
Tishk International University ________________________________________________________________ 
 

0 
 

  



Tishk International University ________________________________________________________________ 
 

1 
 

Course layout  
Chapter 01 Introduction to Structural Steel Design 
Chapter 02 Specifications, Loads, and Methods of Design 
Chapter 03 Analysis of Tension Members 
Chapter 04 Design of Tension Members 
Chapter 05 Introduction to Axially Loaded Compression Members 
Chapter 06 Design of Axially Loaded Compression Members 
Chapter 07 Introduction to Beams 
Chapter 08 Case Study: Addition To the Royal Ontario Museum (Rom) 
Chapter 09 Architecturally Exposed Structural Steel (AESS) 

 
References: 
Jack C . McCormac and Stephenf. Csernak (2012) “Structural Steel 
Design”, Prentice Hall. 
American Institute of Steel Construction (2005) “Steel construction 
Manual”.  
Alan Williams (2011) “Steel Structures Design: ASD/LRFD”, McGraw 
Hill. 
 
 

IMPORTANT: Students must bring these lecture notes to 
every lecture. The notes will be used directly during class 
discussions, explanations, and problem-solving activities. 
  



Tishk International University ________________________________________________________________ 
 

1 
 

C H A P T E R 1 
Introduction to Structural Steel Design 

 
INTRODUCTION  
Steel structures have been widely used in bridges, buildings, towers, and other 
structures around the world. Early examples include the Rand McNally Building in 
Chicago, the first steel-framed building in the United States (1890), the Royal Insurance 
Building in Liverpool, one of the first steel-framed buildings in the United Kingdom 
(1896–1903), and the Eiffel Tower, constructed in 1889 with a height of 985 ft (300 m). 
 
STRESS, STRAIN AND MATERIALS BEHAVIOR 
Stress If we apply an axial tensile or 

compressive force (P) on a material 
having a length (L) and a cross-sectional 
area (A), the uniform stress (F) in the 
material in tension or compression is 
given by: 
F = P/A 
  

 

Strain Under the applied load, the material will 
deform— i.e., it will elongate under 
tension, or shorten under compression 
(ΔL). The amount of deformation 
divided by the original length is known 
as strain and is given by: 
STRAIN = ΔL / L 

 
MATERIAL 
STIFFNESS 

Material stiffness is a measure of a 
material’s resistance to deformation. It 
is represented by the modulus of 
elasticity (E), also known as Young’s 
modulus. 

 

Modulus 
of 
elasticity 

is defined as the ratio of stress to strain 
within the proportional limit of a 
material’s stress-strain curve, and is a 
linear relationship. 
E = STRESS / STRAIN 

Yield 
Strength 
(Fy) 

The stress at which steel starts to 
permanently deform. Below Fy, the steel 
returns approximately to its original 
shape when the load is removed. 

 
Steel’s stress-strain curve in tension 

Ultimate 
Tensile 
Strength 
(Fu): 

The maximum tensile stress that steel 
can withstand before it begins to fail 
(fracture). 
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STEEL SECTIONS 
• Structural steel can be economically rolled into a wide 

variety of shapes and sizes without appreciably changing its 
physical properties.  

• The most desirable members are those with large moments 
of inertia in proportion to their areas, such as the I, T, and C 
shapes. 

• Steel sections are usually designated by the shapes of their 
cross sections.  

• It is necessary to make a definite distinction between 
American standard beams (called S beams) and wide-flange 
beams (called W beams), as they are both I-shaped.  

 
 

S beams W beams 
The S beams, which were the first beam 
sections rolled in America, have a slope on 
their inside flange surfaces of 1 to 6. 

The inner surface of the flange of a W section 
is either parallel to the outer surface or nearly 
so, with a maximum slope of 1 to 20 on the 
inner surface, depending on the manufacturer. 

The W and S sections are shown in the figure (below), together with several other 
familiar steel sections. The uses of these various shapes will be discussed in detail in the 
chapters to follow. 

 
 

 
                    L-section (angle)                          S-section             rectangular HSS section 
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Structural shapes are identified by a certain system described in the Manual for use in 
drawings, specifications, and designs. Examples of this identification system are as 
follows: 
1 W27 ×114 is a W section approximately 27 inch deep, weighing 114 lb/ft. 
2 S12 × 35 is an S section 12 inch deep, weighing 35 lb/ft. 
3 HP12 × 74 is a bearing pile section approximately 12 inch deep, weighing 74 lb/ft. 

Bearing piles are made with the regular W rolls, but with thicker webs to 
provide better resistance to the impact of pile driving. The width and 
depth of these sections are approximately equal, and the flanges and 
webs have equal or almost equal thickness. 

4 C10 × 30 is a channel 10 inch deep, weighing 30 lb/ft. 
5 HSS14 ×  10 × 

5/8 
is a rectangular hollow structural section 14 inch deep, 10 inch wide, 
with a 5/8-inch wall thickness. It weighs 93.10 lb/ft. Square and round 
HSS sections are also available. 

6 L6 × 6 × 1/2 is an equal leg angle, each leg being 6 inch long and 1/2 inch thick. 
7 WT18 × 151 is a tee obtained by splitting a W36 Χ 302 This type of section is known 

as a structural tee. 
8 ___ Rectangular steel sections are classified as wide plates or narrow bars. 

 
 
HOT ROLLED STRUCTURAL STEEL SECTIONS 
Hot rolled sections are produced by passing steel billets at very high temperatures 
through a succession of rollers that progressively squeeze the billets into the desired 
configuration (Figure 5.8). 

  
Hot Rolling Steel 

 
Common hot rolled shapes are wide flange (W), channel (C), and angle (L), see the 
figure below. 
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COLD FORMED STRUCTURAL STEEL SECTIONS  
Cold formed sections are produced by a series of shaping operations at relatively low 
temperatures that bend sheets of steel of specified thickness into the desired 
configuration. 
Common cold formed shapes are hollow structural sections (HSS), circular, square, and 
rectangular (Figure 5.10). 

 
Common cold formed hollow structural sections (HSS) 
 
 
WEB STIFFENING 
In steel construction, when large shear forces are transferred through a beam’s web, the 
shear capacity of the web may need to be increased to prevent the web from buckling. 
Figure 5.12 shows one method of doing so. 
Web buckling is referred to as web crippling and the web reinforcing is referred to as 
web 
stiffening. Web buckling and web stiffening can also be factors in column design. 

 
Web stiffener on a steel beam 
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STEEL FRAMING 
Discrete members are either bolted or welded together.  
 
BASIC CONNECTION STRATEGIES 
Type of connection Situation  
Bolted or welded methods Resists vertical and horizontal shear 

forces (low or no moments) 
plates or angles to the connection by additional 
welding or bolting in order to resist moment forces 

High moments  

bracing systems that introduce triangles into the 
frame 

High lateral loads  

 
Bolts  
There are two types of bolts typically used: 

• The Hex Head bolts need access from both sides for tightening, but no special 

equipment.  

• Tension Control (TC) bolts need a special type of equipment to install and snap 

off the end, but only one side needs access for tightening. 

  
                                           Hex head bolt                                    TC bolt 

If the steel is concealed then the choice of bolt type is purely a structural consideration. 

 
Left: Assembly of a Hex Head bolt. Right: Assembly of a Tension Control bolt. 

 

 
                  Left: Tension Control bolt.                                  Right: Hex Head bolts 
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Splices 
• Splice: A connection used to join two steel members. 

• Splice plate: An additional steel plate used to connect two steel members. 

• Lap joint: A joint in which two steel pieces overlap each other. 

• Butt joint: A joint in which two steel pieces are placed end-to-end (in line). 

lap joint 

 
Butt joint 

 

 
Left: The bracing connections all use simple lapped connections.  
Right: Where extra resistance is required, the number of lapping plates (Also visible in 
this connection are two different bolt types). 
 
 

 
Left: The splices between the wide-flange members (Additional reinforcing plates can 
be seen on the top and bottom of the connection flanges).  
Right: A butt joint is used to splice the beams.  
Welded connections:  
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Plates can be spliced together using two basic types of welded connections.  
1- Groove welds are used where the two plates must be maintained in line (see 

below figure/left).   

2- Lap welds are used if it is not important to align the plates (see below 

figure/right).   

 
 
Grinding is used for special high-profile applications as it is expensive and time 
consuming. Grinding also weakens the weld by removing weld material. 

 
 
 
Welded connections will normally be used when fabricating large primary elements like 
a large plate girder or composite sections in the shop. Quality welding is best done 
under controlled conditions.  
 
Welded connections are also preferred when fabricating complex trusses from HSS 
members. 
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C H A P T E R 2 
Specifications, Loads, and Methods of Design 

 
LOADS 
There are many types of loads on a structure, which can be broadly classified as dead, 
live, and environmental. 
Dead Loads: Dead loads are fixed and of constant 

magnitude, such as floors, walls, 
partitions, ceiling and floor finishes, 
and other fixed equipment.  
The weights of construction 
materials are available from various 
sources, including the AISC Manual. 

 
Dea Load (elevator machine) 

Live Loads 
 

are temporary, transient, and 
variable. They include things such as 
people, furniture and equipment, 
vehicles, and stored goods.  
Live loads are given in local building 
codes according to the specific use 
and occupancy of a building. 

 
live load (runners on a bridge) 

Environmental 
loads: 

Loads resulting from natural 
environmental phenomena, such as 
rain, ice, snow, wind, and seismic 
activity (earthquakes). 
They vary depending on the 
geographic location of the structure. 

 
Earthquake damage 

Loads on a structure 



Tishk International University ________________________________________________________________ 
 

9 
 

LOAD COMBINATIONS 
• The design must account for the load combination that has the most critical 

effect. So, the question becomes how to combine loads reasonably. 
• building codes, prescribe load combinations to determine the appropriate 

loading to use.  
• Structures must be designed to resist the most critical effects from the load 

combinations. 
• In the load combinations, each service load is multiplied by a load factor 

reflecting the uncertainty of that particular load. With a load factor applied, the 
resulting load is called a factored load.  

 
The following terminology will be frequently used throughout the text: 
Service loads  The loads on a structure, without the application of load factors. 
Factored loads  The loads on a structure, after the application of load factors. 
Design loads  The loads obtained from the governing load combinations. 
 
COMPUTING COMBINED LOADS WITH LRFD EXPRESSIONS 
The AISC Manual provides the following load factors for buildings. 
 
1 𝑈 = 1.4𝐷  
2 𝑈 = 1.2𝐷 + 1.6𝐿 + 0.5(𝐿𝑟 or 𝑆 or 𝑅)  
3 𝑈 = 1.2𝐷 + 1.6(𝐿𝑟 or 𝑆 or 𝑅) + (𝐿∗ or 0.5𝑤)  
4 𝑈 = 1.2𝐷 + 1.0𝑊 + 𝐿∗ + 0.5(𝐿𝑟 or 𝑆 or 𝑅)  
5 𝑈 = 1.2𝐷 + 1.0𝐸 + 𝐿∗ + 0.2𝑆  
6 𝑈 = 0.9𝐷 + 1.0𝑊  
7 𝑈 = 0.9𝐷 + 1.0𝐸  

*The load factor on L in combinations (3.), (4.), and (5.) is to be taken as 1.0 for floors in 
places of public assembly, for live loads in excess of 100 psf and for parking garage live 
load. The load factor is permitted to equal 0.5 for other live loads.  
 
In these load combinations, the following abbreviations are used: 
U = the design or factored load 
D = Dead load 
L = Live load 
Lr = roof live load 
S = Snow load 
R = nominal load due to initial rainwater or ice, exclusive of the ponding contribution. 
W = Wind load 
E = Earthquake load 
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Example 2-1 
The interior floor system shown in Figure (below) has W24 Χ 55 sections spaced 8 ft on 
center and is supporting a floor dead load of 50 psf and a live floor load of 80 psf. 
Determine the governing load in lb/ft that each beam must support. 

 
 
Solution:  

 
 
Note that each foot of the beam must support itself (a dead load) plus 8 Χ 1 = 8 ft2 of the 
building floor 

𝐷 = 55
𝑙𝑏

𝑓𝑡
 + (8 𝑓𝑡)(50 𝑝𝑠𝑓) = 455

𝑙𝑏

𝑓𝑡
 

𝐿 = (8 𝑓𝑡)(80 𝑝𝑠𝑓) = 640 𝑙𝑏/𝑓𝑡 
Computing factored loads, using the LRFD load combinations.  
Note that with a floor live load of 80 psf a load factor of 0.5 has been added to load 
combinations (3.), (4.), and (5.) per the exception stated in ASCE 7-10 and this text for 
floor live loads. 
1 𝑊𝑢 = (1.4)(455) = 637 𝑙𝑏/𝑓𝑡  
2 𝑊𝑢 = (1.2)(455) + 1.6(640) = 1570 𝑙𝑏/𝑓𝑡  
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3 𝑊𝑢 = (1.2)(455) + (0.5)(640) = 866 𝑙𝑏/𝑓𝑡  
4 𝑊𝑢 = (1.2)(455) + (0.5)(640) = 866 𝑙𝑏/𝑓𝑡  
5 𝑊𝑢 = (1.2)(455) + (0.5)(640) = 866 𝑙𝑏/𝑓𝑡  
6 𝑊𝑢 = (0.9)(455) = 409.5 𝑙𝑏/𝑓𝑡  
7 𝑊𝑢 = (0.9)(455) = 409.5 𝑙𝑏/𝑓𝑡  
Governing factored load = 1570 𝑙𝑏/𝑓𝑡 to be used for design. 
 
Example 2-2 
A roof system with W16 x 40 section spaced 9 ft on center is to be used to support a 
dead load of 40 psf; a roof live, snow, or rain load of 30 psf; and a wind load of ± 32 psf. 
Compute the governing factored load per linear foot. 
Solution 
𝐷 = 40 𝑙𝑏/𝑓𝑡 +  (9 𝑓𝑡) (40 𝑝𝑠𝑓) =  400 𝑙𝑏/𝑓𝑡  
𝐿 = 0  
𝐿𝑟 𝑜𝑟 𝑆 𝑜𝑟 𝑅 = (9 𝑓𝑡)(30 𝑝𝑠𝑓) = 270 𝑙𝑏/𝑓𝑡 
𝑊 = (9 𝑓𝑡)(32 𝑝𝑠𝑓) = 288 𝑙𝑏/𝑓𝑡 
Substituting into the load combination expressions and noting that the wind can be 
downward , - or uplift, + in Equation 6, we derive the following loads: 
1 𝑊𝑢 = (1.4)(400) = 560 𝑙𝑏/𝑓𝑡  
2 𝑊𝑢 = (1.2)(400) + 0.5(270) = 615 𝑙𝑏/𝑓𝑡  
3 𝑊𝑢 = (1.2)(400) + (1.6)(270) + (0.5)(288) = 1056 𝑙𝑏/𝑓𝑡  
4 𝑊𝑢 = (1.2)(400) + (1.0)(288) + (0.5)(270) = 903 𝑙𝑏/𝑓𝑡  
5 𝑊𝑢 = (1.2)(400) + (0.2)(270) = 534 𝑙𝑏/𝑓𝑡  
6 𝑊𝑢 = (0.9)(400) + (1.0)(288) = 648 𝑙𝑏/𝑓𝑡  
7 𝑊𝑢 = (0.9)(400) + (1.0)(−288) = 72 𝑙𝑏/𝑓𝑡  

Governing factored load = 1056 lb/ft for design 
 
 
Example 2-3 
The various axial loads for a building column have been computed according to the 
applicable building code, with the following results: dead load 200 k, load from roof= 
50 k (roof live load); live load from floors (reduced as applicable for large area and 
multistory columns)=250 k; compression wind = 128 k; tensile wind = 104 k; 
compression earthquake =60 k; and tensile earthquake =70 k.  
Determine the critical design column load, Pu, using LRFD load combinations.  
Solution. 
This problem solution assumes the column floor live load meets the exception for the 
use of the load factor of 0.5 in load combinations (3.), (4.), and (5.) 
1 𝑃𝑢 = (1.4)(200) = 280 𝑘  
2 𝑃𝑢 = (1.4)(200) + (1.6)(250) + (0.5)(50) = 655 𝑘 
3.(a) 𝑃𝑢 = (1.2)(200) + (1.6)(50) + (0.5)(250) = 445 𝑘  
    (b) 𝑃𝑢 = (1.2)(200) + (1.6)(50) + (0.5)(128) = 384 𝑘  
4.(a) 𝑃𝑢 = (1.2)(200) + (1.0)(128) + (0.5)(250) = 518 𝑘  
    (b) 𝑃𝑢 = (1.2)(200) − (1.0)(104) + (0.5)(250) = 286  
5.(a) 𝑃𝑢 = (1.2)(200) + (1.0)(60) + (0.5)(250) = 425 𝑘  
    (b) 𝑃𝑢 = (1.2)(200) − (1.0)(70) + (0.5)(250) = 295 𝑘  
6. (a) 𝑃𝑢 = (0.9)(200) + (1.0)(128) = 308 𝑘 
    (b) 𝑃𝑢 = (0.9)(200) − (1.0)(104) = 76 𝑘  
7. (a) 𝑃𝑢 = (0.9)(200) + (1.0)(60) = 240 𝑘  
    (b) 𝑃𝑢 = (0.9)(200) − (1.0)(70) = 110 𝑘  
 



Tishk International University ________________________________________________________________ 
 

12 
 

COMMON LENGTHS OF STEEL SECTIONS 
Common mill lengths typically range from 30 ft to 65 ft, usually in 5-ft increments. The 
available lengths may vary depending on the individual steel mill, supplier, and method 
of shipment. 
 
PRACTICAL GUIDE FOR SELECTION THE SIZES OF THE STEEL SECTIONS 
Beam: A horizontal structural member and transfers loads to columns or girders. 
Girder: A main beam that supports other beams and transfers their loads to columns. 

Girders are usually larger and carry heavier loads than ordinary beams. 
Column: A vertical structural member that mainly carries compressive loads and 

transfers the loads from beams and floors down to the foundation. 
 

Beam → supports loads 

Girder → supports beams 

Column → supports beams/girders and transfers loads to the foundation 

 
A- Sizes of beams  

 
 

B- Sizes of girders 
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C- Column sizes  
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FRAMED CONNECTIONS  
Steel structures are assembled using a basic suite of connection types: 

1- Beam -to-Girder Connections 

2- Girder- or Beam-to-Column Connections 

3- Column Connections 

 
1- Beam -to-Girder Connections 
There are three basic ways to frame a beam into a girder.  

1- Coped connection (see below figure/ Left) 

2- Bearing connection (see below figure/ Middle) 

3- Simple framed connection (see below figure / Right) (used where there is no 

floor element to be supported. 

 
Beam -to-Girder Connections 

 

 
Left: a coped connection provides a level surface for the installation of the floor deck. 
Right: bearing connections  
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2- Girder- or Beam-to-Column Connections 
a. Seated connection (Angles are bolted to the column to provide a ledge for the 

beam during erection (see figure below/left). 

b. Standard framed connection (the angles are bolted to the web of the beam at the 

shop and then bolted to the column flange on site. The connection acts as a hinge 

in that it is only designed to resist shear (see figure below/ middle) 

c. Moment connection: The connection (on the right) has been reinforced to resist 

moment. Plates have been welded to the column prior to erection. They are also 

welded to the flanges of the beam so as to provide resistance to bending at the 

connection. 

 
These connections can be made either to the flange of the column or to the web, 
depending on the orientation of the column, which is a function of the structural layout. 
Columns are generally oriented so that the dominant wind load strikes perpendicular to 
the flange of the column.  
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3- Column Connections 
A: column to foundation connections:  
Steel columns are generally welded to a base plate that is used to attach the column 
to the foundation pier or supporting system.  

 
Left: This simple base connection uses four threaded bolts to anchor the plate (The 

column member is pin-connected to the base. 
Right: A round plate is welded to the base of the round HSS column. 
 
B. Column Splices 
The splice is normally placed around 600mm (24 inch) above the floor level. 
Column splices can be done as 

1- Bolting (see figure below/right) 

2- Using matching plage (see figure below/middle) 

3- Welding (see figure below/left) 
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STEEL STRUCTURAL SYSTEMS: FLOOR SYSTEMS, BRACED FRAMES, AND TRUSS 
SYSTEMS 
Steel buildings use different structural systems to safely carry gravity and lateral loads. 
Floor systems transfer loads to beams and columns, braced systems provide lateral 
stability, and truss systems efficiently support long spans using lightweight structural 
members. 
 
FLOOR SYSTEMS 
The floor deck can consist of: 
• profiled steel decking with a concrete topping (deck depth varies from 38 to 91mm) 
• hollow-core precast concrete slabs 

 
hollow-core precast concrete slabs 

 

 
Prior to pouring the concrete floor slab. 

 
 
BRACED SYSTEMS 
Framed and pin connections are inherently 
unstable. Buildings must have additional 
means to provide lateral stability to the frame 
using: 
• Reinforcement of the framed connections 

themselves to provide moment resistance 

• Addition of bracing to the frame 

• Use of shear walls (either in concrete or 

steel plate) 

• Using concrete stair and elevator cores 

• Using concrete floor systems.  
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TRUSS SYSTEMS 
A truss is a structure comprising one or more triangular units constructed with straight 
members, whose ends are connected at joints referred to as nodes.  
Trusses can be:  

1- A planar truss is two-dimensional, with all of the members lying in essentially a 

single plane. 

2- Box-type trusses also span only in one direction but have a three-dimensionality 

to them that is usually rectangular or triangular.  

3- Space trusses are also called spaceframes. These systems can span in multiple 

directions. 

 
Planar Truss Types (the most common ones) 

 

 
The steel decking for this roof sits on purlins. Purlins are used to span between trusses 
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Modified Pratt truss. 
 

 
Left: The long-span Warren trusses (fabricated from square HSS members). Wide-flange 
sections carry the load of the steel decking to the trusses. Cross bracing is introduced in 
the plane of the roof. 
Right: The trusses are fabricated from wide-flange sections. The incoming beams that 
support 

 
The skylight support system uses a two-way Vierendeel truss system created from 
welded square HSS members (uses square HSS sections). 
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Three-Dimensional Trusses 
Three-dimensional truss systems are used as a means to limit the span requirements of 
the structural members that carry the roof or floor loads to the trusses.  
Box-type trusses have a linear span direction.  
Space frames can span freely in multiple directions. 

 
triangular trusses that are braced between with lighter round HSS members, giving the 
structure a space frame-like appearance. 
 

 
Curved triangular trusses have single round HSS top chords and a pair of round HSS 
bottom chords that are separated by smaller round HSS web members. 
 

 
Left: The fabric roof is supported by a single three-dimensional trussed arch. 
Right: The truss was divided into sections. High-strength moment-resisting connections 
were then used to create continuity in the chords. Joints were fabricated by welding 
plates to the ends of the round HSS members. The connection between the tube and the 
plate is stiffened by the addition of triangular plates between each bolt hole. 
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  C H A P T E R 3 
Analysis of Tension Members 

 
INTRODUCTION  

 
• Tension members are found in bridge and roof trusses, towers, and bracing 

systems, and in situations where they are used as tie rods.  
• A very satisfactory method involves tightening the rods with some sort of 

sleeve nut or turnbuckle. 

 
• cable supported roofs, ski lifts, and other similar applications. High strength 

Steel cables are used for suspension bridges,  

 
• Tension members usually consist of single angles, double angles, tees, 

channels, W sections, or sections built up from plates or rolled shapes, see Fig. 
3.1 for more details. 

 
FIGURE 3.1 Types of tension members. 



Tishk International University ________________________________________________________________ 
 

22 
 

 
 

NET AREAS 
The presence of a hole increases the unit stress in a tension member, even if the 
hole is occupied by a bolt. 
There is still less area of steel to which the load can be distributed, and there will 
be some concentration of stress along the edges of the hole. 

 
Notice the crack developing at the hole. 

 
Figure. Stresses around hole  
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The term “net cross-sectional area,” or simply, “net area”( 𝐴𝑛) refers to the gross 
cross-sectional area of a member, minus any holes cross-sectional area.  
 

𝐴𝑛 = 𝐴𝑔 − 𝐴ℎ 

 
Where 𝐴𝑔 is the gross (total) sectional area. for the plates 𝐴𝑔 = 𝑊 × 𝑡. For steel 

sections such as W-section or C-seciton, get 𝐴𝑔 form the tables.  

 
and 

𝐴ℎ = 𝐷ℎ × 𝑡 
 
The value of 𝑡 is either the thickness of the plate, web or the flange 
 

𝐷ℎ = 𝐷𝑏𝑜𝑙𝑡 +
1

8
                    if the holes are punched 

 

𝐷ℎ = 𝐷𝑏𝑜𝑙𝑡 +
1

16
                      if the holes are drilled 

 

 
Punching machine 

 
Steel plate drilling 
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Example 3-1 
Determine the net area of 3/8 x 8-in the plate shown in Fig. 3.2. The plate is 
connected at its end with two lines of 3/4-in bolts. 

 
Fig. 3-2 Illustration of Example 3-1 

 

𝐴𝑛 = (
3

8
in) (8 𝑖𝑛) − 2 (

3

4
in +

1

8
in) (

3

8
in) = 2.34 in2(1510 mm2) 
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EFFECT OF STAGGERED HOLES 
Tensile members could fail transversely  along line AB in either Fig. 3.4(a) or 
3.4(b). the failure could be other than a transverse one. The holes are staggered, 
and failure along section ABCD is possible unless the holes are a large distance 
apart. 

 
FIGURE 3.4 Possible failure sections in plates. 

 
For staggered failure section, the net area is calcuated as 

𝐴𝑛 = 𝐴𝑔 − 𝐴ℎ +
𝑠2

4𝑔
× 𝑡 

 
Example 3-2 
Determine the critical net area of the 1/2-in-thick plate shown in Fig. 3.5, using 
the AISC Specification. The holes are punched for 3/4-in bolts. 

 
FIGURE 3.5 

 
Solution: 

• The critical section could possibly be ABCD, ABCEF, or ABEF. 
• Hole diameters to be subtracted are 3/4 + 1/8=7/8 in.  
• The net areas for each case are as follows: 

 

𝐴𝐵𝐶𝐷 = (11 𝑖𝑛) (
1

2
 𝑖𝑛) −  2 (

7

8
 𝑖𝑛) (

1

2
 𝑖𝑛) = 4.63 𝑖𝑛2 

𝐴𝐵𝐶𝐸𝐹 = (11 𝑖𝑛) (
1

2
 𝑖𝑛) −  3 (

7

8
 𝑖𝑛) (

1

2
 𝑖𝑛) +

(3 𝑖𝑛)2

4(3 𝑖𝑛)
(

1

2
 𝑖𝑛) = 4.56 𝑖𝑛2  ← 

𝐴𝐵𝐸𝐹 = (11 𝑖𝑛) (
1

2
 𝑖𝑛) −  2 (

7

8
 𝑖𝑛) (

1

2
 𝑖𝑛) +

(3 𝑖𝑛)2

4(6 𝑖𝑛)
(

1

2
 𝑖𝑛) = 4.81 𝑖𝑛2  
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Example 3-4 
Determine the net area of the 𝑊12 × 16 (𝐴𝑔 = 4.71 𝑖𝑛2) shown in Fig. 3.7, 

assuming that the holes are for 1-in bolts. 

 
FIGURE 3.7 
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Example 3-5 
Determine the net area along route ABCDEF for the 𝐶15 × 33.9 (𝐴𝑔 = 10.00 𝑖𝑛2) 

shown in Fig. 3.8.Holes are for ¾ in bolts. 
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EFFECTIVE NET AREAS 
If the forces are not transferred uniformly across a member cross section, there 
will be a transition region of uneven stress running from the connection out  long 
the member for some distance, see Fig. 3.9(a). 

 
FIGURE 3.9 Shear lag. 

 
In such a situation, the connected cross section is not 100 percent effective.  
The effective net area, 𝐴𝑒 , is determined by  
 

𝐴𝑒 = 𝐴𝑛𝑈 
 
where 𝑈  is a reduction factor that accounts for the nonuniform stress 
distribution 
 
The value of 𝑈 is calcauted form Table 3.2 
 
For case 1, 𝑈 = 1 
For case 2, the value of U is calcuated as 

𝑈 = 1 −
 𝑥̅

𝐿
 

 
where 𝑥̅ is the distance measured from the plane of the connection to the 
centroid of the area of the whole section. 
and 𝐿  is the length of its connection. 
 
In order to calculate U for a W section connected by its flanges only, we will 
assume that the section is split into two structural tees. Then the value of used 
will be the distance from the outside edge of the flange to the c.g. of the structural 
tee, as shown in parts (a) and (b) of Fig. 3.11. 

 
FIGURE 3.11 Values of 𝒙̅ for different shapes. 
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Example 3-6 
Determine the effective area of a 𝑊10 × 45 with two lines of ¾-in diameter bolts 
in each flange. There are assumed to be at least three bolts in each line 4-in on 
center, and the bolts are not staggered with respect to each other. 

 
 
Solution: 
Find the area and the flange thickness from the steel manaul  

 

𝐴𝑛 = 13.3 − 4 (
3

4
+

1

8
) (0.62) = 11.13 

Referring to tables in Manual for ond-half of a 𝑊10 × 45 (or, that is a 𝑊𝑇5 ×
22.5), we find that 

𝑥̅ = 0.907 𝑖𝑛 
Length of connection 𝐿 = 8 in 
From Table 3.2 (case 2) 
 

𝑈 = 1 −
 𝑥̅

𝐿
= 1 −

0.907

8
= 0.89 

But  

𝑏𝑓 = 8.02 >
2

3
𝑑 = (

2

3
) 10.1 = 6.73 𝑖𝑛 

∴ 𝑈  from Table 3.2 (case 7) is 0.9  
𝐴𝑒 = 𝑈𝐴𝑛 = (0.9)(11.13) = 10.02 𝑖𝑛2 
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Example 3-7 
Determine the effective area for 𝐿6 × 6 × 3/8  that is connected at its ends with 
one line of four 7/8-in-diameter bolts in standard holes 3 in on center in one leg 
of the angle.  
Solution:  
Find 𝐴𝑔, 𝑦̅ and 𝑥̅ from the steel manual (next page) 

𝐴𝑛 = 4.38 − (1) (
7

8
+

1

8
) (

3

8
) = 4.00 𝑖𝑛2 

Length of connection, 𝐿 = 9 𝑖𝑛. 

𝑈 = 1 −
 𝑥̅

𝐿
= 1 −

1.62

9
= 0.82 

From Table 3.2, case 8, for 4 or more fastenrs in the direction of loading, 𝑈 = 0.80. 
Use calculated 𝑈 = 0.82, 𝐴𝑒 = 𝑈𝐴𝑛 = (0.82)(4.00) = 3.28 𝑖𝑛2 
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EFFECTOVE AREA OF WELDED MEMBERS 
A. Welded Pates 
See Table 3.2/ Case 4 

𝐴𝑒 = 𝐴𝑔. 𝑈 

 
𝐴𝑔 = 𝑊. 𝑡 

𝑈 is either 1.0, 0.87, or 0.75 based on the lentgh of the wedling and the value of W 
(see case for details)  

 
 

FIGURE 3.12 a 
 
Example 3-8 
The 1 × 6 𝑖𝑛 plate shown in Fig. 3.13 is connected to a 1 × 10 𝑖𝑛 plate with 
longitudinal fillet welds to transfer a tensile load. Determine the effecitve area. 
 

 
FIGURE 3.13 

Solution:  
(1.5𝑤 = 1.5 × 6 = 9 𝑖𝑛. ) > (𝐿 = 8 𝑖𝑛. ) > (𝑤 = 6) 

∴ 𝑈 = 0.75from Table 3.2 case 4 
𝐴𝑒 = 𝑈𝐴𝑛 = (0.75)(6.0) = 4.5 𝑖𝑛2 
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B. Welded Tee section 

See Table 3.2/ Case 4 
 

 
FIGURE 3.12 b 

 
Example: Determine the effective area of the WT 5 × 15 shown below, given that 
the length of the weld is 6.0 in. 
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C H A P T E R 4 
Design of Tension Members 

SELECTION OF SECTIONS 
 
Accoridng to the LRFD equations, the design strength of a tension member is the 
least of ,ϕtFyAg , ϕtFuAe. In addition, the slenderness ratio should, preferably, not 

exceed 300. 
a. To satisfy the first of these expressions, the minimum gross area must be 

at least equal to 
 

min 𝐴𝑔 =
𝑃𝑢

𝜙𝑡𝐹𝑦

 

 
b. To satisfy the second expression, the minimum 𝐴𝑔 is 

 

min 𝐴𝑔 =
𝑃𝑢

𝜙𝑡𝐹𝑢𝑈
+  𝐴𝑟𝑒𝑎 𝑜𝑓 ℎ𝑜𝑙𝑒𝑠 

 
 

c. The maximum preferable slenderness ratio L/r is 300, or 
 

min 𝑟 =
𝐿

300
 

 
Usually, for the examples,D and L loads are specified so that we will not have to 
go through all of the load combination expressions. For such problems, then, we 
will need only to use the following load combinations: 
 

𝑃𝑢 = 1.4𝐷 
 

𝑃𝑢 = 1.2𝐷 + 1.6𝐿 
 
  



Tishk International University ________________________________________________________________ 
 

37 
 

Example 4-1 
Select a 30-ft-long W12 steel to support a tensile service dead load 𝑃𝐷 = 130 𝑘 
and a tensile service live load 𝑃𝐿 = 110 𝑘. As shown in Fig. 4.1, the member is to 
have two lines of bolts in each flange for 7/8-in bolts (at least three in a line 4 in 
on center). [𝐹𝑦 = 50 𝑘𝑠𝑖, 𝐹𝑢 = 65 𝑘𝑠𝑖]. 

 
FIGURE 4.1 Cross section of member for Example 4-1. 

 
Solution  
(a) considering load the necessary load combinaitons 

𝑃𝑢 = 1.4𝐷 = 1.4(130 𝑘) = 182𝑘 
𝑃𝑢 = 1.2𝐷 + 1.6𝐿 = (1.2)(130 𝑘) + (1.6)(110 𝑘) = 332 𝑘 

 
(b) computing the mininum 𝐴𝑔 required, using LRFD equations 

1. min 𝐴𝑔 =
𝑃𝑢

𝜙𝑡𝐹𝑦

=
332 𝑘

(0.9)(50 𝑘𝑠𝑖)
= 7.38 𝑖𝑛2 

2. min 𝐴𝑔 =
𝑃𝑢

𝜙𝑡𝐹𝑢𝑈
+  estimated area of holes 

 
Assume that U = 0.85 from Table 3.2, Case 7, and assume that flange thickness is 
about 0.380 in after looking at W12 sections in the LRFD Manual which have 
areas of 7.38 in2 or more. U = 0.85 was assumed since 𝑏𝑓 appears to be less than 

2/3 d. 

min 𝐴𝑔 =
332 𝑘

(0.75)(65 𝑘𝑠𝑖)(0.85)
+  (4) (

7

8
in +

1

8
in) (0.381 in) = 9.53 in2  ← 

(c) Preferable miniumum r 

min 𝑟 =
𝐿

300
=

(12 𝑖𝑛/𝑓𝑡)(30 𝑓𝑡)

300
= 1.2 𝑖𝑛 

Try 𝑊12 × 35 (𝐴𝑔 = 10.3 𝑖𝑛2, 𝑑 = 12.5 𝑖𝑛, 𝑏𝑓 = 6.56 𝑖𝑛. 

𝑡𝑓 = 0.520 𝑖𝑛, 𝑟𝑚𝑖𝑛 = 𝑟𝑦 = 1.54 𝑖𝑛 

 
Checking  
(a) Gross section yielding 

𝑃𝑢 < 𝜙𝑡𝑃𝑛 
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𝑃𝑛 = 𝐹𝑦𝐴𝑔 = (50 𝑘𝑠𝑖)(10.3 𝑖𝑛2) = 515 𝑘 

𝜙𝑡𝑃𝑛 = (0.9)(515 𝑘) = 463.5 𝑘 > 332 𝑘 [∴ 𝑂𝐾] 
(b) Tensile rupture strength 
From Table 3.2, case 2 
𝑥̅ for half of 𝑊12 × 35 or, that is, a 𝑊𝑇6 × 17.5 = 1.30 𝑖𝑛 

𝐿 = (2)(4 𝑖𝑛) = 8 𝑖𝑛 

𝑈 = (1 −
𝑥̅

𝐿
) = (1 −

1.3

8
) = 0.84 

From table 3.2, case 7 

𝑈 = 0.85, since 𝑏𝑓 = 6.56 <
2

3
𝑑 = (

2

3
) (12.50 𝑖𝑛) = 8.33 𝑖𝑛 

𝐴𝑛 = 10.3 𝑖𝑛2 − (4) (
7

8
𝑖𝑛 +  

1

8
𝑖𝑛) (0.520 𝑖𝑛) = 8.22 𝑖𝑛2 

𝐴𝑒 = (0.85)(8.22 𝑖𝑛2) = 6.99 𝑖𝑛2 
 

𝑃𝑢 < 𝜙𝑡𝑃𝑛 
𝑃𝑛 = 𝐹𝑢𝐴𝑒 = (65 𝑘𝑠𝑖)(6.99 𝑖𝑛2) = 454.2 𝑘 

LRFD with 𝜙𝑡 = 0.75 
𝜙𝑡𝑃𝑛 = (0.75)(454.2 𝑘) = 340.7 𝑘 > 332 𝑘 [∴ 𝑂𝐾] 

 
(c) Slenderness ratio 

𝐿

𝑟𝑦

=
(12 𝑖𝑛/𝑓𝑡)(30 𝑓𝑡)

1.54
= 234 < 300[∴ 𝑂𝐾] 

 
∴ 𝑶𝑲 𝒕𝒐 𝒖𝒔𝒆 𝑾𝟏𝟐 × 𝟑𝟓 

 

Summary  

Design of Tension Members 

1. min 𝐴𝑔 =
𝑃𝑢

𝜙𝑡𝐹𝑦

                                                                               𝜙𝑡 = 0.9 

2. min 𝐴𝑔 =
𝑃𝑢

𝜙𝑡𝐹𝑢𝑈
+  Area of holes                                             𝜙𝑡 = 0.75 

3. min 𝑟 =
𝐿

300
 

Checking  
(a) Gross section yielding 

𝑃𝑢 < 𝜙𝑡𝑃𝑛 
𝑃𝑛 = 𝐹𝑦𝐴𝑔 and  𝜙𝑡 = 0.9 

(b) Tensile rupture strength 
𝑃𝑢 < 𝜙𝑡𝑃𝑛 

𝑃𝑛 = 𝐹𝑢𝐴𝑒 and  𝜙𝑡 = 0.75 
(c) Slenderness ratio 

𝐿

𝑟
< 300 
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C H A P T E R 5 
Introduction to Axially Loaded  
Compression Members  
 
INTRODUCITON  
Steel columns are vertical structural members that primarily carry compressive 
loads and transfer them from beams and floors to the foundation. They are 
designed to resist compression, buckling, and, in some cases, bending and 
tension. Common steel column sections include W-shapes, HSS sections, and 
built-up sections. 
 
 
END RESTRAINT AND EFFECTIVE LENGTHS OF COLUMNS 
 

End restraint describes how strongly the ends of a column are prevented from 
rotation and lateral movement by the connected beams, slabs, or foundations. 
 
Effective length is the equivalent length of an ideal pin-ended column that has the 
same buckling behavior as the actual column. It is given by: 
 

𝐿𝑒 = 𝐾. 𝐿 
 
where 𝐿 is the actual column length and 𝐾 is the effective length factor, which 
depends on the end restraints. See Figure 5.1 for practical 𝐾 values.  
 

 
FIGURE 5.1 Effective length (𝑲𝑳) for columns in braced frames                     

(sidesway prevented). 
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Columns End restaint  

 
COLUMN FORMULAS 
LRFD compression strength 𝜙𝑐𝑃𝑛 is: 
 

𝜙𝑐𝑃𝑛 = 𝜙𝑐𝐹𝑐𝑟𝐴𝑔 

 
where 𝐹𝑐𝑟 is the flexural buckling stress. 𝑃𝑛 is the nominal strength, and [𝜙𝑐 =
0.90] 
 
The value of 𝐹𝑐𝑟 may be determined 

a) If 
𝐾𝐿

𝑟
≤ 4.71√

𝐸

𝐹𝑦
               ⇒ 𝐹𝑐𝑟 = [0.658

𝐹𝑦

𝐹𝑒 ] 𝐹𝑦 

b) If 
𝐾𝐿

𝑟
> 4.71√

𝐸

𝐹𝑦
               ⇒ 𝐹𝑐𝑟 = 0.877𝐹𝑒 

where 𝐹𝑒 =
𝜋2𝐸

(
𝐾𝐿

𝑟
)

2 
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Example 5-2 
a. Using the column critical stress values in Table 4-22 of the Manual, 

determine the LRFD design strength 𝜙𝑐𝑃𝑛 for the column shown below, if a 
50-ksi steel is used. 

b. Repeat the problem, using Table 4-1 of the Manual. 
c. Calculate 𝜙𝑐𝑃𝑛 using AISC equations. 

 

 
Solution  
From thable 5.1 𝐾 = 0.8 

(
𝐾𝐿

𝑟
)

𝑥
=

(0.8)(12 × 15)

5.31
= 27.11 

(
𝐾𝐿

𝑟
)

𝑦
=

(0.8)(12 × 15)

3.04
= 47.37 ← 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑠 

From Table 4-22 (MANUAL), by stright line interpolation, 𝜙𝑐𝐹𝑐𝑟 = 38.19 𝑘𝑠𝑖 
For LRFD, 𝜙𝑐𝑃𝑛 = 𝜙𝑐𝐹𝑐𝑟𝐴𝑔 = (38.19)(21.1) = 805.8 𝑘 

 
(b) from Table 4-1 (MANUAL), for 𝐾𝐿 = (0.8)(15) = 12 𝑓𝑡,  ⇒ 𝜙𝑐𝑃𝑛 = 807 𝑘 
 
 
(c) Elastic critical bucking stress  

 (
𝐾𝐿

𝑟
)

𝑦
= 47.37 [from part (a)] 

𝐹𝑒 =
𝜋2𝐸

(
𝐾𝐿
𝑟

)
2 =

𝜋2(29000)

(47.37)2
= 127.55 𝑘𝑠𝑖 

4.71√
𝐸

𝐹𝑦

= √
29000 𝑘𝑠𝑖

50 𝑘𝑠𝑖
= 113.3 > (

𝐾𝐿

𝑟
)

𝑦
= 47.37 

⇒ 𝐹𝑐𝑟 = [0.658
𝐹𝑦

𝐹𝑒 ] 𝐹𝑦 = [0.658(
50

127.55
)] 50 = 42.43 𝑘𝑠𝑖 
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LRFD method, 𝜙𝑐𝐹𝑐𝑟 = (0.90)(42.43) = 38.19 𝑘𝑠𝑖 
 𝜙𝑐𝑃𝑛 = 𝜙𝑐𝐹𝑐𝑟𝐴𝑔 = (38.19)(21.1) = 805.8 𝑘 

 
Example 5-3 

 
Solutuion 

 

 
(b) from Table 4-4 (MANUAL), for 𝐾𝐿 = (1.0)(18) = 18 𝑓𝑡,  ⇒ 𝜙𝑐𝑃𝑛 = 1080 𝑘 
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C H A P T E R 6 
Design of Axially Loaded 
Compression Members 
 
INTRODUCTION 
The design of columns by formulas involves a trial-and-error process.The LRFD 
design stress 𝜙𝑐𝐹𝑐𝑟 is not known until a column size is selected, and vice versa.  
 
There are two method for design of compression memebers 

1- Trial and error method (Ilustrated in Example 6-1) 
2- AISC Tables method (Illustrated in Example 6-2) 

Example 6-1 (Tiral and error method) 
Using 𝐹𝑦 = 50 𝑘𝑠𝑖, select the lightest W14 available for the service column loads 

𝑃𝐷 = 130 𝑘 and 𝑃𝐿 = 210 𝑘, 𝐾𝐿 = 10 𝑓𝑡. 
 
Solution  
𝑃𝑢 = 1.2(130) + 1.6(210) = 492 𝑘 

Assume 
𝐾𝐿

𝑟
= 50  

From table 4-22, for 𝐹𝑦 = 50 𝑘𝑠𝑖 and 
𝐾𝐿

𝑟
= 50, we get  𝜙𝑐𝐹𝑐𝑟 = 37.5 𝑘𝑠𝑖 

Now caclulate required area of section, 

∵ 𝑃𝑢 = 𝜙𝑐𝐹𝑐𝑟𝐴 ⇒ 𝐴 =
𝑃𝑢

𝜙𝑐𝐹𝑐𝑟

 

𝐴 =
492 𝑘

37.5 𝑘𝑠𝑖
= 13.12 𝑖𝑛2 

 
Try 𝑊14 × 48 (𝐴 = 14.1 𝑖𝑛2, 𝑟𝑥 = 5.85 𝑖𝑛, 𝑟7 = 1.91 𝑖𝑛) 
Check :  

𝐾𝐿

𝑟
=

(12)(10)

1.91
= 62.63 

From table 4-22, for 𝐹𝑦 = 50 𝑘𝑠𝑖 and 
𝐾𝐿

𝑟
= 62.63,  we get  𝜙𝑐𝐹𝑐𝑟 = 33.75 𝑘𝑠𝑖 

𝜙𝑐𝑃𝑛 = 𝜙𝑐𝐹𝑐𝑟𝐴𝑔 = (33.75)(14.1) = 476 𝑘 < 492 ∴ 𝑁𝑂𝑇 𝐺𝑂𝑂𝐷 

 
Try next larger section, 𝑊14 × 53 (𝐴 = 15.6 𝑖𝑛2, 𝑟𝑥 = 5.89 𝑖𝑛, 𝑟𝑦 = 1.92 𝑖𝑛) 

Check :  
𝐾𝐿

𝑟
=

(12)(10)

1.92
= 62.5 

From table 4-22, for 𝐹𝑦 = 50 𝑘𝑠𝑖 and 
𝐾𝐿

𝑟
= 62.5,  we get  𝜙𝑐𝐹𝑐𝑟 = 33.85 𝑘𝑠𝑖 

𝜙𝑐𝑃𝑛 = 𝜙𝑐𝐹𝑐𝑟𝐴𝑔 = (33.85)(15.6) = 528 𝑘 > 492 ∴ 𝑂𝐾 
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Example 6-2 (AISC Tables method) 
If you know that 𝑃𝐷 = 130 𝑘 and 𝑃𝐿 = 210 𝑘, 𝐾𝐿 = 10 𝑓𝑡,  Use the AISC column 
tables (LRFD method) for the designs to follow. 

a) Select the lightest W section available for the loads, steel, 𝐹𝑦 = 50 𝑘𝑠𝑖 

b) Select the lightest satisfactory rectangular HSS sections, 𝐹𝑦 = 46 𝑘𝑠𝑖 

c) Select the lightest satisfactory square HSS sections, 𝐹𝑦 = 46 𝑘𝑠𝑖 

d) Select the lightest satisfactory round HSS section, 𝐹𝑦 = 42 𝑘𝑠𝑖. 

 
Solution  
𝑃𝑢 = 1.2(130) + 1.6(210) = 492 𝑘 
(a) 
From Table 4-1, for 𝐾𝐿 = 10 𝑓𝑡 and 𝐹𝑦 = 50 𝑘𝑠𝑖   

For 𝑾𝟖 × 𝟒𝟖 we get  𝜙𝑐𝑃𝑛 = 497 𝑘𝑠𝑖 > 492[OK] 
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(b) From Table 4-3, for 𝐾𝐿 = 10 𝑓𝑡 and 𝐹𝑦 = 46 𝑘𝑠𝑖   

For 𝑯𝑺𝑺 𝟏𝟐 × 𝟖 × 𝟑/𝟖 we get  𝜙𝑐𝑃𝑛 = 498 𝑘𝑠𝑖 > 492[OK] 
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(c)  From Table 4-4, for 𝐾𝐿 = 10 𝑓𝑡 and 𝐹𝑦 = 46 𝑘𝑠𝑖   

For 𝑯𝑺𝑺 𝟏𝟎 × 𝟏𝟎 × 𝟑/𝟖 we get  𝜙𝑐𝑃𝑛 = 511 𝑘𝑠𝑖 > 492[OK] 

 
 
 
(d)  From Table 4-5, for 𝐾𝐿 = 10 𝑓𝑡 and 𝐹𝑦 = 46 𝑘𝑠𝑖   

For 𝑯𝑺𝑺 𝟏𝟔. 𝟎𝟎𝟎 × 𝟎. 𝟑𝟏𝟐 we get  𝜙𝑐𝑃𝑛 = 528 𝑘𝑠𝑖 > 492[OK] 
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C H A P T E R 7 
Introduction to Beams 

INTRODUCTION 
Beams are usually said to be members 
that support transverse loads.They are 
probably thought of as being used in 
horizontal positions and subjected to 
gravity or vertical loads, but there are 
frequent exceptions—roof rafters, for 
example. 

 
 

SECTIONS USED AS BEAMS 
The W shapes will normally prove to be the most 
economical beam section, and they have largely 
replaced channels and S sections for beam usage. 

 
DETERMINING THE ALLOWABLE BENDING STRESS 
Bending stress, 𝑓𝑏 , in a beam is determined by the flexure formula 

𝑓𝑏 =
𝑀

𝑆
 

Where 𝑀 is bending moment, and  𝑆 is section modulus  
 

Example 7.1 calculate the maxium bending stress, 𝑓𝑏due to a 170 ft.k mombet 
about the strong axis on:  

a) 𝑊12 × 65 section 
b) 𝑊14 × 61 section 

Solution 
a) for a 𝑊12 × 65 section, 𝑆𝑥 = 87.9 𝑖𝑛3 

𝑓𝑏,𝑥 =
170 𝑓𝑡. 𝑘 × 12 𝑖𝑛./𝑓𝑡

87.9 𝑖𝑛3
= 23.2 𝑘𝑠𝑖 

b) for a 𝑊14 × 61 section, 𝑆𝑥 = 92.1 𝑖𝑛3 

𝑓𝑏,𝑥 =
170 𝑓𝑡. 𝑘 × 12 𝑖𝑛./𝑓𝑡

92.1 𝑖𝑛3
= 22.1 𝑘𝑠𝑖 

 
Example 7.2 Determine the bending stress on a 𝑊12 × 79 subjected to a moment 
of 80 ft.k about (a) the strong axis (b) the weak axis. 
Soltuion: for a 𝑊12 × 79 section, 𝑆𝑥 = 107 𝑖𝑛3 , 𝑆𝑦 = 35.8 𝑖𝑛3 

a)  

𝑓𝑏,𝑥 =
80 𝑓𝑡. 𝑘 × 12 𝑖𝑛./𝑓𝑡

107 𝑖𝑛3
= 8.97 𝑘𝑠𝑖 

b) 

𝑓𝑏,𝑦 =
80 𝑓𝑡. 𝑘 × 12 𝑖𝑛./𝑓𝑡

35.8 𝑖𝑛3
= 26.8 𝑘𝑠𝑖 
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C H A P T E R 8 
Case Study: Addition To the Royal Ontario 

Museum (Rom) 

 
CASE STUDY: ADDITION TO THE ROYAL 
ONTARIO MUSEUM (ROM) 

 
 
Design Architect: Studio Daniel Libeskind 
Local Architects: Bregman and Hamann 
Engineers: ARUP London/Halsall Associates 
General Contractor: Vanbots Construction Corporation 
Steel Fabrication and Erection: Walters Inc. 
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The initial design 
The initial design idea for the ROM addition began as a quick and informal “napkin 
sketch.” 

 
 

Physical and Digital Models 
Digital and physical Drawings and models are very important means of communication 
among team members.  
• Models of the traditional finely crafted type complete with interior lights, people and 

cars used for client-related display purposes.  
• Three-dimensional physical models were also used to visualize the steel structure, 

showing the floor framing layers or the steel diagrids. 
 

 
One of the massing study models created by the architects. 
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Left: A model used by the fabricator to examine the steel on the faces of the crystals. 
Right: This paper model uses the drawings for the steel floor framing to create a sense 
of the “floating” floor plates themselves, as independent of the sloped diagrid walls.  
 

 
The color coding on this illustration reveals the groups of members that comprise a 

particular part of the erection sequence. 
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Structural Stability Systems 
• The triangulation gives stability to many of the inclined planes. 
• Moment connection systems are also used to increase lateral stability, 

particularly for large truss members or skylight enclosures or cantilevering. 
 

 
3D modeling software was used of illustrations and showing connection details. 

 
 
 
 

 
Left: Digital model. 
Right: Photograph taken at the same angle as the digital model, showing how precisely 
the two images align. 
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Because the ROM's steel structure was too irregular to use a normal grid system, the 
project team identified steel members by vertex and sometimes a memorable nickname 
such as “The Owl.” 

 
 

• Drawing of the element as extracted from the digital model.  
• It was to be shop-fabricated so that the most complex pieces that required welding 

could be completed in the shop. 
• The element was sized to fit on a flatbed truck for transport.  
• The joints of site connection were to be bolted, all bolt holes were drilled in the shop. 
 

 
Left: “The Owl” nearing completion. All of the smaller steel pieces have been cut based 
on the drawing sheet.  
Right: “The Owl” is in place in the structure on site. 
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Transportation and Site Issues: 
Individual pieces of steel cannot be any larger than can be transported to the site.  
The fabricator must know the overhead clearance of every overpass as well as critical 
turning radii for the carrier for the route of travel between the fabrication shop and the 
construction site. Timing is also important to avoid peak traffic hours can alleviate some 
congestion. 
 

 
Left: Delivery and Storage of Steel Members. 
Right: Ironworkers are assembling a number of smaller pieces to create a larger entity 
to erect.  
 
Erecting the Steel 
99% of the erection of the ROM was achieved with the use of a single tower crane 
located at the center of the project.  

 
The location of the single-tower crane 
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Left: The crane attachment for a truss element 
Right: The ironworkers grab hold of the incoming diagrid element.  
 

 
Left: Ironworkers guide a large steel beam into position.  
Right: The lead ironworkers resolving a steel connection issue 
 

 
In order to use the crane efficiently, not all of the bolts are inserted as the piece is 
erected, just sufficient to hold it in place. The lead ironworkers are given the task of 
handling the erection. A second, following crew of ironworkers fill in the remaining 
bolts and tighten them snug-tight to specification. These men are using a small lift to 
access the connection.  
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The Effects of Weather and Climate on Erection 
Climate and temperature impact steel erection. Although severely cold or hot 
temperatures are not as problematic as for a concrete structure, where the curing of the 
concrete may be negatively affected, steel does expand and contract significantly, which 
can make fitting the pieces difficult.  

 
Work proceeds on the ROM during the winter months 

 
 
Providing Permanent Stability for the Frame 
There are various ways to provide lateral stability to a steel-framed building (as 
explained earlier). The early phase of construction began by erecting the steel around 
the concrete core for the stairs and elevator (see the figure below) 
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Coordination with Other Systems 
The design and detail of the structural steel for the building must also be coordinated 
with the mechanical and electrical systems.  
In traditional buildings these systems are often concealed in a suspended ceiling.  
Buildings with unusual layouts will have more difficulty in working.  
Building Information Modeling (BIM) systems allow the various members of the team to 
more easily troubleshoot a conflict-free situation.  

 
Left: Some of the duct runs in the ROM project are massive.  
Right: The vertical distribution risers for the air handling system in the ROM had to be 
worked into the planning of the steel structure. 
 
 
 

 
Left: A preview of the finished building prior to installation of the exhibits.  
Right: Exterior view of the completed museum.  
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C H A P T E R 9 
Architecturally Exposed Structural Steel 

(AESS) 
Architecturally Exposed Structural Steel (AESS):  
Architecturally Exposed Structural Steel (AESS) refers to structural steel that is 
intentionally left visible as part of the architectural expression of a building. 
The connections, welds, bolts, surfaces, and fabrication quality become part of the 
architectural design. 
Steel is therefore both a structural element and an architectural feature. 
AESS requires much closer cooperation among: 

• Architect  

• Structural engineer  

• Steel fabricator  

• Steel erector 

 

Steel Connections 
Different projects use different connection strategies depending on their architectural 
objectives: 

1. Bolted connections: can be intentionally exposed to create an industrial, rugged, 

or technical appearance. 

2. Welded connections: can provide a smoother and cleaner appearance. 

3. Combination of bolting and welding: allows designers to balance architectural 

appearance with fabrication and erection requirements. 

 

Viewing Distance and Level of Detailing 
The distance from the observer is an important factor in AESS design. 

• Steel within approximately 6 m of normal viewing distance may require carefully 

finished surfaces and highly refined connections. 

• Steel located far above the observer or beyond normal viewing distance 

generally does not require the same level of finishing. 

• Appropriate detailing according to viewing distance can produce significant cost 

savings. 
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Case Studies 
Heathrow Airport Terminal 5 
in London, England, is an 
example of very high-end 
custom fabrication and 
detailing. The connections 
make use of bolting and 
welding as appropriate to 
fabrication and erection and 
allow the process of the 
assembly to be seen. 

 
 
 

The detailing of the Canadian 
Museum for Human Rights in 
Winnipeg, MN, Canada, makes 
use of a combination of 
custom-fabricated elements 
and more standard sections 
and detailing. Bolting is 
proactively used for its 
rugged aesthetic as part of 
the story told by the 
materiality of this museum. 

 
 
 

Beijing Capital International 
Airport Terminal 3 in Beijing, 
China, is an example of high-
end AESS that looks for a very 
smooth, all-welded solution. 
Connections that are more 
technical in character and 
might use bolting are hidden 
above the white slatted 
suspended ceiling. 

 



Tishk International University ________________________________________________________________ 
 

66 
 

Edmonton City Hall Atrium: demonstrates that steel located far above the normal viewing 
distance does not necessarily require highly refined connections, allowing substantial cost 
savings. 

  
 

THE CATEGORY SYSTEM 

The categories of AESS 1 to AESS 4 reflect differences in finish and detailing that respect 
differences in viewing distance, function and cost. 
 
Architecturally Exposed Structural Steel will follow all of the same structural 
requirements and be subject to additional requirements as defined by the assigned 
AESS category (1, 2, 3, 4 or Custom) and the specific set of characteristics associated 
with a specific AESS category. 
 

AESS 1 – BASIC ELEMENTS 

This type of application would be suitable for “basic” elements that require enhanced 
workmanship. Exposed structures of this kind could be found in roof trusses for arenas, 
warehouses, big-box retail stores. 
The Ricoh Coliseum in Toronto, 
ON, Canada, uses trusses for its 
roof.  
A limited level of precision in 
fabrication would be required, 
given the building’s use. 
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This steel truss system 
spans the central atrium of 
the Gaylord Texan Resort 
in Dallas, TX, USA. 
Its distance to view allows 
for the use of slightly 
enhanced workmanship, 
predominantly standard 
steel sections and bolted 
connections.  
 

Lighting must be taken into account when designing with AESS and selecting the appropriate 
category. The organization and patterning of the steel system is more evident at night than 
during daytime. 
Sunlight and self-shadowing from the structural elements can mask details, whereas the 
blackness of the night sky in contrast with uplighting can make the structure stand out. 
 

AESS 2 – FEATURE ELEMENTS (with a View Distance > 6m/20ft) 

• This category includes structures that are intended to be viewed at a distance larger 
than 6m/20ft such as the steel in high-level roof or ceiling applications. 

• The process requires good fabrication with enhanced treatment of weld, connection 
and fabrication details. 

 
The trusses are fabricated to AESS 2 standards. They use a 
combination of W and L-shapes as well as welded and bolted 
connections. The column supports were fabricated to AESS 3 
standards. 
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The International Terminal at Calgary 
International Airport in Calgary, AB, 
Canada, uses AESS 2 standards for the 
trusses that span the hall. 
They are fabricated from a combination 
of round and square HSS.  
The columns and struts are AESS 3 due 
to their proximity and specific 
connection detailing. 

  
 

  

 

A closer view of the truss shows that a 
variety of sizes of HSS have been used, 
dimensioned to suit the loading as well 
as to allow for ease of welded 
connections between members. 

 
 
 

 
 

 

The triangular arched truss 
that supports the fabric roof 
of the Bank of America 
Pavilion in Boston, MA, USA, 
would be classed as AESS 2.  
The truss segments are 
bolted together.  
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AESS 3 – FEATURE ELEMENT with a View Distance ≤ 6m/20ft 

This type of structure can be found in airports, shopping centers, hospitals or lobbies as 
this structure is frequently be subject to touch by the public, therefore requiring a 
smoother, more uniform and more durable finish and appearance and the welds should 
be generally smooth. 

 
Steel detailing at the Palais de Congrès in Montreal, QC, Canada, combines structural 
requirements with architectural appearance. Larger truss splices use plates and bolts, 
while the intersection of the diagonal W (wide-flange) section with the bottom chord is 
ground smooth. Curved plates are carefully cut and welded inside the cutouts to achieve 
the high-quality workmanship required for AESS 3. 
 

 
 
 

The Chihuly Pavilion in Seattle, 
WA, USA, has special 
requirements on the steel due 
to the continuity of the 
members from close to distant 
view.  
AESS 3 would be appropriate 
to govern the choice with 
deference to close view. 
Some savings can be made in 
the design of the high-level 
connections that are out of 
view range.  

 

The pedestrian bridge at the 
Museum of Flight in Seattle, 
WA, USA, is served by AESS 3 
type steel due to the close view 
maintained even to the height 
of the bridge. The added 
complexity of the curvature 
and welding of the round HSS 
“hoops” adds to the cost of this 
structure. 
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AESS 4 – SHOWCASE ELEMENTS 

This category represents the highest level of quality and appearance requirements. 
Where, many columns and spanning members are custom-fabricated. The normal weld 
seam in the HSS members should not be visible. Welds are carefully contoured and 
blended, while steel surfaces are filled, ground, and sanded to achieve a smooth, 
uniform appearance. 

 
 
 

Beijing Capital International 
Airport in Beijing, China, could be 
considered as AESS 4 in its 
widespread use of all-welded 
connections for the curved round 
HSS trusses that brace its front 
wall. 
The use of curved steel adds to the 
complexity and cost of the 
structure. 

King’s Cross Station in London, England. 
The use of large custom castings will 
generally call for AESS 4 standards due to 
the added challenges in design, fabrication, 
remediation and erection. 

 
 

 

The World Financial Center entry 
pavilion uses custom-bent steel to 
create this pair of diagrid column 
supports. The connections are all 
welded  
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AESS C – CUSTOM ELEMENTS 
There are certain applications of AESS that will require a customized approach to design 
and specification. With increases in the reuse of steel for sustainably-minded projects, 
unique sets of criteria will come into play. Requirements will address the presence of 
finishes, corrosion, inconsistencies between members. 
 


