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CIE 428 Module E Instructor: Andrew Whittaker
 8/21/2002 11:04 AM 1
 MODULE E: BEAM-COLUMNS
 This module of CIE 428 covers the following subjects
 P-M interaction formulas
 Moment amplification
 Web local buckling
 Braced and unbraced frames
 Members in braced frames
 Members in unbraced frames
 Design of beam columns
 Design of components of trusses
 READING: Chapter 6 of Segui
 AISC LRFD Manual of Steel Construction, 3rd Ed.
 INTRODUCTION
 Flexural members or beams were defined as components that support transverse loads and little axial load. Such members were discussed in the previous module. Members that support both transverse and axial loads are termed beam-columns and are discussed in this module.
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 Consider the figure below from Segui. Shown in the figure are beams, columns, and braces.
 Identify the beam-columns in this frame.
 The last section of Module D introduced biaxial bending in beams and included a formula for strength checking that considered small values of axial load only. Chapter H of the LRFD Specification writes equations for combined axial load and bending moments, namely,
 ( ) 1.0 for 0.22
 uyu ux u
 n b nx b ny n
 MP M PP M M Pφ φ φ φ
 + + ≤ <
 and
 8 ( ) 1.0 for 0.29
 uyu ux u
 n b nx b ny n
 MP M PP M M Pφ φ φ φ
 + + ≤ ≥
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 where all terms were defined in the last section of Module D. Note that the boxed equation is consistent with the strategy of summing the independent demand-capacity ratios; that the axial load effect is reduced (by a factor of 2) when the axial loads are small; and that the bending term is reduced if the axial load is large. The example below from Segui illustrates this calculation.
 What are the steps involved in solving this problem? Put aside the issue of moment amplification at this time.
 1. Calculate the axial compressive design strength.
 a. What is the effective length of the column?
 2. Calculate the moment diagram for the factored loads.
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 3. Calculate the value of b nxMφ for bC = 1 from the beam design charts described in the last module.
 4. Calculate the value of bC for the condition above, and increase the value of step 2 recognizing that b nx b pM Mφ φ≤ .
 5. Substitute values into the appropriate equation (small or large axial load) and compare the result with unity.
 MOMENT AMPLIFICATION
 The presence of substantial axial loads in flexural members causes secondary moments that must be considered in design. This is illustrated in the figure below from Segui.
 At point O in the figure, the total moment is caused by the transverse load w and the axial load P operating through a lateral displacement y. The secondary moment, Py, is largest where the
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 lateral deflection is largest, namely, at the centerline of the beam-column. At this location the total moment is
 2
 8wl Pδ+
 Because the total deflection cannot be found directly, this problem is nonlinear.
 Standard structural analysis methods do not take the displaced geometry into account and are termed first-order methods. Iterative numerical techniques can account for displaced geometry by incrementally applying the transverse and axial loads and re-formulating the stiffness matrix at each time step. These methods, often termed second-order methods, can find the deflections and secondary moments, but are usually implemented in a computer program.
 Current design codes, including the LRFD Specification, permit the use of second-order analysis or the moment-amplification method. The moment-amplification method is described below by reference to the figure below that is reproduced from Segui.
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 In this figure, the initial crookedness, with maximum magnitude e, is described with a trigonometric function:
 0 sin xy eL
 π=
 From before, the relationship between the deflected shape and the moment can be written as
 2
 2d y M
 EIdx= −
 In this instance, the bending moment is caused by the eccentricity of the applied load with respect to the axis of the member, namely
 0( )uM P y y= +
 Substituting this into the above second-order differential equation:
 2
 2 ( sin )u uP Pd y xy eEI EI Ldx
 π+ = −
 This is a second-order, non-homogeneous ODE, requiring two boundary conditions for a solution.
 What are the BCs?
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 The solution to this ODE is
 2
 2
 sin ( )sin ( )sin1
 u
 euu
 P ex x e xEIy B PL L LP
 PEI L
 π π ππ
 −= = =
 −−
 where
 2
 2eEIP
 Lπ=
 Accordingly, at midspan where / 2x L= ,
 max / 2( )
 [ ]( / 1)
 1 1[ ] [ ]1 ( / ) 1 ( / )
 u o x L
 ue u
 u ou e u e
 M P y yeP e
 P P
 P e MP P P P
 == +
 = +−
 = =− −
 where oM is the unamplified maximum moment that was assumed here to result from initial crookedness, but in general can result from transverse loads of end moments. The moment amplification factor is given by the term in parentheses above [.], namely
 11 ( / )u eP P−
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 WEB LOCAL BUCKLING IN BEAM-COLUMNS
 The calculation of design strength requires a check for section compactness. The webs of all shapes tabulated in the Manual are compact if the axial load is zero. In the presence of axial load, the web may not be compact. Using / wh tλ = as the compactness measure:
 If pλ λ≤ , the shape is compact
 If p rλ λ λ< ≤ , the shape is noncompact
 If rλ λ> , the shape is slender
 Table B5.1 of the LRFD Specification sets the following limits:
 For 0.125u
 b y
 PPφ
 ≤
 2.753.76 (1 )u
 py b y
 PEF P
 λφ
 = −
 For 0.125u
 b y
 PPφ
 >
 1.12 (2.33 ) 1.49up
 y b y y
 PE EF P F
 λφ
 = − ≥
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 For any value of u
 b y
 PPφ
 0.745.70 (1 )u
 ry b y
 PEF P
 λφ
 = −
 The check for web compactness is illustrated below with an example from Segui.
 BRACED AND UNBRACED FRAMES
 The LRFD Specification covers moment amplification in Chapter C, as described in the previous module. Two amplification factors are used:
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 One to account for amplification due to member deflection
 One to account for the effect of sway when the member is part of an unbraced frame
 These two sources of amplification are shown in the figure below from Segui.
 In part a of this figure, the column is braced against sidesway and the maximum secondary moment is Pδ , which is added to the maximum moment within the member. If the frame is unbraced as shown in part b of the figure, there is an additional component dues to sidesway with a maximum value of P∆ , which represents an amplification of the end moment.
 The LRFD Specification accounts for these two amplifying effects using two factors, 1B and 2B , respectively. The amplified moment used in design is computed using the factored loads and moments
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 as follows and the amplified moment must be calculated along each axis, independently.
 1 2u nt ltM B M B M= +
 where
 ntM = Maximum moment assuming that no sidesway occurs (nt = no translation), whether the frame is braced or not.
 ltM = Maximum moment caused by sidesway (lt = lateral translation) from any source. Equals 0 if the frame is braced.
 1B = Amplification factor for the moments in a member when it is braced against sidesway
 2B = Amplification factor for the moments resulting from sidesway
 MEMBERS IN BRACED FRAMES
 The amplification factor derived previously was for a member braced against sidesway. The figure below from Segui shows such a member with end moments that produce single-curvature bending.
 Moment amplification is maximized at the center of the column where the deflection is maximized.
 For equal end moments, the moment is constant over the height of the column and the maximum primary moment and maximum amplified moment occur at the same location.
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 For unequal end moments that produce single-curvature bending, the maximum primary moment and maximum amplified moment occur at similar locations.
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 If the end moments produce reverse-curvature bending as shown in the figure above, the maximum primary moment is at one of the ends and the maximum moment amplification occurs elsewhere.
 Depending on the value of the applied load, the amplified moment can be larger (or smaller) than the end moment.
 The maximum moment in a beam-column thus depends on the bending moment distribution in the member. The distribution of moment is accounted for using the factor mC . Note that amplified moment derived earlier was for the worst case and so 1mC ≤ . The amplification factor 1B is given as
 1
 1
 11 ( )
 m
 u
 e
 CB PP
 = ≥−
 where
 2
 1 2 2( / )g y g
 ec
 A F EAP
 KL r
 πλ
 = =
 The calculation of 1eP above makes use of the slenderness ratio for the axis of bending under consideration and an effective length factor of less than of equal to 1.0 (because the frame is braced).
 The factor mC applies only to the braced condition. Two load cases are identified in the LRFD Specification, (1) no transverse loads applied between the ends, and (2) transverse loads applied between

Page 14
                        

CIE 428 Module E Instructor: Andrew Whittaker
 8/21/2002 11:04 AM 14
 the ends. These cases are illustrated below in the figure from Segui.
 For case 1 (no transverse loads), the LRFD Specification writes (Equation C1-3) that
 1
 20.6 0.4( )m
 MCM
 = −
 where 1 2/M M is the ratio of the end moments, where 1M is the smaller moment in absolute value. The ratio is positive for members in reverse curvature and negative for single curvature. See the figure below from Segui for more information.
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 For case 2 (transverse loads), mC is taken as 0.85 if the ends are restrained against rotation and 1.0 if the ends are pinned (the basis of the derivation presented earlier).
 The example below from Segui illustrates the calculation process.

Page 16
                        

CIE 428 Module E Instructor: Andrew Whittaker
 8/21/2002 11:04 AM 16

Page 17
                        

CIE 428 Module E Instructor: Andrew Whittaker
 8/21/2002 11:04 AM 17
 MEMBERS IN UNBRACED FRAMES
 In a beam-column member that is free to sidesway such as column AB in the figure below from Segui, the maximum primary moment is almost always at one end. As shown earlier, the maximum secondary moment is always at one end. As such, the primary and secondary moments are usually additive and there is no need for the factor mC (=1.0). This is illustrated in the figure below in which the primary moments 0M are added to the secondary moment uP ∆ to calculate the maximum moment.
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 The LRFD Specification provides two equations (C1-4 and C1-5) for calculating the amplification factor for sidesway, 2B . Either can be used and both give similar results.
 21
 1 ( )ohu
 BP
 HL
 = ∆−∑∑
 or
 22
 11 ( / )u e
 BP P
 =− ∑ ∑
 where
 uP∑ = Sum of factored axial loads on all columns in the story under consideration
 oh∆ = Drift of the story under consideration
 H∑ = Sum of the lateral forces causing the drift oh∆
 L = Story height
 2eP∑ =
 Sum of the Euler loads for all columns in the story. Compute values for each column using KL/r for the axis of bending and a value of K corresponding to the unbraced condition
 Note that the axial load summations above, uP∑ and 2eP∑ , apply to all columns in the story under consideration because sidesway will affect all columns in a story rather than just one or two. Note also that because oh∆ is caused by H∑ , either factored or unfactored loads can be used for the calculation.
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 The presentation above has described the calculation of amplification factors 1B and 2B . How are these used in conjunction with ntM and ltM if these moments act at different points in the member?
 Use maximum values; result will be conservative
 The figure below from Segui further illustrates the above process with a focus on column AB.
 Part a of the figure shows an unbraced frame subjected to both gravity and lateral loads. The moment ntM in AB is computed using only gravity loads.
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 Because the frame is symmetric, no bracing is needed to prevent sway
 The moment is amplified by 1B to account for the Pδ effect
 The moment ltM (moment corresponding to the sway due to H) is amplified by 2B to account for the P∆ effect.
 Part b of the figure shows an unbraced frame that supports an eccentric gravity load, which produces a small amount of sway. The moment ntM in AB is computed by considering the frame to be braced as shown. The restraint forces (AJR in the figure) are calculated and then imposed on the frame (in the absence of the applied loads) as shown to calculate the sway moment ltM .
 The above procedure is best understood through an example. Below is the example from Segui that clearly illustrates the concepts presented above.
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 DESIGN OF BEAM-COLUMNS
 Design of braced beam-columns
 Part 6 of the LRFD Specification provides selection tables for beam-columns that serve to truncate or eliminate the iterative process that is needed to design steel beam-columns. The essence of the method is to convert the bending moments to an equivalent axial load.
 Consider Equation H1-1a that was presented earlier in this module for columns under high axial load and bending:
 8 ( ) 19
 uyu ux
 c n b nx b ny
 MP MP M Mφ φ φ
 + + ≤
 This equation can be re-written as
 1u ux uybP mM nM+ + ≤
 where
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 11 (kips)c n
 bPφ
 −=
 18 (kip-ft)9 b nx
 mMφ
 −=
 18 (kip-ft)9 b ny
 nMφ
 −=
 Table 6-2 of the Specification can be used to determine the adequacy of Grade 50 W-shapes. A sample page is shown below.
 Values of b, m, and n are listed for all shapes as a function of effective length
 The proper value of b is selected for the larger of the unbraced length for compression buckling about the Y-Y axis ( )yKL and the unbraced length for compression buckling about the X-X axis ( )xKL or ( )y eqKL .
 The proper value of m is selected for the unbraced length bL less than or equal to rL . Because unbraced length is not a factor in weak-axis bending, a single value of n applies for any given W-shape.
 Values of b, m, and n are applied as follows.
 For 0.2u
 c n
 PPφ
 ≥
 1u ux uybP mM nM+ + ≤
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 For 0.2u
 c n
 PPφ
 <
 90.5 ( ) 18u ux uybP mM nM+ + ≤
 The example below from the LRFD Specification illustrates the use of this preliminary design method. Note that a formal check is still required.
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 Design of unbraced beam-columns
 A preliminary design method for beam-columns in braced frames was presented above. In this method, 1B was set equal to 1.0. (The formal check could use an updated value for 1B based on the trial size.)
 For beam-columns in frames subjected to sidesway, the amplification factor 2B is based on several quantities (e.g., oh∆ ,
 2eP∑ ) that may not be known until all the columns are sized. Approximate solutions are needed for preliminary design. Segui presents two approaches:
 1. Assume 2B = 1.0 and select a trial shape. Using the shape compute 2B by assuming that 2/u eP P∑ ∑ is the same as
 2/u eP P for the member under consideration.
 2. Use the limiting drift index ( max / L∆ ) to establish oh∆ to determine a final value of 2B at the outset of the design.
 The procedure is illustrated below using an example from Segui. The figure below shows a single-story frame subjected to dead load, roof live load, and wind. The service gravity loads are shown in Figure 6.18a and the service wind load is shown in part b of that figure. Use A572 Grade 50 steel.
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 Below are other examples of beam-column design from the LRFD Specification.
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 Notes:
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 DESIGN OF COMPONENTS OF TRUSSES
 The top chords of trusses must often support a combination of
 Axial loads due to truss action
 Transverse loads due to roof purlins, gravity framing, etc
 The figure below from Segui shows a sample truss subjected to axial and bending forces. The truss shown in this figure will generally be constructed with continuous top and bottom chords. Such a truss can be analyzed exactly using a direct stiffness formulation that requires the use of a computer.
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 An approximate procedure that achieves similar results is as follows:
 1. Consider each top chord member to be a fixed end beam. Use the fixed end moment as the maximum moment in that member.
 2. Add the reactions from the fixed-end beam to the loads at the panel points.
 3. Analyze the truss (assuming pin-ended chord members) to establish the maximum axial forces.
 Use the axial forces from 3. for the design of the truss web members and the truss bottom chord (assuming no transverse loads on the bottom chord).
 Use the axial forces from 3. and the bending moments from 1. to design the members in the top chord of the truss.
 -END OF MODULE-
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