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Preface

MCEER is a national center of excellence dedicated to the discovery and development of new 
knowledge, tools and technologies that equip communities to become more disaster resilient in 
the face of earthquakes and other extreme events. MCEER accomplishes this through a system of 
multidisciplinary, multi-hazard research, in tandem with complimentary education and outreach 
initiatives. 

Headquartered at the University at Buff alo, The State University of New York, MCEER was originally 
established by the National Science Foundation in 1986, as the fi rst National Center for Earth-
quake Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center 
for Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disciplines and 
institutions throughout the United States, MCEER’s mission has expanded from its original focus 
on earthquake engineering to one which addresses the technical and socio-economic impacts of a 
variety of hazards, both natural and man-made, on critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Science Founda-
tion, Federal Highway Administration, Department of Energy, Nuclear Regulatory Commission, 
and the State of New York, foreign governments and private industry.  
 
Research was conducted to investigate how the inclination angle of the diagonal tension fi eld ac-
tion varies in Steel Plate Shear Walls (SPSWs) and to determine the optimum constant angle best 
matches the demands obtained from fi nite element (FE) analysis. A FE model was fi rst calibrated 
against experimental results that showed signifi cant diff erences in inclination angles at diff erent 
locations across the web plate. Then, four real SPSWs with varying aspect ratios and number 
of stories were designed and modeled for FE analyses. The variations in angle in the web plate 
and along the boundary elements were documented as a function of drift, and showed signifi cant 
variations. Combined moment-axial force demand ratios in the SPSW boundary elements were 
calculated and compared for all real SPSWs. Overall, it was found that the demand on the web 
plate is not sensitive to the variation of inclination angle and using 45° is a reasonable compro-
mise for both HBE and VBE (horizontal and vertical boundary element) design. Consequently, 
the single angle of 45° is recommended for the design of the entire SPSW.
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ABSTRACT 

 

This study focused on investigating how the inclination angle of the diagonal tension field action varied in 

Steel Plate Shear Walls (SPSWs) and, based on these results, on determining the optimum constant angle 

to use for the design of SPSWs to best match the demands obtained from finite element analysis. A LS-

DYNA model was first developed to replicate the experimental and ABAQUS analysis results obtained by 

Webster et al. (2014) for a simple tested specimens having pin horizontal boundary elements-to-vertical 

boundary elements (HBE-to-VBE) connections and cutouts at the web plate corners.  It is shown that results 

from the LS-DYNA model match well with Webster’s results with respect to load-drift curve, average 

inclination angle over the whole web, and stress contour. Then, this validated LS-DYNA finite element 

model was used to further investigate the changes in inclination angle and their impact on SPSW behavior 

for SPSWs having a number of different configurations more representative of real SPSWs. SPSWs 

considered first included modified versions of the Webster specimen, without cutouts at the corner of the 

webs, then with rigid HBE-to-VBE connections (still without the web cutouts).  It is observed that different 

average inclination angles are obtained at different locations and that the differences are not negligible.   

 

Four real SPSWs with varying aspect ratio and number of stories were subsequently designed and modeled 

by LS-DYNA (also modeling the HBEs and VBEs).  The plastic behavior of HBE was captured by 

considering the development of plastic hinges at the end of the HBE. Variations in inclination angles are 

reported for all these cases. Additionally, the demands from actual results obtained from finite element 

analysis, and demands calculated using various assumed constant inclination angles, were compared for all 

cases of SPSWs aspect ratio and number of stories considered.  For HBEs and VBEs, they were expressed 

by calculating combined moment-axial force demand ratios.  It is found that the aspect ratio has little effect 

on the conservatism of results obtained using a constant angle for the one-story SPSW, but has a greater 

influence on those for the three-story SPSWs when using the constant angle of 45° as the basis for 

comparison. The number of stories also has an impact on the conservatism or results for both HBE and 

VBE designs using the constant angle of 45°. Overall, using constant angles of 35° and 40° for HBE design 

and 50° for VBE design were found to be always conservative. It is noted that the demand on the web plate 

is not sensitive to the variation of inclination angle. Consequently, the single angle of 45° is recommended 

for the design of the entire SPSW.  
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SECTION 1  

INTRODUCTION 

 

1.1 General Background 

A typical steel plate shear wall (SPSW) consists of horizontal boundary elements (HBEs), vertical boundary 

elements (VBEs) and web plates. The ultimate strength of SPSWs is reached when the web yield in diagonal 

tension-field action at an angle α from the vertical and HBEs develop plastic hinging at their ends. Capacity 

design of a SPSW requires the web plate to have sufficient strength to resist the specified story shear, and 

the HBE and VBE to be able to resist the diagonal forces applied by the web plate on those boundary 

elements. Therefore, the inclination angle, denoted as α, is a key parameter in SPSW design. The AISC 

Seismic Provisions for Structural Steel Buildings (AISC 341-10) provides an equation to calculate the 

inclination angle (based on research by Timler and Kulak, 1983). Although this approach is generally 

accepted in design practice, this angle α was derived from an elastic strain energy principle, while seismic 

design usually expects structures to develop plastic behavior. Alternatively, for simplicity, AISC 341-10 

also allows the use of a constant angle of 40° based on work by Dastfan and Driver (2008).  

 

Researchers have observed from experimental or numerical results that the inclination angle typically vary 

between 38° and 45° for well-designed SPSWs. The quasi-static experiment conducted by Timler and 

Kulak (1983) showed that the angle of inclination along the vertical center-line of the web plate varied from 

44° to 56°. Elgaaly and Caccese (1993) performed finite element analysis using shell elements and reported 

that the principal tension stress direction in the central area of the plate panel varied between 40° and 50°. 

In Driver (1997)’s test, the principal stress directions derived from the strain rosette data near the top right 

corner of a web plate varied from 38° to 64°, as compared with the finite element results varying from 35° 

to 65°. Lubell (1997) plotted the principal tension strains along the boundary elements and the center of the 

panel plate at angles of inclination from the vertical, most of which were in the range of 35° to 40°. In Rezai 

(1999)’s shake table test of a steel plate shear wall with thin unstiffened webs, strain rosettes results showed 

that the angle of principal strain varied from 35° to 40° near the base, and from 37° to 42° at the center of 

the panel. Kharrazi (2005) measured the angle of tension field at the crest of the buckle wave from a test, 

which ranged from 37° to 39°, and compared those to the in-plane principal stress vectors obtained from 

FE analyses, which were in a similar range of 34° to 40°. Choi et al. (2009) used ABAQUS to perform a 

parametric study of the inclination angle under different aspect ratio, infill plate thickness and endplate 

thickness, which showed that the average inclination angle of the tension field in the yielded web varied 

from 24° to 45°. More recently, Webster et al. (2014) conducted experimental investigations and finite 



2 

 

element analyses studying how the inclination angle changes as a function of drift. In particular, two 

specimens with pin connection and slender VBE were tested, and the experimental results agreed well with 

results from FE analysis (conducted with ABAQUS). It was also found that the inclination angles, both 

calculated by averaging values over the whole web and by measuring the orientation of the buckled 

“corrugations”, were different from the value predicted by AISC 341-10. Since the average inclination 

angle of single panels fixed within an elastic boundary frame at the typical design seismic drifts was found 

to vary between 43° and 45°, and because a constant angle of 45°was believed to be simpler to implement, 

Webster et al. recommended using a constant angle of 45° for both capacity design procedure and cyclic 

analysis of SPSW system. However, the specimens considered by Webster had essentially rigid HBEs, 

slender VBEs, and pure pin-connections between the boundary frame members, for the sake of 

experimental purposes, which made them different from real SPSWs. While consideration of a single angle 

of 45° is appealing for design purposes, it is unknown whether the findings reported by Webster et al. would 

remain true for real SPSWs with realistic boundary elements, different aspect ratios, and different number 

of stories. Such information is required to overcome possible (and arguably founded) reservations from 

code committee members against changing the design requirements for SPSWs. Furthermore, because the 

forces induced to the HBEs and VBEs by the yielding web are directly related to the inclination angle 

developed near the boundary elements, additional detailed information of the angle along such boundary 

element, and information on how these demands compare to those obtained using a constant inclination 

angle, is also required. 

 

1.2 Scope and objective 

The purpose of the study conducted here was to investigate how the inclination angle of the diagonal tension 

field action varies in Steel Plate Shear Walls (SPSWs) and, based on these results, to determine what 

optimum constant angle to use for the design of SPSWs best matches the demands obtained from finite 

element analysis.  Ultimately, this is intended to determine whether the constant inclination angle of 40° 

provided in the AISC Seismic Specifications should continue to be used, or whether it should be replaced 

by a different value.  Also investigated was how the inclination angle of the tension field action changes 

when different aspect ratios and number of stories are used, considering nonlinear inelastic response and 

SPSWs designed in compliance with AISC 341 (as opposed to idealized configurations). 

 

The investigation was conducted using the LS-DYNA finite element software to model SPSWs.  The LS-

DYNA model was first validated by replicating the experimental and ABAQUS analysis results obtained 

by Webster et al. (2014) for a simple tested specimens having pin HBE-to-VBE connections and cutouts at 

the web plate corners.  Then, this validated LS-DYNA finite element model was used to further investigate 



3 

 

the changes in inclination angle and their impact on SPSW behavior for modified versions of the Webster’s 

specimen, without cutouts at the corner of the webs, then with rigid HBE-to-VBE connections (still without 

the web cutouts).   

 

Two real single SPSWs and two real thee-story SPSWs were subsequently designed, with panel aspect 

ratios of 1 and 2.  Corresponding LS-DYNA models were built also modeling the HBEs and VBEs.  The 

plastic behavior of HBE was captured by considering the development of plastic hinges at the end of the 

HBEs. This was done to observe how the inclination angle varied as a function of number of stories and 

panel aspect ratios for SPSWs designed per AISC 341.  To determine the appropriate or optimum constant 

angle to use for SPSW design, demands from real results obtained from finite element analysis, and 

demands calculated using various assumed constant inclination angles, were compared for all cases of 

SPSWs aspect ratio and number of stories considered.  For HBEs and VBEs, they were expressed by 

calculating combined moment-axial force demand ratios.   

 

1.3 Overview of this report 

The work conducted to accomplish the scope of research described above is presented in this report as 

follows. Webster’s experiment and ABAQUS model results are presented in Section 2. Section 3 describes 

the LS-DYNA model that was developed here, using the same geometry and model parameters, to analyze 

Webster’s specimen and compare with Webster’s ABAQUS results. Expanding on those results, a modified 

SPSW model, having pin HBE-to-VBE connections (like Webster’s specimen) but without cutouts at the 

corner of the webs (unlike Webster’s specimen) was then analyzed, as well as a SPSW model with rigid 

HBE-to-VBE connections and without the web cutouts.  Results and observations from stress analyses, 

inclination angle variations, and combined moment-axial force demand analyses for the two above modified 

models are presented in Section 4. Section 5 describes the design procedure of four real SPSWs having 

different aspect ratios and number of stories, used for further inclination angle investigations. SAP2000 

strip models were built to support the design of the VBE. Detailed LS-DYNA modeling of the new real 

SPSW were also presented. Results obtained from the finite element analyses of the real SPSWs are 

presented in Section 6 and discussed with respect to aspect ratio and number of stories. Conclusions from 

this study are provided in Section 7. 

 

Note that in this report, the terms “HBE” and “beam”, as well as “VBE” and “column”, are used 

interchangeably, as both terms are commonly used in the literature. 
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SECTION 2  

RESEARCH DONE BY WEBSTER ET AL. (2014) 

 

2.1 Experimental Program 

The test specimen used in Section 3 for calibration of the LS-DYNA models is Specimen #2-22 in Webster 

(2013), which is a single story SPSWs of aspect ratio 1.0 with a linear cutout at each corner of the web. In 

that specimen, a physical pin was used to connect the HBEs and VBEs together. Detailed dimensions of 

Specimen #2-22 are shown in Figure 2-1. ASTM A1008 steel sheet (22 Ga) was chosen for the web plate 

and corresponding coupon test results are presented in Figure 2-2. A displacement control protocol was 

used in those tests, with target displacement amplitudes of ±0.25δy for an initial elastic cycle and of ±6.0δy 

for three subsequent cycles as shown in Figure 2-3. 

 

 

a. Experiment setup                                                             b. Web plate dimension 

Figure 2-1 Dimensions of Specimen #2-22 from Webster (2013) (unit: inch) 
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Figure 2-2 Typical 22 Ga A1008 coupon test engineering stress-strain curve 

 

6%

-6%

0.25%

-0.25%

Drift

Time

 

Figure 2-3 Loading Protocol of Specimen #2-22 from Webster (2013) 

 

2.2 ABAQUS Finite-Element Model 

An ABAQUS model using explicit analysis was built by Webster to verify the experiment results obtained 

in that study.  An example of the model is shown in Figure 2-4. In all those ABAQUS models, the web 

plate was meshed into 34×34 elements; material model chosen was the large displacement-finite strain SR4 

shell element with enhanced hourglass control. Nine integration points along web thickness were chosen 

for stress and strain analysis. Initial imperfections were also considered in the web plate simulation. The 

VBE and top HBE were modeled with B31 shear deformation line elements while the bottom HBE was not 

explicitly modeled but rather defined as a fixed boundary condition. Elastic material properties were 

assigned to all the boundary elements. The displacement amplitude history recorded from the experiment 

was applied at the top HBE of the model to replicate it testing under displacement-control. Note that the 
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steel material properties of the web plate shown in Figure 2-2 were converted into true stress and true strain 

for ABAQUS analyses. 

 

 
Figure 2-4 The ABAQUS model of Specimen #2-22 from Webster (2013) (unit: mm) 

 

2.3 Comparison between Test and FE Analysis Results  

Webster et al. (2014) reported that the hysteric behavior obtained from the ABAQUS numerical analyses 

agreed well with the experiments result, as shown in Figure 2-5. It was also reported that the average 

inclination angle varied as a function of drift according to the relationship shown in Figure 2-6.  The 

inclination angle was calculated by taking the average of stresses of all the shell elements first and then by 

equation 7.7 from Webster (2013).  Figure 2-6 shows that the inclination angle migrated from values of less 

than 40° in the elastic range, up to 44° when drift increased from 0 to 6% drift.  Note that at drifts of 2 to 

3%, which are typically expected in SPSWs during severe earthquakes, this angle ranged from 42° to 44°. 

On the basis of those observations, Webster et al. (2014) indicated that a uniform angle of 45° could be 

adopted in SPSW analyses to obtain more representative results of SPSW inelastic response, and to simplify 

the analysis of SPSW using strip model (see Bruneau et al, 2011, for a description of the strip model).  
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Figure 2-5 Experimental and ABAQUS  

hysteresis curves from Webster et al. (2014) 

Figure 2-6 Inclination angle versus drift  

relationship from Webster et al. (2014) 
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SECTION 3  

SPSW MODEL VALIDATION 

 

3.1 General 

This section describes the LS-DYNA model developed to replicate the results for one of the single story 

SPSWs of aspect ratio 1.0 (specimen # 2-22) tested by Webster et al. (2014). The LS-DYNA model is 

defined here to have the same dimensions, material models, loading and boundary conditions as Webster 

et al. (2014), with some minor differences described in Section 3.2. Key features of the LS-DYNA model 

are presented at first in Section 3.2.1 to 3.2.3, and convergence analysis is conducted to verify the model in 

Section 3.2.4. To validate the LS-DYNA model, resulting load-drift curves of the structure are compared 

with Webster’s experimental and FEM results. Analysis of inclination angle and stress distribution of 

elements at different locations across the web plate are presented in Section 3.3. 

 

3.2 LS-DYNA Model 

3.2.1 Dimensions and Boundary Conditions 

In the LS-DYNA model developed to replicate Webster’s specimen, dimension of the steel web plate is 

762 mm×762 mm×0.71 mm (length×height×thickness). Width of the cutout in each corner of the web 

plate is 140 mm. Vertical boundary element (VBE) is a 25.4 mm×63.5 mm rectangular section. Horizontal 

boundary element (HBE) is a 71 mm×150 mm rectangular section, made equivalent to the W6×25 section 

used by Webster by having the same depth and moment of inertia. Connection between the VBE and HBE 

in Webster’s specimen was achieved by using actual pin, and a point connection was implemented in the 

LS-DYNA model to achieve the same behavior. Bottom beam is continuously fixed along the wall’s base. 

An initial perturbation was introduced to account for initial imperfections using PERTURBATION CARD. 

The nodes in the web plate were perturbed using a harmonic field with an amplitude of t/2=0.035 mm in 

the Z direction and a wavelength of 1524 mm in both X and Y directions.  
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Figure 3-1 Dimensions of SPSW Model (unit: mm) 

 

3.2.2 Material and Element 

Here, the constitutive model chosen for the steel web plate was an elastic-plastic model without strain rate 

effect. (i.e., material MAT024_PIECEWISE_LINEAR_PLASTICITY in LS-DYNA).  The material was 

specified here as having a Young’s modulus of 151,000 MPa, a yielding strength of 287 MPa, a Poisson 

ratio of 0.30, and a density of 7850 Kg/m3. 

 

Webster et al. (2014) presented coupon test result of the web plate steel in terms of engineering strain versus 

engineering stress.  LS-DYNA requires that non-linear materials be defined in terms of true strain and true 

stress, which can be obtained by the following conversion formulas, which were used to convert Webster’s 

values into material properties used by LS-DYNA: 

𝜀𝑡𝑟𝑢𝑒 = ln(1 + 𝜀𝑒𝑛𝑔)                                                                   (3.1)                                                   

𝜎𝑡𝑟𝑢𝑒 = 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔)                                                               (3.2) 

Key points defining the steel’s material stress-strain curve are presented in Table 3-1. 
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Table 3-1 Stress-strain relationship of web plate steel reported from Webster et al. (2014) 

 Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 

Eng. Strain 0 0.0014 0.02 0.05 0.165 0.23 0.28 

Eng. Stress (MPa) 0 287 300 340 375 381 382 

True Strain 0 0.0014 0.0198 0.0488 0.1527 0.2070 0.2469 

True Stress (MPa) 0 287.4 306 357 436.9 468.6 489 

Effective Plastic Strain - 0 0.0184 0.0474 0.1513 0.2056 0.2455 

     Note: effective plastic strain is equal to true strain minus elastic strain. 

 

Beams and columns were modeled as an elastic material (i.e., using LS-DYNA’s material MAT001_ 

ELASTIC), with a Young’s modulus of 205,000 MPa and a Poisson ratio of 0.30. To model the actual pin 

joint of the beam-column connection, beam and column elements in overlapping area are modeled as rigid 

material (i.e., using LS-DYNA’s material MAT020_ RIGID and a Young’s modulus 205,000 MPa), and 

didn’t share nodes in the same location.   The option JOINT_SPHERICAL in LS-DYNA was employed to 

the two center nodes (from the beam and column, respectively) in the overlapping area.  A SPHERICAL 

JOINT in LS-DYNA has six degree of freedoms. Only in-plane degrees of freedom (i.e., in the x-y plane) 

of the joint were needed in the model, therefore, degree of freedom for the z-translation was constrained on 

peripheral nodes of overlapping area as shown in Figure 3-2. 

 
Figure 3-2 Highlighted nodes constrained at z-translation in a beam-column joint 

 

Belytschko-Tsay shell elements were used for the web plate, VBEs and HBEs because of their 

computational efficiency. The Belytschko-Tsay element is a 4-noded element with reduced integration, 

having hourglass effect controlled by adding hourglass viscosity stresses to the physical stresses at the local 

element level (LS-DYNA Theory Manual). The number of through thickness integration points was set to 

9, same as Webster (2013). 
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3.2.3 Loading Protocol  

A quasi-static displacement loading history was applied to each node along the middle height of the top 

beam. Both monotonic loading and cyclic loading scenarios are used. The cyclic loading scenario applied 

was the same as Webster (2013). The monotonic loading scenario was used to determine the inclination 

angle and stress amplitude for the distribution analyses reported in Section 3.3. The corresponding load 

protocols are shown below. 

6%

-6%

0.25%

-0.25%

Drift

Time

7.7%

Drift

Time
0.4%

 
a. Cyclic loading                  b. Monotonic loading 

Figure 3-3 Loading Protocol 

 

3.2.4 Convergence Study 

To investigate convergence of results for the model described in Section 3.1, as well as to validate the LS-

DYNA model, load-versus-drift curves under cyclic loading were compared with Webster’s experimental 

and FEM results.  Then, load-versus-drift curves under monotonic loading were also compared with two 

different mesh refinement levels in LS-DYNA model, to better assess convergence of the results under 

monotonic displacements.  Since stress results are more sensitive than displacements, stress contours of at 

two different drifts (1% and 6%) under monotonic loading are also compared in Figure 3-7 and Figure 3-8. 

 

Note that a difference between LS-DYNA model and ABAQUS model in Webster et al. (2014) is that the 

LS-DYNA model here used shell elements to model the HBEs and VBEs, while the ABAQUS model by 

Webster used line element. Coarse mesh model in LS-DYNA has the same mesh refinement level as the 

ABAQUS model in Webster et al. (2014). 

 

The coarse mesh configuration considered provided a 34×34 elements web plate (mesh size 

22 mm×22 mm), whereas the refined mesh configuration was 68×68 elements (mesh size 11mm×11mm), 

as shown in Figure 3-4. Both cyclic and monotonic displacement histories described in section 3.2.3 were 

used to obtain load-versus-drift relationships for the two different mesh sizes considered. LS-DYNA’s 
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implicit analysis with single precision executable was adopted to analyze the model because of 

computational efficiency (e.g., 4 hours per analysis instead of 15 hours using double precision, while 

identical results were obtained), but results obtained using LS-DYNA’s explicit analysis are also presented 

for comparison. In all implicit analyses (cyclic and monotonic), the analysis time step was 0.001 s, with 

termination of the analysis at a time of 8.0 s (i.e., after 8000 steps). 

 

  

Figure 3-4 Coarse (left) and refined (right) mesh used in LS-DYNA models 

  

Comparing the LS-DYNA model results with the ABAQUS model and experimental results by Webster, 

cyclic displacement histories show that the load-drift hysteretic curves obtained are similar to each other in 

Figure 3-5. Peak load difference under the first 6% drift loading cycle is around 5 kN and structural stiffness 

is slightly smaller than for the ABAQUS model and experimental results. Overall, the results shown in 

Figure 3-5 were deemed to be in good agreement, and the LS-DYNA model was judged appropriate to 

predict structural behavior of the system. 

   

 

 

 

 

 

 

 

 

Figure 3-5 Load-drift curves comparison under cyclic loading 
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Comparing the LS-DYNA coarse mesh and LS-DYNA refined mesh results obtained using the implicit 

analysis with single precision executable, results were also found to be in good agreement.  Peak load in 

the first 6% drift loading cycle is 72.27 kN with coarse mesh and 70.80 kN with refined mesh, respectively. 

The difference is only 1.47 kN and 2.08% of the peak load with refined mesh. Additionally, comparing 

results obtained from the implicit and explicit solvers, the load-drift curves are found to have negligible 

differences.  

 

For monotonic loading, no data is available in Webster et al. (2014) and only LS-DYNA coarse and refined 

mesh model are compared. Figure 3-6 shows that the load-drift curves are in good agreement with each 

other, and the peak difference of the load between refined and coarse mesh is 1 to 2 kN, which is only 1.3% 

to 2.6% of the total load. The stress contours obtained from the coarse mesh and refined mesh are presented 

in Figure 3-7 (at 1% drift) and Figure 3-8 (at 6% drift). Under both drifts, stress contours for the coarse 

mesh model are similar to those for the refined mesh model. 
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Figure 3-6  Load-drift curves comparison under monotonic loading  

  
a. Coarse mesh b. Refined mesh 

Figure 3-7 Stress contours comparison at 1% drift 
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a. Coarse mesh b. Refined mesh 

Figure 3-8 Stress contours comparison at 6% drift 

 

On the basis of comparisons presented in this section, it was concluded that the LS-DYNA model could 

adequately capture the structural behavior of the SPSW system, and that the LS-DYNA model results had 

converged with the refined mesh.  As a result, the refined LS-DYNA model with 68×68 mesh configuration 

(mesh size 11 mm×11 mm) was used in all subsequent monotonic loading inclination angle of the principal 

stresses and stress distribution in infill plates, described in Section 3.3. 

 

3.3 Inclination angle and VBE, HBE demand analysis  

3.3.1 General modeling issues 

Stresses at all through thickness Gauss integration points can be outputted by LS-DYNA’s post processing 

tool.  However, according to the plane section assumption, stresses at all nine integration points other than 

at central point are composed of bending and axial components of stresses. Since only the axial stresses in 

the plate are of interest to analyze the web plate’s contribution to story shear resistance and to determine 

axial demand on boundary elements (which are used for their design), stress results presented in all 

following sections are taken at the central integration point of the web plate (i.e., using the command 

History_Element_Stress_Middle layer). In addition, LS-DYNA can only output strains at the lowermost 

and uppermost integration points, and strains reported here from all for analyses is an average of the results 

from the lowermost and uppermost integration points (i.e., using the command History_Element_Mean Ipt 

Strain_Local axis). 

 

Stresses at all through thickness Gauss integration points can be outputted by LS-DYNA’s post processing 

tool.  However, according to the plane section assumption, stresses at all nine integration points other than 

at central point are composed of bending and axial components of stresses. Since only the axial stresses in 
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the plate are of interest to analyze the web plate’s contribution to story shear resistance and to determine 

axial demand on boundary elements (which are used for their design), stress results presented in all 

following sections are taken at the central integration point of the web plate (i.e., using the command 

History_Element_Stress_Middle layer). In addition, LS-DYNA can only output strains at the lowermost 

and uppermost integration points, and strains reported here from all for analyses is an average of the results 

from the lowermost and uppermost integration points (i.e., using the command History_Element_Mean Ipt 

Strain_Local axis). 

 

Note that stress and strain results provided by LS-DYNA are true stress and true strain, respectively. To be 

able to compare results in the context of design equations (which are all based on engineering stresses and 

strains), conversion of the LS-DYNA results from true stress to engineering stress was required. The 

maximum principal true stress and maximum principal true strain are needed to calculate maximum 

principal engineering strain of an element. Conversion was performed using the following equation: 

𝜎𝑒𝑛𝑔 = 𝜎𝑡𝑟𝑢𝑒/exp(𝜀𝑡𝑟𝑢𝑒)                                                 (3.3) 

Therefore, all results in this section are presented in terms of engineering stresses and strains.  

 

In SPSWs, determination of the tension field inclination angle from vertical is an important step of the 

design process.  Note that the inclination angle reported in the following sections is taken as the angle from 

vertical, except when indicated otherwise. The AISC Seismic Provisions for Structural Steel Buildings 

(AISC 341-10) specifies that the angle is permitted to be taken as 40° or calculated as follows: 

tan4𝛼 = 
1+

t𝑤𝐿

2𝐴𝑐

1+t𝑤h(
1

𝐴𝑏
+

ℎ3

360𝐼𝑐𝐿
)
                                         (3.4)                                                

where, 𝛼 =inclination angle from vertical axis; Ab =cross sectional area of the HBE; Ac= cross sectional 

area of the VBE; tw=thickness of web plate; Ic= moment of inertia of the VBE;   L=length of the plate; h= 

height of the plate. 

 

To compare with Webster’s results, presented earlier in Figure 2-6 (in Section 2 of this report), the average 

inclination angle across the entire plate was calculated, according to the method outlined by Webster (2013).  

Results are shown in Figure 3-9. Note that stresses acting in the middle layer (across thickness) of the shell 

elements used are those that correspond to axial stresses in the web plate. For the ABAQUS model result 

presented in Webster et al. (2014), it is believed that stresses in the middle layer were used, although this 

is not documented in the report (Jeffrey Berman, Professor, University of Washington, personal 

communication, May 2015). The maximum difference between these two curves is within 2°, which means 
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that the average inclination angle across the entire plate obtained from the LS-DYNA model matches well 

with the Webster’s experiment and modeling results. 

 

In the following study, averages of principal stress angles have been performed at three different locations 

that have an impact on design.  First, with respect to the web plate, the average for all web shell elements 

at mid-height of the wall are calculated, as this is deemed representative of the angle that should be taken 

to calculate the story shear force resisted by the infill plate (per AISC design equation).  Furthermore, 

because this is significant for the design of VBEs and HBEs, the averages of the web shell elements 

connected along individual VBEs and HBEs are calculated.  This approach is believed to provide a better 

understanding on the design consequence of varying inclination angles. 

 

Figure 3-9 Comparison on average inclination angles over the entire web plate for LS-DYNA  

model, ABAQUS model, and Experiment data in Webster et al. (2014) 

 

 

3.3.2 Contour analysis 

The out-of-plane deformations of the web plate were presented in form of contours by Webster (2013) and 

inclination angles were also measured using this graphic representation of the buckled “corrugations.” To 

further calibrate the LS-DYNA model, the deformations obtained at ±0.5% drift and ±4% drift, 

corresponding to cycles #5 and #21 in Webster et al. (2014), were studied. The regions over which the 

deformation contours are measure in Webster’s experiment, and the equivalent region from the LS-DYNA 

model, are shown in Figure 3-10 and Figure 3-11, respectively.  
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Figure 3-10 OptoTrak LED Locations in 

Webster (2013) 

Figure 3-11 Output deformation region in  

LS-DYNA model 

 

Note that the deformation contours for test #3-22 but not test #2-22 were presented in Webster et al. (2014). 

Test #3-22 and #2-22 were identical specimens but were subjected to different displacement protocols. For 

test #3-22, the loading amplitude was gradually increased from ±0.25% to ±1% drift with an increment 

of 0.25% drift, followed cycles at ±1.5%, ±2%, ±3%, and ±4% drift.  Three cycles were applied at each 

displacement level. A similar displacement protocol was applied to the LS-DYNA model here for the 

analyses focused on obtaining deformation contours, except that cycles at each displacement amplitude 

were applied only once. The contours were generated using the contour function in MATLAB. 

 

 
 

a. Pull stroke of Cycle #5 a. Pull stroke of Cycle #5 
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b. Push stroke of Cycle #5 b. Push stroke of Cycle #5 

  

c. Pull stroke of Cycle #21 c. Pull stroke of Cycle #21 

  

d. Push stroke of Cycle #21 d. Push stroke of Cycle #21 

Figure 3-12  Panel deformed shapes in  

Webster et al. (2014) 

Figure 3-13  Panel deformed shapes in  

LS-DYNA model 
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Here, in addition to measuring the inclination angles of the buckled corrugations in middle web plate, the 

inclination angles from other locations of the web plate were also determined, as shown in Figure 3-12 and 

Figure 3-13. At ±0.5% drift (#5 cycle), the angles of the orientation of the buckled wave in the middle of 

the panel, obtained from the LS-DYNA model, were 36° and 35° after the pull and push stroke, respectively. 

The angles across the web plate in the LS-DYNA model varied from 33° to 41°, as compared with the 

values of 37° to 47° observed in the results reported by Webster et al. (2014). At the drift of ±4%, both 

the inclination angles from middle buckled corrugations and the range yield a similar result as Webster et 

al. (2014). Given that that the angles within the elastic range of response (i.e., at 0.5% drift) are less 

significant, focusing on the larger drift amplitudes, it is found that measured inclination angles based on the 

out-of-plane deformation contour analysis from the LS-DYNA model are in good agreement with the 

experimental ones reported by Webster et al..  

 

3.3.3 Inclination angle analysis 

Figure 3-14 shows the inclination angle vs. drift relationship of the web plate shell elements located along 

the top beam, bottom beam, left column, right column, and middle web, identified by the lines in Figure 

3-15. Note that the angles presented in Figure 3-14 are the averages for all the elements along each line 

considered.  
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Figure 3-14  Migration of inclination angle 

 of web plate 

Figure 3-15  Location of shell element groups

  

 

In Figure 3-14, all of the curves exhibit a similar trend, in that the angle initially decreases from a relatively 

high initial value at low stresses, up to nearly 0.5% drift (where some parts of the infill approach their 
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elastic limit as shown in Figure 3-16), and then progressively increase afterwards up to the maximum drift 

considered.  

 
Figure 3-16  Partly yielding state of web plate under 0.5% drift (red color=yielding) 

 

Note that in the earlier stages of elastic response, stresses applied by the steel plate to the boundary elements 

are not of design concern. Hence, the high values of angle initially observed from 0 to 0.5% drift have no 

significance on structural design.   

 

However, in spite of this similarity in trend observed in Figure 3-14, quite different angle values are 

obtained along the different locations considered. Top and bottom beams have approximately the same 

angle values, starting as low as 33° at 0.5% drift, and reaching an angle of around 37° beyond 3% drift. 

Similarly, left column and  right column have approximately the same angle values, starting as low as 40° 

for the left column and 50° for the right column at 1% drift, and reaching an angle of around 53° at 3% 

drift. In addition, the angle across the middle web is approximately 37° at 1% drift, 44° at 3% drift, and 48° 

at 6% drift. 

 

3.3.4 Web plate, VBE and HBE demand analysis 

Design of a SPSW structure shall be based on development of the full tension yielding mechanism of the 

web plate, and capacity design of the rest of the structure considering forces applied by the yielding web 

plate. Tension yielding of web plate imposes components of normal and shear stresses on VBEs and HBEs. 

Their capacity design requires accurate knowledge of the stresses applied by the web plate, which in turns 

requires an assessment of the inclination angle of the diagonal tension field action acting on the face of the 

VBEs and HBEs. 
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In a first step towards this assessment, to compare actual inclination angles against those values considered 

in design at various drifts values, it is useful to correlate expected stresses with the drifts at which they are 

likely to occur.  Considering rigid VBEs and HBEs with pin connection, assumed to impose uniform 

diagonal tension strains on the tension strips of a web plate subjected to lateral loading, strain 𝜀 at a specific 

drift can be calculated as (Bruneau, 2011): 

𝜀 =
𝛾∙𝑠𝑖𝑛2𝛼

2
                                                                   (3.5) 

where, 𝛾 =drift of structure, and; 𝛼 =inclination angle from vertical axis. 

 

From this diagonal tension strain, using the known stress-strain relationship for a given material, the 

principal stresses acting in the web plate can be theoretically determined.  To illustrate how demands on 

HBEs and VBEs due to plate yielding would vary as a function of the inclination angle, normal and shear 

stresses acting on those members are presented in Table 3-2 for values of the inclination angle of 40° 

(recommended by AISC 341-10) and 45° (recommended by Webster et al. (2014)). In addition, results at 

1% drift considering an average angle of 35° is included for comparison. 

 

Note that at 1% and 6% drift, for the material used by Webster, principal stresses at the strains obtained 

from Equation 3.5 are 289.5MPa and 313 MPa, respectively. The value of 289.5MPa is close to end of the 

yielding plateau on the stress-strain curve from coupon testing. It is logical to compare values obtained at 

1% drift, even though SPSW could develop a larger drift, because capacity design per AISC 341 assumes 

that the web plate has fully yielded, and therefore developed yield stress value (sustained by the material, 

based on coupon tests and Equation 3.5, up to a 1% drift). Comparing results at 6% drift allows to assess 

demands on the HBEs and VBEs considering strain hardening.  In all cases, conversion from design 

principal stress to design normal and shear stresses were performed using following formulas： 

 HBE, Web plate:                   Normal stress                  𝜎 = 𝜎𝑝𝑟𝑖𝑛(𝑐𝑜𝑠𝛼)
2                                         (3.6) 

    Shear stress                     𝜎 = (𝜎𝑝𝑟𝑖𝑛𝑠𝑖𝑛2𝛼)/2                                     (3.7) 

VBE:                                      Normal stress                  𝜎 = 𝜎𝑝𝑟𝑖𝑛(𝑠𝑖𝑛𝛼)
2                                          (3.8) 

    Shear stress                     𝜎 = (𝜎𝑝𝑟𝑖𝑛𝑠𝑖𝑛2𝛼)/2                                     (3.9) 
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Table 3-2 Design normal and shear stresses (MPa) on web plate, HBE and VBE at different drifts 

 

3.3.4.1 Web plate analysis results 

The web plate is the main component of SPSW system resisting the story shear force. Seismic provisions 

for Structural Steel Buildings (AISC 341-10) stipulates that the design shear strength shall be determined 

as follows: 

𝑉𝑛 = 0.42𝐹𝑦𝑡𝑤𝐿𝑐𝑓sin2𝛼                                                     (3.10) 

where, 𝐿𝑐𝑓=clear distance between column flanges. 
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a. Shear stress distribution of six drifts 

Drift 1% 6% 

Inclination angle 35° 40° 45° 40° 45° 

Stress Normal Shear Normal Shear Normal Shear Normal Shear Normal Shear 

Web plate 194.3 136.0 169.9 142.5 144.8 144.8 183.5 154.1 156.5 156.5 

HBE 194.3 136.0 169.9 142.5 144.8 144.8 183.5 154.1 156.5 156.5 

VBE 95.2 136.0 119.6 142.5 144.8 144.8 129.2 154.1 156.5 156.5 
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b. Comparison with design shear stress (1%) c. Comparison with design shear stress (6%) 

Figure 3-17  Shear stress of web plate shell element group (middle web) 

 

Figure 3-17 presents the shear stress distribution from left to right along mid-height of web. It shows that 

shear stresses increase from 1% to 6% drift.  Stresses are less in the middle part of the plate at lower drifts, 

as a consequence of the web corner cut-outs, which prevents a direct path for diagonal stresses along a 

corner-to-corner line.   Shear stress contours at 1% and 6% drift of the web plate are shown in Figure 3-18. 

  

  
Figure 3-18 Shear stress contours at 1% (left) and 6% drift (right) in web plate 

 

Figure 3-17b and Figure 3-17c compare the above web stresses at 1% and 6% drift with their corresponding 

AISC-specified stresses (per Equation 3.10) calculated using inclination angles of 35, 40 and 45 degree.  

These drift levels were selected (as indicated earlier) to compare behavior of the web plate at stresses 
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corresponding to full yielding and ultimate strength, respectively. Results in Figure 3-17b suggest that 

design-level stresses are apparently higher than actual stresses, but the difference is overall minor, with a 

difference of approximately 10MPa (except for the middle part of the plate, due to the corner cut-outs, as 

mentioned earlier). Shear stress at 6% drift is more uniformly distributed than 1% drift and close to design 

value. Therefore, values predicted by AISC (Equation 10) are conservative in this case. 

 

3.3.4.2 VBE demand analysis results 

Figure 3-20 and Figure 3-21 show the normal and shear stresses imposed on the left VBE of the SPSW by 

the adjacent web plate, as obtained from principal stresses in the web elements adjacent to the VBE. It’s 

observed in Figure 3-20 that the normal stress variation along the elements is similar in shape at different 

drift levels, but the value of normal stresses tend to increase with increasing drift.  Fluctuations of normal 

stress observed from top to bottom of the VBE is due to generation of “strips” of web plates as shown in 

Figure 3-19. The magnitude of normal stresses in the lower web elements adjacent to the VBE is much 

higher than upper elements because lower elements are in the region of main tensile “strip”.  Also, a 

significant variation in the normal stress distribution is observed from 1% to 2% drift in the upper corner 

elements.  This significant change might be due to geometrical discontinuity, upper elements not lying in 

the main tensile strips etc. 

 

Figure 3-20b compares actual normal stress distribution under 1% drift with the design strength ones 

obtained for the same inclination angles considered previously.  Figure 3-20c compares actual normal stress 

distribution under 6% drift with the design strength ones obtained for the same inclination angles considered 

previously.  

 

For normal stress distribution, Figure 3-20 indicates that it is not necessarily conservative to use α=40°in 

design, as proposed by AISC 360-10, and that using α=45° is better than α=40° when below 1% drift. More 

importantly, normal stresses along the elements at 6% drift are much higher than those used for design 

(calculated with an inclination angle 40°) and hence using 40° is not conservative.  

 

For shear stress distribution, Figure 3-21 shows that design shear stress is not sensitive to inclination angle 

change as can be explained by Equation 3.9. More importantly, it’s higher than actual analysis results and 

hence using 40° and 45° are both conservative. 
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Figure 3-19  “Strips” in web plate under 1% drift 
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b. Comparison with design normal stress (1%) b. Comparison with design shear stress (1%) 
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c. Comparison with design normal stress (6%) c. Comparison with design shear stress (6%) 

Figure 3-20 Normal stress of web plate shell  

element group (left column) 

Figure 3-21 Shear stress of web plate shell  

element group (left column) 
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b. Comparison with design normal stress (1%) b. Comparison with design shear stress (1%) 
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c. Comparison with design normal stress (6%) c. Comparison with design shear stress (6%) 

Figure 3-22 Normal stress of web plate shell  

element group (right column) 

Figure 3-23 Shear stress of web plate shell  

element group (right column) 

 

Figure 3-22 and Figure 3-23 show the normal and shear stresses imposed by adjacent web plate shell 

elements (right column). It is observed that normal and shear stresses distribution along right column are 

similar to left column and yield the same conclusion. Since the main tensile “strips” in web plate are located 

from bottom left to top right as shown in Figure 3-19, the normal stress decreases along elements from top 

to bottom of right column (Figure 3-22a) in contrast with increasing tendency of that on left column (Figure 

3-20a). 

 

3.3.4.3 HBE demand analysis results 

Figure 3-24 and Figure 3-25 show the normal and shear stresses imposed by adjacent web plate shell 

elements (top beam). It is observed that the stress distribution along the top beam, for six different drifts 
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considered, are similar to each other. Note that stresses in elements at the left corner of the top beam do not 

change as significantly as in the corner elements in columns. 

 

Comparing actual stress distribution with specified design stresses, it is observed that normal stresses are 

much higher than the specified design stresses calculated using both 40° and 45° at 1% and 6% drift. This 

suggests that using 45° is not necessarily better than using 40°.  Hence, it appears to not be necessarily 

conservative to use 40°, and using 45° would be even less conservative than using 40°. Figure 3-25 shows 

that the design shear stress (i.e., translating into axial forces in the HBEs and VBEs) is not sensitive to 

inclination angle change as can be explained by Equation 3.7, and those actual shear stresses are close to 

the specified design stresses, with some of them a little bit higher than that at 6% drift. 

 

Figure 3-26 and Figure 3-27 show the normal and shear stresses imposed by adjacent web plate shell 

elements to the bottom beam. It is observed that the stress distribution along bottom beam is similar to that 

for the top beam, which leads to the same observations made for the top beam. 
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b. Comparison with design normal stress (1%)   b.   Comparison with design shear stress (1%) 
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c. Comparison with design normal stress (6%) c. Comparison with design shear stress (6%) 

Figure 3-24 Normal stress of web plate shell 

element group (top beam) 

Figure 3-25 Shear stress of web plate shell  

element group (top beam) 
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b. Comparison with design normal stress (1%) b. Comparison with design shear stress (1%) 

0 10 20 30 40
0

50

100

150

200

250

300

350

400

N
o

rm
a
l 
s
tr

e
s
s
 (

M
P

a
)

Element (from left to right)

 6% drift

Design w/=45(287MPa)
Design w/=45(313MPa)

Design w/=40(313MPa)

Design w/=40(287MPa)

 

0 10 20 30 40
0

50

100

150

200

250

300

350

400

Element (from left to right)

S
h
e
a
r 

s
tr

e
s
s
 (

M
P

a
)

 6% drift

Design w/ 45(313MPa)

Design w/ 40(313MPa)

Design w/ 45(287MPa)

Design w/ 40(287MPa)

 

c. Comparison with design normal stress (6%) c. Comparison with design shear stress (6%) 

Figure 3-26 Normal stress of web plate shell  

element group (bottom beam) 

Figure 3-27 Shear stress of web plate shell  

element group (bottom beam) 

 

3.4 Summary 

This section described the construction of the LS-DYNA model and compared the results obtained with 

both the experimental results and the ABAQUS results from Webster et al. (2014). The comparison shows 

that the load-drift hysteretic curve, the average inclination angle of the web plate, and the out-of-place 

displacement contours obtained from the LS-DYNA model match well the experimental results obtained 

by Webster.  

 

Beyond this comparison, the inclination angle and stress distributions at different drifts were also calculated 

along the middle of the web, and along the left column, right column, top beam and bottom beam (Figure 

3-15).  Those calculated values were compared against specified design stresses obtained considering 
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various angles of inclinations of the diagonal tension field. It was observed that different average inclination 

angles were obtained at those different locations (Figure 3-14) and the difference is not negligible.  

 

Shear stresses over the range of 0% to 6% drift at those five locations are typically smaller than design 

specified values and consequently conservative. As for normal stresses in the left and right columns, results 

indicate that it is not conservative to use 40°, but conservative to use 45° at 1% drift. At 6% drift, it is not 

conservative to use either 40° or 45°. Actual normal stresses at 6% drift are approximately 10MPa higher 

than the design values. For normal stresses in the top and bottom beams, it is not conservative to use either 

of 40° and 45° at 1% and 6% drift.  

 

Note that the stress distribution obtained along the left and right columns were essentially similar to each 

other (but mirror images from each other).  The same is true comparing results for the top and bottom beams. 

Hence, in subsequent Chapters, the stress distributions are only reported for the left column and the top 

beam (in addition to the middle of the web).  
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SECTION 4  

ANALYSIS OF TWO NEW SPSW MODELS  

 

4.1 General 

In this section, two new LS-DYNA models were built to further investigate how the inclination angle of 

the diagonal tension field action varies across the web plate, for a solid web plate and different HBE to 

VBE connections. Details on the two models considered are presented in detail in Section 4.2. Results in 

terms of inclination angles, stress distributions, the moment and axial force diagrams, as well as moment-

axial force interaction of elements at different locations across the web plate are presented in Section 4.3. 

 

4.2 New LS-DYNA Model Description 

The new models were designed with the same material models, loading protocol and boundary conditions 

as the LS-DYNA model in SECTION 3. The main differences from the LS-DYNA model in SECTION 3 

are connection type and absence of cutout.  Model A presented below is with pin HBE-to-VBE connections 

and without web cutouts at the corner of the web plate, and Model B is with rigid HBE-to-VBE connections 

and also without cutouts. In addition, elasto-plastic HBEs and VBEs were considered in Model B.  A 

summary of these differences is presented in Table 4-1 . To simulate the rigid connection of HBE and VBE, 

nodes at the end of the HBE were merged to the face of VBE. 

 

Table 4-1 Differences of the three LS-DYNA models 

 

4.3 Inclination angle and VBE, HBE demand analysis  

4.3.1 Inclination angle analysis 

Figure 4-1 shows the change in inclination angle of the tension field action as a function of drift for the web 

plate in the three models listed in Table 4.1. For Model A, as seen in Figure 4-1, the angle in each location 

follows a similar trend as the model in SECTION 3 after 2% drift. Up to the maximum drift considered, the 

average angles are around 55° for VBE, 39° for HBE and 48° for the web plate. Note that the average angle 

 LS-DYNA model in Section 3 Model A Model B 

Connection Type for H

BE to VBE 
Pin Pin Rigid 

Geometry of Web 

Plate 
With Cutout Without Cutout Without Cutout 

Material Model of 

VBEs and HBEs 
Elastic Elastic Elastic-Plastic 
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along the right column initially increases to nearly 55° and drops after 0.5% drift, mainly due to localized 

angle variation at the top and bottom corners of the web, but the amplitude of stress in those corners is not 

large at those small drifts. 

 

For Model B, the variations in average inclination angle are similar as for the LS-DYNA models from 

SECTION 3 and Model A above. However, the inclination angle along the left and right columns only 

increased to around 50° (as opposed to 55°) at large drifts. The implications of those variations of stresses 

along VBE and HBE is investigated later in this section by comparing the resulting flexural demands on 

those VBEs and HBEs.   

 

Von-Mises stress contours of Model A and Model B at 1% and 6% drift are presented at Figure 4-2 and 

Figure 4-3, respectively. 

 

 
Figure 4-1  Comparison on inclination angle migration  of web plate 
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Figure 4-2  Von-Mises stress contours of Model A at 1% (left) and 6% drift (right) 

  

Figure 4-3  Von-Mises stress contours of Model B at 1% (left) and 6% drift (right) 
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4.3.2 Web plate, VBE and HBE demand analysis  

4.3.2.1  Web plate analysis results 

Figure 4-4 and 4-5 present the shear stress distribution from left to right along mid-height of the web. As 

before, shear stresses increase from 1% to 6% drift, however, results here show a more uniform distribution 

of shear stresses than for the LS-DYNA model in Section 3 (Figure 3-17).  This is because the web without 

cutout allows a diagonal tensile strip developing from bottom left corner to top right corner in the web, and, 

hence, a more uniform distribution of stresses across the web. 

  

Note that the stress distributions here are compared with the demands considering various design specified 

yield stress values, as was done in Section 3.3.3. Results show that the actual stresses at 1% drift are pretty 

close to the design stress while shear stress at 6% drift is slightly higher than the design stress, with a 

difference of approximately 10MPa. Therefore, using 40° and 45° are both conservative. 
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b. Comparison with design shear stress (1%) b. Comparison with design shear stress (1%) 
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c. Comparison with design shear stress (6%) c. Comparison with design shear stress (6%) 

Figure 4-4 Shear stress of web plate shell  

elements (middle web) of model A 

Figure 4-5 Shear stress of web plate shell  

elements (middle web) of model B 

 

4.3.2.2 VBE demand analysis results 

The normal and shear stresses imposed on the left column of the SPSW by the adjacent web plate are shown 

in Figure 4-6 to Figure 4-9 for Model A and B. Several significant differences are observed compared to 

the LS-DYNA model in Section 3.  

 

For Model A, the normal stresses increase with increasing drift and become more uniformly distributed 

along the left column, as shown in Figure 4-6. Due to large out-of-plane distortion by compression, in plane 

stresses of the bottom corner elements are very small. Although the stress variation along the left column 

is different those obtained from the LS-DYNA model in Section 3 (Figure 3-20), the comparison with 

design specified values leads to the same conclusion. Actual normal stresses are on average lower than the 

design value at 1% drift (Figure 4-6b) and higher than that at 6% drift (Figure 4-6c) (using 40°). As far as 

comparing stresses is concerned, it is not conservative to use 40° and conservative to use 45° at 1% drift. 

At 6% drift, it is not conservative to use either 40° or 45°. 

 

The shear stress distributions of left VBE shown in Figure 4-8 also leads to similar observations as those 

made for the LS-DYNA model in Section 3, except for the small stresses that develop in the bottom corner 

region, as explained above. 

 

Based on the actual normal stress and shear stress distribution obtained above, the moment and axial force 

diagrams are also presented assuming that the columns and beams are rigidly framed as shown in Figure 

4-10 and Figure 4-12. Calculated moment and axial force values at column end are listed in Table 4-2. It is 
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observed that the actual moment at the column end is lower than the design values obtained considering α= 

45° and 50°.  

Table 4-2 Moment and axial force at left column end  

  Model A Model B Model A Model B 

  Moment (kN∙m) Moment (kN∙m) Axial force (kN) Axial force (kN) 

1% drift 

Actual 3.44 4.39 60.92 63.28 

35° with 289.5MPa 3.27 3.27 73.54 73.59 

40° with 289.5MPa 4.11 4.11 77.12 77.12 

45° with 289.5MPa 4.97 4.97 78.31 78.31 

50° with 289.5MPa 5.84 5.84 77.12 78.31 

3% drift 

Actual 5.43 4.97 69.08 67.47 

35° with 296MPa 3.34 3.34 75.22 75.22 

40° with 287MPa 4.07 4.07 76.46 76.46 

40° with 296MPa 4.21 4.21 78.96 78.96 

45° with 287MPa 4.93 4.93 77.64 77.64 

45° with 296MPa 5.09 5.09 80.21 80.21 

50° with 296MPa 5.98 5.98 78.96 78.96 

6% drift 

Actual 6.31 5.54 69.51 69.78 

35° with 313MPa 3.51 3.51 79.03 79.03 

40° with 287MPa 4.07 4.07 76.46 76.46 

40° with 313MPa 4.44 4.44 83.38 83.38 

45° with 287MPa 4.93 4.93 77.64 77.64 

45° with 313MPa 5.37 5.37 84.67 84.67 

50° with 313MPa 6.30 6.30 83.30 83.30 

 

However, at 6% drift, the actual moment at the beam’s end is substantially higher than the design values. 

As for the actual axial forces, they are lower than design values obtained considering using both 40° and 

45° at 1% and 6% drift, as shown in Figure 4-12. The findings for moments and axial forces analysis are 

respectively similar to the observations made when comparing normal and shear stresses applied by the 

web plate in the previous analyses.  
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a. Normal stress distribution of six drifts a. Normal stress distribution of six drifts 
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b. Comparison with design normal stress (1%) b. Comparison with design normal stress (1%) 

0 10 20 30 40 50 60
0

50

100

150

200

250

300

350

400

Design w/=40(287MPa)

Design w/=45(287MPa)

N
o

rm
a
l 
s
tr

e
s
s
 (

M
P

a
)

Element (from top to bottom)

 6% drift

Design w/=45(313MPa)

Design w/=40(313MPa)

 
0 10 20 30 40 50 60

0

50

100

150

200

250

300

350

400

Design w/=40(287MPa)

Design w/=45(287MPa)

N
o

rm
a

l 
s
tr

e
s
s
 (

M
P

a
)

Element (fromtop to bottom)

 6% drift

Design w/=45(313MPa)

Design w/=40(313MPa)

 

c. Comparison with design normal stress (6%) c. Comparison with design normal stress (6%) 

Figure 4-6 Normal stress of web plate shell  

element group (left column) of Model A 

Figure 4-7 Normal stress of web plate shell  

element group (left column) of Model B 
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a. Shear stress distribution of six drifts a. Shear stress distribution of six drifts 
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b. Comparison with design shear stress 

(1%) 

b. Comparison with design shear stress (1%) 
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c. Comparison with design shear stress (6%) c. Comparison with design shear stress(6%) 

Figure 4-8 Shear stress of web plate shell  

element group (left column) of Model A 

Figure 4-9 Shear stress of web plate shell  

element group (left column) of Model B 
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b. 6% drift b. 6% drift 

Figure 4-10 Moment diagram of web plate shell 

element group (left column) of Model A 

Figure 4-11 Moment diagram of web plate shell 

element group (left column) of Model B 
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Figure 4-12 Axial force of web plate shell  

element group (left column) of Model A 

Figure 4-13 Axial force of web plate shell  

element group (left column) of Model B 

 

For Model B, small stresses in the bottom corner elements are also due to large out-of-plane distortion, as 

observed in Model A. In the top corner elements, stresses lower than in other elements are due to the rigidity 

of the connection (i.e., the rigid connection of HBE to VBE).  

 

Actual normal stresses are on average lower than the design value at 1% drift (Figure 4-7b) and higher than 

that at 6% drift (Figure 4-7c) (using 45°). As far as comparing stresses is concerned, it is not conservative 

to use 40° and conservative to use 45° at 1% drift. At 6% drift, it is not conservative to use either 40° or 

45°. The shear stress distributions on left column, shown in Figure 4-8, also leads to similar observations 

as those made for Model A and for the LS-DYNA model in Section 3, except for the small stresses that 

develop in the bottom corner region, as explained above. 

 

Calculated moment and axial force values at column end are listed in Table 4-2 and shown in Figure 4-11 

and Figure 4-13. It is observed that the actual moment at the column end is higher than the design values 

obtained considering α=35° and 40°; they are actually close to the value (4.97kN∙m) obtained considering 

α=45° at 1% drift. However, at 6% drift, the actual moment at the column’s end is substantially higher than 

the design values. As for the actual axial forces, they are lower than the design values obtained considering 

using both 40° and 45° at 1% and 6% drift, as shown in Figure 4-13. The findings for moments and axial 

forces analysis are respectively similar to the observations made when comparing normal and shear stresses 

in the previous analyses. 
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4.3.2.3  HBE demand analysis results 

The normal and shear stresses imposed on the top beam of the SPSW by the adjacent web plate are shown 

in Figure 4-14 to Figure 4-17 for Model A and B.  

 

For Model A, actual normal stresses are on average higher than the design value using 45° and 

approximately equal to the design value using 40° at 1% and 6% drift. As far as comparing stresses is 

concerned, it is not conservative to use 45° and conservative to use 40° at both 1% and 6% drift. The shear 

stress distributions of top beam shown in Figure 4-16 also leads to similar observations as those made for 

left column in Model A and the LS-DYNA model in Section 3, except for the small stresses that develop 

in the right corner region, as explained above. 

 

Calculated moment and axial force values at column end are listed in Table 4-3 and shown in Figure 4-18 

and Figure 4-20. It is observed that the actual moment at the beam end is higher than the design values 

obtained considering α=40° and 45°; they are actually close to the value (6.67kN∙m) obtained considering 

α=35° at 1% drift. At 6% drift, the actual moment at the column’s end is also higher than the design values 

using 45° and approximately equal to that using 40°. As for the actual axial forces, they are lower than 

design values obtained considering using both 40° and 45° at 1% and 6% drift, as shown in Figure 4-20. 

The findings for moments and axial forces analysis are respectively similar to the observations made when 

comparing normal and shear stresses in the previous analyses. 

 

For Model B, based on results shown in Figure 4-15, normal stresses are generally higher than design 

normal stresses obtained using 40° and 45° at 1% and 6% drift. Hence, it is not conservative to use either 

40° or 45° for the design of beams in SPSW with rigid connection. Moment diagrams in Figure 4-21 also 

lead to the same conclusion as reached for the normal stress results.  

  

The shear stress distributions and corresponding axial forces of the top beam shown in Figure 4-16 and 

Figure 4-20 for Models A and B, again lead to the same conclusion as were made for the LS-DYNA 

model in SECTION 3. 
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Table 4-3 Moment and axial force at top beam end  

  Model A Model B Model A Model B 

  Moment (kN∙m) Moment (kN∙m) Axial force (kN) Axial force (kN) 

1% drift 

Actual 6.05 6.06 62.26 64.13 

35° with 289.5MPa 6.67 6.67 73.54 73.59 

40° with 289.5MPa 5.84 5.84 77.12 77.12 

45° with 289.5MPa 4.97 4.97 78.30 78.31 

50° with 289.5MPa 4.11 4.97 77.12 78.31 

3% drift 

Actual 5.85 6.17 69.82 69.88 

35° with 296MPa 6.82 6.82 75.22 75.22 

40° with 287MPa 5.79 5.79 76.46 76.46 

40° with 296MPa 5.98 5.98 78.96 78.96 

45° with 287MPa 4.93 4.93 77.64 77.64 

45° with 296MPa 5.09 5.09 80.21 80.21 

50° with 296MPa 4.21 4.21 78.96 78.96 

6% drift 

Actual 5.97 6.32 72.55 71.39 

35° with 313MPa 7.17 7.17 79.03 79.03 

40° with 287MPa 5.79 5.79 76.46 76.46 

40° with 313MPa 6.31 6.31 83.38 83.38 

45° with 287MPa 4.93 4.93 77.64 77.64 

45° with 313MPa 5.38 5.38 84.67 84.67 

50° with 313MPa 4.44 4.44 83.30 83.30 
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a. Normal stress distribution of six drifts a. Normal stress distribution of six drifts 
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b. Comparison with design normal stress (1%) b. Comparison with design normal stress (1%) 
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c. Comparison with design normal stress (6%) c. Comparison with design normal stress (6%) 

Figure 4-14 Normal stress of web plate shell  

element group (top beam) of Model A 

Figure 4-15 Normal stress of web plate shell  

element group (top beam) of Model B 
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b. Comparison with design shear stress (1%) b. Comparison with design shear stress (1%) 
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c. Comparison with design shear stress (6%) c. Comparison with design shear stress (6%) 

Figure 4-16 Shear stress of web plate shell  

element group (top beam) of Model A 

Figure 4-17 Shear stress of web plate shell  

element group (top beam) of Model B 
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b. 6% drift b. 6% drift 

Figure 4-18 Moment of web plate shell element 

group (top beam) 

Figure 4-19 Moment of web plate shell element 

group (top beam) 
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Figure 4-20 Axial force of web plate shell  

element group (top beam) of Model A 

Figure 4-21 Axial force of web plate shell  

element group (top beam) of Model B 

 

4.3.2.4  Combined moment-axial force demand analysis 

Since the boundary elements are subjected to combined axial and flexural loading, moment-axial force 

interaction is considered in their design. To compare the forces obtained from the finite element analyses 

with those calculated using constant angle models, it is necessary to perform that comparison considering 

both the effect of axial and flexural demands. Based on the results in Table 4-2 and Table 4-3 for the HBE 

and VBE demands, this comparison was done using the following relationship:  
𝑀𝑢

𝑀𝑢_𝛼
+

𝑃𝑢

𝑃𝑢_𝛼
≤ 2                                                                                                       (4-1) 

where 𝑀𝑢  and 𝑃𝑢 are the moment and axial demands obtained from the LS-DYNA, and 𝑀𝑢_𝛼 and 𝑃𝑢_𝛼 are 

the moment and axial demands calculated with 35°, 40°, 45° and 50°, respectively, assuming that the 

columns and beams are rigidly framed and infinitely rigid (giving uniform forces applied at uniform angles 

along the VBEs and HBEs). For safety, the force demands calculated using a constant angle should not be 

less than those obtained from LS-DYNA. Ideally, the ratios of 𝑀𝑢/𝑀𝑢_𝛼 and 𝑃𝑢/𝑃𝑢_𝛼 should be less than 

or equal to 1 and their sum should be less than or equal to 2, but an acceptable solution could be also 

obtained if one of those two ratios is greater than one provided that the sum is less than 2.  Note that a 

comparison of demands using actual interaction diagrams would also be possible, but the approach 

proposed above more explicitly illustrate the discrepancies in flexural and axial demands and how an 

underestimated demand for one can compensate for an overestimated demand for another.  

 

The resulting ratios are listed in the Table 4-4. Note that the maximum moment reported in that table may 

occur at the ends or within the span of the boundary element; both cases are checked, with results 
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corresponding to the latter case being represented by the italicized text in the Table 4-4. The percentage 

reported indicate by how much the results obtained with Equation 4-1 differ from the value of 2. 

 

For example, for the top beam of Model A at 1% drift for example, when comparing the finite elements 

with the results obtained for a constant angle of 35°,  results in Table 4-4 show that the maximum moment 

ratios at the beam ends and within the span are 0.908 and 0.950, respectively. Similarly, the maximum axial 

force ratios at the beam ends and within the span are 0.847 and 0.789. The sums of the ratios are 1.755 and 

1.739, which are 12.260% and 13.015% smaller than 2, respectively.  

 

Results in Table 4-4 also show that the results obtained for Model A and B are not significantly different 

from each other, with the difference being generally less than 4%, with some notable exceptions where the 

difference was more significant and reached 25.2%.  Focusing on the results for Model B, which has rigid 

HRB to VBE connections and is deemed more representative of actual SPSWs, results in Table 4-4 indicate 

that, if a constant angle was to be used in calculations for the design of HBEs, it would be always 

conservative to use a constant angle of 35°, and generally conservative to use a constant angle of 45°, with 

a few of the obtained results being unconservative by no more than 5.436% (i.e., results for top beam at 3% 

drift). Results obtained using a constant angle of 50° are always unconservative, by 12% to 19%. In contrast, 

it would be always conservative to use a constant angle of 50°for the design of VBEs, and generally 

conservative to use a constant angle of 45°, with only one value being unconservative by merely 0.178% at 

6% drift. Results obtained using a constant angle less than 45° are usually unconservative, by as large as 

33.584% using 35° (i.e., results for left column at 6% drift). Therefore, from those results, it is found that 

while using a constant angle of 45° is sometimes slightly unconservative, designing HBEs and VBEs using 

this angle of 45° would be a good compromise if one desires to simplify the design process such as to use 

a single angle.  The actual axial and flexural demands on the boundary elements can be individually quite 

different from the values obtained using this constant angle, but taken together, their relative conservatism 

and nonconservativeness somewhat cancels out. 
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Table 4-4 Combined moment-axial force demand analysis  

 

  

  

Model 

A 

  35° 40° 

 Drift 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 summary 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 summary 

top 

beam 

1% 0.908 0.950 0.847 0.789 1.755 -12.260% 1.739 -13.051% 1.038 1.085 0.807 0.753 1.845 -7.740% 1.838 -8.103% 

3% 0.858 0.863 0.928 0.948 1.786 -10.681% 1.811 -9.473% 0.980 0.985 0.884 0.903 1.864 -6.809% 1.888 -5.613% 

6% 0.833 0.841 0.918 0.929 1.751 -12.448% 1.770 -11.488% 0.946 0.955 0.870 0.881 1.816 -9.189% 1.836 -8.206% 

left 

column 

1% 1.052 1.187 0.828 0.718 1.880 -5.982% 1.905 -4.767% 0.837 0.945 0.790 0.684 1.627 -18.651% 1.629 -18.558% 

3% 1.623 1.659 0.918 0.932 2.542 27.087% 2.592 29.576% 1.290 1.319 0.875 0.888 2.165 8.262% 2.207 10.349% 

6% 1.796 1.821 0.880 0.877 2.676 33.786% 2.698 34.918% 1.421 1.440 0.834 0.831 2.254 12.714% 2.272 13.590% 

  

Model 

B 

 Drift 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 summary 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 summary 

top 

beam 

1% 0.909 0.924 0.872 0.866 1.781 -10.960% 1.791 -10.473% 1.038 1.056 0.832 0.826 1.870 -6.496% 1.882 -5.886% 

3% 0.905 0.898 0.929 0.967 1.834 -8.298% 1.865 -6.759% 1.033 1.025 0.885 0.921 1.918 -4.096% 1.946 -2.699% 

6% 0.882 0.866 0.903 0.925 1.786 -10.722% 1.792 -10.418% 1.002 0.984 0.856 0.877 1.858 -7.090% 1.861 -6.952% 

left 

column 

1% 1.341 1.466 0.861 0.911 2.202 10.078% 2.377 18.841% 1.067 1.167 0.821 0.868 1.888 -5.618% 2.035 1.750% 

3% 1.487 1.596 0.897 0.947 2.384 19.202% 2.543 27.158% 1.182 1.269 0.854 0.902 2.037 1.826% 2.171 8.547% 

6% 1.577 1.752 0.883 0.920 2.460 22.976% 2.672 33.584% 1.247 1.385 0.837 0.872 2.084 4.192% 2.257 12.872% 

Model 

A 

    45° 50° 

 Drift 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 
summary 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 

summary 

top 

beam 

1% 1.218 1.274 0.795 0.741 2.013 0.664% 2.015 0.752% 1.474 1.541 0.807 0.753 2.281 14.061% 2.294 14.690% 

3% 1.149 1.156 0.870 0.889 2.020 0.991% 2.044 2.221% 1.391 1.399 0.884 0.903 2.276 13.777% 2.302 15.090% 

6% 1.110 1.121 0.857 0.868 1.967 -1.635% 1.988 -0.583% 1.345 1.358 0.871 0.882 2.216 10.799% 2.239 11.970% 

left 

column 

1% 0.692 0.780 0.778 0.674 1.470 -26.521% 1.454 -27.280% 0.589 0.665 0.790 0.684 1.379 -31.038% 1.349 -32.534% 

3% 1.066 1.090 0.861 0.874 1.927 -3.638% 1.964 -1.811% 0.909 0.929 0.875 0.888 1.783 -10.829% 1.817 -9.166% 

6% 1.174 1.190 0.821 0.819 1.995 -0.256% 2.009 0.449% 1.001 1.015 0.834 0.832 1.836 -8.219% 1.847 -7.636% 

  

Model 

B 

 Drift 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 summary 𝑴𝒖/𝑴𝒖_𝜶 𝑷𝒖/𝑷𝒖_𝜶 summary 

top 

beam 

1% 1.219 1.239 0.819 0.814 2.038 1.893% 2.053 2.660% 1.475 1.500 0.832 0.826 2.306 15.315% 2.326 16.295% 

3% 1.212 1.202 0.871 0.907 2.083 4.166% 2.109 5.463% 1.467 1.456 0.885 0.921 2.352 17.613% 2.377 18.836% 

6% 1.176 1.155 0.843 0.864 2.019 0.960% 2.018 0.925% 1.425 1.399 0.857 0.878 2.282 14.077% 2.277 13.833% 

left 

column 

1% 0.882 0.964 0.808 0.855 1.690 -15.508% 1.819 -9.042% 0.751 0.821 0.821 0.868 1.572 -21.408% 1.690 -15.515% 

3% 0.976 1.048 0.841 0.888 1.818 -9.117% 1.936 -3.185% 0.832 0.893 0.854 0.902 1.687 -15.663% 1.796 -10.222% 

6% 1.030 1.145 0.824 0.859 1.855 -7.272% 2.004 0.178% 0.879 0.976 0.838 0.873 1.716 -14.177% 1.849 -7.540% 
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4.4 Summary 

Analyses performed in this section considered two new LS-DYNA models, investigating how results 

change in the absence of plate cutout and when rigid HBE-to-VBE connections were used, compared to the 

results from the LS-DYNA model in Section 3. Details of the differences considered are listed in Table 4-

1.  

 

The same stress analyses conducted in Section 3 were repeated here for the new models. Although the two 

new models exhibited different stress variations compared to results obtained by the LS-DYNA model used 

in Section 3, comparison with design specified stress values generally led to the same conclusion as with 

the model in Section 3. For web plate, it was found to be conservative to use either a constant angle of 40° 

or 45°. For VBEs, it was found not conservative to use 40°, but using 45° would result in less difference 

between the design and actual stresses. However, using 45° is still not conservative at 6% drift, as shown 

in Figure 4-6c and Figure 4-7c. For HBEs, it was found that design stress value using 40° were 

approximately equal to actual stress, and that using 45° would be not conservative.  However, those 

observations are based on comparing either axial force demands or flexural demands individually. 

 

Combined moment-axial force demand analysis was introduced in this section. The combined moment-

axial force demand ratio was defined to compare the forces obtained from the finite element analyses with 

those calculated using constant angle models, and to consider both the effect of axial and flexural demands. 

It was deemed to be a more reasonable criterion to compare results and investigate the consequence of using 

a constant inclination angle for boundary element design. Referring to Table 4-4, it is observed that the 

results obtained for Model A and B are not significantly different from each other. For the design of HBEs, 

it would be always conservative to use a constant angle of 35°, and generally conservative to use a constant 

angle of 45°. Results obtained using a constant angle of 50° are always unconservative. In contrast, for the 

design of VBEs, it would be always conservative to use a constant angle of 50°, and generally conservative 

to use a constant angle of 45°, with only one value being unconservative. Results obtained using a constant 

angle less than 45° are usually unconservative. Overall, it is found that using a constant angle of 45° would 

be a good compromise for the design of both VBEs and HBEs if one desires to simplify the design process 

such as to use a single angle. 
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SECTION 5  

DESIGN OF REAL SPSWS  

 

5.1 General 

For the purpose of broadening the previous findings and studying how the inclination angle varies for 

SPSWs having different numbers of the story and aspect ratios, four real SPSWs were designed and 

analyzed.  The usual strip model was used for the modeling of SPSWs and SAP2000 was used for analysis 

and for performing preliminary selection of the VBE sections and checking the sway mechanisms of the 

whole structure. The real SPSW design procedure and details of SAP2000 modeling are described in 

Section 5.2. Differences between real SPSW LS-DYNA models considered in this section and the models 

used in previous sections are compared in Section 5.3. The analysis results will be presented in Section 6. 

 

5.2 Structure description and design of real SPSWs  

5.2.1 Design information 

Four real SPSWs were designed to have one bay width, 10 ft story height, and an aspect ratio of either 1.0 

or 2.0, namely two single story SPSWs, and two three-story tall SPSWs. For simplicity, following the 

example provided in Purba and Bruneau (2010), irrespectively of the aspect ratio, the three-story SPSWs 

were subjected the same lateral load as the archetype SW320 described in that example, while the one-story 

SPSWs were then taken to have the same load as that of the third floor in that example. Story weight and 

design base shear for each archetypes are shown in Table 5-1.  

 

Table 5-1 Story weight and lateral force 

Archetype Level 
Story Weight, 

Wi (kips) 

Lateral Force, 

Fi (kips) 

Story Shear Force, 

Vi (kips) 

SW11 1st Floor 380.83 91.44 91.44 

SW12 1st Floor 380.83 91.44 91.44 

SW31 

3rd Floor(Roof) 380.83 91.44 91.44 

2nd Floor 351.60 56.28 147.73 

1st Floor 351.60 28.14 175.87 

SW32 

3rd Floor 380.83 91.44 91.44 

2nd Floor 351.60 56.28 147.73 

1st Floor 351.60 28.14 175.87 
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For the designs considered here, the yield strength of web plate and boundary elements were taken as 30 ksi 

and 50 ksi, respectively. Per the AISC Seismic Provision (2010), the required web plate thickness to resist 

story shear forces can be determined as follows: 

𝒕𝒘𝒊 =
𝑽𝒏𝒊

𝟎.𝟒𝟐𝑭𝒚𝑳𝒄𝒇𝒔𝒊𝒏𝟐𝜶
                                                           (5-1) 

𝑡𝑎𝑛4𝛼 =
1+

𝑡𝑤𝐿

2𝐴𝑐

1+𝑡𝑤ℎ(
1

𝐴𝑏
+

ℎ3

360𝐼𝑐𝐿
)
                                                      (5-2) 

where 𝑉𝑛𝑖 is the i-th shear strength; 𝐹𝑦 is the web plate yield stress; 𝐿𝑐𝑓 is the clear distance between column 

flanges. 𝛼 is taken as 40° at the beginning and updated after iterations.  Here, no strength resistance factor 

was considered and the plate thickness calculated to resist 100% of the story shear force was used in 

subsequent calculations (instead of using actual available plate sizes), such as to not introduce overstrength 

in the boundary element design. 

 

The web plate yield forces, applied to their boundary elements per capacity design principles, produced 

axial forces, shear forces, and moments on the VBEs and HBEs.  Information on how these forces and 

moments were calculated, and their values for the various walls considered, is presented in Sections 5.2.2 

and 5.2.3 for HBEs and VBEs, respectively. 

     

5.2.2 HBE design 

While the design of HBE and VBE sections in SPSWs would normally be accomplished by selecting the 

lightest members that satisfy demand-to-capacity ratio less than 1.0, here, to minimize overstrength of the 

boundary elements, members chosen were those that had demand-to-capacity ratio as close as possible to 

1.0 without exceeding it. Since the axial force in HBE was not significant in this case, only the moment 

demand-to-capacity ratio was considered here. The distributed loads applied to the VBEs (ωyci and ωxci) and 

HBEs (ωybi and ωxbi) were from the web plate yielding at the i-th story and determined per the following 

well know equations (Bruneau et al. 2011). Table 5-2 shows the detailed results for those values for the 

corresponding web plate thicknesses. 

ω𝑥𝑏𝑖 = 1/2𝐹𝑦𝑡𝑤𝑖𝑠𝑖𝑛2𝛼                                                                                            (5-3) 

ω𝑦𝑏𝑖 = 𝐹𝑦𝑡𝑤𝑖(𝑐𝑜𝑠𝛼)
2

                                                                                                 (5-4) 

ω𝑥𝑐𝑖 = 𝐹𝑦𝑡𝑤𝑖(𝑠𝑖𝑛𝛼)
2

                                                                                                  (5-5) 

ω𝑦𝑐𝑖 = 1/2𝐹𝑦𝑡𝑤𝑖𝑠𝑖𝑛2𝛼                                                                                            (5-6) 
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Table 5-2 Distributed loads from yield web plate  

 Story Angle 
tw 

in 

ωxbi 

kip/in 

ωybi 

kip/in 

ωxci 

kip/in 

ωyci 

kip/in 

SW11 1 42.25 0.071 1.0488 1.2499 0.8801 1.0488 
SW12 1 44.57 0.036 0.5318 0.6338 0.4462 0.5318 

SW31 

3 42.45 0.071 1.0488 1.2499 0.8801 1.0488 
2 40.79 0.115 1.6988 2.0245 1.4255 1.6988 
1 39.25 0.141 2.0829 2.4823 1.7477 2.0829 

SW32 

3 44.31 0.036 0.5464 0.5598 0.5334 0.5464 
2 43.77 0.059 0.8878 0.9267 0.8505 0.8878 
1 43.89 0.072 1.0792 1.1217 1.0383 1.0792 

 

Here, assuming a symmetric distribution of loads along the HBEs, the axial force from the horizontal 

component of the web plate yield stress, ω𝑥𝑏 , along the HBEs, is calculated as: 

                          𝑃𝑏𝑙𝑖 = −(ω𝑥𝑏𝑖 − ω𝑥𝑏𝑖+1)
𝐿

2
+ 𝑃𝑠𝑖                                             (5-7) 

      𝑃𝑏𝑟𝑖 = (ω𝑥𝑏𝑖 −ω𝑥𝑏𝑖+1)
𝐿

2
+ 𝑃𝑠𝑖                                                (5-8) 

where 𝑃𝑠𝑖 is the HBE axial forces from the horizontal component of web plate yield stress on the VBEs, 

and estimated as:   

𝑃𝑠𝑖 = ω𝑥𝑐𝑖
ℎ𝑖

2
+ ω𝑥𝑐𝑖+1

ℎ𝑖+1

2
                                                                                   (5-9) 

The moment component for each HBE results from the vertical component of the web plate yield 

stress,ω𝑦𝑏. The reduced plastic moments at the left and right HBE ends, Mprl and Mprr, are also calculated 

using the following equations, the detailed results is shown in Table 5-3: 

𝑀𝑢𝑖 =
(ω𝑦𝑏𝑖−ω𝑦𝑏𝑖+1)𝐿

2

4
                                                                                       (5-10) 

𝑀𝑝𝑟𝑟𝑖 = 𝑀𝑖𝑛[1.18 (1 −
|𝑃𝑏𝑟𝑖|

𝑃𝑦
)𝑀𝑝, 𝑀𝑝]                                                             (5-11) 

𝑀𝑝𝑟𝑙𝑖 = 𝑀𝑖𝑛[1.18 (1 −
|𝑃𝑏𝑙𝑖|

𝑃𝑦
)𝑀𝑝, 𝑀𝑝]                                                             (5-12) 
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Table 5-3 HBE end actions and selected sections  

 HBE Section Ps 

kips 

Pbl 

kips 

Pbr 

kips 

Vbl 

kips 

Vbr 

kips 

Mu 

kip-ft 

Ag 

in2 

Mp 

kip-ft 

Mprl 

kip-ft 

Mprr 

kip-ft 

Ratio 

SW11 1 W12×65 -57.772 -121.377 5.834 142.628 2.572 350.142 19.1 363.000 363.000 363.000 0.96 

SW12 1 W18×86 -31.910 -96.703 32.882 135.530 3.970 657.795 25.3 697.500 697.500 697.500 0.94 

SW31 3 W12×65 -63.646 -121.855 5.437 142.191 3.009 347.953 19.1 395.062 363.000 363.000 0.96 

2 W14×48 -146.557 -185.296 -107.818 104.022 5.899 245.309 14.1 299.289 255.739 293.864 0.96 

1 W14×38 -189.931 -211.895 -167.967 69.532 2.404 167.820 11.2 215.645 169.165 190.512 0.99 

0 W18×97 -101.584 124.349 -124.349 310.466 6.034 761.082 28.5 866.363 791.250 791.250 0.96 

SW32 3 W18×76 -32.001 -97.569 33.567 135.065 0.713 671.760 22.3 678.889 678.889 678.889 0.99 

2 W14×61 -83.033 -124.001 -42.065 86.584 -1.472 440.280 17.9 425.556 425.556 425.556 1.00 

1 W12×45 -113.331 -136.299 -90.363 49.300 2.500 234.000 13.1 267.778 250.226 267.778 0.94 

0 W24×117 -62.299 129.504 -129.504 271.271 2.063 1346.040 34.4 1366.667 1366.667 1366.667 0.98 
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5.2.3 VBE design and SAP2000 modeling 

The capacity design procedure was applied on the VBE design with the aid of the SAP2000 program. The 

strip model was adopted to simulate the web plate of SPSW, as shown in Figure 5-1a and b. The model 

used for this purpose consisted of twelve tension strips, pin-ended and inclined in the alpha direction with 

vertical axis. Regular frame elements and the idealized elasto-perfectly plastic strain-stress material (See 

Figure 5-1c) were used for boundary elements and strips. Since the strips were designed to subject tensile 

force only, compression limit with zero value was assigned to each of them. 

 

Fiber P-M2-M3 hinges were used to capture the plastic behavior of both the strip and the HBEs (but were 

not used to model the VBEs because the VBEs were intended to remain elastic). Based on findings and 

recommendations from the case study on the desirable numbers of fibers in boundary elements by Purba 

and Bruneau (2010), here the W-shaped sections used for HBEs at the plastic hinge locations were sliced 

into 59 fibers, including 13 fibers in the flange and 33 fibers in the web, as shown in Figure 5-1d. Each 

HBE had hinges at their ends having a relative hinge length equal to 1% of the beam length.  The fiber 

hinge for the strip model, because they were only subjected to axial loads, consisted of only 9 fiber layers. 

Each strip had the axial fiber hinge located at its midpoint.  

 

 

 

a. c. 

Fiber P-M2-M3 hinge

10 ft

10
 ft

S

α

Compression Limit
only for strips

ε

σy

y

σ

ε

-σy

-εy
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b. d. 

Figure 5-1 Example strip model and material model in SAP2000: (a) 2D strip model;  

(b) 3D strip model; (c) material model; (d) Fiber hinge of the W-shaped section 

 

In the pushover analysis, the data were obtained from the points of strip yielding and hinge development. 

The maximum force demands of a VBE may occur at either of its two ends or within the span itself. Since 

each floor has two VBEs, the force demands and demand-to-capacity ratio of the VBE reported in the 

subsequent table correspond to the maximum value obtained for these two VBEs. The resulting forces and 

selected sections are listed in Table 5-4. The detailed information of each SPSW is presented in Figure 5-2 

and Figure 5-3. 
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Table 5-4 VBE end actions and selected sections  

 VBE Section Pcl 

kips 

Pcr 

kips 

Mcl 

kip-ft 

Mcr 

kip-ft 

Ag 

in2 

P 

(kip-1) 

b 

(kip-ft-1) 

Pn 

kip-ft 

Mp 

kip-ft 

Ratio 

SW11 1 W16×89 180.915 448.234 381.536 389.565 26.2 0.00101 0.00138 990.099 644.122 0.99 

SW12 1 W21×111 123.656 394.955 766.588 764.853 32.6 0.000771 0.00085 1297.017 1045.752 0.95 

SW31 3 W18×76 180.691 334.244 382.977 396.345 22.3 0.00116 0.00148 862.069 600.601 0.97 

2 W21×111 38.165 952.937 399.260 292.897 32.6 0.000771 0.00085 1297.017 1045.752 0.98 

1 W27×178 41.719 1450.484 867.352 860.065 52.5 0.000473 0.000416 2114.165 2136.752 1.00 

SW32 3 W18×106 179.542 324.949 667.225 672.937 31.1 0.000828 0.00104 1207.729 854.701 0.97 

2 W21×122 211.469 754.645 388.568 548.274 35.9 0.000701 0.000772 1426.533 1151.410 0.95 

1 W27×194 255.724 1104.285 1344.978 1342.068 57.2 0.000433 0.000376 2311.896 2364.066 0.98 
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5.3 LS-DYNA model description of four real SPSWs 

New LS-DYNA models were built for the four real SPSWs. Different from the models in SECTION 3 and 

4, the new models consisted of three-dimensional boundary elements which is more representative of real 

SPSWs. The HBEs were rigidly connected with VBEs by merging the nodes at the same coordinate. As 

seen from Figure 5-4 Figure 5-5, all panel zones were defined as rigid body with respect to a nodal point at 

their mass centers (e.g., Point A). The nodal points of the two bottom panel zones were pin-supported on 

the ground by using the NODAL RIGID BODY and BOUNDARY_PRESCRIBED MOTION RIGID. 

BOUNDARY_PRESCRIBED_MOTION_RIGID was defined with a zero-valued load curve for all 

translational degrees of freedom, so that the panel zone could only rotate with respect to this point. In 

addition, z-constraints (z is in the direction normal to the web plate) were applied to the flange plate edge 

nodes of the upper panel zones, to constrain the SPSW to move within x-y plane. In addition, the HBE ends, 

over a length equal to approximately one-sixth of the span length, were modeled with a more refined mesh 

to better capture the non-linear inelastic behavior of the plastic hinges at those locations.  

 

a.  b.  

Figure 5-4 Boundary conditions and constraints: (a) The z-constraint; (b) Pin Support 

 

 

Figure 5-5 Refined mesh at the HBE ends 

Figure 5-6 plots the values for material model presented previously from Table 3-1 (obtained from the 

coupon test in Webster et al. (2014) and converted into normalized values), which is also used in this section. 

The key values for different members were presented in Table 5-5. 
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Figure 5-6  Material model from Webster et al. (2014) 

 

Table 5-5 Material models of the real SPSW in LS-DYNA 

Member  Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 

Web 

Eng. Strain 0 0.0008 0.0109 0.0272 0.0898 0.1252 0.1524 
Eng. Stress 

 (ksi) 0 30.0000 31.3589 35.5401 39.1986 39.8258 39.9303 

True Strain 0 0.0008 0.0108 0.0269 0.0860 0.1179 0.1418 
True Stress  

(ksi) 0 30.0229 31.7002 36.5072 42.7189 44.8113 46.0156 

Effective  

Plastic Strain - 0.0000 0.0101 0.0261 0.0852 0.1172 0.1411 

HBE  

and  

VBE 

Eng. Strain 0 0.0013 0.0181 0.0454 0.1497 0.2086 0.2540 
Eng. Stress 

 (ksi) 0 50.0000 52.2648 59.2334 65.3310 66.3763 66.5505 

True Strain 0 0.0013 0.0180 0.0444 0.1395 0.1895 0.2263 
True Stress  

(ksi) 0 50.0635 53.2130 61.9201 75.1095 80.2250 83.4540 

Effective  

Plastic Strain - 0.0000 0.0167 0.0431 0.1382 0.1882 0.2251 

 

Note that node merging requires nodes from one part to share identical coordinates with those of another 

part. However, here, different flange widths of VBEs and HBEs resulted in different meshes, as shown by 

0.74
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the arrows in Figure 5-7a. To simplify the modeling and avoid iterations of mesh size, the actual cross-

sections were converted into equivalent cross-sections over the three-story SPSW models. Two principles 

were followed for that purpose: (1) As for the VBE, the equivalent section was sized to have identical height, 

shear, and moment capacity as the original section, in order to avoid the premature yielding of the web by 

shear, and; (2) The flange width of HBE was converted to align with the mesh of VBE without changing 

its flange area.   

 

  
a. Before section conversion b. After section conversion 

Figure 5-7 Section conversion applied for three-story SPSWs 

 

Four real SPSWs were studied under monotonic loading. For the SW11, both force control and 

displacement control were done for comparison. In the former case, a load was applied to each node along 

the middle height of the top beam, while for the latter, the displacement of the nodal point in the upper right 

panel zone was controlled. Since the displacement-control was found to achieve a better performance on 

the convergence, it was eventually used for all the finite element models final analyses.  These will be 

discussed in the following section.  

 

5.4 Summary 

Four real SPSWs with different aspect ratios and numbers of stories were designed and subjected to the 

same loads as those applied to a reference SPSW (called SW320) in Purba and Bruneau (2010). For these 

designs, the web plate thicknesses were calculated to resist 100% of their story shear force. HBE design 
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followed the procedure in Bruneau et al (2011). Note that only the moment demand-to-capacity ratio was 

considered in HBE design due to the insignificant axial forces in the HBEs in these cases. Strip models 

were built in SAP2000 to assist the VBE design and check the sway mechanism of the whole structure.  

 

Additionally, LS-DYNA models were developed for the additional SPSWs considered here and compared 

with the LS-DYNA models in Section 3 and 4. In particular, they were constructed with three-dimensional 

boundary elements. The mass centers of the two bottom panel zones were pin-supported on the ground and 

the flange plate edge nodes of the upper panel zones were fixed in the direction normal to the web plate (to 

laterally restrain the models). To better capture the plastic hinge performance, a refined mesh was applied 

to the ends of the HBE. Some cross-section simplifications were made to create both equivalent HBEs and 

VBEs in the three-story SPSW cases to facilitate modeling. Results from the finite element analyses 

conducted using the above models are presented in Section 6. 
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SECTION 6  

ANALYSIS OF FOUR REAL SPSWS 

 

6.1 General 

This section presents and analyzes the results for SW11, SW12, SW31 and SW32 designed in Section 5, 

where the first number and the second number refer to the number of stories and the aspect ratio, 

respectively. Detailed results from the LS-DYNA analyses of these four SPSWs are presented in Sections 

6.2 to 6.5, including results on inclination angles and combined moment-axial force demands. Additional 

information on the loading control and deformation of the top HBE of the SW11 is also included in Section 

6.2. The influence of aspect ratio and the number of stories is addressed in Section 6.6. Based on these 

results and analyses, an optimum inclination angle is proposed for SPSW design. 

  

6.2 Analyses of SW11  

6.2.1 Force control and displacement control comparison  

As mentioned in SECTION 5, both displacement control (displacing the right-most rigid panel as shown in 

Figure 6-1) and force control (applying a uniformly distributed load to the centerline of the HBE, as shown 

in Figure 6-2) were applied on SW11 to investigate the consequence of these two approaches to push-over 

analysis on the obtained results. The load-drift curves obtained for the different control methods are plotted 

in Figure 6-3. To be consistent with the analyses in SECTION 3 and SECTION 4, 6% drift was the 

maximum drift considered here. Though the force-control curve only could provide results up to a drift 

3.2%, it almost overlaps with the displacement-control curves over the range of available results. Figure 

6-4 shows that the inclination angle curves obtained from displacement control and force control also agree 

well. Note that a slight difference is observed from top beam curves in the early stage, which can be 

attributed to sequential yielding in diagonal tension field of the web plate under different loading methods. 

In view of above observations and its ability to provide results up to greater drifts, displacement control 

was deemed to be the better method and was applied for all the real SPSW finite element models. 

 

 
Figure 6-1 Displacement-control loading 
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Figure 6-2 Force-control loading 
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Figure 6-3 Load-drift curves comparison between force control and displacement control  
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Figure 6-4 Inclination angle comparison between force control and displacement control 
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6.2.2 Inclination angle analysis  of SW11 

Figure 6-4 shows the overall trend in the variation of the inclination angle as a function of drift for SW11, 

which is quite similar to the inclination angle curve shape of Model B observed in Figure 4-1, but with 

values generally higher than those of Model B. For example, for the right column, results fluctuate 

noticeably for drifts lower than 2% drift, but remain higher than 50°, and at 6% drift, the inclination angle 

reaches 56° in SW11 compared to 50° in Model B. For web plate and beams, the average inclination angles 

of SW11 reach up to approximately 52° for the web plate and 42° for the beams at 6% drift, compared to 

the 45° for web plate and 37° for the beams in Model B. The observed fluctuations in the beam results at 

lower drifts were deemed to be due to the deflections of HBE; this was investigated and findings are 

reported in the subsequent section.  

 

6.2.3 Deformation of the top HBE 

To study the cause of the above fluctuations in results at lower drifts, a few critical drifts for response in 

the results obtained with the LS-DYNA model were first determined and analyzed. In view of symmetry, 

only results for the top beam are discussed here. Von-Mises stress contours of Model SW11 for each 

selected drifts are shown in Figure 6-5. It is found that these drifts correspond to the development of web 

yielding and plastic hinging at the right and left ends of the HBE, at around 0.2%, 0.9% and 2%, respectively.  

 

  
a. Von-Mises stress contour at 0.2% drift  

        

b. Von-Mises stress contour at 0.9% drift
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c. Von-Mises stress contour at 2.0% drift  

Figure 6-5 Von-Mises stress contours of Model SW11 at three critical drifts  

 

To investigate how those fluctuations possibly relate to the plastic response of HBE, the deflections of the 

HBE obtained directly from LS-DYNA at different drifts are plotted in Figure 6-7a. For comparison, also 

plotted in Figure 6-8a are the calculated deflections from the SAP2000 model where the HBE was deem to 

be a simple beam and subjected to ends moments and distributed loads obtained from the SAP2000 at the 

corresponding selected drifts, defined in Figure 6-6. 

 

 
Figure 6-6 Forces in each selected drift from the SAP2000 
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a. The deflection of top beam in LS-DYNA model a. The deflection of top beam in SAP2000 model 
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b. The normalized deflection in LS-DYNA model b. The normalized deflection in SAP2000 model 

Figure 6-7 The real and normalized deflection of 

top beam for SW11 in LS-DYNA model 

Figure 6-8 The real and normalized deflection of 

top beam for SW11 in SAP2000 model 

 

Comparing Figure 6-7a and Figure 6-8a, the amplitudes of the deflections at drifts of 0.2% and 0.9% from 

LS-DYNA and SAP2000 models are close to each other, whereas the deflection at 2% drift from LS-DYNA 

model exhibits a larger amplitude. To better compare the curve shape, each curve was normalized by its 

maximum deflection, as shown in Figure 6-7b and Figure 6-8b. It is found that the normalized deflection 

obtained from LS-DYNA at 0.9% drift do not exhibit a positive segment near the right end of the beam, 

contrary to what is observed in the SAP2000 results.  More significantly, though, it is observed that the 

maximum deflection of the curve obtained with LS-DYNA at 2% drift is located over a certain length of 

the HBE instead of being reached at a single point, which suggests that not only flexure but other factors 

may also contribute to the deflected shape. 
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In general, the moment, shear, and rotation of the panel zones would contribute to the total beam deflection. 

Given that the effect of flexure is already accounted for in the deflected shape calculated by SAP2000, the 

difference in results with LS-DYNA arises from the effect of shear and rotation of the panel zones. Here 

the panel zone was defined as rigid in LS-DYNA and the rotation of rigid panel zone in this case cannot 

lead to the large negative y-displacement at the HBE right end. So the shear deformation was deemed likely 

to be responsible for this observation. Note that inelastic shear deformations cannot be considered in 

SAP2000, which may explain the difference.  To investigate if inelastic shear strains developed, the shear 

strain at several typical locations near the ends of the beam obtained from the LS-DYNA model are 

compared to the yield strain (in dash line) in Figure 6-9.  It is observed that when drifts reach approximately 

1% drift, the shell elements near the right end of the top HBE apparently reach the yield strain, which 

confirm the shear deformations are considerable at the right end of the beam and have contributed to the 

total deflection of that top HBE. 

 

 
a. Locaion of shell elements for shear strain output 
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Figure 6-9 The location and shear strain of the shell elements in the top beam 
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6.2.4 Combined moment-axial force demand analysis  of SW11 

Table 6-1 shows the combined moment-axial force demand analysis results for SW11. The shaded parts 

indicate those results for which the combined moment-axial force demand ratio is always conservative. 

Results obtained for the top HBE indicate that, when comparing demands obtained from simple analyses 

considering a constant angle of inclination for the strips with the actual demands obtained from finite 

element analysis, results obtained from an analysis considering constant angles ranging from 35° to 45° 

will always be conservative. It is also found that several demand ratios obtained using a constant angle of 

50° are unconservative, by up to 10.6% (i.e., for top beam at 1% drift). As for design of the left VBE, none 

of the results using constant angles can ensure conservatism when compared to finite element results for all 

the drifts considered. For example, for a constant angle of 45°, two-thirds of the demand ratios for the left 

VBE are greater than 2 by at least 8%, with a maximum demand ratio of 2.197, which is unconservative by 

9.9%. For the left VBE, using a constant angle of 50° would best match results from finite element analyses, 

with demands ratios exceeding 2.0 by no more than 1.1%. 
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Table 6-1 Combined moment-axial force demand ratio of SW11 

  

SW11 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° summary 

top 

beam 

1% 0.736 0.772 0.910 1.008 1.646 -17.699% 1.780 -11.017% 

3% 0.680 0.696 0.922 0.950 1.602 -19.879% 1.646 -17.710% 

6% 0.708 0.731 0.950 1.008 1.658 -17.087% 1.738 -13.075% 

left 

column 

1% 1.751 1.778 0.958 1.014 2.709 35.426% 2.792 39.600% 

3% 1.949 1.951 0.959 0.971 2.908 45.413% 2.922 46.086% 

6% 2.037 2.034 0.939 0.945 2.976 48.786% 2.980 48.983% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° summary 

top 

beam 

1% 0.841 0.881 0.868 0.961 1.708 -14.590% 1.842 -7.883% 

3% 0.776 0.794 0.877 0.904 1.653 -17.348% 1.697 -15.136% 

6% 0.801 0.827 0.842 0.893 1.644 -17.815% 1.720 -13.978% 

left 

column 

1% 1.393 1.415 0.913 0.966 2.306 15.282% 2.381 19.042% 

3% 1.548 1.549 0.912 0.924 2.460 23.006% 2.473 23.637% 

6% 1.606 1.604 0.887 0.893 2.493 24.630% 2.497 24.836% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° Summary 

top 

beam 

1% 0.986 1.034 0.854 0.946 1.840 -7.980% 1.980 -0.993% 

3% 0.909 0.930 0.863 0.889 1.773 -11.365% 1.820 -9.020% 

6% 0.938 0.968 0.827 0.876 1.764 -11.792% 1.844 -7.781% 

left 

column 

1% 1.150 1.169 0.899 0.951 2.049 2.464% 2.120 5.991% 

3% 1.278 1.279 0.898 0.909 2.175 8.770% 2.188 9.384% 

6% 1.322 1.321 0.871 0.876 2.193 9.648% 2.197 9.864% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° Summary 

top 

beam 

1% 1.194 1.252 0.868 0.961 2.062 3.076% 2.213 10.640% 

3% 1.102 1.127 0.877 0.904 1.979 -1.049% 2.031 1.539% 

6% 1.138 1.175 0.842 0.893 1.981 -0.973% 2.068 3.410% 

left 

column 

1% 0.981 0.996 0.913 0.966 1.894 -5.322% 1.962 -1.887% 

3% 1.090 1.090 0.912 0.924 2.002 0.106% 2.014 0.724% 

6% 1.130 1.129 0.887 0.893 2.017 0.874% 2.022 1.108% 
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6.3 Analyses of SW12  

6.3.1 Inclination angle analysis  of SW12 

Figure 6-10 shows the inclination angle variation-drift relationship for SW12. It also can be seen from this 

plot that fluctuations initially occur within 2% drift, after which the angles smoothly increase up to the 

maximum drift considered.  Note that some different fluctuation patterns are observed in SW12. Both left 

and right columns start with a jump to approximately 58° and 62°, respectively, and decrease around 52° at 

1.5% drift. The middle web curve also jump to as high as 53° and decrease, but reaches a second lower 

peak value at 1.5% drift by 51°. For the top and bottom beams, the curves drop until 1.5% drift, at which 

point the values temporarily fluctuate (i.e., increase before decreasing again). Compared to SW11, the 

inclination angles of the middle web and beams obtained beyond 2% drift are lower in SW12, while those 

in the columns have similar values.  
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Figure 6-10 Inclination angle variation of SW12 

 

6.3.2 Combined moment-axial force demand analysis  of SW12 

Results in Table 6-2 for SW12 show that using constant angles ranging from 35° to 45° would be always 

conservative for the design of HBEs. Using constant angle of 50° would be unconservative at all drifts, by 

up to 11.6% (for the top beam at 6% drift). For the VBE, using constant angles ranging from 35° to 45° 

would lead to unconservative designs. For example, results obtained using a constant angle of 45° are 

unconservative, by 3.769% to 8.823%. However, using a constant angle of 50° is almost always 

conservative for VBEs, with the ratio at 1% drift exceeding by 0.6%. 
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Table 6-2 Combined moment-axial force demand ratio of SW12 

  

SW12 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° Summary 

top 

beam 

1% 0.724 0.751 0.908 1.009 1.632 -18.399% 1.761 -11.973% 

3% 0.781 0.793 0.914 0.947 1.695 -15.242% 1.740 -12.999% 

6% 0.792 0.812 0.995 1.044 1.787 -10.660% 1.857 -7.173% 

left 

column 

1% 1.823 1.850 0.935 1.024 2.758 37.906% 2.874 43.685% 

3% 1.880 1.864 0.918 0.967 2.798 39.916% 2.831 41.537% 

6% 1.954 1.928 0.902 0.938 2.856 42.807% 2.867 43.346% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° Summary 

top 

beam 

1% 0.827 0.858 0.865 0.962 1.693 -15.368% 1.820 -8.984% 

3% 0.890 0.904 0.870 0.901 1.760 -11.988% 1.805 -9.736% 

6% 0.896 0.919 0.882 0.926 1.778 -11.092% 1.845 -7.748% 

left 

column 

1% 1.450 1.471 0.891 0.976 2.341 17.073% 2.447 22.375% 

3% 1.493 1.480 0.874 0.920 2.366 18.323% 2.400 19.992% 

6% 1.540 1.520 0.852 0.887 2.393 19.630% 2.407 20.339% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° Summary 

top 

beam 

1% 0.970 1.007 0.852 0.947 1.823 -8.875% 1.954 -2.295% 

3% 1.044 1.060 0.856 0.886 1.900 -5.012% 1.947 -2.661% 

6% 1.048 1.075 0.866 0.909 1.914 -4.302% 1.984 -0.802% 

left 

column 

1% 1.198 1.215 0.877 0.961 2.075 3.769% 2.176 8.823% 

3% 1.232 1.222 0.860 0.905 2.092 4.600% 2.127 6.343% 

6% 1.269 1.252 0.837 0.870 2.105 5.256% 2.122 6.110% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° summary 

top 

beam 

1% 1.175 1.219 0.865 0.962 2.040 2.013% 2.181 9.054% 

3% 1.264 1.285 0.870 0.901 2.134 6.717% 2.185 9.270% 

6% 1.273 1.306 0.882 0.926 2.155 7.740% 2.231 11.572% 

left 

column 

1% 1.021 1.036 0.891 0.976 1.912 -4.385% 2.012 0.607% 

3% 1.051 1.042 0.874 0.920 1.925 -3.761% 1.962 -1.902% 

6% 1.085 1.070 0.852 0.887 1.937 -3.160% 1.957 -2.153% 
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6.4 Analyses of SW31  

6.4.1 Inclination angle analysis  of SW31 

Figure 6-11a to c present inclination angle variations in different floors of SW31. Based on the results 

presented for the first floor of this three story SPSW, beams, columns and middle web exhibit quite different 

trends in the variation of inclination angle.  The angle at the right column initially reaches as high as 58° 

before decreasing to 48° at 2% drift, and then gradually increasing up to approximately 53° at 6% drift. The 

angle for the left column also quickly increases within the first 1% drift, but keeps increasing afterwards 

without significant drop. It finally reaches about 54°, which is close to the value for the right column. In 

spite of some slight fluctuations before 3% drift, the inclination angle of middle web generally exhibits a 

smooth increase from 46° to 49°. As for the top and bottom beams, curves dramatically fluctuate within the 

first 4% drift, ending up with 35° and 42° at 6% drift, respectively. The asynchronous fluctuations observed 

in the top and bottom beams may due to the sequence of plastic hinge development, while the difference in 

value may be caused by the different uniform distributed load from the web plates (e.g., the bottom beam 

was subjected to the uniform distributed load from the web plate of only the first floor, while the top beam 

was subjected to the subtraction of distributed loads between the first and second floors). 

 

In the plots showing results for the second floor, the fluctuations are again concentrated within the first 2% 

drift for all curves. Columns and beams even have less serious variations than those observed for the first 

floor. Moreover, the difference between beams is narrowed down to approximately 3°. Though the curve 

of middle web has an obvious fluctuation at early stage, it becomes more smooth than that of the first floor 

as drift increases, finally reaching a lower value of about 46° at 6% drift. 

 

In the third floor, the fluctuations are generally occurring only within the first 1% drift, except for the top 

beam. The curves for the columns exhibit a similar trend as what was observed for SW11, approaching to 

55° at 6% drift. There is no notable fluctuation in the curve of middle web, stabilized at about 48°. Note 

that the difference between the top and bottom beams is now increased, with the inclination angle of the 

former larger than that of the latter. This can be again explained (as was the case for the first floor) by the 

difference in distributed loads from the web plates. 
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Figure 6-11 Inclination angle variation of SW31 
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6.4.2 Combined moment-axial force demand analysis  of SW31  

The combined moment-axial force demand analysis results obtained from SW31 are shown in Table 6-3 to 

Table 6-5. Results obtained for the top HBE at the first floor indicate that, using constant angles ranging 

from 35° to 45° are always conservative for the design of HBEs whereas using the angle of 50° is not. For 

the design of the VBEs, it is unconservative to use the constant angles of 35° and 40°, and generally 

conservative to use 45°, with a few of the obtained results being unconservative by no more than 5.1% (i.e., 

results for the left column at 6% drift). Using a constant angle of 50° is always conservative. The third floor 

yields similar observations as the first floor except for the results obtained for the left column using the 

constant angle of 45°, none of which is conservative. Unlike the first floor and third floor, the results 

obtained from the second floor show that using a constant angle of 45° leads to a few unconservativeness 

for the HBE design by 3.5% at maximum, but can ensure the conservatism for the VBE design at all drifts. 
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Table 6-3 Combined moment-axial force demand ratio of SW31-1st floor 

  

SW31 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° summary 

top 

beam 

1% 0.789 0.826 0.858 0.910 1.647 -17.650% 1.735 -13.231% 

3% 0.827 0.841 0.830 0.899 1.656 -17.190% 1.741 -12.963% 

6% 0.847 0.855 0.924 0.977 1.772 -11.412% 1.832 -8.404% 

left 

column 

1% 1.723 1.741 0.827 0.837 2.550 27.479% 2.578 28.891% 

3% 1.796 1.814 0.923 0.915 2.719 35.946% 2.729 36.472% 

6% 1.901 1.926 0.922 0.918 2.822 41.106% 2.845 42.229% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° summary 

top 

beam 

1% 0.901 0.943 0.818 0.867 1.719 -14.041% 1.810 -9.482% 

3% 0.943 0.959 0.789 0.856 1.732 -13.407% 1.815 -9.248% 

6% 0.959 0.968 0.819 0.866 1.779 -11.072% 1.834 -8.314% 

left 

column 

1% 1.370 1.385 0.788 0.798 2.159 7.928% 2.183 9.131% 

3% 1.426 1.440 0.878 0.871 2.304 15.206% 2.311 15.564% 

6% 1.498 1.519 0.871 0.867 2.369 18.441% 2.386 19.300% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° summary 

top 

beam 

1% 1.057 1.107 0.805 0.854 1.863 -6.868% 1.960 -1.984% 

3% 1.105 1.125 0.777 0.842 1.882 -5.913% 1.967 -1.664% 

6% 1.122 1.132 0.804 0.850 1.926 -3.689% 1.982 -0.902% 

left 

column 

1% 1.132 1.144 0.776 0.786 1.908 -4.600% 1.929 -3.529% 

3% 1.177 1.189 0.864 0.857 2.041 2.060% 2.046 2.300% 

6% 1.234 1.251 0.855 0.851 2.088 4.421% 2.102 5.104% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° summary 

top 

beam 

1% 1.280 1.340 0.818 0.867 2.098 4.898% 2.207 10.339% 

3% 1.339 1.362 0.789 0.856 2.128 6.400% 2.218 10.910% 

6% 1.362 1.375 0.819 0.866 2.182 9.086% 2.240 12.023% 

left 

column 

1% 0.965 0.975 0.788 0.798 1.753 -12.347% 1.773 -11.356% 

3% 1.004 1.014 0.878 0.871 1.882 -5.892% 1.885 -5.745% 

6% 1.055 1.069 0.871 0.867 1.925 -3.726% 1.937 -3.168% 



81 

 

Table 6-4 Combined moment-axial force demand ratio of SW31-2nd floor 

  

SW31 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° summary 

top 

beam 

1% 0.783 0.822 0.911 0.961 1.693 -15.338% 1.783 -10.850% 

3% 0.850 0.885 0.908 0.948 1.758 -12.118% 1.833 -8.335% 

6% 0.842 0.875 0.954 1.010 1.796 -10.179% 1.885 -5.746% 

left 

column 

1% 1.768 1.775 0.827 0.870 2.595 29.752% 2.645 32.245% 

3% 1.758 1.751 0.851 0.887 2.609 30.445% 2.638 31.924% 

6% 1.781 1.775 0.831 0.846 2.612 30.595% 2.621 31.072% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° summary 

top 

beam 

1% 0.894 0.939 0.868 0.916 1.762 -11.898% 1.855 -7.248% 

3% 0.969 1.009 0.864 0.902 1.833 -8.364% 1.911 -4.430% 

6% 0.954 0.991 0.846 0.895 1.799 -10.042% 1.886 -5.706% 

left 

column 

1% 1.406 1.412 0.789 0.829 2.195 9.740% 2.241 12.059% 

3% 1.396 1.390 0.809 0.844 2.205 10.268% 2.235 11.732% 

6% 1.404 1.400 0.785 0.799 2.189 9.443% 2.199 9.941% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° summary 

top 

beam 

1% 1.049 1.102 0.855 0.902 1.903 -4.827% 2.003 0.174% 

3% 1.136 1.183 0.850 0.888 1.986 -0.704% 2.071 3.549% 

6% 1.115 1.159 0.830 0.878 1.945 -2.731% 2.038 1.877% 

left 

column 

1% 1.162 1.166 0.776 0.816 1.938 -3.100% 1.983 -0.863% 

3% 1.153 1.148 0.796 0.831 1.949 -2.561% 1.978 -1.076% 

6% 1.157 1.153 0.770 0.785 1.927 -3.668% 1.937 -3.142% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° summary 

top 

beam 

1% 1.270 1.333 0.868 0.916 2.138 6.889% 2.250 12.481% 

3% 1.376 1.433 0.864 0.902 2.240 11.995% 2.336 16.779% 

6% 1.354 1.408 0.846 0.895 2.200 9.997% 2.302 15.119% 

left 

column 

1% 0.990 0.994 0.789 0.829 1.779 -11.064% 1.823 -8.831% 

3% 0.983 0.979 0.809 0.844 1.792 -10.387% 1.823 -8.840% 

6% 0.989 0.985 0.785 0.799 1.773 -11.333% 1.785 -10.766% 
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Table 6-5 Combined moment-axial force demand ratio of SW31-3rd floor 

  

SW31 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° summary 

top 

beam 

1% 0.716 0.738 1.012 1.059 1.728 -13.606% 1.796 -10.191% 

3% 0.759 0.791 0.949 0.968 1.708 -14.593% 1.759 -12.046% 

6% 0.760 0.800 1.019 1.061 1.779 -11.062% 1.861 -6.952% 

left 

column 

1% 1.733 1.765 0.940 1.027 2.673 33.664% 2.792 39.602% 

3% 1.880 1.866 0.894 0.955 2.774 38.708% 2.821 41.059% 

6% 1.906 1.882 0.874 0.920 2.780 39.023% 2.802 40.103% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° summary 

top 

beam 

1% 0.817 0.843 0.965 1.009 1.782 -10.880% 1.852 -7.417% 

3% 0.865 0.902 0.903 0.921 1.768 -11.576% 1.823 -8.848% 

6% 0.860 0.906 0.903 0.940 1.763 -11.838% 1.846 -7.697% 

left 

column 

1% 1.379 1.404 0.896 0.979 2.275 13.739% 2.383 19.147% 

3% 1.493 1.482 0.850 0.909 2.343 17.168% 2.390 19.517% 

6% 1.503 1.483 0.826 0.869 2.329 16.430% 2.353 17.639% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° summary 

top 

beam 

1% 0.959 0.989 0.950 0.993 1.909 -4.548% 1.982 -0.901% 

3% 1.015 1.058 0.889 0.906 1.903 -4.840% 1.964 -1.809% 

6% 1.006 1.060 0.886 0.923 1.893 -5.374% 1.982 -0.876% 

left 

column 

1% 1.139 1.160 0.882 0.963 2.021 1.053% 2.123 6.175% 

3% 1.233 1.223 0.837 0.894 2.069 3.460% 2.117 5.860% 

6% 1.237 1.222 0.811 0.853 2.048 2.414% 2.075 3.751% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° summary 

top 

beam 

1% 1.161 1.197 0.965 1.009 2.126 6.297% 2.206 10.288% 

3% 1.229 1.281 0.903 0.921 2.132 6.609% 2.202 10.110% 

6% 1.222 1.287 0.903 0.940 2.125 6.236% 2.227 11.344% 

left 

column 

1% 0.971 0.989 0.896 0.979 1.867 -6.661% 1.967 -1.631% 

3% 1.051 1.043 0.850 0.909 1.902 -4.923% 1.952 -2.407% 

6% 1.058 1.044 0.826 0.869 1.884 -5.800% 1.914 -4.309% 
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6.5 Analyses of SW32  

6.5.1 Inclination angle analysis  of SW32 

The inclination angle variations in each floor of SW32 are shown in Figure 6-12a to 6-12c. As seen from 

the results obtained for the first floor, the inclination angles of the right and left columns increase to about 

62° at early drifts. After that, the curve for the right column decreases to below 50° and then raises again to 

a value of 55° at 6% drift, while the one for the left column gradually drops to a value of 55°. The inclination 

angle curve for the middle web has less variation, staying around 50° as the drift increases. The curves for 

the top and bottom beams also fluctuate within the first 4% drift, but less significantly than for the columns. 

The curve eventually converge towards 40°, with the value for the bottom beam being slightly higher than 

that of top beam.  

 

For the beams and columns of the second floor, both the scale and amplitude of fluctuations reduce. 

However, the curve for the middle web has more fluctuations and eventually approaches a lower value of 

48°.   

 

On the third floor, the difference of inclination angles between the two columns reduce compared to the 

difference observed for the other floors, whereas the difference between the beams increase. Again, 

significant variations are observed at the beginning in the curves for the beams, with inclination angles of 

the top beam being higher than for the bottom beam, which can also be explained (as was the case for the 

first floor of SW31) by the difference in distributed loads from the web plates. Overall, for these three floors 

of SW32, a smaller difference is observed between top and bottom beam, likely attributed to a more uniform 

stress distribution as the aspect ratio increases. 
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Figure 6-12 Inclination angle variation of SW32 

 

6.5.2 Combined moment-axial force demand analysis  of SW32 

The combined moment-axial force demand analysis results obtained from SW32 are shown in Table 6-6 to 

Table 6-8. Similar observations and findings can be made for SW32 as those for SW31, except for some 

differences observed from the second and third floor, which suggest in this case that using the constant 

angle of 45° is unconservative for both the HBE and VBE design.  
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Table 6-6 Combined moment-axial force demand ratio of SW32-1st floor 

  

SW32 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° Summary 

top 

beam 

1% 0.723 0.769 0.871 0.911 1.594 -20.299% 1.680 -15.991% 

3% 0.769 0.793 0.862 0.882 1.632 -18.419% 1.675 -16.263% 

6% 0.776 0.793 0.946 0.956 1.722 -13.894% 1.749 -12.539% 

left 

column 

1% 2.006 1.985 0.713 0.754 2.719 35.946% 2.739 36.948% 

3% 1.894 1.876 0.817 0.828 2.711 35.531% 2.704 35.198% 

6% 1.887 1.882 0.838 0.835 2.725 36.256% 2.716 35.821% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° summary 

top 

beam 

1% 0.826 0.878 0.830 0.869 1.656 -17.187% 1.747 -12.650% 

3% 0.877 0.904 0.821 0.839 1.698 -15.120% 1.743 -12.841% 

6% 0.878 0.898 0.839 0.847 1.717 -14.151% 1.745 -12.738% 

left 

column 

1% 1.596 1.579 0.679 0.719 2.275 13.762% 2.298 14.886% 

3% 1.504 1.490 0.777 0.788 2.281 14.041% 2.277 13.862% 

6% 1.487 1.483 0.792 0.788 2.279 13.967% 2.272 13.595% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° summary 

top 

beam 

1% 0.969 1.030 0.817 0.855 1.787 -10.673% 1.886 -5.716% 

3% 1.028 1.060 0.807 0.825 1.836 -8.217% 1.886 -5.716% 

6% 1.027 1.050 0.823 0.832 1.851 -7.473% 1.882 -5.903% 

left 

column 

1% 1.318 1.304 0.669 0.708 1.987 -0.644% 2.012 0.598% 

3% 1.241 1.230 0.765 0.775 2.006 0.300% 2.005 0.234% 

6% 1.225 1.222 0.777 0.774 2.002 0.115% 1.996 -0.219% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° summary 

top 

beam 

1% 1.174 1.247 0.830 0.869 2.004 0.177% 2.116 5.807% 

3% 1.246 1.285 0.821 0.839 2.066 3.309% 2.123 6.165% 

6% 1.247 1.275 0.839 0.847 2.086 4.305% 2.123 6.128% 

left 

column 

1% 1.124 1.112 0.679 0.719 1.803 -9.851% 1.831 -8.474% 

3% 1.059 1.049 0.777 0.788 1.836 -8.206% 1.836 -8.178% 

6% 1.047 1.044 0.792 0.788 1.839 -8.039% 1.833 -8.354% 
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Table 6-7 Combined moment-axial force demand ratio of SW32-2nd floor 

  

SW32 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° summary 

top 

beam 

1% 0.757 0.793 0.916 0.979 1.673 -16.327% 1.772 -11.392% 

3% 0.812 0.843 0.935 0.936 1.747 -12.635% 1.779 -11.056% 

6% 0.815 0.848 1.003 1.021 1.818 -9.101% 1.869 -6.538% 

left 

column 

1% 1.884 1.879 0.813 0.886 2.696 34.821% 2.765 38.268% 

3% 1.900 1.877 0.826 0.868 2.726 36.312% 2.746 37.278% 

6% 1.857 1.831 0.816 0.816 2.673 33.665% 2.647 32.349% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° summary 

top 

beam 

1% 0.865 0.906 0.874 0.934 1.738 -13.081% 1.839 -8.040% 

3% 0.926 0.961 0.890 0.891 1.816 -9.212% 1.852 -7.421% 

6% 0.923 0.960 0.889 0.905 1.812 -9.419% 1.865 -6.742% 

left 

column 

1% 1.498 1.495 0.775 0.845 2.273 13.655% 2.340 16.980% 

3% 1.509 1.491 0.786 0.826 2.295 14.732% 2.317 15.832% 

6% 1.464 1.443 0.771 0.771 2.235 11.748% 2.214 10.715% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° summary 

top 

beam 
1% 

1.015 1.062 0.860 0.919 1.875 -6.267% 1.982 -0.920% 

 3% 1.086 1.127 0.876 0.876 1.961 -1.943% 2.003 0.149% 

 6% 1.080 1.123 0.872 0.888 1.952 -2.408% 2.011 0.570% 

left 

column 

1% 1.238 1.235 0.763 0.832 2.000 0.023% 2.067 3.327% 

3% 1.246 1.231 0.773 0.813 2.019 0.938% 2.043 2.165% 

6% 1.206 1.189 0.756 0.757 1.962 -1.880% 1.945 -2.728% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° summary 

top 

beam 

1% 1.228 1.286 0.874 0.934 2.102 5.092% 2.220 10.989% 

3% 1.315 1.365 0.890 0.891 2.205 10.244% 2.255 12.770% 

6% 1.311 1.364 0.889 0.905 2.200 9.977% 2.269 13.436% 

left 

column 

1% 1.055 1.052 0.775 0.845 1.830 -8.516% 1.897 -5.133% 

3% 1.062 1.050 0.786 0.826 1.848 -7.591% 1.876 -6.222% 

6% 1.031 1.016 0.771 0.771 1.802 -9.917% 1.787 -10.638% 
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Table 6-8 Combined moment-axial force demand ratio of SW32-3rd floor 

  

SW32 
 

  35° 

 Drift 𝐌𝒖/𝐌𝒖−𝟑𝟓° 𝐏𝒖/𝐏𝒖−𝟑𝟓° summary 

top 

beam 

1% 0.798 0.819 0.962 1.027 1.760 -11.984% 1.846 -7.702% 

3% 0.838 0.875 0.983 0.991 1.821 -8.941% 1.867 -6.671% 

6% 0.825 0.865 1.034 1.056 1.858 -7.077% 1.921 -3.938% 

left 

column 

1% 1.660 1.689 0.945 1.030 2.606 30.275% 2.719 35.961% 

3% 1.859 1.829 0.888 0.939 2.747 37.370% 2.768 38.398% 

6% 1.858 1.820 0.859 0.878 2.717 35.866% 2.698 34.919% 

    40° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟎° 𝐏𝒖/𝐏𝒖−𝟒𝟎° summary 

top 

beam 

1% 0.912 0.935 0.917 0.979 1.829 -8.555% 1.914 -4.279% 

3% 0.956 0.998 0.935 0.943 1.891 -5.450% 1.941 -2.939% 

6% 0.934 0.979 0.916 0.936 1.850 -7.507% 1.915 -4.229% 

left 

column 

1% 1.321 1.343 0.901 0.982 2.222 11.087% 2.326 16.281% 

3% 1.476 1.452 0.845 0.893 2.321 16.064% 2.346 17.279% 

6% 1.465 1.435 0.812 0.829 2.276 13.821% 2.264 13.223% 

  45° 

 Drift 𝐌𝒖/𝐌𝒖−𝟒𝟓° 𝐏𝒖/𝐏𝒖−𝟒𝟓° summary 

top 

beam 

1% 1.069 1.097 0.903 0.964 1.973 -1.371% 2.061 3.062% 

3% 1.121 1.170 0.920 0.928 2.041 2.039% 2.098 4.910% 

6% 1.092 1.146 0.899 0.919 1.991 -0.430% 2.064 3.218% 

left 

column 

1% 1.091 1.110 0.887 0.967 1.978 -1.096% 2.077 3.836% 

3% 1.219 1.199 0.832 0.879 2.050 2.509% 2.078 3.892% 

6% 1.206 1.182 0.797 0.814 2.003 0.149% 1.996 -0.202% 

    50° 

 Drift 𝐌𝒖/𝐌𝒖−𝟓𝟎° 𝐏𝒖/𝐏𝒖−𝟓𝟎° summary 

top 

beam 

1% 1.295 1.328 0.917 0.979 2.212 10.600% 2.307 15.371% 

3% 1.357 1.418 0.935 0.943 2.293 14.632% 2.361 18.035% 

6% 1.326 1.391 0.916 0.936 2.242 12.115% 2.327 16.353% 

left 

column 

1% 0.930 0.946 0.901 0.982 1.831 -8.451% 1.928 -3.595% 

3% 1.039 1.022 0.845 0.893 1.885 -5.774% 1.916 -4.206% 

6% 1.031 1.010 0.812 0.829 1.843 -7.853% 1.840 -8.010% 
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6.6 Parametric study of inclination angle for varying aspect ratio and number of 

stories 

To investigate the variation of inclination angle trends under the different aspect ratios and number of 

stories considered, the figures showing the variation of inclination angle as a function of drift presented in 

Sections 6.2 to 6.5 were rearranged. In terms of aspect ratios, each inclination angle curve from SWi1 is 

compared with those from SWi2 at the same floor, where i refers to the number of stories (for example, 

SW11 and SW12, to compare the how results change as a function of aspect ratio for a single-story SPSW). 

While in terms of number of stories, each inclination angle curve from SW1j is compared to the 

corresponding curve of each floor from SW3j, where j refers to the aspect ratio (for example, SW13 and 

SW33, to compare how results change as a function of number of stories for a given aspect ratio).  

 

Similar comparison is performed for the values provided earlier in the tables of combined moment-axial 

force demand analysis, to again compare response as a function of aspect ratios and number of stories. For 

each constant angle used, the combined moment-axial force demand ratios from SWi1 were plotted to 

compare with those of SWi2 per floor in the perspective of aspect ratios. Also, the combined moment-axial 

force demand ratios from SW1j were plotted to compare with those of each floor from SW3j in the 

perspective of number of stories. Each group of comparison is to investigate how much the combined 

moment-axial force demand ratios varies as a function of aspect ratios or number of stories, and whether 

the conservatism in using a certain constant angle would change or not as these parameters change. Note 

that, in all the combined moment-axial force demand figures presented below, the scale of vertical axis for 

the top beam (from 1.1 to 2.4) and left column (from 1.7 to 3.0) are respectively kept the same to allow a 

better comparison between results. 

 

6.6.1 Aspect ratio analysis of Real SPSWs 

Figure 6-13 compares the inclination angle variation for SPSW having different aspect ratios. For one-story 

SPSW, the aspect ratio has a noticeable impact on the inclination angle of middle web, with a maximum 

difference of 10° before 2% drift, and 3° for larger drifts. For tall SPSWs, the influence of aspect ratio is 

more significant on columns and beams. As seen from Figure 6-13b, the greater the aspect ratio, the more 

serious the fluctuation in results obtained for the columns, but this effect diminishes at higher floor, as 

shown in Figure 6-13c and d. The inclination angle of top beams under varying aspect ratios generally have 

a difference within 4°. The influence of aspect ratio on the middle web in three-story SPSW is much less 

significant, with observed variation focused within 2% drift.  
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Figure 6-14 and 6-15 were made from Table 6-1 to Table 6-8 to explicitly compare the combined moment-

axial force demand ratios under different SPSW aspect ratios. In Figure 6-14a, for example, the blue and 

red points represent the data for SPSWs having aspect ratio of 1 and 2, respectively. The solid line connects 

the points obtained for moments at the end of HBEs while the dash line reflects the points obtained from 

the moment near the middle of the HBEs. It is shown that the red points are higher than the blue ones at 3% 

and 6% drifts, with a maximum absolute difference of approximately 0.2. As compared to the value of 2 

(below which results are deemed conservative), both sets of points are typically either conservative or 

unconservative, namely either less than 2 when using the constant angle from 35° to 45° or greater than 2 

when using the constant angle of 50°. Since the same observation can be made for the left column of the 

one-story SPSW, as shown in Figure 6-15a, the results indicate that the aspect ratio has an insignificant 

effect on the conservatism of results when constant angles are considered in the design of single-story 

SPSWs.  

 

Regarding the results for the three-story SPSWs, it is observed that variation in the combined moment-axial 

force demand ratio differs from one floor to another. For example, in Figure 6-14b to 6-14d, the ratios for 

the HBEs of the SPWS with an aspect ratio of 2 are lower than those of the SPSW with an aspect ratio of 1 

in the first floor, but the latter becomes higher than the former in higher floors. Oppositely, the combined 

moment-axial force demand ratios for VBEs of the SPSW with an aspect ratio of 1 are higher in the third 

floor. It is also found that the results for the top beam using the constant angle of 35°, 40° and those for the 

left column using 50° are always conservative. However, in the case of 45°, changing the aspect ratio 

changes the level of conservatism of the results obtained from both the top beams and left columns of the 

second and the third floor of tall SPSWs.   
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Figure 6-13 Comparison on inclination angles variation for different aspect ratios 
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a. SW11 vs. SW12 b. SW31 vs. SW32 at the 1st floor 

  

c. SW31 vs. SW32 at the 2nd floor b. SW31 vs. SW32 at the 3rd floor 

 

Figure 6-14 Comparison on combined moment and axial force demand ratio of top beam for different aspect ratios 
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a. SW11 vs. SW12 b. SW31 vs. SW32 at the 1st floor 

  

c. SW31 vs. SW32 at the 2nd floor b. SW31 vs. SW32 at the 3rd floor 

  

Figure 6-15 Comparison on combined moment and axial force demand ratio of left colunm for different aspect ratios 
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6.6.2 Number of stories analysis of Real SPSWs 

The inclination angle variations for one-story SPSWs were compared to those for each floor of the 

corresponding three-story SPSWs having identical aspect ratio. It is seen from Figure 6-16 and Figure 6-17 

that the curves for the columns of one-story SPSW are significantly different from those for the first floor 

of the corresponding three-story SPSW, with up to a 10° difference. However, the magnitude of the 

differences decreased when compared to the higher floor of three-story SPSW. As for the top and bottom 

beams, the curves obtained from the SPSWs with an aspect ratio of 1 show that results for the one-story 

SPSW do not match those on any of the floors of the corresponding three-story, with a maximum difference 

about 7° after 2% drift. For the SPSWs with an aspect ratio of 2, this difference is significantly reduced to 

approximately 3°, and the lower floor matches better with the corresponding one-story SPSW than the high 

floors. Similar observation can be made for the middle web. 

 

In order to figure out the influence of number of stories on the conservatism of constant angles for the 

SPSW design, the data from Table 6-1 to Table 6-8 are plotted in Figure 6-18. The blue points stand for the 

results obtained from the one-story SPSWs while the points in other colors stand for the results obtained 

from the three-story SPSWs. According to Figure 6-18a and 6-18b, the combined moment-axial force 

demand ratios for the top beams of the one-story SPSWs are always lower than the maximum value of 

three-story SPSWs, while in Figure 6-18c and 6-18d, the left column exhibits an opposite trend. Also, in 

the case of using a constant angle of 45°, changing the number of stories from 1 to 3 would change the 

combined moment-axial force demand ratio for the top beams from being conservative to unconservative, 

as well as change those for the left columns from being unconservative to conservative. 
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Figure 6-16 Comparison on inclination angles  

variation between SW11 and SW31 

Figure 6-17 Comparison on inclination angles  

variation between SW12 and SW32 
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a. Top beam (with aspect ratio of 1) b. Top beam (with aspect ratio of 2) 

  

c. Left column (with aspect ratio of 1) d. Left column (with aspect ratio of 2) 

 

Figure 6-18 Comparison on combined moment-axial force demand  ratio of topbeam for different number of stories 
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6.6.3 Inclination angle for web plate design 

As indicated in Figure 6-13, Figure 6-16, and Figure 6-17, the inclination angle of the diagonal tension field 

action across the middle of the web usually varies from 45° to 55° for real SPSWs. To investigate the 

influence of inclination angle for the web plate design, the demands in cases SW11 and SW31-2nd floor 

are compared; these cases are chosen here as they respectively represent the cases having the highest and 

lowest inclination angles. Figure 6-19 plots the shear stress distribution obtained from the LS-DYNA 

analyses for each element in the group of web plate at three considered drifts, compared to the design 

stresses calculated using 35°, 40°, and 45° (note that results for 55° and 50° are identical to those for 40° 

and 35°, respectively, due to the sin2α in Equation 3-10). Note that the stress distributions here are 

compared with the design stresses considering various design specified yield stress values. 

 

It is shown that the shear stress distributions of SW11 at the three considered drifts and those of SW31-2nd 

floor at 1% drift are close to the design stresses, while the shear stresses at 3% and 6% drift of SW31-2nd 

floor are slightly higher than the design stress at mid-span, with a difference of approximately 1 ksi. 

 

The above observations confirm that orienting the design stresses in the web at angles ranging from 35° to 

55° is of minimal consequence because of the sin2α in Equation 3-10. Therefore, both inclination angles of 

40° (currently in AISC-341) and 45° (proposed here) are conservative for the web plate design. 
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(a) SW11 (b) SW31-2nd floor 

Figure 6-19 Comparison on shear stress of web plate shell elements (middle web) 

 

6.6.4 Inclination angle for SPSW design 

Based on the analyses above, it is observed that the inclination angle of the diagonal tension field action 

along the top beam, along the left column, and across the middle of the web usually varies from 35° to 45°, 

45° to 65° and 45° to 55°, respectively. These ranges are higher than the corresponding inclination angle 

ranges presented in Section 4, in which a 2D LS-DYNA model was used without considering the plastic 

hinge on the HBEs.  

 

The combined moment-axial force demand analyses resulting for all the analyses conducted as part of this 

study point to similar conclusions related to the conservatism of using specific constant angles for SPSW 

design. Generally, it would always be conservative to use a constant angle of 35° and 40° for HBE design 

and 50° for VBE design. Using a constant angle of 50° for HBE design could be unconservative by up to 

18% while using constant angles of 35° and 40° for VBE design could be unconservative by up to 38% and 

14%, respectively. However, using different inclination angles for HBEs and VBEs is not practical for 
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design, and it is desirable to use a single constant angle for the design of all structural elements that 

constitute a SPSW.  

 

The results obtained for both HBE and VBE using a constant angle of 45° are sometimes conservative, 

sometimes unconservative, and vary from case to case. Table 6-9 presents a summary of the maximum 

results obtained for HBEs and VBEs from the above case studies when compared with constant angle of 

45°. The ratios greater than the value of 2 are deemed unconservative and highlighted in gray. Results in 

this table indicate that the maximum combined moment-axial force demand ratio was obtained for the case 

with aspect ratio of 1 (not exceeding the value of 2 by more than 10%). On that basis, the constant angle of 

45° is deemed to be the best constant angle to use if one desires to simplify the design process by using a 

single angle.  

 

Table 6-9 Classification of Boundary elements respect to conservatism using the constant angle of 45° 

SPSW Floor 
Aspect ratio of 1 Aspect ratio of 2 

Top beam Left column Top beam Left column 

One-story 1.980 2.197 1.984 2.176 

Three-story 3 1.982 2.123 2.098 2.078 

2 2.071 1.983 2.011 2.067 

1 1.982 2.102 1.886 2.012 
Note that the text in white background is conservative while in gray background is not. The value in the parenthesis shows the maximum 

combined moment-axial force demand ratio. 

6.7 Summary 

In this section, results from finite element analysis of the real SPSWs described in Section 5 were presented. 

First, the results obtained when using displacement control at the top of a SPSW were compared with that 

obtained using force control, and it was determined that both methods gave similar results.  As displacement 

control proved more stable for analyses purposes, it was used for all subsequent SPSW finite element 

analyses. It was also observed from the shape of the curve that expresses how the inclination angle changes 

as a function of drift that three major fluctuations occurred along the curve for the beams results in SW11 

(used as a case study to investigate what caused this typical fluctuation observed in most results).  These 

fluctuations were found to how deflected shapes of the beams varied due to progressive web plate yielding 

and hinge development as drift increased. Furthermore, shear deformation were found to have a significant 

impact on those beam deflections in these cases. 
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The variation of the inclination angle of the diagonal tension field action and the combined moment-axial 

force demand were compared for SPSWs having different aspect ratios and numbers of stories. Floor-by-

floor comparison of results was accomplished for SPSWs having aspect ratios of 1 and 2, as well as across 

all floors for the walls having the same aspect ratio.  It was observed that the aspect ratio has a noticeable 

impact on the inclination angle for the middle web of one-story SPSW, with a maximum difference of 10° 

before 2% drift, and 3° for larger drifts. It also influences the curves for the columns of the tall SPSWs by 

inducing serious fluctuations in results, but this effect diminishes at higher floor. The inclination angle for 

the top beams of tall SPSWs under varying aspect ratios generally have a difference within 4°. In addition, 

the number of stories have influence for all curves. For the columns, the curves for the one-story SPSW 

differ from those for the first floor of the corresponding three-story SPSW by up to 10°. However, these 

differences decreased when compared to the higher floor of three-story SPSW. For the beams, the curves 

obtained from the one-story SPSWs seldom match those on the floors of the corresponding three-story, 

with a maximum difference about 7°. Similar observation can be made for the middle web.  

 

With respect to the combined moment-axial force demands, the analyses conducted indicated that changing 

the aspect ratio of the walls did not change the level of conservatism in the results obtained when comparing 

results for the same constant angles considered in respective one-story SPSWs, but that it would change the 

level of conservatism for the results obtained in three-story SPSWs, most significantly when using a 

constant angle of 45°. The number of stories was also found to have an impact on the conservatism of the 

results obtained using the constant angle of 45°, as the combined moment-axial force demand ratio of the 

top beams changed from being conservative to unconservative as the number of stories increased, and those 

for the left columns changed from being unconservative to conservative as the number of stories increased.  

 

In summary, it is was found to be always conservative to use 35° and 40° for HBE and 50° for VBE design. 

Using a constant angle of 50° for HBE design could be unconservative by up to 18% while using constant 

angles of 35° and 40° for VBE design could be unconservative by up to 38% and 14%, respectively. 

However, using different inclination angles for HBEs and VBEs is not practical for design, and it is 

desirable to use a single constant angle for the design of all structural elements that constitute a SPSW. In 

addition, the demand of web plate is not sensitive to the variation of inclination angle. Consequently, the 

single angle of 45° is recommended for the design of the entire SPSW. 
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SECTION 7  

CONCLUSIONS 

 

7.1 Summary  

Research was conducted to study how the inclination angle of the diagonal tension field action varied across 

the entire web plate of SPSWs as a function of drift, and to determine the optimum constant angle value 

that should be used for the design of SPSWs.  This was done by comparing results and demands obtained 

using nonlinear finite element analysis with those obtained from calculated various values of constant 

inclination angles. A LS-DYNA model was first built having the same geometry, material properties, 

loading and boundary conditions as the specimen tested and investigated using ABAQUS by Webster et al. 

(2014). This LS-DYNA model was validated by comparing it with the Webster experimental and analytical 

load-drift hysteretic curve, as well as the average inclination angles of the diagonal tension field action over 

the entire plate. Variations in the inclination angle, and resulting stress distributions, at five locations within 

the web plate were obtained and analyzed in detail. 

 

Two new LS-DYNA models, namely Model A and B, then were built to investigate how results would 

change considering solid web (the web in Websters’ specimen had cutout in the corners) and different HBE-

to-VBE connections (i.e., rigid instead of the pin connection used by Webster’s). A combined moment-

axial force demand ratio was introduced as a reasonable criterion to compare both the effect of axial and 

flexural demands on HBEs and VBEs obtained from the finite element analyses with those calculated using 

constant angle models.   
 

Similar analyses were then performed on real SPSWs designed per AISC 341.  Four real SPSWs with 

different aspect ratios and number of stories were designed and subjected to the same loads that were 

applied to a reference SPSW (called SW320) in Purba and Bruneau (2010). For these designs, the web plate 

thicknesses were designed to resist 100% of their story shear force. The HBE design followed the capacity 

design procedure in Bruneau et al (2011). Strip models were built in SAP2000 to assist the VBE design and 

check the sway mechanism of the whole structure.  

 

New LS-DYNA models were constructed for the analysis of these four real SPSWs, by fully modeling the 

HBEs and VBEs. Analyses were conducted to determine variations in the inclination angles and the 

resulting combined moment-axial force demands.  Results obtained from all these analyses were compared 

to assess sensitivity of results to wall aspect ratios and number of stories. An optimum constant angles for 
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the design of SPSW was proposed to achieve simplicity in design while ensuring adequate conservatism 

(or acceptable unconservatism). 

 

7.2 Conclusion  

The variation in the inclination angle of diagonal tension field action observed in the seven models 

considered (i.e., the validated model in Section 3, Model A and B, SW11, SW12, SW31 and SW32) indicate 

that significantly different average inclination angles occur at different locations of the web plate and that 

each of those inclination angles vary as a function of drifts, panel aspect ratio, and number of stories. For 

real SPSWs designed per AISC 341, the inclination angle for the top beam, left column, and web plate 

usually varies from 35° to 45°, 45° to 65°, and 45° to 55°, respectively. Several major fluctuations in results 

are observed on the curve relating the inclination angle to drifts, as a consequence of how the deflected 

shape of the HBEs vary as web plate yielding and HBE hinging develop as drift increases. The shear 

deformations of HBEs can also have an impact on those fluctuations.  

 

Variations in inclination angles were compared for SPSWs having panel aspect ratios of 1 and 2 and for 

single-story and three-story SPSWs.  The aspect ratio has a noticeable impact on the inclination angle for 

the middle web of one-story SPSWs, with a maximum difference of 10° before 2% drift, and 3° for larger 

drifts when comparing results for SPSWs having panel aspect ratios of 1 and 2. It also influences the curves 

for the columns of the tall SPSWs by inducing serious fluctuations in results, but this effect diminishes at 

higher floors. The inclination angle for the top beams of tall SPSWs under varying aspect ratios generally 

have a difference within 4°. In addition, the number of stories have influence on all curves. For the columns, 

the curves for the one-story SPSW differ from those for the first floor of the corresponding three-story 

SPSWs by up to 10°. However, these differences decreased when compared to the higher floor of three-

story SPSWs. For the beams, the curves obtained from the one-story SPSWs seldom match those on the 

floors of the corresponding three-story, with a maximum difference about 7°. Similar observation can be 

made for the middle web. 

 

With respect to the combined moment-axial force demands, the analyses conducted indicated that changing 

the aspect ratio of the walls did not change the level of conservatism in the results obtained when comparing 

results for the same constant angles considered in respective one-story SPSWs, but that it would change the 

level of conservatism for the results obtained in three-story SPSWs, most significantly when using a 

constant angle of 45°. The number of stories was also found to have an impact on the conservatism of the 

results obtained using the constant angle of 45°, as the combined moment-axial force demand ratio of the 
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top beams changed from being conservative to unconservative as the number of stories increased, and those 

for the left columns changed from being unconservative to conservative as the number of stories increased. 

 

Based on the results obtained for the cases analyzed in this study, and particularly when considering the 

combined moment-axial force demands on the HBEs and VBEs, it is was found to be always conservative 

to use 35° and 40° for HBE and 50° for VBE design. Using a constant angle of 50° for HBE design could 

be unconservative by up to 18% while using constant angles of 35° and 40° for VBE design could be 

unconservative by up to 38% and 14%, respectively. However, using different inclination angles for HBEs 

and VBEs is not practical for design, and it is desirable to use a single constant angle for the design of all 

structural elements that constitute a SPSW. It is found that using a constant angle of 45° is adequate for 

web design and provides a good compromise for both HBEs and VBEs design if one desires to simplify the 

design process such as to use a single angle. 

 

7.3 Recommendations for Future Research   

This research considered seven SPSWs  as case studies using finite element analysis. Four of these SPSWs 

had boundary elements designed in compliance with AISC 341, allowing two panel aspect ratios and two 

different of numbers of stories to be considered. More case studies could be conducted in the future to 

extend the number of SPSWs considered. Such future parametric studies would be useful to further 

investigate and verify the trends in variation of the inclination angle as a function of aspect ratio and number 

of stories.  

 

Furthermore, all evidence accumulated to date to determine the value of constant angle were conducted 

using either monotonic loading or cyclic analysis scenarios. This was done because SPSW web plates are 

typically slender and behave in a “tension-only” manner, typically not “re-engaging” in subsequent cycles 

of displacement before reaching anew the maximum drift previous attained during a displacement history. 

However, future studies could investigate how whether results obtained would change significantly under 

actual seismic loading scenarios, possibly due to the small compression capacity that can develop in parts 

of the web plates (near the corners or in particularly thicker plates) 

 

Also, here the HBEs of real SPSWs were designed to yield in flexure. However, significant shear 

deformations developed at the beam ends in the LS-DYNA model during the formation of the second plastic 

hinge (typically starting at drifts of 1%). It was observed here that inelastic deflections of HBEs has an 

impact on variation of the inclination angle. Further investigation would be required to quantify the 

influence of the shear deformation on the variation of the inclination angle. Besides, as further model 
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improvements, flexible panel zones could be considered, and how this and the effect of the connection to 

HBEs could be accomplished to diminish the effect of shear deformations. 
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