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505444: TIMBER AND STEEL DESIGN



DESIGN OF BEAM-COLUMN MEMBER (BENDING AND AXIAL FORCE)



JARUN SRECHAI, Ph.D Department of Civil Engineering Faculty of Engineering Burapha University



COMPRESSION MEMBERS Limiting ⎡ ⎤ Fcr = ⎢0.658 F ⎥ Fy ⎣ ⎦



KL / r = 4.71



E Fy
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Fcr = 0.877 Fe
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Experimental Data
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FLEXURAL MEMBERS



(a)



•YIELDING •FLEXURE AND SHEAR •LATERAL-TORSIONAL BUCKLING •LOCAL BUCKLING •FLANGE •WEB •WEB BUCKLING AND CRIPPLING •SERVICEABILITY •DEFLECTION •VIBRATION



Mu ≤ φMn



M



(b)



M M



M



M



M



Vu ≤ φVn



BEAM STRENGTH CURVE Mn Plastic Zone Inelastic Zone



Mp



Elastic Zone



Lp



Lr



Unbraced Length (Lb)
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BASIC INTERACTION EQUATION REQUIRED STRENGTH ≤ CAPACITY PURE BENDING



PURE AXIAL



Mr ≤ Mc



Pr ≤ P c



Mr



Pr ≤1 Pc



Mc



≤1



COMBINED AXIAL-BENDING



Pr Pc



1.0



Pr M r + ≤1 Pc M c



Pr M r + ≤1 Pc M c



1.0



Mr Mc



AISC2010 INTERACTION EQUATION For



Pr ≥ 0.2 Pc Pr 8 ⎛⎜ M rx M ry ⎞⎟ + + ≤ 1.0 Pc 9 ⎜⎝ M cx M cy ⎟⎠



and for



(AISC Eq. H1 − 1a)



Pr < 0.2 Pc Pr ⎛⎜ M rx M ry ⎞⎟ + + ≤ 1.0 2 Pc ⎜⎝ M cx M cy ⎟⎠



(AISC Eq. H1 − 1b)



where Pr = required axial strength using LRFD load combinations Pc = available axial strength Mr = required flexural strength using LRFD load combinations Mc = available flexural strength x = subscript relating symbol to strong axis bending y = subscript relating symbol to weak axis bending
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AISC2010 INTERACTION EQUATION For



Pr ≥ 0 .2 Pc Pr 8 ⎛⎜ M rx M ry + + Pc 9 ⎜⎝ M cx M cy



and for



⎞ ⎟ ≤ 1.0 ⎟ ⎠



(AISC Eq. H1 − 1a)



Pr < 0 .2 Pc Pr ⎛⎜ M rx M ry + + 2 Pc ⎜⎝ M cx M cy



⎞ ⎟ ≤ 1.0 ⎟ ⎠



(AISC Eq. H1 − 1b)



Pr Pc



1.0



AISC Eq. H1-1a



AISC Eq. H1-1b 0.2 0.0



1.0



Mr Mc



AISC2010 INTERACTION EQUATION FOR DESIGN ACCORDING TO SECTION B3.3 (LRFD): • Pr = required axial strength using LRFD load combinations • Pc = • • • •



φcPn = design axial strength, determined in



accordance with Chapter E, Mr = required flexural strength using LRFD load combinations Mc = φbMn = design flexural strength determined in accordance with Chapter F, φc = resistance factor for compression = 0.90 φb = resistance factor for flexure = 0.90
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BEAM-COLUMN MEMBERS



M1



M2 P



P P M1 M2



= Axial Force = Smaller End Moment = Larger End Moment



KEY IDEA “For Beam-Column Members, The Design Moments Must Include Second Order Effect”



FIRST-ORDER ANALYSIS ™ The most important assumption in 1st order analysis is that FORCE EQUILIBRIUM is established in the UNDEFORMED state. ™ All the analysis techniques taught in undergraduate courses are first-order. ™ These analysis techniques assume that the deformation of the member has NO INFLUENCE on the internal forces (P, V, M etc.) calculated by the analysis. ™ This is a significant assumption that DOES NOT work when the applied axial forces are HIGH.
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FIRST-ORDER ANALYSIS RESULTS FROM A 1ST ORDER ANALYSIS



P



M1



V1



M(x) Nx



X



P



M2



M1



Vx



V1



P



-V1



Free Body Diagram M2



M1



IN UNDEFORMED STATE



Bending Moment diagram



M(x) = M1+V1X



HAS NO INFLUENCE OF DEFORMATIONS OR AXIAL FORCES



SECOND-ORDER ANALYSIS 2ND ORDER EFFECTS P



M1



V1



M(x) X



yx



P



M2



M1



Vx



V1



P



-V1



Free Body Diagram



IN UNDEFORMED STATE M(x) = M1+V1X+ Pyx



M2



M1 Bending Moment diagram



INCLUDES EFFECTS OF DEFORMATIONS & AXIAL FORCES
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SECOND-ORDER ANALYSIS In AISC the terms Mr is used to refer to the “Required Strength” or “Demand Moment” due to the Loads which includes all the second order effects



Δ



P



P



δ



There are two kinds of P-Delta Effects, P-Δ and P-δ



SECOND-ORDER ANALYSIS P-Δ AND P-δ • To analyze structural stability, AISC-2010



specification states that two methods of second-order analysis are permitted. • Direct Second-Order Analysis • Approximate Second-Oder Analysis (B1 and B2



Method) a procedure to account for second-order effects in structures by amplifying the required strengths indicated by a first-order analysis.
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SECOND-ORDER ANALYSIS P-Δ AND P-δ APPROXIMATE SECOND-ODER ANALYSIS (B1, B2 METHOD) The required second-order flexural strength, Mr, and axial strength, Pr, of all members shall be determined as follows:



M r = B1M nt + B2 M lt



(AISC A - 8 - 1)



Pr = Pnt + B2 Plt



(AISC A - 8 - 1)



APPROXIMATE SECOND-ORDER ANALYSIS where B1 = multiplier to account for P-δ effects B2 = multiplier to account for P-∆ effects Mlt = first-order moment using LRFD load combinations, due to lateral translation of the structure only Mnt = first-order moment using LRFD load combinations, with the structure restrained against lateral translation Plt = first-order axial force using LRFD load combinations, due to lateral translation of the structure only Pnt = first-order axial force using LRFD load combinations, with the structure restrained against lateral translation
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APPROXIMATE SECOND-ORDER ANALYSIS Pu



Pu



Hu



Pu



Pu R



Hu



Mu1



R Mlt1



Mnt1 Mu2



Mlt2



Mnt2



Moment with No Translation



Moment with Sway



In many cases, the sway under gravity loads (DL and LL) is small and the moments caused by the gravity loads can be assumed to be the Mnt.



APPROXIMATE SECOND-ORDER ANALYSIS Pu



Pu



Pu



Pu



Δ



Hu



Hu δ



Mu



Mnt



Pu



Mlt



Pu R



R



Δ



δ



Mu



Mnt



Mlt
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APPROXIMATE SECOND-ORDER ANALYSIS Multiplier B1 for P-δ Effects The B1 multiplier for each member subject to compression and each direction of bending of the member is calculated as follows:



B1=



Cm ≥1 αPr 1− Pe1



(AISC A - 8 - 3)



Where



α



Cm



= 1.00 for LRFD design method = coefficient assuming no lateral translation of the frame



APPROXIMATE SECOND-ODER ANALYSIS Cm - Coefficient assuming no lateral translation of the frame determined as follows: (a) For beam-columns not subject to transverse loading between supports in the plane of bending



Cm = 0.6 − 0.4( M 1 / M 2 )



(AISC A - 8 - 4)



where M1 and M2, calculated from a first-order analysis, are the smaller and larger moments, respectively, at the ends of that portion of the member unbraced in the plane of bending under consideration. M1/M2 is positive when the member is bent in reverse curvature, negative when bent in single curvature. Mmax > M2 M2 M1 Lb



Cm



Mmax Meq



Meq



Lb
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APPROXIMATE SECOND-ODER ANALYSIS (b) For beam-columns subject to transverse loading between supports, the value of Cm shall be determined either by analysis or conservatively taken as 1.0 for all cases.



Cm = 1.0



P



for all cases M2



M1



P



Case (a) W P



Transverse Loading



P



Case (b)



APPROXIMATE SECOND-ODER ANALYSIS Pe1 = elastic critical buckling strength of the member in the plane of bending, calculated based on the assumption of no lateral translation at the member ends



P e1=



π 2 EI ∗ ( K1L) 2



(AISC A - 8 - 5)



where EI* = flexural rigidity required to be used in the analysis (= 0.8τbEI when used in the direct analysis method = EI for the effective length and first-order analysis methods) E = modulus of elasticity of steel I = moment of inertia in the plane of bending L = length of member K1 = effective length factor in the plane of bending, calculated based on the assumption of no lateral translation at the member ends, set equal to 1.0 unless analysis justifies a smaller value



It is permitted to use the first-order estimate of Pr (i.e., Pr = Pnt + Plt) in Equation A-8-3.
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When τb is as defined in Chapter C (Design of Compression Member)



α



Pr ≤ 0.5 → τ b = 1.0 Py



α



⎛ P ⎞⎛ ⎛ P ⎞⎞ Pr > 0.5 → τ b = 4 ⎜ α r ⎟ ⎜1 − ⎜ α r ⎟ ⎟ ⎜ Py ⎟ ⎜ ⎜ Py ⎟ ⎟ Py ⎝ ⎠⎝ ⎝ ⎠⎠



APPROXIMATE SECOND-ORDER ANALYSIS Multiplier B2 for P-Δ Effects The B2 multiplier for each story and each direction of lateral translation is calculated as follows:



B2=



1



1−



αPstory



≥1



(AISC A - 8 - 6)



Pe story



Where



α



Pstory



= 1.00 for LRFD design method = total vertical load supported by the story using LRFD load combinations, as applicable, including loads in columns that are not part of the lateral force resisting system



Pe story = elastic critical buckling strength for the story in the direction of translation being considered, determined by sidesway buckling analysis or as:
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Pe storry = ∑



π 2 EI



( K 2 L) 2 HL P e story = RM ΔH



or (AISC A - 8 - 7)



where



RM = 1 - 0.15 (Pmf /Pstory) L



(AISC A-8-8)



= height of story, in. (mm)



Pmf = total vertical load in columns in the story that are part of moment frames, if any, in the direction of translation being considered (= 0 for braced framesystems) ∆H = first-order inter-story drift, in the direction of translation being considered, due to lateral forces, computed using the stiffness required to be used in the analysis (stiffness reduced when the direct analysis method is used). Where ∆H varies over the plan area of the structure, it shall be the average drift weighted in proportion to vertical load or, alternatively, the maximum drift. H = story shear, in the direction of translation being considered, produced by the lateral forces used to compute ∆H



Elastic critical buckling strength for the story in the direction of translation



P e story = RM



HL ΔH



ΔH P



(AISC A - 8 - 7) P



H L
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Design for Stability The two methods covered are the effective length method and the direct analysis method. Effective Length Method Limitations The use of the effective length method shall be limited to the following conditions: (1) The structure supports gravity loads primarily through nominally vertical columns, walls or frames. (2) The ratio of maximum second-order drift to maximum first order drift (determined for LRFD load combinations) in all stories is equal to or less than 1.5. (B2 ≤ 1.5)



The following steps describe the Effective Length Method: 1) Use the nominal geometry and member properties for the second-order analysis (EI, EA, and etc.). 2) Performed second-order analysis for each of load cases. 3) Apply Ni as a minimum lateral load in all gravity-only load combinations (Ni = 0.002Yi, Yi = gravity load at level i from the LRFD load combination) 4) All load combinations must be subjected to the second-order analysis (using any method that properly considers both P-Δ and P-δ effects) 5) For all beam-columns in moment frames apply the interaction Formulas H1-1a or H1-1b.
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The effective length factor, K, of members subject to compression shall be taken as specified in (a) or (b), below, as applicable. (a) In braced frame systems, shear wall systems, and other structural systems where lateral stability and resistance to lateral loads does not rely on the flexural stiffness of columns, the effective length factor, K, of members subject to compression shall be taken as 1.0, unless rational analysis indicates that a lower value is appropriate. (b) In moment frame systems and other structural systems in which the flexural stiffnesses of columns are considered to contribute to lateral stability and resistance to lateral loads, the effective length factor, K, or elastic critical buckling stress, Fe, of those columns whose flexural stiffnesses are considered to contribute to lateral stability and resistance to lateral loads shall be determined from a sidesway buckling analysis of the structure; K shall be taken as 1.0 for columns whose flexural stiffnesses are not considered to contribute to lateral stability and resistance to lateral loads.



Direct Analysis Method The following steps describe the Effective Length Method: 1) Use reduced member properties EI* = 0.8τbEI and EA* = 0.8EA for all member participating in the lateral load resistance of the frame. 2) Apply the yielding reduction factor τb. In lieu of applying τb < 1.0, it is permissible to increase the notional load Ni by 0.001Yi. 3) Determine the notional load to be applied to each level and perform a second-order analysis including the effects of all other lateral loads and all gravity loads stabilized by the structure. 4) Notional loads are applied as Ni = 0.002Yi (Yi = gravity load at level i from the LRFD load combination) 5) Apply Ni as a minimum load in all gravity-only load combinations when B2 ≤ 1.5 6) The effective length factor, K, of all members shall be taken as 1.0 unless a smaller value can be justified by rational analysis for determining member nominal strength.
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EXAMPLE: Investigate the acceptability of a W16 x 67 used as a beamcolumn in a braced frame under the loading shown in the figure. The steel is A572 Grade 60 P



M



M



Service Loads Mx



15 ft



P = 87.5 kips dead load = 262.5 kips live load M = 15 kips-ft dead load = 45 kips-ft live load



BMD P Column orientation



SOLUTION: (a) Factored loads = 1.2(87.5) + 1.6(262.5) = 525 kips Pnt = Pnt Pu Mnt = 1.2(15) + 1.6(45) = 90 kips-ft = B1Mnt Mu (b) Column effect. Calculate the slenderness ratio KL/r the largest KL/r = KL/ry = (1 x 15 x 12)/2.46 = 73 ⎛ ⎞ KL E 29000 = 73 ≤ ⎜ 4.71 = 4.71 = 104 ⎟ ⎜ ⎟ r Fy 60 ⎝ ⎠ Inelastic buckling



Fe =



π 2E ( KL / r ) ⎡



2



=



π 2 (29000) (73) 2



= 53.4 ksi



60 ⎤ ⎡ 53.4 ⎤ (60) = 33.7 ksi ⎥ Fy = 0.90 ⎣⎢0.658 ⎦⎥ ⎣ ⎦ φc Pn = φc Fcr Ag = 33.7(19.7) = 664 kips



φc Fcr = φc ⎢0.658



Fy



Fe
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Check Pu / φc Pn ≥ 0.2 Pu



=



φc Pn



525 = 0.79 > 0.2 664



use Eq. H1-1a



Note that for the web λ = h/tw = 35.9, which exceeds the λr limit, However, in this case Q factor of 1.00 was achieved.



(c) Beam effect. The laterally unbraced length Lb is 15 ft. 60(130) = 650 kips-ft 12 0.7(60)(117) M r = 0.7 Fy S x = = 410 kips-ft 12 L p = 7.9 ft M p = Fy Z x =



Lr = 35



ft



Thus, Lp < Lb < Lr



Check Compact Section bf 2t f



=



10.235 = 7.7 < λ p = 8.4 from Table B4.1b 2(0.665)



h = 35.9 < λ p = 83 from Table B4.1b tw



The section is “compact” ⎡ ⎛ L − Lp ⎞ ⎤ M p = Cb ⎢ M p − ( M p − 0.7 Fy S x ) ⎜ b ⎟ ⎥ ≤ M p in this case Cb = 1.67 ⎢⎣ ⎝ Lr − L p ⎠ ⎥⎦ ⎡ ⎛ 15 − 7.9 ⎞ ⎤ M p = 1.67 ⎢650 − (650 − 410) ⎜ ⎟ = 980 ≤ 650 ⎝ 35 − 7.9 ⎠ ⎥⎦ ⎣ Thus, M n = 650 kips-ft



(d) Moment Magnification. The slenderness ratio KL/r involved in moment magnification must relate to the axis of bending, in this case the x-axis.
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Axis of bending KL/r



KL 1.0(15)12 = = 25.9 rx 6.96 Cm = 0.6 − 0.4( M 1 / M 2 ) = 0.6 − 0.4(0 / 90) = 0.6 Pe1 = B 1=



π 2 EAg ( KL / rx )



2



=



π 2 (29000)19.7 (25.9) 2



= 8430 kips



Cm ≥ 1.0 P 1− r Pe1



0.6 = 0.64 < 1.0 so, B1 = 1.0 525 1− 8430 M r = B1M nt = (1.0) M nt B 1=



(e) Check AISC interaction formula (H1-1a) Pr 8 ⎛ M rx ⎞ + ⎜ ≤ 1.0 φc Pn 9 ⎝ φb M nx ⎟⎠



525 8 ⎛ 90 ⎞ + ⎜ = 0.928 ≤ 1.0 0.9(737) 9 ⎝ 0.9(650) ⎟⎠



OK
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design of beam-column member






Mr = required flexural strength using LRFD load combinations. Mc = available .... EI* = flexural rigidity required to be used in the analysis (= 0.8Ï„bEI when used in. 
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