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ACADEMIC ABSTRACT 

 

During an earthquake, columns in a one-story building must support vertical gravity loads 

while undergoing large lateral drifts associated with deflections of the vertical seismic force 

resisting system and deflections of the flexible roof diaphragm.  Analyzing the behavior of these 

gravity columns is complex since not only is there an interaction between compression and 

bending, but also the boundary conditions are not perfectly pinned or fixed.  In this research, the 

behavior of steel columns that are square hollow structural sections (HSS) is investigated for 

stability using three design methods: elastic design, plastic hinge design, and pinned base design.  

First, for elastic design, the compression and flexural strength of the HSS columns are calculated 

according to the AISC specifications, and the story drift ratio that causes the interaction equation 

to be violated for varying axial force demands is examined.  Then, a simplified design procedure 

is proposed; this procedure includes a modified interaction equation applicable to HSS column 

design based on a parameter, Pnh/Mn, and a set of design charts are provided.  Second, a plastic 

hinge design is grounded in the concept that a stable plastic hinge makes the column continue to 

resist the gravity load while undergoing large drifts.  Based on the available test data and the 

analytical results from finite element models, three limits on the width to thickness ratios are 

developed for steel square HSS columns.  Lastly, for pinned base design, the detailing of a 

column base connection is schematically described.  Using FE modeling, it is shown that it is 

possible to create rotational stiffness below a limit such that negligible moment develops at the 

column base.  All the design methods are demonstrated with a design example. 

 

 



 

 

GENERAL AUDIENCE ABSTRACT 

 

One-story buildings are one of the most economical types of structures built for industrial, 

commercial, or recreational use.  During an earthquake, columns in a one-story building must 

support vertical gravity loads while undergoing large lateral displacements, referred to as story 

drift.  Vertical loads cause compression forces, and lateral drifts produce bending moments.  

The interaction between these forces makes it more complex to analyze the behavior of these 

gravity columns.  Moreover, since the column base is not perfectly fixed to the ground, there are 

many boundary conditions applicable to the column base depending on the fixity condition.  For 

these reasons, the design for columns subjected to lateral drifts while supporting axial compressive 

forces has been a growing interest of researchers in the field.  However, many researchers have 

focused more on wide-flange section (I-shape) steel columns rather than on tube section columns, 

known as hollow structural section (HSS) steel columns.  

In this research, the behavior of steel square tube section columns is investigated for stability 

using three design methods: elastic design, plastic hinge design, and pinned base design.  First, 

for elastic design, the compression and flexural strength of the HSS columns are calculated 

according to current code equations, and the story drift that causes failure for varying axial force 

demands is examined.  Then, a simplified design procedure is proposed including design charts.  

Second, a plastic hinge design is grounded in the concept that controlled yielding at the column 

base makes the column continue to resist the gravity load while undergoing large drifts.  Based 

on the available test data and results from computational models, three limits on the width to 

thickness ratios of the tubes are developed.  Lastly, for pinned base design, concepts for detailing 

a column base connection with negligible bending resistance is schematically described.  Using 

a computational model, it is shown that the column base can be detailed to be sufficiently flexible 

to allow rotation.  All the design methods are demonstrated with a design example. 
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1. INTRODUCTION 

 

1.1. Background  

One-story steel buildings are one of the most economical types of structures built for industrial, 

commercial, or recreational use.  A typical one-story steel framed building, as used for ñbig boxò 

stores, consists of tilt-up concrete walls with tube steel columns and open-web steel joists for the 

roof.  Some of the elements are intended to resist lateral force, while others are not part of a lateral 

force resisting system (LFRS).  It is expected that during a lateral loading event such as strong 

winds or an earthquake, components of the LFRS intended to resist seismic forces perform well.  

However, it is less clear whether structural components that are only designed to resist gravity 

loads will suffer damage and thus cause safety and stability concerns.  

Gravity columns may be susceptible to failure during an earthquake, especially if the 

diaphragm is allowed to become inelastic (leading to large roof drift) and the bases of the gravity 

columns are fixed (creating second order moments).  A typical construction of these columns is 

shown in Figure 1-1, and one possible detailing of these columns is described in Figure 1-2.  The 

fixity at the column base is generally not fully fixed to the footings or base connections.  Thus, 

when the column is subjected to roof drift, the somewhat flexible base condition reduces the 

effective length of the column and increases the flexural buckling strength.  Also, if cyclic lateral 

loading continues, inelastic curvature at base moment is largest at base, which eventually degrades 

the column strength. 

 

Figure 1-1. Typical column base condition 
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Figure 1-2. Typical column detailing and fixity 

 

1.2. Research Motivation 

For the design of columns subjected to lateral drifts (such as roof drifts) while supporting axial 

compressive forces, the design story drifts need to be calculated so that they are not greater than 

the allowable drift limits as required by ASCE 7-16 (ASCE, 2016).  Most story drifts come from 

diaphragm deformation in the type of one-story building discussed in the previous section.  

Specifically, diaphragms designed to current codes are expected to experience inelastic 

deformations.  The importance of considering diaphragm deformation in the gravity framing 

design is illustrated by the 1994 collapse of a precast concrete parking garage during the 

Northridge earthquake, mainly due to inelasticity in the diaphragm leading to excessive lateral 

drifts (Hall et al., 1995).  Additionally, rigid wall and flexible diaphragm (RWFD) buildings also 

cause large deformations, and this diaphragm flexibility can lead to excessive story drifts that 

dominate the structural behavior (Fleischman et al., 1998).  As a result, the alternative diaphragm 

design procedure in ASCE 7-16 explicitly accounts for diaphragm inelasticity through the Rs factor. 
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There are some calculation methods of story drifts; however, they are often based on the 

deflection of vertical elements of the LFRS, but not based on the deformations of the diaphragm.  

Granted, it is challenging to accurately calculate elastic diaphragm deflections, and methods to 

calculate inelastic diaphragm deflections do not yet exist.  Even the alternative diaphragm design 

developed to account for diaphragm effect does not yet clarify how to compute inelastic diaphragm 

deflection (FEMA, 2015).  The Special Design Provision for Wind and Seismic (AWC, 2015) 

and Diaphragm Design Manual (Luttrell, 2015) present equations to compute the elastic diaphragm 

deflection, which are applicable only to wood panel and steel deck diaphragms, respectively.  

Unfortunately, there is no method currently available to calculate inelastic diaphragm deflections, 

which needs to be reflected in the new edition of the building codes. 

 

1.3. Objective and Scope of Research 

The primary purposes of this research are to examine the behavior of hollow structural section 

(HSS) steel columns subjected to the combined loading of gravity loads and load effects associated 

with story drifts, to develop various design approaches for the HSS gravity columns, and to verify 

the suggested design methods through a design example.  

This research focuses on the design of HSS steel columns subjected to axial force combined 

with bending moments caused by seismic story drift.  This research will investigate the stability 

of columns for a range of story drifts that might come from deformations of the vertical seismic 

force resisting system or diaphragm deformation during an earthquake.  Based on these story 

drifts and gravity loads, the column stability will be examined through three design approaches: 

the design of the columns to remain elastic, the design for plastic hinge base, and the design for 

pinned column base. 

For the design of the columns to remain elastic, columns with a fully fixed base are assumed 

to show elastic behavior under combined axial force and lateral drifts.  A simplified design 

method for HSS columns will be introduced using the current interaction equations.  Then, a key 

parameter will be found that can effectively characterize the behavior of HSS steel columns.  A 

design procedure is then as a function of this single nondimensional parameter.   
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For the design of a plastic hinge base, the main assumption is that a stable plastic hinge may 

form at the base of the column so that the column can continue to support the gravity load while 

undergoing large drift rotations.  A slenderness limit equation will be developed based on data 

available in the literature by taking a similar approach previously performed for wide-flange 

columns in special moment resisting frames.  Two more slenderness limit equations will be 

developed based on the result data obtained from finite element studies. 

For the design of a pinned column base, the base of the column is detailed as a pinned base.  

This may require a thin base plate with widely spaced bolts in addition to compressible material 

between the column base and the surrounding concrete slab, or detailing, which can lead the 

concrete slab to break during an earthquake.  All the conditions related to the pinned bases are 

illustrated in a schematic drawing.  Then, the ability of the base plate to rotate without creating 

significant moments in the column will be verified by classifying the base connection as either 

fully restrained, partially restrained, or simple (pinned) based on the amount of rotational stiffness 

measured in the finite element model. 

 

1.4. Thesis Organization 

This thesis includes this introductory chapter and six additional chapters, organized as follows: 

¶ Chapter 2 reviews the previous literature associated with current code requirements applicable 

to column design under the combined loading of lateral drifts and axial loads, effects of 

diaphragm deflection on story drifts, various boundary conditions at the column base, and 

testing and parametric studies about wide-flange sections and tube sections. 

¶ Chapter 3 presents the elastic design of HSS steel columns subjected to lateral drifts combined 

with axial compressive forces, recommends influential design parameters, and develops a 

simple design procedure including design plots and equations. 

¶ Chapter 4 discusses the plastic hinge design of square HSS steel columns under the axial and 

lateral loads, develops a slenderness limit for highly ductile behavior of the columns based on 

the available literature, develops two more highly ductile slenderness limits through finite 

element analysis and parametric studies, then compares these equations with a current highly 

ductile slenderness limit in the code. 

¶ Chapter 5 addresses the pinned base design of HSS steel columns in similar loading conditions, 
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illustrates the detailing of column base that can be regarded as a pinned connection, and verifies 

if the rotational restraint created by the thin base plate is negligible through finite element 

modeling. 

¶ Chapter 6 provides a design example of square HSS steel columns subjected to large story 

drifts while supporting gravity loads, shows the calculation of story drifts induced by inelastic 

behavior of diaphragms and vertical walls, and applies three different design methods to find 

the adequate column section in the computed loading conditions. 

¶ Chapter 7 presents conclusions reached throughout this research and recommendations for 

future work. 
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2. LITERATURE REVIEW 

 

2.1. Story Drifts in One-Story Buildings 

One-story buildings with rigid walls and flexible diaphragms (RWFD), shown in Figure 2-1, 

are one of the widely used types of buildings.  They can experience large story drifts induced by 

diaphragm deformation resulting from lateral seismic forces during an earthquake.  Design story 

drift for a flexible diaphragm consists of lateral drift due to the deformation of the vertical system 

(e.g. shear walls), ȹB, and the deformation of the diaphragm, ȹD, as shown in Figure 2-2.   

 

 
Figure 2-1. Typical one-story steel building 

 

 
Figure 2-2. Drifts along the diaphragm span  
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In dynamic loading situations, the behavior of buildings is influenced by the in-plane 

flexibility of the diaphragm (Medhekar and Kennedy, 1997;1999; Tremblay et al., 2002; Tremblay 

et al., 2008; Tremblay and Stiemer, 1996).  If the diaphragm is sufficiently stiff and strong, the 

lateral load is efficiently transferred to the vertical system, and an inelastic response of the 

diaphragm does not occur.  However, it is necessary to consider the actual seismic diaphragm 

demand and more explicitly account for the diaphragmôs inelasticity.  For these purposes, an 

alternative diaphragm design procedure in ASCE 7-16 (ASCE, 2016) Section 12.10.3 depends 

more on diaphragm properties than those of the vertical in-plane elements.  An alternative 

diaphragm design procedure in FEMA P1026 (FEMA, 2015) suggests using unique parameters 

related to the diaphragmôs behavior when diaphragm or diaphragm chords and collectors are 

designed: a period Tdiaph, a response modification factor Rdiaph, a deflection amplification factor 

Cd.diaph, and an overstrength factor ɋ0.diaph.  FEMA P-695 (2009) found out an appropriate value 

of Rdiaph and Cd.diaph as 4.5 through a trial-and-error process, they have not yet been reflected in 

ASCE 7-16.  

There is some recent work about how to calculate diaphragm deflections.  For wood panel 

diaphragms, the diaphragm deformation can be computed by using the equation from Special 

Design Provision for Wind and Seismic (SDPWS) which includes the mid-span deflection, 

deflection due to bending and chord deformation, and deflection due to bending and chord splice 

slip (AWC, 2015).  For steel deck diaphragms, the Steel Deck Institute (SDI) stiffness equations 

of diaphragms can be used for computing the steel deck diaphragm deflection (Luttrell, 2015).  

However, these calculation methods are only applicable to elastic diaphragm deformation, not 

inelastic diaphragm deformation.  Therefore, more research is needed to develop the proper 

calculation of story drift associated with diaphragm inelastic deformation. 

 

2.2. Designing for Diaphragm Deflection 

Current design provisions applicable to all buildings are included in ASCE 7-16 (ASCE, 2016) 

and AISC 341-16 (AISC, 2016a), which will be discussed in this section.  Since it is unclear 

whether the definition of design story drift, the story drift limits, and the deformation compatibility 

check (based on the drift and limits) consider the inelastic diaphragm drift or not; therefore, 

checking the gravity system for stability become difficult. 
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ASCE 7-16 Section 12.8.6 defines design story drift as ñthe difference of the deflection of the 

centers of mass of the floors bounding the story,ò and for structures assigned to Seismic Design 

Category C, D, E, or F that have torsional irregularity, design story drift is defined as ñthe largest 

difference of the deflections of vertically aligned points along any of the edgesò (ASCE, 2016).  

However, it is still vague whether the story drifts are intended to include elastic or inelastic 

diaphragm deflection. 

ASCE 7-16 Section 12.12.1 specifies that the design story drift shall not exceed the allowable 

story drift; Section 12.12.2 requires the diaphragm deflection not to be greater than the permissible 

deflection of the attached elements.  This could be interpreted to require diaphragm deflections 

to be limited to that which causes the gravity framing to fail.  Current drift limits, however, 

distinguish between buildings in which partitions are designed to accommodate the story drifts and 

those in which they are not, with the latter having a lower story drift limit (ASCE, 2016). 

ASCE 7-16 Section 12.12.5 is more explicit for Seismic Design Categories D through F for 

which every structural component not part of the seismic force-resisting system (SFRS) shall be 

designed to support gravity loads while undergoing the design story drift.  AISC 341-16 Chapter 

D3 reiterates that the deformation compatibility of non-SFRS members and connections should be 

checked, and the associated commentary section gives some guidance about avoiding connections 

in the gravity system that resist moment caused by the design story drift (AISC, 2016a).  However, 

it is not clear whether the design story drift is intended to include diaphragm deflections (elastic 

or inelastic).   
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2.3. Evaluating Fixity at Column Base 

In real structures, there are a variety of factors which influence the column base flexibility, 

such as slab detailing around the column base, base plate detailing, and the thickness of base plate.  

In the column detailing in Figure 1-2, for example, the column base is often supported directly on 

the spread footings and sometimes embedded in the concrete slab on grade.  If the base plate is 

thick and bolts are close to the column, the base connection would act more like a fixed base.  On 

the other hand, if the base plate is thin, the bolts have wide spacing, and the base is not embedded 

in concrete, the column base would have a small rotational stiffness at the base.  If the rotational 

stiffness is sufficiently small, the column base is assumed as pinned.  To define the types of 

column base connection, the categorization of beam to column connections, shown in Figure 2-3, 

can be used.  This classification is based on a rotational stiffness Kǎ, measured as the secant 

stiffness at service loads.  The rotational stiffness, Kǎ, is expressed in terms of EI/H, where EI is 

the flexural stiffness of the column section and H is the height of the column to the point of 

inflection.  If KsL/EI is greater than 20, the connection is regarded as fully restrained (FR); if 

KsL/EI is less than 2, the connection is regarded as simple; if KsL/EI is between these two limits, 

the connection is regarded as partially restrained (PR).   

 

 

Figure 2-3. Classification of moment -rotation response of fully retrained (FR), partially restrained 

(PR), and simple connections (reprinted from AISC 360-16 Fig. C-B3-3) 
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2.4. Elastic Design for Fixed-Base Columns 

To determine column stability in the elastic region, the combination of axial compression 

strength and flexural strength should be considered.  One of the most widely known methods is 

using an interaction equation, which has been proposed by many researchers during past decades.  

In general, an interaction equation is usually expressed as Eq. (2-1), in which Pu, Mux, Muy are the 

applied axial load and moments and Pn, Mnx, Mny are the nominal resistance of axial load and 

moments.   

Ὢ ȟ ȟ ρȢπ    ( 2-1 ) 

 

 An interaction equation in the 1936 AISC Specification stated that when members are 

subjected to both axial and bending forces, the quantity of the interaction equation shall not be 

greater than one (AISC, 2016b).  This design philosophy developed into linear interaction 

formulas which are simple to use for beam-columns subjected to axial force combined with 

bending moments either about the major/minor axis or with biaxial bending moments.  The linear 

AISC-ASD interaction equations (1978) consist of two linear interaction equations: one for the 

strength check and another for the stability check.  But they have two weaknesses: the stability 

interaction equation may not be appropriate for a short member, and the P-ŭ moment amplification 

factor is allowed to be less than unity, which is not physically possible (Duan and Chen, 1989).   

To overcome these downsides, the AISC-LRFD bilinear interaction equations (1986) were 

introduced, which are applicable to both nonsway and sway beam-columns (Chen, 1992).  These 

equations are formed as Eq. (2-2) and Eq. (2-3), in which Pu is the required compressive strength, 

Pn is the nominal compressive strength, Mu is the required flexural strength, Mn is the nominal 

flexural strength, cͅ is the resistance factor for compression (0.9), and b˒ is the resistance factor 

for flexure (0.9).  The AISC-LRFD specification is validated for inelastic beam-columns under 

axial loading and bending about a strong axis; however, it provides an overly conservative design 

for short beam-columns which carry axial force combined with weak-axis bending (Duan and 

Chen, 1989). 

ρȢπȟ     Ὢέὶ  πȢς   ( 2-2 ) 

 

ρȢπȟ     Ὢέὶ  πȢς      ( 2-3 )  
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More accurate predictions may be achieved by using nonlinear expressions, as expressed in 

Eq. (2-4) and Eq. (2-5) (Tebedge and Chen, 1974).  In Eq. (2-4) and Eq. (2-5), Mx is the required 

flexural strength about the x-axis (strong axis), My is the required flexural strength about the y-

axis (weak axis), Mpx is the plastic moment capacity about the x-axis (strong axis), Mpy is the plastic 

moment capacity about the y-axis (weak axis), Mnx is the moment resisting capacities about the x-

axis (strong axis), Mny is the moment resisting capacities about the y-axis (weak axis), P is the 

required compressive axial strength, Py is the compressive yield strength, Pn is the compressive 

yield strength, Pex is the critical buckling load about the x-axis (strong axis), Pey is the critical 

buckling load about the y-axis (weak axis), Ŭ and ɖ are constants varying depending on the section 

shapes and axial load ratios, and Cmx and Cmy are moment magnification factors.   

 

for short beam-columns; ρȢπ    ( 2-4 ) 

in which - ρȢς - ρ -  , 

 - ρȢς - ρ -   

 

for slender beam-columns; ρȢπ   ( 2-5 ) 

in which - - ρ ρ  ,  

 - - ρ ρ   

 

With a computer-aided analysis and an effort to reduce the iteration, several methods, 

including those discussed above, have been proposed to account for the nonlinear behavior of the 

structure.  Nevertheless, the AISC-LRFD interaction equations, Eq. (2-2) and Eq. (2-3), have 

been widely used in practice. 
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2.5. Plastic Hinge Design for Fixed-Base Columns 

Testing on beam-columns subjected to both axial load and lateral drift provides useful 

information about whether a column can develop a plastic hinge and support an axial load and 

which parameters are influential for this.  There has been much testing and evaluation of wide 

flange shapes (Cheng et al., 2013; Elkady and Lignos, 2015;2016; Fogarty and El-Tawil, 2016; 

Fogarty et al., 2017; Lignos et al., 2016; Newell and Uang, 2006; Ozkula et al., 2017; Zargar et al., 

2014), while few experimental tests of tubular hollow steel columns exist (Buchanan et al., 2017; 

Kurata, 2004; Kurata et al., 2005; Suzuki and Lignos, 2017; Zhao, 2015).  This section will 

briefly review previous testing on wide flange section columns and tubular hollow section columns 

as well as evidence of the possibility of plastic hinge formation.  Then, influential parameters and 

highly ductile slenderness limits for these two types of columns will be discussed. 

 

2.5.1. W-Shape 

In the past two decades, there have been several tests on the ability of wide flange columns to 

form stable plastic hinges and continue to support axial loads.  Newell and Uang (2006) tested 

ten W14 columns; this testing showed that very compact W14 section columns are capable of large 

drift (0.07 to 0.09 rad.) with high axial loads as large as 0.75 times the axial yield load (P/Py=0.75).  

The measured story drift that column specimens can resist is greater than the maximum story drift, 

2%, which is enough to carry the inelastic rotational demand at column bases (Sabelli, 2001).  

Similar results have been found in recent tests on W14 columns subjected to high compressive 

axial loads with AISC lateral loading (Lignos et al., 2016).  W14x82 steel columns have a notable 

plastic deformation capacity prior to the loss of their axial load carrying capacity in the case of 

P/Py=0.5, and even in P/Py=0.75.  From these observations, the development of plastic hinges 

ensures the columnôs large plastic deformation capacity, despite the presence of high axial 

compressive loads.  

Deep steel columns are those where the cross-sectional depth is substantially greater than the 

flange width.  Many researchers (Cheng et al., 2013; Elkady and Lignos, 2015;2016; Fogarty and 

El-Tawil, 2016; Fogarty et al., 2017; Ozkula et al., 2017; Zargar et al., 2014) have shown that the 

deep-sections are prone to premature local and lateral torsional buckling failure modes but are able 

to continue carrying axial demands until reaching considerable drift rotation.  Six deep wide-
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flange columns tested by Cheng et al. (2013) lost their strength at 0.02 rad of drift rotation, but 

achieved 0.04 rad of plastic rotation despite local instabilities.  W36x652 investigated by Zargar 

et al. (2014) was estimated to have significantly smaller plastic rotation capacities per ASCE-SEI 

41-13 than what can actually be sustained before the lateral torsional buckling mode.  

 

2.5.2. Tube 

Many studies were conducted for wide-flange columns, while there are relatively little 

research and few experimental tests on tube columns subjected to axial force and lateral drift, even 

though columns are primarily composed of tubular sections.  While some researchers have 

focused on the behavior of HSS beams subjected to cyclic lateral loading and provided an idea of 

the buckling behavior of columns subjected to lateral loads, the result might be less severe than 

HSS columns due to smaller axial loads (Fadden, 2013).  Other research areas carried out in 

recent years are on stainless steel hollow sections, specifically made of austenitic, duplex and 

ferritic stainless steel, and shaped as circular hollow sections, square hollow sections, rectangular 

hollow sections and elliptical hollow sections (Buchanan et al., 2017; Zhao, 2015). 

Despite a lack of experiments on tube columns, we can find meaningful information from 

some tests conducted by Kurata (2004), Kurata et al. (2005), and Suzuki and Lignos (2017).  In 

the tests which were on 6 box steel columns subjected to combined loading, tube columns could 

continue to sustain the prescribed axial load (P/Py=0.3) up to twice the lateral drift of the rotation 

where the initiation of buckling occurs.  For example, S2203 specimens begin to buckle at 0.03 

rad and collapse at 0.06 rad of lateral rotation (Kurata, 2004; Kurata et al., 2005).  Suzuki and 

Lignos (2017) tested 9 HSS columns and observed that HSS254x9.5, a less compact section, loses 

its flexural and/or axial load carrying capacity at 0.04 rad drift rotation; HSS305x16, a more 

compact section, can sustain the same axial load coupled with lateral drift of 0.06 rad rotation.  

The authors also noted that most plastic hinges induced by the plastic deformation due to local 

buckling are developed at 0.5d, on average, from the column base (in which d is the depth of cross 

section).  From the testing results above, plastification is expected to occur in the lower part of 

the columns, which enables columns to withstand very large lateral deformation. 
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2.5.3. Slenderness Limit for Stable Plastic Hinge Formation in W-Shape 

Experimental test results mentioned above indicate that the failure of deep and slender wide-

flange columns is attributed to web and flange local buckling, even if their cross sections satisfy 

the compactness limits for highly ductile members, as defined by AISC 341-16 (AISC, 2016a).  

Therefore, web and flange slenderness ratios are highly related to the instability of a column 

subjected to axial load combined with lateral drift; thus, they are considered as parameters for 

predicting columnôs capacity.  The larger the local slenderness ratios of a cross section, the 

smaller the chord rotation at which local instabilities are triggered, as shown in Elkady and Lignos 

(2015) study where the least compact section experiences flange local buckling at the chord 

rotation of less than 1% coupled with P/Py=0.5.  A comparison of W24x84 (h/tw=45.9) with 

W24x146 (h/tw=33.2) also shows that the higher slender cross sections experience web and flange 

local buckling at smaller drifts, even with relatively small axial load.  The amount of axial 

shortening is also larger, such as the W24x84 which had about 10 to 20% larger axial shortening 

than that of W24x146, which is mainly due to web local buckling (Elkady and Lignos, 2016).  

There is an opinion that flange local buckling does not have much impact on strength degradation, 

especially for deep columns which have higher web slenderness because flange local buckling for 

W14 deep columns was relatively small, at up to 6% drift (Newell and Uang, 2006).  

It has been concluded that web slenderness (i.e., h/tw) and global column slenderness (i.e., L/ry) 

are the most important parameters in predicting wide-flange columnôs capacity (Fogarty et al., 

2017).  The section that has thinner web (large h/tw) is susceptible to local buckling; however, the 

section with thicker web (small h/tw) tends to be governed by lateral torsional buckling (Fogarty 

et al., 2017).  Fogarty et al. (2017) also suggested that the global slenderness, defined as L/ry, 

plays a significant role in predicting a critical axial load ratio (CALR), which is the maximum 

axial load ratio a member can reach up to 4% lateral drift while sustaining the given loading 

scheme.  It was supported by their observation of W24x117, W27x146, and W36x487 section 

columns, where the sections can have a higher CALR when their web is half of the original section; 

a lower CALR when their web thicknesses are doubled (i.e., a thicker web has a smaller ry, 

resulting in a higher L/ry). 
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Fogarty and El-Tawil (2016), based on the observations from 70 different computational 

studies that local and lateral buckling reduces the column strength significantly at a story drift of 

0.04 rad, defined a critical constant axial load ratio (P/Py) as a function of web slenderness (h/tw) 

and global slenderness (L/ry).  Using a multivariate regression, an expression was found as given 

in Eq. (2-6).  Wu et al. (2018) takes a similar approach but simplifies and reformulates the 

equation into a web slenderness limit as given in Eq. (2-7) and (2-8).   

 

ςȢφςςτπȢςπσχὰέὫ πȢσχστὰέὫ     ( 2-6 ) 

ωȢψφ πȢχς πȢφς  for interior columns  ( 2-7 ) 

τȢρσ ρȢχρ πȢυσ      for exterior columns  ( 2-8 ) 

When severe flange and web local buckling occurs during combined loading, the length of a 

column shortens axially. For example, deep wide-flange slender sections experience axial 

shortening that is 10% of their original length (Elkady and Lignos, 2015).  According to Lignos 

et al. (2016) and Fogarty et al. (2017), axial shortening of the steel column increases linearly prior 

to the onset of local buckling, but instantaneously grows once local buckling occurs.  The 

implication of this trend is that local buckling contributes significantly to axial shortening, also 

supported by the experimental findings of Uang et al. (2015), Lignos et al. (2016), and Ozkula et 

al. (2017).  Thus, the axial shortening ratio can be a way to measure the effect of buckling. 

 Although both equations do not consider axial shortening as a limit, the recent research of 

Uang et al (2018) suggested the modified web slenderness limit shown in Eq. (2-9) to account for 

the axial shortening sensitiveness of deep wide-flange columns under combined axial and lateral 

loading by considering the critical axial shortening ratio as 0.25% at the target drift ratio of 0.04 

rad. 

 

ςȢψ ρ ‰ὅ   ȟύὬὩὶὩ ὅ        ( 2-9 ) 
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Researchers have used parametric finite element studies to develop design rules for wide 

flange columns; however, none of design guidelines proposed, even the one in AISC 341-16, 

explicitly state what and how these parameters trigger column instabilities at such relatively small 

deformations under the combined loading scheme, so more still needs to be clarified.  

 

2.5.4. Literature that may support Slenderness Limit for Tube 

Compared to a number of experimental and computational studies on wide-flange columns, 

tube columns have not been investigated much.  For this reason, it is not well understood how 

tube columns behave in realistic earthquake loading and which parameters are influential to 

explain their inelastic behavior.  However, similar to wide-flange columns, tube columns also 

experience local buckling, global buckling, and axial shortening while lateral drift loads and axial 

force are applied together.  Similar to wide-flange columns, if stable plastic hinges can develop, 

tube columns can reach a large lateral drift while retaining their axial load carrying capacity. 

The formation of a plastic hinge strongly depends on the axial load ratio (P/Py) and the width-

to-thickness ratio (B/t) of the column section.  Through the deterioration modeling based on a 

numerical database, Lignos and Krawinkler (2010) found out that the tubular hollow square steel 

columns subjected to combined axial load and cyclic moments deteriorate relatively fast (they 

cannot reach the plastic strain of 0.03 rad) when B/t ratios are greater than 33 and P/Py ratios are 

above 0.30.  Lignos and Krawinkler (2012) used their full set of 71 test data with a range of 

slenderness (15 Ò B/t Ò60), axial force ratio (0 Ò P/Py Ò 0.6), and yield stress (40 ksi Ò Fy Ò 72.5 

ksi), and found the trend that column sections with relatively small B/t ratios (B/t Ó 40) or high 

axial load ratios (P/Py Ó 0.3) experience strength degradation relatively fast.  They also suggested 

a prediction equation for a plastic rotation capacity ɗp with respect to B/t and P/Py for the full data 

set and the monotonic data set only, given in Eq. (2-10).  In this equation, c is a unit conversion 

factor equal to 6.895 if the yield stress, Fy is used in ksi. 

 

   — πȢφρτ
Ȣ
ρ

Ȣ
Ͻ Ȣ

      ( 2-10 ) 
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In addition to the axial load ratio (P/Py) and the width-to-thickness ratio (B/t), axial shortening 

-- if it becomes too big -- can dominate the behavior of columns subjected to cyclic loading coupled 

with axial loads.  Suzuki and Lignos (2017) conducted experimental tests on 21 steel columns 

with W-shapes and HSS shapes, found that the hysteretic behavior of columns can be characterized 

by a severe axial shortening, and suggested that limiting the amount of column axial shortening 

can affect the local slenderness limits for highly ductile members.  However, there has not yet 

been proposed a prediction equation of HSS column instability which includes the considerations 

of both local buckling and post-buckling behavior, such as axial shortening.   
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3. ELASTIC DESIGN 

 

This chapter discusses the design of fixed-base gravity columns to stay elastic for the 

combination of axial compression and flexure, primarily focusing on square or rectangular HSS 

shapes because they are a common choice for one-story buildings.  For the elastic design of these 

columns, the nominal axial compression strength, Pn, and the nominal flexural strength, Mn, are 

computed according to AISC 360-16 Chapter E and Chapter F, respectively.  Then, the axial-

flexure interaction equations in AISC 360-16 Chapter H are used.  The boundary conditions are 

assumed as fixed at the base and pinned at the top with corresponding effective length factor, K=0.8.  

A design procedure is then proposed based on a single parameter that is found to control axial-

flexure interaction.  Finally, design charts are presented that can be useful to determine the 

adequate axial load ratio, Ŭ, given in the expected drift ratio, ɔ.  

 

3.1. Evaluation of Column Stability 

3.1.1. Axial Compression Strength, Pn 

To determine the axial compression strength, Pn, the section needs to be classified as slender 

or nonslender using the width-to-thickness ratio (b/t or h/t).  AISC 360-16 Table B4.1a. contains 

the limit of web and flange slenderness, ɚr, for compression members subject to axial compression 

that is the criteria to determine whether the section is prone to local buckling.  These limits, given 

in Table 3-1, are based on material properties, the Youngôs modulus, E, that is 29,000 ksi for steel 

and the specified minimum yield stress, Fy, that varies depending on the type of steel.  Due to the 

fact that ry is smaller than rx for all HSS sections, the weak-axis (i.e., y-axis) will govern for 

flexural buckling, which is why the web and flange is reversely used for further calculation; now, 

h is the flange width and b is the web height.  The limits of web and flange slenderness ratios, ɚp 

and ɚr, are obtained as Table 3-1, in which E is 29,000 ksi, and Fy is 50 ksi. 
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Table 3-1. Calculation of Web and Flange Slenderness Limits 

‗ȟ ρȢτ  = 33.71  

‗ȟ υȢχ  = 137.27 

‗ȟ ρȢρς  = 26.97 

‗ȟ ςȢτς  = 58.28 

 

 

The procedure for Pn determinations is described in Figure 3-1.  For the section without any 

slender members, Pn can be obtained by multiplying Fcr by the gross section area, Ag.  Here, Fcr 

is πȢφυψὊ  for the section which has   larger than τȢχρ  , otherwise, Fcr is 0.877Fe, 

wherein Fe equals 
Ⱦ
.  On the other hand, for the section with slender members, the effective 

section area should be calculated in accordance with AISC 360-16 Section E7, then Pn can be 

obtained from Fcr times Ae, as described in Figure 3-1.  

 

 

 

 

 

 
 

Figure 3-1. Determination of axial compression strength 
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3.1.2 Flexural Strength, Mn 

The moment capacity of columns, Mn is obtained according to AISC 360-16 Chapter F as 

described in Figure 3-2.  Both web local buckling and flange local buckling need to be considered, 

however, it is unnecessary to consider lateral-torsional buckling (LTB) because of the fact that 

LTB does not occur in square section or section bending about their minor axis.  Additionally, 

there are no slender webs in HSS, which can also be rechecked by comparing the width-thickness 

ratios with those limits presented in Table B4.1.a.  

If the section is compact, meaning that it does not have any noncompact elements, Mn can 

reach the full plastic bending moment, Mp defined as FyZ, where Z is the plastic section modulus.  

If the section has noncompact flanges, Eq. (3-1) can be applied; if the section has noncompact 

webs, Eq. (3-2) can be used; if the section has slender flanges, Mn can be computed by multiplying 

Fy by the effective section modulus, Se. 

 

ὓὲ ὓὴ ὓὴ ὊώὛ σȢυχ
Ὤ

ὸὪ

Ὂώ

Ὁ
τȢπ  ὓὴ    ( 3-1 ) 

 

ὓὲ ὓὴ ὓὴ ὊώὛ πȢσπυ
Ὤ

ὸύ

Ὂώ

Ὁ
πȢχσψ  ὓὴ    ( 3-2 ) 

 

 

 
 

Figure 3-2. Determination of flexural strength 
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3.1.3  Axial-Bending Interaction 

Since the axial force and bending moment are applied concurrently, the interaction formulas 

defined in AISC 360-16 Chapter H, Eq. (3-3) and Eq. (3-4) are used to evaluate the column stability.  

In these equations, the Pu term is the required axial compression strength, the Mu term is the 

required flexural strength, and the  ˒term is the strength reduction factor, 0.9.   

 

ρȢπȟ     Ὢέὶ  πȢς      ( 3-3 ) 

 

ρȢπȟ     Ὢέὶ πȢς     ( 3-4 ) 

 

3.2. Parameters to Vary and Alternative Interaction Equation 

Two parameters are introduced to characterize the lateral displacement at the top of the column 

and the magnitude of the axial load: a story drift ratio, ɔ, and an axial load ratio, Ŭ.  As shown in 

in Figure 1-2, at the top of the column, joists and joist girders can be installed in a way (the bottom 

chord can slide on the stabilizer plate) that does not restrain rotation and thus is typically 

considered pinned.  The boundary conditions for this type of column is idealized as fixed base 

and pinned top, as illustrated in Figure 3-3 (a).  The displacement at the top of the column, ȹ, is 

characterized by the story drift ratio, ɔ, multiplied by the height of the column, as shown in Figure 

3-3 (b).  The column top forced to laterally move due to the story drifts made up of two 

components, as described by Eq. (3-5), the deformation of the vertical system, ȹB, and the 

deformation of the diaphragm, ȹD.  In this section, the deflection is simplified as total story drift, 

ȹ, that might be imposed by seismic loading.  However, the example in Chapter 6 will calculate 

ȹB and ȹD in accordance with the available literature such as FEMA P1026 (2015) and SDPWS 

(AWC, 2015).   

 

 

Ὓὸέὶώ ὨὶὭὪὸ ὶὥὸὭέ‎           ȟύὬὩὶὩ ῳ  ῳ ῳ    ( 3-5 ) 
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(a) Boundary condition  (b) Definition of story drift 

Figure 3-3. Idealized column boundaries and story drifts 

 

The magnitude of the axial load is expressed as a normalized ratio of the required axial 

compression strength, Pu, to the design strength, Pʟn, as given in Eq. (3-6).  The moment demand 

can be calculated as the axial force multiplied by the lateral displacement at the top of the column 

as given in Eq. (3-7), which is simplified into a function of the axial strength, height, story drift, 

and axial load ratio. 

 ‌        ( 3-6 ) 

 
 ὓ ὖ ‎ Ὤ ‌‰ ὖ ‎ Ὤ    ( 3-7 ) 

 

Substituting Eq. (3-6) and Eq. (3-7) into Eq. (3-3) results in Eq. (3-8).  It is assumed that 

gravity columns will have an axial force that is greater than 0.2 times the axial strength, so Eq. (3-

4) is not used.  By rearranging Eq. (3-8) into Eq. (3-9), an alternative form of the interaction 

equation is proposed as a limit on the axial force ratio, Ŭ, given a lateral drift ratio, ɔ.  In this 

equation, the limit on axial force is characterized by a single member specific parameter, Pnh/Mn, 

the reason of which will be discussed in the following section.  Eq. (3-9) could be used to find 

the maximum drift a column can undergo if the axial force is specified, which will be verified in 

design examples in Chapter 6. 

 ὍὲὸὩὶὥὧὸὭέὲ ὩήὥὸὭέὲ‌ ‌ ‎  ρȢπ   ( 3-8 ) 

 

 ‌
  

       ( 3-9 ) 

h 

ȹ = ɔL 
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3.3. Proposed Design Procedure 

3.3.1. Example Plots for Six Representative Hollow Square Sections 

The use of Eq. (3-9) as a design tool is demonstrated by evaluating six example square tube 

columns with properties given in Table 3-2.  The value of the left side in the interaction equation, 

Eq. (3-3), is plotted in Figure 3-4 for these six tubes with respect to the possible range of story 

drift ratios up to 3%, given in the axial load ratio, Ŭ, which is equal to 0.3 through 1.0.  For the 

portions of the lines above the critical value of unity, it implies that the column section is not 

adequate under given combined loading conditions.  In other words, the horizontal axis shows 

the acceptable story drifts columns can remain elastically stable as they are subjected to given 

gravity loads.  From these plots, the following observations are made: 

1. Figure 3-4 shows that tubes with the same outside dimensions that have a thinner wall 

have a higher value of the interaction equation.  The value of the parameter, Pnh/Mn, is 

larger for thinner sections making them more prone to failure when subjected to lateral 

drift. 

2. The outside dimensions of a tube are not an effective indicator of the maximum lateral 

drift a column can sustain before the interaction equation is violated.  As shown in Figure 

3-4, the different tube sizes are interspersed. 

3. When Ŭ is less than 0.3, all columns stay safe, however, some sections begin to fail at Ŭ 

greater than 0.3.  It can be concluded that tube columns may fail with relatively small 

compressive forces, if they are subjected to large drift. 

 

 

Table 3-2. Section Properties for the 6 Square HSS Columns 

 
HSS 

4x4x1/2 

HSS 

4x4x1/8 

HSS 

8x8x5/8 

HSS 

8x8x1/8 

HSS 

12x12x3/4 

HSS 

12x12x3/16 

ry (in) 1.41 1.58 2.99 3.21 4.56 4.82 

Pn/Py 0.12 0.15 0.51 0.43 0.75 0.52 

Pnh/Mn 33.9 41.5 67.0 84.3 64.2 69.1 
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(a) Axial load ratio, Ŭ = 0.3 

 
(b) Axial load ratio, Ŭ = 0.4 

 
(c) Axial load ratio, Ŭ = 0.5 

 
(d) Axial load ratio, Ŭ = 0.6 

 
(e) Axial load ratio, Ŭ = 0.7 

 
(f) Axial load ratio, Ŭ = 0.8 

 
(g) Axial load ratio, Ŭ = 0.9 

   
(h) Axial load ratio, Ŭ = 1.0 

Figure 3-4. Evaluating maximum allowable lateral drift for six example tube column sections 
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3.3.2. Key Design Parameter, 
╟▪▐

╜▪
 

The suitability of Pnh/Mn as an indicator for HSS column stability during lateral drift is 

examined by evaluating all 388 rectangular or square HSS sections in Figure 3-5.  All sections 

are categorized into six groups depending on a value of Pnh/Mn for the HSS cross section.  The 

plots show that the interaction equation value is directly tied to the value of Pnh/Mn, in which the 

larger Pnh/Mn the HSS column has, the higher value of interaction equation it has.  It is shown 

that the parameter, Pnh/Mn, is effective at predicting whether a section is more or less vulnerable 

to reaching the interaction limit state, as lateral drift is increased.   

Also, all HSS square sections are tabulated in Table 3-3 in terms of Pnh/Mn.  These data are 

consistent with the previous observation that the section with a high value of Pnh/Mn is likely to 

be slender and locally buckle before reaching the yield stresses, resulting in the columnôs instability.  

Table 3-3 is useful for designing HSS square section columns subjected to moments induced by 

story drifts combined with axial compressive loads, which will be further discussed in the next 

section. 

 

3.3.3 Developed a Simple Design Procedure 

Based on the modified interaction equation, Eq. (3-8), and the proposed design parameter, 

Pnh/Mn, a simple design procedure is developed to determine the maximum allowable lateral drift 

that a tube gravity column can resist.  First, it is necessary to calculate the value of Pnh/Mn, for 

the trial column size, which can be obtained from Table 3-3.  Then, either Eq. (3-9) or the design 

charts given in Figure 3-6 can be used to determine whether the axial load ratio, Ŭ, is adequate for 

the amount of drift, ɔ, that is expected.  An example application of this procedure for designing 

an HSS column will be presented in Chapter 6. 
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(a) Axial load ratio, Ŭ =0.5 

 
(b) Axial load ratio, Ŭ =0.6 

 
(c) Axial load ratio, Ŭ =0.7 

 
(d) Axial load ratio, Ŭ =0.8 

 
(e) Axial load ratio, Ŭ =0.9 

 
(f) Axial load ratio, Ŭ =1.0 

Figure 3-5. The plots of HSS column behavior based on   
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Table 3-3. Values for the Parameter 
ὖὲὬ

ὓὲ
 for All Square HSS Sections 

Section Pnh/Mn Section Pnh/Mn Section Pnh/Mn 

HSS2X2X1/8 18.15 HSS5X5X3/8 44.42 HSS10X10X1/4 84.49 

HSS2X2X3/16 17.48 HSS5X5X1/2 43.42 HSS10X10X5/16 74.21 

HSS2X2X1/4 16.92 HSS5-1/2X5-1/2X1/8 68.63 HSS10X10X3/8 67.85 

HSS2-1/4X2-1/4X1/8 20.55 HSS5-1/2X5-1/2X3/16 53.13 HSS10X10X1/2 67.90 

HSS2-1/4X2-1/4X3/16 20.01 HSS5-1/2X5-1/2X1/4 50.59 HSS10X10X5/8 67.86 

HSS2-1/4X2-1/4X1/4 19.24 HSS5-1/2X5-1/2X5/16 50.22 HSS10X10X3/4 68.21 

HSS2-1/2X2-1/2X1/8 22.93 HSS5-1/2X5-1/2X3/8 49.51 HSS12X12X3/16 69.13 

HSS2-1/2X2-1/2X3/16 22.32 HSS6X6X1/8 78.15 HSS12X12X1/4 74.40 

HSS2-1/2X2-1/2X1/4 21.71 HSS6X6X3/16 62.29 HSS12X12X5/16 77.25 

HSS2-1/2X2-1/2X5/16 21.09 HSS6X6X1/4 55.82 HSS12X12X3/8 69.89 

HSS3X3X1/8 27.70 HSS6X6X5/16 54.97 HSS12X12X1/2 63.66 

HSS3X3X3/16 27.17 HSS6X6X3/8 54.34 HSS12X12X5/8 63.89 

HSS3X3X1/4 26.41 HSS6X6X1/2 53.30 HSS12X12X3/4 64.16 

HSS3X3X5/16 25.77 HSS6X6X5/8 51.74 HSS14X14X5/16 67.57 

HSS3X3X3/8 25.54 HSS7X7X1/8 88.58 HSS14X14X3/8 70.42 

HSS3-1/2X3-1/2X1/8 32.78 HSS7X7X3/16 77.77 HSS14X14X1/2 58.55 

HSS3-1/2X3-1/2X3/16 32.23 HSS7X7X1/4 64.29 HSS14X14X5/8 58.85 

HSS3-1/2X3-1/2X1/4 31.57 HSS7X7X5/16 63.69 HSS14X14X3/4 59.21 

HSS3-1/2X3-1/2X5/16 30.83 HSS7X7X3/8 63.20 HSS14X14X7/8 59.61 

HSS3-1/2X3-1/2X3/8 30.17 HSS7X7X1/2 62.28 HSS16X16X5/16 59.25 

HSS4X4X1/8 41.52 HSS7X7X5/8 61.22 HSS16X16X3/8 61.97 

HSS4X4X3/16 36.80 HSS8X8X1/8 84.34 HSS16X16X1/2 58.74 

HSS4X4X1/4 36.17 HSS8X8X3/16 87.91 HSS16X16X5/8 53.94 

HSS4X4X5/16 35.48 HSS8X8X1/4 74.14 HSS16X16X3/4 54.27 

HSS4X4X3/8 35.22 HSS8X8X5/16 67.65 HSS16X16X7/8 54.55 

HSS4X4X1/2 33.87 HSS8X8X3/8 67.75 HSS18X18X1/2 58.19 

HSS4-1/2X4-1/2X1/8 50.31 HSS8X8X1/2 67.24 HSS18X18X5/8 50.33 

HSS4-1/2X4-1/2X3/16 41.51 HSS8X8X5/8 67.02 HSS18X18X3/4 49.64 

HSS4-1/2X4-1/2X1/4 41.32 HSS9X9X1/8 78.71 HSS18X18X7/8 49.85 

HSS4-1/2X4-1/2X5/16 40.54 HSS9X9X3/16 86.67 HSS20X20X1/2 52.05 

HSS4-1/2X4-1/2X3/8 39.83 HSS9X9X1/4 81.14 HSS20X20X5/8 49.90 

HSS4-1/2X4-1/2X1/2 38.48 HSS9X9X5/16 69.90 HSS20X20X3/4 45.39 

HSS5X5X1/8 59.43 HSS9X9X3/8 68.69 HSS20X20X7/8 45.72 

HSS5X5X3/16 46.61 HSS9X9X1/2 68.37 HSS22X22X3/4 43.23 

HSS5X5X1/4 45.86 HSS9X9X5/8 68.57 HSS22X22X7/8 42.11 

HSS5X5X5/16 45.17 HSS10X10X3/16 81.05   
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(a) Axial load ratio, Ŭ = 0.3 

 

(b) Axial load ratio, Ŭ = 0.4 

 

(c) Axial load ratio, Ŭ = 0.5 

 

(d) Axial load ratio, Ŭ = 0.6 

 

(e) Axial load ratio, Ŭ = 0.7 

 

(f) Axial load ratio, Ŭ = 0.8 

 

(g) Axial load ratio, Ŭ = 0.9 

 

(h) Axial load ratio, Ŭ = 1.0 

Figure 3-6. The design charts of HSS columns  
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4. PLASTIC DESIGN 

 

This chapter proposes three equations for highly ductile slenderness limits for HSS columns 

subjected to axial forces and large story drifts.  The first is based on available analytical studies 

in the literature (Lignos and Krawinkler, 2010;2012).  Through a finite element (FE) modeling, 

three new slenderness limit equations will be developed.   For this study, six hollow-structural 

section columns will be modeled using Abaqus and validated against tests by Kurata (2004; 2005).  

Using the validated modeling approach, parametric FE studies will be performed to derive the 

highly ductile slenderness limits of HSS columns.   

 

4.1. Proposed HSS Slenderness Limit Based on the Literature  

As mentioned in Chapter 2, Lignos and Krawinkler (2012) proposed Eq. (2-10) for predicting 

the plastic rotation before reaching peak strength of an HSS section as a function of the width-to-

thickness ratio (B/t) and the axial load ratio (P/Py).  In typical bare steel moment connection tests, 

specimens typically reach their maximum moment strength at a story drift of approximately 0.03 

rad before local buckling causes strength degradation (Engelhardt et al., 1998).  Taking into 

consideration that the elastic rotation is approximately 0.01 rad, the plastic rotation before reaching 

peak strength is therefore approximately 0.02 rad.  Substituting ɗp=0.02 in Eq. (2-10), and 

assuming a typical expected yield stress ratio, Ry=1.1 and the modulus of elasticity, E=29,000 ksi, 

the equation can be reformulated into the one which is about B/t.  Note that B is the width of the 

outer dimension, b is the clear distance between web minus a corner radius.  Thus, by taking the 

average ratio of b/t to B/t as 0.8 for square or rectangular HSS, a proposed slenderness limit is 

obtained as given in Eq. (4-1).  This slenderness limit is expressed as a function of the axial load 

ratio with a lower bound, i.e., the current highly ductile slenderness limit in AISC 341-16. 

 

  ρπȢως ρ
Ȣ Ȣ

    πȢφυ    ( 4-1 ) 
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Figure 4-1 shows a comparison of the existing width-to-thickness ratio limits in AISC 341-16 

and the proposed highly ductile slenderness limits that is expected to allow a stable plastic hinge 

to form.  The slenderness limits for a highly ductile member presented in AISC 341-16 Table 

D1.1 are Eq. (4-2), Eq. (4-3), and Eq. (4-4) for an HSS section, a wide-flange section with small 

axial load, and a wide-flange section with large axial load, respectively.  Also, the slenderness 

limits proposed by Wu et al. (2018) are shown for wide flange sections that are interior columns 

subjected to constant axial loads as given by Eq. (2-7).  The slenderness limits for HSS sections 

are referred to Eq. (4-1).  All these four equations are plotted together in Figure 4-1, in which the 

horizontal axis is the axial load ratio, Ŭ=P/Py.   

 

 

πȢφυ      ( 4-2 ) 

 

ςȢυχ ρ ρȢπτ‌                              Ὢέὶ ‌ πȢρρτ   ( 4-3 ) 

 

 πȢψψ ςȢφψ‌ ρȢυχ    Ὢέὶ ‌ πȢρρτ   ( 4-4 ) 

, where ɻ
ὖό

‰ὧὖώ
 and  ὖ ὙὊὃ  

 

The following observations are: 

1. The highly ductile slenderness limit for wide flange shapes, i.e., Eq. (2-7) (Wu et al., 2018), 

limits the axial load ratio to a maximum of 0.5 and is more conservative than the existing 

highly ductile slenderness limits for axial load ratios greater than 0.3.   

2. The slenderness limit for tubes proposed in Eq. (4-1) is shown to be more conservative 

than the current highly ductile slenderness limit for axial load ratios greater than 0.4.  The 

proposed slenderness limit approaches zero as the axial load ratio approaches 1.0. 
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Figure 4-1. Comparison of slenderness limits 

 

4.2. Finite Element Modeling 

In this section, a finite element modeling and analysis will be first performed to validate the 

models against experimental data on tube columns subjected to large axial force and concurrent 

lateral drift.  Then, a parametric study will be conducted on 144 tube section columns.  Based 

on the result from the finite element models, three new proposed slenderness limits for highly 

ductile tube sections will be developed through multivariate regression analysis.  At the end of 

the chapter, the proposed limits will be compared and evaluated. 

 

4.2.1. Model Validation 

The main purposes of the validation study are to simulate experimental moment-rotation 

histories so that the finite-element (FE) models can capture the inelastic behavior of test specimens 

well and to determine input parameters such as material properties and mesh types for subsequent 

parametric studies.  Shell element models and static general solver which uses an implicit 

solution scheme are used to perform validation in Abaqus. 

The FE models for validation were created to capture behavior of HSS columns from 

experimental tests in the literature.  The experiments selected for validation exhibit substantial 

strength degradation due to local buckling.  The properties of the experiments selected for 

Eq. (4-3) and (4-4) 

AISC 341-16 Wide-Flange  

Eq. (2-7)  

h˂d for Wide-Flange  

Eq. (4-1) Proposed 

h˂d for Tube  

Eq. (4-2)  

AISC 341-16 Tube 
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validating the FE modeling approach are listed in Table 4-1 including the cross-sectional area, A, 

and the plastic section modulus, Z.  The data on the top without the asterisk is for the section with 

corner radius on each side used in the experiment tests.  However, the data below with the asterisk 

is for the section used in FE modeling, which does not include the corner radius.  The column 

height is 1220 mm for all specimens.  Ŭ is the ratio of axial load about axial yield force, Py, which 

is the yield strength of steel, Fy, multiplied by the cross-sectional area, A, that considers the corner 

radius.  The column is assumed to be one of the interior columns subjected to a constant axial 

loading.  This is because exterior columns exhibit large variation in axial loading, which is out of 

scope for this research.   

 

Table 4-1. Properties of Square Tube Specimens (Kurata et al., 2005) 

Specimen B 

(mm) 

t 

(mm) 

B/t L 

(mm) 

ry 

(cm) 

Fy 

(N/mm2) 

A 

(cm2) 

Z 

(cm3) 

Py 

(kN) 

Ŭ 

S-1701 200 12 17 1220 7.84 425 
81 

*90 

601 

*637 
3445 0.1 

S-1703 200 12 17 1220 7.84 425 
81 

*90 

601 

*637 
3445 0.3 

S-2201 200 9 22 1220 8.02 404 
62 

*69 

472 

*493 
2514 0.1 

S-2203 200 9 22 1220 8.02 404 
62 

*69 

472 

*493 
2514 0.3 

S-3301 200 6 33 1220 8.11 380 
43 

*47 

320 

*339 
1647 0.1 

S-3303 200 6 33 1220 8.11 380 
43 

*47 

320 

*339 
1647 0.3 

*the value with asterisk is the effective section properties that neglect the corner radius. 

 

The boundary conditions utilized in these models are shown in Figure 4-2.  The bottom of 

the column is fixed against translation in all directions and rotation about all axes, while the top of 

the column is free to translate and rotate.  To apply the loads to the column, a reference node is 

created in the middle of the column top, and the column top edges are coupled with that node.  

This modeling way simulates the laboratory situation in which the forces generated by the loading 

device are transferred to the column body.  Also, the responses of structure such as displacements 

are also controlled by this reference point.  This also describes the laboratory situation in which 

the column top is connected to other parts so they can move together. 
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The column models are created using a fully integrated, general-purpose, finite-membrane-

strain shell element (referred to as S4 in Abaqus).  S4 element type uses the Mindlin-Reissner 

plate theory which assumes that the planes initially normal to the middle surface may experience 

different rotations than the middle surface itself (i.e., allow both bending and transverse shear 

deformation).  Also, this type of element does not have hourglass modes in either the membrane 

or bending response of the element; hence, it does not require hourglass control (Abaqus, 2013).  

The column was divided into three parts.  The bottom part which is up to quarter length of the 

column uses the fine mesh size as large as 5% of the width so that it can capture the local buckling 

better.  The middle part takes up to 25% of the column length and uses 7.5% of the width for the 

mesh size, and the top part consists of 50% of the column length and adopts 10% of the width the 

mesh size.  This mesh type and arrangement will be explained in more depth in the following 

sections. 

 

 

 
Figure 4-2. Finite element model showing boundary conditions 

  

Force controlled axial load 

Displacement 

controlled lateral force 

Top Boundary Condition: 

Free translation and rotation about all axes. 

Bottom Boundary Condition: 

Fixed translation in all three directions. 

Fixed rotation about all axes. 
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4.2.2. Loading Schemes 

The loading scheme involves axial loads and lateral displacements, both of which are applied 

to the reference node.  Each specimen is assumed to sustain a constant axial force, P=ŬPy=ŬFyA, 

where Ŭ is the axial load ratio, Fy is the yield strength of steel, and A is the column cross sectional 

area that considers the corner radius.  The axial load is ranging from 0.1 to 0.3Py, and the axial 

load testing matrix is given in Table 4-2. 

The applied lateral drifts are recreated based on the lateral displacement expected to occur at 

the top of the column in the experimental test results (Kurata, 2004; Kurata et al., 2005). The 

procedure of regenerating the lateral drifts is described in Figure 4-3.  First, the moment-rotation 

responses to a hysteretic response of the tests are manually digitized by using an object-oriented 

digitization software called Plot Digitizer.  Second, the peak drift rotations at every cycle are 

identified from the digitized data by using the Matlab code.  For the computational efficiency, the 

rate of displacement is chosen as 0.51 mm/sec (0.02 in/sec).  The resulting displacement 

protocols are shown in Figure 4-4. 

 

Table 4-2. Applied Constant Axial Load 

Specimen S-1701 S-1703 S-2201 S-2203 S-3301 S-3303 

Ŭ 0.1 0.3 0.1 0.3 0.1 0.3 

P (kN) 345 1034 251 754 165 494 

 

 

 

 

 
 

Figure 4-3. Drift loading protocols; (a) Experimental test data, (b) Drift rotation taken from (a),  

(c) Regenerated drift rotation based on the peak rotation from (b) 

Time (sec) 

ɗ
c
 (
r
a
d
) 
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(a) S-1701 

 
(b) S-1703 

 
(c) S-2201 

 
(d) S-2203 

 
(e) S-3301 

 
(f) S-3303 

 

Figure 4-4. The lateral displacement of each specimen for the FE analysis 

 

4.2.3 Material Validation 

Table 4-1 gave the yield stress of each specimen as: 425 MPa for S-1701 and S-1703, 404 

MPa for S-2201 and S-2203, and 380 MPa for S-3301 and S-3303.  The material properties are 

obtained by the tensile coupon tests (Kurata, 2004; Kurata et al., 2005).  The Youngôs modulus, 

E, is taken as 210 GPa for steel.  A bilinear-kinematic hardening plasticity model was adopted 

for this study, which is shown in Figure 4-5.  Through some iterations as seen in Figure 4-6, the 

slope of this plastic behavior region was chosen as 0.1 % of Youngôs modulus.  The moment-

rotation plot with the slope for the plastic area of 0.1 % of Youngôs modulus has a better agreement 

with the experiment results than the ones with the slope of 0.05% or 0.5% of Youngôs modulus. 
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Figure 4-5. The stress-strain relationship of the 0.1% bilinear kinematic hardening material 

 

 

Figure 4-6. Comparison of moment-rotation relationships depending on the slope of plastic region in the 

material stress-strain curve for the S-2201 specimen 
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4.2.4 Mesh Sensitivity 

To find the proper mesh size and configuration, four different mesh plans were carried out.  

First, 10% of the width is used for the size of mesh over the whole column length.  Second, the 

same mesh arrangement is applied, but with the mesh size of 10 % of the width.  Third, the 

column is divided into three parts and different mesh size is applied; the size of 5% the width for 

the bottom quarter of the column, the size of the 7.5% of the width up to the halfway point of the 

column, and the size of 10% of the width for the remaining upper half of the column.  Last, the 

mesh size of 2.5% of the width is applied to the entire column body.  A comparison of these 

different mesh plans is described in Figure 4-7.  Specifically, the maximum M/Mp, the drift ratio 

at which the maximum M/Mp occurs, and the peak M/Mp at the last cycles until the drift rotation 

reaches 0.04 rad are tabulated for the S-2201 specimen depending on different mesh size in Table 

4-3.  It is apparent that the finer mesh always produces more accurate results.  However, the 

third type of mesh arrangement is chosen because it still provides a satisfactory result; for example, 

as shown in Table 4-3 and Figure 4-8, there are less than 4% difference in the maximum M/Mp, ɗc 

at the maximum M/Mp, and peak M/Mp at last cycles before 0.04 rad between the third and fourth 

mesh type models.  Moreover, the third mesh plan is more computationally efficient than the 

fourth one. 

 

  

Figure 4-7. The effect of mesh size on the moment-rotation behavior for; (a)S-2201 and (b)S-2203 
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Table 4-3. Comparisons of Maximum M/Mp, ɗc at the Maximum M/Mp, Peak M/Mp at Last Cycles for S2201 

Mesh size 10% 5% 5%/7.5%/10% 2.5% 

Maximum M/Mp 1.07 1.06 1.061 1.057 

ɗc at the Maximum M/Mp 0.025 0.028 0.028 0.029 

Peak M/Mp at last cycles 

before 0.04 rad 
0.642 0.569 0.563 0.551 

 

 

 

Figure 4-8. Comparison of the mesh sensitiveness between the selected and finest mesh size for S-2201 
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4.2.5 Validation Results 

The validation results of six tube section columns experimentally tested by Kurata (2004) and 

Kurata et al. (2005) are shown in Figure 4-9.  The accuracy of the FE models was assessed by 

comparing the maximum moment strength, the drift rotation at which the maximum moment 

strength occurs, and the peak moment strength in some cycles before 0.04 rad drift rotation.  The 

models used do not capture fracture, but the model selected is deemed adequate for this particular 

study because fracture is not expected to dominate a response at the deformation levels of interest 

(around 4% drift). 

 

4.2.5.1 Overall Behavior 

The comparison between hysteretic response of each column specimen and FE model results 

are shown in Figure 4-9.  In Figure 4-9, the horizontal axis is a drift rotation, which is the 

normalized lateral displacements of the column top by the column height.  The vertical axis is 

the ratio of the bending moment to the plastic moment, in which the bending moment is measured 

at the column bottom, and the plastic moment is calculated as Fy times Z without asterisk.  Also, 

the bending moment is the summation of the axial force multiplied by lateral drifts (P-delta 

moment) and the shear force multiplied by the actual column height which changes at every time 

step.  Overall, it is concluded that the finite element models are capable of accurately predicting 

and replicating the full experimental loadïdeformation histories and capturing the observed failure. 

 

 

(a) Specimen S-1701 

 

(b) Specimen S-1703 
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(c) Specimen S-2201 

 

(d) Specimen S-2203 

 

(e) Specimen S-3301 

 

(f) Specimen S-3303 

Figure 4-9. Validation results for six specimens 

 

4.2.5.2 Maximum Moment Strength and Associated Drift Rotation 

Under combined loadings, the interaction between bending and compression affect the 

behavior and strength of a member.  When the imposed forces are reached at some point, the 

material yields, and the member does not longer remain behave elastically.  Thus, the maximum 

moment strength and the drift rotation associated with this can be good indicators for structural 

performance of the member.  Table 4-4 shows the comparison of the maximum moment strength 

divided by plastic moment strength between the test results and FE models.  Table 4-5 shows the 

comparison of the drift rotation at which the maximum moment strength occurs between the test 

results and FE models.  Errors are calculated by Eq. (4-5) and Eq. (4-6), respectively.   
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Except for S-1701, FE models almost match well with the experimental test data; in other 

words, S-1701 has the largest error in the drift rotation at the maximum M/Mp between the FE 

model and experimental result, as shown in Table 4-5.  In the Abaqus manual, when the thickness 

is larger than 1/15 of the element length on the shell surface, transverse shear deformation is not 

negligible, and second-order interpolation is desired (Abaqus, 2013).  Since S-1701 is relatively 

thick, with element thickness that is almost 1/15 of the element length on the shell surface, the S4 

element type using linear interpolation may give inaccurate results.   

 

Ὁὶὶέὶ  Ϸ
  

ρzππ       ( 4-5 ) 

 

Ὁὶὶέὶ Ϸ
   

 
ρzππ       ( 4-6 ) 

 

 

Table 4-4. Comparison of Maximum M/Mp between FE and Experiment 

Specimen S-1701 S-1703 S-2201 S-2203 S-3301 S-3303 

Max M/Mp.Exp 1.056 1.012 1.021 0.955 0.963 0.846 

Max M/Mp.FE 1.068 1.004 1.063 0.988 1.034 0.931 

ERROR 1.1 % 0.8 % 4.1 % 3.5 % 7.4 % 10.0 % 

 

Table 4-5. Comparison of ɗc at the Maximum M/Mp between FE and Experiment 

Specimen S-1701 S-1703 S-2201 S-2203 S-3301 S-3303 

ɗc.Exp (rad) 0.051 0.025 0.029 0.019 0.019 0.011 

ɗc.FE (rad) 0.022 0.018 0.025 0.016 0.013 0.013 

ERROR 56.9 % 28.0 % 13.8 % 15.8 % 31.6 % 18.2 % 
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4.2.5.3 Strength Degradation 

After reaching the maximum moment strength, local buckling may occur and change the stress 

and strain distributions within the section, which may also change the member strength.  When 

the strength deterioration initiates, at least one of the failure types occurs, which are local buckling 

and global flexural buckling.  Local buckling is mostly dependent on the width-thickness ratio 

(b/t) and is likely to occur in the web in the tube sections when the members are in bending and 

compression (Zhao et al., 2005).  Global flexural buckling is controlled by the ratio of a column 

length over a gyration about the weak axis (L/ry).  As discussed in Chapter 2, due to the fact that 

the tube sections have a high torsional stiffness, another buckling type, lateral torsional buckling, 

is not likely to take place in the tube section.  After local or global flexural buckling, the moment 

capacity of element decreases due to the reduction of bending resistance available from the cross 

section, and the columns gradually deteriorate the member strength over the loading cycles until 

they are not able to sustain the axial loads, which will be further discussed in the next section. 

In this research, our interests are how the moment-rotation relationship of steel columns 

changes during the loading history and how the post-buckling behavior of hollow-section columns 

is going to look like.  Thus, it is worthwhile comparing the peak moment strength and drift 

rotations in some cycles obtained from the experimental results with those obtained from the FE 

models.  Figure 4-10 and Table 4-6 show the peak moment normalized by plastic moment and 

the drift rotation in some cycles for specimen S-2203.  The moment strength reductions from the 

FE models as plastic deformation develops are in good agreement with those from experiments.  

For example, in the experimental test, the ratio of the peak M/Mp at the first cycle to the one at the 

second cycle is 37.5 %; the ratio of the peak M/Mp at the first cycle to the one at the third cycle is 

53.8 %; the ratio of the peak M/Mp at the first cycle to the one at the last cycle before 0.04 rad is 

66.8 %.  Similarly, in the FE models, the ratio of the peak M/Mp at the first cycle to the one at the 

second cycle is 33.2 %; the ratio of the peak M/Mp at the first cycle to the one at the third cycle is 

49.3 %; the ratio of the peak M/Mp at the first cycle to the one at the last cycle before 0.04 rad is 

61.5 %. 
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Figure 4-10. Progressive buckling behaviors for S-2203 specimen 

 

Table 4-6. Comparison of Strength Degradation between Experiment and FE Models for S2203 

 Experiment FE models 

 ɗc (rad) M/Mp ɗc (rad) M/Mp 

First cycle 0.028 0.729 0.028 0.641 

Second cycle 0.030 
0.456 

(-37.5 %) 
0.028 

0.428 

(-33.2 %) 

Third cycle 0.031 0.337 

(-53.8 %) 
0.028 0.325 

(-49.3 %) 

Last cycle 

before 0.04 rad 
0.041 

0.242 

(-66.8 %) 
0.038 

0.247 

(-61.5 %) 

* The values within parentheses present the amount of the moment reduction from M/Mp at the first cycle. 

 

First cycle 

Second cycle 

 

Third cycle 

Last cycle 

before 0.04 rad 
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4.3. Parametric Study 

The goal of this parametric study is to create new proposed highly ductile slenderness limits 

for tube columns.  Using the validated FE modeling approach, a set of 144 columns with varying 

local slenderness (b/t), global slenderness (L/ry), and axial load ratio (P/Py) will be created.  Then, 

the critical axial load ratio that causes the columns to fail will be found by one of two performance 

criteria (specified amount of moment degradation or specified amount of axial shortening).  

Based on the data from FE models, multivariate regression analysis will be performed to fit an 

equation to the results.  At the end of this section, new highly ductile slenderness limits will be 

proposed. 

 

4.3.1. Numerical Modeling 

To investigate different types of behavior, a number of HSS column members were selected 

and subjected to a combined axial and cyclic lateral load protocol using finite-element simulation.  

The finite element modeling approach is the same as the approach validated in the Section 4.2.  

The same element type, material, boundary conditions, and mesh were used in this section. 

 

4.3.1.1 Section and Material 

To investigate the performance of columns, the test specimens are selected by varying the 

width and thickness of the cross sections.  A test matrix is described in Table 4-6.  Six sections 

with different widths, which are HSS4x4, HSS6x6, HSS8x8, HSS10x10, and HSS12x12, are 

chosen.  Different thicknesses are employed to those sections.  For HSS4x4, HSS8x8, and 

HSS12x12, two extreme thicknesses are applied with a range from 1/8 in to Ĳ in.  For HSS6x6 

and HSS10x10, 5/8 in and İ in thicknesses are applied.  It is noted that in Table 4-7, the width b 

is the clear distance between webs less the inside corner radius on each side, the web h is the same 

condition of distance but between flanges on each side, and the thickness t is the design wall 

thickness which is usually taken as 0.93 of the nominal thickness according to AISC-360-16 

Section B.4.  When FE models are created using the Abaqus, the width of column is B-t, in which 

B is the width measured from the outer surface of the section. 
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The material for parametric study is selected based on the validation models of specimens S-

2201 and S-2203 from the previous section.  The Youngôs modulus of steel is 210 GPa (30,457.9 

ksi), the yield stress of steel is 404 MPa (58.97 ksi).  The bilinear kinematic hardening model is 

used and has 0.1% of the Youngôs modulus for the slope of the stress-strain relationship of material 

in the plastic region.   

 

4.3.1.2 Length, Boundary condition 

In addition to the width-thickness ratios, the global slenderness ratio (L/ry), which is the ratio 

of the column height to least radius of gyration of the column section, is also varied.  Thus, in the 

test matrix given in Table 4-7, three different column heights such as 3.05 m (10 ft), 4.57 m (15 

ft), or 6.10m (20 ft) are selected to examine how the global slenderness ratio affects the plastic 

behavior of columns.  Fogarty and El-Tawil (2016) chose the same column heights.  The set of 

models for this parametric study is shown graphically in Figure 4-11, which plots the width-to-

thickness ratio (b/t) versus the global slenderness ratio (L/ry). 

The same fixed-free boundary conditions are utilized for these finite element models.  The 

bottom of the column is restrained in all six translational and rotational degrees of freedom, while 

the top of the column is free to translate in the x- and z-directions and rotate about all three axes.  

Figure 4-12 illustrates these boundary conditions applied in the finite element models. 
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Table 4-7. A Test Matrix for Parametric Study 

Specimens B (in) t (in) L (ft) ry (in) b/t L/ry P/Py 

HSS4x4x1/8 4 0.116 10 1.58 31.5 76 0.15 ï 0.9 

HSS4x4x1/8 4 0.116 15 1.58 31.5 114 0.15 ï 0.9 

HSS4x4x1/8 4 0.116 20 1.58 31.5 152 0.15 ï 0.9 

HSS4x4x1/2 4 0.465 10 1.41 5.6 85 0.15 ï 0.9 

HSS4x4x1/2 4 0.465 15 1.41 5.6 128 0.15 ï 0.9 

HSS4x4x1/2 4 0.465 20 1.41 5.6 170 0.15 ï 0.9 

HSS6x6x5/8 6 0.581 10 2.17 7.33 55 0.15 ï 0.9 

HSS6x6x5/8 6 0.581 15 2.17 7.33 83 0.15 ï 0.9 

HSS6x6x5/8 6 0.581 20 2.17 7.33 111 0.15 ï 0.9 

HSS8x8x1/8 8 0.116 10 3.21 66 37 0.15 ï 0.9 

HSS8x8x1/8 8 0.116 15 3.21 66 56 0.15 ï 0.9 

HSS8x8x1/8 8 0.116 20 3.21 66 75 0.15 ï 0.9 

HSS8x8x5/8 8 0.581 10 2.99 10.8 40 0.15 ï 0.9 

HSS8x8x5/8 8 0.581 15 2.99 10.8 60 0.15 ï 0.9 

HSS8x8x5/8 8 0.581 20 2.99 10.8 80 0.15 ï 0.9 

HSS10x10x1/2 10 0.465 10 3.86 18.5 31 0.15 ï 0.9 

HSS10x10x1/2 10 0.465 15 3.86 18.5 47 0.15 ï 0.9 

HSS10x10x1/2 10 0.465 20 3.86 18.5 62 0.15 ï 0.9 

HSS12x12x1/4 12 0.233 10 4.79 48.5 25 0.15 ï 0.9 

HSS12x12x1/4 12 0.233 15 4.79 48.5 38 0.15 ï 0.9 

HSS12x12x1/4 12 0.233 20 4.79 48.5 50 0.15 ï 0.9 

HSS12x12x3/4 12 0.698 10 4.56 14.2 26 0.15 ï 0.9 

HSS12x12x3/4 12 0.698 15 4.56 14.2 39 0.15 ï 0.9 

HSS12x12x3/4 12 0.698 20 4.56 14.2 53 0.15 ï 0.9 



47 

 

 

Figure 4-11. Selected section parameters 

 

Figure 4-12. Boundary conditions and mesh arrangements 
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4.3.1.3 Loading Scheme 

The loading scheme involves a combined loading sequence which consists of a constant axial 

load varied from 0.15Py to 0.9Py and a lateral displacement increasing up to 10% drift rotation.  

The axial force is first applied to the reference node which is located in the middle of the column 

top.  Then, the cyclic lateral displacements are applied to the same reference node. 

Drift protocols used for this study are shown in Table 4-8 and Figure 4-13.  Table 4-8 

summarizes the story drift ratio and number of cycles, and Figure 4-13 shows the drifts with time 

history.  The drift in Figure 4-13 is calculated based on the column height, and the time is 

computed using the loading rate of 0.2 in/sec.  This cyclic loading sequence has been developed 

and used for different structure types by many researchers in both experimental testing and 

computational modeling.  Newell (2008) proposed this drift loading protocol for 3-story and 7-

story BRBF prototype buildings subjected to 20 ground motion records.  Krawinkler et al. (2000) 

has used the same loading protocols for steel moment frames, and Richards and Uang (2006) also 

have applied it to the EBF link-to-column connection.  Fogarty and El-Tawil (2016) applied the 

same drift loading protocol to computational models of steel wide-flange columns. 

 

 

Figure 4-13. Cyclic loading sequence with lateral displacement 

  



49 

 

Table 4-8. Cyclic Loading Sequence with Lateral Displacement 

Story drift ratio (rad) Number of cycles 

0.001 6 

0.0015 6 

0.002 6 

0.003 4 

0.004 4 

0.005 4 

0.0075 2 

0.01 2 

0.015 2 

0.02 1 

0.03 1 

0.04 1 

0.05 1 

0.06 1 

0.07 1 

0.08 1 

0.09 1 

0.1 1 

 

4.3.1.4 Failure Criteria 

Two failure criteria are defined to identify whether the column forms a stable plastic hinge 

and at which drift rotation the HSS columns fails to adequately support gravity load.  The two 

failure criteria are defined as: (1) 10% reduction in the moment capacity at the base of the column 

and (2) 0.25% axial shortening ratio.  

The moment criterion has been used by Newell and Uang (2006).  It assumes that the column 

shows ductile plastic hinge performance until the peak bending moment during the loading cycle 

drops below 90% of the maximum moment from the entire curve.  The furthest drift rotation 

achieved before the 10% moment reduction occurs is defined as the drift capacity of the column 

under the first failure criterion.  The axial shortening criteria has recently been proposed by 

Ozkula and Uang (2018).  When the columns are subjected to a compressive axial force then 
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laterally displaced, the vertical displacement of the column consists of two portions: the initial 

elastic axial shortening caused by the prescribed axial force and the additional inelastic axial 

deformation of the column while undergoing the combined loadings.  The drift capacity of the 

column under the second failure criterion is defined as the largest drift rotation the column can 

withstand until the axial shortening resulting from the combined loadings exceeds 0.25% of the 

original column length. 

The moment at the base of the column, M, is calculated as Eq. (4-7).  The axial load, P, is 

the compressive force applied to the middle of column top.  The lateral force, F, is the force 

imposed to the reference node of the column top, which is equivalent to the reaction force 

measured at the column bottom according to the force equilibrium principle.  ȹhorizontal is the 

lateral displacement at the top of the column, and ȹvertical is the vertical displacement measured at 

the column top.  Since the column top is exposed to large drift rotations which is up to 0.1 rad, 

the second-order effect, caused by the additional moment equal to the axial force multiplied by the 

horizontal displacement and also known as the P-delta effect, needs to be considered.  The first 

term in Eq. (4-7) reflects the second-order effect.  Also, high axial loads cause large axial 

deformation of the column that might affect the bending moment at the column base.  Thus, at 

every time step, the column length is measured, multiplied by the lateral force, then added to the 

moment calculation as seen in the second term in Eq. (4-7).  Note that the sign of each variable 

is not always as it is in Eq. (4-7) but is determined by drawing a free body diagram of the deformed 

column. 

ὓ ὖ ῳz Ὂᶻὒ ῳ    ( 4-7 ) 

 

The procedure of how to find the drift capacity based on the 10% moment reduction criteria 

will be explained in this part.  First, a moment-rotation curve is obtained from finite element 

analysis results.  Next, the positive and negative peak moment are found, as marked with red-

colored asterisks in Figure 4-14.  Then, points of intersection are detected between the curve and 

the blue-dash lines which represent the 90% of peak moment.  Given that a stable plastic hinge 

is formed at the column base after reaching the peak moment, the intersections of interest are 

limited and marked with magenta asterisks.  Out of these points, the largest drift that is achieved 

up to the earliest 90% moment strength is chosen as the drift capacity per the 10% moment 

reduction criteria, which is highlighted with a yellow star.  For example, as shown in Figure 4-
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14, HSS10x10x1/2 column which is 10 ft long and subjected to a compressive axial force of 15% 

of axial yield loads has the drift capacity of 0.04 rad according to the 10% moment reduction 

criteria.   

In the hysteretic curves, if the peak moment reaches near the full plastic moment (i.e., M/Mp 

is close to the unity), the member could have some drift capacity to form a stable plastic hinge as 

seen in Figure 4-14.  However, as seen in Figure 4-15, even if the peak moment strength is less 

than Mp, they appear to form a plastic hinge as well because the hysteretic curves have flat top and 

bottom regions.  This is explained by the fact that the axial force is taking some of the section 

capacity when the members are subjected to combined bending and axial load.  For example, as 

seen in Figure 4-15, a 10ft long column of HSS12x12x3/4 subjected to 0.9Py has a drift capacity of 

0.005 rad before the moment strength degrades below the limit. 

  

 

 

Figure 4-14. Procedure of defining 10% moment reduction criteria  

(ex. HSS10x10x1/2 with L=3.05m(10ft) when P/Py=0.15) 
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Figure 4-15. 10% moment reduction criteria (ex. HSS12x12x3/4 with L=3.05m(10ft) when P/Py=0.9) 

 

The 0.25% axial shortening failure criteria is determined from the axial deformation-rotation 

curve.  The axial shortening criteria is defined as the largest drift rotation the column can undergo 

before reaching the critical line associated with a 0.25% axial shortening ratio.  Figure 4-16 

shows the drift capacity of a 10ft long HSS10x10x1/2 column subjected to 15% of axial 

compressive yielding force, which is 0.04 rad.  Also, if the analysis stopped before reaching the 

axial shortening ratio of 0.25%, the column is likely to start to buckle and deform infinitely.  Thus, 

the drift capacity according to the axial shortening criteria can be defined as the largest drift ratio 

the column can resist before the analysis stops.  For example, as seen in Figure 4-17, a 20ft long 

column of HSS8x8x5/8 subjected to 60% of compressive yield forces has a drift capacity of 0.03 

rad according to the 0.25% axial shortening criteria. 

 The drift rotations determined by these criteria are useful to estimate the axial compression 

capacity that still allows 4% drift capacity, defined as the critical axial load ratio (CALR) and 

discussed further in the following section.  However, there is no general agreement which rotation 

to use as the drift capacity, total drift rotation or plastic drift rotation (Fogarty et al., 2017).  Given 

the fact that it is hard to separate the elastic deformation from the total deformation in the nonlinear 

force-deformation curve, the total drift is utilized for this study. 

Drift rotation (ɗc) 

N
o
r
m
a
l
i
z
e
d
 
m
o
m
e
n
t
 
(

M
/
M p)

 

 



53 

 

 
Figure 4-16. Procedure of defining 0.25% axial shortening criteria  

(ex. HSS10x10x1/2 with L=3.05m(10ft) when P/Py=0.15) 

 

 
Figure 4-17. 0.25% axial shortening criteria  

(ex. HSS8x8x5/8 with L=20ft when P/Py = 0.6) 
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4.3.1.5 Results 

Measured using the moment reduction and axial shortening criteria, the total drifts of the 

column section for various levels of applied axial load are summarized in Table 4-9.  Note that 

the drift data with the superscript a is excluded from regression analysis because they significantly 

differ from other observed data.  Lastly, the drift data with the superscription b comes from elastic 

deformation instead of plastic deformation, but it is included in regression analysis.  Figure 4-18 

shows that the column exhibits only elastic deformation until it reaches the 0.25% axial shortening 

criteria. 

In addition to the drift capacity under the two failure criteria, failure modes of all the column 

models are also classified through the observation of deformed shapes at the end of analysis.  

There are different descriptions of failure modes as seen in Figure 4-18: local buckling (LB), global 

buckling (GB), combined yielding and local buckling (com-YL), and top failure (TF).  Aside 

from them, non-failure (NF) is used for the model that can carry the given axial and lateral loading 

without any failure, and not-determined (ND) is used for the column that is hard to decide the 

failure mode with the naked eye. 

 

 
Figure 4-18. Example of the drift capacity from elastic deformation 

(ex. HSS4x4x1/2 with L=15ft when P/Py = 0.15) 
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Figure 4-19. Types of failure modes: (a) Local buckling (LB) 

 

 

 

 

 

 (b) Local buckling (LB) 
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(c) Global buckling (GB) 

 

 

 

 

(d) Global buckling (GB) 
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(e) Combined yielding and local buckling (com-YL) 

 

 

(f) Top failure (TF)  
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Table 4-9. Summary of Drifts Reached based on Two Types of Failure Criteria 

Specimens b/t L/ry P/Py ɗ(moment) ɗ(axial shortening) 
Failure 

Mode 

HSS4x4x1/8 ï 10 ft 31.5 76.0 

0.15 0.058 0.058 b LB 

0.3 0.059 0.056 LB 

0.45 0.040 0.048 GB 

0.6 0.025 0.030 GB 

0.75 0.010 0.015 GB 

0.9 0.004 0.005 GB 

HSS4x4x1/8 ï 15 ft 31.5 113.9 

0.15 0.099 0.063 b NM 

0.3 0.056 0.058 b GB 

0.45 0.030 0.030 GB 

0.6 0.010 0.012 GB 

0.75 0.002 0.002 GB 

0.9 0.002 0.002 GB 

HSS4x4x1/8 ï 20 ft 31.5 152.0 

0.15 0.100 0.061 b GB 

0.3 0.030 0.037 GB 

0.45 0.002 a 0.002 a GB 

0.6 0.017 0.021 GB 

0.75 0.010 0.015 GB 

0.9 0.004 0.005  GB 

HSS4x4x1/2 ï 10 ft 5.6 85.2 

0.15 0.100 0.062 b NF 

0.3 0.064 0.059 GB 

0.45 0.044 0.049 GB 

0.6 0.026 0.030 GB 

0.75 0.015 0.016 GB 

0.9 0.005 0.007 GB 

HSS4x4x1/2 ï 15 ft 5.6 127.6 

0.15 0.100 0.062 b NF 

0.3 0.057 0.058 b GB 

0.45 0.020 0.029 GB 

0.6 0.007 0.009 GB 

0.75 0.001 a 0.001 a GB 

0.9 0.005 0.007 GB 
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Table 4-9. (continued) 

Specimens b/t L/ry P/Py ɗ(moment) ɗ(axial shortening) 
Failure 

Mode 

HSS4x4x1/2 ï 20 ft 5.6 170.3 

0.15 0.100 0.060 b NF 

0.3 0.030 0.031 GB 

0.45 0.015 0.020 GB 

0.6 0.022 0.030 GB 

0.75 0.015 0.016 GB 

0.9 0.005 0.006 GB 

HSS6x6x5/8 ï 10 ft 7.33 55.3 

0.15 0.085 0.059 LB 

0.3 0.069 0.049 LB 

0.45 0.049 0.041 GB 

0.6 0.030 0.036 GB 

0.75 0.018 0.022 GB 

0.9 0.008 0.010 GB 

HSS6x6x5/8 ï 15 ft 7.33 82.9 

0.15 0.100 0.062 NF 

0.3 0.060 0.058 GB 

0.45 0.044 0.050 GB 

0.6 0.026 0.030 GB 

0.75 0.015 0.016 GB 

0.9 0.005 0.007 GB 

HSS6x6x5/8 ï 20 ft 7.33 110.7 

0.15 0.10 0.062 b NF 

0.3 0.064 0.059 GB 

0.45 0.030 0.038 GB 

0.6 0.015 0.018 GB 

0.75 0.005 0.006 GB 

0.9 0.005 0.005 GB 

HSS8x8x1/8 ï 10 ft 66 37.4 

0.15 0.015 0.016 com-YL 

0.3 0.010 0.010 com-YL 

0.45 0.005 0.006 com-YL 

0.6 0.002 0.002 com-YL 

0.75 0.001 0.001 ND 

0.9 0 0 com-YL 
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Table 4-9. (continued) 

Specimens b/t L/ry P/Py ɗ(moment) ɗ(axial shortening) 
Failure 

Mode 

HSS8x8x1/8 ï 15 ft 66 56.1 

0.15 0.020 0.025 com-YL 

0.3 0.015 0.019 com-YL 

0.45 0.005 0.006 com-YL 

0.6 0.003 0.003 com-YL 

0.75 0 0 com-YL 

0.9 0 0 com-YL 

HSS8x8x1/8 ï 20 ft 66 74.8 

0.15 0.030 0.034 com-YL 

0.3 0.015 0.015 com-YL 

0.45 0.003 0.003 com-YL 

0.6 0.002 0.002 com-YL 

0.75 0.002 0.002 com-YL 

0.9 0 0 com-YL 

HSS8x8x5/8 ï 10 ft 10.8 40.2 

0.15 0.069 0.049 NF 

0.3 0.059 0.040 LB 

0.45 0.049 0.035 LB 

0.6 0.021 0.030 LB 

0.75 0.015 0.020 GB 

0.9 0.007 0.010 GB 

HSS8x8x5/8 ï 15 ft 10.8 60.2 

0.15 0.100 0.060 NF 

0.3 0.068 0.050 LB 

0.45 0.040 0.044 GB 

0.6 0.030 0.034 GB 

0.75 0.017 0.020 GB 

0.9 0.007 0.009 GB 

HSS8x8x5/8 ï 20 ft 10.8 80.3 

0.15 0.100 0.062 NF 

0.3 0.060 0.058 GB 

0.45 0.042 0.050 GB 

0.6 0.025 0.030 GB 

0.75 0.015 0.015 GB 

0.9 0.005 0.006 GB 
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Table 4-9. (continued) 

Specimens b/t L/ry P/Py ɗ(moment) ɗ(axial shortening) 
Failure 

Mode 

HSS10x10x1/2 ï 10 ft 18.5 31.1 

0.15 0.040 0.040 LB 

0.3 0.030 0.035 LB 

0.45 0.030 0.030 LB 

0.6 0.020 0.020 LB 

0.75 0.015 0.015 LB 

0.9 0.004 0.004 LB 

HSS10x10x1/2 ï 15 ft 18.5 46.6 

0.15 0.050 0.052 CR 

0.3 0.040 0.044 LB 

0.45 0.040 0.040 LB 

0.6 0.030 0.030 LB 

0.75 0.015 0.020 GB 

0.9 0.005 0.007 GB 

HSS10x10x1/2 ï 20 ft 18.5 62.2 

0.15 0.060 0.060 LB 

0.3 0.060 0.050 CR 

0.45 0.040 0.044 GB 

0.6 0.030 0.031 GB 

0.75 0.015 0.019 GB 

0.9 0.007 0.007 GB 

HSS12x12x1/4 ï 10 ft 48.5 25.1 

0.15 0.015 0.015 LB 

0.3 0.010 0.010 LB 

0.45 0.008 0.008 LB 

0.6 0.005 0.006 LB 

0.75 0.002 0.002 Com-YL 

0.9 0.002 0.002 Com-YL 

HSS12x12x1/4 ï 15 ft 48.5 37.6 

0.15 0.015 0.018 LB 

0.3 0.015 0.015 LB 

0.45 0.010 0.013 LB 

0.6 0.008 0.008 LB 

0.75 0.003 0.003 Com-YL 

0.9 0.002 0.002 Com-YL 
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Table 4-9. (continued) 

Specimens b/t L/ry P/Py ɗ(moment) ɗ(axial shortening) 
Failure 

Mode 

HSS12x12x1/4 ï 20 ft 48.5 50.1 

0.15 0.020 0.024 LB 

0.3 0.020 0.020 LB 

0.45 0.015 0.017 LB 

0.6 0.010 0.012 LB 

0.75 0.003 0.004 Com-YL 

0.9 0.001 0.001 Com-YL 

HSS12x12x3/4 ï 10 ft 14.2 26.3 

0.15 0.049 0.040 NF 

0.3 0.030 0.030 LB 

0.45 0.020 0.020 LB 

0.6 0.020 0.016 LB 

0.75 0.013 0.015 LB 

0.9 0.005 0.005 LB 

HSS12x12x3/4 ï 15 ft 14.2 39.5 

0.15 0.060 0.050 TF 

0.3 0.050 0.040 TF 

0.45 0.040 0.033 TF 

0.6 0.020 0.020 TF 

0.75 0.015 0.015 TF 

0.9 0.002 0.002 TF 

HSS12x12x3/4 ï 20 ft 14.2 52.7 

0.15 0.070 0.058 NF 

0.3 0.060 0.050 LB 

0.45 0.030 0.040 TF 

0.6 0.001 a 0.001 a TF 

0.75 0.015 0.020 LB 

0.9 0.007 0.007 TF 

a data is not used in regression analysis because it is outlier 

b data is used in regression analysis, but it comes from the elastic deformation  

  



63 

 

4.3.2. Multivariate Regression Analysis 

The goals of this parametric study are 1) to determine an appropriate functional form of the 

critical axial load ratio (CALR) meaning the maximum axial load ratio that a member can sustain 

at a specific story drift, then 2) to suggest a guideline for slenderness limits so that a member can 

reach up to 4% lateral drift (high ductile performance).   

 

4.3.2.1 Selection of Predictive Variables 

Many researchers have figured out that the plastic rotation capacity of steel columns is 

influenced by web and flange buckling and lateral torsional buckling.  Given that one of the 

dominant parameters that affects buckling is the slenderness ratio, a local slenderness ratio (i.e., 

the width-thickness ratio, b/t) and global slenderness ratio (L/ry) can be the primary predictors that 

affect the drift capacity of the steel columns subjected to combined loadings.   

Moreover, there have been a substantial number of findings that high axial compressive forces 

interrupt the rotation capacity of a column so that the columns are not able to achieve 0.04 rad 

(Cheng et al., 2013; Elkady and Lignos, 2015; Newell, 2008; Zargar et al., 2014).  Also, as seen 

in Figure 4-22, an axial load ratio and drift capacity, as defined by either one of the failure criteria, 

have a negative relationship.  In conclusion, a local slenderness ratio (i.e., the width-thickness 

ratio, b/t), a global slenderness ratio (L/ry), and an axial load ratio (P/Py) can be the primary 

predictors that affect the drift capacity of the steel columns subjected to combined loadings. 

Despite many previous studies that indicate a significant relationship between the drift 

capacity and slenderness ratios, Figure 4-20 and Figure 4-21 do not seem to adequately explain 

this relationship.  However, the plots in Figure 4-23 show that an interaction variable, which is 

defined as products of the existing indicator variables b/t and ry/L, might also be an additional 

predictor in the regression models. 



64 

 

 

(a) Moment reduction criterion 

 

(b) Axial shortening criterion 

Figure 4-20. Plots of local slenderness ratio (b/t) versus observed drift capacity 

 

 

 

 

(a) Moment reduction criterion 

 

(b) Axial shortening criterion 

Figure 4-21. Plots of global slenderness ratio versus observed drift capacity 
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(a) Moment reduction criterion 

 

(b) Axial shortening criterion 

Figure 4-22. Plots of axial load ratio versus observed drift capacity 

 

 

 

 

(a) Moment reduction criterion 

 

(b) Axial shortening criterion 

Figure 4-23. Plots of combination of slenderness ratio versus observed drift capacity 
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4.3.2.2 Generalized Regression Models 

Four regression models are introduced, as given in Eq. (4-8), Eq. (4-9), Eq. (4-10), and Eq. 

(4-11), to evaluate the contribution of each predictive parameter to the selected response parameter.  

The response parameters in Eq. (4-8) through Eq. (4-11) are simply denoted as ɗ, which is the 

maximum drift rotation that is achieved until the column loses at least 10% moment strength or 

reaches a 0.25% axial shortening ratio as previously discussed in Chapter 4.3.1.5.  In these 

models, c1 through c7 are constants to be determined from multivariate regression analysis, and Ů 

is the difference between the observed response and the expected response.   

The first model in Eq. (4-8) is a multi-linear equation which is the sum of exponential 

expressions on each variable.  The regression model in Eq. (4-9) is a logarithmic function but still 

ensures linearity and stability of variance (Chatterjee and Hadi, 2015).  The model in Eq. (4-10) 

is a multiplicative model which accounts for the interaction between each predictor.  The 

presence of terms that contain powers of the independent variables are common in science and 

engineering applications (Freund et al., 2006).  The regression model in Eq. (4-11) is developed 

based on the observation of relationships between each predictive variable, b/t, L/ry, and P/Py, as 

discussed earlier. 

 

— ὧ ὧᶻ ὧᶻ ὧᶻ ‐   ( 4-8 ) 

 

 — ὧ ὧ ὰzέὫ ὧ ὰzέὫ ὧ ὰzέὫ ‐      ( 4-9 ) 

 

   — ὧ ὧᶻ ᶻ ᶻ ‐        ( 4-10 ) 

 

— ὧ ὧᶻ ᶻ ὧᶻ ‐     ( 4-11 ) 
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4.3.2.2 Regression Analysis Results 

In this section, the regression analysis results are provided for representative regression results.  

Since the responses are observed by two different failure criteria denoted as ɗmoment and ɗaxial, there 

are 12 regression models that will be analyzed, which are a subset of generalized regression models 

Eq. (4-8) through Eq. (4-11).  A list of regression models is given in Table 4-10, and analyzed 

regression equations are presented in Table 4-11.  Only two best fit regression results (Model 5 

and 12) will be discussed here, and the remaining regression results are provided in Appendix C.   

To check the quality of the fit in regression results, scatter plots of ɗmeasured versus ɗpredicted, 

coefficient of determination (R2), and root mean square error (RMSE) are used.  Conceptually, in 

the scatter plot of ɗmeasured versus ɗpredictedΣ the closer the set of points are to a straight line, the better 

the data is predicted by the regression equation.  R2, computed as Eq. (4-12), is the proportion of 

the total variation in responses that is accounted for by the predictor variables, so the high value 

of R2 indicates a strong correlation between the observed and predicted response.  In Eq. (4-12), 

yi is a response, ώ is a predicted response, and ώ is an averaged response.  RMSE is another 

way to show the differences between the observed and predicted response, as expressed in Eq. (4-

13).  Thus, the model with a smaller value of RMSE is better fitted with the observed data.  

Also, for the test of the statistical significance of each coefficient, one of the widely used 

statistical test method, known as T-tests, is utilized, which provides standard error (SE), t-value (t-

stat), and p-value.  SE is the deviation of each coefficient that shows how close or far the 

coefficients are from the median.  T-stat is a ratio of the difference between the mean of the two 

sample sets and the differences that exist within the sample sets.  P-value is a probability value 

for a given statistical model (e.g. t-distribution), which measures the strength of the evidence that 

a result is not just a likely chance occurrence.  If p-value is less than the significance level 

commonly used as 0.05, the null hypothesis is rejected. 

 

Ὑ     ( 4-12 ) 

, where ὛὛὝέὸὥὰὛὛὙὩίὭὨόὥὰὛὛὙὩὫὶὩίίὭέὲВ ώ ώ ,  ὛὛὙὩὫὶὩίίὭέὲВ ώ ώ  

 

ὙὓὛὉ В ώ ώ      ( 4-13 ) 
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Table 4-10. 12 Regression Equations that will be Analyzed 

Model Regression Model Parent Model 

1 — ὧ ὧᶻ ὧᶻ ὧᶻ   Eq. (4-8) 

2 — ὧ ὧᶻ ὧᶻ ὧᶻ   Eq. (4-8) 

3 — ὧᶻ ᶻ ᶻ   Eq. (4-9) 

4 — ὧᶻ ᶻ ᶻ   Eq. (4-9) 

5 — ὧᶻ ᶻ ᶻρ   Eq. (4-9) 

6 — ὧᶻ ᶻ ᶻρ   Eq. (4-9) 

7 — ὧ ὧ ÌzÏÇ ὧ ÌzÏÇ ὧ ÌzÏÇ   Eq. (4-10) 

8 — ὧ ὧ ÌzÏÇ ὧ ÌzÏÇ ὧ ÌzÏÇ   Eq. (4-10) 

9 — ὧ ὧᶻ ᶻ ὧ  z   Eq. (4-11) 

10 — ὧ ὧᶻ ᶻ ὧ  z   Eq. (4-11) 

11 — ὧ ὧᶻ ᶻ ὧᶻ   Eq. (4-11) 

12 — ὧ ὧᶻ ᶻ ὧᶻ   Eq. (4-11) 
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Table 4-11. 12 Fitted Regression Equations and Results 

Model Regression Model R2 RMSE 

1 — πȢπχωπȢππρz τȢψz ρπ ᶻ πȢπχψz    0.741 0.014 

2 — πȢπφυ τȢτz ρπτ ᶻ
ὦ

ὸ
σz ρπυ ᶻ

ὒ

ὶώ
πȢπυψz

ὖ

ὖώ
  0.809 0.009 

3 — πȢπρυz
Ȣ

ᶻ
Ȣ

ᶻ
Ȣ

  0.773 0.013 

4 — πȢπςρz
Ȣ

ᶻ
Ȣ

ᶻ
Ȣ

  0.676 0.011 

5 — πȢρσρz
Ȣ

ᶻ
Ȣ

ᶻρ
Ȣ

  0.803 0.012 

6 — πȢψψσz
Ȣ

ᶻ
Ȣ

ᶻρ
Ȣ

  0.781 0.009 

7 — πȢπρψπȢπςψzÌÏÇ πȢπρzÌÏÇ πȢπχψzÌÏÇ    0.745 0.014 

8 — πȢπςπȢςςzÌÏÇ πȢππψzÌÏÇ πȢπυυzÌÏÇ   0.747 0.010 

9 — πȢπψτπȢππφz
Ȣ

ᶻ
Ȣ

πȢπχψz   0.746 0.014 

10 — πȢπφφπȢππσz
Ȣ

ᶻ
Ȣ

πȢπυψz   0.833 0.008 

11 — πȢτφχπȢπςψz ᶻ
Ȣ

πȢτυρz
Ȣ

  0.771 0.013 

12 — πȢπχρπȢπςρz ᶻ
Ȣ

πȢπφz
Ȣ

  0.824 0.008 
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Results of Model 5 

Model 5 results in the regression equation Eq. (4-14), in which the response determined by 

the moment reduction criterion was used.  The scatter plot of the response versus the predictor 

variable is displayed in Figure 4-24.  Except for a few data points that have large drift capacity 

about 0.1 rad, most of the data points appear to have relatively small residuals.  The value of R2 

is estimated to be 0.803, meaning that 80.3% of the response variable is well accounted for by the 

predictor variable in Eq. (4-14).  Also, as presented in Table C-5, the p-values of all regression 

coefficients, c1 through c4, are less than 0.05, which indicates that all coefficients are statistically 

significant in the given regression model. 

 

— πȢρσρz
Ȣ
ᶻ

Ȣ

ᶻρ
Ȣ

    ( 4-14 ) 

 

 

 

Figure 4-24. Scatter plots of the measured response versus the predicted response for Model 5 

R2 = 0.803 

RMSE = 0.012 
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Results of Model 12 

Model 12 results in the regression equation Eq. (4-15), with the coefficient of determination 

R2 equal to 0.824.  The scatter plot of the response versus the predictor variable is described in 

Figure 4-25.  Even though there is one outlier, the plot strongly suggests that Eq. (4-15) captures 

fairly well the observed drift determined by the axial shortening criterion.  The R2 value of Model 

12 is smaller than that of Model 10 which is 0.833 as seen in Table 4-11.  However, it is noted 

that a large value of R2 does not necessarily mean that the model fits the data well because models 

with low R2 values can still have a good fit if the predictors are statistically significant.  In Model 

12, as presented in Table C-12, the p-values of all regression coefficients, c1 through c5, are almost 

zero.   

 

— πȢπχρπȢπςρz ᶻ
Ȣ

πȢπφz
Ȣ

              ( 4-15 ) 

 

 

Figure 4-25. Scatter plots of the measured response versus the predicted response for Model 12 

 

R2 = 0.824 

RMSE = 0.008 
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Observations from the best fit regression models, Eq. (14), Eq. (15), Figure 4-24, and Figure 

4-25 are as follows: 

(1) The larger b/t is, the more local buckling occurs before a stable plastic hinge is created, 

which leads to a smaller drift capacity. 

(2) The larger L/ry means that the column is more slender.  As long as global buckling does 

not occur before the formation of a stable plastic hinge, columns with a large L/ry value 

can have significant drift capacity.  However, drift capacity in long slender columns 

might come from elastic drift capacity. 

(3) As the axial load increases (i.e., the value of P/Py increases), the drift rotation capacity 

decreases for columns that have identical sections and the same length. 

(4) The exponent of P/Py. and (1- P/Py.) is larger than that of other predictors such as b/t, L/ry, 

and (b/t)*(ry/L). This strongly implies that the drift capacity, as defined by either the 

moment criterion or axial shortening criterion, is very sensitive to the axial load ratios. 

 

4.3.3 Critical Axial Load Ratio (CALR) 

As mentioned before, critical axial load ratio (CALR) is the maximum axial load that each 

section can sustain while undergoing up to 4% lateral drifts.  By putting 0.04 rad into  ̒in Eq. (4-

14) and Eq. (4-15) and rearranging them for P/Py, two different CALR equations are developed as 

given in Eq. (4-16) and Eq. (4-17) and plotted in Figure 4-26 and Figure 4-27, respectively.  The 

predicted CALR for the columns given in Table 4-7 are also shown in the same plots.  In Figure 

4-26 and Figure 4-27, the developed CALR equations are drawn as dashed lines, and the expected 

CALR by these equations are shown as points.  These plots show that there are no columns given 

in Table 4-7 that can withstand axial loads greater than 0.5Py. 
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Figure 4-26. CALR of Eq. (4-16) and expected CALR for columns given in Table 4-7 

 

 

 

Figure 4-27. CALR of Eq. (4-17) and expected CALR for columns given in Table 4-7 

s 
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4.4 Developed Highly Ductile Slenderness Limits for HSS Columns 

There are four different slenderness limits which are applicable to HSS section columns.  As 

previously discussed, the first one is Eq. (4-2) from AISC 341-16, and the second one is Eq. (4-1) 

proposed based on available literature (Lignos and Krawinkler, 2012).  The last two equations 

are Eq. (4-18) and Eq. (4-19), which will be developed from the best fit regression model such as 

Model 5 and Model 12.  In this section, four slenderness limit equations will be plotted together 

and compared to each other.  Then, the proposed slenderness limits will be evaluated. 

 

4.4.1 Comparison of Highly Ductile Slenderness Limits 

In order to propose a highly ductile slenderness limit for HSS columns considering local 

buckling, global slenderness, and axial load ratio, Eq. (4-14) and Eq. (4-15) will be used.  In a 

similar way to get the CALR, ɗ is substituted with 0.04 rad that is the expected total drift rotation 

capacity at which members can be considered highly ductile.  Then, Eq. (4-14) and Eq. (4-15) 

are reformulated into Eq. (4-18) and Eq. (4-19), respectively.  Note that Eq. (4-18) is derived 

from the predictive equation, Eq. (4-14), which defines the drift capacity by the 10% moment 

reduction failure criterion.  Also, Eq. (4-19) is developed from Eq. (4-15) and the 0.25% axial 

shortening failure criterion.  Eq. (4-18) and Eq. (4-19) show that a global slenderness limit and 

axial load ratio play a significant role in predicting the limit of width-thickness ratios.   

Four different b/t limits for the HSS columns are plotted together in Figure 4-28.  Compared 

to the straight red and grey lines, the blue and green lines have a higher limit of b/t ratios at small 

axial loads, which suggests that Eq. (4-1) and Eq. (4-2) are overconservative at small axial loads.  

Also, at high axial loads greater than 0.4Py, b/t limits of Eq. (4-18) and Eq. (4-19) tend to be lower 

than the ones of Eq. (4-1) and Eq. (4-2).  Interestingly, Eq. (4-19) is only valid if P/Py is less than 

0.48 regardless of the section properties and column length. 
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Figure 4-28. Comparison of slenderness limits when E=29000ksi, Fy=50ksi, and L/ry=80 

 

4.4.2 Evaluation of Regression Equations 

To evaluate the usefulness of the proposed highly ductile slenderness limits, HSS6x6x1/4 

section columns that are not used in the regression analysis are analyzed using finite element 

models and compared with the expected values from the regression model.  As mentioned above, 

the CALR equations as a function of b/t and L/ry are obtained as Eq. (4-16) and Eq. (4-17).  As 

seen in Table 4-12, for HSS6x6x1/4 columns, the slenderness limits are changing depending upon      

the column length.   

Letôs take 15ft long HSS 6x6x1/4 columns as an example.  Based on the developed CALR 

equations, Eq. (4-16) and Eq. (4-17), they are expected to sustain 0.3Py while undergoing lateral 

drifts up to 0.04 rad, which is also shown in Figure 4-29.  Figure 4-30 describes the drift capacity 

the column can achieve before reaching the failure criteria defined in Chapter 4.3.1.4, which is 

obtained from the FE models.  The FE results about column behavior under different axial load 

levels are presented in Appendix A.25 and Appendix B.25.  As seen in Figure 4-30, when the 

columns are subjected to 0.3-0.45Py, they can achieve 0.04 rad of drift rotation.  Therefore, it can 

be concluded that the predictive CALR equations provide appropriate CALRs for HSS section 

columns, and the developed slenderness limits give a reasonable lower bound of b/t so that the 

column can exhibit highly ductile behavior.  

 

Eq. (4-1) from literature 

Eq. (4-2) from AISC 

Eq. (4-19) 

from Model 12 

Eq. (4-18) 

from Model 5 
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Table 4-12. Evaluation of the Regression Equations using HSS6x6x1/4 Section Columns 

Specimens b/t L/ry 
Expected CALR 

using Eq. (4-16) 

Expected CALR 

using Eq. (4-17) 

HSS6x6x1/4 ï 10 ft 22.8 51.32 0.30 0.30 

HSS6x6x1/4 ï 15 ft 22.8 76.89 0.32 0.25 

HSS6x6x1/4 ï 20 ft 22.8 102.63 0.33 0.38 

 

 

Figure 4-29. Plot of developed highly ductile slenderness limits for 15ft long HSS6x6x1/4 column 

 

 

Figure 4-30. Drift capacity determined by two failure criteria for 15ft long HSS6x6x1/4 column 
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5. PINNED-BASE DESIGN 

 

To create an effective pin at the base of the column, it is necessary to hold the slab back from 

the base connection, minimize the rotational restraint created by the base plate, evaluate the amount 

of moment that is generated at the base, and either verify it can be neglected or consider it in 

column design.  Figure 1-1 shows a typical column base condition, and Figure 1-2 illustrates a 

possible base detail.  The subgrade is placed over the base plate, so it is not embedded in concrete 

and compressible material is wrapped around the column before placing the concrete.  In this 

case, the base connection is assumed to have no rotational resistance, so the thickness of the 

compressible material can be calculated based on the drift ratio multiplied by the distance from the 

top of the slab to the column base.  Since the top end is free to move laterally, the columns may 

carry bending moments induced by large seismic drifts.  However, it is assumed here that the 

axial loads act through the centroid of the column section, which allows to read and use the design 

axial strength directly from Table 4-4 in AISC 360-16 for pinned-base column design. 

There are different approaches for designing the base plate connection to have small rotational 

restraint.  One approach is to make the base plate as thin as possible and spread out the anchor 

bolts as shown in Figure 5-1.  In this case, the base plate thickness should be calculated based on 

the necessary area of bearing, not the full base plate area.  Regardless of the approach selected, 

the rotational restraint and resulting moment at the base of the column should be evaluated using 

calculations, finite element modeling, or tests.  If the moment at the base of the column is non-

negligible, then axial-flexure interaction should be checked for the column. 

 

 

Figure 5-1. Possible detailing for pinned base 

r
Slab on grade 

Tube column 

Subgrade 

r

r
r

Compressible material 

Large base plate that is thin r
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In this section, the effects of column base rotational stiffness on the seismic demand will be 

examined through FE modeling results.  The main questions are which amount of rotational 

stiffness is likely to occur at the base of column in actual steel HSS columns.  Then, a few 

guidelines for selecting a base connection for the HSS columns will be presented. 

Letôs take an example as a 30ft-tall HSS 8x8x3/8 section column subjected to 156kip for axial 

loads combined with 2.1% story drifts.  For the column body, the Youngôs modulus E, is 30,457 

ksi, the yield strength of steel is 58.6 ksi, and the kinematic hardening material is used, which has 

0.05% of the Youngôs modulus for the plastic region in the stress-strain relationship.  In order to 

model a flexible base plate, two plates are created by using elastic material that has 30,457 ksi of 

Youngôs modulus.  These plates are 2 ft wide and 0.5 in thick which is thin enough.  The bottom 

one is fully fixed.  The top one, which is 2 in far from the bottom plate, is tied to the bottom plate 

by using surface-to-surface contact options.  Also, in order to model four anchor bolts linking 

two plates, point-based beam type fasteners that has 0.5 in radius are created at each point which 

is 2 in far from the corner of the plate.  The deformed shape of the base plate is shown in Figure 

5-2, and the moment-rotation relationship of this column is shown in Figure 5-3. 

 

 

Figure 5-2. Deformed thin base plate attached to a 30ft-tall HSS8x8x3/8 section column 
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Figure 5-3. Moment-rotation curves of 30ft-tall HSS8x8x3/8 section columns 

 

A slope of the moment-rotation curve resulting from the finite element analysis is considered 

as the stiffness of the column, which is computed as 12,348 kip-in as shown in Eq. (5-1).  

According to Figure 2-3, the rotation stiffness that can be considered the column base as pinned is 

16,921 kip-in as shown in Eq. (5-2).  Since the stiffness of the column is less than the value of 

2EI/L, the column base has a sufficiently small rotational stiffness to be designed as pinned base 

connection.  
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6. DESIGN EXAMPLE 

To illustrate three design concepts introduced in this research, a prototype building is 

introduced and the seismic lateral drift at the top of the gravity columns is calculated when the 

building is exposed to large seismic drift caused by an earthquake.  Next, a typical gravity column 

will be designed using by three design approaches developed in this research. 

 

6.1. Prototype Building 

The prototype building, shown in Figure 6-1, is taken from the example in FEMA P1026 (2015) 

with some minor modifications.  The building is meant to represent a typical concrete tilt-up wall 

building with a wood structural panel roof diaphragm.  The concrete shear wall is 9.25 in. thick 

and made out of concrete with 150 pcf unit weight and 4000 psi compressive strength.  A ñhybrid 

roof structureò which consists of OSB panels on open web steel joists, is adopted.  The roof height 

is 30 feet above finish floor surface with another 3-foot to the top of parapet.  The roof has a 12 

psf dead load and 30 psf snow load. 

 

 
Figure 6-1. Plan view of the prototype building 

 

The example building is assumed to be located in a high seismic zone with mapped spectral 

accelerations, Ss=1.5g and S1=0.6g.  The site class D is used assuming stiff soil bases, the 

following site coefficients, Fa and Fv, are determined as 1.0 and 1.5 according to Tables 11.4-1 and 

11.4-2 in ASCE 7-16.  Also, the importance factor, Ie, is 1 given that the risk category , taken 

from Table 1.5-1 in ASCE 7-16, are used for general structures.  A resulting seismic response 

CONCRETE TILT-UP WALL 

STEEL COLUMN JOIST GIRDER 

WOOD SUBPURLINS @ 24ò o.c.  

STEEL JOISTS @ 8ô-0ò o.c. 

N
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coefficient, Cs, is 0.25, the calculation of which are seen in Eq. (6-1) through Eq. (6-6), wherein 

the response modification coefficient, R, is 4 because the tilt-up concrete walls can be considered 

load-bearing, intermediate precast shear walls.  The seismic base shear, V, defined in Eq. (6-7), 

is found to be 658 kips, in which W, the effective seismic weight, is computed as Eq. (6-8).  The 

total seismic force on the diaphragm which is equal to the base shear is uniformly distributed along 

the diaphragm lengths as shown in Eq. (6-9) and Figure 6-2.   

 

 

ὅ
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πȢςυ    ASCE7 7-16 Eq. 12.8-2 ( 6-1 ) 
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Figure 6-2. Diaphragm shear distribution in north/south direction 

 

Since the Allowable Stress Design (ASD) approach is recommended for timber diaphragm 

design, the unit shear demand is converted into the factored shear demand (AWC, 2015).  The 

unit shear value used for diaphragm shear design is obtained by using the load combinations 

applicable to the seismic load effect according to ASCE 7-16 Section 2.4.5, as shown in Eq. (6-

10).  Based on a linear shear diagram and the maximum ASC shear capacity obtained from 

SDPWS-2015 Table 4.2A and 4.2B, the diaphragm nailing is scheduled in six zones as summarized 

in Table 6-1 and shown in Figure 6-3.  The chords are L5x5x5x3/8. 

 

‡ πȢχ‡ πȢχρφττ ὴὰὪρρυπȢψ ὴὰὪ   ( 6-10 ) 
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Table 6-1. Diaphragm Nailing Schedule 

15/32ò Structural I OSB Sheathing with 10d nails (0.148ò dia. x 2ò long minimum) 

Zone 
Framing Width at 

Adjoining Edges 

Lines of 

Nails 

Nailing per line at 

Boundary & 

Continuous Edges 

Nailing per line at 

Other Edges 

ASD Allowable 

Shear (plf) 

1 2x 1 6ò o.c. 6ò o.c. 320 

2 2x 1 4ò o.c. 6ò o.c. 425 

3 2x 1 22ò o.c. 4ò o.c. 640 

4 3x 1 2ò o.c. 3ò o.c. 820 

5 4x 2 22ò o.c. 4ò o.c. 1005 

6 4x 2 22ò o.c. 3ò o.c. 1290 

 

 

 

Figure 6-3. North/south nailing zone layout 

 

 

6.2. Drift Calculation 

The diaphragm deflections will be larger in the north/south direction in the example building, 

so for gravity column design, the drift in the north/south direction is used.  It is noted that 

although the fixed-base gravity columns provide some resistance to lateral drift, that the effect is 

neglected in these calculations.  There is a method for calculating diaphragm deflection shown 

in Eq. (6-11), which consists of ñthe contribution of flexural bending, shear deformation, nail 

slip and chord slipò (FEMA, 2015). 

 

1   2   3   4   5   6   6   5   4   3   2   

400 ft 

200 ft 

    
32ô  32ô  32ô  32ô 24ô     96ô    24ô 32ô  32ô  32ô  32ô 
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‏
Ȣ

  SDPWS Eq. 4.2-1 ( 6-11 ) 

 

In Eq. (6-11), the distributed lateral diaphragm loading is, ɜ=1644 plf, the diaphragm span is, 

Ldia=400 ft, the diaphragm depth is, W=200 ft, chord modulus of elasticity is, E=29,000 ksi, chord 

area is, Achord=3.65 in
2, and the diaphragm shear stiffness, Ga, is given in Table 6-2 (as obtained 

from SDPWS-2015 Table 4.2A and 4.2B).  The chord slip at each connection, ȹc, is assumed to 

be zero so the last term in Eq. (6-11) is neglected.  The resulting diaphragm deflection is shown 

as Eq. (6-12). 

 

Table 6-2. Diaphragm Shear Deformation 

Zone 
ɜleft  

(plf) 

ɜright  

(plf) 

ɜi.ave  

(plf) 
Li (ft) Ga 

ὺ ὒ

ρπππὋ
 

1 395 0 198 32 24 0.26 in 

2 592 395 494 32 15 1.05 in 

3 855 592 724 32 20 1.16 in 

4 1118 855 987 32 26 1.21 in 

5 1381 1118 1250 32 44 0.91 in 

6 1644 1381 1513 24 51 0.71 in 

     В  = 5.31 in 

 

‏ ςȢρχ ὭὲȢ υȢσρ ὭὲȢ πȢπ ὭὲȢ χȢτψ ὭὲȢ    ( 6-12 ) 

 

Although the diaphragm deflection will make up the majority of the lateral drift, the shear 

wall deflection should also be added to the diaphragm deflection to obtain the total drift.  The 

deflection of a cantilever shear wall has two components, namely a flexural component and a shear 

component as seen in Eq. (6-13) and Eq. (6-14).  The force to the in-plane shear walls has two 

significant components: the lateral force near the top of walls resulting from half of the diaphragm 

forces, Fv1, and the lateral forces due to the seismic weight of the east-west walls, Fv2.  Fv1 is 

328.9 kip as determined previously in Figure 6-2, which is calculated with seismic weight that 

included half of the weight of the concrete walls on the north and south faces of the building (these 

are leaning on the diaphragm for north-south motions).  Fv2 is 191.4 kip, computed as Eq. (6-16).  
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Summing them up, the total shear wall design force for the north/south direction is obtained as 

P=425 kips in Eq. (6-17).  The material properties and section properties of shear wall are 

computed for the eight 25-ft wide concrete shear walls (94 in thick, fôc = 4000 psi).  The height 

is, h=30 feet, modulus of elasticity is, E=3600 ksi, shear modulus is, G=1500 ksi, total moment of 

inertia for all eight walls is, Ig=167x106 in
4, and area of the eight walls, Ag=22,200 in

2.  

Substituting into Eq. (6-14), the resulting wall deflection is calculated as shown in Eq. (6-18). 
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 τςυ ὯὭὴ  ( 6-17 ) 

‏ πȢπςς ὭὲȢπȢπρρ ὭὲȢ πȢπσσ Ὥὲ     ( 6-18 ) 

The computed diaphragm deflection and wall deflection are elastic deformations due to design 

level loads and are not equal to the expected actual deflections considering inelasticity.  For the 

precast shear walls, the deflection amplification factor, Cd, is given in ASCE 7-16 as 4.0.  For the 

diaphragm, there is no specified deflection amplification factor, Cd-diaph.  As discussed in Chapter 

1, conventional diaphragm design loads (such as those used in this example) are smaller than the 

elastic loads and may lead to diaphragm inelasticity.  If engineers want to compute diaphragm 

loads that are expected to produce elastic diaphragm behavior, they should use the alternative 

diaphragm design procedures in ASCE 7-16 with diaphragm response modification factor, Rs=1.0.  

Future editions of ASCE 7-16 may also include provisions for rigid wall flexible diaphragm 

buildings such as this example with explicit specification of a diaphragm deflection amplification 

factor, Cd-diaph.  However, without any guidance, the diaphragm deflection amplification factor is 

taken as Cd-diaph=1.0 for this example, which could be unconservative.  The total drift at the 

midspan of the diaphragm is expressed in Eq. (6-19), and the drift ratio corresponding to this is 

2.1 % shown in Eq. (6-20). 
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Drift ratio, ‎
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Ȣ πȢπςρςȢρϷ    ( 6-20) 

 

6.3. Required Axial Strength Calculation 

The required axial strength for each column is simply calculated in Eq. (6-21), given the 

tributary area the roof self-weight and the snow load.  This axial demand will be later compared 

to those obtained from three design methods in the following sections. 

ὖ ὃ ρȢςὈ ρȢφὒ υπ Ὢὸυπ ὪὸρȢςρς ὴίὪρȢφσπ ὴίὪ ρυφ ὯὭὴ  ( 6-21 ) 

 

6.4. Design Method 1: Elastic Design 

The story drift was computed in the section 6.2 to be 2.1%.  The procedure described in this 

section will be applied to design the gravity column to stay elastic for this amount of drift demand.  

First, the trial column size, HSS10x10x3/8, is selected.  The nominal axial strength, Pn, is 444.78 

kip, and the value of Pnh/Mn is 67.85.  The allowable axial load ratio for this column is found to 

be 0.44, shown in Eq. (6-22), using the modified interaction equation, Eq. (3-9).  The design axial 

load ratio, calculated as Eq. (6-23), is 0.39, which is less than the allowable axial load ratio, thus 

the HSS10x10x3/8 is shown to be adequate.  It is noted that this column design is based on a 

gravity column in the middle of the diaprhagm where the maximum deflection occurs.  The drift 

is smaller near the walls and thus it is possible to design smaller columns near the edges of the 

diaprhagm span. 
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6.5. Design Method 2: Plastic Hinge Design 

Chapter 4.1 described how to create a stable plastic hinge by limiting the section slenderness 

ratio using the Eq. (4-1).  An HSS8x8x1/2 that has a flange width-thickness ratio (b/t) of 14.2 is 

selected.  As seen in Eq. (6-24), the value obtained the proposed slenderness limit equation, Eq. 

(4-1) is 14.9, which is greater than b/t=14.2.  To make sure if the selected section is adequate, the 

equation of plastic rotation capacity proposed in Chapter 4.4. are used.  The slenderness limit is 

51.69 if the proposed slenderness limit equation, Eq. (4-18), is applied and 86.64 if Eq. (4-19) is 

used.  Thus, HSS8x8x1/2 section can form a stable plastic hinge and exhibit highly ductile 

behavior.  Also, it is necessary to check if the column design axial strength is greater than the 

required axial strength.  In this case, even though the base is assumed to be initially fixed, after 

the plastic hinge forms the base is effectively pinned and therefore the effective length is equal to 

the height of 30 ft.  From Table 4-4 in AISC 360-16, the design strength is found to be, Pʟn=217 

kips, which is greater than the required strength of Pu=156 kips.  Thus, the HSS8x8x
1/2 is 

adequate. 
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6.6. Design Method 3: Pinned Base Design 

Assuming that the column base is pinned as shown in Figure 5-1, if the top of the slab is 12in. 

thick above the base plates and the drift ratio is calculated to be 0.021, the thickness of 

compressible material is at least 0.25 in. thick.  This thickness is obtained by simply multiplying 

the story drift ratio by the distance from the top of the slab to the column base.  For design purpose, 

compressible material with the thickness equal to 0.5 in. is selected.  Checking the design axial 

strength of the column given in AISC 360-16 Table 4-4, HSS8x8x3/8 is selected with a design 
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strength, Pʟn=174 kips which is greater than the required strength of Pu=156 kips. 
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Figure 6-4. Moment-rotation curve of HSS8x8x3/8 30ft column 

 

6.7. Discussion 

In the examples above that three design methods are applied to, HSS 10x10x3/8 is chosen for 

the elastic design method; HSS 8x8x1/2 is selected for the plastic hinge design; HSS 8x8x3/8 is 

determined for the pinned base design.  As expected, the elastic design produces a more 

conservative result, meaning that a bigger column section should be used so that the entire column 

can remain elastic while undergoing axial load combined with large drifts.  Compared to the 

result obtained from the plastic hinge design, the section selected by the pinned base design tends 

to have less thickness.  This is mainly because the axial load is assumed to be concentrically 

applied the column until the column is unable to resist the gravity forces.  Since the bending 

moment arising from the large story drifts may increase the required column strength, neglecting 

this load effect may result in the inadequate column section. 
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7. CONCLUSIONS 

The primary objectives of this research were to identify design methods of steel tube columns 

which are subjected to large seismic drifts combined with axial compressive loads, specify those 

design methods, and propose some useful design procedures.  This section summarizes the 

conclusions and discussions of what have already been dealt with in Chapters 3 through 6 and 

presents additional research that needs to be explored in the future. 

 

7.1 Elastic Design Method 

In order to design HSS steel columns to remain elastic when they are subjected to large seismic 

drifts combined with axial compression loads, the elastic design method can be applied as 

discussed in Chapter 3.  First, based on the axial-flexure interaction equations in AISC 360-16, a 

modified interaction equation is developed.  Then, a key design parameter Pnh/Mn found, and the 

table of the parameter for all square HSS sections is provided.  Design charts are then presented 

that can be useful to determine the maximum axial load ratio the column can sustain under the 

given drift ratio.  Last, a simple design procedure is proposed.  The conclusions for the elastic 

design method were drawn as follows: 

¶ The value of Pnh/Mn can be an influential design parameter of any shape of HSS steel 

columns. 

¶ A simple design procedure is developed to find the maximum axial load the tube column 

can resist by using the list of Pnh/Mn for sections (see Table 3-3), the modified interaction 

equation Eq. (3-8), and design charts (see Figure 3-6).  

¶ Most rectangular and square HSS steel columns remain safe at axial loads less than 0.3Py 

while undergoing lateral drift rotations up to 0.03rad. 

¶ A base connection should be fully fixed. 

¶ The elastic design method proposed in this research is applicable to HSS steel columns. 
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7.2 Plastic Hinge Design Method 

Three highly ductile slenderness limit equations were proposed for plastic hinge design method.  

This method assumes that if the columns have the b/t values less than the specified limits, they can 

carry 0.04 rad story drift by developing a stable plastic hinge at the column base.  One is Eq. (4-

1) which was developed from the available literature.  Other two equations, Eq. (4-18) and Eq. 

(4-19), were derived from parametric studies.  FE models used for the parametric study have been 

validated against the models from past experimental results tested by Kurata (2004; 2005).  Then, 

144 FE models were created and analyzed using Abaqus software.  Based on the defined two 

failure criteria (i.e., 10% moment reduction criteria and 0.25% axial shortening criteria), the drift 

capacity for each model was measured.  Next, 12 regression models were generated, which are 

predictive equations for the measured drift capacity using some important predictors.  Then, from 

two best fitted regression results, two slenderness limit equations are developed. 

¶ Local slenderness ratio (B/t or b/t), global slenderness ratio (L/ry), and axial load ratio (P/Py) 

are important parameters in predicting the drift capacity which is the largest drift rotation 

the column can resist until the column presumably fails.  The interaction term of b/t and 

L/ry can also be an additional variable in the predictive equation of the drift capacity.   

¶ Regarding the use of local slenderness ratios (i.e., the width-to-thickness ratios), Eq. (4-1) 

uses B/t, while Eq. (4-18) and Eq. (4-19) use b/t.  It should be noted that B is the width 

taken from outside of the cross section, and b is the clear distance between webs minus the 

inside corner radius.  

¶ Comparing these three equations with the current highly ductile slenderness limit in AISC 

341-16 shows that in relation to the proposed limits, the existing limits give a more 

conservative result at a relatively low axial load (P/Py Ò 0.4). 

¶ Developed cross sectional slenderness limits are applicable to square steel HSS columns. 
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7.3 Pinned-base Design Method 

If the column base is flexible enough because of thin base plates or small restraints at the base 

connection, the moment at the base is negligible, which means that the column can accommodate 

the drifts induced by an earthquake and still support gravity loads.  In this case, the columns can 

be designed by using the pinned-base design method.  In Chapter 6, the column base detail that 

can be assumed as pinned was schematically described, then the procedure of evaluating how to 

determine whether or not it is effectively pinned was presented.  For the pinned-base design 

evaluation, FE models were created and analyzed using Abaqus software, and the rotational 

stiffness from the FE result was compared with the specified stiffness of pinned connections, 2EI/L. 

¶ Unusual detailing, such as wide spacing bolts or extremely large base plate, is required so 

that the base connection can be assumed as pinned. 

¶ The rotational stiffness of the column designed by the pinned base assumption must be 

verified either by some experimental tests, calculations, or finite element analysis. 

¶ High axial load may not allow the column to sustain large story drifts, meaning that it is 

hard to say there is a moment resulting from the drifts.  In this case, the pinned-base 

design method my not be applied.    

¶ This pinned-base design method can be applied to any shape of steel columns, even though 

this research mainly discusses the HSS steel column design. 

 

7.4 Recommendations for Future Work 

This research has given rise to some future work that needs to be carried out to establish more 

reasonable highly ductile slenderness limits of HSS columns. 

¶ In Chapter 4, to define the axial shortening failure criterion, 0.25% of axial shortening ratio 

was used because this critical value was also used in wide-flange steel columns by Ozkula 

and Uang (2018).  They suggested that the axial shortening ratio of wide-flange columns 

grows as lateral drifts are applied and starts to increase exponentially when it reaches 0.25% 

of the axial shortening ratio.  In Figure 7-1 (b), it appears that 10ft HSS 6x6x5/8 columns, 

when subjected to 0.15Py, deforms rapidly when they reach the 0.25% axial shortening 

ratio.  However, 15ft tall HSS4x4x1/8 columns subjected to 0.3Py still exhibit elastic 
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deformation at the 0.25% axial shortening ratio, as seen in Figure 7-1 (a).  This proves 

that the critical value of the axial shortening ratio for certain columns could be larger than 

0.25%.  This implies that the use of 0.25% of axial shortening ratio needs to be further 

investigated. 

 

(a) 15ft HSS4x4x1/8 column when P/Py=0.15  (b) 10ft HSS6x6x5/8 column when P/Py=0.3 

Figure 7-1. Axial shortening versus drift rotation curves 

 

 

¶ Some models that experience global buckling have an inverted moment-rotation curve.  

This unexpected result is given in Figure 7-2.  The change of direction of the curve is 

because there are inflection points created in the middle of columns (they could be plastic 

hinges created earlier than the ones at the column bottom), at which the reversed moments 

could be induced by opposite horizontal deflection.  In this research, the maximum 

bending moment occurs at the column bottom, so all calculations and analyzed results 

were based on the limit state of the bottom connection.  To better estimate column 

behavior in future analysis, the buckling shape needs to be considered and reflected in the 

equations. 
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Figure 7-2. Moment-rotation curve for 15ft tall HSS4x4x1/8 columns when P/Py=0.75 
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APPENDIX A. Moment-Drift Rotation Curves for Parametric Studies 

 

In this appendix, the moment-drift rotation curves obtained from 144 finite element models 

are provided, in which x-axis is the drift rotation resulting from the lateral displacement at the 

column top, and y-axis is the normalized bending moment by the plastic moment measured at the 

column bottom.  A red line means 90% of the peak bending moment, which makes it easier to 

find the drift capacity defined by the 10% moment reduction failure criteria explained in Chapter 

4.3.1.5.  Each column is subjected to different level of axial load which is 0.15, 0.3, 0.45, 0.6, 

0.75, and 0.9 of compressive yield strength of the section. 

 

A.1. HSS 4x4x1/8 ï L=10ft 

 

Figure A- 1. Moment-rotation curve for 10ft long HSS4x4x1/8 column 
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A.2. HSS 4x4x1/8 ï L=15ft 

 

Figure A- 2. Moment-rotation curve for 15ft long HSS4x4x1/8 column 
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A.3. HSS 4x4x1/8 ï L=20ft 

 

Figure A- 3. Moment-rotation curve for 20ft long HSS4x4x1/8 column 
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A.4. HSS 4x4x1/2 ï L=10ft 

 

Figure A- 4. Moment-rotation curve for 10ft long HSS4x4x1/2 column 
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A.5. HSS 4x4x1/2 ï L=15ft 

 

Figure A- 5. Moment-rotation curve for 15ft long HSS4x4x1/2 column 
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A.6. HSS 4x4x1/2 ï L=20ft 

 

Figure A- 6. Moment-rotation curve for 20ft long HSS4x4x1/2 column 
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A.7. HSS 6x6x5/8 ï L=10ft 

 

Figure A- 7. Moment-rotation curve for 10ft long HSS6x6x5/8 column 
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A.8. HSS 6x6x5/8 ï L=15ft 

 

Figure A- 8. Moment-rotation curve for 15ft long HSS6x6x5/8 column 
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A.9. HSS 6x6x5/8 ï L=20ft 

 

Figure A- 9. Moment-rotation curve for 20ft long HSS6x6x5/8 column 
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A.10. HSS 8x8x1/8 ï L=10ft 

 

Figure A- 10. Moment-rotation curve for 10ft long HSS8x8x1/8 column 
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A.11. HSS 8x8x1/8 ï L=15ft 

 

Figure A- 11. Moment-rotation curve for 15ft long HSS8x8x1/8 column 
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A.12. HSS 8x8x1/8 ï L=20ft 

 

Figure A- 12. Moment-rotation curve for 20ft long HSS8x8x1/8 column 
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A.13. HSS 8x8x5/8 ï L=10ft 

 

Figure A- 13. Moment-rotation curve for 10ft long HSS8x8x5/8 column 
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A.14. HSS 8x8x5/8 ï L=15ft 

 

Figure A- 14. Moment-rotation curve for 15ft long HSS8x8x5/8 column 
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A.15. HSS 8x8x5/8 ï L=20ft 

 

Figure A- 15. Moment-rotation curve for 20ft long HSS8x8x5/8 column 
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A.16. HSS 10x10x1/2 ï L=10ft 

 

Figure A- 16. Moment-rotation curve for 10ft long HSS10x10x1/2 column 
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A.17. HSS 10x10x1/2 ï L=15ft 

 

Figure A- 17. Moment-rotation curve for 15ft long HSS10x10x1/2 column 
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A.18. HSS 10x10x1/2 ï L=20ft 

 

Figure A- 18. Moment-rotation curve for 20ft long HSS10x10x1/2 column 
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A.19. HSS 12x12x1/4 ï L=10ft 

 

Figure A- 19. Moment-rotation curve for 10ft long HSS12x12x1/4 column 
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A.20. HSS 12x12x1/4 ï L=15ft 

 

Figure A- 20. Moment-rotation curve for 15ft long HSS12x12x1/4 column 
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A.21. HSS 12x12x1/4 ï L=20ft 

 

Figure A- 21. Moment-rotation curve for 10ft long HSS12x12x3/4 column 
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A.22. HSS 12x12x3/4 ï L=10ft 

 

Figure A- 22. Moment-rotation curve for 10ft long HSS12x12x3/4 column 
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A.23. HSS 12x12x3/4 ï L=15ft 

 

Figure A- 23. Moment-rotation curve for 15ft long HSS12x12x3/4 column 
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A.24. HSS 12x12x3/4 ï L=20ft 

 

Figure A- 24. Moment-rotation curve for 20ft long HSS12x12x3/4 column 
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A.25. HSS 6x6x1/4 ï L=15ft 

 

Figure A- 25. Moment-rotation curve for 15ft long HSS6x6x1/4 column 
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APPENDIX B. Axial Shortening Ratio-Drift Rotation Curves for Parametric Studies 

 

In this appendix, the axial shortening ratio-drift rotation curves obtained from 144 finite 

element models are provided, in which x-axis is the drift rotation resulting from the lateral 

displacement at the column top, and y-axis is the vertical displacement measured at the column 

top divided by the original column length.  A red line refers to 0.25% of the axial shortening ratio, 

which makes it easier to find the drift capacity defined by the 0.25% axial shortening failure criteria 

explained in Chapter 4.3.1.5.  Each column is subjected to different level of axial loads which is 

0.15, 0.3, 0.45, 0.6, 0.75, and 0.9 of compressive yield strength of the section. 

 

B.1. HSS 4x4x1/8 ï L=10ft 

 

Figure B- 1. Axial shortening-rotation curve for 10ft long HSS4x4x1/8 column 
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B.2. HSS 4x4x1/8 ï L=15ft 

 

Figure B- 2. Axial shortening-rotation curve for 15ft long HSS4x4x1/8 column 
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B.3. HSS 4x4x1/8 ï L=20ft 

 

Figure B- 3. Axial shortening-rotation curve for 20ft long HSS4x4x1/8 column 
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B.4. HSS 4x4x1/2 ï L=10ft 

 

Figure B- 4. Axial shortening-rotation curve for 10ft long HSS4x4x1/2 column 
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B.5. HSS 4x4x1/2 ï L=15ft 

 

Figure B- 5. Axial shortening-rotation curve for 15ft long HSS4x4x1/2 column 
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B.6. HSS 4x4x1/2 ï L=20ft 

 

Figure B- 6. Axial shortening-rotation curve for 20ft long HSS4x4x1/2 column 
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B.7. HSS 6x6x5/8 ï L=10ft 

 

Figure B- 7. Axial shortening-rotation curve for 10ft long HSS6x6x5/8 column 
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B.8. HSS 6x6x5/8 ï L=15ft 

 

Figure B- 8. Axial shortening-rotation curve for 15ft long HSS6x6x5/8 column 
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