) 

shear walls. While RC structures have been traditionally used, SC structures 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, and commercial construction. SC construction is employed for labyrinthine structures 

(with cross-walls) typical to nuclear structures. SC wall piers (SC construction without any flange walls) 

are typically used as shear walls in Department of Energy (DOE) type nuclear facilities and commercial 

construction. SC wall piers are also inherently present in safety-related nuclear facilities where the walls 

have large openings. AISC N690s1 (AISC, 2015) provides requirements for design of SC walls in safety-

related nuclear facilities. ASCE 7 (ASCE, 2010) and AISC 341 (AISC, 2016) seismic provisions provide 

requirements for design of composite steel-plate shear walls (C-PSW), with and without boundary elements, 

in seismic regions.  

Wall structures may be subjected to a combination of in-plane and out-of-plane forces for extreme 

loading combinations. The design for seismic combinations needs to simultaneously consider the seismic 

loads in three orthogonal directions. The inertial forces of the wall, and any other equipment loads and 

attachments generate majority of the out-of-plane shear due to earthquake shaking. The structures are 

generally designed considering 100% of the design seismic force in one direction and 40% of the design 

seismic force in the other two orthogonal directions. Additionally, the combination of out-of-plane and in-

plane forces is an expected loading environment for walls at horizontal connections to foundations and 

floors, and vertical connections to other walls. In case the seismic event occurs simultaneously with accident 

thermal event (e.g., the Fukushima nuclear accident), the structures will be subject to out-of-plane 
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deformations in combination with in-plane forces. These out-of-plane shear forces are not cyclic in nature. 

There are currently no guidelines to design the wall structures for this combination of forces.  

This paper summarizes the experimental and analytical research conducted to study the interaction 

of in-plane and out-of-plane force demands in SC wall piers. The research was sponsored by Canadian 

Nuclear Safety Commission. The behaviour of SC wall piers for in-plane and out-of-plane forces, and 

expected behaviour for biaxial loading is discussed. A brief discussion of test matrix, design of test set up, 

instrumentation, and loading protocol is provided. The paper also presents the results from a cross-section 

based fiber model developed to understand the interaction of in-plane and out-of-plane moments. 

 

BEHAVIOR OF SC WALL PIERS 

 

Significant research has been conducted to evaluate the behavior of SC walls and wall piers 

subjected to individual force demands. The behavior of SC walls for individual demands is presented below. 

The expected behavior of SC wall piers for combined in-plane and out-of-plane forces is then discussed. 

The in-plane behavior of SC wall piers is different than that of labyrinthine SC walls. While the SC 

walls (with flanges) resist the in-plane flexure through the flanges, and in-plane shear through the web; SC 

wall piers are subject to the combination of in-plane moment and in-plane shear (since there are no flanges). 

The in-plane behavior in shear of SC wall panels and walls with flanges or cross-walls, was developed by 

Ozaki et al. (2004) and extended by Varma et al. (2011). The in-plane behavior can be estimated as the tri-

linear shear force–strain (Sxy-) curve. Seo et. al. (2016) verified the tri-linear curve using a large in-plane 

shear test experimental database, and observed that AISC N690s1 equations predict the in-plane strength 

conservatively. Kurt et al. (2016), Epackachi et al. (2015) conducted experimental and numerical studies to 

understand the in-plane shear behavior of SC wall piers. The authors observed that SC wall piers with aspect 

ratios greater than or equal to 0.6 failed in in-plane flexure. The failure was governed by cyclic yielding 

and local buckling of faceplates, concrete crushing, and eventual faceplate fracture.  

The out-of-plane behavior of SC walls in shear is similar in some regards to that of reinforced 

concrete walls. The provisions of AISC N690s1 for out-of-plane shear strength are based on ACI 349 (ACI, 

2006) requirements. ACI 349 and AISC N690s1 estimate the out-of-plane shear strength of the walls as the 

sum of (or the greater of) concrete (Vc) and shear reinforcement (Vs) contributions (depending on the spacing 

of shear reinforcement). Sener and Varma (2014) observed that ACI 349 conservatively estimates the out-

of-plane shear strength of SC walls. However, scale effects need to be adequately considered. Per AISC 

N690s1, the out-of-plane flexure strength of SC wall piers is based on the plastic moment capacity of the 

section. 

When subjected to combined forces, high magnitude out-of-plane shear force can cause diagonal 

shear cracking of the concrete in the through thickness direction. This through thickness cracking can 

challenge the in-plane shear response of the concrete infill. After cracking the concrete, the out-of-plane 

shear force can also engage the tie bars (connecting the steel faceplates) in axial tension. If the out-of-plane 

shear force is large, the tie bars could yield or rupture. Out-of-plane flexure will cause vertical compressive 

stress in one of the steel faceplates and tension in the other faceplate. SC wall piers subjected to in-plane 

loading have symmetric behavior, i.e., both steel faceplates undergo local buckling and tensile yielding 

simultaneously. However, when combined with out-of-plane loading, the steel faceplate subjected to 

additional compression will undergo local buckling first, and the faceplate subjected to additional tension 

will yield in tension first. This will cause asymmetry in the response, potential twisting of the wall pier, and 

challenge the structural integrity (laminar or splitting failure through the concrete) of the SC wall specimen. 

The laminar or splitting forces will cause additional stresses in the tie bars, which are already stressed by 

the out-of-plane shear forces. 
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DESIGN OF TEST MATRIX 

 

The design of test matrix (Table 1) is based on the behaviour of SC walls when subjected to 

individual demands, expected behavior of SC wall piers subjected to combined forces, and the capacity of 

the testing facility. The details of the specimens to be tested were finalized based on preliminary numerical 

analysis presented in Bhardwaj et al. (2015). The effects of variation of parameters, and the resulting 

changes in behaviour, were studied using these preliminary models. 

A36 grade steel faceplates were chosen as their expected yield stress is close to 50 ksi. This yield 

stress is representative of the faceplates used in nuclear structures. The concrete minimum compressive 

strength was set equal to 4000 psi to be consistent with the concrete used in nuclear construction. Based on 

observations by Kurt et al. (2016), the specimen aspect ratio was kept equal to 0.6 to maximize the shear 

contribution of the wall. The plate slenderness ratios (ratio of steel anchor spacing, s, to faceplate thickness, 

tp) was setup to meet the limit recommended by Zhang et al. (2014) to develop faceplate yielding in 

compression before local buckling.  Steel faceplate thickness was set at 3/16 in. because it is the smallest 

plate thickness in the structural plates category. Smaller thicknesses would result in sheet metal properties 

and associated waviness imperfections. Steel headed stud anchors 0.375 in. in diameter were used. This 

will result in steel anchor diameter-to-plate thickness (d/tp) ratio of 2, which is representative of nuclear 

structures. The parameters varied were: i) magnitude of out-of-plane force applied, and ii) tie bar spacing.  

The specimens are 12 in. thick (1/3 scale of typical SC walls in nuclear facilities), made with 3/16 

in. steel faceplates, resulting in a plate reinforcement ratio of 0.031. All specimens have an aspect ratio of 

0.6. Control specimen (SC-T-C), specimen SC-T-Vn and specimen SC-T-2.5Vn have tie bar spacing of the 

wall thickness (T), which can be representative of containment internal structures. Specimens SC-0.5T-Vn 

has tie bar spacing of half the wall thickness (0.5T). This ensures that the out-of-plane capacity of SC-0.5T-

Vn includes contributions from steel (shear reinforcement) and concrete. Each wall has a foundation 

connection that develops the capacity of the wall above and limits inelastic action to the wall (Kurt et al. 

2016). Faceplate slenderness ratio is 16 for SC-T-Vn, SC-T-2.5Vn and SC-0.5T-Vn, and 21 for SC-T-C. 

Control specimen (SC-T-C) will not be subject to any out-of-plane (OOP) loading, specimen SC-

T-Vn will be subject to out-of-plane load of magnitude 2 'c cf A  (in psi units, corresponding to the nominal 

out-of-plane shear strength, Vn, per ACI 349), and specimen SC-0.5T-Vn also will be subject to out-of-

plane loading magnitude equal to the nominal out-of-plane shear strength of the SC wall per ACI 349. 

Specimen SC-T-2.5Vn (with out-of-plane strength equal to the greater of steel and concrete contributions) 

is subjected to an out-of-plane force of magnitude about 2.5 times the design out-of-plane shear strength of 

the specimen per ACI 349 (to force the specimen to fail in combined shear). Comparison of results from 

specimens SC-T-C and SC-T-Vn, SC-0.5T-Vn and SC-T-2.5Vn will present the effect of out-of-plane 

loading and tie spacing on the in-plane capacity of the wall. The results from specimens SC-T-Vn and SC-

T-2.5Vn will be compared to evaluate the influence of the magnitude of out-of-plane shear force on the in-

plane behaviour of the wall.  

 

Table 1: Test matrix 

 

Specimen # 
Height 

(in.) 

Length 

(in.) 

Tie Spacing 

(in.) 

Stud 

Spacing (in.) 
OOP Force 

SC-T-C 36 60 12 4 N.A 

SC-T-Vn 36 60 12 3 
OOP Shear Strength 

(2√𝑓′𝑐𝐴𝐶) 

SC-0.5T-Vn 36 60 6 3 
OOP Shear Strength 

(2√𝑓′𝑐𝐴𝐶 + 𝐴𝑡  𝑓𝑡𝑦) 

SC-T-2.5Vn 36 60 12 3 
2.5 (OOP Shear Strength) 

(5√𝑓′𝑐𝐴𝐶) 
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TEST SETUP, INSTRUMENTATION, AND LOADING PROTOCOL 

 

The set up for the experiments was designed based on the specimen details, design in-plane capacity 

of the specimens, the magnitude of out-of-plane load to be applied, and the intended failure modes. Figure 

1 presents the 3D rendering of the test set up. The set up can be categorized as follows. 

In-Plane loading: Cyclic in-plane loading was applied by two double acting actuators (Enerpac 

RR50012 in Figure 1). The south end of the actuators was connected to an in-plane built-up section through 

a set of clevises (South Clevis Part North and South Clevis Part South in Figure 1). The in-plane built-up 

section was post-tensioned to the strong wall using dywidag bars. The north end of the in-plane actuators 

was connected to the in-plane loading beam through another set of the clevises (North Clevis Part North 

and North Clevis Part South in Figure 1). The clevis accommodates in-plane and out-of-plane rotation of 

the loading beam. The in-plane loading beam applied the load through end bearing, and bearing at the holes 

in the specimens.  

Out-of-plane loading: The out-of-plane loading was applied by one double acting actuator (Enerpac 

RR50012). The west end of the actuator was connected to a HSS shape through a set of clevises (OOP 

Clevis West in Figure 1). The HSS shape was braced to the strong floor, and bolted to the out-of-plane built 

up section. The out-of-plane built up section was post-tensioned to the strong wall. The east end of the 

actuator was connected to out-of-plane loading beams through a set of clevises (OOP Clevis East in Figure 

1). The out-of-plane loading beams were designed to have high stiffness to apply the out-of-plane load 

uniformly across the length of the specimen. The out-of-plane beams have half-round shapes at the end in 

contact with the specimens to accommodate the out-of-plane rotation of the specimens. The beams were 

post-tensioned together to keep them in contact with the specimen. 

Since the specimen would be subjected to combined in-plane and out-of-plane loading, the clevises 

needed to accommodate deformations in orthogonal directions to prevent any bending stresses in the 

actuators. The clevises were designed and fabricated to accommodate this orthogonal displacement by 

press-fitting spherical bearings into the clevis holes. 

Displacement sensors were used to measure the drift of the wall. The displacement data can also 

be used to verify the out-of-plane rotation and curvature data for the wall. Rotation meters were installed at 

the base of the wall in the in-plane and out-of-plane direction. Another rotation meter was installed at mid-

height of the specimen to observe the out-of-plane rotation at mid-height. The out-of-plane rotations will 

be used to obtain curvature data in the out-of-plane direction, and apply base rotation corrections to force-

displacement plots. Strain gauges were installed on the faceplates to observe the behaviour of faceplates 

(flexural or shear stresses, buckling, yielding) for out-of-plane and in-plane loading. Concrete cracks were 

monitored visually. 

The specimens were subjected to incremental cycles of out-of-plane load, until the desired force 

magnitude was reached. The out-of-plane load was applied at mid-height of the specimen (1.5 ft for these 

specimens). The loading was applied in force control with five incremental cycles until the desired out-of-

plane force (Foop) is achieved (with exception of Specimen SC-T-Vn, where two incremental cycles were 

applied). The out-of-plane loading was then maintained constant and the specimen was subjected to 

incremental cyclic loading in the in-plane direction. The in-plane load was applied in load control for elastic 

cycles, and in displacement control for post-yield cycles. The cyclic lateral loading history is similar to the 

ATC-24 (ATC, 1992) guidelines for cyclic testing of components of steel structures. Two elastic cycles 

were conducted under load control at each lateral load level of 0.25 Py, 0.50 Py, and 0.70 Py, where Py is the 

expected in-plane yield load (based on Kurt et al. 2016). The secant flexural stiffness (Ksec) of the specimen 

during the first 0.70 Py cycle was used to calculate the yield level lateral displacement (∆y). Ksec was 

calculated using the average of the recorded lateral displacements at the top of the specimen during the first 

0.70 Py north and south half-cycles. The yield level lateral displacement (∆y) was estimated as Py divided 

by Ksec. The inelastic cycles were conducted under displacement control at lateral displacement levels of 

1.0 ∆y, 1.5 ∆y, 2.0 ∆y, 3.0 ∆y. Testing was continued until the specimen failed due to concrete crushing or 

fracture of the faceplates, or until the lateral load resistance reduced to 50% of the lateral load capacity. 
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Figure 1. 3D rendering of the test setup 

SUMMARY OF EXPERIMENTS 

 

The out-of-plane behavior of the specimens is discussed in this section. The section then 

summarizes the in-plane behavior of specimens subjected to biaxial loading in comparison to the control 

specimen. The progression of failure for different specimens is briefly discussed. 

 

Out-of-plane Behavior 

As discussed by Bhardwaj et al. (2015), the out-of-plane response of SC wall piers depends on the 

magnitude and location (18 in. for this series of tests resulting in a shear span-to-depth ratio of 1.5) of the 

out-of-plane force. The specimens were subjected to incremental cyclic out-of-plane loading. The out-of-

plane force resulted in cracking of concrete (inferred from strain gauge data). For a sufficiently large 

magnitude of out-of-plane force, through thickness diagonal cracks were observed. Specimen SC-T-Vn did 

not undergo any diagonal cracking in the through thickness direction (due to low magnitude of out-of-plane 

force, 120 kips). However, diagonal cracks were observed in both specimens SC-0.5T-Vn and SC-T-2.5Vn 

upon application of out-of-plane load. The out-of-plane moment curvature response of specimen SC-0.5T-

Vn is presented in Figure 2 (for the load cycle Vn, 240 kips). The out-of-plane curvature is obtained from 

the rotation meter data using central difference method. The moment corresponding to the out-of-plane 

force is calculated at 9 in. from the base (the location where the curvature is obtained from central difference 

method). The moment-curvature relationship consists of two loading regions, Region 1 with stiffness close 

to uncracked stiffness (EsIs+EcIc¸5.34x107 kip-in2), and Region 2 with stiffness close to cracked-

transformed stiffness [EsIs+c2EcIc (2.94x107 kip-in2), per AISC N690 Equation A-N9-8]. The ratio of the 

stiffness observed experimentally, with the calculated cracked and uncracked stiffnesses is presented in 

Figure 2. The stiffness ratios for Push Region 1 and Pull Region 1 indicate that uncracked stiffness is not 

fully manifest for this 240-kip out-of-plane load cycle. This is due to concrete cracking in the preceding 

out-of-plane cycles at lower magnitudes (0,60,120,180 kips) compounded by shrinkage related locked in 

strains. The higher magnitude of shear force (240 kips) results in additional damage to the specimen, i.e. 

formation of diagonal shear cracks, which results in the stiffness for region 2 being even lower than the 

calculated cracked transformed stiffness. The higher magnitude of pull force (-240 kips) results in cross-

diagonal shear cracks, which further reduces the stiffness for the pull cycle that follows.  
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Stiffness 

Ratio 

Push 
Region 1 

0.88 

Push 
Region 2 

0.60 

Pull 
Region 1 

0.67 

Pull 
Region 2 

0.47 
 

Figure 2: Out-of-plane moment curvature relationship, SC-0.5T-Vn (Vc+Vs cycle) 

In-plane Behavior 

Specimen SC-T-Vn was subjected to an out-of-plane force of magnitude 120 kips [ 2 'c cf A  (f’c in 

psi units), the concrete contribution to the out-of-plane shear strength, and the nominal out-of-plane shear 

strength of the specimen having ties spaced at section thickness]. Figure 3 shows the comparison of in-

plane force-displacement behaviour of specimens SC-T-Vn and SC-T-C (Control specimen). The 

specimens demonstrated good hysteretic behaviour. There was no significant reduction in the in-plane shear 

capacity (less than 5%) of SC-T-Vn due to the application of out-of-plane loading. This is because the 

resulting longitudinal stresses due to the applied out-of-plane moments are low compared to the stresses 

due to in-plane loading. Additionally, the out-of-plane force magnitude was not high enough to cause 

diagonal shear cracks in the specimen. Both the specimens were pushed to a drift ratio of approximately 

1.5%. SC-T-C failed due to cyclic yielding of the steel faceplates leading to fracture in the base metal close 

to the weld (detailed experimental observations for the specimen are discussed in Kurt et. al, 2016). SC-T-

Vn failed due to cyclic yielding of the steel faceplates and eventually compression failure and spalling of 

the concrete. Figure 4 shows the state of damage in SC-T-Vn at the end of the test. The local buckling of 

the steel faceplates, and concrete cracking and spalling are shown at both ends of the wall pier in Figure 4. 

The cracks on concrete, extensive yielding and buckling of faceplates, and no reduction in the in-plane 

shear capacity indicate that the in-plane behavior of SC-T-Vn is flexure controlled. However, the response 

of the specimen SC-T-Vn is no longer symmetric, there is twisting of the specimen and residual out-of-

plane drift in the specimen. Specimen SC-T-C specimen failed symmetrically. 

Specimen SC-0.5T-Vn was subjected to an out-of-plane force of magnitude 240 kips [

2 'c c t tyf A A f  (in psi units), the nominal out-of-plane shear strength of the specimen having ties spaced 

at half the section thickness]. The cyclic out-of-plane loading introduced diagonal cracks on both North and 

South faces. The specimen was then subjected to incremental cyclic in-plane loading. Figure 5 shows the 

comparison of in-plane force-displacement behaviour of specimens SC-0.5T-Vn and SC-T-C (Control 

specimen). It is observed that there is a reduction in the peak strength (about 15%, consistent with 

predictions by Bhardwaj et al., 2015), and post yield stiffness. Figure 6 shows the state of damage on the 

South and North faces at the end of the test. The diagonal cracks widened with increased in-plane loading, 

and the specimen failed by extensive buckling, concrete spalling, and large out-of-plane deformations. The 

specimen experienced extensive twisting, large residual out-of-plane drifts, and the behavior was 

unsymmetric. The tie bars experienced additional tensile stresses due to the unsymmetric behavior, and this 

was confirmed by the rupture of a corner tie bar at the end of the test (as shown in Figure 6c). 
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Figure 3. Comparison of In-plane force displacement behaviour (SC-T-C and SC-T-Vn) 

 

  
a) South Face b) North Face 

Figure 4. Specimen SC-T-Vn at failure (zoomed in to bottom portion) 

 
Figure 5. Comparison of In-plane force displacement behaviour (SC-T-C and SC-0.5T-Vn) 
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a) North End b) South End c) Tie Bar Rupture 

Figure 6. Specimen SC-0.5T-Vn at failure 

 

Specimen SC-T-2.5Vn was subjected to an out-of-plane force of magnitude 250 kips 

[corresponding to 2.5 times the nominal out-of-plane shear strength for SC walls with ties spaced at section 

thickness]. The intent of the experiment was to force the specimen to fail in combined in-plane and out-of-

plane shear. The low shear span-to-depth ratio (1.5) resulted in increased concrete contribution to out-of-

plane shear strength, and the specimen did not fail under the out-of-plane shear load by itself. However, 

extensive diagonal cracking is observed on both North (Figure 8) and South faces while out-of-plane cyclic 

loading was applied (some initial cracking was observed on North face due to post-tensioning of out-of-

plane loading beams, marked as 0k in Figure 8). The comparison of in-plane cyclic force-displacement 

behaviour of SC-T-2.5Vn and SC-T-C is shown in Figure 7. The damage incurred on the specimen during 

the out-of-plane loading cycles results in a significant degradation in the in-plane response of SC-T-2.5Vn. 

The specimen fails in the Δy cycle, with the failure caused by diagonal shear cracks. This is evidenced by 

absence of extensive yielding, or buckling of the faceplates. The specimen slips on the diagonal shear crack 

plane caused by the out-of-plane loading, the residual out-of-plane drifts and twisting of the specimen are 

amplified compared to the previous specimens. The specimen state at failure is shown in Figure 9. 
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Figure 7. Comparison of In-plane force displacement behaviour (SC-T-C and SC-T-2.5Vn) 

 
  

Figure 8: Specimen SC-T-2.5Vn 

cracking before in-plane loading 

a) North Face b) South Face 

Figure 9: Specimen at end of test (SC-T-2.5Vn) 

 

FIBER MODEL FOR FLEXURE INTERACTION 

Bhardwaj and Varma (2017) developed a cross-section based two-dimensional fiber model to 

evaluate the interaction of in-plane and out-of-plane moments. The model was validated using the 

experimental data from the biaxially loaded specimens discussed previously. The model can be used to 

obtain in-plane moment-curvature curves for different magnitudes of out-of-plane moments. Figure 10 
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presents the in-plane moment curvature for the specimens tested and discussed previously. No OOP 

corresponds to SC-T-C (no out-of-plane force applied), 0.35 Mn-oop corresponds to SC-T-Vn [subjected to 

out-of-plane force of 120 kips, resulting in an out-of-plane moment (at base) 0.35 times the nominal out-

of-plane moment strength per AISC N690 (AISC, 2015), Equation A-N9-18], and 0.75 Mn-oop corresponds 

to SC-0.5T-Vn (subjected to out-of-plane force of 240 kips). The figure also plots the in-plane plastic and 

yield moments for the specimens based on Kurt et al. (2016). It is observed that the out-of-moment affects 

the in-plane moment capacity of the SC wall piers. The fiber model can then be employed to obtain the 

interaction of in-plane and out-of-plane moments for different cross-sections (as shown in Figure 11). The 

figure depicts the interaction of normalized in-plane moment [normalized with the plastic moment capacity 

per Kurt et. al. (2016)], with normalized out-of-plane moment [normalized with nominal out-of-plane 

moment strength per AISC N690 (AISC, 2015)]. The quadratic interaction can be simplified using a 

trilinear interaction surface. The data points for the experiments are plotted on the interaction surface and 

it is observed that specimens SC-T-Vn and SC-0.5T-Vn lie outside the interaction surface, indicating the 

conservatism of the interaction surface. For SC-T-2.5Vn, while the data point lies outside the idealised 

interaction, it is inside the actual interaction surface. However, specimen SC-T-2.5Vn was subject to an 

out-of-plane force magnitude 2.5 times the out-of-plane shear strength of the specimen, which forced the 

specimen to develop a shear failure mode as discussed previously. The specimen does not have a flexure 

controlled behavior and the interaction surface is not applicable to the specimen. This also applies to any 

SC wall that in overloaded in out-of-plane shear beyond its design strength. 

 
 

Figure 10. In-plane moment curvature for out-of-

plane force magnitudes 

Figure 11. Interaction of in-plane moment and out-

of-plane moment 

 

SUMMARY AND CONCLUSIONS 

 

Wall structures in industrial and commercial construction may be subjected to a combination of in-

plane and out-of-plane forces. The design of wall structures needs to consider the interaction of in-plane 

and out-of-plane forces. This paper summarizes the observations from a research project conducted to study 

the interaction of out-of-plane forces and in-plane forces in SC wall piers.  

Experimental and finite element studies have indicated that the in-plane response of wall piers with 

aspect ratios greater than or equal to 0.6 is flexure dominated. Introducing an out-of-plane force results in 

out-of-plane shear and moment in the walls. Experimental results indicate that walls subjected to out-of-

plane shear equal to their nominal shear strength (per US codes) develop flexural yielding and failure due 

to interaction between the in-plane and out-of-plane moment. Shear failure does not occur for these walls. 

The wall pier specimen subjected to out-of-plane shear force that is 2.5 times the nominal shear strength 

(per US codes) was forced into a shear failure mode by the interaction of in-plane shear and out-of-plane 

shear. Based on the experimental observations, an interaction surface for in-plane and out-of-plane flexure 
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demands has been developed. The interaction surface is intended to help the designers consider the 

simultaneous presence of in-plane and out-of-plane forces in the design of wall structures. 
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