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 This paper focuses on illustrating the effectiveness of the new material model, 

𝜏𝐵𝑇𝑅 in comparison with the Specifications for Structural Steel Buildings (2016) material 

model, 𝜏𝐴𝐼𝑆𝐶, against a detailed finite element model to determine the accuracy of 

modeling  the inelastic behavior of steel W-Shapes. A total of seven steel columns were 

analyzed, using a W8x31 section, and eleven benchmark frames to compare the 

performance of the two material models. An ultimate strength study was conducted using 

the following slenderness ratios, L/r, of 40, 60, 80, 100, 120, 160, and 200 and oriented 

such that minor-axis bending occurs. The benchmark frames were modeled under a limit 

load analysis to illustrate the magnitude of stiffness reduction considering both major and 

minor-axis bending. Lateral displacements were recorded and compared for the eleven 

frames up to the collapse condition. Additional information is provided discussing the 

capabilities of the two material models and their performance when compared to a 

detailed finite element model. 
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Chapter 1: Introduction 

1.1 Problem Statement 

There are many initial conditions within structural steel that affect the capacity of 

its members. Residual stress and partial yielding can reduce the overall stiffness of beams 

and columns depending on the magnitude of loading. This is a cause of major concern 

when considering the ultimate strength of beam-columns. In addition, when performing a 

second-order inelastic analysis, additional stiffness reduction due to geometric 

imperfections, such as initial out-of-straightness, can further reduce the initial design 

capacity of the steel member. Over the years empirical equations have been developed to 

account for the partial yielding that occurs due to locked in compressive and tensile 

stresses (Ziemian, 2010).  

With the help of computers models have utilized advanced stiffness reduction 

functions and other methods to incorporate the effects of residual stress, partial yielding, 

and geometric imperfections on the ultimate strength of beam-columns (Kucukler et al. 

2014). The use of detailed plate and shell finite element models have been incorporated 

to verify the results obtained from line element models with stiffness reduction material 

models (Rosson et al. 2019). 
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1.2 Conceptual Understanding 

This paper uses a generalized material model which utilizes the ECCS residual 

stress pattern to predict the stiffness reduction in steel W-shapes. The new inelastic 

material model considers both the bending moment and axial load to determine the 

stiffness reduction. It incorporates a m condition (m is the ratio of the moment over the 

plastic moment), p condition (p is the ratio of the axial load over the yield load), and 𝑐𝑟 

condition (𝑐𝑟 is the ratio of maximum residual stress over the yield stress) to determine 

the stiffness reduction. The combination of bending moment and axial load produces a 

stiffness reduction value that varies from 0 to 1. This stiffness reduction is assumed to 

vary linearly along the line element, from the initial node to the terminal node. To 

properly model the stiffness reduction of the entire member, multiples elements are used 

depending on the moment gradient and magnitude of axial compression load. 

 

1.3 Limitations 

This paper only looks at the behavior of members in-plane and assumes all out-of-

plane behavior to be fully restrained. All analyses consider only two-dimensional 

behavior, using planar frame matrices. Sections are assumed to be fully-compact. Each 

structure is on top of a rigid foundation and no settlement can occur at their supports.  

 

1.4  Objectives 

1. Conduct column buckling analyses using MASTAN2 (Ziemian and McGuire, 

2000) with the AISC material model, 𝜏𝐴𝐼𝑆𝐶, and compared the results with the 
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new inelastic material model 𝜏𝐵𝑇𝑅   using seven different slenderness ratios, L/r 

conditions: 40, 60, 80, 100, 120, 160, and 200. 

2. Compare the values of stiffness reduction from the two materials models based on 

seven different L/r conditions. 

3. Conduct benchmark frame analyses using the AISC material model, 𝜏𝐴𝐼𝑆𝐶, built 

into MASTAN2, and compare the results with the new inelastic material model  

𝜏𝐵𝑇𝑅    using eleven different benchmark frames. 

4. Compare the stiffness reduction over the eleven benchmarks frames for the two 

material models. 

1.5 Thesis organization 

Chapter 1 addresses the problem statement for the subjects covered in the 

thesis and an introduction of previous research. It also gives the objectives that 

will be met. 

Chapter 2 gives background from the literature on topics related to 

analyzing the impact of residual stress and partial yielding on steel beam-columns 

behavior. 

Chapter 3 describes the analysis approach using MASTAN2 to model the 

two-dimensional frames to the ultimate load condition. It gives the initial 

conditions and assumptions made for each analysis.  

Chapter 4 focuses on presenting the computer model results of the 

columns and frames using the data retrieved from the two material models. It also 

compares the results from both material models with a detailed finite element 

models results.
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Chapter 2: Literature Review 

2.1 Residual Stress 

The non-uniform cooling rate of W-shapes after the hot-rolling process creates 

initial longitudinal residual stresses in the cross-section (Rosson, 2018). Due to the 

geometry of the W-shapes, the flanges and web behave differently during cooling. The 

magnitude and distribution of residual stresses in hot-rolled shapes vary depending on the 

material properties, cooling conditions, cross section, temperature during rolling, and 

straightening procedures (Ziemian, 2010). Due to the non-uniform cooling, the flanges 

and web regions experience a variation in stress profiles. At the flange-web section, 

maximum tensile stresses develop, and at the flange tips and web center, maximum 

compressive stresses develop (Rosson, 2018). These residual stresses are can cause 

premature yielding and consequently loss of overall stiffness and integrity, leading to 

reduced ultimate strength (Shayan et al., 2014). 
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In addition to hot-rolled W-shapes, welded built-up shapes also experience 

residual stress and have a significant influence on the ultimate strength of structural 

members. Methods have been developed to reduce the impact of residual stress on these 

built-up shapes (Ziemian, 2010). A method of using laser-welding tested by Gardner, Bu, 

& Theofanous (2016) reduces the amount of required heat on the steel and focuses the 

welding only to the surfaces that are to be welded. This reduces the overall effect of 

residual stresses in the welded shapes since the heat does not develop within the section 

and allows the cooling to be more uniform within the section. These experiments were 

conducted using stainless-steel columns that were both tall and short. The tests conducted 

used twenty-two flexural buckling tests using steel I-section members. The results of the 

tests on the I-sections improved the normalized buckling performances when compared 

to the conventional welded sections. 

The proposed stress models have been employed as initial states of stress in 

structural steel members for computer analyses to assess their resistance and influence 

when analyzing residual stress patterns (Spoorenberg et al., 2011). Figure 2-1 shows the 

four different initial states of residual stress. 

.  

 

Figure 2-1 Indicative Residual Stress patterns for hot-rolled, welded and roller 

straightened W-shape sections 

 (Spoorenberg, Snijder, & Hoenderkamp, 2011) 
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Residual stress models have been developed using the initial state of residual 

stress on the rolled sections in a fully non-linear finite element analysis. This residual 

stress model simulated the complete roller bending process. The results showed the 

different residual stress patterns from a typical hot-rolled pattern to a cold bent pattern. 

The finite element model was not developed to simulate the residual stress gradients over 

the web thickness and the flange thickness (Spoorenberg et al., 2011). The finite element 

analyses determined the effects of roller-bent residual stress. It was concluded that the top 

section of the web was in tension with an average maximum stress of approximately 

0.3𝑓𝑦  and the web was mainly in compression with an average maximum stress of about -

0.4𝑓𝑦  (Spoorenberg et al., 2011). 

 

2.2 Material Models 

Complex models that incorporate spread of plasticity, geometric imperfections, 

residual stress, and out-of-straightness have been developed over the years. Kuckler 

developed a stiffness method that looks at the in-plane design of structural steel members 

(Kuckler et al., 2015). Initial research considered stiffness reduction for single members 

and did not apply to the design of steel frames. This paper applies further stiffness 

reduction to the individual members of a steel frame. Results were compared to non-

linear finite element modeling for validation. Stiffness reduction functions were 

developed considering a combination of loading from both compressive loads and 

bending moments. The stiffness reduction to due axial loads was derived using the 

European column buckling curves (Kuckler et al., 2015. Bending moments consider the 

plastic moment capacity of the individual steel members and applied moment gradient 
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factors to assist in further stiffness reduction of the steel members. All results were 

compared to the non-linear finite element analysis results for validation. 

The plastic-hinge approach was a very common method for inelastic analysis 

many years ago. However, simply performing a plastic-hinge analysis may not consider 

all aspects of the actual behavior of the frame. Figure 2-2 is a load-displacement curve 

showing the different types of structural analysis, and the different responses when 

performing a first-order or second-order analysis, and the effects of elastic versus an 

inelastic analysis. The most rigorous and time-consuming analysis is the second-order 

inelastic analysis, but it tends to provide the most realistic assessment of frame behavior 

when the loads produce significant second order effects and spread of plasticity. 

 

 

Figure 2-2 Frame Analysis Methods for Steel Structures 

(Attalla, Deierlein, & McGuire, 1994) 
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2.2.1 Stiffness Reduction Material Model- 𝝉𝑨𝑰𝑺𝑪 

Empirical equations were developed to analyze the behavior of columns in both 

minor-axis and major-axis buckling of wide-flange columns (Surovek, 2008). The 

following plot was created for a W8x31 as shown in Figure 2-3. 

 

Figure 2-3  Major and Minor Axis Buckling of W8x31 Wide-Flange 

(Surovek, 2008) 

 

The (CRC), Column Research Council, column curve was developed for column 

strength in both the elastic and inelastic regions depending on the slenderness ratios 

(Surovek, 2008). The tangent modulus material model was developed to reduce the 

flexural stiffness due to partial yielding of steel members (Ziemian and McGuire, 2002). 

This approach was derived from the Column Research Council column equation 

(Galambos 1998). The corresponding equations are: 

 
𝑃

𝑃𝑦
= 1 −

𝜆2

4
  𝑓𝑜𝑟  

𝑃

𝑃𝑦
> 0.5,  𝑜𝑟 𝜆 < √2   (2-1) 

 
𝑃

𝑃𝑦
=

1

𝜆2  𝑓𝑜𝑟 
𝑃

𝑃𝑦
≤ 0.5, 𝑜𝑟 𝜆 ≥ √2    (2-2) 
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where, 

 𝑃𝑦=𝐴𝐹𝑦 (2-3) 

 𝜆2 =
𝐿2𝐹𝑦

𝜋2𝑟2𝐸
 (2-4) 

 𝜏𝑡 =
𝐸𝑡

𝐸
,  (2-5) 

 𝑝 =
𝑃

𝑃𝑦
 (2-6) 

The tangent modulus equation, 𝜏𝑇, is derived from the above equations (Surovek 2008) 

for the condition of  0.5 < 𝑝 ≤ 1.0, equation (2-1) can be written as 

 𝜆2 = 4(1 − 𝑝)  (2-7) 

The inelastic buckling equation for a pinned-pinned column is 

 𝑃𝑐𝑟 = 
𝜋2𝐸𝑡𝐼

𝐿2 =
𝜋2𝐸𝑡𝑟2𝐴

𝐿2  (2-8) 

 𝑝 =
𝑃𝑐𝑟

𝑃𝑦
=

𝜋2𝜏𝑡𝐸𝑡
2

𝐿2𝐹𝑦
   (2-9) 

Equation (2-9) is simplified with equation (2-4) and is 

 𝑝 =
𝜏𝑡

𝜆2  (2-10) 

Finally, equation (2-1) and (2-7) gives the 𝜏𝑡 below 

 𝜏𝑡 = 4𝑝(1 − 𝑝)  (2-11) 

This equation is published in Chapter C of Specification for Structural Steel Buildings 

(2016). This stiffness reduction equation does not take into consideration the effect of 

bending moment in combination with the axial load. If a member experiences both, the 

effect of partial yielding cannot be captured due to the moment when using equation 
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 (2-11) (Ziemian and McGuire, 2002). Figure 2-4 illustrates the column strength 

considering the 𝜏𝑇 and an alternative modified tangent modulus equation that 

incorporates minor-axis bending in the stiffness reduction expression. 

 

Figure 2-4 Column Strength Curve for W8x31 Section in minor-axis bending  

(Ziemian and McGuire, 2002) 

 

2.3 Test Frames 

Eleven benchmark test frames were selected from previous research conducted by 

Jose Martinez-Garcia (2002) and by May Thu Nwe Nwe (2014). These frames follow 

guidelines in the Specifications for Structural Steel Buildings (2016) as outlined in 

Appendix 1.3, Design by Inelastic Analysis.  

 

System 1a, shown in Figure-2-5, is a two-story industrial frame with four bays. 

Initial studies were conducted by Ziemian (1992).  The combination of high gravity loads 

to lateral loads were intended to represent a typical low-rise industrial building 

(Martinez-Garcia, 2002). Four load combinations were applied to this frame and the most 
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severe case was chosen following the thesis presented by Martinez-Garcia (2002). The 

controlling case considers an initial out-of-plumb to the left side of the frame. In addition, 

large gravity loads produced second-order effects with initial out-of-straightness modeled 

in the columns. The W8 column sections on the left side were designed to be smaller than 

the W14 sections on the right side to increase the left drift of the frame (Martinez-Garcia, 

2002). All sections were analyzed in-plane and oriented with major-axis bending. 

 

Figure 2-5 Geometry, Section Properties, Material Properties, and Loading Conditions, of 

Structural System 1a 

(Martinez-Garcia, 2002) 
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System 1b, is similar System 1a, but has columns oriented for minor-axis 

bending. The two-story frame shown in Figure 2-6(a) is given in the paper by Nwe Nwe 

(2014), however this frame is not analyzed in this paper. The frame analyzed in this paper 

is shown in Figure 2-6(b) with different W-shapes and loads (Ziemian and McGuire, 

1992).  

 

Figure 2-6 (a) Geometry, Section Properties, Material Properties, and Loading Conditions 

of Unsymmetrical Structural System 1b (Martinez-Garcia, 2002) (b) two-story frame 

modeled by (Ziemian, McGuire, & Dierlein, 1992) 
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System 2, shown in Figure 2-7, is a single-story multi-bay industrial frame. The 

model was developed during the development and validation stage of the Direct Analysis 

Method and was used for comparison with the Effective Length Method and more 

advanced analyses (Martinez-Garica, 2002). Prior studies defined this model as an 

eleven-bay structure but reduced it to three-bays. The concentrated loads represent the 

equivalent load of five leaning columns (Martinez-Garcia, 2002). To represent the axial 

stiffness of the five removed columns, and the modulus of elasticity is increased 5 times, 

making the exterior columns more rigid (Martinez-Garcia, 2002). The structure has two 

columns fixed at the center, and the exterior columns are pinned. Like System 1a, the 

large gravity loads produce significant second-order effects (Martinez-Garcia, 2002). All 

sections were analyzed in-plane and oriented with major-axis bending. 

 

Figure 2-7 Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 2  

(Martinez-Garcia, 2002) 

 



 

14 

 

System 3, shown in Figure 2-8, is a model for a two-story structure where stability 

effects are accentuated by the large mass at the top of the structure (Martinez-Garcia, 

2002). Similar to the previous frames, this model was designed during the early stages of 

the Direct Analysis Method for comparison with the Effective Length Method and more 

advanced analyses (Martinez-Garcia, 2002). The bracing members are W4x13 for system 

stability. The cross beams and bracing are not fixed connections but are pinned at both 

ends. The large gravity loads amplify the second-order effects due to initial geometric 

imperfections and lateral load. The wind and gravity loads are converted to equivalent 

concentrated loads at the top of the columns (Martinez-Garcia, 2002). All sections were 

analyzed in-plane and oriented with major-axis bending. 

 

Figure 2-8 Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 3  

(Martinez-Garcia, 2002) 



 

15 

 

System 4, shown in Figure 2-9, is a representative model of a multi-story building 

used for residential or office purposes. As with the previous frames, this model was used 

during the early development stage of the Direct Analysis (Martinez-Garcia, 2002). All 

sections were analyzed in-plane and oriented for major-axis bending to occur (Nwe New, 

2014). System 4 use’s European steel shapes with HEB sections for the columns and IPE 

sections for the beams.  

         

Figure 2-9: Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 4 

 (Martinez-Garcia, 2002) 
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System 5, shown in Figure 2-10, is an industrial gable frame with gravity and 

wind loads). The structure is statically indeterminate to the second degree with wind 

loads applied as shown (Martinez-Garcia, 2002). All sections were analyzed in-plane and 

oriented with major-axis bending.  

 

Figure 2-10 Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 5 

 (Martinez-Garcia, 2002) 

 

System 6 shown in Figure 2-11, original source of modeling was by Murray, T.M. 

(2001). The structure has an asymmetrical bay layout, with all sections analyzed in-plane 

and oriented with major-axis bending.  



 

17 

 

Figure 2-11 Geometry, Section Properties, Material Properties, and Loading Conditions 

Structural System 6   

(Martinez-Garcia, 2002) 

 

Systems 7a through 7d, shown in Figures 2-12 through Figures 2-15, are one-

story   two-bay frames with an asymmetrical bay layout and one bay having diagonal 

bracing. All four systems have the same basic geometry with variations defined by 

bracing and available connection restraint (Nwe Nwe, 2014). The frames were defined by 

Matrinez-Garcia (2002) with input from Prof. Joseph Yura. System 7a is pinned at the 

base and connections are fully restrained allowing moment transfer (Nwe Nwe, 2014). 

System 7b has a fixed connection at the base of all columns and pinned connections in 

the right bay. Both System 7c and 7d are pinned at the base and all member ends are 
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pinned (Martinez-Garcia, 2002). Systems 7a, 7b, and 7c are oriented for major axis 

bending, and the columns for 7d are oriented for minor axis bending.  

 

Figure 2-12 Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 7a  

(Martinez-Garcia, 2002) 

 

 

Figure 2-13 Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 7b 

 (Martinez-Garcia, 2002) 
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Figure 2-14 Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 7c 

 (Martinez-Garcia, 2002) 

 

 

Figure 2-15 Geometry, Section Properties, Material Properties, and Loading Conditions, 

Structural System 7d  

(Martinez-Garcia, 2002
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Chapter 3: Research Methodology 

3.1 Stiffness Reduction Equations 

3.1.1 New Material Model - 𝝉𝑩𝑻𝑹 

The stiffness reduction (𝜏) that results from yielding of the cross-section due to 

bending and axial load was studied in detail using a fiber element model for W-Shapes 

with an ECCS residual stress pattern (Rosson, 2017). The model used 2,046 fiber 

elements over the cross section (400 fiber elements in each flange and 1,246 fiber 

elements in the web). For a given normalized moment m (M/Mp), axial load p (P/Py), and 

residual stress ratio 𝑐𝑟 (𝜎𝑟 /𝜎𝑦) the stiffness reduction was carefully assessed for a W8x31 

with 𝑐𝑟 = 0.3 (Rosson, 2017). Using m and p results with increments of 0.01, over 7,000 

data points were used to produce the m-p-𝜏 surface plots for both major and minor axis 

bending (Rosson, 2017). Figure 3-1(a) and (b) is the surface plot for both major-axis and 

minor-axis bending and axial compression. 

 

 



 

21 

 

Figure 3-1 Exact m-p-τ surface plots from Eqs. 3-10 and 3-11 for a) minor-axis bending 

and b) major-axis bending 

 (Rosson, 2018) 

 

The equation to determine the extent of 𝜏 =1 is found in the literature (Attalla et 

al; Zubydan 2011; Rosson 2016). For a given residual stress ratio 𝑐𝑟  and axial 

compression load condition p, the maximum moment at which 𝜏 =1 is maintained and 

given as 

 𝑚1 =
𝑆𝑦

𝑍𝑦
(1 − 𝑐𝑟 − 𝑝)                                 (3-1) 

Where 𝑆𝑦 is minor-axis elastic section modulus and 𝑍𝑦 is the minor-axis plastic 

section modulus (Rosson, 2017). The maximum moment at which 𝜏 =1 is maintained for 

the major-axis bending and axial compression condition is determined in a similar 

manner and is found to be 

 𝑚1 =
𝑆𝑥

𝑍𝑥
(1 − 𝑐𝑟 − 𝑝)                (3-2) 

(a) (b) 
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𝑆𝑥 is the major-axis elastic section modulus and 𝑍𝑥 is the minor-axis plastic 

section modulus (Rosson, 2017). To determine the stiffness reduction 𝜏 for a given p and 

𝑐𝑟 when m = 0, the minor-axis moment of inertia of the remaining cross-section that has 

not yielded is divided by the original minor-axis moment of inertia 𝐼𝑦 (Rosson, 2017). 

The relationship for 𝜏 is found to be 

 𝜏𝑝 =
2 (√

1−𝑝

𝑐𝑟
)

3

+𝜆𝜆𝑜
2√

1−𝑝

𝑐𝑟

2+ 𝜆𝜆𝑜
2  (3-3) 

where 𝜆 = 𝐴𝑤/𝐴𝑓 and 𝜆𝑜 = 𝑡𝑤/𝑏𝑓 (Rosson 2016). For W-Shapes in which 𝜆𝜆𝑜
2  is very 

small compared to 2, a very close approximation Eq. 3-3 excludes the effect of the web 

and is given as 

𝜏𝑝 = (√
1−𝑝

𝑐𝑟
)

3

 (3-4) 

The stiffness reduction 𝜏 for the major-axis condition when m=0, is determined in a 

similar manner and is found to be 

 𝜏𝑝 =
𝜆𝜆1

2[1−1(√
1−𝑝

𝑐𝑟
)

3

]+√
1−𝑝

𝑐𝑟
[2+6(1+𝜆1)2]

𝜆𝜆1
2+2+6(1+𝜆1)2  (3-5) 

where  𝜆1 = 𝑑𝑤/𝑡𝑓 (Rosson, 2017). 

Two equations are needed to determine the 𝑚 and 𝑝 conditions when 𝜏 = 0 for 

both minor-axis and major-axis. For the minor-axis bending with axial compression 

condition, one equation is needed when the plastic neutral axis is inside the web 

thickness, and the other equation is needed when it is outside the web thickness (Rosson, 

2017). Closed-form equations are given in the book by Chen and Sohal (1995); however, 
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the same results can be obtained with fewer computations using the 𝜆, 𝜆𝑜 and 𝜆1(Rosson 

2016). 

 𝑚0 = 1 −
𝑝2(2+𝜆)2

(2+𝜆𝜆0)(2+𝜆1)
                          when 𝑝 <

2𝜆0+𝜆

2+𝜆
 (3-6) 

 𝑚0 =
4−[𝑝(2+𝜆)−𝜆]2

2(2+𝜆𝜆0)
                                 when 𝑝 ≥

2𝜆0+𝜆

2+𝜆
 (3-7) 

For the major-axis bending with axial compression condition, one equation is 

needed when the plastic neutral axis is outside the flange thickness, and the other 

equation is needed when it is inside the flange thickness. 

 𝑚0 = 1 −
𝑝2(2+𝜆)2

4𝜆0+𝜆(4+𝜆)
                                when 𝑝 <

𝜆

2+𝜆
 (3-8) 

  𝑚0 =
(2+𝜆1)2−[𝑝(2+𝜆)−𝜆+𝜆1]2

4+𝜆1(4+𝜆)
                   when 𝑝 ≥

𝜆

2+𝜆
  (3-9) 

The new inelastic material model, 𝜏𝐵𝑇𝑅, takes advantage of the closed-form 

equations for the perimeter conditions given by 𝑚1, 𝜏𝑝, and 𝑚0. The 3D surfaces in 

Figure 3-1 for both minor-axis bending and major axis bending condition are closely 

approximated using equations 3-10 and 3-11 (Rosson, 2017). An appropriate value for 

the exponent n is selected based on the fiber element m-p- 𝜏 results for a given W-Shape 

and the axis about which bending occurs. 

𝜏𝐵𝑇𝑅 = 1 − (
𝑚+𝑚1

𝑚0+𝑚1
)

𝑛

                 when 𝑝 < 1 − 𝑐𝑟 (3-10) 

𝜏𝐵𝑇𝑅 = 𝜏𝑝 [1 − (
𝑚

𝑚0
)

𝑛

]                when 𝑝 ≥ 1 − 𝑐𝑟 (3-11) 

For a given axial compression p condition, and a W-Shape with its 𝜆, 𝜆𝑜, 𝜆1, and 

𝑐𝑟 constants, the 𝑚1, 𝜏𝑝, and 𝑚𝑜 values are evaluated from Eqs. (3-1), (3-3), (3-6) and (3-

7) for minor axis bending, and Eqs. (3-2), (3-5), (3-8), and (3-9) for major-axis bending 

(Rosson, 2017). In the absence of any other effort to determine an appropriate n value for 
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a given W-Shape, it is recommended that n = 2 be used for minor-axis bending and n = 4 

for major-axis bending. As illustrated in Figure 3-2(a) and Figure 3-2(b), for a given p 

and its corresponding 𝑚1, 𝜏𝑝, and 𝑚𝑜 values τ us evaluated based on the magnitude of the 

bending moment m. If  𝑝 < 1 − 𝑐𝑟 and  𝑚 ≤ 𝑚1, there is no stiffness reduction and τ = 1 

(Rosson, 2017). If  𝑝 < 1 − 𝑐𝑟 and 𝑚 > 𝑚1, there is stiffness reduction between 1 and 0 

along the light-yellow line, on Figure 3-2, depending on the magnitude of m. If 𝑝 > 1 −

𝑐𝑟, then stiffness reduction is between  𝜏𝑝 and 0 along the blue line, on Figure 3-2, 

depending on magnitude of m. If 𝑚 ≥ 𝑚0 for any given p condition, then τ = 0. 

 

Figure 3-2 Idealized m-p-τ surface plots for a) minor-axis bending and b) major-axis 

bending 

 (Rosson, 2017) 
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3.1.1 AISC Material Model – 𝝉𝑨𝑰𝑺𝑪 

To approximate the material nonlinear effects of residual stress on member 

behavior, the following tangent modulus provision has been employed (Ziemian and 

McGuire 2002). Using 𝐸𝜏 = 𝜏𝐴𝐼𝑆𝐶𝐸 , the following stiffness reduction model was used 

based on the 𝜏𝑏 equations in Chapter C of the Specification for Structural Steel Buildings 

(2016). 

 𝜏𝐴𝐼𝑆𝐶 = 1 𝑓𝑜𝑟 𝑝 ≤ 0.5 (3-11)

 𝜏𝐴𝐼𝑆𝐶 = 4𝑝(1 − 𝑝)   𝑓𝑜𝑟 0.5 < 𝑝 ≤ 1.0 (3-12) 

Values of p are absolute values and represent the ratio of the compressive load 

over the yield load capacity, 𝑃/𝑃𝑦, (Ziemian and McGuire 2002). Local buckling effects 

are ignored. 

3.2 MASTAN2 

MASTAN2 is an interactive structural analysis program that provides 

preprocessing, analysis, and post-processing capabilities (Ziemian and McGuire 2002). 

Analysis routines provide the opportunity to perform first-or second-order elastic or 

inelastic analyses of two- or three-dimensional frames. It also contains incremental 

analysis routines for modeling the nonlinear geometric behavior (Ziemian 2002). Frames 

are modeled with line elements between nodes. Since the magnitudes of moments vary 

along the length of beam-columns, the stiffness reduction varies as well to account for 

yielding. For this reason, it is assumed the tangent modulus varies linearly over the length 

of each element (Rosson, 2017). The following closed-form stiffness matrix was 

developed by Ziemian and McGuire (2002) and is used in MASTAN2. The a and b terms 
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represent the initial and terminal stiffness reduction based on the m and p values at the 

initial and terminal nodes, respectively. 

                             (3-13) 

The a and b, when considering 𝜏𝐵𝑇𝑅 used equations (3-9) or (3-10), and equations (3-11) 

or (3-12), when considering 𝜏𝐴𝐼𝑆𝐶. 

3.3 W8x31 Column Study 

The W8x31 columns were modeled and analyzed with the new material model 

and the AISC model using equations (3-9) or (3-10) for 𝜏𝐵𝑇𝑅,  and (3-11) or (3-12) for 

𝜏𝐴𝐼𝑆𝐶. All members were assumed to be fully compact columns with seven different 

slenderness ratios were studied L/r 40, 60, 80, 100, 120, 160, and 200. The initial 

geometric imperfection was directly modeled using the first eigen-mode and normalized 

to L/1000. A second-order inelastic analysis was conducted to include the effects of the 

initial geometric imperfection and material non-linearity. Each column was analyzed in-

plane with bending about the minor-axis. They were loaded to collapse and their stiffness 

reduction throughout the column length recorded at the limit load. Figure 3-3 is an 

example of the modeled columns in MASTAN2. 
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Figure 3-3 W8x31 Column in MASTAN2 with L/r ratio of 60 

 

3.4 System Frames 

A total of eleven benchmark frames were analyzed using a second-order inelastic 

analysis in MASTAN2 (2015). Guidelines followed in accordance with Appendix 1 of the 

Specifications for Structural Steel Buildings (2016). This included a reduction factor of 

0.9 to the yield stress and modulus of elasticity. Although section 1.3.3c stipulates that 

the modulus of elasticity shall be reduced by 0.8 when using the Chapter C stiffness 

reduction equation, it was decided to use the same 0.9 reduction in order to make the 

conditions the same as 𝜏𝐵𝑇𝑅 . Initial geometric imperfections were directly modeled using 

L/500 for frame out-of-plumb in the compounding direction (Rosson 2018). All frames 

were analyzed in-plane and assumed to be compact with no out-of-plane behavior. All 

loads were defined to be limit load conditions based on a detailed finite element model 

(Rosson and Ziemian, 2019). 
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System 1a, shown in Figure 3-4, is a two-story frame with two-bays and a total 

height of 35 feet. All members are oriented with bending to occur about the major-axis. 

Columns are connected at their base with pins and each beam and column consist of 10 

elements with a distributed load acting on the beams.  

 

Figure 3-4 System 1a modeled in MASTAN2 

 

System 1b, shown in Figure 3-5, is very similar to System 1a, but the columns are 

oriented for bending to occur about their minor-axis. The beams are in the same 

orientation of System 1a but are larger. 
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Figure 3-5 System 1b modeled in MASTAN2  

 

System 2, shown in Figure 3-6, is a three-bay one-story structure with 

concentrated loads on the top of both exterior columns and a distributed load applied to 

the beams. The structure is oriented with major-axis bending. The exterior columns are 

pinned at both ends and the interior columns are fixed at the base. 

 

 

Figure 3-6 System 2 modeled in MASTAN 
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System 3, shown in Figure 3-7, is a two-story frame with diagonal bracing on the 

second floor. The bracing is connected to the beams and columns with pins. Concentrated 

loads are applied at the top of both columns. All members are oriented for major-axis 

bending.  

 

Figure 3-7 System 3 in MASTAN 

 

 

 

 

 

 

 

 

 



 

31 

System 4, shown in Figure 3-8, is a six-story two-bay structure and is the tallest 

structure modeled from the eleven benchmark frames. All sections are oriented with 

major- axis bending. The columns are fixed at the base. 

 

 

Figure 3-8 System 4 modeled in MASTAN2 
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System 5, shown in Figure 3-9, is a gable structure with all members oriented 

with major-axis bending. The columns contain 40 elements and are pinned at their base. 

The beams on the left side contain 80 elements and the beams on the right side have 58 

elements. 

 

Figure 3-9 System 5 in MASTAN2 

 

System 6, shown in Figure 3-10, is a two-bay structure with varied floor 

elevations. All sections are oriented with major axis bending. The columns are pinned at 

the base. All 1st floor columns have a total of 20 elements as well at the middle column 

on the 2nd floor. The remaining members, beams and columns, have 10 elements per 

member. 
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Figure 3-10 System 6 in MASTAN2 

System 7a, shown in Figure 3-11, is a two-bay structure with all columns pinned 

at the base. All members oriented with major-axis bending. 

 

Figure 3-11 System 7a in MASTAN2 
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System 7b, shown in Figure 3-12, has similar loading condition to System 7a and 

similar orientation with major-axis bending. Columns have fixed supports at the base and 

all members are subdivided into 40 elements. 

 

Figure 3-12 System 7b in MASTAN2 

 

System 7c, shown in Figure 3-13, has a diagonal bracing in the left bay and 

members are oriented with major-axis bending. Like System 7a, all members are 

subdivided in 10 elements and columns supported with pins at the base. 

 

Figure 3-13 System 7c in MASTAN2 
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System 7d, shown in Figure 3-14, has all beams oriented with major-axis bending. 

Columns are oriented with minor-axis bending. The middle columns are subdivided with 

20 elements, and the remaining members are subdivided with 10 elements. 

 

Figure 3-14 System 7d in MASTAN2 
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Chapter 4: Data Analysis, Results, and Discussion 

4.1 Column Strength Study 

A single W8x31 steel column was selected to compare the results of the two 

inelastic material models, 𝜏𝐵𝑇𝑅 and 𝜏𝐴𝐼𝑆𝐶. The column is pinned-pinned and loaded with a 

single vertical load at the top. Seven different slenderness ratios were investigated with a 

L/r of 40, 60, 80, 100, 120, 160, and 200. The section was assumed to be fully compact 

and no out-of-plane behavior was allowed. The section was oriented with minor-axis 

bending. A second-order inelastic analysis was conducted with the full modulus of 

elasticity of 29,000 ksi and yield stress of 50 ksi. Results were recorded and saved on a 

spreadsheet to create the plot shown in Figure 4-1. The new inelastic material model, 

𝜏𝐵𝑇𝑅, gives slightly lower results when compared to the 𝜏𝐴𝐼𝑆𝐶 results over the full range 

of L/r values. 

 

Figure 4-1 Column Strength Curve for W8x31 section with minor-axis bending 
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A total of ten elements were used for each column. From the bottom to the mid-

height of the column, the displacements, axial load and moment at each node were 

recorded at the limit load. Based on the m and p conditions, the 𝜏𝐵𝑇𝑅 and 𝜏𝐴𝐼𝑆𝐶 values 

were back calculated at each node. Using AutoCAD (2018), the modeled loss of stiffness 

over the column height was depicted with shaded regions to illustrate the extent and 

location of stiffness reduction. As shown in Figures 4-2(a) and (b), the shading that 

occurs for L/r of 40 to 60 indicates the greatest amount of inelastic response. The L/r 

conditions of 100 to 200 indicate much lower inelastic responses but are not completely 

elastic when using 𝜏𝐵𝑇𝑅 even up to L/r of 200. 𝜏𝐴𝐼𝑆𝐶 as expected, has only elastic 

response for L/r greater than 100. 
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(a) 

 

(b) 

Figure 4-2 Location and Extent of stiffness reduction of W8x31 of L/r (a) AISC 

Equation, 𝜏𝐴𝐼𝑆𝐶  (b) New Material Model 𝜏𝐵𝑇𝑅 
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4.2 Test Frame Study 

A system limit load analysis was conducted on eleven benchmark frames using 

the new material model, 𝜏𝐵𝑇𝑅, and the AISC material model,𝜏𝐴𝐼𝑆𝐶. Results were obtained 

and compared to an advanced nonlinear finite element model using the same frames. All 

analyses were conducted using an advanced second-order inelastic analysis in accordance 

with Appendix 1 of the Specification for Structural Steel Buildings (2016). All members 

were analyzed in-plane and considered fully compact. The modulus of elasticity and yield 

stresses were reduced by a factor of 0.9. Initial geometric imperfections were directly 

modeled using L/500 in the compounding direction. All models were incrementally 

loaded using a second-order inelastic analysis in MASTAN2. The magnitudes of loads for 

all frames were calibrated to create a limit load condition with an applied load ratio of 1.0 

for the frames modeled using the advanced finite element method (Rosson and Ziemian, 

2019). 

For each frame, values for m and p were recorded at the nodes and used to back 

calculate values for 𝜏𝐵𝑇𝑅 and 𝜏𝐴𝐼𝑆𝐶. Illustrations were developed to show the extent of 

stiffness reduction when using two different 𝜏 models. The finite element models by 

Ziemian and Nwe (2012), were used to validate the MASTAN2 results. Regions that 

indicate no shading represent areas with no stiffness reduction (𝜏 = 1), and where 

complete shading occurs, then full stiffness reduction occurs (𝜏 = 0). 

At the limit load, Structural System 1a shows similar areas of stiffness reduction 

between the finite element model and the new inelastic material model, 𝜏𝐵𝑇𝑅. Figure 4-

3(a) and (c) show locations of similar stiffness reduction between the two models. When 

compared to the AISC model, 𝜏𝐴𝐼𝑆𝐶, in Figure 4-3(b) significantly less stiffness reduction 
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takes place along beams and columns. This is due to few members having high enough 

axial loads to reduce the stiffness and that 𝜏𝐴𝐼𝑆𝐶 ignores the moment effects. The model 

that performed most like the finite element model was 𝜏𝐵𝑇𝑅 .  

 

Figure 4-3 Structural System 1a (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅, (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 1a, lateral displacements with corresponding applied load ratios were 

recorded at the top-most node and plotted for each model. Figure 4-4 shows curves 

corresponding to the finite element model, new material model, and the AISC model. The 

AISC model does not behave nearly the same as the other two models once the applied 

load ratio goes beyond 0.7. The sudden change in direction is due to the yield surface 

control in MASTAN2 required for 𝜏𝐴𝐼𝑆𝐶. When 𝑃𝑦 and 𝑀𝑝 is reached, the stiffness at a 
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node is instantly set to zero. The applied load ratio at the limit load for 𝜏𝐴𝐼𝑆𝐶 and 

𝜏𝐵𝑇𝑅were ALR= 0.954 and ALR =0.984, respectively. 

 

Figure 4-4 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 1a 

 

At the limit load, System 1b does not show similar patterns of stiffness reduction 

between the three models. Stiffness reduction in the beams from the finite element model, 

Figure 4-5(c), and the new inelastic material model, 𝜏𝐵𝑇𝑅, in Figure 4-5(a) are different. 

The 𝜏𝐵𝑇𝑅 model only shows slight reduction of stiffness at the beams ends. Locations of 

stiffness reduction in the columns are similar when comparing Figures 4-5(c). The 𝜏𝐴𝐼𝑆𝐶 

model in Figure 4-5 (b) hinges. This is due to yield surface control when 𝑀𝑝 is reached 

and is not due to stiffness reduction as a result of high axial loads. 
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Figure 4-5 Structural System 1b (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 1b, lateral displacements at the top of the frame with the 

corresponding applied load ratios were recorded and plotted for each model. Figure 4-6 

shows curves corresponding to the finite element model, new material model, and the 

AISC model. When comparing the finite element model to the new material model, 𝜏𝐵𝑇𝑅 

the curves from both follow a similar path and end at the displacement. The 𝜏𝐴𝐼𝑆𝐶 and 

𝜏𝐵𝑇𝑅 model are identical until applied load ratio of 0.78. After this point the 𝜏𝐴𝐼𝑆𝐶  model 

continues past the ALR=1 and ends at an amount of displacement. The applied load ratio 

limits for the 𝜏𝐴𝐼𝑆𝐶  and 𝜏𝐵𝑇𝑅 model was ALR= 1.13 and ALR =1.02 respectively. 
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Figure 4-6  Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 1b 

At the limit load, System 2 shows similar locations of stiffness reduction between 

the three material models. The new inelastic material model, 𝜏𝐵𝑇𝑅, shown in Figure 4-

7(a) is nearly identical to the finite element model, Figure 4-7(c). The AISC model, 𝜏𝐴𝐼𝑆𝐶, 

has plastic hinges at the same locations but does not show slight reduction in stiffness at 

the base of the left interior columns. Again, the yield surface control when 𝑀𝑝 is reached, 

produced the hinges in Figure 4-7 (b) and is not the result of the 𝜏𝐴𝐼𝑆𝐶 stiffness reduction. 

In the absence of high axial loads in the interior columns, the stiffness reduction for 𝜏𝐴𝐼𝑆𝐶 

and 𝜏𝐵𝑇𝑅 models are similar. 
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Figure 4-7 Structural System 2 (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC Material 

Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 2, lateral displacements at the top of the frame with the corresponding 

applied load ratios and plotted for each model. Figure 4-8 shows three curves 

corresponding to the finite element model, new material model, and the AISC model. All 

three curves are relatively similar up to the ALR of approximately 0.85. The new material 

model and AISC model have similar plots up the limit load. The applied load ratio limits 

for the τAISC and τBTR models were ALR= 1.06 and ALR =1.03, respectively. 
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Figure 4-8 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 2 

 

At the limit load, System 3 shows similar patterns of stiffness reduction between 

the finite element model, Figure 4-9(c), and the new inelastic material model, Figure 4-

9(a). The magnitude of stiffness reduction varies along the columns for both. However, 

when compared to the AISC model, in Figure 4-9(b), only one column has a hinge. 
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Figure 4-9 Structural System 3 (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC Material 

Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 3, lateral displacements at the top of the frame with the corresponding 

applied load ratios were recorded and plotted for each model. Figure 4-10 shows curves 

corresponding to the finite element model, new material model, and the AISC model. The 

initial response is different between the finite element model and the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅 

models. The 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅 models are very similar up to the applied load ratio of 0.87, 

The ALR limits for the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅 models were ALR= 1.04 and ALR 

=0.982,respectively.
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Figure 4-10 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 3 

 

At the limit load, System 4 shows different magnitudes and locations of stiffness 

reduction compared with the finite element model in Figure 4-11. The new inelastic 

material model, 𝜏𝐵𝑇𝑅, in Figure 4-11(a) more closely approximates the conditions in 

Figure 4-11(c). The 𝜏𝐵𝑇𝑅  model shows more stiffness reduction and hinges forming  when 

comparing reductions values given from the AISC material model.
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Figure 4-11 Structural System 4 (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 
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For System 4, lateral displacements at the top of the frame with corresponding 

applied load ratios were recorded and plotted for each model. Figure 4-12 shows curves 

corresponding to the finite element model, new material model, and the AISC model. The 

new material model, 𝜏𝐵𝑇𝑅, shows more displacement with less load when compared with 

both the 𝜏𝐴𝐼𝑆𝐶 model and the finite element model. The applied load ratio limits for 𝜏𝐴𝐼𝑆𝐶 

and 𝜏𝐵𝑇𝑅 models were ALR= 0.97 and ALR =0.95, respectively. 

 

Figure 4-12 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 4 

 

At the limit load, System 5 shows different magnitudes of stiffness reduction 

between the finite element model, and the 𝜏𝐵𝑇𝑅 and 𝜏𝐴𝐼𝑆𝐶 models in Figure 4-13. The 

𝜏𝐵𝑇𝑅 model shows reduction only in one column. The AISC model, 𝜏𝐴𝐼𝑆𝐶, in Figure 4-

13(b) shows hinges forming at the top of both columns but no reduction in the beams.  
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Figure 4-13 Structural System 5 (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 5, lateral displacements at the top of the frame with the corresponding 

applied load ratios were recorded and plotted for each model. Figure 4-14 shows curves 

corresponding to the finite element model, new material model, and the AISC model. 

Both the 𝜏𝐵𝑇𝑅 and 𝜏𝐴𝐼𝑆𝐶  models respond similarly up to the first hinge forming at the top 

of the right column. They both did not have a similar response to the finite element 

model. The applied load ratio limits for the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅  models were, ALR= 1.01 and 

ALR =0.905, respectively. 
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Figure 4-14 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 5 

 

At the limit load, System 6 shows similar patterns of stiffness reduction between 

the finite element model and the new inelastic material model, 𝜏𝐵𝑇𝑅, in Figure 4-15. The 

𝜏𝐴𝐼𝑆𝐶 model, in Figure 4-15(b) shows less stiffness reduction at the top of the first-floor 

columns.  
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Figure 4-15 Structural System 6 (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 6, lateral displacements at the top of the frame with corresponding 

applied load ratios were recorded and plotted for each model. Figure 4-16 shows curves 

corresponding to the finite element model, new material model, and the AISC model. All 

three models follow similar paths and only vary at the limit load. The applied load ratio 

limits for the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅  models were, ALR= 0.998 and ALR =1.01, respectively. 
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Figure 4-16 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 6 

 

At the limit load, System 7a shows similar patterns of stiffness reduction between 

the finite element model, the new inelastic material model, 𝜏𝐵𝑇𝑅, and the AISC model, 

𝜏𝐴𝐼𝑆𝐶, in Figure 4-6. The extent of stiffness reduction varies between the three models, 

and the 𝜏𝐵𝑇𝑅 model shows more regions of stiffness reduction than the finite element 

model. The 𝜏𝐴𝐼𝑆𝐶 model shows plastic hinges forming at similar locations as the finite 

element model and this is due to the yield surface control when  𝑀𝑝 is reached and is not 

due to sitffness reduction based on 𝜏𝐴𝐼𝑆𝐶 equation. 
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Figure 4-17 Structural System 7a (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 7a, lateral displacements at the top of the frame with the 

corresponding applied load ratios were recorded and plotted for each model. Figure 4-18 

shows curves corresponding to the finite element model, new material model, and the 

AISC model. Each model responded somewhat differently from one another. The applied 

load ratio limits for the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅  models were, ALR= 1.13 and ALR =1.02, 

respectively. 
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Figure 4-18 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 7a 

 

At the limit load, System 7b shows similar locations of stiffness reduction 

between the finite element model, the new inelastic material model, 𝜏𝐵𝑇𝑅 and the 

𝜏𝐴𝐼𝑆𝐶  models in Figure 4-19. The 𝜏𝐴𝐼𝑆𝐶 model displayed additional locations of stiffness 

reduction at the column supports. The 𝜏𝐵𝑇𝑅 model matched more closely with the finite 

element model in stiffness reduction.  
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Figure 4-19 Structural System 7b (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 7b, lateral displacements at the top of the frame with the 

corresponding applied load ratios were recorded and plotted for each model. Figure 4-20 

shows curves corresponding to the finite element model, new material model, and the 

AISC model. Both the 𝜏𝐵𝑇𝑅 and 𝜏𝐴𝐼𝑆𝐶 models responded in a similar fashion, but they did 

not match the finite element model and final displacement results. The applied load ratio 

limits for the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅  models were, ALR= 1.04 and ALR =0.974. 
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Figure 4-20 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 7b 

 

At the limit load, System 7c shows different magnitude of stiffness reduction 

between the finite element model, the new inelastic material model, 𝜏𝐵𝑇𝑅, and the 𝜏𝐴𝐼𝑆𝐶 

models in Figure 4-21. The 𝜏𝐵𝑇𝑅 model displays additional stiffness reduction and hinges 

forming in the right column. The 𝜏𝐴𝐼𝑆𝐶 model shows a similar hinge forming but no 

gradual stiffness reduction along the column. It also has a hinge in the right column due 

to yield surface control of 𝑀𝑝 being reached. 
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Figure 4-21 Structural System 7c (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 7c, lateral displacements at the top of the frame with corresponding 

applied load ratios were recorded and plotted for each model. Figure 4-22 shows curves 

corresponding to the finite element model, new material model, and the AISC model. 

Both the finite element model and 𝜏𝐵𝑇𝑅 model respond in a similar fashion. The applied 

load ratio limits for the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅 models were, ALR= 0.936 and ALR =0.992, 

respectively. 
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Figure 4-22 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 7c 

 

At limit load, System 7d shows different magnitudes of stiffness reduction 

between the finite element model, the new inelastic material model, 𝜏𝐵𝑇𝑅, and the 𝜏𝐴𝐼𝑆𝐶 

models in Figure 4-23. Additional stiffness reduction occurs in the 𝜏𝐵𝑇𝑅 model in the 

right exterior columns. The 𝜏𝐴𝐼𝑆𝐶 model displays hinges forming in the columns at similar 

locations like the 𝜏𝐵𝑇𝑅 model. 
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Figure 4-23 Structural System 7d (a) New Inelastic Material Model 𝜏𝐵𝑇𝑅 (b) AISC 

Material Model 𝜏𝐴𝐼𝑆𝐶, (c) Finite Element Model (Ziemian & Nwe Nwe, 2012) 

 

For System 7d, lateral displacements at the top of the frame with corresponding 

applied load ratios were recorded and plotted for each model. Figure 4-24 shows curves 

corresponding to the finite element model, new material model, and the AISC model. The 

𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅 models responded identically up to the applied load ratio of approximately 

0.77. Both models responded a little differently than the finite element model up to the 

limit load. The applied load ratio limits for the 𝜏𝐴𝐼𝑆𝐶 and 𝜏𝐵𝑇𝑅 models were, ALR= 1.08 

and ALR =0.992, respectively. 
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Figure 4-24 Applied Load Ratio vs. Lateral Displacement Comparison for Structural 

System 7d 
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Chapter 5: Conclusion and Recommendation 

5.1  Conclusion 

This research compared the new material model 𝜏𝐵𝑇𝑅 with 𝜏𝐴𝐼𝑆𝐶 in their ability to 

model stiffness reduction of W-Shapes with axial force and bending moments that 

produce partial yielding. The stiffness reduction model, 𝜏𝐵𝑇𝑅, was developed based the 

results from a detailed fiber element model. The stiffness reduction conditions between 

𝑚1  and 𝜏𝑝  to 𝑚0    are based on approximate nonlinear equations that vary based on a given 

exponent n to account for the axis of bending and cross-sectional properties of the W-

shape. 

 The column strength study demonstrated the ability of  𝜏𝐵𝑇𝑅 to model the 

reduction in stiffness in columns that typically only have elastic response with L/r values 

greater than 120. A second-order inelastic analysis with 𝜏𝐵𝑇𝑅  showed inelastic behavior 

in all cases of L/r equal to 40, 60, 80, 100, 120, 160, and 200. The 𝜏𝐴𝐼𝑆𝐶 models as 

expected only showed stiffness reduction with L/r ratios equal to 40, 60, and 80. 

When used with the eleven benchmark frames, 𝜏𝐵𝑇𝑅  showed results that more 

closely resembled the finite element model results. Results from the 𝜏𝐴𝐼𝑆𝐶  models did not 

match the finite element results to the same degree, and they provided stiffness reduction 

only for frame members with high axial loads. Following the guidelines set forth in 

Appendix 1 in the Specification for Structural Steel Buildings (2016), 𝜏𝐵𝑇𝑅 proved to be 

an effective material model when performing a second-order inelastic.
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5.2  Recommendations 

 Based on the column strength study and eleven benchmark frames using the new 

material model and the AISC model, a few recommendations for future work can be 

made. When using the new material model, values of n were set to 2 for minor-axis 

bending and 4 for major-axis bending. Investigation the sensitivity of n on system 

response for different W-shapes would be of benefit. The finite element model, done by 

Ziemian (2002), was the only finite element model used for comparison. Since exact 

values following the finite element model were not provided, additional finite element 

models would verify the reliability of Ziemian’s models and the magnitude and locations 

of stiffness reduction. In general, the line element MASTAN2 models had ten elements 

per member. Varying the number of elements could determine if fewer elements can 

produce similar results or if more elements would improve the accuracy such the applied 

load ratios even more closely approach 1. Responses up to the ultimate limit load 

condition do vary based on the material model used, and designers need to be aware of 

the limitations each material model may have on the results.
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Chapter 6: Appendix 

6.1 Appendix A: Results and Properties following Column Strength Study of 

W8x31 for Minor-Axis Bending using 𝝉𝑨𝑰𝑺𝑪 

This section displays all the input data points and properties before running an 

analysis. The table below shows the material properties of the W8x31 section and 

additional information regarding plastic moment capacity and yield force capacity. 

Values calculated from 𝜏𝐴𝐼𝑆𝐶 were used to display the extent of stiffness reduction with 

shading. 

 

• P values indicate axial force in the columns corresponding to the limit load. 

• Only 10 elements were displayed since the column is symmetric about its mid-

point. 
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6.2 Appendix B: Results and Properties for eleven benchmark frames the AISC 

equation, 𝝉𝑨𝑰𝑺𝑪 

This section shows all the results pertaining the figures shown in chapter four 

corresponding to the eleven benchmark frames. 

• M values correspond to member moments. 

• P values correspond to members axial force 

• 𝜏, corresponds to the 𝜏𝐴𝐼𝑆𝐶 reduction value. 

• m is the (M/𝑀𝑝), moment over plastic moment capacity. 

• p is (P/𝑃𝑦), Force over the yield force capacity. 

• Members that are named with C indicate a column and a B for beams. The 

number designation signifies the floor and the corresponding column 

when view columns from left to right. 

• S(x) and Z(x) values correspond to the elastic and plastic section modulus 

for the steel members. 
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6.2.1 Structural System 1a 
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6.2.2 Structural System 1b 
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6.2.3 Structural System 2 
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6.2.4 Structural System 3 
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6.2.5 Structural System 4 

 



 

76 



 

77 



 

78 



 

79 

 

 

 

 

 

 

 

 

 

 

 



 

80 

6.2.6 Structural System 5 
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6.2.7 Structural System 6 
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6.2.8 Structural System 7a 
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6.2.8 Structural System 7b 
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6.2.9 Structural System 7c 
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6.2.10 Structural System 7d 
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