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Chapter 48: Design of Steel Structures
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48.1 Materials Stress–Strain Behavior of Structural Steel Structural steel is a construction material that possesses attributes such as strength, stiffness, toughness, and ductility that are desirable in modern constructions. Strength is the ability of a material to resist stresses. It is measured in terms of the material’s yield strength Fy and ultimate or tensile strength Fu . Steel used in ordinary constructions normally has values of Fy and Fu that range from 36 to 50 ksi (248 to 345 MPa) and from 58 to 70 ksi (400 to 483 MPa), respectively, although higher strength steels are becoming more common. Stiffness is the ability of a material to resist deformation. It is measured in terms of the modulus of elasticity E and the modulus of rigidity G. With reference to Fig. 48.1, in which several uniaxial engi- FIGURE 48.1 Uniaxial stress–strain behavneering stress–strain curves obtained from coupon tests for ior of steel. various grades of steels are shown, it is seen that the modulus of elasticity E does not vary appreciably for the different steel grades. Therefore, a value of 29,000 ksi (200 GPa) is often used for design. Toughness is the ability of a material to absorb energy before failure. It is measured as the area under the material’s stress–strain curve. As shown in Fig. 48.1, most (especially the lower grade) steels possess high toughness that make them suitable for both static and seismic applications. Ductility is the ability of a material to undergo large inelastic (or plastic) deformation before failure. It is measured in terms of percent elongation or percent reduction in the area of the specimen tested in uniaxial tension. For steel, percent elongation ranges from around 10 to 40 for a 2-in. (5-cm)-gauge-length specimen. Ductility generally decreases with increasing steel strength. Ductility is a very important attribute of steel. The ability of structural steel to deform considerably before failure by fracture allows an indeterminate structure to undergo stress redistribution. Ductility also enhances the energy absorption characteristic of the structure, which is extremely important in seismic design.



Types of Steel Structural steels used for construction are designated by the American Society of Testing and Materials (ASTM) (see table on page 48-3). A summary of the specified minimum yield stresses Fy , the specified minimum tensile strengths Fu , and general uses for some commonly used steels is given in Table 48.1.



High-Performance Steel High-performance steel (HPS) is a name given to a group of high-strength low-alloy (HSLA) steels that exhibit high strength, a higher yield-to-tensile-strength ratio, enhanced toughness, and improved weldability. Although research is still under way to develop and quantify the properties of a number of HPSs, one high-performance steel that is currently in use, especially for bridge construction, is HPS 70W. HPS 70W is a derivative of ASTM A709 grade 70W steel (see Table 48.1). Compared to ASTM A709 grade 70W, HPS 70W has improved mechanical properties and is more resistant to postweld cracking, even without preheating before welding.



Fireproofing of Steel Although steel is an incombustible material, its strength (Fy , Fu) and stiffness (E) reduce quite noticeably at temperatures normally reached in fires when other materials in a building burn. Exposed steel members
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ASTM Designationa A36/A36M A131/A131M A242/A242M A283/A283M A328/A328M A514/A514M A529/A529M A572/A572M A573/A573M A588/A588M A633/A633M A656/A656M A678/A678M A690/A690M A709/A709M A710/A710M A769/A769M A786/A786M A808/A808M A827/A827M A829/A829M A830/A830M A852/A852M A857/A857M A871/A871M A913/A913M A945/A945M A992/A992M a



Steel Type Carbon structural steel Structural steel for ships High-strength low-alloy structural steel Low- and intermediate-tensile-strength carbon steel plates Steel sheet piling High-yield-strength, quenched and tempered alloy steel plate suitable for welding High-strength carbon–manganese steel of structural quality High-strength low-alloy columbium–vanadium steel Structural carbon steel plates of improved toughness High-strength low-alloy structural steel with 50-ksi (345-MPa) minimum yield point to 4 in. (100 mm) thick Normalized high-strength low-alloy structural steel plates Hot-rolled structural steel, high-strength low-alloy plate with improved formability Quenched and tempered carbon and high-strength low-alloy structural steel plates High-strength low-alloy steel H piles and sheet piling for use in marine environments Carbon and high-strength low-alloy structural steel shapes, plates, and bars and quenched and tempered alloy structural steel plates for bridges Age-hardening low-carbon nickel–copper–chromium–molybdenum–columbium alloy structural steel plates Carbon and high-strength electric resistance welded steel structural shapes Rolled steel floor plates High-strength low-alloy carbon–manganese–columbium–vanadium steel of structural quality with improved notch toughness Plates, carbon steel, for forging and similar applications Plates, alloy steel, structural quality Plates, carbon steel, structural quality, furnished to chemical composition requirements Quenched and tempered low-alloy structural steel plate with 70-ksi (485-MPa) minimum yield strength to 4 in. (100 mm) thick Steel sheet piling, cold formed, light gauge High-strength low alloy structural steel plate with atmospheric corrosion resistance High-strength low-alloy steel shapes of structural quality, produced by quenching and self-tempering (QST) process High-strength low-alloy structural steel plate with low carbon and restricted sulfur for improved weldability, formability, and toughness Steel for structural shapes (W sections) for use in building framing



The letter M in the designations stands for metric.



that may be subjected to high temperature in a fire should be fireproofed to conform to the fire ratings set forth in city codes. Fire ratings are expressed in units of time (usually hours) beyond which the structural members under a standard ASTM specification (E119) fire test will fail under a specific set of criteria. Various approaches are available for fireproofing steel members. Steel members can be fireproofed by encasement in concrete if a minimum cover of 2 in. (5.1 mm) of concrete is provided. If the use of concrete is undesirable (because it adds weight to the structure), a lath and plaster (gypsum) ceiling placed underneath the structural members supporting the floor deck of an upper story can be used. In lieu of such a ceiling, spray-on materials such as mineral fibers, perlite, vermiculite, gypsum, etc. can also be used for fireproofing. Other means of fireproofing include placing steel members away from the source of heat, circulating liquid coolant inside box or tubular members, and the use of insulative paints. These special paints foam and expand when heated, thus forming a shield for the members [Rains, 1976]. For a more detailed discussion of structural steel design for fire protection, refer to the latest edition of AISI publication FS3, Fire-Safe Structural Steel: A Design Guide. Additional information on fire-resistant standards and fire protection can be found in the AISI booklets on Fire Resistant Steel Frame Construction, Designing Fire Protection for Steel Columns, and Designing Fire Protection for Steel Trusses, as well as in the Uniform Building Code.
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Steel Types and General Uses



ASTM Designation



Fy (ksi)a



Fu (ksi)a



Plate Thickness (in.)b



A36/A36M



36



58–80



To 8



A529/A529M



42 50



60–85 70–100



To 0.5 To 1.5



42 50 60 65 42 46 50



60 65 75 80 63 67 70



To 6 To 4 To 1.25 To 1.25 1.5–5 0.75–1.5 0.5–0.75



42 46 50



63 67 70



5–8 4–5 To 4



A572/A572M Grade 42 Grade 50 Grade 60 Grade 65 A242/A242M



A588/A588M



A709/A709M Grade 36 Grade 50 Grade 50W Grade 70W Grades 100 and 100W Grades 100 and 100W A852/A852M



36 50 50 70 90 100 70



A514/A514M



90–100



A913/A913M A992/A992M



50–65 50–65



a b



58–80 65 70 90–110 100–130 110–130 90–110



To 4 To 4 To 4 To 4 2.5–4 To 2.5 To 4



100–130 110–130 65 (max. Fy/Fu = 0.85) 65(max. Fy/Fu = 0.85)



2.5–6 To 4 To 4



General Uses Riveted, bolted, and welded buildings and bridges Similar to A36; the higher yield stress for A529 steel allows for savings in weight; A529 supersedes A441 Grades 60 and 65 not suitable for welded bridges



Riveted, bolted, and welded buildings and bridges; used when weight savings and enhanced atmospheric corrosion resistance are desired; specific instructions must be provided for welding Similar to A242; atmospheric corrosion resistance is about four times that of A36 steel Primarily for use in bridges



Plates for welded and bolted construction where atmospheric corrosion resistance is desired Primarily for welded bridges; avoid use if ductility is important Used for seismic applications Hot-rolled wide flange shapes for use in building frames



1 ksi = 6.895 MPa. 1in. = 25.4 mm.



Corrosion Protection of Steel Atmospheric corrosion occurs when steel is exposed to a continuous supply of water and oxygen. The rate of corrosion can be reduced if a barrier is used to keep water and oxygen from contact with the surface of bare steel. Painting is a practical and cost-effective way to protect steel from corrosion. The Steel Structures Painting Council issues specifications for the surface preparation and painting of steel structures for corrosion protection of steel. In lieu of painting, the use of other coating materials such as epoxies or other mineral and polymeric compounds can be considered. The use of corrosion resistance steels such as ASTM A242, A588, or A606 steel or galvanized or stainless steel is another alternative. Corrosion-resistant steels such as A588 retard corrosion by the formation of a layer of deep reddish brown to black patina (an oxidized metallic film) on the steel surface after a few wetting–drying cycles, which usually take place within 1 to 3 years. Galvanized steel has a zinc coating. In addition to acting as a protective cover, zinc is anodic to steel. The steel, being cathodic, is therefore protected from corrosion. Stainless steel is more resistant to rusting and staining than ordinary steel, primarily because of the presence of chromium as an alloying element.
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Structural Steel Shapes Steel sections used for construction are available in a variety of shapes and sizes. In general, there are three procedures by which steel shapes can be formed: hot rolled, cold formed, and welded. All steel shapes must be manufactured to meet ASTM standards. Commonly used steel shapes include the wide flange (W) sections, the American Standard beam (S) sections, bearing pile (HP) sections, American Standard channel (C) sections, angle (L) sections, and tee (WT) sections, as well as bars, plates, pipes, and hollow structural sections (HSS). I sections that, by dimensions, can not be classified as W or S shapes are designated miscellaneous (M) sections, and C sections that, by dimensions, can not be classified as American Standard channels are designated miscellaneous channel (MC) sections. Hot-rolled shapes are classified in accordance with their tensile property into five size groups by the American Society of Steel Construction (AISC). The groupings are given in the AISC manuals [AISC, 1989, 2001]. Groups 4 and 5 shapes and group 3 shapes with a flange thickness exceeding 1½ in. are generally used for application as compression members. When weldings are used, care must be exercised to minimize the possibility of cracking in regions at the vicinity of the welds by carefully reviewing the material specification and fabrication procedures of the pieces to be joined.



Structural Fasteners Steel sections can be fastened together by rivets, bolts, and welds. Although rivets were used quite extensively in the past, their use in modern steel construction has become almost obsolete. Bolts have essentially replaced rivets as the primary means to connect nonwelded structural components. Bolts Four basic types of bolts are commonly in use. They are designated by ASTM as A307, A325, A490, and A449 [ASTM, 2001a, 2001b, 2001c, 2001d]. A307 bolts are called common, unfinished, machine, or rough bolts. They are made from low-carbon steel. Two grades (A and B) are available. They are available in diameters from 1/4 to 4 in. (6.4 to 102 mm) in 1/8-in. (3.2-mm) increments. They are used primarily for low-stress connections and for secondary members. A325 and A490 bolts are called high-strength bolts. A325 bolts are made from a heat-treated medium-carbon steel. They are available in two types: type 1, bolts made of medium-carbon steel; and type 3, bolts having atmospheric corrosion resistance and weathering characteristics comparable to those of A242 and A588 steel. A490 bolts are made from quenched and tempered alloy steel and thus have a higher strength than A325 bolts. Like A325 bolts, two types (types 1 and 3) are available. Both A325 and A490 bolts are available in diameters from 1/2 to 1½ in. (13 to 38 mm) in 1/8-in. (3.2-mm) increments. They are used for general construction purposes. A449 bolts are made from quenched and tempered steel. They are available in diameters from 1/4 to 3 in. (6.4 to 76 mm). Because A449 bolts are not produced to the same quality requirements or same heavy hex head and nut dimensions as A325 or A490 bolts, they are not to be used for slip critical connections. A449 bolts are used primarily when diameters over 1½ in. (38 mm) are needed. They are also used for anchor bolts and threaded rods. High-strength bolts can be tightened to two conditions of tightness: snug tight and fully tight. Snugtight conditions can be attained by a few impacts of an impact wrench or the full effort of a worker using an ordinary spud wrench. Snug-tight conditions must be clearly identified on the design drawing and are permitted in bearing-type connections where a slip is permitted or in tension or combined shear and tension applications where loosening or fatigue due to vibration or load fluctuations is not a design consideration. Bolts used in slip-critical conditions (i.e., conditions for which the integrity of the connected parts is dependent on the frictional force developed between the interfaces of the joint) and in conditions where the bolts are subjected to direct tension are required to be tightened to develop a pretension force equal to about 70% of the minimum tensile stress Fu of the material from which the bolts are made. This can be accomplished by using the turn-of-the-nut method, the calibrated wrench method, alternate design fasteners, or direct tension indicators [RCSC, 2000].
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TABLE 48.2 Electrode Designations Welding Processes



Electrode Designations



Shielded metal arc welding (SMAW)



E60XX E70XX E80XX E100XX E110XX F6X-EXXX F7X-EXXX F8X-EXXX F10X-EXXX F11X-EXXX ER70S-X ER80S ER100S ER110S E6XT-X E7XT-X E8XT E10XT E11XT



Submerged arc welding (SAW)



Gas metal arc welding (GMAW) Flux cored arc welding (FCAW)



a



Remarks The E denotes electrode; the first two digits indicate tensile strength in ksia; the two X’s represent numbers indicating the electrode use



The F designates a granular flux material; the digit(s) following the F indicate the tensile strength in ksi (6 means 60 ksi, 10 means 100 ksi, etc.); the digit before the hyphen gives the Charpy V-notched impact strength; the E and the X’s that follow represent numbers relating to the electrode use The digits following the letters ER represent the tensile strength of the electrode in ksi



The digit(s) following the letter E represent the tensile strength of the electrode in ksi (6 means 60 ksi, 10 means 100 ksi, etc.)



1 ksi = 6.895 MPa.



Welds Welding is a very effective means to connect two or more pieces of material together. The four most commonly used welding processes are shielded metal arc welding (SMAW), submerged arc welding (SAW), gas metal arc welding (GMAW), and flux core arc welding (FCAW) [AWS, 2000]. Welding can be done with or without filler materials, although most weldings used for construction utilize filler materials. The filler materials used in modern-day welding processes are electrodes. Table 48.2 summarizes the electrode designations used for the aforementioned four most commonly used welding processes. In general, the strength of the electrode used should equal or exceed the strength of the steel being welded [AWS, 2000]. Finished welds should be inspected to ensure their quality. Inspection should be performed by qualified welding inspectors. A number of inspection methods are available for weld inspections. They include visual methods; the use of liquid penetrants, magnetic particles, and ultrasonic equipment; and radiographic methods. Discussion of these and other welding inspection techniques can be found in the Welding Handbook [AWS, 1987].



Weldability of Steel Weldability is the capacity of a material to be welded under a specific set of fabrication and design conditions and to perform as expected during its service life. Generally speaking, weldability is considered very good for low-carbon steel (carbon level, 
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