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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.  
 
This research was conducted to provide a deeper understanding of the seismic response of steel 
plate shear walls (SPSW) when subjected to long duration earthquakes. A parametric study was 
conducted for various confi gurations of SPSWs, which were analyzed using nonlinear inelastic 
dynamic analyses. The presence of the steel plate infi ll was found to delay yielding of the boundary 
frame, limit the overall accumulation of residual drifts, and signifi cantly restrict the boundary 
frame from drifting freely. It continued to provide strength and stability even after extensive 
exposure to seismic loading. In addition, it was found that the presence of substantial boundary 
frame members is important for achieving appropriate performance of the SPSW structural sys-
tem as a whole, as the horizontal boundary element members accounted for a signifi cant part of 
the system’s energy dissipation, even when the steel plate yielded beyond its preceding maximum 
elongation. Moment connections within the boundary frame were found to be instrumental in 
limiting drifts and preventing collapse. Overall, the eff ects of increasing earthquake duration for 
the SPSWs were found to be not as detrimental as those for the bare frame.



 

  



v 

 

 

 

ABSTRACT 

 

 

Steel plate shear walls (SPSW) have been shown to display relatively high energy dissipating 

capabilities and have been often used to provide seismic resistance in buildings. Previous research 

has shown SPSW to be capable of maintaining stability during earthquakes by exhibiting 

satisfactory hysteretic behavior. However, the infill plates of these walls typically only yield in 

tension and have no compressive resistance, leading to the question of whether long-duration 

seismic excitation could detrimentally affect their behavior. This report presents the results of 

nonlinear inelastic dynamic analyses of various SPSWs for which earthquake magnitude, response 

modification factor, and duration of earthquake excitation were varied. SPSWs in this parametric 

study have been modeled with the commonly used diagonal strip model. Single story SPSWs with 

panel aspect ratios of 1:1 and 2:1 have been considered. A 3-story SPSW has also been analyzed 

for comparison purposes. Spectra compatible synthetically generated ground motions were used 

in the analyses. Response of SPSW have been compared with that of their respective boundary 

frames. Inelastic and residual drifts were used as indicators of the performance of SPSW over the 

duration of the earthquake. The objective of this research is to provide an understanding of the 

expected ductile performance of SPSW when subjected to prolonged seismic excitation, and 

hopefully, an improved confidence in their seismic behavior under such conditions. 
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SECTION 1  

INTRODUCTION 

 

1.1 Overview 

A Steel Plate Shear Wall (SPSW) is a lateral load resisting structural system often used in the United States, 

Canada, and other regions of high seismicity. SPSW systems typically consist of thin, unstiffened vertical 

steel web panels bounded by a steel boundary frame of horizontal and vertical structural members, 

respectively called Horizontal Boundary Elements (HBEs) and Vertical Boundary Elements (VBEs). These 

steel paneled walls are typically multi-story, and have been found to be an economic and efficient system 

for resisting lateral forces in tall buildings (Sabelli and Bruneau 2007) as they increase usable floor space 

and decrease wall dead loads. SPSWs also save up substantially on construction time, as they are easy to 

install and quick to replace, making them suitable not only for new buildings but also for the upgrading and 

retrofit of existing damaged or vulnerable structures (Berman and Bruneau 2003b). 

 

Based on the type of beam-to-column connections used, the boundary frame can be either simple or moment 

resisting frames, however, AISC 341 allows only moment-resisting connections for seismic applications. 

It has been found through large-scale experiments carried out by various researchers (e.g., Timler and Kulak 

in 1983; Driver, et al. in 1998; and B. Qu, M. Bruneau, et al. in 2008) that SPSWs possess qualities of 

ductility, high initial stiffness, strength and robustness under cyclic loading, and can therefore be used to 

provide seismic resistance as they offer an effective energy dissipation system for buildings when using 

moment-resisting boundary frames.  

 

The steel plate web is characteristically relatively thin, (generally ranging from 3/16” to ½” in midrise 

buildings), and, as a consequence of this slenderness, buckle under compression during earthquake loading. 

An inclined tension field action is activated and the thin steel web panel is subjected to pure shear with 

diagonal tension stresses oriented at 45 degrees to the direction of shear loading. Even though the post-

buckling strength and ductility of the panel is substantial (Elgaaly, Caccese and Du 1993), this tension field 

action mechanism increases the capacity demands on the boundary frame quite significantly.  However, 

this only makes it possible to dissipate energy in tension, and presumably only at tensile strains larger than 

previously reached (much like the braces would in a tension-only braced frame). This tension-only behavior 

raises a legitimate question as to what would be the expected behavior of SPSWs during long duration 

earthquakes – a questions for which there is currently no answer. For these reasons, this report investigates 
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the effects of prolonged earthquake loading on the behavior of SPSW systems designed and analyzed with 

different characteristics. 

 

1.2 Scope of Research 

The objective of this research was to better understand, and improve confidence in the overall ductile 

performance of the SPSW structural system under the influence of long duration seismic loading, such as 

what would be expected, for example, during a subduction zone earthquake. It is imperative to understand 

the contribution of the steel plate web and the boundary frame towards seismic response under such 

conditions. To investigate this, several analyses were performed, considering various specific conditions 

and wall geometries; parameters varied included earthquake magnitude and duration (as related parameters 

in this study), the value of structural damping ratio used in the analyses, the steel web panel aspect ratio, 

and the value of the response modification factor considered for design. In addition to this, a 3-story SPSW 

model was also analyzed. For the purpose of controlling duration of the earthquake loading, spectra 

compatible synthetic ground motions were generated, with moment magnitudes ranging from 5 to 9. These 

ground motions were used as input for nonlinear time history analyses performed for each individual case. 

The data obtained from all these analyses was used to compare the seismic response behavior observed for 

variation of values for each parameter. 

 

It is important to note here that the purpose of this study was to investigate the behavior of SPSWs to 

determine if there might be a time during the earthquake, when the steel plate ceases to participate towards 

response, leaving the system to behave only as a bare frame, with possible major consequences in seismic 

performance.  Here, research focused on identifying fundamental behavior and response on the basis of 

idealized ductile behavior alone, to provide an understanding of the factors that would affect ductile 

response alone (i.e., in the best conditions when all other limit states could be prevented). Therefore, the 

material models used for analyses and modelling within this study consider infinitely ductile elasto-

perfectly-plastic material. Also, all other limit states that could potentially affect the behavior of SPSWs 

and lead to their collapse (Purba and Bruneau 2014, 2015), such as the effects of strain hardening, 

progressive fracture of the steel web panel from the boundary frame, local buckling of the boundary frame 

members, P-Δ effects, and other failure modes leading to strength degradation and possible collapse, have 

been ignored. In actuality, strength degradation caused by lateral drifts, and strain hardening within the 

boundary frame have large influence on the effectiveness of the SPSW system as a whole during cyclic 

inelastic response at large and increasing drifts. However, the results discussed in this report look only into 

the efficacy of the SPSWs with reference to the tension-only behavior of the steel plate when subjected to 

prolonged earthquake ground motions.
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1.3 Organization of Report 

Organization of this report is as follows. Section 2 presents a review of selected previously literature 

relevant to this report, starting from the historical development of steel plate shear walls, to current research 

being conducted to better understand the influence of long duration earthquakes over various structural 

systems. Section 3 describes the methodology followed for the development of the analytical model. 

Calculation of considered seismic parameters, modeling considerations, and generation of synthetic ground 

motions that match with the targeted spectrum are also summarized. Using these analytical models, a series 

of nonlinear time history analyses are performed in Section 4. A matrix of the analyses conducted is 

included, listing the cases considered for the purpose of cross-comparison of results. It outlines the various 

parameters involved for this study, and describes the basis of comparison for each analysis considered. 

Some of the early steps taken as part of this research project are also described, to show a road-map of the 

progression of the research thought process, starting from the Fast Fourier Transform method attempted to 

the decision to repeat the same magnitude earthquakes multiple times to investigate the effect of duration. 

Section 5 then condenses results obtained from these analyses in an attempt to understand trends in seismic 

behavior of the structural system, and to outline sensitivity to the changing parameters. Finally, Section 6 

presents findings and conclusions, and points out avenues for future research. 
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SECTION 2  

LITERATURE REVIEW 

 

2.1 Introduction 

The use of Steel Plate Shear Walls (SPSWs) in buildings has lately seen a significant increase in areas of 

high seismicity, particularly in the United States, Canada and Japan. The introduction of SPSWs in design 

specifications like the CSA (1994, 2001, 2009), the 2003 NEHRP recommendations (FEMA 2004), and the 

AISC (2005, 2010, and the upcoming AISC 341-16 version in 2016) has been supported by many research 

projects that have studied this structural system to understand its many behavioral trends. This section 

provides a review of the previously published research in this domain, with focus towards the chronological 

development of knowledge of the SPSW behavior in Section 2.2, and the current research being carried out 

for various other structural systems in order to better understand the many effects of long duration 

earthquakes towards seismic response in Section 2.3.2.   

 

2.2 General Behavior of SPSW 

The incorporation of a steel plate shear wall within a building holds many advantages as a lateral force 

resistant structure. The boundary frame for this system consists of horizontal and vertical boundary 

elements with connections that can either be shear only, or can have a moment resisting configuration.  

When subjected to cyclic loading, these walls have been shown to exhibit ductile behavior, with high initial 

stiffness, enabling these structures to dissipate large amounts of energy. Initially, SPSW systems were 

designed to prevent out-of-plane buckling of their infill plate, with recommendations to stiffen the steel 

infill plate to restrict inelastic buckling locally between the stiffening elements (Takahashi, et al. 1973). 

Later, it was seen that the thin web panels, although buckling at low shear, could still resist sizable loads. 

It was found that the post-buckling strength of the web was substantial (Thorburn, Kulak and Montgomery 

1983), and that stiffening did not have a substantial effect on the overall strength (Guo, Hao and Liu). When 

strength does control in the design, the behavior was seen to rely on a tension field action mechanism caused 

by buckling due to shear. Thorburn, et al. utilized a diagonal “strip model” based on the theory of pure 

diagonal tension (Wagner 1931) to represent this diagonal tension field. In this model, the steel plate web 

panel corresponded to diagonal, pin-ended strips within the SPSW, which were oriented in the direction 

characteristic of the tension field. The resulting strip model was shown to be an adequate representation of 

the tension field by comparing predictions from the model with experimental results, as was verified and 

later, refined, by the tests conducted by Timler and Kulak (1983), Driver et al (1998), Qu et al (2008) and 

other researchers.  
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2.2.1 Tension-Only Behavior of Steel Plate  

The principal tension field action mechanism can be understood by the example of a panel bounded by rigid 

elements on its contour and subjected to pure shear; an idealization of the manner in which the lateral forces 

due to ground motion interact with an SPSW. Given the small thickness of the web plate, the buckling 

strength is low, and does not contribute significantly to the ultimate capacity of the system (corresponding 

to very high depth-to-thickness and width-to-thickness ratios for thin walls). Also, these plates are not 

perfectly straight, and will have undulations and a degree of curvature. When subjected to lateral load, the 

combination of these factors makes the plate buckle readily under diagonal compressive stresses, producing 

folds perpendicular to the compressive stresses and parallel to the tensile stresses, and therefore creating a 

tension field. With the assumption that the bounding beams have infinte stiffness, and that the compressive 

stresses perpendicular to the strips are negligible, Thorburn, et al. (1983) represented this tension field with 

discrete diagonal strips, each having an area equal to the plate thickness times the width of the strip. For 

practical purposes, it was established that a minimum of 10 numbers of strips were found to be sufficient 

to model the behavior of SPSW, and orienting them at an angle of inclination α corresponding to the 

inclination of the tension field, an accurate analytical tool can be obtained. Figure 2-1 shows a schematic 

of the tension field action developed in a typical SPSW, having tensile and compressive principal stresses 

oriented at a 45 angle to the direction of the load. 

 

 

Figure 2-1 Schematic idealization of Tension-field action  (Bruneau, Sabelli and Uang, 2011, Cou

rtesy of Diego Lopez-Garcia, Pontificia Universidad Catolica de Chile, Chile) 
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To verify this analytical approach, Timler and Kulak (1983) tested a pair of single story SPSWs. The 

inclination angle corresponding to the direction of the tension field was derived from elastic strain energy 

principles by Timler and Kulak (1983) as: 

 

𝑡𝑎𝑛4𝛼 =
1 +

𝑡𝑤𝐿
2𝐴𝑐

1 + 𝑡𝑤ℎ (
1
𝐴𝑏

+
ℎ3

360𝐼𝑐𝐿
)
 

 

Where, tw = Thickness of web plate, h = story height, L = bay width, Ic = moment of inertia of the VBE, Ac 

= cross-sectional area of the VBE, and Ab = cross-sectional area of the HBE. The resulting angle of 

inclination typically ranges between 38° and 45° in well-designed SPSWs; knowledge of this angle is 

important for calculating corresponding demands on the boundary frame elements. Elgaaly, Caccese and 

Du (1993) established that even though the post-buckling strength and ductility of the steel panel is 

substantial, from capacity design, so are the demands on the boundary frame. 

 

2.2.2 Connection Type  

For seismic applications, AISC 341 only allows for the use of moment-resisting type of connections for 

SPSWs. Elgaaly and Caccese, in 1993, conducted a series of experiments on SPSW systems, and concluded 

that the boundary frame could be either simple or moment resisting, and that there was not much difference 

between the behaviors of the two. Earlier, Tromposch and Kulak (1987) had conducted analyses using 

moment-resisting connections and reported a substantial increase in the SPSW’s ability to dissipate energy. 

Later, Kulak, Kennedy and Driver (1994)  obtained hysteris curves for 30 inelastic analytical cycles and re-

established that using moment-resisting connections for SPSWs not only increases amount of energy 

dissipated (as was observed by the wide area enclosed by the hysteresis curves), but also improves seismic 

performance by providing inherent redundancy. 

 

Following the Northridge earthquake of January 17, 1994, it was found that a large number of steel moment-

frame buildings had experienced brittle fractures within beam-to-column connections, calling for extensive 

research to understand the implications of the choice of connection used. For the case of the SPSW, the 

connections of the horizontal and vertical bounding elements are expected to form plastic hinges, but the 

majority of the seismic energy is dissipitated by the steel plate web, rather than the connection. The drifts 

enountered by a SPSW are expected be much less than those experienced by a simple-moment frame, and, 

on that basis, design requirements for SPSWs have permitted the use of ordinary moment frame connections 

(Ericksen and Sabelli 2008). 
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2.3 Effects of Prolonged Seismic Loading 

It has been found through numerous studies that the duration of seismic loading has a significant effect on 

structural reliability. Housner (1965), Trifunac and Brady (1975), Vanmarcke and Lai (1980), and 

Kawashima et al. (1985) determined that earthquake duration was critical when quantitatively measuring 

the damaging effect caused by seismic loading. Xie and Zhang (1988) also established that severity of 

ground motion, and how it influences damage on structures, can be represented as a function of the length 

of earthquake duration. This was later refined by Novikona and Trifunac (1994) and Trifunac and Novikona 

(1995) by redefining strong ground motion duration in terms of the earthquake magnitude, distance from 

site to the epicenter, site conditions and site geometry. Jeong and Iwan (1988) found that when damage 

accumulates, structural failure can occur under cyclic loading conditions, and is highly dependent on 

ductility of the response as well as the duration of the excitation. Rahnama and Manuel (1996) found that 

strong motion duration does not affect strength demands heavily, but it does affect cumulative damage 

measures significantly. Van de Lindt and Goh (2004) determined, through the use of an oscillator, a 

procedure for quantifying the effect of earthquake duration on structural reliability indices using a low-

cycle damage based limit state. The effect of duration becomes especially influential when a specific 

reliability index is being targeted for performance based seismic design, but also becomes influential when 

calibrating LRFD Codes (Van de Lindt and Goh 2004). It was concluded that earthquake duration has a 

considerable effect on structural reliability. 

 

2.3.1 On SPSW 

In 1991, Sabouri-Ghomi and Roberts (1991) conducted analyses which demonstrated that the onset of 

yielding for the SPSW prevented resonance throughout the course of loading, and resulted in a lesser 

vibration amplitudes, even when the frequencies of the SPSW in its elastic state and that of the forcing 

function were closely similar. However, the performance of SPSW when subjected to prolonged seismic 

loading was not addressed. Considering these factors and placing value on the importance that earthquake 

duration can play in seismic design, it is worthwhile to investigate, in a preliminary manner, some of the 

effects of duration on SPSW design and performance. This research has been conducted in order to 

understand some aspects of the seismic response of the SPSW under the influence of long duration 

earthquakes, and to assess the adequacy of relevant design procedures in that perspective. 

 

2.3.2 On Other Structural Systems 

The influence of earthquake duration on various structural systems has been studied and contested over the 

past few decades. When comparing results between structures made of different materials, such as steel and 

reinforced concrete, the level of damage that the structure is subjected to can be found to be a strong function 
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of ductility of the response as well as the duration of the excitation. The specifics of how duration affects 

structural response, however, depend on the nature of the structure and the materials used. Extensive 

research has been conducted to understand the performance of structural systems, but for sake of brevity, 

only some is summarized as follows. 

 

a) Reinforced Concrete Frame Buildings 

Studies have shown that for concrete frame buildings, the dynamic characteristics of the building and the 

seismic excitation levels both have a significant influence on the effects of strong motion duration on 

seismic structural response. Marsh and Gianotti (1994), analyzed single degree of freedom for high 

magnitude artificial earthquake record having long duration The results observed for reinforced concrete 

models (with a degrading stiffness approach) depicted that the maximum inelastic displacements increase 

when any of the following three factors occurred: earthquake magnitude is increased, the yield strength of 

the structure is decreased, or the epicentral distance is reduced. However, it was found that the displacement 

is not strongly affected by duration. Energy demand is increased slightly by increase in earthquake 

magnitude but shows a great increase when earthquake duration is lengthened or when structural yield 

strength is reduced. 

 

Thompson (2004) modeled two existing concrete highway bridges using WSU-NEABS to analyze their 

behavior during long duration earthquakes. The results obtained showed that the earthquakes would not 

cause major damage to the bridges, but the bridge structure would experience pounding and possible failure 

of bearing pads. Research conducted to study the effects of multiple sequential earthquakes (fore-, main- 

and after-shocks), on reinforced concrete structures depicted that existing damage to the structure could 

help better subsequent seismic performance as compared to initially undamaged structures. (Abdelnaby 

2012) 

 

While the effects of strong-motion duration on the seismic response of reinforced concrete structures 

depend strongly on the period of the structure, they do not as strongly depend on the response parameter 

considered in the analysis. For reinforced concrete frame structures with short-periods, larger responses 

were found to be linked to long strong motion duration. The reverse was true for intermediate and long-

period structures, having larger responses in shorter strong motion duration. It was also determined that the 

effects of strong-motion duration on the seismic response were not dependent on the nature of the excitation 

records used. For both, the case of synthetically generated records, as well as real records, the structural 

performance remained grossly the same (Sarieddine 2013). 
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b) Steel Frames  

Duration influences were also explored by Suidan and Eubanks (1973) by investigating the cumulative 

fatigue damage in seismic steel structures, while considering two failure mechanisms; the maximum single 

excursion mechanism when a preset displacement is exceeded, and the fatigue failure mechanism when the 

cumulative effect of a number of excursions exceeds a preset damage accumulation level. It was concluded 

from this that with structural periods on the lower end of the medium period range, the cumulative fatigue 

damage is significant; and also that the damage may be estimated from absorbed hysteretic energy. 

 

The analyses conducted by Marsh and Gianotti (1994) for high magnitude, prolonged, synthetic time 

histories showed that a bi-linear steel model resulted in lesser demands placed on the steel structure as 

compared to the degrading stiffness approach used for the reinforced concrete structure. Lignos, et al. 

(2011) conducted numerous analyses and tests for high-rise steel buildings to evaluate their sesimic 

performance and capacity under the influence of long duration earthquakes by simulating fracture of beam-

to-column connections due to low cycle fatigue of steel. It was shown that the story drift ratios were initally 

increased owing to the continued accumulation of damage within the connections, until fracture of 

connections, after which moment-redistribution caused further inter-story drifts. Krishnan and Muto (2013) 

conducted parametric analyses of two 18-story steel moment frame buildings, and found that the increase 

in inter-story drift and overall degradation was swifter with increasing duration parameters. 
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SECTION 3  

DEVELOPMENT OF ANALYTICAL MODELS 

 

3.1 Introduction 

A Steel Plate Shear Wall comprises of steel plate webs which are connected as infills to a moment resisting 

boundary frame to form a cantilever wall structure. As depicted in Figure 3-1 below, the beams and columns 

are named as Horizontal Boundary Elements (HBEs) and Vertical Boundary Elements (VBEs) respectively. 

Section 3.2 outlines the analytical design of these walls using the Equivalent Lateral Force Method 

prescribed by ASCE 7 (2010) with input from USGS Seismic Design Maps Tool. Design of these SPSWs 

was varied based on changes in aspect ratio, response modification factors, and number of stories. Capacity 

design of the boundary frame elements is also discussed. Section 3.3 presents development of the dual strip 

model for analysis in SAP2000. To capture nonlinear behavior of SPSWs and corresponding boundary 

frame archetypes, plastic hinges were also assigned to the analytical models. A series of non-linear time 

history analyses were performed for all SPSW archetypes considered, using synthetic ground motions. 

These synthetic acceleration time histories were varied for duration of earthquake loading that the SPSW 

models were subjected to, and are detailed in Section 3.4. 

 

3.2 Archetype Steel Plate Shear Wall Design  

The steel plate webs buckle under diagonal compression and therefore transmit lateral loads only by 

principal tensile stresses. Tension field action developing in the web plates, together with plastic hinging 

in the HBEs are the mechanisms by which hysteretic energy is dissipated during earthquakes. In order to 

investigate the seismic performance of SPSW under long duration earthquakes, two basic single story 

models were developed having aspect ratio of 1:1 and 2:1 respectfully. These walls were assumed to be in 

industrial buildings situated on site class B soils in San Francisco. A 3-story wall was also taken into 

consideration for comparison purposes. The archetype walls considered are shown in Figure 3-1. For 

reference, the SPSW archetypes considered are labelled SPSW1, SPSW2 and SPSW3. The bare boundary 

frame is labelled as MRF. 
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Figure 3-1 Schematic of SPSW archetypes 

 

 

3.2.1 Seismic Parameters 

The USGS Seismic Design Maps Tool was used to generate the design parameter values required by 

ASCE/SEI 7 Standard 2010 for the location under consideration. The 5% damped short period, SMS and 1 

second period, SM1 spectral acceleration obtained for the site considered were 0.649 g and 1.50g 

respectively, for site class B soil (for which soil factors are all 1.0). For the Design Basis Earthquake, the 

Design Spectral Acceleration parameters SDS and SD1 are 2/3 of the above values, and therefore 0.432g and 

1.0g, respectively. A target response spectrum was generated using those parameters to provide a target for 

generating the synthetic ground motions needed for this study and described in Section 3.4. 
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Figure 3-2 Design Response Spectrum generated by USGS output 

 

3.2.2 Equivalent Lateral Force Method and Capacity Design 

Lateral seismic forces obtained for design have been calculated according to the equivalent lateral force 

procedure from ASCE 7-10 Section 12.8. Calculations are detailed in Appendix A. As per ASCE 7-10 

Table 12.2-1, the response modification coefficient R, overstrength factor Ω0, importance factor I, and 

deflection amplification factor, Cd for the SPSW were defined as 7, 2, 1, and 6 respectively. The 

approximate fundamental period of the structure, T0, calculated based on ASCE 7-10 provisions, was 0.13s 

for the single story archetypes with SPSWs having 1:1 and 2:1 aspect ratios, and 0.35s for the multistory 

SPSW archetype considered. Note that both of these periods fell on the constant acceleration zone of the 

design spectra. 

 

The design base shear for each SPSW archetype was calculated varied as per values of R-factor. Note that 

for SPSW design, per AISC 341-16, the web plates designed resist 100% of the specified base shear. For 

preliminary design the angle of tension stress action, α was assumed to be 45 ,ͦ and the design strength of 

the steel plate web panels was calculated per AISC 341 Equation F5-1: 

 

𝜙𝑉𝑛 = 0.90(0.42)𝐹𝑦𝑡𝑤𝐿𝑐𝑓sin⁡(2𝛼) 

 

where, Lcf is the clear distance between column flanges, and tw is the thickness of steel plate web (both in 

inches). 
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The basis of this design was the expectation that plastic hinges form at the ends of the HBE near the face 

of columns, and that the web plates yield under tension. Capacity Design was used to ensure that yielding 

remained confined to the deformation controlled elements and that the VBEs and connections have 

sufficient strength to remain elastic. Loads transferred from the web-plates to the face of the HBEs and 

VBEs were determined based on the expected capacity of the web plates. The HBE and VBE were then 

designed based on expected demands from the web-plate and the moment due to the plastic hinging in the 

HBE. The VBEs were not expected to yield in flexure except at the base. The resulting web plate 

thicknesses, member sizes for HBEs and VBEs for the archetypes are presented in Table 3-1. The designed 

HBEs and VBEs were checked for compliance with shear, combined axial and flexure requirements and 

seismic compactness limits. Appendix A details the calculations performed for these designs. 

 

Table 3-1 SPSW Web thickness, HBE and VBE sizes 

 Single Story Multi Story 

 SPSW1 SPSW2 SPSW3 

Aspect 

Ratio 
1:1 2:1 1:3 

R value R5 R7 R5 R7 R7 

Story     1st  2nd  3rd  

Plate thk. 3/16” 3/16” 3/16” 1/8” ½”  7/16” ½” 

HBE W40x327 W30x116 W40x431 W36x330 W40x199 W40x199 W40x149 

VBE W40x593 W14x398 W36x652 W40x431 W40x431 W40x431 W40x324 

 

 
3.3 Modeling in SAP2000 

The CSi SAP2000 v17 structural analysis and design program was used for modeling and analysis of the 

SPSWs under consideration subjected to multiple strong ground motions. Multiple SAP2000 models were 

prepared to observe changes in behavior as a function of response modification factor used for their design, 

their aspect ratio and number of stories, and the number of earthquake repetitions to which they are 

subjected. Key aspects related to the modeling of SPSW analyzed with this software are presented in this 

section. 

 

3.3.1 Dual Strip Model for Nonlinear Dynamic Analyses  

The design and analysis of slender-web SPSWs recognizes that yielding of thin web-plates develops by 

diagonal tension field action. As a result, a correspondingly simplified analysis method, referred to as the 
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dual strip model and presented in Figure 3-3, is commonly used to model SPSWs and obtain their lateral 

load carrying capacity. The dual strip model, first proposed by Thorburn et al. in 1983, transforms the solid 

steel panel into parallel pin ended tension-only diagonal strips that serve as an equivalent for the tension 

field action, yielding only in tension and buckling under compression. The angle of inclination of these 

strips, α is the angle measured from the vertical at which the tension field occurs and is taken as 45 degrees 

in the present study for modeling simplicity. The minimum number of strips should not be less than 10 in 

order to obtain reliable moment values for the boundary frame elements. Strips were modeled as beam 

elements (referred to as “frame sections” in the software), and were provided in two directions (as shown 

in Figure 3-3) to accurately capture behavior under earthquake loading in both directions (Qu and Bruneau 

2007). The area of each strip, As, was set equal to infill plate web thickness tw, times the perpendicular 

distance between any two strips. 

 

 

 

Figure 3-3 Dual Strip Model for Time History analysis (Purba and Bruneau 2010) 
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3.3.2 Material Properties and Plastic Hinge Models  

ASTM A36 material with Fy = 36 ksi was used for steel plate webs, whereas ASTM A992 Gr. 50 steel with 

Fy = 50 ksi was used for the boundary frame elements. A simplified bilinear elasto-perfectly plastic stress-

strain model was used to model the non-linear material behavior of both materials. In order to observe 

plastic behavior of the SPSWs under the effect of a long duration earthquake, while not knowing ahead of 

time the drift demand that this could require, the plastic plateau for each material model was assumed 

constant up to large strains. 

 

It was expected of the strips to load up to yield strength under tension, follow the plastic plateau during the 

course of continued tension loading, unload until tension was reduced to zero as the seismic loading 

reversed direction and exhibit no strength as soon as the plate underwent compression. In SAP2000, “Axial 

P” hinges were assigned at the center of each of the strips to model this non-linear hysteretic behavior 

(Purba and Bruneau 2010). As is evident from its name, this hinge only allows to develop yielding caused 

by axial loads. For the strips to mimic actual behavior of the web panels, these axial hinges were required 

to yield only in tension without any compression strength, and therefore were assigned compression limits 

set to zero. The assignment of tension/compression limits in SAP2000 is a nonlinear analysis property, and 

these compression limits were only activated for the non-linear time history analysis procedure described 

in Section 3.4. 

 

However, because the strips are typically slender and have no significant compression strength, assigning 

zero compression limits to these very slender strips caused them to buckle very early in the earthquake 

loading. Errors were introduced in intended behavior as these failed strips did not start re-dissipating 

hysteretic energy right from the values of deformation corresponding to the onset of last buckling. Purba 

and Bruneau (2010) recommended assigning an arbitrary near-zero compression limit value while 

activating a “No Compression Strength” feature in SAP2000, which caused the strips to buckle elastically, 

enabling the program to remember last deformation values before compression loading and the strips to 

recover all elastic buckling deformation before entering the tension regime. However, it was noticed for 

SAP2000 v17 that assigning compression limits set to near-zero and correspondingly setting material model 

as explained above, the Axial P hinge was effectively able to eliminate the development of compression 

strength in the stress-strain curve for steel plate webs and follow intended hysteretic behavior as is depicted 

in Figure 3-4. A simple check was performed for verification of intended behavior in SAP2000, which is 

explained in Appendix B. 
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HBEs and VBEs were modeled as two-noded frame elements with six-degrees of freedom at each node. 

Plastic hinge properties in these boundary frame elements were modeled using Fiber P-M2-M3 hinges. In 

such hinges, the cross-sections for the HBEs and VBEs were divided into layers (i.e. “fibers”) in both strong 

and weak directions, with each fiber associated with its own stress-strain relationship depending on the 

properties of the material at the corresponding location in the cross-section. During seismic response, the 

development of plastic hinging can be detected by the observation of the resulting moment-rotation plots 

for overall hinge response, or of the stress-strain curves for each individual fiber. Here, each of the HBE 

flexural hinges was assigned multiple layers of fibers (e.g. 38 fibers for SPSW1 designed for R = 7) to 

provide more accurate results with relatively lesser computational effort. Relative length of each flexural 

plastic fiber hinge was kept as 0.90 times the HBE member depth. This length corresponds to a spread of 

plasticity that might happen on the onset of inelastic deterioration. 

 

 
 

Figure 3-4 Generic Strip Hysteretic Behavior (Purba and Bruneau 2010) 

 

3.3.3 Boundary Frame Model 

For comparison purposes, SAP2000 models consisting only of the boundary elements from the above 

mentioned SPSWs were prepared as moment resisting frames for each respective SPSW archetype. These 

frames were assigned the same Rayleigh damping mass and stiffness coefficients (obtained from period of 

1st mode and 99 percent mass participation mode) as those used for their respective SPSW, such as to give 

same damping at specific periods to both the models. Fiber P-M2-M3 hinges were assigned to beams in the 

boundary frame models (same members as HBEs for SPSWs) to compare flexural behavior of both 

archetypes under seismic loading.
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3.4 Non-Linear Time History Analysis using Synthetic Ground Motions  

Nonlinear Time History analysis was conducted in detail to investigate performance of SPSWs during long 

duration earthquakes. SPSWs and Boundary Frame models were both analyzed using the Nonlinear Direct 

Integration History option in SAP2000. For the archetypes to replicate actual behavior, Rayleigh 

coefficients for 2% damping were input. As the considered SPSWs have a high lateral stiffness, P-delta 

effects were ignored for the intent of this research. Analyses were performed for the three SPSWs 

archetypes described earlier, designed per different response modification factors and subjected to 

earthquakes of different moment magnitudes. Analyses were also conducted for series of earthquake 

repetitions to observe the incremental plastic deformations and residual drifts of SPSWs under prolonged 

seismic loading. Details for these analyses are presented in Section 4. 

 

Spectra compatible synthetic ground accelerations for site class B soils were generated from RSCTH or 

“Response Spectrum Compatible Time Histories” (Papageorgiou and Halldorsson 2004). The 5% damped 

target elastic response spectrum presented in Section 3.2.1 was used as an input file for a successful run of 

the RSCTH code to generate synthetic time histories. Other inputs include required moment magnitude of 

the seismic source, Mw, and epicentral distance of the source to site, based on which the duration of the 

synthetic time history can be calculated using the Specific Barrier source model (Papageorgiou and Aki 

1983). 

 

The RSCTH program has a parameter called “Duration switch,” “idurpm,” that allows for increasing the 

duration of the desired acceleration time history by increasing the number of input time steps and number 

of data points. Five ground motions, representative of earthquakes of magnitude M5, M6, M7, M8 and M9, 

were therefore generated with durations of 9, 12, 19, 42, and 116 seconds respectively. As the ground 

velocity and displacement traces of those artificial ground motions were observed to drift, baseline 

corrections of those records was performed using the open-source software SeismoSpect. The output 

accelerations obtained from the RSCTH were in units of cm/s2 and were scaled by a factor of 0.3937 to 

convert into units of in/s2 for input in SAP2000 for the nonlinear direct integration time history analyses. 

Figure 3-5 shows the time histories obtained. 

 

Compatibly of these ground motions with specified target spectra was rechecked. Figure 3-6 displays 

spectra matching with required target spectrum for ground motions for magnitudes M5 and 6 respectively. 

Detailed spectral matching is shown in Appendix C for all earthquake magnitudes.  
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Figure 3-5 RSCTH generated Time Histories 
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Figure 3-6 Response Spectra matching with specified target spectra, M5 and M6 
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SECTION 4   

COMPARATIVE ANALYSES 

 

4.1 Basis of Comparison 

For this parametric study, a number of analyses were performed considering variations in the following 

parameters: 

 R-factor: ASCE-7 specifies the value of response modification factor, R that should be used for the 

design of SPSW.  However, because R is related to the level of inelastic demand to be developed 

in a structural system, structural systems designed for two different values of the R factor are 

considered, namely 7 and 5. 

 Damping ratio, ζ: Different values of structural damping used in the analyses allowed for 

comparison. Here, for the case of R = 7, damping values of 2% and 5% of critical damping ratio 

have been considered.  

 Panel aspect ratios: Considering the range of values used in practice, SPSWs having panel aspect 

ratios of 1:1 and 2:1 have been analyzed. 

 Number of stories: Single story and three story frames have been considered.  

 Duration of earthquake: As discussed in the Section 3.4 synthetic ground motions were related to 

Magnitude. Five different Magnitudes ranging from 5 to 9 were taken for this purpose.   

 Repetition of earthquakes: In addition to analyses for individual earthquakes, sequences in which 

the Magnitude 5 and 8 earthquakes were repeated twice, thrice, or six times, were also considered. 

 

Figure 4-1 displays a flowchart of the various analyses that were performed on the considered archetypes. 

Note that the list of cases in Figure 4-1 is not an exhaustive list of all possible combinations, but the cases 

analyzed allow to compare the relative influence of individual factors. Then, Section 4.2 first presents 

results and observations of the different analyses done for the case R = 7, ζ = 2%, and panel aspect ratio = 

1:1, (highlighted by a box in Figure 4-1) for SPSW1. For the ensemble of all other cases considered, the 

effect of varying individual factors on the response of SPSWs is investigated and detailed in Section 5. 

Similar comparative analyses for single-story SPSW2 and multi-story SPSW3 were also performed, but 

because similar findings were obtained, for brevity in presentation, only results obtained for the analyses 

performed on SPSW1 are presented in this section. All other results obtained are presented in Section 5 in 

detail. 
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Figure 4-1 Sequence for performed comparative analyses 
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4.2 SPSW1 – Single-story SPSW with 1:1 aspect ratio  

Results obtained for analyses performed for SPSW1 designed for R = 7 are discussed in the following sub-

sections.  A first approach to quantify changes in behavior was attempted using Fast Fourier Transform on 

segments of the response.  This is described in Section 4.2.1. However, as this approach was found to be 

too sensitive to selection of segment size and consequently not as accurate as originally expected, it was 

discarded.  Sections 4.2.2 and 4.2.3 present results obtained by comparing the time history response of 

SPSWs and their respective boundary frames (without the infills, and therefore acting as moment resisting 

frames, and referred to as MRF hereafter).  Sections 4.2.4 to 4.2.6 then build on those findings, considering 

earthquakes repeated twice, thrice, and then six times, with a particular emphasis on identifying the 

instances of yielding over time to better understand the effect of duration. 

 

4.2.1 Fast Fourier Transform 

In order to understand the effect of earthquake duration on behavior of the structure, the first step taken was 

to consider variations in period of vibration with respect to time, for which a Fast Fourier transform (or 

FFT) was performed on SPSW1 for value of R = 7. The idea was to convert SPSW top HBE lateral drift 

data from time domain to frequency domain so that changes in time period of SPSW archetypes with respect 

to time could be noted throughout the duration of the earthquake. As the FFT requires periodic functions, 

the displacement response was divided into smaller segments of 1.28 second durations; where this duration 

was selected such that it exceeded the period of the observed response for the SPSW considered. The FFT 

was performed for responses obtained when the SPSW1 and MRF1 archetypes were subjected to ground 

motions of moment magnitudes of 5 and 6. It was expected that the initial time period of the SPSW would 

be smaller than that of the boundary frame alone acting as a MRF, due to its larger stiffness. The initial 

expectation here was that the period obtained from the FFT per above approach, for both the MRF and the 

SPSW, would converge due to a gradual decrease in stiffness of the SPSW after the steel plate web has 

yielded plastically, as shown in Figure 4-2. This would have enabled to quantitatively determine when the 

SPSWs would start to behave exactly like a moment resisting frame.  

 

Figure 4-3a and b show actual behavior obtained for the response of archetypes subjected to ground motions 

of moment magnitudes M5 and M6 respectively. As can be seen from the figure, the FFT results did not 

align with initial expectations. Firstly, the FFT results did not accurately match the fundamental period of 

vibration for both, the SPSW1 (0.32 s instead of 0.24 s obtained from SAP2000) and the MRF1 (1.28 s 

instead of 0.9 s). Also, abrupt reductions in time period were observed over a duration of 1.5 s (from 5 s to 

6.5 s) within the response history. An identical reduction in the period of MRF1 was observed. These 

reductions could not be physically explained. It was suspected that this reduction in time period might have 



 

24 

 

been an undesirable numerical artifact occurred due to the small period of time over which the FFT was 

conducted. 

 

For a better assessment of the obtained results, it was therefore decided to repeat the FFT method for drift 

response of archetypes subjected to ground motion of M5, but this time by dividing the response into 

relatively larger segments of 2.56 second durations. Figure 4-4 shows the obtained results, which are 

observed to be very different from those achieved earlier using 1.28 s segments. It was also seen that the 

FFT repeatedly gave inaccurate fundamental periods of vibration for both SPSW1 and MRF1, regardless 

of segment duration size. Given that the FFT method for obtaining time period of vibration was sensitive 

to duration of the segment chosen, it was determined that this was not a reliable method for getting 

variations in time period of the structure with regard to time. 

 

Figure 4-2 Expected Behavior - Time Period Gradation w.r.t. time 
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(a) 

 

(b) 

Figure 4-3 Obtained Time Period gradation w.r.t. time for response to ground motions of a) M5 and, b) M6, for 1.28 s segments FFT 
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Figure 4-4 Obtained Time Period gradation w.r.t. time for response to ground motion of M5 for 2.56 s segments FFT 
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4.2.2 Drift response 

Since the FFT approach above did not achieve reasonable results, it was decided, as a different approach, 

to compare the nonlinear response time histories of the SPSW and MRF. The objective here was to detect 

if there is a point in time where the SPSW behavior matches that of the MRF, which would indicate that 

the web plates no longer contribute to response. Figure 4-5 a, and 4-5 b show top HBE lateral displacement 

response of SPSW1 compared to that of MRF1 for moment magnitudes of M5 and M6. As expected, the 

MRF showed more relative displacement for the top joint than that for the SPSW. Note that similar behavior 

was observed for archetypes subjected to ground motions of M7, M8, and M9, as shown in Appendix D. 

Note that while synthetically generating ground motions using the RSCTH program, selecting a greater 

moment magnitude translates into a longer duration of the earthquake. As a result, the synthetic ground 

motion time histories for lesser durations had to match the same target spectra as those for longer durations 

(9 seconds for M5 compared to 116 seconds for M9), resulting in lower peak ground acceleration for higher 

magnitude earthquakes. This was also evident in maximum displacement response observed for each 

moment magnitude, i.e., the maximum drift observed for smaller magnitude earthquakes was greater than 

that for larger ones, as shown in Table 4-1. As the ground accelerations were larger for the smaller 

magnitude earthquakes, more severe yielding occurred due to those smaller earthquakes. This was illogical 

for the purpose of this research, as these smaller magnitude earthquakes also had smaller duration. From 

the perspective of studying the effects of duration, these results confirmed that the comparison should be 

made on earthquakes of various durations, but with similar peak ground acceleration. It was decided that a 

simple solution to study effects of prolonged earthquake loading on SPSW archetypes would be to repeat 

the same earthquake a number of times. 

 

(a) 

 

(b) 

Figure 4-5 Drift response for SPSW1 compared with that of MRF1 for a) M5, and b) M6 
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4.2.3 Residual Drifts 

Even though response histories for individual moment magnitudes did not adequately explain the different 

effects of earthquake duration, it was noted that during the course of displacement histories, certain 

sequence of peaks for SPSW1 response appeared similar to those observed for MRF1, but with a visibly 

evident offset caused by plastic drift. It was suspected that if the value of this residual displacement could 

be calculated and subtracted from the MRF response, the resulting curves obtained for both SPSW and 

MRF could be almost identical when superimposed. This approach could effectively indicate if there were 

parts of response during which identical behavior between both the archetypes would be obtained, thereby 

helping to identify of the duration after which the steel web is no longer serving its purpose. 

 

The methodology adopted to extract residual drifts consisted of adding a tail of zeros (i.e., “zero-padding”) 

at the end of the input file of the acceleration time history, enabling the archetypes to first undergo their 

seismic displacement response, and then damp out in free-vibration over the time of zero ground 

acceleration, giving a constant value of plastic displacement at the end of response. Figure 4-6a depicts the 

SPSW1 response obtained for the M5 ground motion time history with 20 seconds duration of null-

accelerations added at the end, which gave a value of residual displacement equal to 0.35 inches. The same 

procedure was followed for MRF1 response, which resulted in a residual displacement value of 3.95 inches. 

Both these response histories are shown in Figure 4-6b. Residual displacements obtained from this 

procedure are tabulated in Table 4-1 along with maximum displacements for each moment magnitude. 

These residual displacements were then subtracted from the total response histories for both SPSW1 and 

MRF1, and the resulting curves were superimposed together to observe if the expected similarities in 

behavior existed. 

 

As shown in Figure 4-6c, peaks obtained as a result of this superimposition did not completely match with 

each other, showing variations in both amplitude and shape in the overlay of response histories for both 

archetypes. This observed variations in behavior of the SPSW and the MRF was presumably (and 

expectedly) caused by the presence of the steel infill plate within the SPSW. These results also pointed 

towards a requirement for a deeper understanding of how plastic yielding developed over time in the 

archetypes under consideration. Therefore, a more thorough examination of time-dependent behavior of 

axial and flexural fiber hinges, incorporated in the models as per Section 3.3.2  was performed to understand 

and identify their respective contributions to the instances of yielding throughout the duration of earthquake; 

this is described in the next section.
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(a) 

 

(b) 

 
(c) 

Figure 4-6 For R = 7, M5 Displacement response a) SPSW1 with 20 second zero-padding,  

b) SPSW1 and MRF1, and c) Residual displacement subtracted from both responses. 
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Table 4-1 Maximum Roof and Residual Displacements with respective % Drifts 

Max. Roof Disp. Residual Roof Disp. Max. Drift % Residual Drift % 

(in) (in) ∆max ∆res 

MRF1 SPSW1 MRF1 SPSW1 MRF1 SPSW1 MRF1 SPSW1 

5 5.84 3.40 3.95 0.35 4.1 2.4 2.7 0.2 

6 7.59 3.39 5.41 1.18 5.3 2.4 3.8 0.8 

7 4.64 4.78 1.93 2.31 3.2 3.3 1.3 1.6 

8 4.16 3.77 0.79 0.97 2.9 2.6 0.5 0.7 

9 7.01 3.70 5.10 0.36 4.9 2.6 3.5 0.2 

 

 

4.2.4 Points of First and Last Yield with respect to Time  

As mentioned in the previous section, the observed differences in peaks, noticed from superimposing 

response curves obtained after subtracting residual plastic displacements, implied that a deeper 

understanding of the plastic yield behavior of the considered archetypes was required. It was expected that 

the drift response of these models, as noted in Section 4.2.2, would be driven by the boundary frame after 

extensive yielding of the infill plates, which could possibly be an explanation for the similarities observed 

in response history. To get a better insight into the SPSW response and the specific contribution of the 

boundary frame to this response, it was decided to investigate, with respect to time, the hysteretic behavior 

of the flexural fiber hinges assigned to the HBEs in both archetypes. SAP2000 provides fiber hinge output 

as moment-rotation hysteresis curves; giving out the exact stress in each individual fiber at every time step. 

From this information, it is also possible to determine the points in time during which yielding of each 

individual fiber of the cross-section occurred. Instances of fiber yielding were extracted for the hinges 

defined in the HBE as described in Section 3.3.2. The instances when the first and last fibers in these hinges 

undergo yielding, for the very first and the very last time, were used to define a bracket of time that limits 

the occurrence of inelastic response during the entire response history. This method was expected to 

illustrate the plastic flexural behavior of the HBEs in an effective manner. 

 

The same approach was adopted for the axial hinges, assigned to the tension-only strips, which model the 

steel plate web panel. All intervals during which the strips undergo plastic yielding for the first and last 

time were obtained by extracting the force-displacement output data for these axial hinges, and plotting the 

results with respect to time. In this way, the internal yield behavior of the SPSW and MRF archetypes could 

be “mapped” over time. It was expected that such a graph showing the individual contribution of both the 
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steel plate and the boundary frame during the seismic response could provide insights as to what causes the 

difference in response behavior, and how duration of the earthquake affects it. The above mentioned method 

was carried out for response obtained from the following three input ground motions, namely: 

 

 M5: Acceleration time history for moment magnitude of 5 (i.e. M5) with 9 seconds duration.  

 M5+5: Duration of loading increased by using twice the above input acceleration with 4 seconds 

worth of intermittent zero-padding before and after the second consecutive M5 earthquake, 

increasing the total duration under consideration to 26 seconds. 

 M5+5+5: Similarly increased ground motion, but this time by sequencing three times the original 

M5 time history, for a total duration of 39 seconds (when including the zero-padding after each M5 

earthquake). 

  

For each of these analyses, Figure 4-7 to Figure 4-9 show displacement response with the points of observed 

yielding for the axial and fiber hinges marked with respect to time for each consecutive earthquake 

repetition, where; for the axial hinges: 

 

AHFFi = First yield point for the first axial hinge that experienced yielding 

AHFLi = Last yield point for the first axial hinge that experienced yielding 

AHLFi = First yield point for the last axial hinge that experienced yielding  

AHLLi = Last yield point for the last axial hinge that experienced yielding 

 

For the fiber hinges in both, the SPSW and the MRF, the following annotations were used: 

 

FHFFi = First yield point for the first fiber in a fiber hinge that experienced yielding  

FHFLi = Last yield point for the first fiber in a fiber hinge that experienced yielding 

FHLFi = First yield point for the last fiber in a fiber hinge that experienced yielding 

FHLLi = Last yield point for the last fiber in a fiber hinge that experienced yielding 

 

The subscript “i” refers to the number of times the input time history was repeated to increase duration of 

loading. For this section, so far, i = 1 to 3.  

 

From these figures it can be observed that there was a visible delay for the first fiber within the SPSW1 

flexural fiber hinges to initiate plastic behavior, as compared to those in the MRF1 archetype. As expected 

in SPSWs, the axial hinges, owing to the higher lateral stiffness of the steel web panel compared to that of 



 

32 

 

its boundary frame, underwent plastic yielding first, limiting drift and delaying involvement of the flexural 

hinges; for example, the first fiber to experience yielding for the SPSW1 hinge engaged at value of FHFF1 

= 1.715s compared to 0.81s for that of the MRF. 

 

When comparing the behavior of the last fiber to initiate yielding, an inconsistency was observed in the 

MRF response for the three input cases; i.e. the value of FHLF1 was found equal to 3.6s for the case of M5, 

as compared to that of 16.485s for both FHLF2 (for M5+5) and FHLF3 (for M5+5+5). It was found upon 

investigation that this inconsistency corresponded to the fact that not all fibers had reached yield stress for 

the case of M5, and hence the last fiber to engage in this case was not at the same depth within the HBE 

cross-section as that in the other two cases. Therefore, the values of FHLF1 and FHLL1 marked in Figure 

4-7 do not represent the same fiber as the values of FHLF2,3 and FHLL2,3. For the SPSW response, it was 

observed that the last fiber to yield was engaged at a much earlier time as compared to the last fiber for the 

MRF. It was therefore concluded that within the SPSW archetype, the entire HBE cross-section fully 

yielded earlier than the MRF cross-section. It was possible that this was a direct result of the axial force 

interaction within the SPSW system, and therefore required a better understanding of the contribution of 

the steel plate towards response.  

 

It was also noted that the values of AHLFi and AHLLi were found to be zero for the repetitions. The reason 

for this behavior was expected to be a shift in the direction of strips engaged, as the direction of 

accumulation of residual drift was observed to shift direction, but validation for this expectation was 

required in detail. Although this method gave an insight towards the progression of plastic yielding for both 

the SPSW1 and MRF1 archetypes, it did not fully articulate the contribution of the infill plate, and a more 

comprehensive approach was required in order to map the yielding of the modeled strips with respect to 

time. Following Section 4.2.5 further elaborates on this aspect. 
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Figure 4-7  MRF1 and SPSW1 Response History for case M5 with yield points 
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Figure 4-8 MRF1 and SPSW1 Response History for case M5+5 with yield points 
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Figure 4-9 MRF1 and SPSW1 Response History for case M5+5+5 with yield points 
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4.2.5 Contribution of the Steel Infill Plate 

In the previous section, it was noted that the presence of the steel plate infill within the boundary frame not 

only led to a delay in overall structural yielding, but also appeared to “catch” the boundary frame and 

prevent it from drifting excessively, as was evident from the lesser values of residual displacements 

obtained for the SPSW compared to those for the MRF, both of which were noted previously in Table 4 1. 

The work presented in this section further investigates, in more details, the contribution of how yielding of 

the infill plate affects response over increasing duration of earthquake loading. 

 

Similar to preceding sections, the displacement response history was plotted for the top HBEs of SPSW1 

models for the cases of M5, M5+5, and M5+5+5. Then, instances of plastic yielding for all the axial hinges 

were extracted from the program for each of these cases in a manner similar to Section 4.2.4. However, 

here, three states were noted for each axial hinge, namely; the onset of yielding, the onset of unloading, and 

the duration between both these points during which the hinge follows the constant plastic backbone for the 

pre-defined material model. All three states were plotted with respect to time in the form of a bar chart, 

where the length of the bar indicated the duration for which the considered hinge underwent plastic yielding. 

These “yield bars” were overlaid with the response histories for each of the three input cases to get a better 

visual correlation between seismic behavior and time.  

 

Figure 4-10a, b and c show plots where the bar charts correspond to each axial hinge with a “hinge number”. 

Note that axial hinge numbers are marked on the primary vertical axes, whereas the secondary vertical axes 

depict top HBE lateral displacement in inches. There were a total of 21 strips modeling the steel plate in 

the SPSW1 archetype (having R = 7), and the corresponding 21 Axial-P hinges were labelled 5H to 27H. 

Axial hinge 23H did not exist, and was not plotted. It can be observed from these figures that most of the 

axial hinges were engaged readily in the first few cycles when the SPSW experienced higher values of drift. 

For every subsequent yielding to occur, the structure had to undergo drift of higher value than the previous 

one. For the cases of M5+5 and M5+5+5, it was seen that the response peaks that continued to engage the 

strips plastically, during repetitions of the earthquake, corresponded to movements that were in the same 

direction as the residual drift for the entire system. This caused instances of increase in the value of 

maximum drift, leading the axial hinges to repeat yielding for all such instances. Peaks in the direction 

opposite to that of the residual drift eventually cease to cause the corresponding strips to yield. This 

procedure helped show progression of plastic behavior of the steel plate, and accumulation of plastic strains, 

with the passage of time. To understand how these strips limited the increase in residual drifts, it was 

decided to extensively plot these “yield bars” simultaneously with the response from all other elements of 

the system.  This is done in Section 4.2.6. 
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c) 

Figure 4-10 Axial hinges “yield bar charts” for the cases of a) M5, b) M5+5, and c) M5+5+5 
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4.2.6 Cross-comparison of overall behavior  

This section condenses the many approaches previously used to understand the behavior of the individual 

structural components in one graph, in order to provide a thorough cross-comparison of the interaction of 

all elements involved. The objective was to identify the point in time where the steel web no longer 

contributed strength to the structural system, and to see whether the response of both the SPSW and the 

MRF would begin to converge at some point. It was also expected to better understand the role of the steel 

plate web in preventing large residual drifts. 

 

For the purpose of this section, the approach used in Section 4.2.5 was repeated with a much longer duration 

of loading. The ground motion time history was prolonged by providing 6 repetitions of the M5 earthquake, 

with 4 seconds intermittent zero-padding between each consecutive earthquake. Therefore the total duration 

of seismic loading was around 78 seconds. Yielding of the axial hinges was plotted with respect to time 

following the same method as in the previous sections. Yielding patterns for each individual fiber present 

in the flexural fiber hinges, assigned to the HBEs for both the SPSW and the MRF, were also marked 

respectively in a similar fashion. 

 

Figure 4-11 shows top HBE lateral displacement for SPSW1 and MRF1, with yield response marked for 

axial hinges in each of the strips within SPSW1 in part a, and for flexural hinges in the HBEs for SPSW1 

and MRF1 archetypes in parts b and c respectively. The plot in Figure 4-11 was divided into six segments 

for ease of visual inspection, with each of these segments presented in Figure 4-12 to Figure 4-17. Each 

segment had a duration of 13 seconds, and gave a close-up version of the different yield behaviors observed. 

The same procedure was repeated for ground motion time histories of M8, where input accelerations were 

also repeated six times with each segment duration of about 112 seconds (42 second ground acceleration 

followed by zero-padding). The obtained results are later discussed in detail in Section 5.2.  

 

When comparing results from these figures, it was noted that both the MRF1 and the SPSW1 archetypes 

appear to have certain similarities, with both archetypes engaging in plastic behavior during the stronger 

portions of the ground motion. As shown in the previous sections, the SPSW archetype faced delays in 

initiation of yielding as compared to the MRF. The response behavior was notably different at the 7 second 

mark. At this point, the SPSW1 response depicted a singular yielding spike within the flexural hinges. A 

similar yielding spike was not observed at that time in the MRF1 response, leading to questions as to the 

cause of this occurrence. Demands in the axial hinges of the SPSW were scrutinized to understand the 

nature of this dissimilarity; response from these hinges provided some “snapshots” of the stress conditions 

in the steel web. It was observed that the steel plate experienced yielding up until approximately the 3.8 
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second mark. Beyond this point, the stresses within the steel web no longer reached yield levels as the peaks 

in the input ground motion were of lesser magnitude, and being so, did not re-engage the steel web’s 

interaction in the system. After the 3.8s mark the magnitude of the ground acceleration started decreasing, 

up until the 7s mark, where a slight increase to the previously declining pattern was experienced. This 

sudden increase in loading produced new stresses, but, given the fact that the value of overall drift was less 

than that which had last engaged the steel web (at the 3.8s mark), the steel plate web did not experience 

further yielding. The steel plate was therefore understood to be “pre-stretched” at the considered point, 

leaving the boundary frame around it alone to resist the sudden acceleration. The yielding spike within the 

fiber hinges in the SPSW1 archetype, therefore, was attributed to the above behavior. 

 

Beyond this point, the SPSW1 model behaved as if there was no steel web present. However, as soon as 

the overall drift became large enough to exceed levels previously produced (at the next consecutive 

earthquake), the steel plate was observed to reengage, hence never truly acting fully identical to the MRF 

archetype. The MRF1 model did not exhibit this same behavior, as the response of the frame prior to this 

point was greater in value, leaving the frame to continue to drift but without yielding, until the next 

repetition of the M5 earthquake. Note that the residual drifts accumulated with each consecutive peak of 

maximum drift engaging the frame in new episodes of yielding.  

 

Results from the above case studies indicate that the steel plate web within the SPSW structure never truly 

stopped contributing strength to the system. It limited the increase in residual drifts for the structure by 

“catching” the boundary frame at every successive point of maximum drift. It also delayed yielding of the 

boundary frame. It could thus be reasoned that the steel web continued to provide strength and stability to 

the structure when subjected to long duration earthquakes. The boundary frame was also crucial to response 

of the overall SPSW structural system. During those times when the frame lateral response was less than 

the previous peak, the steel plate was effectively “stretched” or “non-contributing”, and all of the earthquake 

demand was resisted by the boundary frame, for which the HBE plays a major role in limiting drift (as in 

all moment resisting frames). Design of the HBE section therefore becomes fundamental to overall seismic 

behavior of the SPSW system. 

 

Note that 3-4% drift is understood to be a usual range for satisfactory seismic performance of SPSWs. 

Figure 4-18 shows that the SPSW1 displacement response exceeds the 3% drift mark after the 5th earthquake. 

As initially explained in Section 1, this research did not include the limit states of strength degradation, 

strain hardening and fracture. However, it can be seen that even if it were possible to overcome these limits, 

the SPSW would never behave as a bare frame owing to the accumulation of residual drift.
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c) 

Figure 4-11 M5+5+5+5+5+5 for R=7, ζ=2%; Yield Behavior for 

a) SPSW Axial Hinges b) SPSW Flexural Hinges,  and c) MRF Flexural Hinges 
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Figure 4-12 Yield Behavior, Segment 1 – 0 to 13 seconds 
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Figure 4-13 Yield Behavior, Segment 2 – 13 to 26 seconds 
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Figure 4-14 Yield Behavior, Segment 3 – 26 to 39 seconds 
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Figure 4-15 Yield Behavior, Segment 4 – 39 to 52 seconds 
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Figure 4-16 Yield Behavior, Segment 5 – 52 to 65 seconds 
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Figure 4-17 Yield Behavior, Segment 6 –65 to 78 seconds 
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Figure 4-18 SPSW1 Displacement response for ζ = 2%, R= 7, M5+5+5+5+5+5 with 3% drift mark 
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4.3 Summary 

 The Fast Fourier Transform method was found unreliable for obtaining gradual variation in time 

of the structural system’s period given its sensitivity to the duration of the time interval chosen to 

calculate this “instantaneous” value. 

 The RSCTH program matched the same target spectra to all specified durations of earthquakes, 

resulting in lower values of peak ground acceleration for higher magnitude earthquakes. 

Synthetically generated ground motion time histories for increasing earthquake magnitudes were 

therefore found to not be a logical basis of comparison for response. 

 Development of stress within fiber and axial hinges was monitored and compared to better 

understand the progression of plastic yielding in both archetypes. 

 Response peaks that engaged the steel web plastically were observed to correspond to movements 

in the same direction as the residual drift, causing instances of increase in the value of maximum 

drift. 

 A thorough cross-comparison was made by indicating, on the time history response of the SPSW 

and of the boundary frame alone, the duration from first to last instance of yielding for the various 

elements in the system, which helped to understand the how the strips limited the increase in 

residual drifts. 

 The steel plate web was seen to continue to offer strength to the system at various times throughout 

the entire duration of the earthquake, when drifts exceeded preceding drift values. Doing so, it 

served to control the maximum drift by restricting the boundary frame, minimizing the amplitude 

of yield excursions, and delaying further yielding. 

 Sizing of the HBE remains an important aspect for controlling overall seismic response, as the 

boundary frame was observed to resist all additional earthquake loads during this intervals when 

the steel web did not contribute to response. 
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SECTION 5  

SENSITIVITY OF RESULTS OBTAINED 

5.1 General 

Section 4 above discussed, in sequence, all the analyses performed for the singular case of R = 7, panel 

aspect ratio of 1:1, and value of damping equal to 2% of critical damping ratio. However, as mentioned in 

Section 4.1, several different analyses were also performed for cases which considered variations in R- 

factor, damping ratio, panel aspect ratios, total number of stories in the structure, and the duration of 

earthquake ground motion the structure was subjected to. Results obtained from these analyses are 

presented here and serve to improve confidence in the seismic behavior of SPSW under prolonged 

earthquake loading. 

 

In this section, the results obtained from the above mentioned array of analyses (performed to investigate 

and compare the sensitivity of various individual factors on the response of SPSWs) are presented as follows. 

Section 5.2 compares the results for the SPSW and MRF archetypes based on observed changes in residual 

drifts with increase in number of times the earthquake ground motion time history was repeated, or in other 

words; as a function of the increase in duration of seismic loading. Section 5.3 then, compares the sensitivity 

of results when using values of damping ratio equal to either 2% or 5% of the critical damping ratio. 

Archetypes used for this comparison were designed for a value of R equal to 7. However, in total, archetypes 

were designed for values of R equal to 5 and 7 for single story models, and 7 for multi-story models. 

Keeping all other factors constant, results obtained from analyzing models designed with different values 

of R are compared in Section 5.5 in order to observe sensitivity of the results to various level of ductility 

demands on the structures while Section 5.45.3 shows the effects of varying panel aspect ratios on the 

characteristics of response considered here. Results from various analyses for the multi-story SPSW3 were 

also compared to assess the effects of long duration earthquake loading, as presented in Section 5.6. 

 

While designing the SPSW1 archetype, relatively small length of the HBE members led to higher end 

moments, resulting in higher shear concentrations; and since there was no additional steel web panel, any 

resistance to this excessive shear was solely contributed from the boundary frame. Therefore, the design 

for sizing the HBE members presented challenges in meeting the minimum code-specified shear 

requirements for the HBE member, leading to difficulties in finding suitable sections during design. By 

contrast, these issues were not present in SPSW2 or SPSW3, owing to increased width of the structure and 

multiple stories for each archetype respectively. This sensitivity to design considerations is explained in 

detail in Section 5.7.
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5.2 Sensitivity to Increase in Earthquake Duration  

For SPSW1 designed for a value of R = 7, with panel aspect ratio = 1:1, and ζ = 2%, residual drift values 

were noted at the end of each earthquake in the repetition sequence for the input time histories of moment 

magnitude of M5 and M8. Figure 5-1 shows the increases in residual drift at each step of the analyses for 

both moment magnitudes considered. With every subsequent repetition of the input ground acceleration, it 

can be observed that the residual drifts increase in both the SPSW and MRF cases. However, the overall 

residual drift in the MRF is of much higher values than that in the SPSW, which is expected given its lesser 

stiffness. Recall that P-delta effects were not considered here and were not part of the current scope of 

research. 

 

For the MRF, the increase in residual drift for the M5 earthquake ground motion was observed to grow 

quite rapidly for the first three repetitions, after which the rate by which the residual drift increased 

gradually became relatively constant. For the M8 earthquake, this increase was observed to grow relatively 

constantly only for the last repetition. As was observed in Section 4.2.4, the entire cross-section for the 

HBE within the MRF model does not fully yield in the first few repetitions, but a comparatively constant 

increase in drift becomes evident only after all fibers within the cross-section are fully engaged. In 

comparison, the SPSW demonstrates a lesser rate of change in the additional residual drift as the number 

of repetitions increase. The steel plate enables the HBE cross-section to fully yield early on through the 

duration of the earthquake loading, allowing for the increase in residual drift to become a near constant 

value after each earthquake occurrence, straight from the beginning. 

 

Durations of yielding were also plotted with respect to increase in repetitions of the earthquakes. Figure 5-2 

shows the “yield bracket”, i.e., the duration between the instance of the first yield and the instance of last 

unloading for each repetition, marked as DYB. Here the subscripted terms FHF and FHL stand for “fiber 

hinge first fiber” and “fiber hinge last fiber” respectively. These “yield bracket” durations were normalized 

with the duration of the individual earthquake ground motion, marked as DN, and equal to 9 seconds for the 

M5, and 42 seconds for the M8 earthquake. It can be seen from Figure 5-2 that for the SPSW archetype, 

the “yield bracket” for FHF was relatively constant, depicting a slight increase only through the first 

earthquake for both M5 and M8 repetition cases. The SPSW response for FHL showed near constant values 

for the M5 earthquake, but for the M8 earthquake these FHL values reduced to zero early in the sequence 

of repetitions indicating that the entire cross-section did not remain engaged through all repetitions. On the 

other hand, the MRF behavior mirrors that explained in Section 4.2.4, where, for the M5 earthquake, FHF 

shows relatively constant values, but FHL depicts increase in value only after the first repetition; when the 

entire MRF HBE cross-section yields fully. For the M8 earthquake, the MRF response for FHL indicates 
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that, like that within the SPSW flexural hinge, the last fiber was not engaged for long. This behavior can 

also be observed from Figure 5-4. Then, parts a, b, c, and d of Figure 5-3 show variations in the yield 

bracket duration as a function of the length of earthquake loading for the steel infill plate, based on the first 

and last strips to undergo plasticity for both. Here, AHL and AHF display behavior of “first axial hinge to 

undergo yielding” and “last axial hinge to undergo yielding” respectively. As for the case of flexural hinges, 

the purpose of these figures is to help assess the contribution of the steel plate towards seismic response 

from a standpoint of duration of yielding, however, it was observed that the geometric position of the strip 

within the archetype was also influential to initiation and continuation of yielding behavior. The first strip 

to yield did not necessarily continue to remain engaged throughout the earthquake loading, as can be seen 

in the case of the M8 earthquake repetitions, where the first strip to yield appears to show zero values for 

AHF for the fourth and fifth repetition. Upon detailed investigation, and by plotting Figure 5-4, it was 

evident that this happened because of the change in direction of drift response for the SPSW system, and 

does not indicate that the steel plate is no longer responding. Since AHF and ALF are not entirely 

representative of plastic yield behavior of the steel plate, these plots were henceforth not considered. 

 

It is important once again to note that these results consider material models with infinite yield plateaus. In 

actual materials, significant strain hardening would develop in the boundary elements, but strength 

degradation would eventually develop at large drift, and the drift magnitude would undoubtedly also have 

direct implications towards the effectiveness of the structural system in resisting earthquake excitation; 

however, even though both these effects have not been considered here, the results presented here are 

significant in explaining why SPSWs are effective in resisting long-duration earthquakes in spite of the 

tension-only behavior of their infill plates. 

  

a) b) 

Figure 5-1 %age residual drift for MRF1 and SPSW1 w.r.t. increasing repetitions for a) M5, and 

b) M8 moment magnitude 
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a) b) 

 
 

c) d) 

Figure 5-2 Dependency of Yield bracket duration on length of loading for MRF1 and SPSW1 for  

a) M5 – FHF, b) M5–FHL, c) M8 – FHF, and d) M8 –FHL 
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a) b) 

 
 

c) d) 

Figure 5-3 Dependency of Yield bracket duration on length of loading for SPSW1 strips for  

a) M5 – AHF, b) M5– AHL, c) M8 – AHF, and d) M8 – AHL 
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c) 

Figure 5-4 M8+8+8+8+8+8, R=7, ζ=2%; Yield Behavior for  

a) SPSW Axial Hinges b) SPSW Flexural Hinges, and c) MRF Flexural Hinges 
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5.3 Sensitivity to Damping Ratio 

For R = 7, the SPSW1 archetype was analyzed twice with values of damping ratio, ζ taken as 2% and 5% 

that of critical damping for the input time history of moment magnitude of M5.The values of residual drift 

for each successive earthquake response were noted and plotted following the method used in Section 5.2. 

Figure 5-5 plots the increase in residual drift at each consecutive earthquake for both values of damping 

considered. As can be seen, values of percentage residual drift for ζ = 5% are lesser compared to those 

obtained for ζ = 2%. 

 

When comparing the dependency of the yield bracket duration on values of damping ratio for both the MRF 

and SPSW archetypes considered, it was observed from Figure 5-6 that the SPSW flexural hinge initiated 

yielding earlier than the MRF for ζ = 5%, which contradicts with the delays observed in beginning of 

plasticity for the SPSW boundary frame for ζ = 2%, relative to the MRF, as mentioned in Section 4.2.4. It 

is also worth noting that for ζ = 5%, there was lesser difference in values of the ratio DYB_FHF/DN for the 

SPSW and MRF archetypes, whereas DYB_FHL/DN showed that the last fiber for the SPSW flexural hinge 

was not engaged after the fourth earthquake, and that of the MRF was not engaged at all. This is owing to 

the limited participation of the now more damped boundary frame, and the reduced engagement of the steel 

web panel. Figure 5-7 further elaborates this observation, where the “yield bars” plotted for ζ = 2% show 

more engagement of the plate in contrast with those plotted for ζ = 5%.  

 

 

  
a) b) 

Figure 5-5 %age residual drift for MRF1 and SPSW1 w.r.t. increasing repetitions for  

M5 moment magnitude for a) ζ = 2%, and b) ζ = 5% 
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a) b) 

  
c) d) 

Figure 5-6 Dependency of Yield bracket duration for MRF1 and SPSW1 on value of damping ratio of  

a) 2% – FHF, b) 2% – FHL, c) 5% – FHF, and d) 5% – FHL 
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a) 

 
b)  

Figure 5-7 Axial Hinges Yield Behavior for SPSW1, R = 7, M5+5+5+5+5+5, for a) ζ=2%, and b) ζ=5% 
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5.4 Sensitivity to Aspect Ratio 

In practice, SPSW systems are designed in a multitude of configurations. Archetypes with panel aspect 

ratio values of 1.0 and 2.0, namely SPSW1 and SPSW2, were considered for the purpose here in order to 

understand the relationship between seismic behavior of the system and the dimensions of the steel web 

panel. As previously described, response data from analyses conducted in Section 4 was used to plot trends 

observed in the accumulation of residual drift. Here, 2% damping was considered for the analysis. Both the 

SPSW and MRF archetypes were designed for value of R = 7. 

 

The SPSW2 response showed a different disposition in contrast to the SPSW1. Comparing Figure 5-8 with 

Figure 5-1, it was noticed that the SPSW2 showed slightly higher accumulation of residual drift relative to 

SPSW1. However, this behavior was reverse for the MRF archetypes, where relatively lesser values of 

addition to residual drift were observed for MRF2 as compared to MRF1. From Figure 5-9 it can be 

observed that for the M5 earthquake, the first fiber to yield for the SPSW was engaged for lesser duration 

as compared to that for the MRF. This was not so for the case of 1:1 aspect ratio, where there was a steep 

increase in residual drift. For M8, the first fibers for both the archetypes follow closely similar trends for 

both dimensions. 

 

Figure 5-10 depicts the yield behavior of axial hinges in the SPSW2 model for M5 and M8 earthquakes.  

Comparing Figure 4-11 with Figure 5-10 shows that the larger width of the SPSW2 lessens the demands 

for the HBE from the wider steel plate, enabling lesser end moments for the HBE sections, and therefore 

causing lesser engagement for the SPSW2 steel panel relative to SPSW1. 

 

  
a) b) 

Figure 5-8 %age residual drift for MRF2 and SPSW2 w.r.t. increasing repetitions for 

a) M5, and b) M8 
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a) b) 

  
c) d) 

Figure 5-9 Dependency of Yield bracket duration for MRF and SPSW (R =7) first fiber on value of aspect ratio of  

a) 1:1 for M5, b) 1:1 for M8, c) 2:1 for M5, and d) 2:1 for M8 

 
 
 
  

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

1 2 3 4 5 6

D
Y

B
_F

H
F/D

N

# of Repetitions

M5, 1:1

MRF
SPSW

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

1 2 3 4 5 6

D
Y

B
_F

H
F/D

N

# of Repetitions

M8, 1:1

MRF
SPSW

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1 2 3 4 5 6

D
Y

B
_F

H
F/D

N

# of Repetitions

M5, 2:1

MRF
SPSW

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

1 2 3 4 5 6
D

Y
B

_F
H

F/D
N

# of Repetitions

M8, 2:1

MRF
SPSW



 

 

63

 

 
a) 

 
b) 

Figure 5-10 Axial Hinge Yield Behavior for SPSW2, R=7, ζ=2% for  

a) M5+5+5+5+5+5 b) M8+8+8+8+8+8 
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5.5 Sensitivity to R factor 

Two values of the response modification factor, R, were considered for the design and analyses performed 

here as it allows to investigate how results change as a function of the ductility of the structure. Values of 

R factors considered in this study were equal to 5 and 7 for both the archetypes with aspect ratios of 1.0 

and 2.0. Similar to previous sections, here Figure 5-11 and Figure 5-12 present the percentage residual drift 

accumulations per earthquake repetition for a variety of configurations, where the former depicts behavior 

for SPSW1 and the latter for SPSW2.  

 

It can be seen that for decreasing values of R, the residual drift ratio generally decreased. For the case of 

SPSW1 with an R value of 5, the SPSW and the MRF showed minimal residual drift. Upon investigation 

of the displacement response, it was seen that for the case of M5 moment magnitude earthquake, both the 

MRF and SPSW follow closely similar paths. The steel web is excessively engaged for the first two 

earthquakes, after which both archetypes fall into a similar pattern of displacement. This is displayed in 

Figure 5-13 along with the yield behavior of the steel plate for SPSW1, R = 5.  

 

As shown in Figure 5-12, for the case of M8 earthquake for SPSW2, R = 5, it was not possible to extract 

results for all six repetitions of M8 earthquake for the MRF2 due to computational issues within the software, 

and therefore only results obtained for first four repetitions have been plotted These results are 

representative of the trend observed for the MRF2. Figure 5-14 shows displacement response of the SPSW2 

and MRF2, both for R along with yielding of the steel plate represented by the behavior of the axial hinges. 
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c) d) 
Figure 5-11  %age residual drift for MRF1 and SPSW1 w.r.t. increasing repetitions for 

a) R=7 M5 , b) R=7 M8, c) R=5 M5, and d) R=5 M8 

 

 

  
a) b) 

  
c) d) 

Figure 5-12  %age residual drift for MRF2 and SPSW2 w.r.t. increasing repetitions for  

M5 moment magnitude for a) R=7 M5, b) R=7 M8, c) R=5 M5, and d) R=5 M8 
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a) 

 
b) 

Figure 5-13 Axial Hinge Yield Behavior for SPSW1, R=5, ζ=2% for a) M5+5+5+5+5+5 b) M8+8+8+8+8+8 
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a) 

 
b) 

Figure 5-14 Axial Hinge Yield Behavior for SPSW2, R=5, ζ=2% for a) M5+5+5+5+5+5 b) M8+8+8+8+8+8 
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5.6 Sensitivity to Number of Stories  

Analysis of the three story model, namely SPSW3, designed using value of R = 7 and analyzed with ζ = 

2%, was also conducted in order to compare behavior under the considered prolonged earthquake durations. 

Trends observed for story drift are presented in Figure 5-15. As can be seen from the figure, for the M5 

earthquake repetitions, the MRF3 archetype does not seem to accumulate much residual drift relative to the 

SPSW3 structural system. When comparing the response histories of each floor for both the models, it can 

be seen from Figure 5-17 that even though the SPSW3 shows more percentage residual drift, the values of 

maximum residual drift per earthquake repetition are much less for the SPSW3 than those for the MRF3. 

The response oscillations presented in Figure 5-17a are representative of the MRF3 behaving like a single 

degree of freedom structure. Also, the MRF3 does not appear to damp out quickly. Here, SPSW3_1, 

SPSW3_2, and SPSW3_3 represent the response histories for the first, second, and top floor respectively; 

and the same notations are used for the MRF3.  

 

The trends observed for the three story model followed those for the single story, but with lesser values of 

residual drift. It should be noted that for the M8 earthquake repetitions, the MRF3 archetype faced 

computational challenges within the software, and was therefore not included in trends plotted here. 
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c) 

Figure 5-15 %age residual drift for MRF3 and SPSW3 for R =7, w.r.t. increasing M5 repetitions 

for a) First floor, b) Second floor, and c) Top floor 

 
 
 
 

  
a) b) 

 

c) 
Figure 5-16 %age residual drift for SPSW3 for R =7, w.r.t. increasing M8 repetitions for a) First 

floor, b) Second floor, and c) Top floor 
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a) 

 
b) 

Figure 5-17 Displacement response histories for all three stories for M5 repetitions for a) SPSW3, and b) MRF3 
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5.7 Sensitivity to Design Considerations  

While designing the SPSW1 archetype, corresponding to a bay 12ft wide by 12ft high, certain challenges 

were presented in finding a suitable design for the boundary frame members which would meet the criterion 

for shear checks required by the AISC 341. Base shears calculated from the Equivalent Lateral Load 

procedure from ASCE 7-10 Section 12.8 were used to calculate thickness of the steel plate web. The HBE 

and VBE sections were then designed in accordance with capacity design principles. Since relatively thick 

steel panels were required for shear resistance, the resulting HBE and VBE section sizes came out to be 

quite large. The high base shear loading on a singular web panel implied that all the diagonal tension field 

action from the steel panel imparted a high shear demand on the HBE. Also, the relatively smaller length 

of the HBE, Lcf  = 12ft, resulted in high shear demands due to the plastic moments developing at the HBE 

ends (i.e., V = 2Mp/Lcf) moments, making it difficult to satisfy code requirements for shear when using 

structural steel W-sections from the AISC database. 

 

Consider the case of SPSW1 archetype designed for R = 7. From capacity design, and considering 45 degree 

inclination of the tension field, the horizontal (ωh) and vertical (ωv) loads were determined as 4.4 kip/in 

each. Using the Lcf value previously calculated as 125.7 in, the flexural demand came out to be 17463⁡𝑘𝑖𝑝 −

𝑖𝑛 at each end. The HBE section was then initially selected as W30x116. In this case, 𝑀𝑝 = 𝐹𝑦 × 𝑍 = 50 ×

⁡378⁡ = ⁡18900⁡kip − in . The probable flexural strength was calculated as 𝑀𝑝𝑟 = 1.1 × 𝑅𝑦 ×𝑀𝑝 =

22869⁡𝑘𝑖𝑝 − 𝑖𝑛, for which 𝑉𝑢 =
2𝑀𝑝𝑟

𝐿𝑐𝑓
+

𝜔𝑣𝐿𝑐𝑓

2
= 334.6 + 382 = 717⁡𝑘𝑖𝑝𝑠. When comparing this value of 

shear force with the available capacity for this section, i.e. 528 kips, W30x116 was determined to be less 

than the required shear strength. It should be noted here that the value of 𝑀𝑝𝑟was taken considering 

plastification of the total depth of the section. 

 

In an attempt to reduce Vu, a simpler approach was taken by considering that only the flange provided 

flexural strength. Under this assumption in the next iteration, W30x173 was selected, for which the value 

of 𝑀𝑝𝑓𝑙𝑎𝑛𝑔𝑒 = 23513⁡𝑘𝑖𝑝 − 𝑖𝑛. Proceeding with all the relevant steps under capacity design, the value of 

the shear demand for the HBE web was estimated as 𝑉𝑢 =
2𝑀𝑝𝑓𝑙𝑎𝑛𝑔𝑒

𝐿𝑐𝑓
+

𝜔𝑣

𝐿𝑐𝑓
= 374 + 276 = 650⁡𝑘𝑖𝑝𝑠. Yet, 

the available shear strength, 𝑉𝑛 = Aw × 0.6 × Fy = 550⁡kipsstill did not satisfy the above mentioned 

requirements, necessitating another iteration. 

 

Then, W36x194 was selected for the subsequent iteration. For this section, 𝑀𝑝𝑓𝑙𝑎𝑛𝑔𝑒 = 26450⁡𝑘𝑖𝑝 − 𝑖𝑛, 

which resulted in excessive values of Vu once again. As an alternative step towards reduction in Vu, the code 
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prescribed method was attempted by considering the axial force interaction for the calculation of the 

reduced probable moment, 𝑀𝑝𝑟 = 1.1 × 𝑅𝑦 × 𝐹𝑦 × (1 − 0.5 (
𝑃𝐻𝐵𝐸

𝑃𝑦
)) = 42225⁡𝑘𝑖𝑝 − 𝑖𝑛, where the axial 

reduction factor between parentheses resulted as 0.91. However, it was not possible to obtain compliance 

with the shear demands with this consideration. Reduced Beam Sections (RBS) were also introduced in an 

attempt to meet shear requirements. For the case of W36x194, the value of 𝑀𝑝𝑓𝑙𝑎𝑛𝑔𝑒 = 26457⁡𝑘𝑖𝑝 − 𝑖𝑛. 

Incorporating an RBS section here implied that 𝑀𝑝𝑟𝑅𝐵𝑆 = 50%×𝑀𝑝 = 13228⁡𝑘𝑖𝑝 − 𝑖𝑛. This value was 

less than the required demand of 17463⁡𝑘𝑖𝑝 − 𝑖𝑛 and was therefore not useful in this case. 

 

After evaluating every available compact section in the AISC database using spreadsheets developed for 

this purpose, it was clear that no section gave satisfactory results; this was attributed to the fact that the 

requirement for higher plastic moment capacity for HBE sections, led to high values of 𝑀𝑝𝑟, which in turn 

increased the values of Vu dramatically, resulting in noncompliance with AISC shear checks mentioned 

earlier. In the end, therefore, the HBE obtained in the original design (i.e., W30x116) was considered for 

analyses conducted for the purpose of studying effects of long duration earthquake motion, disregarding 

the code requirements for shear. 

 

Theoretically, an alternative approach that can be taken by considering the reductions in the probable plastic 

moment from combined shear and axial force, in order to reduce the shear demand. However certain 

challenges are present when modeling an analytical scheme for this method for cyclic loading in SAP2000, 

as the software cannot account for the combined axial and shear interaction. At any instance in time, the 

HBE web will have a particular value of shear stress, which will fluctuate corresponding to the fluctuations 

in the displacement response. For SAP2000 to consider any shear interaction, the HBE web within the 

flexural hinge would have to be assigned a value of axial stress, σw, that would change as a function of the 

applied shear stresses. Note that using a singular constant value of σw could be done for simplicity but would 

not be a truthful representation of the actual behavior through the entire earthquake 

 

In order to understand and compare trends and sensitivity of the SPSW system to shear and axial interaction, 

a trial analysis was conducted considering the shear contributions to the HBE web towards the moment 

resistance, considering a maximum value of σw calculated as 𝜎𝑤 = √(𝜎𝑦
2 − 3𝜏𝑤

2 ) = 30.7⁡𝑘𝑠𝑖, where 𝜏𝑤 =

𝑉𝑢

𝐴𝑤
= 22.7⁡𝑘𝑠𝑖. Figure 5-18 below presents observed trends in percentage residual drift for such a case, 

where there appears to be a reduction in drift accumulation relative to SPSW1 with full fiber hinge for 𝜎𝑦 =
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⁡50⁡ksi. The yield bracket duration for the first yielding fiber for both cases is presented in Figure 5-19. 

Here, FF_flange and FF_web stand for “first fiber for full section with σy” and “first fiber for web with σw” 

respectively. It can be seen that the HBE for the case of “full section with σy” is engaged for relatively 

longer durations. Comparing Figure 5-20 with Figure 4-11 gives a sense of the relative yield behavior of 

the axial strips for both cases. 

 

In a multistory SPSW, the previously encountered problem would have less influence, given the fact that 

the demand applied to the intermediate HBEs within the boundary frames is (for the capacity design part 

of the design) a function of the difference in thicknesses of the SPSW panels between any two floors in 

which the HBE is placed. Therefore, in a multistory SPSW, the only floor for which the HBE would have 

to resist the full yield capacity of a steel web panel would be the top-most level. This level, however, 

typically resists the least story shear in the structure, requiring relatively less thick panels in the SPSW 

design. 

  
Figure 5-18 %age residual drift for SPSW1 w.r.t. increasing M5 repetitions for  

a) Full section with σy, and b) Web with σw 

 

Figure 5-19 Dependency of Yield bracket for SPSW1 with shear interaction on duration 
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Figure 5-20 Axial Hinge Yield Behavior for R=7, ζ=2%, SPSW1 with HBE web with σw, for M5+5+5+5+5+5 
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5.8 Summary 

 When comparing drift response with respect to increasing earthquake duration, the SPSW showed 

less addition to residual drift as compared to the MRF. For the SPSW boundary frame, despite 

delays observed in initiation of plasticity due to the presence of the steel plate, the entire HBE 

section was engaged and fully yielded sooner than the MRF section. 

 It was seen that increasing values of damping ratio resulted in lesser participation from the more 

damped boundary frame. Engagement of the steel plate was reduced in such a case. For higher 

aspect ratios, the residual drift ratios were observed to slightly increase for the SPSW system, 

whereas these depicted a decreasing tendency with decreasing values of the R factor. 

 Multi-story SPSW showed lesser residual drifts as compared to the single story wall.  

 For the single story SPSW, challenges in design were met owing to the relatively small length of 

HBE creating higher end moments, leading to requirement for high values of 𝑀𝑝𝑟, which in turn 

increased the values of Vu. The resulting value of the applied shear was less than the available shear 

strength of any of the sections present in the AISC database. Considering a simpler, and 

instantaneous approach toward incorporating combined axial and shear effects on the HBE, a 

section with axial stress within the web was analyzed. For this section, the residual drift values 

came out to be lower than that analyzed previously.  
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SECTION 6  

CONCLUSIONS 

 
Using data from analyses performed for the array of considered parameters, it was possible to plot trends 

in sensitivity of response for various configurations of SPSWs as a function of increasing duration of 

seismic loading, and to provide some comparison of how some of the factors considered interact with others 

to affect this response.  It was demonstrated that, even as drifts progressively increase, a SPSW never seem 

to reach a point where it truly behaves as a simple moment resisting frame. The steel plate restricts the 

boundary frame from drifting freely, limiting plastic residual accumulations. In other words, in all cases 

considered, the steel plate web within the SPSW continued to contribute to the strength and stability of the 

system even after long duration of strong ground motion. The presence of this steel plate was observed to 

also delay the instigation of yielding of the boundary frame. 

 

In addition, it was observed that the HBE members accounted for a significant part of the system’s energy 

dissipation, even when the steel plate yielded beyond past its preceding maximum elongation. This 

illustrates that the presence of a substantial boundary frame members is important to achieving appropriate 

performance of the SPSW structural system as a whole, when subjected to earthquake loading (here, for the 

satisfactory responses observed, the boundary frames were sized to meet the AISC-341-16 requirements). 

 

It was found that the effects of increasing earthquake duration for the SPSW were not as detrimental as for 

the bare frame. A direct measure of the influence of duration was the residual drift that accumulated from 

prolonged seismic loading. For a rectangular SPSW, slightly higher drifts were observed to accumulate for 

higher panel aspect ratios as the earthquake progressively increased in duration. The converse was true for 

the bare frame. With trends observed for the relationship between earthquake duration and R value, it was 

found that with respect to the increasing duration of seismic loading, the residual displacements responded 

correspondingly to changes in R, increasing and decreasing accordingly with the increasing or decreasing 

values of R. For the multi-story SPSW case considered, the trends were the same but results showed lesser 

residual drifts when compared to those obtained for the single story wall. 

 

Note that the above findings were obtained for infinitely ductile SPSWs having elasto-plastic material 

properties, as a first step to determine if the infill of SPSW could fundamentally ever cease to become 

engaged during seismic response as earthquake duration increases.  Considering the fact that this research 

did not take into consideration the impact of all other limit states of strain hardening, strength degradation, 

and P-delta effects, for sake of identifying behavior and response on the basis of idealized ductile behavior 
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alone, as mentioned early on in the report, further research is necessary to develop a better understanding 

of the consequences of these on the behavior of SPSW during long duration earthquakes.  
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 APPENDIX A

 Design   of 1:1 SPSW Using ASCE 7-10 Equivalent Lateral Force Procedure,  R  = 7

Location: San Francisco Downtown

 Seismic Design Data:

USGS Provided Output (in g units):

SS 1.50:=

S1 0.649:=

SDS 1.0:=

SD1 0.432:=

SMS 1.50:=

SM1 0.649:=

From ASCE 7-10 Table 12.2-1 

R 7:=

I 1.0:=

Cd 6:=

Ωo 2:=

 Equivalent Lateral Force Procedure – ASCE 7-10 Section 12.8

Seismic Base Shear, V

Cs
SDS

R
I







0.143=:=

W 1500kip:=

V Cs W⋅ 214.29 kip⋅=:=



Plate Data:

Assumed angle of tension stress

α 45deg:=

Fy 36ksi:=

Ry 1.3:=

L 12ft:=

H 12ft:=

L_cf for a start assumed as 12” less than centerline distance between columns 

Lcf L 12in− 11 ft=:=

ϕ 0.9:=

tw
V

ϕ 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅
0.119 in⋅=:=

tw
0 1 2 3

0
1

Thickness (in)" 0.188 0.25 0.313
"ϕV_n(kips)" 336.8 449.1 561.3

:=

Taking plate thickness as

tw 0.1875in:=

For Boundary Elements

Fyy 50ksi:=

Ryy 1.1:=

Modulus of Elasticity

E 29000ksi:=



HBE Data

Trial Section HBE: W30x116

cross-sectional area of
HBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twb 0.565in:=
Lpb 7.74ft:=Ab 34.2in2:= Inertia of HBE

depth of HBE Lrb 22.6ft:=Ib 4930in4:=
db 30in:=

Modulus of Plasticity Mpxb 1420kip ft⋅:=
flange width

Zxb 378in3:= Mrxb 864kip ft⋅:=
bfb 10.5in:=

Radii of Gyration
Cbb 1.14:=flange thickness ryb 2.19in:=

tfb 0.85in:= rxb 12.0in:=

VBE Data

Trial Section VBE: W14x398

cross-sectional area of
VBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twc 1.77in:=

Ac 117in2:= Lpc 15.2ft:=
Inertia of VBE

Lrc 158ft:=
depth of VBE

Ic 6000in4:=dc 18.3in:= Mpxc 3000kip ft⋅:=

Modulus of Plasticityflange width Mrxc 1720kip ft⋅:=

bfc 16.6in:= Zxc 801in3:=
Cbc 1.14:=

flange thickness Radii of Gyration

tfc 2.85in:= ryc 4.31in:=

rxc 7.16in:=



 Rechecking angle of tension stress

α tan α1( )4
1

tw L⋅

2 Ac⋅
+

1 tw H⋅
1

Ab

H3

360Ic L⋅
+







⋅+

= solve

atan
0.668740304976422024 in⋅ 4.807692307692(⋅

1.5e18 ft3⋅ 6.5789473684210526316e+(








atan
0.668740304976422024i in 4.80769230769(⋅⋅

1.5e18 ft3⋅ 6.5789473684210526316e+(

−








atan
0.668740304976422024i in 4.80769230769(⋅⋅

1.5e18 ft3⋅ 6.5789473684210526316e+(








1.0− atan
0.668740304976422024 in⋅ 4.807692307(⋅

1.5e18 ft3⋅ 6.578947368421052631+(








⋅



























→:=

α

40.662

73.882i−

73.882i

40.662−











deg⋅=

α α0 40.662 deg⋅=:=



Calculating horizontal and vertical component of loads from plate web considering full yielding

wyb Ry Fy⋅ tw⋅ cos α( )2⋅ 5.049
kip
in

⋅=:=

wxb
1
2

Ry⋅ Fy⋅ tw⋅ sin 2α( )⋅ 4.337
kip
in

⋅=:=

wyc
1
2

Ry⋅ Fy⋅ tw⋅ sin 2 α⋅( )⋅ 4.337
kip
in

⋅=:=

wxc Ry Fy⋅ tw⋅ sin α( )2⋅ 3.726
kip
in

⋅=:=

Design of HBE

Design Moment

Lcf L dc− 125.7 in⋅=:=

Mu wyb
Lcf

2

4
⋅ 1.995 104× kip in⋅⋅=:=



Axial Force in HBE:

distance between HBE centerlines

h 12ft:=

hc h
1
2

db⋅− 10.75 ft=:=

PHBEvbe
1
2

Ry⋅ Fy⋅ sin α( )2⋅ tw⋅ hc⋅ 240.307 kip⋅=:=

PHBEweb Ry Fy⋅ tw⋅ Lcf⋅ sin α( )2⋅ 468.32 kip⋅=:=

PHBEL PHBEvbe
1
2

PHBEweb+ 474.467 kip⋅=:=

PHBER PHBEvbe
1
2

PHBEweb− 6.147 kip⋅=:=

Pu max PHBEL PHBER, ( ) 474.467 kip⋅=:=

AISC 341-16 Table D1.1

Py Ab Ryy⋅ Fyy⋅ 1.881 103× kip⋅=:=

Shear Force in HBE:

VuWebL
wyb Lcf⋅ wxb db⋅+

2
382.408 kip⋅=:=

VuWebR
wyb Lcf⋅ wxb db⋅−

2
252.289 kip⋅=:=

VuWeb max VuWebR VuWebL, ( ) 382.408 kip⋅=:=

Vg 0kip:=



Reduced Probable flexural strength

Left side

Mpr_reduced_L 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBEL

Py
⋅−









⋅
PHBEL

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBEL

Py
−









⋅ otherwise

1.924 104× kip in⋅⋅=:=

Right side

Mpr_reduced_R 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBER

Py
⋅−









⋅
PHBER

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBER

Py
−









⋅ otherwise

2.283 104× kip in⋅⋅=:=

VuHBE
Mpr_reduced_L Mpr_reduced_L+( )

Lcf
306.094 kip⋅=:=

VHBE VuWeb Vg+ VuHBE+ 688.503 kip⋅=:=

Checks: 

 1. Check Shear Strength

shearcheck1 "ϕv=1"
db 2 tfb⋅−

twb
2.24

E
Ryy Fyy⋅

⋅<if

"no" otherwise

"ϕv=1"=:=

Aw db 2 tfb⋅−( ) twb⋅ 15.989 in2⋅=:=

φVnb 1.0 0.6⋅ Ryy⋅ Fyy⋅ Aw⋅ 527.653 kip⋅=:=

Vu VHBE 688.503 kip⋅=:=

φVnb 527.653 kip⋅=

shearcheck2 "Ok" φVnb Vu>if

"No" otherwise

"No"=:=



 2. Check Compactness

flange "Ok"
bfb

2 tfb⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

bfb
2 tfb⋅

6.176=

Flange is compact

Ca
Pu

0.9 Py⋅
0.28=:=

web "Ok"
db 2 tfb⋅−

twb
0.88

E
Fyy

⋅ 2.68 Ca−( )⋅<if

"No " otherwise

"Ok"=:=

web "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No " otherwise

"Ok"=:=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 48.49=

db 2 tfb⋅−

twb
50.09=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact



 3. Check Combined Compression and Flexure

K 1:=

axisbuckling "Major axis buckling controls"
K L⋅
rxb

K L⋅
ryb

>if

"Minor axis buckling controls" otherwise

"Minor axis buckling controls"=:=

K L⋅
rxb

12=

K L⋅
ryb

65.75=

slenderness
K L⋅
ryb

axisbuckling "Minor axis buckling controls"=if

K L⋅
rxb

otherwise

65.753=:=

Fe
π

2 E⋅

slenderness( )2
66.2 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32 "Use E3-2"
π

2 E⋅

slenderness( )2
0.44 Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360 Equation E3-2

Fcr 0.658

Ryy Fyy⋅

Fe Ryy⋅ Fyy⋅ 38.846 ksi⋅=:=

φPnb 0.9 Fcr⋅ Ab⋅ 1.196 103× kip⋅=:=

Pc φPnb:=

Pr Pu:=

Lpb 7.74 ft⋅=

Lb L 12 ft=:=

Mpxb 1.704 104× kip in⋅⋅=



φMnb Mpxb Mpxb Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅<if

Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅ otherwise

1.704 104× kip in⋅⋅=:=

Pr
Pc

0.397=

CombinedCheckEq "Use Equation H1-1a"
Pr
Pc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

AISC 360-10 Equation H1-1a

CombinedCheck "Ok" 1
Pr
Pc

8
9

Mrxb
φMnb









+>if

"No" otherwise

"Ok"=:=

 4. Check moment of inertia

Irequired
0.003 tw⋅ L4⋅

h
1.68 103× in4⋅=:=

Ib 4.93 103× in4⋅=

InertiaCheck "Ok" Ib Irequired>if

"No" otherwise

"Ok"=:=

 5. Check Web thickness

twb 0.565 in⋅=

tw Ry⋅ Fy⋅

Fyy
0.176 in⋅=

WebCheck "Ok" twb
tw Ry⋅ Fy⋅

Fyy
>if

"No" otherwise

"Ok"=:=



Design of VBE

(there are no adjoining beams) 

Mpradj 0:=

Mprc 1.1 Ryy⋅ Fyy⋅ Zxc⋅ 4.846 104× kip in⋅⋅=:=

Lh H db− 114 in⋅=:=

 Resulting compressive force

Emcomp
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
+









+ 2
Mpradj

Lh
⋅









− 1.183 103× kip⋅=:=

Pgravity 0kip:=

Puc Emcomp Pgravity+ 1.183 103× kip⋅=:=

Lc h:=

 Resulting tension force

Emtens
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
−









+ 2
Mpradj

Lh
⋅









− 548.257 kip⋅=:=

 Flexure from web tension

MVBEweb wxc
hc

2





12
⋅ 5.167 103× kip in⋅⋅=:=

 Flexure from VBE compression

Mpr max Mpr_reduced_L Mpr_reduced_R, ( ) 2.283 104× kip in⋅⋅=:=

Mpb
Mpr

1.1 Ryy⋅
Vu

1
2

db dc+( )⋅





⋅+ 3.55 104× kip in⋅⋅=:=

MVBEhbe
1
2

Mpb⋅ 1.775 104× kip in⋅⋅=:=

Muc MVBEweb MVBEhbe+ 2.291 104× kip in⋅⋅=:=



Moment magnification

Pec
π

2 E⋅ Ic⋅

K Lc⋅( )2
8.282 104× kip⋅=:=

Cm 1.0:=

B1c
Cm

1
Puc
Pec

−

1.014=:=

Prc Puc 1.183 103× kip⋅=:=

Mrc B1c Muc⋅ 2.325 104× kip in⋅⋅=:=

Shear in the VBE is the sum of the effect of web tension and the portion of shear not resisted
by the web plate

 Shear from web plate

VVBEweb
1
2

Ry⋅ Fy⋅ sin α( )⋅ tw⋅ hc⋅ 368.797 kip⋅=:=

 Shear from HBE Hinging

Mpc MVBEhbe Muc+:=

VVBEhbe
1
2

Mpc
hc









⋅ 157.609 kip⋅=:=

 Shear from horizontal element

Vuc VVBEweb VVBEhbe+ 526.405 kip⋅=:=

Design Checks 

 1. Check Compactness

AISC 341-16 Table D1.1

flangec "Ok"
bfc

2 tfc⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

bfc
2 tfc⋅

2.912=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

Flange is compact



Cac
Puc

0.9 Fyy⋅ Ryy⋅ Ac⋅
0.204=:=

webc "Ok"
dc 2 tfc⋅−

twc
0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅<if

"No" otherwise

"Ok"=:=

webc "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No" otherwise

"Ok"=:=

dc 2 tfc⋅−

twc
7.119=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 50.027=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact

 2. Check Shear Strength

φcheck "ϕ=1"
dc 2 tfc⋅−

twc
2.24

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"ϕ=1"=:=

φvc 1:=

φVnc φvc 0.6⋅ Ryy⋅ Fyy⋅ dc 2 tfc⋅−( )⋅ twc⋅ 735.966 kip⋅=:=

Vuc 526.405 kip⋅=

shear "Ok" Vuc φVnc<if

"No" otherwise

"Ok"=:=



 3. Check Combined Compression and Flexure

slendernessc
K L⋅
ryc

:=

Fec
π

2 E⋅

slendernessc
2

:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32c "Use E3-2"
π

2 E⋅

slendernessc( )2
0.44 Ryy⋅ Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360-10 Equation E3-2

Fcrc 0.658

Ryy Fyy⋅

Fec Ryy⋅ Fyy⋅ 50.277 ksi⋅=:=

φPnc 0.9 Fcrc⋅ Ac⋅ 5.294 103× kip⋅=:=

Pcc φPnc:=

Lbc hc 10.75 ft⋅=:=

Lpc 15.2 ft⋅=

there is no lateral torsional buckling

Mc 0.9 Ryy⋅ Fyy⋅ Zxc⋅ 3.965 104× kip in⋅⋅=:=

Mrc
Mc

0.586=

Prc
Pcc

0.223=

CombinedCheckEqc "Use Equation H1-1a"
Prc
Pcc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Eq H1-1a

CombinedCheckc "Ok" 1
Prc
Pcc

8
9

Mrc
Mc









+>if

"No" otherwise

"Ok"=:=



 Design   of 1:1 SPSW Using ASCE 7-10 Equivalent Lateral Force Procedure -  R  = 5

Location: San Francisco Downtown

 Seismic Design Data:

USGS Provided Output (in g units):

SS 1.50:=

S1 0.649:=

SDS 1.0:=

SD1 0.432:=

SMS 1.50:=

SM1 0.649:=

From ASCE 7-10 Table 12.2-1 

R 5:=

I 1.0:=

Cd 6:=

Ωo 2:=

 Equivalent Lateral Force Procedure – ASCE 7-10 Section 12.8

Seismic Base Shear, V

Cs
SDS

R
I







0.2=:=

W 2000kip:=

V Cs W⋅ 400 kip⋅=:=



Plate Data:

Assumed angle of tension stress

α 45deg:=

Fy 36ksi:=

Ry 1.3:=

L 12ft:=

H 12ft:=

L_cf for a start assumed as 12” less than centerline distance between columns 

Lcf L 12in− 11 ft=:=

ϕ 0.9:=

tw
V

ϕ 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅
0.223 in⋅=:=

tw
0 1 2 3 4

0
1

Thickness (in)" 0.125 0.188 0.25 0.313
"ϕV_n(kips)" 224.5 336.8 449.1 561.3

:=

Taking plate thickness as

tw 0.25in:=

For Boundary Elements

Fyy 50ksi:=

Ryy 1.1:=

Modulus of Elasticity

E 29000ksi:=



HBE Data

Trial Section HBE: W40x327

cross-sectional area of
HBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twb 1.18in:=
Lpb 9.11ft:=Ab 96in2:= Inertia of HBE

depth of HBE Lrb 33.6ft:=Ib 24500in4:=
db 40.8in:=

Modulus of Plasticity Mpxb 5290kip ft⋅:=
flange width

Zxb 1410in3:= Mrxb 3150kip ft⋅:=
bfb 12.1in:=

Radii of Gyration
Cbb 1.14:=flange thickness ryb 2.58in:=

tfb 2.13in:= rxb 16.0in:=

VBE Data

Trial Section VBE: W40x593

cross-sectional area of
VBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twc 1.79in:=

Ac 174in2:= Lpc 13.4ft:=
Inertia of VBE

Lrc 63.8ft:=
depth of VBE

Ic 50400in4:=dc 43in:= Mpxc 10400kip ft⋅:=

Modulus of Plasticityflange width Mrxc 6140kip ft⋅:=

bfc 16.7in:= Zxc 2760in3:=
Cbc 1.14:=

flange thickness Radii of Gyration

tfc 3.23in:= ryc 3.80in:=

rxc 17.0in:=



 Rechecking angle of tension stress

α tan α1( )4
1

tw L⋅

2 Ac⋅
+

1 tw H⋅
1

Ab

H3

360Ic L⋅
+







⋅+

= solve

atan
0.000053835632709552951949 in⋅ 8.620689(⋅

2.0 ft3⋅ 2625.0 ft⋅ in2⋅+ +(








atan
0.000053835632709552951949i in 8.62068(⋅⋅

2.0 ft3⋅ 2625.0 ft⋅ in2⋅+(

−








atan
0.000053835632709552951949i in 8.62068(⋅⋅

2.0 ft3⋅ 2625.0 ft⋅ in2⋅+ +(








1.0− atan
0.000053835632709552951949 in⋅ 8.620(⋅

2.0 ft3⋅ 2625.0 ft⋅ in⋅+(








⋅



























→:=

α

43.214

99.353i−

99.353i

43.214−











deg⋅=

α α0 43.214 deg⋅=:=



Calculating horizontal and vertical component of loads from plate web considering full yielding

wyb Ry Fy⋅ tw⋅ cos α( )2⋅ 6.214
kip
in

⋅=:=

wxb
1
2

Ry⋅ Fy⋅ tw⋅ sin 2α( )⋅ 5.839
kip
in

⋅=:=

wyc
1
2

Ry⋅ Fy⋅ tw⋅ sin 2 α⋅( )⋅ 5.839
kip
in

⋅=:=

wxc Ry Fy⋅ tw⋅ sin α( )2⋅ 5.486
kip
in

⋅=:=

Design of HBE

Design Moment

Lcf L dc− 101 in⋅=:=

Mu wyb
Lcf

2

4
⋅ 1.585 104× kip in⋅⋅=:=

Preliminiary Sizing of HBE:

h0b db tfb− 38.67 in⋅=:=

Afb bfb tfb⋅
Mu

0.9 h0b⋅ Fyy⋅
bfb tfb⋅<if

"Resize" otherwise

25.773 in2⋅=:=

Preliminiary HBE Size OK



Axial Force in HBE:

distance between HBE centerlines

h 12ft:=

hc h
1
2

db⋅− 10.3 ft=:=

PHBEvbe
1
2

Ry⋅ Fy⋅ sin α( )2⋅ tw⋅ hc⋅ 339.009 kip⋅=:=

PHBEweb Ry Fy⋅ tw⋅ Lcf⋅ sin α( )2⋅ 554.044 kip⋅=:=

PHBEL PHBEvbe
1
2

PHBEweb+ 616.031 kip⋅=:=

PHBER PHBEvbe
1
2

PHBEweb− 61.987 kip⋅=:=

Pu max PHBEL PHBER, ( ) 616.031 kip⋅=:=

AISC 341-16 Table D1.1

Py Ab Ryy⋅ Fyy⋅ 5.28 103× kip⋅=:=

Shear Force in HBE:

VuWebL
wyb Lcf⋅ wxb db⋅+

2
432.936 kip⋅=:=

VuWebR
wyb Lcf⋅ wxb db⋅−

2
194.72 kip⋅=:=

VuWeb max VuWebR VuWebL, ( ) 432.936 kip⋅=:=

Vg 0kip:=



Reduced Probable flexural strength

Left side

Mpr_reduced_L 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBEL

Py
⋅−









⋅
PHBEL

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBEL

Py
−









⋅ otherwise

8.033 104× kip in⋅⋅=:=

Right side

Mpr_reduced_R 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBER

Py
⋅−









⋅
PHBER

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBER

Py
−









⋅ otherwise

8.48 104× kip in⋅⋅=:=

VuHBE
Mpr_reduced_L Mpr_reduced_L+( )

Lcf
1.591 103× kip⋅=:=

VHBE VuWeb Vg+ VuHBE+ 2.024 103× kip⋅=:=

Checks: 

 1. Check Shear Strength

shearcheck1 "ϕv=1"
db 2 tfb⋅−

twb
2.24

E
Ryy Fyy⋅

⋅<if

"no" otherwise

"ϕv=1"=:=

Aw db 2 tfb⋅−( ) twb⋅ 43.117 in2⋅=:=

φVnb 1.0 0.6⋅ Ryy⋅ Fyy⋅ Aw⋅ 1.423 103× kip⋅=:=

Vu VHBE 2.024 103× kip⋅=:=

φVnb 1.423 103× kip⋅=

shearcheck2 "Ok" φVnb Vu>if

"No" otherwise

"No"=:=



 2. Check Compactness

flange "Ok"
bfb

2 tfb⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

bfb
2 tfb⋅

2.84=

Flange is compact

Ca
Pu

0.9 Py⋅
0.13=:=

web "Ok"
db 2 tfb⋅−

twb
0.88

E
Fyy

⋅ 2.68 Ca−( )⋅<if

"No " otherwise

"Ok"=:=

web "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No " otherwise

"Ok"=:=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 51.54=

db 2 tfb⋅−

twb
30.97=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact



 3. Check Combined Compression and Flexure

K 1:=

axisbuckling "Major axis buckling controls"
K L⋅
rxb

K L⋅
ryb

>if

"Minor axis buckling controls" otherwise

"Minor axis buckling controls"=:=

K L⋅
rxb

9=

K L⋅
ryb

55.81=

slenderness
K L⋅
ryb

axisbuckling "Minor axis buckling controls"=if

K L⋅
rxb

otherwise

55.814=:=

Fe
π

2 E⋅

slenderness( )2
91.878 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32 "Use E3-2"
π

2 E⋅

slenderness( )2
0.44 Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360 Equation E3-2

Fcr 0.658

Ryy Fyy⋅

Fe Ryy⋅ Fyy⋅ 42.81 ksi⋅=:=

φPnb 0.9 Fcr⋅ Ab⋅ 3.699 103× kip⋅=:=

Pc φPnb:=

Pr Pu:=

Lpb 9.11 ft⋅=

Lb L 12 ft=:=

Mpxb 6.348 104× kip in⋅⋅=



φMnb Mpxb Mpxb Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅<if

Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅ otherwise

6.348 104× kip in⋅⋅=:=

Pr
Pc

0.167=

CombinedCheckEq "Use Equation H1-1a"
Pr
Pc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1b"=:=

AISC 360-10 Equation H1-1b

CombinedCheck "Ok" 1
Pr

2Pc

Mrxb
φMnb









+>if

"No" otherwise

"Ok"=:=

 4. Check moment of inertia

Irequired
0.003 tw⋅ L4⋅

h
2.239 103× in4⋅=:=

Ib 2.45 104× in4⋅=

InertiaCheck "Ok" Ib Irequired>if

"No" otherwise

"Ok"=:=

 5. Check Web thickness

twb 1.18 in⋅=

tw Ry⋅ Fy⋅

Fyy
0.234 in⋅=

WebCheck "Ok" twb
tw Ry⋅ Fy⋅

Fyy
>if

"No" otherwise

"Ok"=:=



Design of VBE

(there are no adjoining beams) 

Mpradj 0:=

Mprc 1.1 Ryy⋅ Fyy⋅ Zxc⋅ 1.67 105× kip in⋅⋅=:=

Lh H db− 103.2 in⋅=:=

 Resulting compressive force

Emcomp
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
+









+ 2
Mpradj

Lh
⋅









− 2.626 103× kip⋅=:=

Pgravity 0kip:=

Puc Emcomp Pgravity+ 2.626 103× kip⋅=:=

Lc h:=

 Resulting tension force

Emtens
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
−









+ 2
Mpradj

Lh
⋅









− 1.998 103× kip⋅=:=

 Flexure from web tension

MVBEweb wxc
hc

2





12
⋅ 6.984 103× kip in⋅⋅=:=

 Flexure from VBE compression

Mpr max Mpr_reduced_L Mpr_reduced_R, ( ) 8.48 104× kip in⋅⋅=:=

Mpb
Mpr

1.1 Ryy⋅
Vu

1
2

db dc+( )⋅





⋅+ 1.549 105× kip in⋅⋅=:=

MVBEhbe
1
2

Mpb⋅ 7.744 104× kip in⋅⋅=:=

Muc MVBEweb MVBEhbe+ 8.442 104× kip in⋅⋅=:=



Moment magnification

Pec
π

2 E⋅ Ic⋅

K Lc⋅( )2
6.957 105× kip⋅=:=

Cm 1.0:=

B1c
Cm

1
Puc
Pec

−

1.004=:=

Prc Puc 2.626 103× kip⋅=:=

Mrc B1c Muc⋅ 8.474 104× kip in⋅⋅=:=

Shear in the VBE is the sum of the effect of web tension and the portion of shear not resisted
by the web plate

 Shear from web plate

VVBEweb
1
2

Ry⋅ Fy⋅ sin α( )⋅ tw⋅ hc⋅ 495.1 kip⋅=:=

 Shear from HBE Hinging

Mpc MVBEhbe Muc+:=

VVBEhbe
1
2

Mpc
hc









⋅ 654.768 kip⋅=:=

 Shear from horizontal element

Vuc VVBEweb VVBEhbe+ 1.15 103× kip⋅=:=

Design Checks 

 1. Check Compactness

AISC 341-16 Table D1.1

flangec "Ok"
bfc

2 tfc⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

bfc
2 tfc⋅

2.585=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

Flange is compact



Cac
Puc

0.9 Fyy⋅ Ryy⋅ Ac⋅
0.305=:=

webc "Ok"
dc 2 tfc⋅−

twc
0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅<if

"No" otherwise

"Ok"=:=

webc "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No" otherwise

"Ok"=:=

dc 2 tfc⋅−

twc
20.413=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 47.993=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact

 2. Check Shear Strength

φcheck "ϕ=1"
dc 2 tfc⋅−

twc
2.24

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"ϕ=1"=:=

φvc 1:=

φVnc φvc 0.6⋅ Ryy⋅ Fyy⋅ dc 2 tfc⋅−( )⋅ twc⋅ 2.158 103× kip⋅=:=

Vuc 1.15 103× kip⋅=

shear "Ok" Vuc φVnc<if

"No" otherwise

"Ok"=:=



 3. Check Combined Compression and Flexure

slendernessc
K L⋅
ryc

:=

Fec
π

2 E⋅

slendernessc
2

:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32c "Use E3-2"
π

2 E⋅

slendernessc( )2
0.44 Ryy⋅ Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360-10 Equation E3-2

Fcrc 0.658

Ryy Fyy⋅

Fec Ryy⋅ Fyy⋅ 49.001 ksi⋅=:=

φPnc 0.9 Fcrc⋅ Ac⋅ 7.674 103× kip⋅=:=

Pcc φPnc:=

Lbc hc 10.3 ft⋅=:=

Lpc 13.4 ft⋅=

there is no lateral torsional buckling

Mc 0.9 Ryy⋅ Fyy⋅ Zxc⋅ 1.366 105× kip in⋅⋅=:=

Mrc
Mc

0.62=

Prc
Pcc

0.342=

CombinedCheckEqc "Use Equation H1-1a"
Prc
Pcc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Eq H1-1a

CombinedCheckc "Ok" 1
Prc
Pcc

8
9

Mrc
Mc









+>if

"No" otherwise

"Ok"=:=



 Design   of 2:1 SPSW Using ASCE 7-10 Equivalent Lateral Force Procedure,  R  = 7

Location: San Francisco Downtown

 Seismic Design Data:

USGS Provided Output (in g units):

SS 1.50:=

S1 0.649:=

SDS 1.0:=

SD1 0.432:=

SMS 1.50:=

SM1 0.649:=

From ASCE 7-10 Table 12.2-1 

R 7:=

I 1.0:=

Cd 6:=

Ωo 2:=

 Equivalent Lateral Force Procedure – ASCE 7-10 Section 12.8

Seismic Base Shear, V

Cs
SDS

R
I







0.143=:=

W 2500kip:=

V Cs W⋅ 357.14 kip⋅=:=



Plate Data:

Assumed angle of tension stress

α 45deg:=

Fy 36ksi:=

Ry 1.3:=

L 24ft:=

H 12ft:=

L_cf for a start assumed as 12” less than centerline distance between columns 

Lcf L 12in− 23 ft=:=

ϕ 0.9:=

tw
V

ϕ 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅
0.095 in⋅=:=

tw
0 1 2 3 4

0
1

Thickness (in)" 0.125 0.188 0.25 0.313
"ϕV_n(kips)" 224.5 336.8 449.1 561.3

:=

Taking plate thickness as

tw 0.125in:=

For Boundary Elements

Fyy 50ksi:=

Ryy 1.1:=

Modulus of Elasticity

E 29000ksi:=



HBE Data

Trial Section HBE: W36x330

cross-sectional area of
HBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twb 1.02in:=
Lpb 13.5ft:=Ab 96.9in2:= Inertia of HBE

depth of HBE Lrb 45.5ft:=Ib 23300in4:=
db 37.7in:=

Modulus of Plasticity Mpxb 5290kip ft⋅:=
flange width

Zxb 1410in3:= Mrxb 3260kip ft⋅:=
bfb 16.6in:=

Radii of Gyration
Cbb 1.14:=flange thickness ryb 3.83in:=

tfb 1.85in:= rxb 15.5in:=

VBE Data

Trial Section VBE: W40x431

cross-sectional area of
VBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twc 1.34in:=

Ac 127in2:= Lpc 12.9ft:=
Inertia of VBE

Lrc 49ft:=
depth of VBE

Ic 34800in4:=dc 41.3in:= Mpxc 7350kip ft⋅:=

Modulus of Plasticityflange width Mrxc 4440kip ft⋅:=

bfc 16.4in:= Zxc 1960in3:=
Cbc 1.14:=

flange thickness Radii of Gyration

tfc 2.36in:= ryc 3.65in:=

rxc 16.6in:=



 Rechecking angle of tension stress

α tan α1( )4
1

tw L⋅

2 Ac⋅
+

1 tw H⋅
1

Ab

H3

360Ic L⋅
+







⋅+

= solve

atan
3.4701000819561811999 in⋅ 2.36220472440(⋅

2.5e18 ft3⋅ 4.4891640866873065015e+(








atan
3.4701000819561811999i in 2.3622047244(⋅⋅

2.5e18 ft3⋅ 4.4891640866873065015+(

−








atan
3.4701000819561811999i in 2.3622047244(⋅⋅

2.5e18 ft3⋅ 4.4891640866873065015e+(








1.0− atan
3.4701000819561811999 in⋅ 2.362204724(⋅

2.5e18 ft3⋅ 4.48916408668730650+(








⋅



























→:=

α

44.64

145.21i−

145.21i

44.64−











deg⋅=

α α0 44.64 deg⋅=:=



Calculating horizontal and vertical component of loads from plate web considering full yielding

wyb Ry Fy⋅ tw⋅ cos α( )2⋅ 2.962
kip
in

⋅=:=

wxb
1
2

Ry⋅ Fy⋅ tw⋅ sin 2α( )⋅ 2.925
kip
in

⋅=:=

wyc
1
2

Ry⋅ Fy⋅ tw⋅ sin 2 α⋅( )⋅ 2.925
kip
in

⋅=:=

wxc Ry Fy⋅ tw⋅ sin α( )2⋅ 2.888
kip
in

⋅=:=

Design of HBE

Design Moment

Lcf L dc− 246.7 in⋅=:=

Mu wyb
Lcf

2

4
⋅ 4.506 104× kip in⋅⋅=:=

Preliminiary Sizing of HBE:

h0b db tfb− 35.85 in⋅=:=

Afb bfb tfb⋅
Mu

0.9 h0b⋅ Fyy⋅
bfb tfb⋅<if

"Resize" otherwise

30.71 in2⋅=:=

Preliminiary HBE Size OK



Axial Force in HBE:

distance between HBE centerlines

h 24ft:=

hc h
1
2

db⋅− 22.429 ft=:=

PHBEvbe
1
2

Ry⋅ Fy⋅ sin α( )2⋅ tw⋅ hc⋅ 388.68 kip⋅=:=

PHBEweb Ry Fy⋅ tw⋅ Lcf⋅ sin α( )2⋅ 712.52 kip⋅=:=

PHBEL PHBEvbe
1
2

PHBEweb+ 744.94 kip⋅=:=

PHBER PHBEvbe
1
2

PHBEweb− 32.42 kip⋅=:=

Pu max PHBEL PHBER, ( ) 744.94 kip⋅=:=

AISC 341-16 Table D1.1

Py Ab Ryy⋅ Fyy⋅ 5.33 103× kip⋅=:=

Shear Force in HBE:

VuWebL
wyb Lcf⋅ wxb db⋅+

2
420.469 kip⋅=:=

VuWebR
wyb Lcf⋅ wxb db⋅−

2
310.206 kip⋅=:=

VuWeb max VuWebR VuWebL, ( ) 420.469 kip⋅=:=

Vg 0kip:=



Reduced Probable flexural strength

Left side

Mpr_reduced_L 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBEL

Py
⋅−









⋅
PHBEL

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBEL

Py
−









⋅ otherwise

7.934 104× kip in⋅⋅=:=

Right side

Mpr_reduced_R 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBER

Py
⋅−









⋅
PHBER

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBER

Py
−









⋅ otherwise

8.505 104× kip in⋅⋅=:=

VuHBE
Mpr_reduced_L Mpr_reduced_L+( )

Lcf
643.236 kip⋅=:=

VHBE VuWeb Vg+ VuHBE+ 1.064 103× kip⋅=:=



Checks: 

 1. Check Shear Strength

shearcheck1 "ϕv=1"
db 2 tfb⋅−

twb
2.24

E
Ryy Fyy⋅

⋅<if

"no" otherwise

"ϕv=1"=:=

Aw db 2 tfb⋅−( ) twb⋅ 34.68 in2⋅=:=

φVnb 1.0 0.6⋅ Ryy⋅ Fyy⋅ Aw⋅ 1.144 103× kip⋅=:=

Vu VHBE 1.064 103× kip⋅=:=

φVnb 1.144 103× kip⋅=

shearcheck2 "Ok" φVnb Vu>if

"No" otherwise

"Ok"=:=

 2. Check Compactness

flange "Ok"
bfb

2 tfb⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

bfb
2 tfb⋅

4.486=

Flange is compact



Ca
Pu

0.9 Py⋅
0.155=:=

web "Ok"
db 2 tfb⋅−

twb
0.88

E
Ryy Fyy⋅

⋅ 2.68 Ca−( )⋅<if

"No " otherwise

"Ok"=:=

web "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No " otherwise

"Ok"=:=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 51.02=

db 2 tfb⋅−

twb
33.33=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact

 3. Check Combined Compression and Flexure

K 1:=

axisbuckling "Major axis buckling controls"
K L⋅
rxb

K L⋅
ryb

>if

"Minor axis buckling controls" otherwise

"Minor axis buckling controls"=:=

K L⋅
rxb

18.581=

K L⋅
ryb

75.2=



slenderness
K L⋅
ryb

axisbuckling "Minor axis buckling controls"=if

K L⋅
rxb

otherwise

75.196=:=

Fe
π

2 E⋅

slenderness( )2
50.619 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32 "Use E3-2"
π

2 E⋅

slenderness( )2
0.44 Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360 Equation E3-2

Fcr 0.658

Ryy Fyy⋅

Fe Ryy⋅ Fyy⋅ 34.902 ksi⋅=:=

φPnb 0.9 Fcr⋅ Ab⋅ 3.044 103× kip⋅=:=

Pc φPnb:=

Pr Pu:=

Pr
Pc

0.245=

Lpb 13.5 ft⋅=

Lb L 24 ft=:=



Mpxb 6.348 104× kip in⋅⋅=

φMnb Mpxb Mpxb Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅<if

Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅ otherwise

6.326 104× kip in⋅⋅=:=

Pr
Pc

0.245=

CombinedCheckEq "Use Equation H1-1a"
Pr
Pc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Equation H1-1a

CombinedCheck "Ok" 1
Pr
Pc

8
9

Mu
φMnb









+>if

"No" otherwise

"Ok"=:=

 4. Check moment of inertia

Irequired
0.003 tw⋅ L4⋅

h
8.958 103× in4⋅=:=

Ib 2.33 104× in4⋅=

InertiaCheck "Ok" Ib Irequired>if

"No" otherwise

"Ok"=:=

 5. Check Web thickness

twb 1.02 in⋅=

tw Ry⋅ Fy⋅

Fyy
0.117 in⋅=

WebCheck "Ok" twb
tw Ry⋅ Fy⋅

Fyy
>if

"No" otherwise

"Ok"=:=



Design of VBE

(there are no adjoining beams) 

Mpradj 0:=

Mprc 1.1 Ryy⋅ Fyy⋅ Zxc⋅ 1.186 105× kip in⋅⋅=:=

Lh H db− 106.3 in⋅=:=

 Resulting compressive force

Emcomp
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
+









+ 2
Mpradj

Lh
⋅









− 1.796 103× kip⋅=:=

Pgravity 0kip:=

Puc Emcomp Pgravity+ 1.796 103× kip⋅=:=

Lc h:=

 Resulting tension force

Emtens
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
−









+ 2
Mpradj

Lh
⋅









− 1.065 103× kip⋅=:=

 Flexure from web tension

MVBEweb wxc
hc

2





12
⋅ 1.744 104× kip in⋅⋅=:=

 Flexure from VBE compression

Mpr max Mpr_reduced_L Mpr_reduced_R, ( ) 8.505 104× kip in⋅⋅=:=

Mpb
Mpr

1.1 Ryy⋅
Vu

1
2

db dc+( )⋅





⋅+ 1.123 105× kip in⋅⋅=:=

MVBEhbe
1
2

Mpb⋅ 5.615 104× kip in⋅⋅=:=

Muc MVBEweb MVBEhbe+ 7.359 104× kip in⋅⋅=:=



Moment magnification

Pec
π

2 E⋅ Ic⋅

K Lc⋅( )2
1.201 105× kip⋅=:=

Cm 1.0:=

B1c
Cm

1
Puc
Pec

−

1.015=:=

Prc Puc 1.796 103× kip⋅=:=

Mrc B1c Muc⋅ 7.47 104× kip in⋅⋅=:=

 Shear from web plate

VVBEweb
1
2

Ry⋅ Fy⋅ sin α( )⋅ tw⋅ hc⋅ 553.167 kip⋅=:=

 Shear from HBE Hinging

Mpc MVBEhbe Muc+:=

VVBEhbe
1
2

Mpc
hc









⋅ 241.013 kip⋅=:=

 Shear from horizontal element

Vuc VVBEweb VVBEhbe+ 794.18 kip⋅=:=



Design Checks 

 1. Check Compactness

AISC 341-16 Table D1.1

flangec "Ok"
bfc

2 tfc⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

bfc
2 tfc⋅

3.475=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

Flange is compact

Cac
Puc

0.9 Fyy⋅ Ryy⋅ Ac⋅
0.286=:=

webc "Ok"
dc 2 tfc⋅−

twc
0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅<if

"No" otherwise

"Ok"=:=

webc "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No" otherwise

"Ok"=:=

dc 2 tfc⋅−

twc
27.299=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 48.382=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact



 2. Check Shear Strength

φcheck "ϕ=1"
dc 2 tfc⋅−

twc
2.24

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"ϕ=1"=:=

φvc 1:=

φVnc φvc 0.6⋅ Ryy⋅ Fyy⋅ dc 2 tfc⋅−( )⋅ twc⋅ 1.618 103× kip⋅=:=

Vuc 794.18 kip⋅=

shear "Ok" Vuc φVnc<if

"No" otherwise

"Ok"=:=

 3. Check Combined Compression and Flexure

slendernessc
K H⋅
ryc

39.452=:=

Fec
π

2 E⋅

slendernessc
2

183.89 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32c "Use E3-2"
π

2 E⋅

slendernessc( )2
0.44 Ryy⋅ Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360-10 Equation E3-2

Fcrc 0.658

Ryy Fyy⋅

Fec Ryy⋅ Fyy⋅ 48.528 ksi⋅=:=



φPnc 0.9 Fcrc⋅ Ac⋅ 5.547 103× kip⋅=:=

Pcc φPnc:=

Lbc hc 22.429 ft⋅=:=

Lpc 12.9 ft⋅=

there is no lateral torsional buckling

Mc 0.9 Ryy⋅ Fyy⋅ Zxc⋅ 8.085 103× kip ft⋅⋅=:=

Mrc
Mc

0.77=

Prc
Pcc

0.324=

CombinedCheckEqc "Use Equation H1-1a"
Prc
Pcc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Eq H1-1a

CombinedCheckc "Ok" 1.01
Prc
Pcc

8
9

Mrc
Mc









+>if

"No" otherwise

"Ok"=:=



 Design   of 2:1 SPSW Using ASCE 7-10 Equivalent Lateral Force Procedure,  R  = 5

Location: San Francisco Downtown

 Seismic Design Data:

USGS Provided Output (in g units):

SS 1.50:=

S1 0.649:=

SDS 1.0:=

SD1 0.432:=

SMS 1.50:=

SM1 0.649:=

From ASCE 7-10 Table 12.2-1 

R 5:=

I 1.0:=

Cd 6:=

Ωo 2:=

 Equivalent Lateral Force Procedure – ASCE 7-10 Section 12.8

Seismic Base Shear, V

Cs
SDS

R
I







0.2=:=

W 2500kip:=

V Cs W⋅ 500 kip⋅=:=



Plate Data:

Assumed angle of tension stress

α 45deg:=

Fy 36ksi:=

Ry 1.3:=

L 24ft:=

H 12ft:=

L_cf for a start assumed as 12” less than centerline distance between columns 

Lcf L 12in− 23 ft=:=

ϕ 0.9:=

tw
V

ϕ 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅
0.133 in⋅=:=

tw
0 1 2 3 4

0
1

Thickness (in)" 0.125 0.188 0.25 0.313
"ϕV_n(kips)" 224.5 336.8 449.1 561.3

:=

Taking plate thickness as

tw 0.1875in:=

For Boundary Elements

Fyy 50ksi:=

Ryy 1.1:=

Modulus of Elasticity

E 29000ksi:=



HBE Data

Trial Section HBE: W40x431

cross-sectional area of
HBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twb 1.34in:=
Lpb 12.9ft:=Ab 127in2:= Inertia of HBE

depth of HBE Lrb 49.0ft:=Ib 34800in4:=
db 41.3in:=

Modulus of Plasticity Mpxb 7350kip ft⋅:=
flange width

Zxb 1960in3:= Mrxb 4440kip ft⋅:=
bfb 16.2in:=

Radii of Gyration
Cbb 1.14:=flange thickness ryb 3.65in:=

tfb 2.36in:= rxb 16.6in:=

VBE Data

Trial Section VBE: W36x652

cross-sectional area of
VBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twc 1.97in:=

Ac 192in2:= Lpc 14.5ft:=
Inertia of VBE

Lrc 77.8ft:=
depth of VBE

Ic 50600in4:=dc 41.1in:= Mpxc 10900kip ft⋅:=

Modulus of Plasticityflange width Mrxc 6460kip ft⋅:=

bfc 17.6in:= Zxc 2910in3:=
Cbc 1.14:=

flange thickness Radii of Gyration

tfc 3.54in:= ryc 4.1in:=

rxc 16.2in:=



 Rechecking angle of tension stress

α tan α1( )4
1

tw L⋅

2 Ac⋅
+

1 tw H⋅
1

Ab

H3

360Ic L⋅
+







⋅+

= solve

atan
26.618652522655572134 in⋅ 3.0 ft⋅ 256.0⋅+(⋅

1143.0 ft3⋅ 2.277e6 ft⋅ in2⋅+ 1.28524e8 in3⋅+(








atan
26.618652522655572134i in 3.0 ft⋅ 256.0+(⋅⋅

1143.0 ft3⋅ 2.277e6 ft⋅ in2⋅+ 1.28524e8 in⋅+(

−








atan
26.618652522655572134i in 3.0 ft⋅ 256.0+(⋅⋅

1143.0 ft3⋅ 2.277e6 ft⋅ in2⋅+ 1.28524e8 in3⋅+(








1.0− atan
26.618652522655572134 in⋅ 3.0 ft⋅ 256+(⋅

1143.0 ft3⋅ 2.277e6 ft⋅ in2⋅+ 1.28524e8⋅+(








⋅



























→:=

α

44.472

134.247i−

134.247i

44.472−











deg⋅=

α α0 44.472 deg⋅=:=



Calculating horizontal and vertical component of loads from plate web considering full yielding

wyb Ry Fy⋅ tw⋅ cos α( )2⋅ 4.468
kip
in

⋅=:=

wxb
1
2

Ry⋅ Fy⋅ tw⋅ sin 2α( )⋅ 4.387
kip
in

⋅=:=

wyc
1
2

Ry⋅ Fy⋅ tw⋅ sin 2 α⋅( )⋅ 4.387
kip
in

⋅=:=

wxc Ry Fy⋅ tw⋅ sin α( )2⋅ 4.307
kip
in

⋅=:=

Design of HBE

Design Moment

Lcf L dc− 246.9 in⋅=:=

Mu wyb
Lcf

2

4
⋅ 68098.305 kip in⋅⋅=:=

Axial Force in HBE:

distance between HBE centerlines

h 24ft:=

hc h
1
2

db⋅− 22.279 ft=:=

PHBEvbe
1
2

Ry⋅ Fy⋅ sin α( )2⋅ tw⋅ hc⋅ 575.682 kip⋅=:=

PHBEweb Ry Fy⋅ tw⋅ Lcf⋅ sin α( )2⋅ 1.063 103× kip⋅=:=

PHBEL PHBEvbe
1
2

PHBEweb+ 1.107 103× kip⋅=:=

PHBER PHBEvbe
1
2

PHBEweb− 44.035 kip⋅=:=



Pu max PHBEL PHBER, ( ) 1.107 103× kip⋅=:=

AISC 341-16 Table D1.1

Py Ab Ryy⋅ Fyy⋅ 6.985 103× kip⋅=:=

Shear Force in HBE:

VuWebL
wyb Lcf⋅ wxb db⋅+

2
642.213 kip⋅=:=

VuWebR
wyb Lcf⋅ wxb db⋅−

2
461.04 kip⋅=:=

VuWeb max VuWebR VuWebL, ( ) 642.213 kip⋅=:=

Vg 0kip:=

Reduced Probable flexural strength

Left side

Mpr_reduced_L 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBEL

Py
⋅−









⋅
PHBEL

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBEL

Py
−









⋅ otherwise

1.092 105× kip in⋅⋅=:=

Right side

Mpr_reduced_R 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBER

Py
⋅−









⋅
PHBER

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBER

Py
−









⋅ otherwise

118206.225 kip in⋅⋅=:=



VuHBE
Mpr_reduced_L Mpr_reduced_L+( )

Lcf
884.413 kip⋅=:=

VHBE VuWeb Vg+ VuHBE+ 1.527 103× kip⋅=:=

Checks: 

 1. Check Shear Strength

shearcheck1 "ϕv=1"
db 2 tfb⋅−

twb
2.24

E
Ryy Fyy⋅

⋅<if

"no" otherwise

"ϕv=1"=:=

Aw db 2 tfb⋅−( ) twb⋅ 49.017 in2⋅=:=

φVnb 1.0 0.6⋅ Ryy⋅ Fyy⋅ Aw⋅ 1.618 103× kip⋅=:=

Vu VHBE 1.527 103× kip⋅=:=

φVnb 1.618 103× kip⋅=

shearcheck2 "Ok" φVnb Vu>if

"No" otherwise

"Ok"=:=



 2. Check Compactness

flange "Ok"
bfb

2 tfb⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

bfb
2 tfb⋅

3.432=

Flange is compact

Ca
Pu

0.9 Py⋅
0.176=:=

web "Ok"
db 2 tfb⋅−

twb
0.88

E
Ryy Fyy⋅

⋅ 2.68 Ca−( )⋅<if

"No " otherwise

"Ok"=:=

web "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No " otherwise

"Ok"=:=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 50.6=

db 2 tfb⋅−

twb
27.3=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact



 3. Check Combined Compression and Flexure

K 1:=

axisbuckling "Major axis buckling controls"
K L⋅
rxb

K L⋅
ryb

>if

"Minor axis buckling controls" otherwise

"Minor axis buckling controls"=:=

K L⋅
rxb

17.349=

K L⋅
ryb

78.9=

slenderness
K L⋅
ryb

axisbuckling "Minor axis buckling controls"=if

K L⋅
rxb

otherwise

78.904=:=

Fe
π

2 E⋅

slenderness( )2
45.973 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32 "Use E3-2"
π

2 E⋅

slenderness( )2
0.44 Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360 Equation E3-2

Fcr 0.658

Ryy Fyy⋅

Fe Ryy⋅ Fyy⋅ 33.335 ksi⋅=:=

φPnb 0.9 Fcr⋅ Ab⋅ 3.81 103× kip⋅=:=



Pc φPnb:=

Pr Pu 1.107 103× kip⋅=:=

Pr
Pc

0.291=

Lpb 12.9 ft⋅=

Lb Lcf 20.575 ft=:=

Mpxb 8.82 104× kip in⋅⋅=

φMnb Mpxb Mpxb Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅<if

Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅ otherwise

88200 kip in⋅⋅=:=

Pr
Pc

0.291=

CombinedCheckEq "Use Equation H1-1a"
Pr
Pc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Equation H1-1a

CombinedCheck "Ok" 1
Pr
Pc

8
9

Mu
φMnb









+>if

"No" otherwise

"Ok"=:=

 4. Check moment of inertia

Irequired
0.003 tw⋅ L4⋅

h
1.344 104× in4⋅=:=

Ib 3.48 104× in4⋅=

InertiaCheck "Ok" Ib Irequired>if

"No" otherwise

"Ok"=:=



 5. Check Web thickness

twb 1.34 in⋅=

tw Ry⋅ Fy⋅

Fyy
0.176 in⋅=

WebCheck "Ok" twb
tw Ry⋅ Fy⋅

Fyy
>if

"No" otherwise

"Ok"=:=

Design of VBE

(there are no adjoining beams) 

Mpradj 0:=

Mprc 1.1 Ryy⋅ Fyy⋅ Zxc⋅ 1.761 105× kip in⋅⋅=:=

Lh H db− 102.7 in⋅=:=

 Resulting compressive force

Emcomp
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
+









+ 2
Mpradj

Lh
⋅









− 2.609 103× kip⋅=:=

Pgravity 0kip:=

Puc Emcomp Pgravity+ 2.609 103× kip⋅=:=

Lc h:=

 Resulting tension force

Emtens
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw⋅ hc⋅ VuHBE
wyb Lcf⋅

2
−









+ 2
Mpradj

Lh
⋅









− 1.506 103× kip⋅=:=

 Flexure from web tension

MVBEweb wxc
hc

2





12
⋅ 2.565 104× kip in⋅⋅=:=



 Flexure from VBE compression

Mpr max Mpr_reduced_L Mpr_reduced_R, ( ) 1.182 105× kip in⋅⋅=:=

Mpb
Mpr

1.1 Ryy⋅
Vu

1
2

db dc+( )⋅





⋅+ 1.606 105× kip in⋅⋅=:=

MVBEhbe
1
2

Mpb⋅ 8.029 104× kip in⋅⋅=:=

Muc MVBEweb MVBEhbe+ 1.059 105× kip in⋅⋅=:=

Moment magnification

Pec
π

2 E⋅ Ic⋅

K Lc⋅( )2
1.746 105× kip⋅=:=

Cm 1.0:=

B1c
Cm

1
Puc
Pec

−

1.015=:=

Prc Puc 2.609 103× kip⋅=:=

Mrc B1c Muc⋅ 1.076 105× kip in⋅⋅=:=

 Shear from web plate

VVBEweb
1
2

Ry⋅ Fy⋅ sin α( )⋅ tw⋅ hc⋅ 821.75 kip⋅=:=

 Shear from HBE Hinging

Mpc MVBEhbe Muc+ 1.862 105× kip in⋅⋅=:=

VVBEhbe
1
2

Mpc
hc









⋅ 348.307 kip⋅=:=

 Shear from horizontal element

Vuc VVBEweb VVBEhbe+ 1.17 103× kip⋅=:=



Design Checks 

 1. Check Compactness

AISC 341-16 Table D1.1

flangec "Ok"
bfc

2 tfc⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

bfc
2 tfc⋅

2.486=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

Flange is compact

Cac
Puc

0.9 Fyy⋅ Ryy⋅ Ac⋅
0.274=:=

webc "Ok"
dc 2 tfc⋅−

twc
0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅<if

"No" otherwise

"Ok"=:=

webc "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No" otherwise

"Ok"=:=

dc 2 tfc⋅−

twc
17.269= 0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅ 48.608= 1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact

 2. Check Shear Strength

φcheck "ϕ=1"
dc 2 tfc⋅−

twc
2.24

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"ϕ=1"=:=

φvc 1:=

φVnc φvc 0.6⋅ Ryy⋅ Fyy⋅ dc 2 tfc⋅−( )⋅ twc⋅ 2.212 103× kip⋅=:=



Vuc 1.17 103× kip⋅=

shear "Ok" Vuc φVnc<if

"No" otherwise

"Ok"=:=

 3. Check Combined Compression and Flexure

slendernessc
K H⋅
ryc

35.122=:=

Fec
π

2 E⋅

slendernessc
2

232.028 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32c "Use E3-2"
π

2 E⋅

slendernessc( )2
0.44 Ryy⋅ Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360-10 Equation E3-2

Fcrc 0.658

Ryy Fyy⋅

Fec Ryy⋅ Fyy⋅ 49.805 ksi⋅=:=

φPnc 0.9 Fcrc⋅ Ac⋅ 8.606 103× kip⋅=:=

Pcc φPnc:=

Lbc H db− 8.558 ft⋅=:=

Lpc 14.5 ft⋅=

φMnc Mpxc Mpxc Cbc Mpxc Mpxc Mrxc−( )
Lbc Lpc−

Lrc Lpc−









⋅−








⋅<if

Cbc Mpxc Mpxc Mrxc−( )
Lbc Lpc−

Lrc Lpc−









⋅−








⋅ otherwise

130800 kip in⋅⋅=:=



Mc 0.9 Ryy⋅ Fyy⋅ Zxc⋅ 1.44 105× kip in⋅⋅=:=

Mrc
Mc

0.747=

Prc
Pcc

0.303=

CombinedCheckEqc "Use Equation H1-1a"
Prc
Pcc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Eq H1-1a

CombinedCheckc "Ok" 1
Prc
Pcc

8
9

Mrc
Mc









+>if

"No" otherwise

"Ok"=:=



 Design   of 1:3 SPSW Using ASCE 7-10 Equivalent Lateral Force Procedure,  R  = 7

Location: San Francisco Downtown

 Seismic Design Data:

USGS Provided Output (in g units):

SS 1.50:=

S1 0.649:=

SDS 1.0:=

SD1 0.432:=

SMS 1.50:=

SM1 0.649:=

From ASCE 7-10 Table 12.2-1 

R 7:=

I 1.0:=

Cd 6:=

Ωo 2:=

 Equivalent Lateral Force Procedure – ASCE 7-10 Section 12.8

Seismic Base Shear, V

h1 12ft:= h2 24ft:= h3 36ft:=
Cs

SDS
R
I







0.143=:=

w1 2000kip:= w2 2000kip:= w3 2000kip:=

W w1 w2+ w3+:=

V Cs W⋅ 857.14 kip⋅=:=

F1
V w1⋅ h1⋅

w1 h1⋅ w2 h2⋅+ w3 h3⋅+
142.857 kip⋅=:=

V1 V 857.143 kip⋅=:=
F2

V w2⋅ h2⋅

w1 h1⋅ w2 h2⋅+ w3 h3⋅+
285.714 kip⋅=:=

V2 V F1− 714.286 kip⋅=:=

F3
V w3⋅ h3⋅

w1 h1⋅ w2 h2⋅+ w3 h3⋅+
428.571 kip⋅=:= V3 V F1− F2− 428.571 kip⋅=:=



Plate Data:

Assumed angle of tension stress

α 45deg:=

Fy 36ksi:=

Ry 1.3:=

L 12ft:=

H 12ft:=

L_cf for a start assumed as 12” less than centerline distance between columns 

Lcf L 12in− 11 ft=:=

ϕ 0.9:=

twww
V

ϕ 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅
0.477 in⋅=:=

tw
0 1 2 3 4

0
1

Thickness (in)" 0.313 0.375 0.438 0.5
"ϕV_n(kips)" 561.3 673.6 785.9 898.1

:=

Taking plate thickness as

tw1 0.5in:= V1 857.143 kip⋅= φVn1 tw1 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅ 0.9⋅ 898.128 kip⋅=:=

tw2 0.4375in:= V2 714.286 kip⋅= φVn2 tw2 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅ 0.9⋅ 785.862 kip⋅=:=

tw3 0.25in:= V3 428.571 kip⋅= φVn3 tw3 0.42⋅ Fy⋅ Lcf⋅ sin 2 α⋅( )⋅ 0.9⋅ 449.064 kip⋅=:=

For Boundary Elements

Fyy 50ksi:=

Ryy 1.1:=

Modulus of Elasticity

E 29000ksi:=



First Floor

HBE Data

Trial Section HBE: W40x199

cross-sectional area of
HBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twb 0.65in:=
Lpb 12.2ft:=Ab 58.5in2:= Inertia of HBE

depth of HBE Lrb 34.3ft:=Ib 14900in4:=
db 38.7in:=

Modulus of Plasticity Mpxb 3260kip ft⋅:=
flange width

Zxb 869in3:= Mrxb 2020kip ft⋅:=
bfb 15.8in:=

Radii of Gyration
Cbb 1.14:=flange thickness ryb 3.45in:=

tfb 1.07in:= rxb 16.0in:=

VBE Data

Trial Section VBE: W40x431

cross-sectional area of
VBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twc 1.34in:=

Ac 127in2:= Lpc 12.9ft:=
Inertia of VBE

Lrc 49ft:=
depth of VBE

Ic 34800in4:=dc 41.3in:= Mpxc 7350kip ft⋅:=

Modulus of Plasticityflange width Mrxc 4440kip ft⋅:=

bfc 16.2in:= Zxc 1960in3:=
Cbc 1.14:=

flange thickness Radii of Gyration

tfc 2.36in:= ryc 3.65in:=

rxc 16.6in:=



 Rechecking angle of tension stress

α tan α1( )4
1

tw1 L⋅

2 Ac⋅
+

1 tw1 H⋅
1

Ab

H3

360Ic L⋅
+







⋅+

= solve

atan
3.4701000819561811999 in⋅ 2.3622047244(⋅

1.0e19 ft3⋅ 1.4871794871794871795+(








atan
3.4701000819561811999i in 2.362204724(⋅⋅

1.0e19 ft3⋅ 1.4871794871794871795+(

−








atan
3.4701000819561811999i in 2.362204724(⋅⋅

1.0e19 ft3⋅ 1.4871794871794871795+(








1.0− atan
3.4701000819561811999 in⋅ 2.3622047(⋅

1.0e19 ft3⋅ 1.48717948717948717+(








⋅



























→:=

α

40.685

74.031i−

74.031i

40.685−











deg⋅=

α α0 40.685 deg⋅=:=



Calculating horizontal and vertical component of loads from plate web considering full yielding

wyb Ry Fy⋅ tw1 tw2−( )⋅ cos α( )2⋅ 1.682
kip
in

⋅=:=

wxb
1
2

Ry⋅ Fy⋅ tw1 tw2−( )⋅ sin 2α( )⋅ 1.446
kip
in

⋅=:=

wyc
1
2

Ry⋅ Fy⋅ tw1 tw2−( )⋅ sin 2 α⋅( )⋅ 1.446
kip
in

⋅=:=

wxc Ry Fy⋅ tw1 tw2−( )⋅ sin α( )2⋅ 1.243
kip
in

⋅=:=

Design of HBE

Design Moment

Lcf L dc− 102.7 in⋅=:=

Mu wyb
Lcf

2

4
⋅ 4435.056 kip in⋅⋅=:=

Preliminiary Sizing of HBE:

h0b db tfb− 37.63 in⋅=:=

Afb bfb tfb⋅
Mu

0.9 h0b⋅ Fyy⋅
bfb tfb⋅<if

"Resize" otherwise

16.906 in2⋅=:=

Preliminiary HBE Size OK



Axial Force in HBE:

distance between HBE centerlines

h 12ft:=

hc h
1
2

db⋅− 10.387 ft=:=

PHBEvbe
1
2

Ry⋅ Fy⋅ sin α( )2⋅ tw1 tw2+( )⋅ hc⋅ 1162.078 kip⋅=:=

PHBEweb Ry Fy⋅ tw1 tw2+( )⋅ Lcf⋅ sin α( )2⋅ 1914.888 kip⋅=:=

PHBEL PHBEvbe
1
2

PHBEweb+ 2119.522 kip⋅=:=

PHBER PHBEvbe
1
2

PHBEweb− 204.634 kip⋅=:=

Pu max PHBEL PHBER, ( ) 2119.522 kip⋅=:=

AISC 341-16 Table D1.1

Py Ab Ryy⋅ Fyy⋅ 3217.5 kip⋅=:=

Shear Force in HBE:

VuWebL
wyb Lcf⋅ wxb db⋅+

2
114.348 kip⋅=:=

VuWebR
wyb Lcf⋅ wxb db⋅−

2
58.39 kip⋅=:=

VuWeb max VuWebR VuWebL, ( ) 114.348 kip⋅=:=

Vg 0kip:=



Reduced Probable flexural strength

Left side

Mpr_reduced_L 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBEL

Py
⋅−









⋅
PHBEL

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBEL

Py
−









⋅ otherwise

20183.798 kip in⋅⋅=:=

Right side

Mpr_reduced_R 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBER

Py
⋅−









⋅
PHBER

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBER

Py
−









⋅ otherwise

50902.624 kip in⋅⋅=:=

VuHBE
Mpr_reduced_L Mpr_reduced_R+( )

Lcf
692.175 kip⋅=:=

VHBE VuWeb Vg+ VuHBE+ 806.524 kip⋅=:=

Checks: 

 1. Check Shear Strength

shearcheck1 "ϕv=1"
db 2 tfb⋅−

twb
2.24

E
Ryy Fyy⋅

⋅<if

"no" otherwise

"no"=:=

Aw db 2 tfb⋅−( ) twb⋅ 23.764 in2⋅=:=

φVnb 1.0 0.6⋅ Ryy⋅ Fyy⋅ Aw⋅ 784.212 kip⋅=:=

Vu VHBE 806.524 kip⋅=:=

φVnb 784.212 kip⋅=

shearcheck2 "Ok" φVnb Vu>if

"No" otherwise

"No"=:=



 2. Check Combined Compression and Flexure

K 1:=

axisbuckling "Major axis buckling controls"
K L⋅
rxb

K L⋅
ryb

>if

"Minor axis buckling controls" otherwise

"Minor axis buckling controls"=:=

K L⋅
rxb

9=

K L⋅
ryb

41.74=

slenderness
K L⋅
ryb

axisbuckling "Minor axis buckling controls"=if

K L⋅
rxb

otherwise

41.739=:=

Fe
π

2 E⋅

slenderness( )2
164.29 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32 "Use E3-2"
π

2 E⋅

slenderness( )2
0.44 Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360 Equation E3-2

Fcr 0.658

Ryy Fyy⋅

Fe Ryy⋅ Fyy⋅ 47.809 ksi⋅=:=

φPnb 0.9 Fcr⋅ Ab⋅ 2517.143 kip⋅=:=

Pc φPnb:=

Pr Pu:=

Lpb 12.2 ft⋅=

Lb L 12 ft=:=

Mpxb 39120 kip in⋅⋅=



φMnb Mpxb Mpxb Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅<if

Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅ otherwise

39120 kip in⋅⋅=:=

Pr
Pc

0.842=

CombinedCheckEq "Use Equation H1-1a"
Pr
Pc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

AISC 360-10 Equation H1-1a

CombinedCheck "Ok" 1
Pr
Pc

8
9

Mu
φMnb









+>if

"No" otherwise

"Ok"=:=

 3. Check moment of inertia

Irequired
0.003 tw1⋅ L4⋅

h
4478.976 in4⋅=:=

Ib 14900 in4⋅=

InertiaCheck "Ok" Ib Irequired>if

"No" otherwise

"Ok"=:=

 4. Check Web thickness

twb 0.65 in⋅=

tw1 Ry⋅ Fy⋅

Fyy
0.468 in⋅=

WebCheck "Ok" twb
tw1 Ry⋅ Fy⋅

Fyy
>if

"No" otherwise

"Ok"=:=



Design of VBE

(there are no adjoining beams) 

Mpradj 0:=

Mprc 1.1 Ryy⋅ Fyy⋅ Zxc⋅ 1.186 105× kip in⋅⋅=:=

Lh H db− 105.3 in⋅=:=

 Resulting compressive force

Emcomp
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw1 tw2+( )⋅ hc⋅ VuHBE
wyb Lcf⋅

2
+









+ 2
Mpradj

Lh
⋅









− 3482.089 kip⋅=:=

Pgravity 0kip:=

Puc Emcomp Pgravity+ 3482.089 kip⋅=:=

Lc h:=

 Resulting tension force

Emtens
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw1 tw2+( )⋅ hc⋅ VuHBE
wyb Lcf⋅

2
−









+ 2
Mpradj

Lh
⋅









− 3309.351 kip⋅=:=

 Flexure from web tension

MVBEweb wxc
hc

2





12
⋅ 1609.478 kip in⋅⋅=:=

 Flexure from VBE compression

Mpr max Mpr_reduced_L Mpr_reduced_R, ( ) 50902.624 kip in⋅⋅=:=

Mpb
Mpr

1.1 Ryy⋅
Vu

1
2

db dc+( )⋅





⋅+ 74329.227 kip in⋅⋅=:=

MVBEhbe
1
2

Mpb⋅ 37164.613 kip in⋅⋅=:=

Muc MVBEweb MVBEhbe+ 38774.091 kip in⋅⋅=:=



Moment magnification

Pec
π

2 E⋅ Ic⋅

K Lc⋅( )2
4.803 105× kip⋅=:=

Cm 1.0:=

B1c
Cm

1
Puc
Pec

−

1.007=:=

Prc Puc 3482.089 kip⋅=:=

Mrc B1c Muc⋅ 39057.223 kip in⋅⋅=:=

Shear in the VBE is the sum of the effect of web tension and the portion of shear not resisted
by the web plate

 Shear from web plate

VVBEweb
1
2

Ry⋅ Fy⋅ sin α( )⋅ tw1 tw2−( )⋅ hc⋅ 118.841 kip⋅=:=

 Shear from HBE Hinging

Mpc MVBEhbe Muc+ 75938.705 kip in⋅⋅=:=

VVBEhbe
1
2

Mpc
hc









⋅ 304.608 kip⋅=:=

 Shear from horizontal element

Vuc VVBEweb VVBEhbe+ 423.449 kip⋅=:=

Design Checks 

 1. Check Compactness

AISC 341-16 Table D1.1

flangec "Ok"
bfc

2 tfc⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

bfc
2 tfc⋅

3.432=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

Flange is compact



Cac
Puc

0.9 Fyy⋅ Ryy⋅ Ac⋅
0.554=:=

webc "Ok"
dc 2 tfc⋅−

twc
0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅<if

"No" otherwise

"Ok"=:=

webc "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No" otherwise

"Ok"=:=

dc 2 tfc⋅−

twc
27.299=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 42.962=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact

 2. Check Shear Strength

φcheck "ϕ=1"
dc 2 tfc⋅−

twc
2.24

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"ϕ=1"=:=

φvc 1:=

φVnc φvc 0.6⋅ Ryy⋅ Fyy⋅ dc 2 tfc⋅−( )⋅ twc⋅ 1617.568 kip⋅=:=

Vuc 423.449 kip⋅=

shear "Ok" Vuc φVnc<if

"No" otherwise

"Ok"=:=



 3. Check Combined Compression and Flexure

slendernessc
K L⋅
ryc

:=

Fec
π

2 E⋅

slendernessc
2

:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32c "Use E3-2"
π

2 E⋅

slendernessc( )2
0.44 Ryy⋅ Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360-10 Equation E3-2

Fcrc 0.658

Ryy Fyy⋅

Fec Ryy⋅ Fyy⋅ 48.528 ksi⋅=:=

φPnc 0.9 Fcrc⋅ Ac⋅ 5546.791 kip⋅=:=

Pcc φPnc:=

Lbc hc 10.387 ft⋅=:=

Lpc 12.9 ft⋅=

there is no lateral torsional buckling

Mc 0.9 Ryy⋅ Fyy⋅ Zxc⋅ 8085 kip ft⋅⋅=:=

Mrc
Mc

0.403=

Prc
Pcc

0.628=

CombinedCheckEqc "Use Equation H1-1a"
Prc
Pcc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Eq H1-1a

CombinedCheckc "Ok" 1
Prc
Pcc

8
9

Mrc
Mc









+>if

"No" otherwise

"Ok"=:=



Second Floor

HBE Data

Trial Section HBE: W40x199

cross-sectional area of
HBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twb 0.65in:=
Lpb 12.2ft:=Ab 58.5in2:= Inertia of HBE

depth of HBE Lrb 34.3ft:=Ib 14900in4:=
db 38.7in:=

Modulus of Plasticity Mpxb 3260kip ft⋅:=
flange width

Zxb 869in3:= Mrxb 2020kip ft⋅:=
bfb 15.8in:=

Radii of Gyration
Cbb 1.14:=flange thickness ryb 3.45in:=

tfb 1.07in:= rxb 16in:=

VBE Data

Trial Section VBE: W40x431

cross-sectional area of
VBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twc 1.12in:=

Ac 107in2:= Lpc 12.7ft:=
Inertia of VBE

Lrc 44ft:=
depth of VBE

Ic 28900in4:=dc 40.6in:= Mpxc 6150kip ft⋅:=

Modulus of Plasticityflange width Mrxc 3730kip ft⋅:=

bfc 16in:= Zxc 1640in3:=
Cbc 1.14:=

flange thickness Radii of Gyration

tfc 2.01in:= ryc 3.60in:=

rxc 16.5in:=



 Rechecking angle of tension stress

α tan α1( )4
1

tw2 L⋅

2 Ac⋅
+

1 tw2 H⋅
1

Ab

H3

360Ic L⋅
+







⋅+

= solve

atan
5.8309518948453004709 in⋅ 2.4532710280(⋅

8.4e20 ft3⋅ 1.0374358974358974359e+(








atan
5.8309518948453004709i in 2.453271028(⋅⋅

8.4e20 ft3⋅ 1.0374358974358974359+(

−








atan
5.8309518948453004709i in 2.453271028(⋅⋅

8.4e20 ft3⋅ 1.0374358974358974359e+(








1.0− atan
5.8309518948453004709 in⋅ 2.4532710(⋅

8.4e20 ft3⋅ 1.037435897435897435+(








⋅



























→:=

α

41.204

77.718i−

77.718i

41.204−











deg⋅=

α α0 41.204 deg⋅=:=



Calculating horizontal and vertical component of loads from plate web considering full yielding

wyb Ry Fy⋅ tw2 tw3−( )⋅ cos α( )2⋅ 4.967
kip
in

⋅=:=

wxb
1
2

Ry⋅ Fy⋅ tw2 tw3−( )⋅ sin 2α( )⋅ 4.349
kip
in

⋅=:=

wyc
1
2

Ry⋅ Fy⋅ tw2 tw3−( )⋅ sin 2 α⋅( )⋅ 4.349
kip
in

⋅=:=

wxc Ry Fy⋅ tw2 tw3−( )⋅ sin α( )2⋅ 3.808
kip
in

⋅=:=

Design of HBE

Design Moment

Lcf L dc− 103.4 in⋅=:=

Mu wyb
Lcf

2

4
⋅ 13276.596 kip in⋅⋅=:=

Preliminiary Sizing of HBE:

h0b db tfb− 37.63 in⋅=:=

Afb bfb tfb⋅
Mu

0.9 h0b⋅ Fyy⋅
bfb tfb⋅<if

"Resize" otherwise

16.906 in2⋅=:=

Preliminiary HBE Size OK



Axial Force in HBE:

distance between HBE centerlines

h 12ft:=

hc h
1
2

db⋅− 10.387 ft=:=

PHBEvbe
1
2

Ry⋅ Fy⋅ sin α( )2⋅ tw2 tw3+( )⋅ hc⋅ 870.193 kip⋅=:=

PHBEweb Ry Fy⋅ tw2 tw3+( )⋅ Lcf⋅ sin α( )2⋅ 1443.69 kip⋅=:=

PHBEL PHBEvbe
1
2

PHBEweb+ 1592.038 kip⋅=:=

PHBER PHBEvbe
1
2

PHBEweb− 148.348 kip⋅=:=

Pu max PHBEL PHBER, ( ) 1592.038 kip⋅=:=

AISC 341-16 Table D1.1

Py Ab Ryy⋅ Fyy⋅ 3217.5 kip⋅=:=

Shear Force in HBE:

VuWebL
wyb Lcf⋅ wxb db⋅+

2
340.955 kip⋅=:=

VuWebR
wyb Lcf⋅ wxb db⋅−

2
172.647 kip⋅=:=

VuWeb max VuWebR VuWebL, ( ) 340.955 kip⋅=:=

Vg 0kip:=



Reduced Probable flexural strength

Left side

Mpr_reduced_L 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBEL

Py
⋅−









⋅
PHBEL

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBEL

Py
−









⋅ otherwise

29880.365 kip in⋅⋅=:=

Right side

Mpr_reduced_R 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBER

Py
⋅−









⋅
PHBER

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBER

Py
−









⋅ otherwise

51362.482 kip in⋅⋅=:=

VuHBE
Mpr_reduced_L Mpr_reduced_R+( )

Lcf
785.714 kip⋅=:=

VHBE VuWeb Vg+ VuHBE+ 1126.669 kip⋅=:=

Checks: 

 1. Check Shear Strength

shearcheck1 "ϕv=1"
db 2 tfb⋅−

twb
2.24

E
Ryy Fyy⋅

⋅<if

"no" otherwise

"no"=:=

Aw db 2 tfb⋅−( ) twb⋅ 23.764 in2⋅=:=

φVnb 1.0 0.6⋅ Ryy⋅ Fyy⋅ Aw⋅ 784.212 kip⋅=:=

Vu VHBE 1126.669 kip⋅=:=

φVnb 784.212 kip⋅=

shearcheck2 "Ok" φVnb Vu>if

"No" otherwise

"No"=:=



 2. Check Combined Compression and Flexure

K 1:=

axisbuckling "Major axis buckling controls"
K L⋅
rxb

K L⋅
ryb

>if

"Minor axis buckling controls" otherwise

"Minor axis buckling controls"=:=

K L⋅
rxb

9=

K L⋅
ryb

41.74=

slenderness
K L⋅
ryb

axisbuckling "Minor axis buckling controls"=if

K L⋅
rxb

otherwise

41.739=:=

Fe
π

2 E⋅

slenderness( )2
164.29 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32 "Use E3-2"
π

2 E⋅

slenderness( )2
0.44 Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360 Equation E3-2

Fcr 0.658

Ryy Fyy⋅

Fe Ryy⋅ Fyy⋅ 47.809 ksi⋅=:=

φPnb 0.9 Fcr⋅ Ab⋅ 2517.143 kip⋅=:=

Pc φPnb:=

Pr Pu:=

Lpb 12.2 ft⋅=

Lb L 12 ft=:=

Mpxb 39120 kip in⋅⋅=



φMnb Mpxb Mpxb Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅<if

Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅ otherwise

39120 kip in⋅⋅=:=

Pr
Pc

0.632=

CombinedCheckEq "Use Equation H1-1a"
Pr
Pc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

AISC 360-10 Equation H1-1a

CombinedCheck "Ok" 1
Pr
Pc

8
9

Mu
φMnb









+>if

"No" otherwise

"Ok"=:=

 3. Check moment of inertia

Irequired
0.003 tw2⋅ L4⋅

h
3919.104 in4⋅=:=

Ib 14900 in4⋅=

InertiaCheck "Ok" Ib Irequired>if

"No" otherwise

"Ok"=:=

 4. Check Web thickness

twb 0.65 in⋅=

tw2 Ry⋅ Fy⋅

Fyy
0.409 in⋅=

WebCheck "Ok" twb
tw2 Ry⋅ Fy⋅

Fyy
>if

"No" otherwise

"Ok"=:=



Design of VBE

(there are no adjoining beams) 

Mpradj 0:=

Mprc 1.1 Ryy⋅ Fyy⋅ Zxc⋅ 99220 kip in⋅⋅=:=

Lh H db− 105.3 in⋅=:=

 Resulting compressive force

Emcomp
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw2 tw3+( )⋅ hc⋅ VuHBE
wyb Lcf⋅

2
+









+ 2
Mpradj

Lh
⋅









− 3030.245 kip⋅=:=

Pgravity 0kip:=

Puc Emcomp Pgravity+ 3030.245 kip⋅=:=

Lc h:=

 Resulting tension force

Emtens
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw2 tw3+( )⋅ hc⋅ VuHBE
wyb Lcf⋅

2
−









+ 2
Mpradj

Lh
⋅









− 2516.644 kip⋅=:=

 Flexure from web tension

MVBEweb wxc
hc

2





12
⋅ 4930.435 kip in⋅⋅=:=

 Flexure from VBE compression

Mpr max Mpr_reduced_L Mpr_reduced_R, ( ) 51362.482 kip in⋅⋅=:=

Mpb
Mpr

1.1 Ryy⋅
Vu

1
2

db dc+( )⋅





⋅+ 87120.754 kip in⋅⋅=:=

MVBEhbe
1
2

Mpb⋅ 43560.377 kip in⋅⋅=:=

Muc MVBEweb MVBEhbe+ 48490.812 kip in⋅⋅=:=



Moment magnification

Pec
π

2 E⋅ Ic⋅

K Lc⋅( )2
3.989 105× kip⋅=:=

Cm 1.0:=

B1c
Cm

1
Puc
Pec

−

1.008=:=

Prc Puc 3030.245 kip⋅=:=

Mrc B1c Muc⋅ 48861.987 kip in⋅⋅=:=

Shear in the VBE is the sum of the effect of web tension and the portion of shear not resisted
by the web plate

 Shear from web plate

VVBEweb
1
2

Ry⋅ Fy⋅ sin α( )⋅ tw2 tw3−( )⋅ hc⋅ 360.269 kip⋅=:=

 Shear from HBE Hinging

Mpc MVBEhbe Muc+ 92051.189 kip in⋅⋅=:=

VVBEhbe
1
2

Mpc
hc









⋅ 369.239 kip⋅=:=

 Shear from horizontal element

Vuc VVBEweb VVBEhbe+ 729.508 kip⋅=:=

Design Checks 

 1. Check Compactness

AISC 341-16 Table D1.1

flangec "Ok"
bfc

2 tfc⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

bfc
2 tfc⋅

3.98=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

Flange is compact



Cac
Puc

0.9 Fyy⋅ Ryy⋅ Ac⋅
0.572=:=

webc "Ok"
dc 2 tfc⋅−

twc
0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅<if

"No" otherwise

"Ok"=:=

webc "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No" otherwise

"Ok"=:=

dc 2 tfc⋅−

twc
32.661=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 42.594=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact

 2. Check Shear Strength

φcheck "ϕ=1"
dc 2 tfc⋅−

twc
2.24

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"ϕ=1"=:=

φvc 1:=

φVnc φvc 0.6⋅ Ryy⋅ Fyy⋅ dc 2 tfc⋅−( )⋅ twc⋅ 1351.997 kip⋅=:=

Vuc 729.508 kip⋅=

shear "Ok" Vuc φVnc<if

"No" otherwise

"Ok"=:=



 3. Check Combined Compression and Flexure

slendernessc
K L⋅
ryc

:=

Fec
π

2 E⋅

slendernessc
2

:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32c "Use E3-2"
π

2 E⋅

slendernessc( )2
0.44 Ryy⋅ Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360-10 Equation E3-2

Fcrc 0.658

Ryy Fyy⋅

Fec Ryy⋅ Fyy⋅ 48.359 ksi⋅=:=

φPnc 0.9 Fcrc⋅ Ac⋅ 4656.946 kip⋅=:=

Pcc φPnc:=

Lbc hc 10.387 ft⋅=:=

Lpc 12.7 ft⋅=

there is no lateral torsional buckling

Mc 0.9 Ryy⋅ Fyy⋅ Zxc⋅ 6765 kip ft⋅⋅=:=

Mrc
Mc

0.602=

Prc
Pcc

0.651=

CombinedCheckEqc "Use Equation H1-1a"
Prc
Pcc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Eq H1-1a

CombinedCheckc "Ok" 1
Prc
Pcc

8
9

Mrc
Mc









+>if

"No" otherwise

"No"=:=



Third Floor

HBE Data

Trial Section HBE: W40x149

cross-sectional area of
HBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twb 0.63in:=
Lpb 8.09ft:=Ab 43.8in2:= Inertia of HBE

depth of HBE Lrb 23.5ft:=Ib 9800in4:=
db 38.2in:=

Modulus of Plasticity Mpxb 2240kip ft⋅:=
flange width

Zxb 598in3:= Mrxb 1350kip ft⋅:=
bfb 11.8in:=

Radii of Gyration
Cbb 1.14:=flange thickness ryb 2.29in:=

tfb 0.83in:= rxb 15in:=

VBE Data

Trial Section VBE: W40x324

cross-sectional area of
VBE

web thickness Limiting unbraced length
(AISC Table 3-2)

twc 1in:=

Ac 95.3in2:= Lpc 12.6ft:=
Inertia of VBE

Lrc 41.3ft:=
depth of VBE

Ic 25600in4:=dc 40.2in:= Mpxc 5480kip ft⋅:=

Modulus of Plasticityflange width Mrxc 3360kip ft⋅:=

bfc 15.9in:= Zxc 1460in3:=
Cbc 1.14:=

flange thickness Radii of Gyration

tfc 1.81in:= ryc 3.58in:=

rxc 16.4in:=



 Rechecking angle of tension stress

α tan α1( )4
1

tw3 L⋅

2 Ac⋅
+

1 tw3 H⋅
1

Ab

H3

360Ic L⋅
+







⋅+

= solve

atan
1.4142135623730950488 in⋅ 3.9349422875(⋅

4.6875e17 ft3⋅ 6.84931506849315068+(








atan
1.4142135623730950488i in 3.934942287(⋅⋅

4.6875e17 ft3⋅ 6.8493150684931506+(

−








atan
1.4142135623730950488i in 3.934942287(⋅⋅

4.6875e17 ft3⋅ 6.84931506849315068+(








1.0− atan
1.4142135623730950488 in⋅ 3.9349422(⋅

4.6875e17 ft3⋅ 6.849315068493150+(








⋅



























→:=

α

41.639

81.211i−

81.211i

41.639−











deg⋅=

α α0 41.639 deg⋅=:=



Calculating horizontal and vertical component of loads from plate web considering full yielding

wyb Ry Fy⋅ tw3( )⋅ cos α( )2⋅ 6.535
kip
in

⋅=:=

wxb
1
2

Ry⋅ Fy⋅ tw3( )⋅ sin 2α( )⋅ 5.81
kip
in

⋅=:=

wyc
1
2

Ry⋅ Fy⋅ tw3( )⋅ sin 2 α⋅( )⋅ 5.81
kip
in

⋅=:=

wxc Ry Fy⋅ tw3( )⋅ sin α( )2⋅ 5.165
kip
in

⋅=:=

Design of HBE

Design Moment

Lcf L dc− 103.8 in⋅=:=

Mu wyb
Lcf

2

4
⋅ 17602.137 kip in⋅⋅=:=



Axial Force in HBE:

distance between HBE centerlines

h 12ft:=

hc h
1
2

db⋅− 10.408 ft=:=

PHBEvbe
1
2

Ry⋅ Fy⋅ sin α( )2⋅ tw3( )⋅ hc⋅ 322.568 kip⋅=:=

PHBEweb Ry Fy⋅ tw3( )⋅ Lcf⋅ sin α( )2⋅ 536.15 kip⋅=:=

PHBEL PHBEvbe
1
2

PHBEweb+ 590.643 kip⋅=:=

PHBER PHBEvbe
1
2

PHBEweb− 54.493 kip⋅=:=

Pu max PHBEL PHBER, ( ) 590.643 kip⋅=:=

AISC 341-16 Table D1.1

Py Ab Ryy⋅ Fyy⋅ 2409 kip⋅=:=

Shear Force in HBE:

VuWebL
wyb Lcf⋅ wxb db⋅+

2
450.122 kip⋅=:=

VuWebR
wyb Lcf⋅ wxb db⋅−

2
228.188 kip⋅=:=

VuWeb max VuWebR VuWebL, ( ) 450.122 kip⋅=:=

Vg 0kip:=



Reduced Probable flexural strength

Left side

Mpr_reduced_L 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBEL

Py
⋅−









⋅
PHBEL

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBEL

Py
−









⋅ otherwise

30722.131 kip in⋅⋅=:=

Right side

Mpr_reduced_R 1.1 Ryy⋅ Fyy⋅ Zxb⋅( ) 1 0.5
PHBER

Py
⋅−









⋅
PHBER

Py
0.2<if

9
8

1.1 Ryy⋅ Fyy⋅ Zxb⋅( )⋅ 1
PHBER

Py
−









⋅ otherwise

35769.804 kip in⋅⋅=:=

VuHBE
Mpr_reduced_L Mpr_reduced_R+( )

Lcf
640.577 kip⋅=:=

VHBE VuWeb Vg+ VuHBE+ 1090.699 kip⋅=:=

Checks: 

 1. Check Shear Strength

shearcheck1 "ϕv=1"
db 2 tfb⋅−

twb
2.24

E
Ryy Fyy⋅

⋅<if

"no" otherwise

"no"=:=

Aw db 2 tfb⋅−( ) twb⋅ 23.02 in2⋅=:=

φVnb 1.0 0.6⋅ Ryy⋅ Fyy⋅ Aw⋅ 759.667 kip⋅=:=

Vu VHBE 1090.699 kip⋅=:=

φVnb 759.667 kip⋅=

shearcheck2 "Ok" φVnb Vu>if

"No" otherwise

"No"=:=



 2. Check Compactness

flange "Ok"
bfb

2 tfb⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

bfb
2 tfb⋅

7.108=

Flange is compact

Ca
Pu

0.9 Py⋅
0.272=:=

web "Ok"
db 2 tfb⋅−

twb
0.88

E
Fyy

⋅ 2.68 Ca−( )⋅<if

"No " otherwise

"No "=:=

web "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No " otherwise

"Ok"=:=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Ca−( )⋅ 48.65=

db 2 tfb⋅−

twb
58=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact



 3. Check Combined Compression and Flexure

K 1:=

axisbuckling "Major axis buckling controls"
K L⋅
rxb

K L⋅
ryb

>if

"Minor axis buckling controls" otherwise

"Minor axis buckling controls"=:=

K L⋅
rxb

9.6=

K L⋅
ryb

62.88=

slenderness
K L⋅
ryb

axisbuckling "Minor axis buckling controls"=if

K L⋅
rxb

otherwise

62.882=:=

Fe
π

2 E⋅

slenderness( )2
72.384 ksi⋅=:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32 "Use E3-2"
π

2 E⋅

slenderness( )2
0.44 Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360 Equation E3-2

Fcr 0.658

Ryy Fyy⋅

Fe Ryy⋅ Fyy⋅ 40.017 ksi⋅=:=

φPnb 0.9 Fcr⋅ Ab⋅ 1577.47 kip⋅=:=

Pc φPnb:=

Pr Pu:=

Lpb 8.09 ft⋅=

Lb L 12 ft=:=

Mpxb 26880 kip in⋅⋅=



φMnb Mpxb Mpxb Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅<if

Cbb Mpxb Mpxb Mrxb−( )
Lb Lpb−

Lrb Lpb−









⋅−








⋅ otherwise

26880 kip in⋅⋅=:=

Pr
Pc

0.374=

CombinedCheckEq "Use Equation H1-1a"
Pr
Pc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

AISC 360-10 Equation H1-1a

CombinedCheck "Ok" 1
Pr
Pc

8
9

Mu
φMnb









+>if

"No" otherwise

"Ok"=:=

 4. Check moment of inertia

Irequired
0.003 tw3⋅ L4⋅

h
2239.488 in4⋅=:=

Ib 9800 in4⋅=

InertiaCheck "Ok" Ib Irequired>if

"No" otherwise

"Ok"=:=

 5. Check Web thickness

twb 0.63 in⋅=

tw3 Ry⋅ Fy⋅

Fyy
0.234 in⋅=

WebCheck "Ok" twb
tw3 Ry⋅ Fy⋅

Fyy
>if

"No" otherwise

"Ok"=:=



Design of VBE

(there are no adjoining beams) 

Mpradj 0:=

Mprc 1.1 Ryy⋅ Fyy⋅ Zxc⋅ 88330 kip in⋅⋅=:=

Lh H db− 105.8 in⋅=:=

 Resulting compressive force

Emcomp
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw3( )⋅ hc⋅ VuHBE
wyb Lcf⋅

2
+









+ 2
Mpradj

Lh
⋅









− 1705.374 kip⋅=:=

Pgravity 0kip:=

Puc Emcomp Pgravity+ 1705.374 kip⋅=:=

Lc h:=

 Resulting tension force

Emtens
1
2

Ry⋅ Fy⋅ sin 2 α⋅( )⋅ tw3( )⋅ hc⋅ VuHBE
wyb Lcf⋅

2
−









+ 2
Mpradj

Lh
⋅









− 1027.064 kip⋅=:=

 Flexure from web tension

MVBEweb wxc
hc

2





12
⋅ 6714.796 kip in⋅⋅=:=

 Flexure from VBE compression

Mpr max Mpr_reduced_L Mpr_reduced_R, ( ) 35769.804 kip in⋅⋅=:=

Mpb
Mpr

1.1 Ryy⋅
Vu

1
2

db dc+( )⋅





⋅+ 72317.228 kip in⋅⋅=:=

MVBEhbe
1
2

Mpb⋅ 36158.614 kip in⋅⋅=:=

Muc MVBEweb MVBEhbe+ 42873.41 kip in⋅⋅=:=



Moment magnification

Pec
π

2 E⋅ Ic⋅

K Lc⋅( )2
3.534 105× kip⋅=:=

Cm 1.0:=

B1c
Cm

1
Puc
Pec

−

1.005=:=

Prc Puc 1705.374 kip⋅=:=

Mrc B1c Muc⋅ 43081.329 kip in⋅⋅=:=

Shear in the VBE is the sum of the effect of web tension and the portion of shear not resisted
by the web plate

 Shear from web plate

VVBEweb
1
2

Ry⋅ Fy⋅ sin α( )⋅ tw3( )⋅ hc⋅ 485.478 kip⋅=:=

 Shear from HBE Hinging

Mpc MVBEhbe Muc+ 79032.023 kip in⋅⋅=:=

VVBEhbe
1
2

Mpc
hc









⋅ 316.381 kip⋅=:=

 Shear from horizontal element

Vuc VVBEweb VVBEhbe+ 801.86 kip⋅=:=

Design Checks 

 1. Check Compactness

AISC 341-16 Table D1.1

flangec "Ok"
bfc

2 tfc⋅
0.32

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"Ok"=:=

bfc
2 tfc⋅

4.392=

0.32
E

Ryy Fyy⋅
⋅ 7.348=

Flange is compact



Cac
Puc

0.9 Fyy⋅ Ryy⋅ Ac⋅
0.362=:=

webc "Ok"
dc 2 tfc⋅−

twc
0.88

E
Ryy Fyy⋅

⋅ 2.68 Cac−( )⋅<if

"No" otherwise

"Ok"=:=

webc "Ok" 0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 1.57

E
Ryy Fyy⋅

⋅>if

"No" otherwise

"Ok"=:=

dc 2 tfc⋅−

twc
36.58=

0.88
E

Ryy Fyy⋅
⋅ 2.68 Cac−( )⋅ 46.85=

1.57
E

Ryy Fyy⋅
⋅ 36.051=

Web is compact

 2. Check Shear Strength

φcheck "ϕ=1"
dc 2 tfc⋅−

twc
2.24

E
Ryy Fyy⋅

⋅<if

"No" otherwise

"ϕ=1"=:=

φvc 1:=

φVnc φvc 0.6⋅ Ryy⋅ Fyy⋅ dc 2 tfc⋅−( )⋅ twc⋅ 1207.14 kip⋅=:=

Vuc 801.86 kip⋅=

shear "Ok" Vuc φVnc<if

"No" otherwise

"Ok"=:=



 3. Check Combined Compression and Flexure

slendernessc
K L⋅
ryc

:=

Fec
π

2 E⋅

slendernessc
2

:=

0.44 Ryy⋅ Fyy⋅ 24.2 ksi⋅=

checkE32c "Use E3-2"
π

2 E⋅

slendernessc( )2
0.44 Ryy⋅ Fyy⋅>if

"Dont use E3-2" otherwise

"Use E3-2"=:=

Using AISC 360-10 Equation E3-2

Fcrc 0.658

Ryy Fyy⋅

Fec Ryy⋅ Fyy⋅ 48.289 ksi⋅=:=

φPnc 0.9 Fcrc⋅ Ac⋅ 4141.752 kip⋅=:=

Pcc φPnc:=

Lbc hc 10.408 ft⋅=:=

Lpc 12.6 ft⋅=

there is no lateral torsional buckling

Mc 0.9 Ryy⋅ Fyy⋅ Zxc⋅ 6022.5 kip ft⋅⋅=:=

Mrc
Mc

0.596=

Prc
Pcc

0.412=

CombinedCheckEqc "Use Equation H1-1a"
Prc
Pcc

0.2≥if

"Use Equation H1-1b" otherwise

"Use Equation H1-1a"=:=

Use AISC 360-10 Eq H1-1a

CombinedCheckc "Ok" 1
Prc
Pcc

8
9

Mrc
Mc









+>if

"No" otherwise

"Ok"=:=



 

APPENDIX B 

B.1. General 

The axial strips, as mentioned earlier, were assigned zero compression strength within SAP2000 to mimic 

the behavior of the slender steel web panel under seismic loading conditions. The Axial-P hinge was 

assigned to each of these diagonal strips, which by definition, only allows for tension and compression 

yielding. In order to restrict these hinges from yielding under compression (owing to buckling caused by 

compressive stresses within the steel plate), a near-zero compression limit was assigned to the axial strips. 

Note that the material model used for the plate in this study followed ASTM A36 standards, with a 

simplified elasto-plastic stress-strain model having a constant plastic plateau for up to very large strains. 

For this modification to work, the program was required to log values of the last deformation before entering 

the next consecutive compression loading regime, allowing the strips to recover all previously logged 

deformation values before entering the tension regime again. Figure B-1 shows a schematic idealization of 

the expected strip hysteresis as presented by Purba and Bruneau in 2010. A test-run was conducted with a 

simple portal frame with a singular diagonal axial strip in order to validate the above mentioned behavior. 

This is explained in Section B-2. 

 
 

Figure B-1 Generic Strip Hysteretic Behavior (Purba and Bruneau 2010) 

 

B.2. Case Study  

As shown in Figure B-2a, a simple moment resisting frame was braced with a singular diagonal axial strip 

to be used as a case study for validation of previously mentioned behavior. The diagonal strip, using ASTM 

A36 material with Fy = 36 ksi, was assigned a compression limit of -0.01 (near-zero value). An Axial-P 

hinge was assigned to the strip at mid-length. For a forcing function, a nonlinear time history load case was 

set up using a cosine function of amplitude 1. This was an idealistic representation of the typical conditions 

under seismic loading. Figure B-2b depicts the considered loading time history. 



 

As can be observed from Figure B-3, the axial hinge is only engaged during the tension regime of the 

forcing function. Correlating the time steps where the cosine function undergoes compressive action, it 

could be seen that there was no stress developing within the diagonal strip. In addition, the strip was re-

engaged as soon as the function entered into tension domain, starting from exactly the same value of 

deformation where the previous tension regime had logged off. This case study verified the behavior of the 

Axial-P hinge in reference to modifications mentioned Section 3.3.2. 

 

 

 
a) b) 

Figure B-2 a) Case Study set-up for axial hinge action verification, and b) Cosine Function Time 

History as defined within SAP2000 

 

 



 

 
Figure B-3 Axial Hinge Force-Displacement behavior 

 

 

 

 



 

APPENDIX C 

 
Figure C-1 Spectral matching for synthetic ground motions with target spectrum 
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Figure D-1 Drift response for SPSW1 compared with that of MRF1 for M5 to M9 
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