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Design Aids for Built-Up I-Shaped Beams 
with Slender Webs

PAUL P. NASADOS, JR. 

With the advent of the 13th Edition AISC Steel Construc-
tion Manual (AISC, 2005a), hereafter referred to as the 

AISC Steel Manual, available strength design aids have been 

prepared for use in the design of built-up I-shaped beams 

with slender webs, with or without stiffeners, for allowable 

strength design (ASD) and load and resistance factor design 

(LRFD) methodologies.

While the application of slender web built-up sections is 

not as common as rolled shapes, their use is warranted under 

conditions of economy, specialization or unusual constraints. 

Section F4 of the Specifi cation for Structural Steel Buildings 

(AISC, 2005b), hereafter referred to as the AISC Specifi ca-
tion, governs the fl exural design of beams with noncompact 

webs for doubly or singly symmetric I-shaped members; 

however, Section F5 provides a simplifi ed and conservative 

approach to the fl exural design of beams with compact, non-

compact, or slender webs by ignoring the torsional proper-

ties of the cross section. This approach greatly simplifi es the 

design equations; however, the engineer is still confronted 

with determining the controlling limit state by applying the 

numerous equations in Section F5. This is compounded by 

the provisions in Sections G2 and G3 for the limit states 

pertaining to shear and the proportioning limits imposed by 

Section F13.2. Hence, the available strength tables appear-

ing in this paper were created to aid in the design of built-up 

I-shaped slender web beams.

Tables originally prepared by Nasados (1997) served as 

design aids for plate girder design in accordance with the 

Load and Resistance Factor Design Specifi cation for Struc-
tural Steel Buildings (AISC, 1993). The plate girder design 

aids included homogeneous sections for 36- and 50-ksi yield 

strengths, and hybrid sections consisting of 50-ksi fl anges 

and 36-ksi webs. Those original design aids have been re-

vised and updated to refl ect the current specifi cations and 

industry practice of using homogeneous material and mini-

mum yield strength of 50 ksi.

An example is presented to demonstrate the usage of the 

available strength tables. The example mimics the format of 

the design examples that appear on the companion CD that 

accompanies the AISC Steel Manual (AISC, 2005a).

GENERATION OF THE AVAILABLE 
STRENGTH TABLES

The provisions of Sections F5, G2, and G3 (AISC, 2005b) are 

largely based on the work of Basler and Thurlimann (1961) 

and Basler (1961a and 1961b) and essentially have remained 

unchanged since their adoption into the AISC specifi cations. 

Available strength tables were generated by employing the 

equations presented in the current Specifi cation for each 

limit state with the following two simplifi cations: First, the 

effective radius of gyration of the compressed portion of the 

girder used for the calculation of the lateral torsional buck-

ling limit state in Section F5.2 is approximated as the radius 

of gyration of the compression fl ange plus one-third of the 

web that is in compression; this approximation appears as a 

user note at the end of Section F4.2, specifi cally,

 r
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a
t

fc
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⎝⎜
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Second, the following equations were used for the slender-

ness parameters in Section F5.3 for the compression fl ange 

local buckling limit state:

 

λ λfc

fc

fc

b

t
= =

2  

(3)

 (AISC Specifi cation Table B4.1, Case 2)

 λ λpf yfcp E/F= = 0 38.  (4)

 (AISC Specifi cation Table B4.1, Case 2, Footnote b)

 k E/Fλ λrf r= = 0 95. c L  (5)

Paul P. Nasados, Jr., is consulting engineer and president, 
Paul Peter Nasados, Jr., Inc., Selinsgrove, PA, and instruc-
tor of civil engineering technology, Pennsylvania College 
of Technology, Williamsport, PA.
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where

FL = 0.7Fy 

(AISC Specifi cation Table B4.1, Case 2, footnote b) 

Equation 5 yields:

 λrf
c

yfc

k E

F
= 0 95

0 7
.

.
 (6)

where

 kc = 4

wh/t
  0 35 0 76. .≤ ≤kc   

(7)

 (AISC Specifi cation Table B4.1, footnote a)

Since there was a tremendous amount of data and innumer-

able subsequent calculations used to generate the available 

strength tables, a spreadsheet was programmed (Microsoft 

Excel utilizing Visual Basic for Applications) to determine 

the pertinent values shown in the tables. Equations for each 

limit state were programmed into the spreadsheet according 

to the specifi cation and as noted earlier. Dimensions and sec-

tion properties were calculated by applying basic geometric 

and mechanics equations.

FLEXURAL AND SHEAR DESIGN LIMIT STATES

The programmed spreadsheet determined the nominal 

fl exural strength by calculating and selecting the control-

ling limit state for compression fl ange yielding per Section 

F5.1; lateral torsional buckling per Section F5.2, utilizing 

an effective radius of gyration given in Equation 1; com-

pression fl ange local buckling per Section F5.3 utilizing 

Equations 3 to 7; and tension fl ange yielding per Section 

F5.4. Vertical fl ange buckling is checked by the program per 

the requirements of Section F13.2. It should be noted that 

the sections shown in the tables are all doubly symmetric; 

therefore, Equation F13-2 of Section F13.2 is not applicable, 

and no further treatment of this requirement is given within 

the tables.

The nominal shear strength is determined in the same 

fashion as the fl exural strength but for the limit states of 

shear yielding and shear buckling per Section G2.1 and the 

limit state of tension fi eld yielding per Section G3.2 sub-

jected to the limits imposed by Section G3.1. Two shear 

strength tables were generated: one for utilizing the post 

buckling strength of the web including tension fi eld action 

and one for excluding tension fi eld action. This is clearly 

stated on each table. The requirements for including tension 

fi eld action per Section G3.1 are inherent in the tables by 

programmed checks in the spreadsheet.

The allowable strength (ASD) or design strength (LRFD) 

for fl exure and shear were determined by applying the 

appropriate safety or resistance factor. Consequently, the 

data shown in the available strength tables is the result of the 

generation process.

AVAILABLE STRENGTH TABLES

The available strength tables (Appendices B and C) provide 

the available fl exural or shear strength in a tabular format 

based on either ASD or LRFD methodologies. The tables 

were generated for welded doubly symmetric I-shaped slen-

der web beams. All tables display the available strength for 

ASD or LRFD in a side-by-side format similar to the aids 

presented in the AISC Steel Manual (AISC, 2005a). Each 

table displays the appropriate safety and resistance factors 

and material yield strength in the heading of the table. The 

fl exural strength tables also indicate the beam bending co-

effi cient, Cb, set to unity. Local effects due to concentrated 

loads are not accounted for in the tables.

DIMENSIONS

There are an infi nite number of combinations that could be 

generated for design tables; however, that would preclude 

publishing in a journal. Thus, the tables have incorporated 

some practical minimum fabrication sizes and author-chosen 

increments of plate sizes that may compose a built-up slender 

web beam.

Web depths begin at 60 in. and increase to 120 in. at 12-in. 

intervals; very slender webs are not used. Plate thicknesses 

for the web increase at a constant z-in. increment instead of 

the recommended 8-in. increment for thicknesses over a in. 

per AISC fabrication suggestions (AISC, 2005a). 

Flange widths and thicknesses are given beginning with 

12 in. wide by w in. thick and ending at 30 in. wide by 3 in. 

thick with increments of 6 in. and 4 in., respectively. The 

width-to-thickness ratio of the compression fl ange was kept 

at or below 24 for practical fabrication concerns.

Lateral brace points of the compression fl ange are given 

for a condition of full lateral support, intervals of 5 ft, from 

10 to 30 ft, and at 50, 75, and 100 ft.

Basic section properties are given along with the raw di-

mensions. The tabulated weight per foot excludes any addi-

tional weight due to welds or other attachments.

AVAILABLE STRENGTH

Available fl exural strength tables (Appendix B) present 

available fl exural strength based on the laterally unbraced 

length for a predetermined cross section for ASD and LRFD. 

Sections not yielding adequate strength above that of sup-

porting self-weight are shown dashed.

Available shear strength tables (Appendix C) correspond 

to the web depths and thicknesses in the available fl exural 

strength tables. Available shear strength is presented as a 

function of transverse stiffener spacing for webs with and 
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bfc = Width of the compression fl ange

Cb  = Beam bending coeffi cient

E = Modulus of elasticity for steel (29,000 ksi)

FL = Calculated stress used to determine the nomi-

nal fl exural strength

Fy  = Minimum yield stress

Fyfc  = Minimum yield stress of the compression 

fl ange

Fu  = Minimum tensile stress

h = Clear distance between fl anges

hc = Twice the distance from the centroid to the 

inside face of the compression fl ange

I = Moment of inertia

kc = Buckling parameter of the compression fl ange

kv = Shear buckling coeffi cient

L = Span length

Lb = Laterally unbraced length

Ma = Required fl exural strength (ASD)

MD = Moment due to dead load

ML = Moment due to live load

Mn = Nominal fl exural strength

Mn/Ωb = Allowable fl exural strength (ASD)

Mu = Required fl exural strength (LRFD)

P = Point load

rt  = Radius of gyration of the compression fl ange 

plus one-third of the compressed portion of the 

web

tfc = Thickness of the compression fl ange

tw = Thickness of the web

Va = Required shear strength (ASD)

VD = Shear due to dead load

VL = Shear due to live load

Vn = Nominal shear strength

Vn/Ωv = Allowable shear strength (ASD)

Vu = Required shear strength (LRFD)

ΔL = Defl ection due to live load

λ = Slenderness parameter (generalized)

λfc = Slenderness parameter for compression fl ange

without tension fi eld action for ASD and LRFD. Addition-

ally, it should be noted that Tables 3-16 and 3-17 of the 

AISC Steel Manual (AISC, 2005a) give curves for deter-

mining available shear stress using the ratio of stiffener 

spacing to web depth versus web slenderness. If Table C1 

is used, the limits of AISC Specifi cation Section G3.1 must 

be satisfi ed.

Available shear strength is given up to a maximum stiffen-

er spacing, amax, as indicated in the tables by a vertical solid 

line. This point may readily be determined by the limiting 

equations for the shear buckling coeffi cient given in Section 

G2.1 of the AISC Specifi cation for stiffened webs:

 kv = 5 if 
a

h h tw

>
⎡

⎣
⎢

⎤

⎦
⎥3.0 or

260
2

 (8)

Rearranging and solving for a yields:

 a h
t

h
max

w= minimum of 0 and3
67 600

2

.
,

 (9)

The maximum stiffener spacing designation is rounded to 

the nearest stiffener increment given in the table rather than 

its precise location. This line also indicates that the stiffeners 

have no effect on increasing the shear strength of the web, 

and also serves as a practical limit when considering fabrica-

tion and erection issues.

An example demonstrating the usage of the tables is pre-

sented in Appendix A. A full complement of the generated 

tables is provided in Appendices B and C. 

CONCLUSION

Available strength tables for slender web I-shaped beams 

have been presented. The tables allow rapid determination 

of available strength in fl exure and shear for both ASD and 

LRFD design methodologies. The tables may be used during 

the course of design for preliminary member sizing, design 

checking, fi nal design, or design comparison. Many tedious 

calculations regarding detailing, geometric dimensions, and 

numerous limit state checks for the design of slender-web I-

shaped beams are eliminated by using the tables. The tables 

have been formatted similarly to the current AISC Steel 
Manual design aids in spirit and usage. An example has been 

presented to illustrate the usage of the tables.

NOMENCLATURE

The following symbols are used in this paper:

Aw = Area of web plate (h × tw)

a = Clear distance between transverse stiffeners

aw = Ratio of twice the web area in compression to 

the compression fl ange area
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λp = Limiting slenderness parameter for compact 

element

λpf = Limiting slenderness parameter for compact 

fl ange

λr = Limiting slenderness parameter for noncom-

pact element

λrf = Limiting slenderness parameter for noncom-

pact fl ange

φb  = Resistance factor for fl exure = 0.9 (LRFD)

φbMn = Design fl exural strength (LRFD)

φv  = Resistance factor for shear = 0.9 (LRFD)

φvVn = Design shear strength (LRFD)

Ωb  = Safety factor for fl exure = 1.67 (ASD)

Ωv  = Safety factor for shear = 1.67 (ASD)
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APPENDIX A 
Example: Slender Web I-Shaped Flexural 

Member in Strong-Axis Bending

Given 
A simply supported transfer girder with a span of 60 ft as 

shown in Figure A1. The nominal applied dead and live 

loads are 200 and 100 kips, respectively. The applied loads 

and lateral bracing are at the third points of the girder. The 

live load defl ection is limited to L/240.

Determine
Using the available strength tables, select a suitable I-shaped 

fl exural member section that satisfi es the limit states of fl ex-

ure and shear, and the limit state of defl ection for service-

ability. Use LRFD and ASD methodology.

Solution
The allowable maximum live load defl ection is:

= =ΔL (max)

(60 ft 12 in./ft)

240
= 3.00 in

×
..

L

240

The maximum live load defl ection will occur at the midspan, 

resulting in a required moment of inertia:

I
PL

E
req’d

L

= =
3

28 Δ
(100 kips)(60 ft 12 in./ft)× 3

4

28(29,000 ksi)(3 in.)
= 15,300 in.

(AISC Steel Manual Table 3-23, Diagram 9) 

Assume an initial girder weight of 0.360 kip/ft.

The required moments and forces are determined as:

M
w L

P a
D

D

D
= + =

2

8

(0.360 kip/ft)(60 ft)

8

2

 + (200 kips)(20 ft) = 4,160 kip-ft

(100 kips)M P a
L L

= = ((20 ft) = 2,000 kip-ft

(0.360 kip/ft)(60 ft)
V

w L
P

D

D

D
= + =

2 2
+ 200 kips = 211 kips

100 kV P
L L

= = iips

Fig. A1. Simply supported transfer girder.
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For use of the available strength tables in Appendices B and 

C, the required strengths are determined per ASCE 7 (ASCE, 

2002) Sections 2.3 and 2.4 (LRFD and ASD, respectively) 

for a typical load case:

LRFD ASD

Mu =  1.2(4,160 kip-ft) 

+ 1.6(2,000 kip-ft)

Mu =  8,190 kip-ft)

Vu =  1.2(211 kips) 

+ 1.6(100 kips)

vu =  413 kips

Ma =  4,160 kip-ft 

+ 2,000 kip-ft

Ma = 6,160 kip-ft

Va =  211 kips + 100 kips

Va =  311 kips

Material Properties:

ASTM A572 Gr. 50, Fy = 50 ksi, Fu = 65 ksi (AISC Steel 
Manual Table 2-4)

For Lb = 20 ft, Cb = 1.0 for middle span (AISC Steel Manual 
Table 3-1), and Fy = 50 ksi

By inspection of the available fl exural strength tables in Ap-

pendix B, narrow the options to a 60-in.-deep web.

LRFD ASD

Web: 60 in. × c in., 

Flanges: 24 × 121 in.

From Appendix B, Table B1

I = 73,700 in.4 > Ireq’d o.k.

ϕb Mn =  8,200 kip-ft 

> 8,190 kip-ft o.k.

Web: 60 in. × c in., 

Flanges: 24 × 1w1 in.

From Appendix B, Table B1

I = 85,700 in.4 > Ireq’d o.k.

Mn /Ωb =  6,320 kip-ft 

> 6,160 kip-ft o.k.

By inspection of the available shear strength tables in 
Appendix C, it is clear that stiffeners must be used for a 
c-in.-thick web. For end panels, tension fi eld action is not 

permitted per AISC Section G3. Enter the available shear 

strength tables with tension fi eld action EXCLUDED in Ap-

pendix C and fi nd at an initial stiffener spacing:

LRFD ASD

Stiffener spacing, a = 20 in.

ϕv Vn =  494 kips > 413 kips 

o.k.

Stiffener spacing, a = 20 in.

Vn /Ωv =  329 kips > 311 kips 

o.k.

Tension fi eld action may be used in the adjacent stiffened 

panels. As the shear reduces across the span, stiffeners may 

be detailed according to the distribution of shear and selected 

by using the available shear strength tables with tension fi eld 

action INCLUDED in Appendix C.

The stiffener spacing may be optimized by using engi-
neering judgment and interpolation of the available shear 
strength tables in Appendix C, or by using AISC Steel 
Manual Tables 3-17a and 3-17b for any given spacing and 

web size.

Finally, check the actual girder weight versus the 

assumed:

LRFD ASD

Assumed: 0.360 kip/ft

Actual: 0.309 kip/ft o.k.

Assumed: 0.360 kip/ft

Actual: 0.350 kip/ft o.k.

Final Selection:

LRFD ASD

Use: Fy = 50 ksi

Web:  60 in. × c in., with 

ainitial = 20 in.

Flanges: 24 in. × 121 in.

Use: Fy = 50 ksi

Web:  60 in. × c in., with 

ainitial = 20 in.

Flanges: 24 in. × 1w1 in.

Other adequate sections that may be selected:

LRFD

Web (in.) Flanges (in.) Fy (ksi) ainitial (in.)

72 × a 18 × 1w 50 30

84 × a 18 × 12 50 30

96 × v 18 × 14 50 90

– – – –

– – – –

ASD

Web (in.) Flanges (in.) Fy (ksi) ainitial (in.)

72 × a 18 × 2 50 30

84 × c 18 × 1w 50 20

84 × b 18 × 12 50 90

96 × a 18 × 12 50 30

96 × b 18 × 14 50 90

Choosing rolled sections for fl exural strength from AISC 
Steel Manual Table 3-10 yields W40×593 or W36×529 

for LRFD and W40×593 or W36×652 for ASD, which are 

also adequate for shear strength and serviceability. Special 

requirements may apply to these shapes per Section A3.1c 

of the AISC Specifi cation and may be subject to availability 

through limited producers.
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A Model Specifi cation for Stability Design 
by Direct Analysis

R. SHANKAR NAIR

The 2005 AISC Specifi cation for Structural Steel Build-
ings (AISC, 2005a), hereafter referred to as the AISC 

Specifi cation, offers three alternatives for the design of 

structures for stability. The main body of the AISC Specifi -
cation, in Chapter C, prescribes two methods: the Effective 

Length Method in Section C2.2a and the First-Order Analy-

sis Method in Section C2.2b. (Neither method is identifi ed 

by these names in the AISC Specifi cation.) Appendix 7 pres-

ents the Direct Analysis Method. The Effective Length and 

First-Order Analysis Methods have limited applicability; the 

Direct Analysis Method is applicable to all structures. 

Of the three approaches, the Effective Length Method will 

be most familiar to users of previous editions of the AISC 

Specifi cation and that is why it was placed in the main body 

of the current edition. The Direct Analysis Method (now in 

an appendix) is, however, the most powerful and versatile 

of the available methods and, as noted, it is applicable to all 

structures, unlike the other approaches. It is likely that in 

time the Direct Analysis Method will become the “standard” 

method of design for stability. 

This paper presents a model specifi cation for stability 

design by direct analysis. It is based on the stability provi-

sions of the 2005 AISC Specifi cation, rewritten around the 

Direct Analysis Method alone. The material is presented in 

the language and format of the AISC Specifi cation, includ-

ing “User Notes” and the italicizing of terms listed in the 

glossary where they fi rst appear in a section. The focus on 

a single method has offered the opportunity to expand some 

of the provisions beyond what is in the current AISC Speci-
fi cation, both to improve clarity and to address issues that 

have arisen from use of the document. Where this involved 

substantive changes, they are explained in an appendix to 

this paper (Appendix A). 

A second appendix (Appendix B) outlines the purpose or 

physical signifi cance of each of the important steps in the 

Direct Analysis Method by showing the correlation of these 

steps to the basic requirements for design of structures for 

stability. The “traditional” Effective Length Method is in-

cluded in the correlation to show how that method differs 

from the Direct Analysis Method. 

A third appendix (Appendix C) provides guidance to the 

user on the modeling of structures for the application of the 

Direct Analysis Method. 

This model specifi cation is not an approved AISC speci-

fi cation or American National Standards Institute (ANSI) 

standard. In the author’s judgment, however, a design that 

conformed to this model specifi cation would also conform 

to the stability provisions of the 2005 AISC Specifi cation 

(AISC, 2005a). Indeed, it is anticipated that Chapter C of the 

2010 edition of the AISC Specifi cation (which is in the ballot 

process as this paper goes to press) will be substantially sim-

ilar to this model specifi cation; the Effective Length Method 

and the First-Order Analysis Method (now in Chapter C) 

will be moved to Appendix 7. 

MODEL SPECIFICATION: 
DESIGN FOR STABILITY

This specifi cation addresses requirements for the design of 

structures for stability by the Direct Analysis Method. It is 

organized as follows: 

1. General Stability Requirements

2. Calculation of Required Strengths

3. Calculation of Available Strengths

1. GENERAL STABILITY REQUIREMENTS

Stability shall be provided for the structure as a whole 

and for each of its elements. The effects of all of the 

following on the stability of the structure and its el-

ements shall be considered: (1) second-order effects 

(both P-Δ and P-δ effects); (2) fl exural, shear, and ax-

ial deformations, and all other deformations that con-

tribute to displacements of the structure; (3) geometric 

imperfections; (4) stiffness reductions due to inelastic-

ity; and (5) uncertainty in stiffness and strength. All 

load-dependent effects shall be calculated at a level of 

loading corresponding to LRFD load combinations or 

1.6 times ASD load combinations. 

R. Shankar Nair is principal and senior vice president of 
Teng & Associates, Inc., in Chicago.  He is a member of the 
AISC Committee on Specifi cations and chairman of Task 
Committee 10 on Stability. 
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Any rational method of design for stability that con-

siders all of the listed effects is permitted. 

User Note: The term “design” as used in these provi-

sions is the combination of analysis of the structure to 

determine the required strengths of components and 

the proportioning of the components to have adequate 

available strength.

The Direct Analysis Method, which consists of the 

calculation of required strengths in accordance with 

Section 2 and the calculation of available strengths of 

members and connections in accordance with Section 

3, is permitted for all structures. 

User Note: See Appendix B for an explanation of how 

requirements (1) through (5) of Section 1 are satisfi ed 

in the Direct Analysis Method. 

2. CALCULATION OF REQUIRED STRENGTHS

The required strengths of components of the structure 

shall be determined from an analysis conforming to 

Section 2.1. The analysis shall include consideration 

of initial imperfections in accordance with Section 2.2 

and adjustments to stiffness in accordance with 

Section 2.3. 

2.1. General Analysis Requirements

The analysis of the structure shall conform to the fol-

lowing requirements: 

(1)  The analysis shall be an elastic second-order 
analysis that considers both P-Δ and P-δ effects. 

User Note: The second-order analysis may con-

sist of either a rigorous second-order analysis 

or a fi rst-order analysis amplifi ed to account for 

second-order effects. The impact of P-δ effects on 

structure response may be neglected where it can 

be shown to be negligible; however, it will still be 

necessary, in all cases, to consider the effects of 

P-δ on individual members.

(2)  The analysis shall consider fl exural, shear and ax-

ial member deformations, and all other deforma-

tions that contribute to displacements of the struc-

ture. The analysis shall incorporate reductions in 

all stiffnesses that are considered to contribute 

to the stability of the structure, as specifi ed in 

Section 2.3. 

(3)  The analysis shall consider all gravity and other 

applied loads that may infl uence the stability of 

the structure. 

User Note: It is important to include in the analy-

sis all gravity loads, including loads on leaning 
columns and other elements that are not part of the 

lateral load-resisting system. 

(4)  For design by LRFD, the second-order analysis 

shall be carried out under LRFD load combi-
nations. For design by ASD, the second-order 

analysis shall be carried out under 1.6 times the 

ASD load combinations, and the results shall be 

divided by 1.6 to obtain the required strengths of 

components. 

2.2. Consideration of Initial Imperfections

The effect of initial imperfections on the stability of 

the structure shall be taken into account either by di-

rect modeling of imperfections in the analysis as spec-

ifi ed in Section 2.2a or by the application of notional 
loads as specifi ed in Section 2.2b. 

User Note: The imperfections considered in this sec-

tion are imperfections in the locations of points of in-

tersection of members. In typical building structures, 

the important imperfection of this type is the out-of-

plumbness of columns. Initial out-of-straightness of 

individual members is not addressed in this section; 

it is accounted for in the compression member design 

provisions of Chapter E of the AISC Specifi cation 

(AISC, 2005a) and need not be considered explicitly 

as long as it is within the limits specifi ed in the AISC 

Code of Standard Practice (AISC, 2005b). 

2.2a. Direct Modeling of Imperfections

In all cases and all types of structures, it is permis-

sible to account for the effect of initial imperfections 

by including the imperfections in the analysis. The 

structure shall be analyzed with points of intersection 

of members displaced from their nominal locations.* 
The magnitude of the initial displacements shall be the 
maximum amount considered in the design; the pat-
tern of the displacements shall be such that it provides 
the greatest destabilizing effect. 

* As a logical extension of the Direct Analysis Method (beyond the explicit 

provisions of the 2005 Specification), imperfections may be modeled at 

additional locations in the analysis. When this is done, the effective un-

braced lengths of members, for calculation of compressive strength for 

flexural buckling in the direction in which imperfections were included 

in the analysis, may be taken as the length between the points at which 

the imperfections were modeled. 
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(2)  The notional load at any level, Ni, shall be dis-

tributed over the level in the same manner as the 

gravity load at that level. The notional loads shall 

be applied in the direction that provides the great-

est destabilizing effect. 

User Note: For most building structures, the re-
quirement regarding notional load direction may 
be satisfi ed as follows: For load combinations that 
do not include lateral loading, consider four alter-
native directions of notional load application, 90° 
apart, in the same direction at all levels; in load 
combinations that include lateral loading, apply 
all notional loads in the direction of the resultant 
of all lateral loads in the combination. 

(3)  The notional load coeffi cient of 0.002 in Equa-

tion 2-1 is based on a nominal initial story out-

of-plumbness ratio of 1/500. Where the use of a 

different maximum out-of-plumbness is justifi ed, 

it is permissible to adjust the notional load coef-

fi cient proportionally. 

User Note: An initial out-of-plumbness of 1/500 

represents the tolerance on column plumbness 

specifi ed in the AISC Code of Standard Practice 

(AISC, 2005b). 

(4)  For frames in which the ratio of maximum 

second-order drift to maximum fi rst-order drift 

(both determined for LRFD load combinations or 

1.6 times ASD load combinations, with stiffnesses 

adjusted as specifi ed in Section 2.3) is equal to 

or less than 1.7 in all stories, it is permissible to 

apply the notional load, Ni, only in gravity-only 

load combinations and not in combinations that 

include other lateral loads. 

User Note: The specifi ed drift ratio threshold of 

1.7 is based on analyses using reduced stiffnesses. 

If the drift ratio is determined from analyses us-

ing nominal, unreduced stiffnesses, the equivalent 

drift ratio is 1.5. 

2.3. Adjustments to Stiffness

The analysis of the structure to determine the required 
strengths of components shall use reduced stiffnesses, 

as follows: 

(1)  A factor of 0.8 shall be applied to all stiffnesses 

that are considered to contribute to the stability of 

the structure. It is permissible to apply this reduc-

tion factor to all stiffnesses in the structure. 

User Note: Initial displacements similar in con-

fi guration to both displacements due to loading and 

anticipated buckling modes should be considered in 

the modeling of imperfections. The magnitude of the 

initial displacements should be based on permissible 

construction tolerances, as specifi ed in the AISC Code 
of Standard Practice (AISC, 2005b) or other governing 

requirements, or on actual imperfections if known. 

In the analysis of structures that support gravity loads 

primarily through nominally vertical columns, walls 

or frames, where the ratio of maximum second-order 

drift to maximum fi rst-order drift (both determined 

for LRFD load combinations or 1.6 times ASD load 

combinations, with stiffnesses adjusted as specifi ed in 

Section 2.3) in all stories is equal to or less than 1.7, 

it is permissible to neglect initial imperfections in the 

analysis for load combinations that include applied 

lateral loads. 

2.2b. Use of Notional Loads to Represent Imperfections

For structures that support gravity loads primarily 

through nominally vertical columns, walls or frames, 

it is permissible to use notional loads to represent the 

effect of initial imperfections in accordance with the 

requirements of this section. The notional loads shall 

be applied to a model of the structure based on its 

nominal geometry. 

User Note: The notional load concept is applicable to 

all types of structures, but the specifi c requirements 

in 2.2b(1) through 2.2b(4) are applicable only for the 

particular class of structure identifi ed above. 

(1)  Notional loads shall be applied as lateral loads at 

all levels. The notional loads shall be additive to oth-

er lateral loads and shall be applied in all load com-

binations, except as indicated in Section 2.2b(4). 

The magnitude of the notional loads shall be: 

 Ni = 0.002Yi (2-1) 

where 

Ni = notional load applied at level i, kips (N) 

Yi =  gravity load applied at level i from the LRFD 

load combination or 1.6 times the ASD load 

combination, as applicable, kips (N) 

User Note: The notional loads can lead to addi-

tional (generally small) fi ctitious base shears in 

the structure. The correct horizontal reactions at 

the foundation may be obtained by applying an 

additional horizontal force at the base of the struc-

ture, equal and opposite in direction to the sum 

of all notional loads, distributed among vertical 

load-carrying elements in the same proportion as 

the gravity load supported by those elements. 
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User Note: Applying the stiffness reduction to 

some members and not others can, in some cases, 

result in artifi cial distortion of the structure under 

load and possible unintended redistribution of 

forces. This can be avoided by applying the reduc-

tion to all members, including those that do not 

contribute to the stability of the structure. 

(2)  An additional factor, τb, shall be applied to the 

fl exural stiffnesses of all members whose fl exural 

stiffnesses are considered to contribute to the sta-

bility of the structure, 

where

τb = 1.0 for αPr /Py ≤ 0.5 

  =  4(αPr /Py)[1 – (αPr /Py)] for αPr /Py > 0.5 

α = 1.0 (LRFD)  α = 1.6 (ASD)

and

Pr =  required axial compressive strength un-

der LRFD or ASD load combinations, 

kips (N) 

Py = axial yield strength, kips (N) 

User Note: Taken together, sections (1) and (2) 

require the use of 0.8EA and 0.8τb EI for struc-

tural steel members in the analysis instead of EA 

and EI. 

(3)  In structures to which Section 2.2b is applicable, 

in lieu of using τb < 1.0 where αPr /Py > 0.5, it is 

permissible to use τb = 1.0 for all members if a 

notional load of 0.001Yi [where Yi is as defi ned 

in Section 2.2b(1)] is applied at all levels, in the 

direction specifi ed in Section 2.2b(2), in all load 

combinations. These notional loads shall be added 

to those, if any, used to account for imperfections 

and shall not be subject to Section 2.2b(4). 

(4)  Where components comprised of materials other 

than structural steel are considered to contribute 

to the stability of the structure and the governing 

codes and specifi cations for the other materials 

require greater reductions in stiffness, such greater 

stiffness reductions shall be applied to those 

components. 

3. CALCULATION OF AVAILABLE STRENGTHS

When required strengths have been determined in ac-

cordance with Section 2, the available strengths of 

members and connections shall be calculated in accor-

dance with the provisions of Chapters D, E, F, G, H, 

I and J, as applicable, of the 2005 AISC Specifi cation 
for Structural Steel Buildings (AISC, 2005a), with 

no further consideration of overall structure stability. 

The effective length factor, K, of all members shall be 

taken as unity unless a smaller value can be justifi ed 

by rational analysis. 

Bracing intended to defi ne the unbraced lengths of 

members shall have suffi cient stiffness and strength 

to control member movement at the braced points. 

Methods of satisfying this requirement are provided 

in Appendix 6 of the 2005 AISC Specifi cation (AISC, 

2005a). 

User Note: The requirements of Appendix 6 of the 

2005 AISC Specifi cation are not applicable to bracing 

that is included in the analysis of the overall structure 

as part of the overall load-resisting system. 

REFERENCES

AISC (2005a), Specifi cation for Structural Steel Buildings, 

ANSI/AISC 360, American Institute of Steel Construc-

tion, Chicago, IL. 

AISC (2005b), Code of Standard Practice for Steel Build-
ings and Bridges, American Institute of Steel Construc-

tion, Chicago, IL. 
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EXPLANATION OF CHANGES

The model specifi cation for stability design presented in this 

paper is based on Chapter C and Appendix 7 of the 2005 

AISC Specifi cation for Structural Steel Buildings (AISC, 

2005a). Where substantive technical changes have been 

made in AISC Specifi cation provisions, they are explained in 

this appendix. The changes are conservative in that a design 

that conforms to the proposed model specifi cation would 

also conform to the 2005 AISC Specifi cation. 

Type of Structure 

Some of the provisions of the 2005 AISC Specifi cation, 

specifi cally those related to the use of notional loads, are ap-

plicable only to conventional building structures that support 

gravity loads primarily through nominally vertical columns, 

walls or frames. They are not applicable, for instance, to 

arches or laterally unsupported compression chords of long-

span trusses. This limitation is not noted explicitly in the 

AISC Specifi cation. 

The model specifi cation is based on the very versatile Di-

rect Analysis Method and is intended to be applicable to a 

broader range of structures than just conventional building 

frames. Therefore, those provisions that can only be used 

for typical building structures [Sections 2.2b and 2.3(3)] are 

clearly identifi ed and alternatives usable with all structures 

are provided. [The notional load concept is broadly applica-

ble, but the specifi c provisions in Sections 2.2b and 2.3(3) are 

intended only for the limited class of building structures.] 

General Stability Requirements 

Uncertainty in stiffness and strength has been added to 

the list of effects to be considered. All three of the stabil-

ity design methods in the 2005 AISC Specifi cation (as well 

as the method in the present work) include consideration of 

uncertainty in stiffness and strength, but this item was not 

included explicitly in the list of general requirements. 

The requirement that second-order effects be considered at 

a level of load corresponding to LRFD load combinations or 

1.6 times ASD load combinations is set forth now as a general 

requirement. The 2005 AISC Specifi cation has this require-

ment only in the sections on specifi c methods, which could be 

taken to imply, incorrectly, that it applied only to those meth-

ods and was not a general requirement for all designs. 

Exclusion of P-δ Effects 

The 2005 AISC Specifi cation permitted second-order analy-

ses that neglected P-δ effects under certain conditions. This 

exclusion has been eliminated. Given that most structures 

would not have qualifi ed for the exclusion and would have 

required consideration of both P-Δ and P-δ effects, and 

therefore design offi ces would need the capability to handle 

both effects, there was little to be gained from the extra step 

of checking for applicability of the exclusion. 

Inclusion of All Loads in the Analysis 

Section 2.1(3) makes it clear that all loads on the structure, 

including loads on “leaner” columns and other components 

that are not part of the lateral load-resisting frame, must be 

included in the second-order analysis. This might appear ob-

vious to engineers familiar with the fundamental principles 

of stability analysis, but there has been confusion on this 

point among some users of the 2005 AISC Specifi cation. 

Direct Modeling of Imperfections 

The requirements for direct modeling of imperfections, 

covered in one sentence in the 2005 AISC Specifi cation, are 

presented in greater detail. 

Direct Modeling of Imperfections, Exclusion 

When notional loads are used to simulate the effects of initial 

imperfections, the imperfections can, in effect, be neglected 

under certain conditions (when the ratio of second-order 

to fi rst-order drift is below a certain threshold and the load 

combination includes applied lateral loads). The 2005 AISC 

Specifi cation offers no analogous exclusion to consideration 

of imperfections when direct modeling of imperfections is 

used. The model specifi cation offers the same exclusion for 

the direct-modeling approach as for the notional-load ap-

proach (see last paragraph of Section 2.2a). 

Application of Notional Loads 

Requirements regarding the distribution and direction of no-

tional loads are specifi ed in much greater detail in the pres-

ent work [Section 2.2b(2)]. These requirements may have 

been implicit in the 2005 AISC Specifi cation; they are now 

spelled out. 

Drift Ratio Threshold for Excluding Notional Loads in 
Combination with Applied Lateral Loads 

In the 2005 AISC Specifi cation, the drift ratio (ratio of 

second-order drift to fi rst-order drift) below which notional 

loads need not be combined with applied lateral loads is 1.5, 

based on analyses with nominal, unadjusted stiffnesses. Giv-

en that stiffnesses will always be reduced (by Section 2.3) in 

the Direct Analysis Method, this model specifi cation defi nes 

the threshold value on the basis of analyses with reduced 

stiffnesses, which increases the value to 1.7. 

APPENDIX A
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Adjustments to Stiffness 

The 2005 AISC Specifi cation requires analysis with reduced 

axial and fl exural stiffnesses of members whose stiffnesses 

are considered to contribute to the lateral stability of the 

structure. It offers no explicit guidance, however, about 

member shear stiffnesses, diaphragm stiffnesses, column 

base rotational stiffnesses, etc. The present work takes the 

more conservative approach of applying the basic 0.8 reduc-

tion to all stiffnesses that contribute to the stability of the 

structure [see Section 2.3(1)]. 

Adjustments to Stiffness of Other Materials 

The Direct Analysis Method is applicable to all structures 

including, for instance, combinations of concrete shear walls 

and steel frames. The model specifi cation states that if the 

governing codes or specifi cations for other materials used 

in combination with structural steel require greater stiffness 

reductions than specifi ed here for the steel, those greater 

reductions should be applied to the non-steel components in 

the analysis of the combined structure [see Section 2.3(4)]. 

This is not stated explicitly in the 2005 AISC Specifi cation. 

APPENDIX B

RELATIONSHIP OF SPECIFICATION PROVISIONS 
TO GENERAL STABILITY REQUIREMENTS

The general requirements for design of structures for stabil-

ity are listed as Items 1 through 5 in Section 1 of this model 

specifi cation. Table 1 shows how these fi ve requirements are 

addressed in the Direct Analysis Method (defi ned in Sec-

tions 2 and 3 of this specifi cation). For comparison, the last 

column shows how the fi ve requirements are addressed in 

the “traditional” Effective Length Method (Section C2.2a of 

the 2005 AISC Specifi cation). 

The First-Order Analysis Method (Section C2.2b of the 

2005 AISC Specifi cation) is not included in Table 1 because 

of its very indirect relationship to the fi ve basic require-

ments. It uses mathematical manipulation to achieve roughly 

the same results as the Direct Analysis Method, as follows: 

The “additional lateral load” in Section C2.2b(2) of the 2005 

AISC Specifi cation is calibrated to achieve roughly the same 

result as a notional load for initial out-of-plumbness plus a 

B2 multiplier for P-Δ plus a stiffness reduction; add a B1 mul-

tiplier for P-δ as specifi ed in Section C2.2b(3) of the 2005 

AISC Specifi cation, check member capacity using KL = L, 

and everything in the Direct Analysis Method is covered. 

Table 1. Comparison of Basic Stability Requirements with Specific Provisions

Basic Requirement in Section 1 of This Model Specification
Provision in 

Direct Analysis Method
(DAM)

Provision in 
Effective Length Method

(ELM)

(1) Consider second-order effects (both P-Δ and P-δ) 2.1(1).  Consider second-order 

effects (P-Δ and P-δ)**

Consider second-order effects 

(P-Δ and P-δ)**

(2) Consider all deformations 2.1(2). Consider all deformations Consider all deformations

(3) Consider geometric 

imperfections

 This includes joint-position 

imperfections* (which affect 

structure response) and member 

imperfections (which affect 

structure response and member 

strength)

Effect of joint-position imperfec-

tions* on structure response

2.2a. Direct modeling 

or 

2.2b. Notional loads

Apply notional loads

Effect of member imperfections 

on structure response

Included in the stiffness reduc-

tion specifi ed in 2.3

All these effects are considered 

by using KL from a sidesway 

buckling analysis in the member 

strength check. Note that the 

only difference between DAM 

and ELM is that:

•  DAM uses reduced stiffness 

in the analysis; KL = L in the 

member strength check

•  ELM uses full stiffness in the 

analysis; KL from sidesway 

buckling analysis in the mem-

ber strength check for frame 

members

Effect of member imperfections 

on member strength

Included in member strength 

formulas, with KL = L

(4) Consider stiffness reduction 

due to inelasticity

 This affects structure response 

and member strength

Effect of stiffness reduction on 

structure response

Included in the stiffness reduc-

tion specifi ed in 2.3

Effect of stiffness reduction on 

member strength

Included in member strength 

formulas, with KL = L

(5) Consider uncertainty in 

strength and stiffness

 This affects structure response 

and member strength

Effect of stiffness/strength 

uncertainty on structure response

Included in the stiffness reduc-

tion specifi ed in 2.3

Effect of stiffness/strength 

uncertainty on member strength

Included in member strength 

formulas, with KL = L

*  In typical building structures, the “joint-position imperfections” are the column out-of-plumbnesses. 
**  Second-order effects may be considered either by rigorous second-order analysis or by amplification of the results of first-order analysis (using the B1 and 

B2 amplifiers in the AISC Specification). 
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APPENDIX C

MODELING OF STRUCTURES FOR DESIGN 
BY THE DIRECT ANALYSIS METHOD

This appendix provides guidance and suggestions for the 

modeling of structures for the application of the Direct Anal-

ysis Method of design for stability. Though focused on the 

specifi cation for stability design by direct analysis proposed 

in this paper, the modeling suggestions in this appendix are 

also applicable to stability design by direct analysis using 

Appendix 7 of the 2005 AISC Specifi cation. 

The Direct Analysis Method of design for stability is ap-

plicable to all types of structures; however, the following 

discussion on modeling is intended primarily for “typical” 

building structures made up of nominally vertical columns, 

walls or frames and horizontal fl oors and roofs. (The fi nal 

section of this appendix discusses structures other than typi-

cal buildings.) 

Components and Effects to Be Included

The specifi cation contains the following requirements:

• The analysis shall consider fl exural, shear and axial 

member deformations, and all other deformations that 

contribute to displacements of the structure. 

• The analysis shall consider all gravity and other ap-

plied loads that may infl uence the stability of the 

structure. 

It is important to note that “consider” is not synonymous 

with “include” in these provisions. Some of the listed effects 

could be considered and then, if judged to be insignifi cant 

(on the basis of a rational evaluation of their importance), be 

excluded from the analysis. Suggestions regarding the inclu-

sion in the model of certain typical building components and 

their properties follow. 

Lateral Load-Resisting Systems 

Clearly, all lateral load-resisting systems and components 

must be included in the model. These might include braced 

frames, moment-resisting frames, shear walls, and other 

systems intended to provide lateral stability and resistance 

to lateral loads. 

In general, it will be necessary to model these components 

at their correct locations in three-dimensional space. In sym-

metric structures with lateral load-resisting systems com-

pletely uncoupled in the two orthogonal directions, it may be 

possible in some cases to employ two-dimensional models. 

This should be attempted only when overall torsional insta-

bility is clearly not an issue (such as when the lateral load re-

sisting components are well distributed through the building 

footprint or are located at or near the building perimeter). 

Braced frames may be represented in the model as either 

pin-connected or rigidly connected assemblies. What is im-

portant is that the analysis be consistent with the design: 

If rigid connections are assumed in the model, the design 

must account for the resulting moments; if pin connections 

are modeled, end moments may be neglected in the design 

of members. 

Components Not Part of Lateral Load-Resisting Systems 

The analysis must account for the destabilizing effect of all 

loads on the structure, including loads applied on compo-

nents that are not part of the lateral load-resisting systems. 

This means that all vertical load-carrying components, 

including “leaning columns” (columns stabilized laterally 

through their connection to the rest of the building), and 

all the loads on these components, must be included in the 

model and the analysis. 

It is not always necessary to model all leaning columns 

individually. A group of leaning columns that have equal lat-

eral displacements may be modeled as a single column, with 

the load on the entire group applied to that single column. 

The single column should be located at the approximate 

centroid of the load on the group of columns it represents. 

(Where overall torsional instability of the building is of con-

cern, leaning columns should not be grouped, since torsional 

displacements of fl oors and roof correspond to unequal lat-

eral displacements in all columns.) 

Beams and girders whose only function in the structure is 

to deliver fl oor loads to columns (with simple connections at 

the columns) need not, in general, be included in the model. 

The fl oor loads may be applied directly to the columns as 

concentrated loads. 

Floor and Roof Diaphragms 

Most of the computer programs in common use for the anal-

ysis of building structures allow fl oor and roof diaphragms 

to be modeled as being rigid in their own plane, which can 

greatly simplify the analysis. Even with general frame analy-

sis software, modeling the fl oor and roof diaphragms as rigid 

(through the use of appropriate plate or beam elements) can 

simplify the analysis. 

While the fl oor and roof diaphragms in real buildings are 

never perfectly rigid, the rigid-diaphragm assumption can 

often be justifi ed. What is important is the in-plane defor-

mation of the diaphragm relative to the interstory drift of 

the building. If the maximum diaphragm deformation is no 

more than a small fraction of the maximum interstory drift, 

the rigid-diaphragm idealization will cause little error in the 

results of the analysis. 
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Most concrete slabs (formed or on steel deck) are stiff 

enough to be modeled as rigid in their own plane. Steel roof 

deck is much less rigid. Nevertheless, the fl exibility of steel-

deck roof diaphragms on multi-story residential and offi ce 

buildings can often be neglected. These buildings do not 

typically have large distances between lateral load-resisting 

components (distances that the diaphragm must span hori-

zontally); moreover, the stability demand at the top fl oor of a 

multi-story building is likely to be small. 

Cold-formed steel roof diaphragms on industrial build-

ings with widely spaced lateral load-resisting components 

cannot usually be idealized as rigid. Nonrigid diaphragms 

may be modeled as horizontal beams of appropriate stiffness 

spanning between lateral load-resisting elements, supporting 

the tops of leaning columns. Or they could be modeled rigor-

ously as plate elements. 

Stiffness Adjustments

The specifi cation (Section 2.3) requires adjustments to 

stiffness in the analysis model. This stiffness reduction is 

mandatory in analyses to be used for design for strength 

but is not necessary in analyses for serviceability. Instead of 

developing two separate models with different stiffnesses, it 

would be generally conservative to use the same model (with 

reduced stiffness) for serviceability as for strength, with 

the prescribed serviceability deformation limits increased 

appropriately. 

Application of Notional Loads

The specifi cation requires that the notional load at any level 

be distributed over the level in the same manner as the grav-

ity load at that level. The most straightforward way to do this 

is to model the notional load as a fraction (typically 1/500) of 

the gravity load, applied horizontally rather than vertically, 

at the same locations as the gravity load. Thus, if the grav-

ity loading is applied as concentrated loads at columns, the 

notional loads would also be applied that way. And if gravity 

load is applied as a distributed load on the fl oor, so too would 

the notional loads be applied. (If the program or modeling 

details do not permit distributed horizontal load on the fl oor 

diaphragms or framing, it will be necessary to convert these 

loads into concentrated loads at the columns.) 

For gravity-only load combinations, four directions of 

notional load application, 90° apart, same direction at all 

fl oors, must be considered. For combinations that include 

wind or other lateral loading, the notional loads at all fl oors 

are applied in the direction of the resultant of all lateral loads 

in the combination. 

Load Combinations

The codes that specify design loadings require consideration 

of numerous combinations of gravity and environmental 

loads. When different directions of the environmental loads 

are taken into account, the result can be a very large number 

of combinations. The number of loadings will be increased 

even further by the need to consider four different direc-

tions of notional load application for each gravity-only load 

combination. 

For the second-order analysis that is required for stability 

design, the principle of superposition of loads does not ap-

ply; each load combination requires an independent analysis 

(and not just an adding together, with appropriate factors, of 

the results for each load component, as would be possible for 

a linear analysis). 

The practice in many design offi ces is to apply all load 

combinations in every analysis. This approach has the ben-

efi t of simplicity (requiring no judgment in the selection of 

loads to be considered), and for linear analysis the penalty 

in computation time is small. But when the analysis is a 

second-order analysis, the time penalty can be signifi cant. 

To reduce computation time, designers using the Direct 

Analysis Method (or any method of design that requires 

second-order analysis) could attempt to identify the load 

combinations most likely to govern the design, and apply 

only those few combinations in all but the fi nal cycles of the 

analysis, code-checking, resizing and re-analysis process. 

Second-Order Analysis

Almost all computer programs that claim to do second-order 

analysis handle P-Δ effects adequately, but some do not con-

sider P-δ effects. For many (if not most) real-world build-

ings, it is acceptable to use a program that neglects the effect 

of P-δ on the overall response of the structure: If the ratio of 

second-order drift to fi rst-order drift is less than 1.5, and no 

more than one-third of the total gravity load on the building 

is on columns that are moment-connected in the direction of 

translation being considered, the error in a P-Δ-only analysis 

will be less than about 3% and may be considered negligible.  

(It is necessary in all cases to consider the effect of P-δ on 

individual compression members.)

The Direct Analysis Method of design for stability is 

compatible with approximate analysis procedures. While a 

second-order analysis is required, it does not have to be a 

rigorous large-deformation analysis using a sophisticated 

computer program. Linear, fi rst-order analysis with results 

amplifi ed to account for second-order effects, the “B1-B2 

procedure” specifi ed as an option in the AISC Specifi cation 

is an acceptable means of second-order analysis. 
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In the B1-B2 procedure, the B1 multiplier, calculated for 

each member subject to combined compression and fl exure 

and each direction of bending of the member, accounts for 

the increase in moment caused by P-δ effects on that indi-

vidual member. The B2 multiplier, calculated for each story 

of the structure and each direction of lateral translation of 

the story, accounts for the increase in member forces and 

moments caused by P-Δ effects. 

Structures Other Than Typical Buildings

The Direct Analysis Method with direct modeling of imper-

fections can be a particularly powerful tool in the design of 

structures other than typical building frames. In the method 

as presented in this model specifi cation (and, less explic-

itly, in the 2005 Specifi cation), initial imperfections may be 

modeled directly in the analysis at points of intersection of 

members; individual members can then be designed assum-

ing an effective length equal to the actual length between 

these points. 

In a logical extension of the method, initial imperfections 

can be modeled directly in the analysis at additional points 

beyond the points of intersection of members; members can 

then be designed assuming an effective length equal to the 

length between these more closely-spaced points. (See foot-

note to Section 2.2a of the model specifi cation.) 

For example, for a long-span truss with a laterally un-

braced compression chord, initial lateral displacements could 

be included in the analysis model at each panel point. For an 

arch rib, initial lateral and vertical displacements could be 

modeled at a number of points along the rib. 

In each case, the magnitude of the modeled initial displace-

ments should be based on permissible construction tolerances 

and the pattern should refl ect the anticipated buckling modes 

(typically single curve for lateral displacement of the truss 

chord or arch rib, double curve for in-plane displacement 

of the arch, and so on). Initial displacement patterns similar 

in shape to anticipated displacements due to loading should 

also be considered, if different from the buckling modes. 

In the calculation of the available compressive strengths of 

individual members for comparison with required strengths 

determined from the analysis, the effective lengths of the 

members, for fl exural buckling in the direction in which ini-

tial displacements were defi ned, should be taken as the lengths 

between the points at which the displacements were defi ned. 

Thus, in the truss example, KL for lateral buckling of the 

chord would be the distance between panel points (even 

though the chord is not fully braced at these points). In the 

arch example, if initial displacements, in-plane and lateral, 

were applied to the rib at intervals of 20 ft in the analysis, 

KL for checking the available compressive strength of the 

rib may be taken as 20 ft, regardless of the actual spacing of 

“bracing” points on the rib. 
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The Effect of Selected RFI Variables on Steel 
Fabrication Performance

THOMAS M. BURNS 

The fabrication of structural steel is a critical process in 

the supply chain of many construction projects. An ef-

fective transfer of design information is necessary for a steel 

fabricator to estimate quantities, place mill orders, prepare 

shop drawings, and receive necessary approvals. Design 

documentation (i.e., plans and specifi cations) must be inter-

preted, transformed into shop drawings, and approved before 

the physical task of fabrication can commence. Questions 

seeking clarifi cation on any aspect of the design will gener-

ate a request for information (RFI) by the steel fabricator. 

Although the steel fabricator may focus on other tasks while 

awaiting an answer, the time spent waiting for an answer 

represents a discontinuity in the fl ow of information at this 

point in the design-construction interface. These discon-

tinuities may cause delays in the shop drawing production 

process and affect performance in subsequent fabrication ac-

tivities. Since structural steel is a long lead item, fabrication 

performance is important to the steel supply chain as well as 

subsequent project activities. 

Characteristics of RFI variables within a project may 

provide an indication of both documentation and commu-

nication quality. In order to keep the fabrication of steel on 

schedule, the design documentation must be suffi ciently 

complete and, where necessary, clarifi ed in a responsive 

manner. Design documentation containing a minimal num-

ber of errors, omissions and inconsistencies will typically 

generate a smaller number of requests by the steel fabricator. 

A reduced need for clarifi cation minimizes the potential for 

delays in the production and approval of shop drawings. The 

characteristics of communication within a given project are 

important when clarifi cations are requested. Once a need for 

the RFI has been determined, communication between the 

engineer and fabricator will affect the potential for delays 

in the shop drawing production phase. The volume of RFIs 

is a function of the extent of defi ciencies within the design 

documentation while the effectiveness of the RFI process is 

a function of the severity of the defi ciencies and commu-

nication characteristics. Figure 1 illustrates the factors and 

variables involved. 

Poor fabrication outcomes can affect construction pro-

ductivity as well. Fabricated elements that arrive late, con-

tain defi ciencies, or are out-of-sequence have been linked to 

signifi cant schedule slippage (Thomas and Sanvido, 2000) 

while poor shop drawings can decrease erection productivity 

(Thomas, Riley and Sanvido, 1999). It is crucial that struc-

tural steel be on-schedule and correctly fabricated to main-

tain performance objectives. High-quality shop drawings are 

essential in achieving this result and are dependent on the 

need for and processing of RFIs. 

RFIS AND PERFORMANCE

It is crucial that structural steel be correctly fabricated and 

on-schedule to maintain performance objectives. Thomas 

and Sanvido (2000) analyzed three construction projects 

and found that problems with fabricated components caused 

slippage of the construction schedule by as much as 129%. 

The delivery of the steel to the project is affected by its pre-

decessors, including shop drawing production and approval. 

The successful completion of these tasks relies on an effi -

cient use of RFIs. Poor project performance has been linked 

Thomas M. Burns is program chair, civil engineering 
technology, Cincinnati State Technical and Community 
College.

Fig. 1. Factors and variables in the RFI process.

039-046_EJ1Q_Burns_2009.indd   39039-046_EJ1Q_Burns_2009.indd   39 2/12/09   1:35:15 PM2/12/09   1:35:15 PM



40 / ENGINEERING JOURNAL / FIRST QUARTER / 2009

to higher numbers of RFIs (Pugh, 1994) while the time it 

takes to respond to RFIs has also been associated with proj-

ect performance (Tilley, Wyatt and Mohamed, 1997; Pugh, 

1994). Pugh (1994) concluded that the RFI process is a 

leading indicator of performance at the design-construction 

interface and a strong indicator for potential schedule de-

lays. Therefore, it seems apparent that characteristics of RFI 

variables will infl uence shop drawing production, approval 

and fabrication of structural steel. 

The time and cost consequences of RFIs and their man-

agement have been studied and found to have a signifi cant 

impact on organizational resources. A 2004 study sponsored 

by the National Institute of Standards and Technology used 

interviews, surveys and focus groups to estimate the impact 

of inadequate interoperability in the United States capital fa-

cilities sector. Information gathered from this study revealed 

that specialty fabricators average 15.5 hours processing a 

single RFI while design fi rms average approximately 200 

hours per month managing RFIs (Gallaher, O’Connor, Dett-

barn and Gilday, 2004). This fi nding is similar to another 

study which concluded that project participants spent an av-

erage of 17 hours processing a single RFI (Mohamed, Tilley 

and Tucker, 1999). 

Although the steel construction industry would benefi t 

from information regarding the relationship between various 

RFI variables and the shop drawing production process, no 

such quantitative study has been performed. Similarly, there 

has been no quantitative study performed on the relationship 

between any RFI variables and subsequent steel fabrication 

activities. This study fi lls this void by investigating the rela-

tionship between selected RFI variables and performance in 

both the shop drawing production and fabrication phases. 

DATA COLLECTION AND SAMPLE

The data used in this study was collected from 10 AISC-

member steel fabricators located throughout the continental 

United States. Project data regarding actual and estimated 

milestone dates in the fabrication process were collected 

from the steel fabricators via a questionnaire. The fabricators 

were asked to submit information on projects where (1) only 

traditional fabrication services were provided and (2) ser-

vices were procured using lump sum contracts. Traditional 

fabrication services were defi ned as those where the fabrica-

tor’s role was solely that of “steel provider” as opposed to 

those projects where the fabricator may have been involved 

in design. Similarly, lump sum contracts were chosen to ex-

clude projects where design was not substantially complete. 

These limitations were incorporated into the design of this 

study in order to reduce the effect of potential extraneous 

variables. The effect of fabricator involvement in design (i.e., 

design-assist) could provide an opportunity for a compara-

tive follow-up study but was not included in this work. 

Any research is interested in accurately measuring what 

it intends to measure. In the case of measuring construc-

tion performance, the use of data from completed projects 

is commonly used in the investigation of measures related 

to construction cost and duration. In construction-related re-

search, the use of questionnaires to collect project data for 

performance measures is also common (Moshini and David-

son, 1992; Griffi s, Hogan and Li, 1995; Pocock, Hyun, Liu 

and Kim, 1996; Konchar and Sanvido, 1998; Hanna, Camlic, 

Peterson and Nordheim, 2002). RFI documentation found in 

logs and other communication provides quantitative infor-

mation to the outside observer. The use of RFI documenta-

tion to ascertain RFI variables relating to volume, response 

time, and other RFI metrics has previously been used by 

Pugh (1994), Tilley et al. (1997), and Hanna et al. (2002). 

The construct that performance within the steel fabrication 

process can be associated with certain RFI variables is based 

upon previous studies that investigated the effect of RFIs 

on overall construction project performance (Pugh, 1994; 

Tilley, 1998). Previous research found that RFI process 

characteristics are a leading indicator of project performance 

and that certain measures relative to response time and the 

number of clarifi cation RFIs could allow for comparisons 

between projects. The theoretical constructs and operational 

assumptions used in this study appear consistent with other 

literature involving RFIs and performance. 

A total of 82 project questionnaires were returned with 

RFI documentation. Due to incomplete information or 

nonconformance with the aforementioned criteria, 34 proj-

ects were rejected. This resulted in a sample consisting of 

48 projects from various construction sectors (Figure 2). 

The size of projects, by project tonnage, included in the 

sample ranged from 33 to 6,500 tons. The mean value of 

fabricated steel weight in the sample is 572 tons per proj-

ect with approximately 67% of the sample projects having 

fabricated elements weighing in the 100- to 1,000-ton range 

(Figure 3). Project size appeared related to the volume of 

clarifi cation RFIs as may be expected. A trend of increasing 

Fig. 2. Sample projects by construction sector.

Transportation
5

Commercial
20

Institutional
9

Industrial
14
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actual approval date due to revisions that may be needed. 

These phases of shop drawing production and fabrication are 

illustrated in Figure 5. Since each performance measure is 

expressed as a ratio of estimated to actual time, higher values 

of each measure indicate increased performance. The formu-

las for both of these performance measures are as follows:

SHOPPERF
Estimated days in shop drawing phase

Actual days in shop drawing phase
=

FABDPERF
Estimated days for fabrication duration=

Actual days for fabrication duration 

average number of clarifi cation RFIs as the average weight of 

fabricated elements increased was apparent in the sample. 

Figure 4 illustrates the average number of clarifi cation RFI 

per project in each of the project weight categories. 

All submitted data was checked for consistency and re-

viewed, if necessary, with the fabricator to increase reliabil-

ity. All projects in the accepted sample were completed dur-

ing the 2005 to 2006 calendar years. 

PERFORMANCE MEASURES

Performance measures for construction projects commonly 

involve time and cost indicators. The Construction Industry 

Institute’s (CII) Benchmarking and Metrics program has 

several performance indicators utilizing actual and initial 

(estimated) values of duration. Measurement of duration-

related performance using estimated and actual calendar 

dates to delineate operationally defi ned start and stop points 

for project phases has similarly been used. Griffi s et al. 

(1995), in a CII-sponsored study, investigated cost and dura-

tion performance using metrics calculated as ratios of actual-

to-estimated values and noted such metrics were “the most 

widely used and understood.” 

Using estimated-to-actual duration is the basis of per-

formance measurement in this study. The two performance 

measures used in this study were the shop drawing produc-

tion performance (SHOPPERF) and fabrication duration 

performance (FABDPERF). Using the milestone dates from 

the fabricator’s production schedule, the estimated length of 

time for shop drawing production and fabrication duration 

were calculated for each project. Shop drawing production 

performance was based on a timeframe that commenced with 

the notice to proceed and ended with the issue date of the last 

set of shop drawings. Fabrication duration performance was 

based on a timeframe starting with the issue date of the fi rst 

batch of shop drawings and ending with the shipment date 

of the last sequence of steel for the project. The issue date 

was chosen as the “start” of fabrication as it may lag the 

Fig. 3. Sample project categorized by fabricated weight. Fig. 5. Start–stop milestones for phases.

Fig. 4. Relationship of average clarifi cation RFIs 
to fabricated weight.
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RFI VARIABLES

The RFI variables selected for this study were chosen be-

cause they were previously identifi ed, readily accessible, 

and quantitative in nature. Four RFI variables were initially 

investigated in this study: (1) the average RFI response time, 

(2) the percentage of RFIs requiring follow-up, (3) the per-

centage of RFI responses over 7 days, and (4) the RFI per-

formance indicator. These RFI variables comprise elements 

of RFI volume and timing that are considered important 

characteristics in a project. These were initially studied for 

their effect on shop drawing production performance. 

RFIs can be generated for a variety of reasons. In this 

study, RFIs were categorized for their relation to (1) clari-

fi cation of the design, (2) substitution requests, (3) erection/

fi eld issues, or (4) extraneous information/matters. While 

all categories require time to process, clarifi cation-related 

RFIs are generally considered most relevant to documenta-

tion quality. RFI documentation from the 48 sample projects 

contained 1,134 RFIs categorized as shown in Figure 6. 

The average RFI response time was calculated based on 

the fabricator’s RFI logs which contained the date sent and 

date returned for each RFI. RFI response time is calculated 

as the length of time (days) between the date sent and the 

date returned. Average RFI response time for the project 

was simply the arithmetic average and outliers more than 3 

standard deviations above the mean were removed from the 

sample project. The next RFI variable, percentage of RFIs 

requiring follow-up, was again calculated based on an analy-

sis of the RFI logs. If an RFI was generated based on the 

original response to a previously written RFI it was deemed 

a “follow-up RFI.” The percentage of these follow-up RFIs 

within a project was calculated to provide this variable. 

The third RFI variable investigated the effect of extended 

response times since longer response times could be po-

tentially more detrimental to performance. To consider this 

characteristic, it was decided to investigate the percentage 

of RFIs in each project that required more than fi ve work-

ing days (seven calendar days) to process. This threshold 

was chosen based on recommended RFI protocol (Andrews, 

2005). The fi nal RFI variable investigated for its effect on 

performance is termed the RFI performance indicator and 

is based upon previous research (Tilley et al., 1997; Tilley, 

1998). This variable provides a numerical value based upon 

the ratio of clarifi cation-related RFIs to the contract value 

and duration of fabrication. Contract value and project dura-

tion act as proxies for project size and complexity, which 

would infl uence the need for clarifi cation. This variable al-

lows comparisons to be made between different projects as it 

refl ects the level of defi ciency within the contract documents 

received by the steel fabricator. The formula for the RFI per-

formance indicator is shown as follows:

 PI = 
N

CV D
c

( )

⎡

⎣
⎢

⎤

⎦
⎥

where 

PI = RFI performance indicator 

Nc = number of clarifi cation-related RFIs

CV = contract value ($100,000)

D = initial project duration (months)

REGRESSION MODEL AND RESULTS

Multiple regression is a statistical technique that estimates 

the value of a dependent variable as a function of several in-

dependent variables. This analytical tool is used to determine 

many facets of the relationship between a dependent variable 

and a set of independent variables. A useful characteristic of 

this technique is its ability to ascertain the amount of vari-

ance in the dependent variable which is accounted for by 

the independent variables. The coeffi cient of determination, 

R2, of the model ranges between 0 and 1 and represents the 

percentage of variability in the dependent variable explained 

by the regression model. Although the R2 statistic describes 

the amount of explained variability, it has to be interpreted 

relative to other factors which comprise the model. Adding 

more independent variables to a regression model will al-

ways increase the R2 statistic but may be problematic due to 

interaction between independent variables. Good regression 

models will use the smallest number of independent vari-

ables that still provide practical interpretation of the depen-

dent variable. 

The sample of 48 projects was adequate for the proposed 

regression technique. Determining this adequacy depends on 

a number of factors, including the particular statistical test, 

the desired power level, the signifi cance criterion, and the 

effect size. To determine the proper sample size, the mini-

mum power level for the regression analysis was set at 0.75, 

while a medium effect size was posited (f 2 = 0.15). A signifi -

cance level, α, of 0.10 was chosen which is similar to other Fig. 6. Categorization of RFIs in sample.
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construction-related research. Using procedures outlined by 

Cohen (1988), the sample size of 48 exceeded the desired 

power level in this study.

The initial step of the research analysis sought to deter-

mine if any of the RFI variables had a signifi cant effect on 

the shop drawing performance variable. Scatter plots were 

examined for linearity as well as outliers. Normality of the 

independent variables was checked using the observed val-

ues of skewness and kurtosis and found to be within a ± 2 

standard error of zero. Subsequent correlation analyses re-

vealed the RFI performance indicator and the average RFI 

response time variables were signifi cantly associated with 

shop drawing production performance. The other two RFI 

variables did not have signifi cant correlations and, therefore, 

were removed from further consideration. Since multiple 

regression is based on an assumption of linearity, the two 

signifi cant RFI variables were transformed by applying the 

natural logarithm to each. This natural log transformation 

was found to strengthen this correlation between both RFI 

variables and the shop drawing production performance. The 

correlation statistics for each can be found in Table 1.

A multiple regression model to estimate the shop draw-

ing production performance based on the RFI performance 

indicator and the average RFI response time variables was 

developed. This regression model using the transformed RFI 

performance indicator (LNRFIPERF) and the transformed 

average RFI response time (LNRESTME) was found to 

signifi cantly predict shop drawing production performance 

(p = 0.002). Table 2 provides the inferential statistics for this 

additive model. The coeffi cient of determination, R2, for this 

model was 0.248, indicating that these two RFI variables to-

gether explain almost 25% of the variance in shop drawing 

production performance for the sample. The model equation 

is as follows:

SHOPPERF LNRESTME= −0 666 0 0735. . ( )

 LNRF− 0 0913. ( IIPERF)

This model indicates that as the RFI performance indicator 

variable and the average RFI response time variable decrease, 

shop drawing production performance will increase. Al-

though this model explains only 25% of the variance within 

the sample projects, it must be interpreted with respect to the 

nature of the shop drawing production process itself as well 

as the model. Shop drawing production is a complex pro-

cess because of the communication characteristics involved 

in producing the fi nal output. The process itself contains 

various lines of communication involving multiple partici-

pants including the fabricator, engineer of record, specialty 

engineers/designers, and possibly outside detailers. These 

multiple communication pathways may be exchanging in-

formation regarding RFIs using a variety of technologies, 

Table 1. Correlation of Transformed RFI Variables with Shop 
Drawing Production Performance Variable.

SHOPPERF

 LNRFIPER Pearson Correlation –0.388

Significance (2-tailed) 0.006

N 48

LNRESTME Pearson Correlation –0.282

Significance (2-tailed) 0.052

N 48

Table 2. Regression Statistics for Shop Drawing Production Performance Model.

 
Unstandardized 

Coefficients

Std. 

Coefficients
  Colinearity Statistics

Model  B Std. Error Beta t Significance Tolerance VIF

1 (Constant) 0.666 0.060 — 11.073 0.000 — —

LNRFIPER –0.0913 0.029 –0.411 –3.172 0.003 0.994 1.006

LNRESTME –0.0735 0.031 –0.312 –2.409 0.020 0.994 1.006

VIF = variance inflation factor
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including e-mail, fax, project management intranets, or some 

combination of those. Additionally, communication may be 

infl uenced by the level of familiarity that participants may 

have with each other as well as familiarity with the project 

type and the project delivery system. Instead of exploring 

the large number of variables that could infl uence the per-

formance of shop drawing production, this model opted to 

investigate the aforementioned RFI variables because they 

were previously identifi ed, readily accessible, and quantita-

tive in nature. The practical nature of this model is refl ected 

in the use of two common RFI variables, the RFI perfor-

mance indicator variable and the average RFI response time 

variable, to estimate shop drawing production performance. 

This statistically signifi cant result is particularly interesting 

since the sample of 48 projects was obtained from 10 differ-

ent fabricators, located in various parts of the country, and 

using projects from various construction sectors.

Although this study quantifi es the infl uence of only sev-

eral selected RFI variables on the shop drawing production 

performance, these results are consistent with other stud-

ies investigating the impact of RFIs on performance. Other 

investigations of RFI variables with respect to project per-

formance have concluded that RFI variables are a leading 

indicator of project performance (Pugh, 1994; Tilley, 1998). 

These studies also noted the infl uence of documentation de-

fi ciency on the volume of RFIs, while others have associated 

decreased performance measures with increased documenta-

tion defi ciency (Shohet and Frydman, 2003; Tilley, McFal-

lan and Tucker, 2000). The effect of RFI response time on 

steel shop drawing production is congruent with others that 

have found that increased RFI response time is associated 

with decreased performance (Mohamed et al, 1999; Tom-

melein and Ballard, 1997; Pugh, 1994). 

The following step in this analysis investigated the associ-

ation between performance of shop drawing production and 

the subsequent schedule performance of steel fabrication. In 

this study, the actual duration of the steel fabrication phase 

was the number of days between the issue date of the fi rst 

set of shop drawings and the shipment of the last sequence 

of steel to the site. Since shop drawing production precedes 

the fabrication of structural steel, establishing an estimate 

of fabrication duration performance from performance in 

the shop drawing phase could serve as an important plan-

ning tool. 

A correlation analysis was performed between the shop 

drawing production performance and the fabrication du-

ration performance, that found a signifi cant relationship 

between these two performance measures (r = 0.375, 

ρ = 0.009). With the fi nding of a positive association between 

duration performance in the shop drawing production phase 

and the subsequent fabrication phase, an additive multiple 

regression model was investigated to estimate fabrication 

duration performance using the two RFI variables found to 

be signifi cant previously. This model, estimating fabrication 

duration performance based on the RFI performance indi-

cator variable and the average RFI response time variable, 

was signifi cant at the 0.009 level. Table 3 provides the in-

ferential statistics for this additive model. The coeffi cient of 

determination (R2) for this model was 0.172, indicating that 

these two RFI variables together explain approximately 17% 

of the variance in fabrication duration performance in the 

sample. The regression equation is as follows:

FABDPERF LNRFIPERF= −0 833 0 145. . ( )

 LNRE− 0 0731. ( SSTME)

This model indicates that as the RFI performance indica-

tor and the average RFI response time variable decrease, 

fabrication duration performance will increase. Again, this 

model must be again interpreted with respect to the many 

variables that could possibly affect the fabrication duration 

as well as the purpose of the model itself. It also indicates 

that other factors affect fabrication duration in addition 

to the two RFI variables studied. This should be expected 

since RFI variables logically share a closer association with 

the shop drawing production phase. When considered with 

regard to the number of decisions, deliveries, participants 

and activities that are involved in getting steel to the project 

site, it is noteworthy that two basic RFI variables explain 

roughly one-sixth of the total duration variability in the 

fabrication phase. 

Table 3. Regression Statistics for Fabrication Duration Performance Model.

 
Unstandardized 

Coefficients

Std. 

Coefficients
  Colinearity Statistics

Model  B Std. Error Beta t Sig. Tolerance VIF

1 (Constant) 0.833 0.106 — 7.829 0.000 — —

LNRFIPER –0.145 0.051 –0.386 –2.839 0.007 0.994 1.006

LNRESTME –0.0731 0.054 –0.184 –1.355 0.182 0.994 1.006
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Although fabrication duration could be considered to be 

insulated from variables within the RFI process, this analy-

sis indicates that fabrication duration performance shares a 

signifi cant association with the same two RFI variables that 

were signifi cantly associated with shop drawing produc-

tion. The results are consistent with the other literature that 

has asserted that the pace of steel fabrication is driven by 

the production and approval of shop drawings (Van de Pas, 

Tinker and Holland, 2005). Timely fabrication of structural 

steel hinges upon the approval of shop drawings which has 

been shown to be quantitatively associated with the relative 

RFI volume and the characteristics of RFI response time. 

Increasing numbers of RFIs and longer turnaround times in-

variably produce discontinuities in the fabrication process. 

Although these discontinuities may originate in the shop 

drawing production phase, the previous regression equation 

indicates a ripple effect that occurs in the actual fabrication 

of the steel components. 

CONCLUSION

The widely held belief that increased RFI volume and re-

sponse time result in negative consequences for the fabrica-

tion of structural steel has been quantifi ed. Relative increas-

es in RFI volume lead to discontinuities in the production 

of shop drawings. Problems in the shop drawing production 

phase cause a ripple effect in downstream performance rela-

tive to the duration of the fabrication phase. The quantitative 

model developed in this study rests on the theory that shop 

drawing production and fabrication duration performance 

can be modeled based upon selected RFI variables. While 

there are many variables that could infl uence performance 

in various stages of steel fabrication, this study opted to in-

vestigate RFI variables that have been previously identifi ed 

and are readily found using typical fabrication documenta-

tion. Statistically signifi cant multiple regression equations 

were developed using two RFI variables to explain approxi-

mately 25% of the performance variance in the shop pro-

duction and 17% of the performance variance in fabrication 

duration. This signifi cant result occurred in a sample of 48 

projects of various sizes and construction types, submitted 

from 10 different steel fabricators located throughout the 

United States. 

The quality of design documentation is a major attribute 

of communication at the beginning of the design-fabrication 

interface. Documentation that is complete, consistent and 

unambiguous will require less clarifi cation. In this study, the 

variable found to be statistically signifi cant that refl ects the 

extent of documentation defi ciency is the RFI performance 

indicator (LNRFIPER). This variable, adapted from earlier 

research work (Tilley et al., 1997; Tilley, 1998), accounts for 

the number of clarifi cation RFIs generated with respect to 

a project’s size and duration. Higher values of the RFI per-

formance indicator variable indicate a greater usage of RFIs 

within a given project and portend discontinuities in the shop 

drawing production process. This variable was found to have 

the strongest association with both shop drawing production 

and fabrication duration performance, which is congruent 

with related research. 

While the quality of the design documentation is the 

primary determinant of the need for RFIs, communication 

within the process also plays a role in performance. This 

study has quantitatively established that the average RFI re-

sponse time variable (LNRESTME) is also associated with 

shop drawing production performance in steel fabrication. 

The ability to get answers quickly when seeking clarifi ca-

tion on design-related issues is an important factor in the 

timely completion of the fabricator’s work. Longer RFI 

response times result in discontinuities that are associated 

with longer durations in the shop drawing production and 

fabrication phases.

RECOMMENDATIONS

This research identifi es specifi c RFI variables and their statis-

tically signifi cant relationship with shop drawing production 

and fabrication duration performance. The models devel-

oped in this study found that the RFI performance indicator 

variable and the RFI response time variable have a substan-

tive infl uence on shop drawing production and fabrication 

processes. Since the data used in this study represented 48 

sample projects from 10 steel fabricators, generalizations to 

the population of steel fabricators working as steel provid-

ers in lump sum projects can be supported. The quantitative 

foundation of this generalized model can be applied by in-

dividual fabricators interested in performance improvement 

through statistical RFI management. The cataloging of RFI 

data on past projects could provide the steel fabricator an 

opportunity to develop robust models incorporating other 

variables pertaining to project delivery, coordination, and 

delegation of responsibility. The development of statistical 

models based on such data would allow individual fabrica-

tors to predict confi dence intervals using the RFI perfor-

mance indicator variable. These intervals would identify RFI 

ranges that would be associated with performance levels for 

an upcoming project. Information regarding project RFI re-

sponse time could be combined with historical response time 

data to develop control processes, similar to control chart-

ing, which would allow quantitative, real-time recognition 

of performance in ongoing projects. 

Engineers and designers could also benefi t from a data-

base of the RFI variables discussed herein. Such variables 

could be used as quality service indicators to external par-

ties. Lower values of the RFI performance variable sug-

gest higher levels of quality in design documentation, while 

lower values of the response time variable would refl ect 

an increased commitment to prompt clarifi cation. Both of 

these may be useful in documenting a design organization’s 

039-046_EJ1Q_Burns_2009.indd   45039-046_EJ1Q_Burns_2009.indd   45 2/12/09   1:35:17 PM2/12/09   1:35:17 PM



46 / ENGINEERING JOURNAL / FIRST QUARTER / 2009

commitment to quality during qualifi cation-based selection 

procedures. Similar to contractor’s experience modifi cation 

rate (EMR), the availability of documented indices associat-

ed with good performance could be used to further enhance 

professional reputation. 
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Technical Note: Optimum Flexural Design of 
Steel Members Utilizing Moment Gradient and Cb

ABBAS AMINMANSOUR

Flexural strength of members based on the limit state of 

lateral-torsional buckling is a function of the moment 

gradient of the unbraced length under consideration. The 

bending modifi cation factor, Cb, accounts for the shape of 

the moment gradient within the unbraced length and allows 

for adjustment of the member fl exural strength, possibly 

increasing it by a considerable amount. Therefore, neglect-

ing the impact of Cb on member strength may lead to over-

design. This paper discusses the application of Cb to the 

design of members subjected to bending including beams 

as well as members subjected to combined loading (com-

pression and bending, tension and bending, or biaxial bend-

ing). The concept of Cb and the formula for determining the 

modifi cation factor is similar when using Allowable Strength 

Design (ASD) or the Load and Resistance Factor Design 

(LRFD) method. However, designers used to the 1989 Al-
lowable Stress Design and Plastic Design Specifi cation for 
Structural Steel Buildings (AISC, 1989a), hereafter referred 

to as the 1989 ASD Specifi cation, and the 9th edition of the 

AISC Manual of Steel Construction (AISC, 1989b) will fi nd 

more updates in the new formula and method of calculating 

and using Cb. Numerical examples are presented using both 

ASD and LRFD methods.

Four limit states apply to bending of steel beams: yield-

ing, lateral-torsional buckling, fl ange local buckling, and 

web local buckling. Yura, Galambos and Ravindra (1978) 

present a thorough discussion of behavior of steel beams 

under bending and the different controlling limit states. The 

modifi cation factor, Cb, affects cases in which member un-

braced length, Lb, is greater than Lp and thus lateral-torsional 

buckling (LTB) controls fl exural strength.

A fundamental assumption made in developing the rel-

evant design aids included in the AISC Steel Construction 
Manual (AISC, 2005b) for fl exural design when LTB con-

trols is that the critical unbraced segment of the beam has a 

uniform moment diagram (gradient). If this is not the case, 

the modifi cation factor, Cb, should be used to adjust the fl ex-

ural strength of the member. It is noted that every unbraced 

segment of a beam has its own Cb, which may or may not be 

equal to that of other segments. 

Calculation of Cb has gone through a number of evolutions 

over the years. Zoruba and Dekker (2005) offer a historic 

and technical overview of Cb in the AISC Specifi cations.

The 2005 AISC Specifi cation for Structural Steel Build-
ings (AISC, 2005a), hereafter referred to as the AISC Speci-
fi cation, offers Equation 1 for calculation of Cb.

 
+ +3 4

C
M

M M M M
Rb

A B C
m=

+
≤

12 5

2 5 3
3 0

.

.
.

max

max

 (1)

where

Mmax  = absolute value of maximum moment in the 

unbraced segment, kip-in. (N-mm)

MA  = absolute value of moment at quarter point of the 

unbraced segment, kip-in. (N-mm)

MB  = absolute value of moment at centerline of the 

unbraced beam segment, kip-in. (N-mm)

MC  = absolute value of moment at three-quarter point 

of the unbraced beam segment, kip-in. (N-mm)

Rm  = cross-sectional monosymmetry parameter

 = 1.0 for doubly symmetric members

 = 1.0 for singly symmetric members subjected to 

single curvature bending

 = 0.5 + 2(Iyc  /Iy) for singly symmetric members 

subjected to reverse curvature bending

Iy  = moment of inertia about the principal y-axis, 

in.4 (mm4)

Iyc  = moment of inertia about y-axis referred to the 

compression fl ange, or if reverse curvature bend-

ing, referred to the smaller fl ange, in.4 (mm4)

Designers used to the 1989 ASD Specifi cation (AISC, 1989a) 

will fi nd more changes in the new formula and method of cal-

culating and using Cb. This is due to the fact that the 1989 ASD 

Specifi cation had not been updated between 1989 and 2005, 

while the LRFD Specifi cation had gone through a number of 

revisions to refl ect the state-of-the-art in research and practice.

Abbas Aminmansour is associate professor, School of 
Architecture, University of Illinois at Urbana-Champaign, 
Champaign, IL.
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Example 1 illustrates application of Equation 1 to deter-

mine Cb for a case not included in Table 3-1 of the AISC Steel 
Construction Manual (AISC, 2005b). It is noted that from 

this point on, all references in the following examples are 

made to the 13th Edition AISC Steel Construction Manual.

EXAMPLE 1

Given

Simply supported girder shown in Figure 1, laterally braced 

at ends and load point.

P: 3 kips DL + 10 kips LL

w: 0.35 kips /ft DL (including beam weight) + 1.15 kips /ft LL

Find

Calculate Cb using ASD and LRFD load combinations. 

Solution

Using ASD load combinations:

Pa = 3 kips + 10 kips = 13.0 kips

wa = 0.35 kip /ft + 1.15 kip /ft = 1.50 kip /ft

This beam and loading is a combination of cases 1 and 7 

from Table 3-23 of the AISC Steel Construction Manual 
(pages 3-211 and 3-213). 

Consider the case of beam with concentrated load at mid-

span. It can be shown that values of Mmax, MA, MB and MC are 

as follows. 

MA = 24.4 kip-ft

MB = 48.8 kip-ft

MC = 73.1 kip-ft

Mmax = 97.5 kip-ft

Similarly, it can be shown that for the uniform load,

MA = 73.8 kip-ft

MB = 127 kip-ft

MC = 158 kip-ft

Mmax = 169 kip-ft

We now calculate Cb using Equation 1 with MA, MB, MC and 

Mmax totals from both loading conditions. Note that Rm = 1.0 

(single curvature).

MA  = 24.4 kip-ft + 73.8 kip-ft

= 98.2 kip-ft

MB  = 48.8 kip-ft + 127 kip-ft

= 176 kip-ft

MC  = 73.1 kip-ft + 158 kip-ft

= 231 kip-ft

Mmax  = 97.5 kip-ft + 169 kip-ft

= 267 kip-ft

3 4
C

M

M M M M
Rb

A B C
m

12 5

2 5 3

12 5

.

.

.

max

max

2677 kip-ft

kip-ft +3 98.2 kip-ft2 5 267 4. 1176 kip-ft kip-ft3 231

1 0.

1 41.

Using LRFD load combinations:

Pu  = (1.2)(3 kips) + (1.6)(10 kips) 

= 19.6 kips

wu  = (1.2)(0.35 kip /ft) + (1.6)(1.15 kip /ft)

= 2.26 kip /ft

Note the relationship between loads calculated based on the 

ASD and LRFD load combinations.

P

P

w

w

u

a

u

a

= =

=

19 6
1 51

.
.

kips

13.0 kips

and

2.26 kip/ft

1.50 kip/ft
= 1 51.

Therefore, Mmax, MA, MB and MC for each loading case using 

the LRFD load combinations will be 1.51 times those found 

earlier based on the ASD load combinations. This ratio can-

cels out from top and bottom of the Cb equation and yields 

the same Cb value for the LRFD load combination as for the 

ASD approach. 

Fig. 1. Simply supported girder for Example 1.
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buckling. As noted earlier, Cb may be conservatively taken 

to be equal to 1.0 in all cases. However, by doing so the de-

signer is likely to miss gains from Cb > 1.0, which may lead 

to smaller member sizes. Such gains may be quite signifi -

cant, particularly for beams with relatively large unbraced 

lengths. Therefore, it makes sense to consider the impact of 

Cb for unbraced beams. Recall that values of Cb may range 

from 1.0 to 3.0. Thus, it is possible that member strength 

after incorporating Cb may be as much as three times that 

without considering Cb. 

The amount of gain or benefi t from Cb varies depending on 

section size, material properties, unbraced length, and value 

of Cb. Figure 2 graphically illustrates variation of nominal 

fl exural strength versus the unbraced length for compact sec-

tions. The chart for non-compact sections would look similar 

to Figure 2, except that Mp′, Lp′ and Lm′ will be used instead 

of Mp, Lp and Lm.

Two bending modifi cation factors are utilized in the chart 

of Figure 2 with Cb2 > Cb1 > 1.0 to illustrate different pos-

sibilities. Note particularly that Cb Mn may not exceed Mp for 

compact sections and Mp′ for non-compact sections.

We will consider three cases in the following discussion 

on incorporating Cb in fl exural design: beams with relative-

ly small unbraced lengths, beams with relatively large un-

braced lengths, and beams with moderate unbraced lengths. 

For ease of discussion, it is assumed here that all beam sec-

tions are compact. Since the AISC Steel Construction Man-
ual lists M ′p for non-compact sections the same way in charts 

and tables as it does Mp for compact sections, there are no 

procedural differences between the two.

Note that according to Table 3-1 in the AISC Steel Manual 
(page 3-10), Cb for the point load and uniformly distributed 

loads acting alone are 1.67 and 1.30, respectively. 

The modifi cation factor Cb has values ranging from 1.0 

to 3.0. The case Cb = 1.0 is the most critical. Larger values 

of Cb may result in increased fl exural strength. Section F1 

of the AISC Specifi cation states that “Cb is permitted to be 

conservatively taken as 1.0 for all cases.” It further states 

that “For cantilevers or overhangs where the free end is 

unbraced, Cb = 1.0.” The reader is encouraged to review 

the pertinent parts of the 2005 AISC Specifi cation (AISC, 

2005a) and its commentary for more details and exceptions 

to the above statements.

FLEXURAL STRENGTH FOR Cb > 1.0

Burgett and Tide (1980) offer a method for design of beams 

with Cb > 1.0 for the Allowable Stress Design (ASD) method 

using the 1989 ASD Specifi cation (AISC, 1989a). He rec-

ommends using an effective unbraced length (Le) instead of 

the original unbraced length (Lx) to select a trial section for 

Cb > 1.0. Burgett suggests use of the formula Le = Lx  /Cb to 

determine Le. Once a trial section is selected with Le, Mu, 

and Cb = 1.0, it must be checked for compliance with the 

1989 ASD Specifi cation for the original Lx and Cb. This 

method works well for relatively large unbraced lengths and 

using the Allowable Stress Design method. The following 

discussion will cover procedures that are consistent with the 

unifi ed 2005 AISC Specifi cation for Structural Steel Build-
ings (AISC, 2005a) and apply to both Allowable Strength 

Design method as well as the Load and Resistance Factor 

Design methods.

According to the 2005 AISC Specifi cation (AISC, 2005a), 

the nominal fl exural strength of beams based on the limit 

state of lateral torsional buckling with Cb > 1.0 is determined 

using the formula given in Equation 2:

 M C M M Mn Cb > 1.0 b n Cb = 1.0 p p⎡⎣ ⎤⎦ = ( )⎡⎣ ⎤⎦ ≤ ′or  (2)

ASD and LRFD versions of Equation 2 follow.

 
M

C
M Mn

Cb > 1.0

b
n

Cb = 1.0

p

Ω Ω Ω
⎡

⎣
⎢

⎤

⎦
⎥ = ( )⎡

⎣
⎢

⎤

⎦
⎥ ≤ or

′′Mp

Ω
 (2-ASD)

φ φ φ φb n Cb > 1.0 b b n Cb = 1.0 b pM C M M⎡⎣ ⎤⎦ = ( )⎡⎣ ⎤⎦ ≤ or bb pM ′  (2-LRFD)

FLEXURAL DESIGN FOR Cb > 1.0

Equation 2 and its ASD and LRFD versions form the 

basis for incorporating Cb in determining fl exural strength 

of members based on the limit state of lateral torsional  Fig. 2. Impact of Cb on Mn for compact sections.
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For beams with relatively small unbraced length and Lb 

not exceeding Lp, either yielding or local buckling controls 

and Cb does not apply. In such cases, the nominal fl exural 

strength is already at the maximum of Mp (M′p for non-

compact sections). 

In cases of beams with relatively large unbraced lengths, it 

is very likely the beam will fully benefi t from Cb and there-

fore Equation 2 may be used as follows for design.
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M M

u
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φ φM M C M Mu b n Cb > 1.0 b b n Cb = 1.0 b p≤ ⎡⎣ ⎤⎦ = ( )⎡⎣ ⎤⎦ ≤ φ  (3-LRFD)

or
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 (4-ASD)

 M

C
M

u

b
b n Cb = 1.0

≤ ⎡⎣ ⎤⎦φ  (4-LRFD)

As suggested by Equations 4, for design of beams with rela-

tively large unbraced lengths and Cb > 1.0, the designer may 

select a trial section based on a fi ctitious required moment 

of [Mu]Cb = 1.0 = (Mu  /Cb). This section is then checked for 

strength using its original Mu and Cb.

For beams with moderate unbraced lengths, one may still 

follow the approach recommended for relatively large un-

braced lengths, but use a smaller Cb to obtain a trial section. 

Alternatively, the designer may initially neglect the impact 

of Cb, obtain a trial section based on Cb = 1.0, and continue 

checking smaller sections until a desired section is found. 

In either case, the trial section must be checked for strength 

using its original Mu and Cb.

Note that in all cases, the requirement of ϕbMp ≥ Mu  for 

LRFD and Mp /Ω ≥ Mu for ASD must be checked for all trial 

sections before any additional work is done.

EXAMPLE 2

Given

Simply supported beam with L = 50 ft, wD = 0.24 kip /ft 

(beam weight included), wL = 0.72 kip /ft, A992 steel. Con-

sider bending only.

Find

Use ASD and LRFD methods to select the lightest W-section 

if 

(a) Lb = 5 ft

(b) Lb = 25 ft

Solution

ASD Method:
wa = wD + wL

 = 0.24 kip /ft + 0.72 kip /ft

 = 0.96 kip /ft

M
w L

a
a=

=

=

2

2

8

8
300

(0.96 kip/ft)(50 ft)

kip-ft

Case (a)

Lb = 5 ft—relatively small, assume braced beam, Cb not 

applicable

From Table 3-2 (page 3-17) look for a section with Mpx  /Ω ≥ 

Ma = 300 kip-ft

Try W21×55

Lb = 5.0 ft < Lp = 6.11 ft, braced beam → assumptions about 

Lb and Cb correct

Therefore, Mnx /Ω = Mpx /Ω = 314 kip-ft > Ma = 300 kip-ft

Use W21×55, A992 steel

Case (b)

Lb = 25 ft—relatively large → assume full benefi t from Cb

Note from Table 3-1 of the AISC Steel Construction Manual 
(page 3-10) that Cb = 1.30 for a uniformly loaded simply 

supported beam braced at midpoint.

Select a trial section based on the following

M
M

C
a Cb = 1.0

a Cb = 1.30

b

⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

= 300 kip-ft

1.30
== 231 kip-ft

Go to page 3-122 of the AISC Steel Construction Manual 
with Lb = 25 ft, Ma = 231 kip-ft, and Cb = 1.0

Try W18×76 

From Table 3-2 of the AISC Steel Construction Manual 
(page 3-16):

Mpx /Ω = 407 kip-ft > Ma = 300 kip-ft → section may work

[Mnx /Ω]Cb = 1.0 = 273 kip-ft read directly off of the chart on 

page 3-122.
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[Mnx  /Ω]Cb = 1.3  = (Cb)[Mnx /Ω] Cb = 1.0 

= (1.30)(273 kip-ft) 

= 355 kip-ft < Mpx /Ω = 407 kip-ft

Note that beam fully benefi ted from Cb since 

[Mnx /Ω]Cb = 1.3 < Mpx /Ω

[Mnx /Ω]Cb = 1.3 = 355 kip-ft > Ma = 300 kip-ft

W18×76 is adequate

For lightest, try W14×74 

Mpx /Ω = 314 kip-ft > Ma = 300 kip-ft → may work

[Mnx /Ω]Cb = 1.0 = 212 kip-ft read directly off of the chart on 

page 3-122.

[Mnx /Ω]Cb = 1.3  = (Cb)[ Mnx /Ω] Cb = 1.0 

= (1.30)(228 kip-ft) 

= 296 kip-ft < Mpx /Ω = 314 kip-ft

Therefore, [Mnx /Ω]Cb = 1.3 = 296 kip-ft < Ma = 300 kip-ft → 

Not adequate

Use W18×76, A992 steel 

LRFD Method:

wu  = 1.2wD + 1.6wL 

= 1.2(0.24 kip /ft) + 1.6(0.72 kip /ft) 

= 1.44 kip /ft

M
w L

u
u=

=
( )

=

2

2

8

1 4 50

8
450

( . 4 kip/ft) ft

kip-ft

Case (a)

Lb = 5 ft—relatively small, assume braced beam, Cb not 

applicable

From Table 3-2 of the AISC Steel Construction Manual 
(page 3-17) look for a section with φb Mpx ≥ Mu = 450 kip-ft

Try W21×55

Lb = 5.0 ft < Lp = 6.11 ft, braced beam → assumptions about 

Lb and Cb correct

Therefore, φb Mnx = φb Mpx = 473 kip-ft > Mu = 450 kip-ft

Use W21×55, A992 steel

Case (b)

Lb = 25 ft—relatively large → assume full benefi t from Cb

Note from Table 3-1 of the AISC Steel Construction Manual 
(page 3-10) that Cb = 1.30 for a uniformly loaded simply 

supported beam braced at midpoints.

Select a trial section based on the following assumption.

M
M

C
u Cb = 1.0

u Cb = 1.30

b

⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

= 450 kip-ft

1.30
== 346 kip-ft

Go to page 3-122 of the AISC Steel Construction Manual 
and select a trial section for Lb = 25 ft, Mu = 346 kip-ft, and 

Cb = 1.0

Try W18×76 

From Table 3-2 of the AISC Steel Construction Manual 
(page 3-16): φb Mpx = 611 kip-ft > Mu = 450 kip-ft → may 

work

[φb Mnx]Cb = 1.0 = 410 kip-ft (read directly off of the chart on 

page 3-122)

[φb Mnx]Cb = 1.3  = (Cb)[φb Mnx] Cb = 1.0 

= (1.30)(410 kip-ft) 

= 533 kip-ft < φb Mpx 

= 611 kip-ft

Note that beam fully benefi ted from Cb since [φb Mnx]Cb = 1.3 < 

φb Mpx

[φb Mnx]Cb = 1.3 = 533 kip-ft > Mu = 450 kip-ft

W18×76 is adequate

It can be shown that a W14×74 is not adequate. Therefore, 

use W18×76, A992 steel

Note that if Cb = 1.0 were used, a W18×86 would have been 

selected instead. 

It is noted that the focus of this paper and all example prob-

lems presented here is on the impact of Cb on member fl ex-

ural strength. Other criteria, such as defl ection, may control 

the design and must be checked.

Solid lines in the beam design charts of the AISC Steel 
Construction Manual are meant to obtain the lightest section 

for Cb = 1.0. Using them for selecting sections for Cb > 1.0 is 

not quite right, though reasonable. In order to fi nd the light-

est section for Cb > 1.0, at least two tries are necessary. 

IMPACT OF Cb ON THE bx COEFFICIENT

Part Six of the AISC Steel Construction Manual (AISC, 

2005b) presents a method and aids for design of members 

subjected to combined loads (compression and bending, 

tension and bending, or biaxial bending). This approach, 

based on Aminmansour (2000 and 2006), utilizes three new 

coeffi cients p, bx and by in analysis or design of such mem-

bers. Following is a discussion on the impact of Cb on the 

b coeffi cient.
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In addition to design of members subjected to combined 

loading, the method and aids presented in Part Six of the 

AISC Steel Construction Manual may prove to be helpful 

in design of beams in certain circumstances as illustrated in 

some of the examples that follow.

Values of bx given in Part Six of the AISC Steel Construc-
tion Manual and the discussion that follows applies to beam-

columns as well as members subjected to combined tension 

and bending, biaxial bending, or bending alone. Since the 

limit state of lateral-torsional buckling does not apply to 

bending of beams about their weak axis, our discussion here 

will be limited to the bx coeffi cient only.

Values of the bx coeffi cient given by Equations 5 and listed 

in Part 6 of the AISC Steel Construction Manual are based 

on Cb = 1.0.

 b
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=
⎛
⎝⎜
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8

9
Ω
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Combining Equations 2 and 5 yields:
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Now, apply the upper limit of Equations 2 to Equations 6 to 

obtain Equation 7 as follows:

 b
b

C
bx Cb > 1.0

x Cb = 1.0

b
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 (7)
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Values of [bx]min are listed in Table 6-1 of the AISC Steel 
Construction Manual at Lb = 0 ft for a large number of 

W-sections for both ASD and LRFD methods.

USING bx IN ANALYSIS AND DESIGN 
FOR FLEXURE WITH Cb > 1.0

The following observations may be used in analysis and 

design of steel members subjected to bending, including 

combined loads, with Cb > 1.0. Keep in mind that values 

of bx listed in Table 6-1 of the AISC Steel Construction 
Manual are for Cb = 1.0 and already account for compact /

non-compactness.

For laterally braced beams the limit state of yielding (local 

buckling for non-compact sections) controls and Cb does not 

apply. Therefore, for such situations, simply use the listed 

values of bx.

For beams with relatively large unbraced lengths, it is 

likely that the member will fully benefi t from Cb. Therefore, 

note that

 
b

b

C
bx Cb > 1.0

x Cb = 1.0

b
x⎡⎣ ⎤⎦ =

⎡⎣ ⎤⎦
≥ ⎡⎣ ⎤⎦min

For beams with moderately long unbraced length where par-

tial benefi t from Cb may be realized, the designer may treat 

the beam as in the latter case, but use a smaller Cb to obtain 

a trial section.

In all preceding cases, the trial section must be analyzed 

exactly based on its Lb and original Cb values to obtain bx.

Important Note: The reader is reminded that a section with 

a bx value equal to or smaller than a required value will be 

adequate in bending for the conditions given. See Aminman-

sour (2000 and 2006) for more comprehensive information 

on this subject.
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EXAMPLE 3

Given

W24×76, Lb = 16 ft, Cb = 1.67, A992 steel

Find

Calculate available fl exural strength using both ASD and 

LRFD methods

Solution

ASD Method:

Method I:

From Table 3-2 of the AISC Steel Construction Manual 
(page 3-16): 

Mp /Ω = 499 kip-ft

Lp = 6.78 ft

Lr = 19.6 ft

BF = 15.0 kips

Lp = 6.78 ft < Lb = 16 ft < Lr = 19.6 ft

BF L Lb p=
⎛
⎝⎜

⎞
⎠⎟

− −( )
= kip-ft kips ft499 15 0 16 0− ( ). . −−( )
=

6.78 ft

kip-ft361

Cb = 1.0

⎡
⎣⎢

⎤
⎦⎥

Mn

Ω
Mn

Ω

C
Cb = 1.0

b

Cb = 1.0

⎡
⎣⎢

⎤
⎦⎥

= ( )⎡
⎣⎢

⎤
⎦⎥

= kip-ft) = 603 kip-f( . )(1 67 361 tt >
⎛
⎝⎜

⎞
⎠⎟

= 499 kip-ft

Mn

Ω
Mn

Ω

Mp

Ω

Therefore, [Mn /Ω]Cb = 1.67 = [Mp /Ω] = 499 kip-ft 

Method II:

From Table 6-1 of the AISC Steel Construction Manual 
(page 6-42): 

bx = 2.46 × 10–3 (kip-ft)–1 for Cb = 1.0

[bx]min = 1.78 × 10–3 (kip-ft)–1

= <

b
b

C
x Cb > 1.0

x Cb = 1.0

b

⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

= 2.46 × 10 (kip-–3 fft)

1.67
1.47 × 10 (kip-ft)

–1

–3 –1 ⎡⎣ ⎤⎦

=

bx min

1.78 × 10 (kip-ft)–3 –1

Use [bx]Cb = 1.67  = [bx]min 
= 1.78 × 10-3 (kip-ft)–1

bx Cb = 1.67

=
⎡⎣ ⎤⎦

=

8

9

8

9 1.78 × 10–3 –1(kip-ft)

kip-ft

⎡⎣ ⎤⎦
= 499

Cb = 1.67

⎡
⎣⎢

⎤
⎦⎥

Mn

Ω

LRFD Method:

Method I:

From Table 3-2 of the AISC Steel Construction Manual 
(page 3-16): 

φb Mp = 750 kip-ft

Lp = 6.78 ft

Lr = 19.6 ft

BF = 22.5 kips

Lp = 6.78 ft < Lb = 16 ft < Lr = 19.6 ft

. .

= −φ φb n Cb = 1.0 b p b pM M BF L L⎡⎣ ⎤⎦ −( )
= kip-ft kips ft 6.78750 22 5 16 0− ( ) fft

kip-ft

( )
= 543

−

φ φb n Cb > 1.0 b b n Cb = 1.0
M C M⎡⎣ ⎤⎦ = ( )⎡⎣ ⎤⎦

907 kip-

( . )(1 67 543 kip-ft)

fft kip-ft> == φb pM 750

=

Therefore, [φb Mn]Cb = 1.67 = φb Mp = 750 kip-ft 

Method II:

From Table 6-1 of the AISC Steel Construction Manual 
(page 6-42): 

bx = 1.64 × 10–3 (kip-ft)–1 for Cb = 1.0

[bx]min = 1.19 × 10–3 (kip-ft)–1

= <

b
b

C
x Cb > 1.0

x Cb = 1.0

b

⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

= 1.64 × 10 (kip-–3 fft)

1.67
0.982 × 10 (kip-ft)

–1

–3 –1 ⎡⎣ ⎤⎦ =bx min
11.19 × 10 (kip-ft)–3 –1

Use [bx]Cb = 1.67  = [bx]min 

= 1.19 × 10–3 (kip-ft)–1

φb n Cb = 1.67
x Cb = 1.67

M
b

⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

=

8

9

8

9 1.19 × 10–3 (kip-ft)

kip-ft

–1⎡⎣ ⎤⎦
= 747
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EXAMPLE 4

Given

Simply supported beam with L = Lb = 30 ft, wD = 0.30 kip /ft, 

wL = 0.90 kip /ft

Find

Select the lightest W14 of A992 steel. Consider bending 

only.

Solution

Since Table 6-1 of the AISC Steel Construction Manual 
has a more comprehensive list of W14s, we will use the 

bx method in this design.

ASD Method:

wu = wD + wL = 0.30 kip /ft + 0.90 kip /ft = 1.20 kip /ft

From Table 3-1 of the AISC Steel Construction Manual 
(page 3-10), Cb = 1.14. 

M
w L

u
u=

=
( )( )

=

2

2

8

8
135

1.20 kip/ft 30 ft

kip-ft

Use Equation 5-ASD and replace (Mnx /Ω) with Mu to obtain 

(bx)req

bx req Cb = 1.14
( )⎡

⎣
⎤
⎦ = ( ) = −8

9
6.58 × 10

135 kip-ft
33 (kip-ft)–1

From Table 6-1 of the AISC Steel Construction Manual 
(page 6-71), try W14×61 with 

[bx]Cb = 1.0 = 6.20 × 10–3 (kip-ft)-1 < 6.58 × 10–3 (kip-ft)–1 

This section is adequate for Cb = 1.0; therefore it is adequate 

for Cb = 1.14 as well. However, for illustration purposes, we 

will verify this fact.

= >

6.20 × 10

b
b

C
x Cb = 1.14

x Cb = 1.0

b

⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

=
−3 (kip--ft)

(kip-ft)

–1

–1

1 14
5.44 × 10–3

.

min
⎡⎣ ⎤⎦

=

b
x

33.49 × 10–3 (kip-ft)–1

Since [bx]Cb = 1.14  = 5.44 × 10–3 (kip-ft)–1 < [bx]req 

= 6.58 × 10–3 (kip-ft)-1

W14×61 is adequate.

For lightest, try W14×53 with bx = 9.56 × 10–3 (kip-ft)–1

It can be shown that this section has a larger bx than 
[bx]req = 6.58 × 10–3 (kip-ft)–1 after incorporating the impact 

of Cb. Therefore, W14×53 is not adequate. 

Use W14×61, A992 steel

LRFD Method:

wu  = 1.2wD + 1.6wL = 1.2(0.30 kip /ft) + 1.6(0.90 kip /ft) 

= 1.80 kip /ft

From Table 3-1 of the AISC Steel Construction Manual 
(page 3-10), Cb = 1.14. 

M
w L

u
u=

=
( )( )

=

2

2

8

8
203

1.80 kip/ft 30 ft

kip-ft

Use Equation 5-LRFD and replace φb Mnx with Mu to obtain 

(bx)req

4.38 × 10

x req
( )⎡

⎣
⎤
⎦ = ( )

=

.

8

9 203 kip-ft
–3 (kip-ft)–1

b
Cb = 1.0

From Table 6-1 of the AISC Steel Construction Manual 
(page 6-71), try W14×61 with 

[bx]Cb = 1.0 = 4.12 × 10–3 (kip-ft)–1 < 4.38 × 10–3 (kip-ft)–1

This section is adequate for Cb = 1.0; therefore it is adequate 

for Cb = 1.14 as well. However, for illustration purposes, we 

will verify this fact.

= >

b
b

C
x Cb = 1.14

x Cb = 1.0

b

⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

=
−34.12 × 10 (kip--ft)

(kip-ft)

–1

–1

1 14
3.61 × 10

.

min
⎡⎣ ⎤⎦

=

−3 bx

2.32 × 10 (kip-ft)–1−3

Since [bx]Cb = 1.14  = 3.61 × 10–3 (kip-ft)–1 < [bx]req 

= 4.38 × 10–3 (kip-ft)–1

W14×61 is adequate.

For lightest, try W14×53 with bx = 6.36 × 10–3 (kip-ft)–1

It can be shown that this section has a larger bx than 
[bx]req = 4.38 × 10–3 (kip-ft)–1. Therefore, W14×53 is not 

adequate.

Use W14×61, A992 steel

Note that if [bx]Cb > 1.0 > [bx]min, the beam fully benefi ts from 

Cb > 1.0. Otherwise, the benefi t is partial. 
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Therefore, [bx]Cb = 1.30 = [bx]min = 1.27 × 10-3 (kip-ft)–1

pPu = (1.14 × 10–3 kips–1)(630 kips) = 0.718 > 0.200 

Use bPu + mMux + nMuy ≤ 1.0

0.718 + [1.27 × 10–3 (kip-ft)–1](210 kip-ft) + 0

= 0.718 + 0.267 + 0

= 0.985 < 1.00

W18×86, A992 steel is adequate for the given conditions.

Note that the impact of Cb = 1.3 in this case is not signifi cant. 

However, the example problem is presented as an illustration 

of the method.

Reader is encouraged to repeat this problem using the 

ASD method.
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EXAMPLE 5

Given

W18×86 member as shown in Figure 3, A992 steel, braced 

frame, bending about the x-axis only

Pu = 630 kips

Μux = 210 kip-ft

(KL)x = 26 ft

(KL)y = Lb = 13 ft

Find

Determine if this section adequate per AISC Specifi cation 

for the given conditions.

Solution

LRFD Method:

Obtain the following information for a W18×86 from Table 

6-1 of the AISC Steel Construction Manual (page 6-54): 

[bx]Cb = 1.0 = 1.37 × 10–3 (kip-ft)–1 

[bx]min = 1.27 × 10–3 (kip-ft)–1

(rx /ry) = 2.95

Determine (KL)y eq

( )
( )

.
.

KL
KL

r
r

y eq
x

x

y

ft

ft

=
⎛
⎝⎜

⎞
⎠⎟

=

= <

26

2 95
8 81 KKL

y
( )

= 13 0. ft

Use KL = (KL)y = 13.0 ft

Therefore, p = 1.14 × 10–3 kips–1

Note that in this case, Cb = 1.30 (braced at ends and midspan)

1.37 × 10

1.27 × 10

b
b

x Cb = 1.30

x Cb = 1.0⎡⎣ ⎤⎦ =
⎡⎣ ⎤⎦

=
−3

1 30.
(kiip-ft)

(kip-f

–1

1 30
1.05 × 10 3

.
= − tt)

(kip-ft)

–1

–1

< ⎡⎣ ⎤⎦

= −

bx min

3

Fig. 3. Beam-column for Example 5.
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Current Steel Structures Research

REIDAR BJORHOVDE

Sustainability has become a major world issue over the 

past few years. Due to the impact of the construction 

market on the gross domestic product (GDP)—approxi-

mately 12 to 13% for the United States—sustainability is 

becoming a key consideration in all architectural designs. By 

direct extension, this is now affecting the work of structural 

engineers in general, although much of the current infl uence 

is almost hidden among the many and complex issues of 

construction. Various rating schemes, such as the Leadership 

in Energy and Environmental Design (LEED) system in the 

United States, are used extensively to assess architectural 

and engineering designs; but, of course, the issue goes much 

beyond the efforts of the design profession, insofar as struc-

tures are concerned. 

However, it is a fact that codes and standards will be sig-

nifi cantly affected, and structural engineers need to recognize 

the importance of the subject and take a proactive role in the 

overall design process. Since steel is the most recycled of all 

materials, the industry and AISC alike have long recognized 

the critical nature of the subject and are on record as pursu-

ing sustainability aggressively. Intensive research efforts are 

now under way in a number of countries, and it is already 

clear that construction techniques and materials are chang-

ing signifi cantly to meet the needs of future societies. There 

is no question that steel and steel structures occupy a central 

and advantageous position in all of these undertakings.

A major international research and development effort on 

the part of the world steel industry is under way in several 

locales, and one of the projects reported in this paper refl ects 

current European approaches and where the developments 

may lead. In many ways, the sustainability work is also tied 

to seismic research efforts, since such studies must take into 

account effi cient construction techniques and economies, 

and that goes hand-in-hand with sustainability. A seismic 

study that is examined in this paper focuses on effective 

composite construction for members and frames, and an-

other study looks at the development of novel and innova-

tive fastening solutions for steel in combination with struc-

tures using other materials. Of course, bridges have major 

effects on local and regional communities, and two studies 

discussed in the paper examine the improvements that can 

be achieved by advanced load analyses as well as different 

structural systems and details.

References are provided throughout the paper, whenever 

such are available in the public domain. However, much of 

the work is still in progress, and reports or publications have 

not yet been prepared for public dissemination.

SUSTAINABILITY OF STEEL STRUCTURES

Sustainability of Steel Structures: This is a major, long-

term project that is being conducted at the Institute for Sus-

tainability and Innovation in Structural Engineering (ISISE) 

at the University of Coimbra in Coimbra, Portugal, with 

Professor Luis da Silva as the director. 

In addition to the development of a sustainability assess-

ment protocol for a variety of practical construction cases, 

the project aims at expanding, identifying and quantifying 

the infl uence of the following features (Gervásio, 2008):

• The key advantages of steel and steel construction

• Energy effi ciency of steel production

• The effects of various structural and non-structural 

details

• The time needed for high-quality and safe fabrication 

and construction

• Functional requirements and potential changes over 

life cycle

• Construction material waste and recyclability

• Durability of steel, the life span of the structure, and 

the eventual rehabilitation or demolition

Construction provides approximately 7% of world employ-

ment and 28% of industry employment. At the same time, it 

is known that the construction industry consumes nearly 50% 

of all resources extracted from the earth, and a signifi cant 

percentage of the total energy consumption and greenhouse 

gas emissions (GHG) (= CO2) can be identifi ed as related to 

construction. Construction and demolition waste account for 

a large percentage of the total waste, and it is especially high 

in wealthier nations.

It is recognized that the infl uence of several of the preced-

ing features has been documented reasonably well, but not 

always in the context of steel construction. For example, 

Reidar Bjorhovde is the Research Editor of the AISC 
Engineering Journal. 
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STRUCTURAL BEHAVIOR AND STRENGTH 
UNDER SEISMIC LOADS

Seismic Design and Analysis of Rectangular Concrete-
Filled Steel Tube (RCFT) Members and Frames: This 

project is conducted at the University of Illinois at Urbana, 

with Professor Jerome F. Hajjar as the director. It has been 

funded by the National Science Foundation and the Univer-

sity of Minnesota (Tort and Hajjar, 2004, 2008).

The study aims at developing a performance-based design 

technique for structures with RCFT columns and steel girders 

and includes a reliability assessment procedure. The work is 

very advanced, specifi cally by incorporating two- and three-

dimensional evaluations with seismic and nonseismic loads, 

as well as nonlinear time-history analyses. The mechanisms 

of load transfer and composite interaction have been exam-

ined in comparison with experimental data from other stud-

ies, and the correlation with the fi nite element formulation 

was found to be very good. Using the ground motions from 

a range of earthquake records, the researchers were able to 

establish realistic assessments of the progression of damage 

in a series of RCFT structures. This is critical for an eventual, 

practice-oriented, performance-based design approach. 

It will be useful to see how these results compare to some 

previous studies of damage and damage accumulation in 

structures (for example, Bažant and Cedolin, 1991; Chi, 

Deierlein and Ingraffea, 2000). Extensive damage accumula-

tion studies have been conducted at numerous locations, par-

ticularly in France by Lemaitre, Pijaudier-Cabot and others.

PERFORMANCE OF NOVEL 
FASTENING SYSTEMS

Market Opportunities for Innovative Fastening Solutions 
for Steel Structures: This is a major three-year (2007–2010) 

project undertaken jointly by three European universities 

and three European companies. Funding is provided by the 

Research Fund for Coal and Steel under the auspices of the 

European Union. The lead effort is taking place at the Univer-

sity of Stuttgart in Stuttgart, Germany, with Professor Ulrike 

Kuhlmann as the director. The other two universities are the 

Czech Technical University in Prague, the Czech Republic, 

and the University of Coimbra in Coimbra, Portugal.

The primary emphasis of the project is to provide fas-

tening techniques and solutions for structures where rein-

forced concrete has been the traditional choice of material. 

Economical approaches focus on connections between 

steel elements and concrete structures, with the fairly large 

construction tolerances for the latter creating signifi cant 

problems at the construction sites. Specifi cally, the connec-

tion details that are being developed provide for easy fab-

rication, quick and accurate erection in the structure, high 

load capacity, and suffi cient ductility. The primary focus is 

on methods that can be readily adopted by practicing engi-

neers. Two examples are shown in Figures 1 and 2, with steel 

addressing steelmaking by itself, it is essential to note the shift 

from basic oxygen furnaces (BOF) to electric arc furnaces 

(EAF) that has taken place in the United States over the past 

20 years. Specifi cally, all American structural shape produc-

ers now use EAF and ladle metallurgy technology, along with 

continuous casting, to give the most effi cient steel production 

in the world. In Europe and other areas of the world this is 

much less so, to the effect that BOF production is still used 

for approximately two-thirds of worldwide steel production. 

Considering energy consumption and CO2 emissions for 

BOF and EAF illustrates in part how far the industry has 

come. Based on data from the International Iron and Steel 

Institute (IISI), the energy consumption is reduced by 67% 

and the CO2 emissions are reduced by 82% when the change 

is made from BOF to EAF. Further, another European re-

search project is aiming at the development of steel produc-

tion with ultra-low CO2 emissions, with a reduction of 50% 

compared to the numbers of today.

The effi ciency of steel construction is a major advantage, 

in terms of signifi cantly reduced fabrication and construction 

time, construction site organization, high-quality workman-

ship, and reduced construction site waste. But the greatest 

advantages of steel for sustainability are the facts that 

1. Steel is 100% recyclable.

2. EAF-based products are based on steel scrap rather than 

iron ore and coke, hence reducing the environmental 

and natural resource impacts of steel construction.

3. Steel has a high strength-to-weight ratio, for high con-

struction effi ciency.

4. Steel frames are highly adaptable to changes in func-

tional requirements over the life span of the structure.

The current rating systems for steel structures, including the 

American-based LEED, all emphasize (1) materials and re-

sources (MR) and (2) innovation and design processes (ID). 

In these respects, the MR advantages of steel as outlined 

earlier are very clear. For ID, the ability of steel to adapt to a 

variety of uses, including changes that are needed during the 

life cycle of the structure are major advantages. So is the use 

of cold-formed elements and pre-engineered buildings, as 

well as composite construction and other systems that make 

the most effi cient use of different materials. And fi nally, the 

relative ease with which a steel structure can be taken down 

and the elements reused for other structures or simply re-

cycled is a plus that does not enter into most considerations 

at the pre-construction stage. 

In essence, therefore, the full sustainability capacity of 

structures can only be assessed realistically by considering 

the complete life cycle. As would be expected, the recom-

mendations of the researchers focus on the eminent perfor-

mance of steel in all elements of the life cycle analyses.
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beams attached to a concrete wall with simple and practical 

connections.

It is important and interesting to note that the European 

codes that address steel and concrete structures, EC3 and EC2, 

respectively, both have to accept the proposed solutions.

PERFORMANCE OF BRIDGE STRUCTURES

Size Effects in the Fatigue Behavior of Tubular Bridge 
Connections: This study is part of a major, long-term project 

that has been conducted at the Federal Institute of Technol-

ogy (EPFL) in Lausanne, Switzerland, with Professors Alain 

Nussbaumer and Manfred Hirt as the directors.

Bridges such as the one shown in Figure 3 have become very 

common in Europe. This has happened in spite of the complex 

tubular connections, diffi cult welding fabrication, and fatigue 

considerations in design that require extremely detailed evalu-

ations. But the elegance and simplicity of these solutions and 

the long-term successful construction and service record have 

made these structures into signature bridges.

One of the major considerations in the design of tubu-

lar bridges is the fatigue resistance and service life of the 

connections. Early studies found that connections for tubes 

with a larger wall thickness tended to fail earlier than small 

thickness members. This is referred to as the size effect, and 

a variety of solutions were developed over the years. Part 

of the problem was that very few studies of the size effect 

had actually been conducted. Even more troublesome is the 

fact that today’s projects have typically been based on ge-

ometries that are typical for offshore structure, since bridges 

utilize entirely different sizes and geometries. This is espe-

cially the case for the lower chords of the tubular trusses. 

Further, many current design recommendations are based on 

the stress at the weld toe of the failing member, the so-called 

hot-spot, a number of which are illustrated in Figure 4. The 

hot-spot approach tends to be very punitive for the thicker 

wall tubes that are used in bridges. Finally, designs based on 

static loads produce member sizes that are outside the range 

of the current design recommendations.

The primary aim of the EPFL research project was to es-

tablish the fatigue behavior of K-joints with circular hollow 

sections (CHS) (Costa Borges, 2008). Specifi cally, the in-

fl uences of the various geometric parameters on the fatigue 

strength had to be determined. To that end, a number of full-

scale tests were conducted where crack depths were moni-

tored and measured. An advanced three-dimensional crack 

propagation model was also developed to establish a broad 

base for the design criteria that would be forthcoming. The 

model was based on linear elastic fracture mechanics, using 

an incremental crack growth strategy.

Fig. 1. Steel beam connected to concrete wall 
with anchor plate and shear studs.

Fig. 2. Steel beam connected to concrete wall 
with anchor plate and shear tab.

Fig. 3. The Cas das Piedras Bridge in Portugal (photograph 
courtesy of Alain Nussbaumer).

Fig. 4. Defi nitions of hot-spot locations for a tubular connection 
(courtesy of Alain Nussbaumer).
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A full-blown parametric study was conducted, using 

typical bridge connection details and three basic load cases. 

Specifi cally, the connections had a low chord radius-to-wall 

thickness ratio. A geometry correction factor that is a func-

tion of the relative crack depth for such joints has been in-

troduced, whereby the absolute size of the connection is ac-

counted for. The absolute size of the joint is also known as the 

“size effect.” Finally, the researchers have shown that the size 

correction factors for the fatigue strength can be expressed as 

a function of the non-dimensional geometric parameters, the 

chord wall thickness, and the load cases that have been used.

A Methodology for an Integral Life Cycle Analysis of 
Bridges in View of Sustainability: This study is currently 

going on at the Institute for Sustainability and Innovation in 

Structural Engineering at the University of Coimbra in Coim-

bra, Portugal. The project director is Professor Luis da Silva.

The study was started relatively recently, following the 

project that addresses sustainability for building structures, 

as reported earlier in this paper. The procedures are similar 

insofar as the steel is concerned; extensive simulation stud-

ies will be conducted to assess life cycle considerations and 

the factors that are unique to bridge structures. These will 

include risk analyses.

Finally, two case studies will be done, focusing on a com-

posite highway bridge and a bridge with integral abutments.

Load Rating of Curved Composite Steel I-Girder Bridges 
through Load Testing with Heavy Trucks: This project 

has been conducted at the University of Minnesota, with 

fi nancial support provided by the Minnesota Department of 

Transportation and the Center for Transportation Studies. 

Professor Jerome F. Hajjar directed the project.

Load rating of bridges is a major and very important effort 

on the part of all U.S. states, and the procedures for such ratings 

have been developed by the American Association for State 

Highway and Transportation Offi cials (AASHTO, 2003). The 

ratings are used extensively by transportation offi cials and 

the trucking industry. Curved girders are particularly diffi cult 

to rate under the current provisions, since these are based on 

straight-line girder evaluations with a correction factor for 

the curvature as well as a reduction of the fl ange yield stress. 

Improved methods that are based on grillage analyses have 

been developed, and these are now being applied to curved 

girders. The purpose of the analyses and the heavy truck test-

ing of the project was to assess the accuracy of the grillage 

analysis and to develop rating procedure recommendations 

for these types of bridges (Krzmarzick and Hajjar, 2006).

Extensive parametric evaluations of a range of bridges 

and models were conducted, fi nding that the predicted bend-

ing stresses were very accurate, whereas warping normal 

stresses were less so, although still acceptable. The fi nal 

rating recommendations include how to take composite ac-

tion into account in the stiffness and stress computations, 

determining effective widths and modular ratios, and how to 

incorporate lateral bracing effects. Finally, work is continu-

ing to develop rating procedures that can be used with and 

without load testing.
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From Volume 86, Number 11, 3 June 2008 of The Structural 
Engineer published by The Institution of Structural Engi-

neers, London:

Refurbishment of St Pancras—Justifi cation of Cast Iron 
Columns
Ian Brooks, Alan Browne, David Gration and 

Andrew McNulty

This paper presents the results of an extensive programme of 

material and full-scale laboratory tests undertaken on exist-

ing cast iron columns from St Pancras Railway Station in 

London. The original station, which was constructed during 

the 1860s, has been upgraded to form the international ter-

minus for the Channel Tunnel Rail Link. The current use will 

impose greater vertical loads and horizontal displacements 

on the cast iron columns than they previously experienced. 

A preliminary assessment suggested that it would be prudent 

to undertake a program of tests to determine the material 

properties and understand the structural behavior under load 

with more confi dence. A total of fi ve columns were made 

available for full-scale testing to destruction; these were 

made redundant by the introduction of escalator slots and 

light wells. In addition, coupons were obtained from col-

umns for material tests. The coupon tests provided suffi cient 

information to determine a reliable materials model suitable 

for a nonlinear fi nite element analysis of the columns. The 

full-scale tests confi rmed that the presence of cast-in fea-

tures affects the overall structural behavior of the column. 

The results from the material and full-scale tests are com-

pared. It is concluded that there is consistency between the 

material and full-scale tests. Back analysis of the full-scale 

tests using the material model developed from the material 

tests confi rmed that the model is reliable for analysis in the 

permissible stress domain and gives reasonable assessments 

of the failure mode and load when lack-of-fi t conditions can 

be properly assessed. 

From Volume 134, Issue 7 of the Journal of Structural En-
gineering published by the American Society of Civil Engi-

neers:

Macromodel-Based Simulation of Progressive Collapse: 
Steel Frame Structures
Kapil Khandelwal, Sherif El-Tawil, Sashi K. Kunnath 

and H.S. Lew

Computationally effi cient macromodels are developed for 

investigating the progressive collapse resistance of seismi-

cally designed steel moment frame buildings. The developed 

models are calibrated using detailed fi nite-element models 

of beam-column subassemblages and account for the most 

important physical phenomena associated with progressive 

collapse. The models are utilized to compare the collapse re-

sistance of two-dimensional, 10-story steel moment frames 

designed for moderate and high seismic risk according to 

current design specifi cations and practices. The simulation 

results show that the frame designed for high seismic risk 

has somewhat better resistance to progressive collapse than 

the system designed for moderate seismic risk. The bet-

ter performance is attributed to layout and system strength 

rather than the infl uence of improved ductile detailing. The 

alternate path method is shown to be useful for judging the 

ability of a system to absorb the loss of a critical member. 

However, it is pointed out that the method does not provide 

information about the reserve capacity of the system and so 

its results should be carefully evaluated. 

Physical Theory Hysteretic Model for Steel Braces
Murat Dicleli and Ertugrul Emre Calik

This paper presents a simple yet effi cient physical theory 

model that can be used to simulate the inelastic cyclic axial 

force—axial deformation and axial force—transverse defor-

mation relationships of steel braces. The model consists of a 

brace idealized as a pin-ended member with a plastic hinge 

located at its midlength. Input parameters of the model are 

based only on the properties of the brace. The model com-

bines analytical formulations based on the nonlinear behavior 

of the brace with some semiempirical normalized formulas 

Suggested Readings from Other Publishers

The following abstracts summarize papers published by others on the subject of steel design and construction that may be of 
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developed on the basis of a study of available experimental 

data. The model realistically accounts for growth effect and 

degradation of buckling capacity due to Baushinger effects 

and residual kink present within the brace and it is broadly 

applicable to steel braces with various section types and slen-

derness ratios. It is observed that the analytically obtained 

axial force versus axial displacement as well as axial force 

versus transverse displacement hysteresis loops compare 

reasonably well with the experimental ones. 

Gusset Plate Connections to Circular Hollow Section 
Braces under Inelastic Cyclic Loading
Gilberto Martinez-Saucedo, Jeffrey A. Packer and 

Constantin Christopoulos  

Braces are commonly used to provide lateral stiffness and 

strength to steel-framed buildings subjected to wind or 

earthquake loading. Of the structural sections that can be 

employed as brace members, hollow structural sections rep-

resent a very good solution due to their excellent structural 

properties in compression. Nevertheless, their use has been 

hitherto compromised for seismic applications mainly due 

to a lack of simplifi ed connection details that avoid brittle 

failures. At present, slotted hollow structural section connec-

tions are popular in seismic zones, but the hollow section is 

typically reinforced with steel cover plates to increase the net 

area at the critical location to avoid premature fracture under 

tension loading cycles. This reinforcing practice can likely be 

avoided, for circular hollow sections, if both the tube and the 

plate are slotted in such a manner that the weld terminates at 

the tube gross cross section. The potential of this innovative 

detail is demonstrated by means of three large-scale speci-

men tests under pseudodynamic loading.

From Volume 134, Issue 8 of the Journal of Structural 
Engineering published by the American Society of Civil 

Engineers:

Cyclic Behavior of Steel Wide-Flange Columns 
Subjected to Large Drift
James D. Newell and Chia-Ming Uang

During an earthquake, steel braced-frame columns can be 

subjected to high axial forces combined with inelastic rota-

tion demand resulting from story drift. Cyclic testing of nine 

full-scale W14 column specimens representing a practical 

range of fl ange and web width-to-thickness ratios were sub-

jected to different levels of axial force demand (35, 55 and 

75% of nominal axial yield strength) combined with up to 

10% story drift. No global buckling was observed in all test 

specimens. Flange local buckling was the dominant buckling 

mode. Specimens achieved interstory drift capacities of 0.07 

to 0.09 rad. These large deformation capacities were, in part, 

achieved due to the delay in fl ange local buckling resulting 

from the stabilizing effect provided by the stocky column 

web of the W14 section specimens. Testing indicated that 

the ASCE 41 predicted plastic rotation capacities are very 

conservative. The ASCE 41 criteria do not specify plastic 

rotation capacity at axial load ratios greater than 0.5; how-

ever, tested specimens exhibited signifi cant plastic rotation 

capacities of approximately 15 to 25 times the member 

yield rotation. 

Low-Rise Steel Structures under Directional Winds: 
Mean Recurrence Interval of Failure
D. Duthinh, J.A. Main, A.P. Wright and E. Simiu

The Commentary to the American Society of Civil Engineers 

(ASCE) Standard 7-05 states that the nominal mean recur-

rence interval (MRI) of the wind speed inducing the design 

strength is about 500 years if the specifi ed load factor is 1.5, 

as in early versions of ASCE 7, and “somewhat higher than 

500 years” if the specifi ed load factor is 1.6, as in ASCE 7-05. 

However, the Commentary also states, “it is not likely that 

the 500-year event is the actual speed at which engineered 

structures are expected to fail, due to resistance factors in 

materials, due to conservative design procedures that do not 

always analyze all load capacity, and due to a lack of a pre-

cise defi nition of failure.” In this paper, we propose a work-

ing defi nition of failure for steel structures using nonlinear 

fi nite-element analysis, and we present a methodology for 

estimating the MRI of failure under wind loads that accounts 

in a detailed and rigorous manner for nonlinear structural 

behavior and for the directionality of the wind speeds and 

the aerodynamic effects. The methodology uses databases of 

wind tunnel pressure (database-assisted design), nonlinear 

fi nite-element analysis, and directional wind speeds from 

the National Institute of Standards and Technology (NIST) 

hurricane database augmented by statistical techniques. As a 

case study to illustrate the methodology, we consider a single 

frame of a steel industrial building. Under the assumption 

that uncertainties with respect to the parameters that deter-

mine the wind loading and to the material behavior are neg-

ligible, the minimum MRI of failure for the steel frame being 

investigated was found to be of the order of 100,000 years, 

which corresponds to a probability of 1/2,000 that the frame 

will fail during a 50-year lifetime. 
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Validation of Cyclic Void Growth Model for Fracture 
Initiation in Blunt Notch and Dogbone Steel Specimens
A.M. Kanvinde and G.G. Deierlein

Tests and fi nite-element analyses of blunt notch and dog-

bone specimens are presented to demonstrate the application 

and validation of the cyclic void growth model (CVGM) to 

evaluate the initiation of ductile fracture under cyclic load-

ing in steel structures. Modeling concepts and procedures 

for characterizing the CVGM material parameters using 

notched bar tests are described. Accuracy of the model is 

validated through a series of cyclic tests of 14 blunt notch 

compact fracture specimens and four dogbone specimens. 

Four types of moderate to high strength structural steels are 

investigated (two types of A572-Grade 50, A514-Grade 110, 

HPS70W). The test specimens refl ect stress and strain condi-

tions encountered in structural steel components and provide 

suffi ciently strong stress and strain gradients to validate the 

characteristic length assumptions in the model. Detailed 

fi nite-element analyses that employ the CVGM criterion 

are shown to predict fracture with good accuracy across the 

specimen geometries, steel types, and loading histories. 

From Volume 134, Issue 10 of the Journal of Structural 
Engineering published by the American Society of Civil 

Engineers:

Pushover Response of a Braced Frame with Suspended 
Zipper Struts
Chuang-Sheng Yang, Roberto T. Leon and 

Reginald DesRoches 

This paper presents the results from an experimental pushover 

test on a one-third-scale model of a special inverted-V-braced 

steel frame with zipper struts. Zipper elements are vertical 

elements added at the intersections of the braces above the 

fi rst fl oor and designed to carry upward the unbalanced loads 

resulting from buckling of the braces. As far as the writers 

know, this is the fi rst test on such a confi guration that has been 

suggested as an alternate to conventional braced frames in 

the American Institute of Steel Construction seismic specifi -

cation for many years. The model was pushed to a target roof 

drift ratio of +3.58%, which was achieved without strength 

degradation and followed a trilinear backbone curve. The 

load was then reversed until the bottom story brace in tension 

fractured at a drift of −0.78%. After this fracture, the frame 

still carried about 37% of the maximum base shear. The zip-

per elements demonstrated their ability to activate buckling 

in all stories except the top one, redistributing the loads in the 

structure and minimizing strength losses. Two-dimensional 

and one three-dimensional frame models were analyzed and 

found to reproduce satisfactorily the experimental results up 

to the beginning of tearing in the tension brace. 

Volume 134, Issue 9 of the Journal of Structural Engineer-
ing contains a Special Section on Behavior and Design of 

Steel I-Section Members. Also from Volume 134, Issue 9 

of the Journal of Structural Engineering published by the 

American Society of Civil Engineers:

Ductility and Energy Dissipation Capacity of Shear-
Dominated Steel Plate Walls
In-Rak Choi and Hong-Gun Park

An experimental study was performed to investigate the po-

tential maximum ductility and energy dissipation capacity of 

steel plate walls with thin infi ll plates. Three specimens of 

a three-story steel plate wall were tested. A concentrically 

braced frame (CBF) and a moment-resisting frame (MRF) 

were also tested for comparison. To maximize the ductility 

and energy dissipation capacity of the steel plate walls, duc-

tile details were used. The test parameters were the aspect 

ratio of the infi ll plate and the shear strength of the column. 

The steel plate walls exhibited much better ductility and en-

ergy dissipation capacity as compared to the CBF and MRF. 

This result indicates that unlike conventional reinforced 

concrete walls and CBFs, shear-dominated steel plate walls 

with thin infi ll plates possess excellent ductility capacity as 

well as high strength and stiffness. Based on the results of 

previous studies and the present study, the variations in the 

ductility and the energy dissipation capacity of the steel plate 

walls according to the design parameters were investigated. 

Direct Analysis and Design of Steel Frames Accounting 
for Partially Restrained Column Base Conditions
Murat Eröz, Donald W. White and Reginald DesRoches 

The 2005 AISC specifi cation provides a new method for 

stability design of steel frame structures termed the direct 

analysis method (DM). This paper addresses the consider-

ation of partial base fi xity using the DM. A refi ned model 

of the column base moment-rotation response is developed 

using an adaptation of the component method (CM) of Euro-

code 3 plus a representation of the foundation stiffness. The 

paper also summarizes and applies an extension of the DM 

for frames containing web-tapered members. An example 

clear-span gable frame is checked using several models of 

its nominally simple four-bolt base detail: ideally pinned, 

elastic based on G = 10 from the AISC sidesway-uninhibited 

alignment chart, and elastic-perfectly plastic using the CM. 

It is demonstrated that the member strength unity checks and 

the frame defl ections obtained by modeling of the column 

bases as elastic based on G = 10 are accurate to slightly op-

timistic compared to the refi ned base model. It is found that 

the contribution of the signifi cant initial stiffness of typical 

bases to the overall frame response is limited by the connec-

tion strength. 
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The last sentence under the heading, “RELATIONSHIP 

BETWEEN THE SPRING CONSTANT AND MINIMUM 

PLASTIC SECTION MODULUS OF RBS BEAMS” should 

read, “Note that ‘% fl ange reduction’ is equal to the total 

fl ange reduction, 2c/bf × 100.”

Reduced Beam Section Spring Constants

Paper by BART MORTENSEN, JANICE J. CHAMBERS and TONY C. BARTLEY 

(2nd Quarter, 2008)

ERRATA

Design Aid for Triangular Bracket Plates 
Using AISC Specifi cations

Paper by SHILAK SHAKYA and SRIRAMULU VINNAKOTA 

(3rd Quarter, 2008)

On page 189, the heading for Table 1 should read, “Values of 

t*/b for a/b equal to.”

On page 189, the last sentence in the paragraph following 

Equation 12 should read, “The location of this boundary 

denoted by z1 (measured from the inside 90° corner) can be 

determined from Equations 11 and 12 by setting λcz equal to 

1.5 and is given here:”

On page 189, Equation 15 should be replaced with

t
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