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(ABSTRACT)

In recent years the idea of using partially restrained connections in building structures has
become more practical and economical. Partially restrained connections resist moment and aso
allow rotation, therefore distributing the moments and stresses more evenly throughout the element.
Combining this idea with sted joists, which are also quite common in construction, makes for
shalower story heights and lower steel weights. This initid study analyzes partidly restrained
connections for both hot rolled shapes and steel joists using non-composite and composite
construction. The designs are than compared with respect to complexity, practicaity, serviceability
and economics. The results of this study show that partialy restrained joist connections are
economically superior to comparable hot rolled member designs.
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Chapter 1
INTRODUCTION

There are many factors in building design that must be considered to produce efficient and
practical structures. These factors include purpose, cost, materials, serviceability and aesthetics.
In structural design, the factor that is under the direct control of the engineer is materials. For the
structural designer to be cost efficient and profitable, he must consider all materials and their use
within the structure.

For structures of three stories or more, the choice of material types typically comes down
to using steel or concrete. A design firm will produce a typical design using both materials along
with a cost estimate for each. They will then present these options to the owner. In this study,
the main goal is to compare building designs using two basic types of structural steel to see which
is most cost efficient. The two types of structural steel used are hot rolled steel sections and
steel joists.

These two types of steel members can be used in several different types of construction.
The two types that will be presented here are non-composite and composite construction. The
first represents the oldest and most widely used type of construction in building design. In non-
composite construction, the applied loads are supported by the steel beams and girders with no
interaction with the accompanying concrete slab. The structural steel resists all the forces that
come from dead, live, snow, wind, and seismic loads that are typical on buildings. The concrete
slab is assumed to provide no strength or resistance to the building structure. The slab, in non-
composite construction design, is used only to transfer the floor loads to the beams and girders.

In composite construction, the slab is used additionally to provide strength and resistance
to the applied loads through composite action with the beam or joist. The slab is anchored to the
steel beams and girders in such a way as to provide a greater resistance to bending in the floor
members. Composite construction has many benefits such as smaller floor deflections and
shallower steel sections. By using the concrete slab the steel section can be reduced and live load
deflections are minimized.

Once the type of construction has been chosen, the next step is to choose the type of
steel section to use. The choices are hot rolled steel sections or steel joists. The hot rolled
sections are designed based on the LRFD Specifications and can be picked from available
databases (AISC 1994). Hot rolled section behavior has been thoroughly researched and these
sections are easily obtained from many different manufacturers. A disadvantage to using hot
rolled shapes is the complexity of the connection analysis and many limit state checks. The
reasons to select steel joists include their low weights, greater stiffness per unit weight and ease
of construction. Also, because they are essentially trusses, the duct work can be placed between
the web members thereby potentially reducing floor-to-floor heights. The disadvantage to using
steel joists are there poor vibration characteristics and the need for bridging. Hot rolled shapes
and steel joists can both be designed with either non-composite or composite construction.



The final decision to be made in the design is what type of connections to use in the
structure for stability. In common practice, the decision has been to use either moment resisting
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Figure 1.1 Moment Rotation Curve

frames or bracing. These two types have both benefits and drawbacks in both construction and
practicality. In the case of moment resisting frames, the cost of fabricating and erecting is quite
high relative to braced frames. Moment connections require more expensive details in terms of
fabrication and significant field welding which can increase construction time and cost. The other
alternative is the use of braced frames. Bracing consists of structural members that are placed
diagonally in a bay, or in other arrangements, to resist drift. These braces tend to interfere with
the architectural plans and limit the layout of the building.

In recent years a new type of lateral resisting frame, referred to as partially restrained, is
receiving a great deal of attention. These frames obtain their strength from partially restrained
connections. In the AISC-LRFD Specifications, two types of construction are described (AISC
1994). The first being Type FR which uses a fully restrained connection, which resists all
moment and allows little rotation. The second being Type PR which uses pinned and partially
restrained connections. These connections resist some moment and allow some rotation. The
moment rotation curves for various connections are shown in Figure 1.1. In practice, it is not
common to use a partially restrained frame to resist lateral loads such as wind or seismic, but in
actuality, these frames are more ductile. They tend to be more flexible in cases of extreme events,
dissipating energy and preventing abrupt failures due to fracture. The reason they are not used in
practice is because of the limited code specifications on this type of design and the relative
complexity of the modeling process.

The primary objective of this report is to conduct an economic study using a typical four
story steel building. Comparisons are made between non-composite and composite construction,
hot rolled sections and joists, and between partially restrained, braced and fully restrained frames.



The layout of the building, loads applied, and material properties are presented in
Appendix A. The footprint of the building is 100 ft by 150 ft and it is 60 ft tall. A penthouse is
located on the roof that is 28 ft by 50 ft and it is 10 ft tall. It is assumed that all column to
footing connections are fixed since this provides more overall frame stiffness compared to pinned
footing connections. A list of the eight framing designs is presented in Table 1.1.

The first set of designs compares the cost of using non-composite hot rolled sections
versus steel joists. Braced frames are used for the lateral resisting system in the north-south
direction and a moment resisting frame is used at varying frame lines in the east-west direction.

The next set of designs compares the use of partially restrained connections in hot rolled
sections versus steel joists. The partially restrained connections are used in both directions at all
frame lines to resist the effects of wind. The construction is non-composite.

The third set of designs compares composite hot rolled sections and composite steel
joists. Once again, as in the second set, partially restrained connections are used at all frame
lines.

The last set of designs are similar to the previous set, except that all beam to girder

connections are also partially restrained composite construction.
The types of connections used and typical details of the connections are presented in Chapter 6.
Each of the designs, modeling, connection details, and analysis are explained in the pages to come.
The following specifications and codes are used to complete the designs: AISC-LRFD
Specifications (AISC 1994) and ASCE 7-95 Minimum Design Loads for Buildings and Other
Structures (ASCE 1995). The Means Building Construction Cost Data (Means 1994) is used for
the cost estimates. The design procedures and joist specifications are described in subsequent
chapters.
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Chapter 2
LITERATURE REVIEW

There has been much research conducted in the past several years on the analysis
of partially restrained connections in building design. The research includes the analysis
of several types of partially restrained connections to determine their moment rotation
behavior, and the development of design procedures for partially restrained frames using
these connections with hot rolled structural steel members. The research that has been
done in this area is quite extensive so only research pertaining to the type of connections
and the types of partially restrained frames used in this work will be discussed here.

The most important part of any partially restrained connection analysis is to
obtain an accurate and easy way to determine the moment rotation curve. To develop
these curves many different mathematical models have been developed such as linear,
bilinear, mulitlinear, polynomial, cubic b spline, power, and exponential (Wolfram 1996).
In many cases the power model has been chosen for its ease of use and its accurate
representation of the moment rotation curve.

The power model is expressed in the following form for partially restrained
connections:

=9
a+q) " 2.1)

where m = M/M, or the connection moment M, divided by the ultimate connection
moment M,, (= 0,/d,, or the relative rotation between beam and column @, divided by
the relative plastic rotation, g, = M,/Ry; which is the ultimate connection moment divided
by the initial connection stiffness Ry;, and n is power that changes the shape of the curve.
The larger the value of n, the steeper the transition of the moment rotation curve from the
yield point to ultimate. Some of the effects that are neglected in this model are those due
to torsion, lateral bending, shear, and strain. These effects tend to be minimal in normal
connections and symmetric buildings so these omissions can be justified.

The power model has been shown to be accurate in predicting connection behavior
(Liew, et al 1993). Generalized connection parameters and equations have been developed
for framing angle connections, such as single and double angle, top and seat angle, and top
and seat angle with double web angle connections, to aid in the analysis. These
connections are illustrated in Figure 2.1. These parameters and the analysis of partially
restrained top and seat angle, and top and seat angle with double web angle connections
are given in Appendix B. The top and seat angles make up the moment couple in the
connection while the double web angles resist shear. In the design of the members with
partially restrained connections, the first step is to design the member as if fully
restrained at its ends. Using that member, the partially restrained connection can be
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Figure 2.1 Partially Restrained Connections

modeled and the frame analyzed with the selected members. This design is than altered
based on the moments calculated using a second order frame analysis. Several iterations
may be needed to produce the most efficient design. The ideal result in any partially
restrained frame is to balance the end and mid span moments. Doing such will produce
the most efficient frame design. The top and seat angle with double web angle connection
is used exclusively in the non-composite, hot rolled member construction designs. This is
done because this connection proves to be stiffer, thus reducing lateral deflections.
Another type of connection used in this study is partially restrained composite
connections. This connection is detailed in Figure 2.2. It consists of a bottom angle and
slab reinforcement which form the moment couple. The double angles are assumed to
carry the shear in the connection and are designed as such. The behavior of this
connection has also been studied (Leon 1994) and general connection specifications have
been developed (Leon, et al 1994).
This connection utilizes the additional strength and stiffness provided by the floor slab
which is developed by adding shear studs and slab reinforcement in the negative moment
regions (tension on top). The advantage of this connection is that it can be easily detailed
to limit strength by the amount of top reinforcement with the double web angles
providing adequate stiffness. The addition of steel reinforcement and composite action
provide added ductility and capacity. The connection also avoids problem areas such as
local buckling, shear yielding at the panel zone, and the formation of weak column and
strong beam mechanisms. The use of slab steel will result in a tension yield, unlike angle




Reinforcing Bora Concrete Slab
/— _— Sheor Studs ,— Sieel Deck

W12x63 /

H T Vo T T VN U T T |
a PL 9"%3"1/2"

B — 3/a" a323 Boits (iyp.) W12x23

o

\— L 6"x4"'x5/16"x6"

Figure 2.2 Partially Restrained Composite Connection

connections which yield both axially and in bending. The design and analysis of the
connection can be found in Appendix B.
The design procedure for partially restrained connections is as follows (Leon

1996):

6.

Determine the beam size based on construction loads assuming pinned end
conditions.

Size the composite section based on factored gravity loads also using pinned
end conditions.

Determine column sizes based on a rigid frame analysis and use the moment of
inertia found from the following equations:

Ieq = 0.61 5 + 0.41, (for partially restrained connections on both ends) (2.2)
Ieq = 0.751 5 + 0.25I, (for simple connection on one end) (2.3)
were . is the resulting moment of inertia, I is the composite moment of
inertia and [, is the moment of inertia at the point of connection.

Perform a lateral load analysis using software that can represent the non-linear
behavior of the connections and the frame.

Check all members for strength based on the resulting model forces. Check all
connections to assure they are designed for the calculated forces.

Detail the connections.

For service loads, the connections act similar to rigid connections, while at ultimate they
provide excellent ductility and energy-dissipation capacity. The end result is a decrease



in drift and second order p-delta effects, as compared to non-composite construction,
while providing redundancy at little additional expense.

5/4 A325 Bolts (typ.)
‘/— L 4°x4™x3/8"x4"

Steel Joist
Joist G-rder
W12x85
3/16 flet Weld (typ.)

PL B'x&"x3/4"

Figure 2.3 Partially Restrained Non-Composite Steel Joist

The use of steel joists in design and construction has been on the increase in recent
years. This is due to the practicality and ease of construction of the members. To date,
most designs have called for joists to be erected as simple members with no end moment
resistance. The use of steel joists in rigid frames can be easily used with some slight
modifications. By extending the bottom chord of the joist and welding it to the columns,
the joist becomes fixed thus reducing the steel weight needed and the depth of the member
(Fisher, et al 1991). This method can be used in both non-composite and composite
construction. In non-composite construction, the joist bottom chord can be welded to the
column at any time during the construction process. The most economical time is to weld
it after the construction load stage, to resist superimposed loads. The reason is that
rigidly supported members have larger end moments then midspan moments while simply
supported members have only midspan moment. Therefore, the construction load stage
produces the majority of the midspan moment while the superimposed loads produces all
of the end moment. This two phase analysis balances out the moments over the member
length efficiently utilizing the members section properties at its ends and midspan. For
composite construction the same process takes place where the joist is simply supported
at the construction stage but becomes fixed when the concrete hardens. Composite
construction utilizes the slab and steel reinforcement as added strength for the joist.
Schematics of these two systems are shown in Figures 2.3 and 2.4. The design of a
non-composite and composite joist are similar.



The factors to be considered are the magnitude of continuity, wind and seismic forces,
design of the bottom chord for proper forces and the bottom chord connection. The
bottom chord force can be found by finding the maximum moment and dividing it by the
joist depth. The chord can be connected to the column using a simple plate welded to the
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Figure 2.4 Partially Restrained Composite Steel Joist

column and bottom chord. The connection and joist designs are discussed in Chapter 5
along with actual sample designs in Appendix C.

There have been many papers written on the most practical and efficient way to
design partially restrained frames. The design procedure that is used in this work is
presented in Chapter 3. The guidelines found in research papers revolve around one
essential point which is whether or not access to analysis software that includes non-
linear effects. The moment rotation behavior of the connections and second order
effects is what produces non-linear model behavior. In this case study, a finite element
program (ANSYS) is used to analyze the non-linear effects. In many instances, this type
of software is too expensive and not cost effective for a small consulting office.
Therefore, two procedures that analyze a partially restrained frame are presented along
with a third procedure that utilizes a non-linear analysis software package.

The first design procedure is based on the absence of a program capable of
accounting for non-linear effects. The procedure is outlined below (King, et al 1993):
Method One:

Rigid Frame Analysis:
1. Perform a first order elastic rigid frame analysis using a structural analysis software
package.



2. Use the equations found in King, et al (1993) to calculate second order lateral
deflection and the notional loads. The notional loads are represented by the following
equation:

SH =SH +SP,D/ L (2.4)
where SH' is the notional load, SH is the total sum of all the horizontal forces, SP, is
the sum of all axial loads on a story, Dis the second-order lateral deflection due to P-D
effect and L is the story height. The notional load includes the horizontal force plus
second order effects.

3. Use the notional loads and gravity loads to perform first order elastic analysis, second
order effects are included in this step.

4. Calculate B, factor using an effective length factor equal to one and multiply times
corresponding moments. The B; factor represents the moment modification factor
due to P-d effects and is given in the LRFD specifications (AISC 1994).

5. Check the interaction equations in Chapter H of the LRFD specifications.

Partially restrained frame analysis:

1. Select connections based on maximum beam-column joint moments in rigid frame
analysis.

2. Determine the initial connection stiffness, Ry; based on connection type and member
size. The initial connection stiffness is calculated in Appendix B for a sample
partially restrained connection.

3. Substitute Ry; for the partially restrained connection.

4. Use Ry and the notional loads to carry out a first order elastic analysis.

5. Calculate B, factor using an effective length factor equal to one and multiply times
corresponding moments.

6. Check interaction equations and adjust the G factor for columns using the modified
moment of inertia in Appendix D.

This procedure uses a simple tangent connection stiffness as a representation of the

partially restrained connection which proves to be quite accurate and is a good estimate of

moment rotation behavior. This method gives similar results compared to a non-linear
analysis and gives a good estimate of column and beam moments. Finally, the use of
notional lateral loads is simple and avoids tedious k factor determination.

The second procedure also does not include a second order analysis and is based
solely on the LRFD procedures for design (Barakat, et al 1990). The proposed method is
shown below. This method uses a procedure for frame design similar to the LRFD
specifications with some simplified modifications, which includes two linearized moment
rotation relations and a modified relative stiffness factor G*. The whole procedure is
summarized below and all equations are found in Appendix D.

Method Two

1. Determine basic rigid frame parameters for a second order analysis. These parameters
are discussed in Appendix D.

10



2. Determine modification factors for flexible frames as described in Appendix D

3. Using a basic spreadsheet program the parameters can be calculated easily, and the
resulting members can be designed

This method follows the design procedures of LRFD specifications more closely.
The final procedure assumes a second order analysis software package is available
which incorporates non-linear springs to represent the connection behavior and has the
capability to include p-delta effects. The procedure here is as follows (Liew, et al 1993):
Method Three
1. Perform a preliminary analysis using rigid frame action. The magnitude of end
moments is based on the gravity load case. This analysis should account for second
order effects.

2. Select the type of partially restrained connections to be used. Design the connections
based on moments from step one.

3. Determine the ultimate moment capacity and initial connection stiffness using
methods proposed by Liew, Chen and White (Liew, et al 1993).

4. Check the limit states of all connections.

5. Perform second order analysis including partially restrained connections and second
order effects.

6. Check strength limit states of members and connections.

Check serviceability and drift.

8. Preliminary design is based on rigid-frame action so design may be conservative. A
more cost effective design may be found.

This procedure is more practical since the number of calculations and iterations has been

reduced. The only requirement is access to a non-linear software package.

A major concern in partially restrained frames is lateral drift because the
connections are ductile. The flexibility of the frames produce relatively large drift under
wind or seismic forces. It is common to limit drift to H/400, where H is the building
height and h/250, where h is the inter-story heights. This is not a code requirement but is
used by many designers as a serviceability check. These requirements may be difficult to
meet so the limit on building height, using partially restrained connections, is usually eight
to nine stories (Leon 1990). When considering drift, the loads to be applied during the
analysis of lateral deflection are in the range of 1.0D + 0.2L + 1.0W (Liew, et al 1993) to
1.0D + 0.5L + 1.0W (Swensson, et al 1995). For an estimate on drift the following
equations may be used (Chen 1991):

Top and seat angles:

~

D |74
- B (25)
90 +160>—
H

Flange plates:

11



D

E: s B (26)

130 +160 *—
H

In these equations Drepresents the lateral deflection, H is the building height, W is the
lateral load intensity (in kips/ft of vertical height) and B is the building width.

The applicability of partially restrained connections has been under scrutiny for
many years. One of the leading structural engineering design firms in the United States
published a paper to discuss the use and applicability of partially restrained connections
in steel frames (Swensson, et al 1995). The major concerns of the paper are design
guidelines, connection behavior, and connection applicability.

The first concern is the lack of design guidelines for partially restrained frames.
The LRFD specification permits the use of partially restrained connections, to resist
lateral loads in unbraced frames, with no explanation on their design or analysis.

The second concern is of connection applicability. The connections should be of
similar size and type to those elements tested. Also, most connection models have a
maximum moment or rotation beyond which mathematical models no longer apply. The
reason is a connection will reach ultimate capacity and then yield. A mathematical model
has no cutoff and assumes the connection can continuously rotate or carry moment
without failing. This factor is of great importance in design and must be considered when
using partially restrained connections in frames. Another consideration in frame analysis
is beam stiffness. For frames with relatively flexible connections, the negative moments
are small and the beam will act compositely over the majority of its length. The beam is
mostly in positive bending and the slab will be in compression throughout the member
length. Therefore, the beam is sized for gravity loads and the bare steel or composite
properties are used in the frame analysis. For frames with relatively stiff connections, the
negative moments are of the same order as the midspan moments, leading to the use of an
effective moment of inertia in the frame analysis. The moment of inertia is a weighted
average of the steel and composite sections. This will greatly add to the stiffness of the
frames.

When considering beam and column moments in frames, the analysis becomes
more complicated.  Since the frames are non-linear in nature, superposition is an invalid
assumption and a non-linear analysis must be utilized to account for both the connections
and second order effects. Due to the use of a second order analysis the B, and B, factors
for LRFD design need not be used. In the case of partially restrained composite
connections, a two phase analysis is suggested. For lack of any other analysis method,
the frame analysis may be superimposed onto the non-composite dead load condition.
The ultimate moment capacity of the connection must be greater than the factored loads.

In the case of columns, the effective length factors for columns need to be
modified based on connection stiffness. The use of modified G factor alignment charts are

12



of limited use due to the connection being loaded into the inelastic region while the
adjacent connection unloads. This area still needs more research. There are some basic
equations derived to account for connection stiffness. The following equation is used to
modify the beam or girder stiffness (King, et al 1993):

1

a= W (2.7)
1+

R.L
It has been shown that cost savings, about 20%, when comparing partially
restrained frames with rigid frames is possible (Bjorhovde, et al 1991). The goal of this
study is to show that partially restrained frames are more economical then their rigid or
braced frame counterparts.
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Chapter 3
DESIGN GUIDELINES

In this study, a typical four story office building is designed with story heights of 10 ft to

14 ft and a footprint of 100 ft x 150 ft. The same basic materials are used throughout the design:
steel framing with a steel deck and concrete topping. Thus, this building is considered as typical
construction.

In designing the eight different framing systems, a simple procedure was followed to

promote efficiency and a well thought out design. The eight framing systems are detailed in Table
1.1. This procedure is shown as a simple step by step procedure. It is assumed that the reader
has a great deal of knowledge in the design of steel structures and its components so the basic
steps will be outlined, not the actual member design processes or the frame analysis.

1.

The design guidelines for steel buildings is presented here:
Framing Members (hot rolled or steel joists) - If steel is the material of choice the first step is
to choose the type of member to be used, hot rolled steel sections or steel joists.
Construction Method (Non-Composite or Composite) - There are two choices for
construction, non-composite and composite. Non-composite pertains to the steel members
providing the strength and composite meaning that the steel and concrete work together to
provide strength.
Non-Frame Line Member Design - This step refers to the design of all members not in the
frames lines such as the decking, intermediate beams or joists, spandrel beams, etc.
Frame Type (Braced or Unbraced) - This refers to the type of system used to resist lateral
loads such as wind or seismic. This may be influenced by the height of the structure,
aesthetics, size of the lateral forces, etc. The unbraced or sway frames may consist of rigid or
partially restrained connections to resist lateral forces.
Frame Analysis - Here, a rigid frame analysis is conducted based on the factored gravity loads
for sway frames and a braced frame analysis for non-sway frames. Sway frames are frames
that resist lateral loads based on the stiffness of the connections and members in the frame,
whereas, non-sway frames resist lateral loads based on bracing. This analysis should include
second order effects.
Moment Resisting Connection Types - This step refers to the type of connection to be used,
for example top and seat angles or extended end plates. The type of connection chosen
should be based on the stiffness properties and the ultimate capacity of that connection. For
taller buildings using sway frames, stiffer connections should be used to reduce drift produced
by lateral loads. The connections are designed based on the frame analysis performed in the
previous step.
Moment Rotation Curves - For connections that are classified as partially restrained a
moment rotation curve needs to be defined. This is possible by using some of the newer
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methods developed by Chen (1991), Kishi (1993), Liew (1993), and Leon (1996) which are
described in Appendix B.

8. Connection Ductility - The connections need to be checked for ductility, meaning the
connection will not fail by yielding or fracture. All connections need to yield according to the
basic steel deformation curve.

9. Partially Restrained Frame Analysis - If partially restrained connections are used in the
frame, a second order non-linear analysis must be performed using the non-linear connection
characteristics. This can be done in any program which uses non-linear elements. The
members used in the rigid frame analysis and the factored gravity loads are used in this model.

10. Member Strength Requirements - Many of the members will probably need to be redesigned
based on the partially restrained analysis. The optimum frame is one in which the end
moments of the beams and girders are similar to their respective mid- span moments. This
yields the most efficient use of the steel framing members. All members in the frame must
meet the respective code requirements. For partially restrained frames the stiffness of the
connections must be considered in the column design and the appropriate modifications
performed (Barakat, et al 1990)

11. Drift & Serviceability - The following requirements are typical when considering building
drift and floor serviceability:

H/400 for building drift

h/250 for inter-story drift

L/240 for roof member live load deflection

L/360 for floor member live load deflection
where H is the building height, h is the story height, and L stands for span length. In
determining drift requirements it is common to use the loading combination 1.0D + 0.5L +
1.0W (Swensson, et al 1995). In some instances the building design will depend largely on
drift requirements, especially in the case of partially restrained sway frames.

12. Final Design - The design may need to be altered based on the results of the drift
and serviceability requirements. All connections should be detailed and member designs
checked. Floor vibration due to human activity should be checked but was not in this study..
These design guidelines are used throughout this study and are easily applied to typical

building structures.
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Chapter 4
MODELING

In partially restrained frames one of the most critical analysis steps is the modeling
process. The modeling of any structure begins with an accurate representation of its members
and components. To be able to do such, allows for a realistic, economic and safe design.

The most difficult part of structural analysis is developing an accurate model that will
correctly represent the structural system. In many cases it is impossible to represent any
building exactly with a model without making some general assumptions. For instance, structural
materials are assumed to deform according to basic mechanics of materials. This assumption is
reasonable for modeling purposes but in actuality may deviate due to weather conditions,
construction and the actual consistency of the material. In developing a model there are different
levels of precision that can be achieved. This usually depends largely on the complexity of the
structure, time allocated for design, cost of engineering and the uniqueness of the geometry or
loads.

In the designs developed in this project, the structure is of ordinary geometry and loading.
The only uniqueness is in the presence of partially restrained connections. This means that
many of the modeling methods used on typical building frames will not work. Some of the basic
frame analysis methods such as slope deflection, moment distribution, stiffness and flexibility
methods can be modified to work with partially restrained connections but tend to be very
tedious and complicated. Because most companies use computers in the analysis of frames, there
are many software packages designed to analyze structures. Some such programs are RISA,
SAP90, and STAAD. The problem is that they can not represent partially restrained connection
behavior. So for this reason a general purpose finite element package, ANSYS 5.3, is used to
analyze the partially restrained frames.

The first step in a building analysis is to reduce it into basic components. These
components include columns, beams and girders, flooring, foundations, and bracing. The next
step is to develop a model of these components and their interaction with each other. This is are
the frame analysis becomes important. There are two types of frames, non-sway and sway. A
sway frame consists of columns with beams and girders that are stiff enough to resist lateral
loads. A non-sway frame has all of those components, but uses bracing to resist lateral
movement. These types of frames can be analyzed in similar ways using the techniques
described above, such as slope deflection and moment distribution. A sway and a non-sway
frame are illustrated in Figure 4.1.

In Design’s I and II both sway and non-sway frames are used. The other designs use
only sway frames. Because a frame analysis depends largely on the properties of the frame
components, there must be a basic elastic analysis performed to develop a preliminary model.
The components can be designed based on simple structural analysis methods. The preliminary
member designs, and their member properties, can than be input into the frame model.
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The need for a frame analysis is to understand how the components interact. The
individual member properties will determine the stiffness and strength of the frame. The member

VAN AN A\

Sway Frame Non-Sway Frame

Figure 4.1 Frame Types

properties of the components reflect how the frame deforms and the distribution of loads. As a
rule, more force will go to the stiffer element. Therefore, the frame analysis may show that the
preliminary designs are not adequate and another iteration is needed.

In the designs done in this study, there is an important uniqueness. Because the frames
are partially restrained, special analysis procedures are required. This procedure included the use
of a general purpose finite-element program (ANSYS 5.3). The reason for using ANSYS is that it
accurately represents the partially restrained connections with a non-linear spring element. A
basic ANSYS input file is shown in Appendix E. The other important reason for using ANSYS
is that the second-order behavior is evaluated accurately for partially restrained frames.

The non-linear behavior of the partially restrained connection, namely the moment
rotation curve, is represented by the non-linear spring. By inputting the curve as data points to
define the spring, the connection is represented. If the connection is very stiff the spring acts as
a rigid joint while if the connection is very flexible the spring acts as a pin. The use of a spring in
this situation allows for the representation of any connection more accurately then a typical
pinned or rigid joint. The accuracy in modeling a spring connection can be checked using slope
deflection by using the given connection rotation and calculating the moment resistance.

Second order effects in partially restrained design is very important because of the flexible
connections. Second order effects are the modification of the column moments due to
eccentricity of the axial load caused by deformation of the column. Second order effects in
partially restrained connections are less severe because the moments at the ends of the beams and
girders are smaller. Nonetheless, these effects need to be considered. Using ANSYS these effects
are considered using several iterations until the model results converge to a specified value.

In Design’s I and II, the analysis is performed using unbraced and braced frames. Because
all the connections are either rigid or pinned, RISA-3D is used for structural analysis. The
building is broken up into five different frames, Lines A-D, B-C, 1-6, 2-5, and 3-4 as illustrated in
Figure A.1 of Appendix A. Each frame is input into RISA-3D as a two dimensional frame. This
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is done because two dimensional frames are easily modeled since three dimensional models tend
to be hard to evaluate properly. The components are first designed as individual members and
their respective member properties are entered into the model such as area, moment of inertia and
elastic modulus. The frame is evaluated using the loads in Appendix A and redesigned if
necessary. The final designs and cost estimates can be found in Appendix F. For these designs,
bracing is used in the north-south directions and rigid frames are used in the east-west direction.
The braces are placed in the interior of bays 2 and 5. The rigid joints are placed in frame lines A
and D in the exterior bays and the center bay. The placing of bracing and rigid joints represent the
optimum locations in the building to satisfy drift requirements and to minimize inconvenience to
the residents.

In Designs IIL,V and VII, it is essential to use ANSYS for the frame analysis. This is due
to the presence of partially restrained connections. In Design III, ANSYS is used to model all the
frames using their non-composite components. In Designs V and VII a two phase process is
performed. The first phase assumed the connections to be pinned, only the construction dead
loads are applied and the non-composite section properties used. The second phase employed
ANSYS to analyze the partially restrained behavior of the composite connections. The designs
are analyzed as described in Chapter 3. In these designs partially restrained connections are used
at all beam-or girder-to-column connections. The cost estimates for the designs are summarized
in Appendix F.

In Designs IV,VI and VIII, RISA-3D is used to model the frames containing steel joists
and joist girders. This is done in a two stage process. The initial frame analysis assumed the
joists to be pinned for construction dead loads. Therefore, the dead loads are applied to a frame
with pinned joints at every connection yielding zero moments at beam-or girder-to-column
connections. During this phase the joists and joist girders are designed using the non-composite
section properties. The second phase fixed all the connections, by connecting the bottom chord,
and the factored superimposed and wind loads are applied. In this phase, composite section
properties are used for Designs VI and VIII and non-composite for Design IV. The load effects
from these two stages are then superimposed to design the members. Samples of the joist and
joist girder designs are described in Appendix C. During these two phases an initial section is
needed to perform the frame analysis. The initial joist and joist girder designs are derived in the
same manner as for the hot rolled sections. The exception is that the loading stages are
considered separately and the resulting member forces are summed together to design each joist
member.

To summarize the frame analysis process for each of the designs:

Designs I and II:

1. The building is divided into five frames, Lines A-D, B-C, 1-6, 2-5, and 3-4

2. The beam or girder members are designed based on simple or fixed end conditions.

3. The member characteristics are entered into a two-dimensional frame model with the

appropriate end conditions.
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4.

S.

6.

The factored gravity load case is evaluated and the members are redesigned if
necessary.

The factored lateral load case is evaluated and again the members are redesigned if
inadequate.

The final check is for service load drift requirement of H/400 using a loading
combination of 1.0D + 0.5L + 1.0W.

Designs 111, V and VII:

1.
2.

The building is divided into five frames, Lines A-D, B-C, 1-6, 2-5, and 3-4

The beam and girder members are designed using pinned end conditions for factored
dead loads and fixed end conditions for superimposed loads (composite load case
only).

Moment rotation curves are than derived using the member designs in step two and
the type of connection chosen. For Design III it is top and seat angles with double
web angles and for Designs V and VII it is composite partially restrained connections.
The member characteristics are entered into a two-dimensional frame model using
ANSYS with the appropriate partially restrained connection characteristics. For
Designs V and VII, the composite designs, a two phase analysis is performed. The
first phase used RISA-3D with pinned connections and factored dead loads. The
second phase used ANSYS with partially restrained connections and the factored
superimposed loads. Here the factored gravity load is checked and the members are
redesigned.

The factored lateral load case is then evaluated and again the members are redesigned if
inadequate. Similar to step four a two phase analysis is used for composite sections,
one with the factored dead loads and the second with the factored superimposed and
wind loads.

The final check is for service load drift requirement of H/400 using a loading
combination of 1.0D + 0.5L + 1.0W. This analysis is again like step five. In some
instances this is the controlling requirement therefore the beam, girder or column sizes
are increased to provide more frame stiffness.

Designs IV, VI and VIII:

1.
2.

3.

The building is divided into five frames, Lines A-D, B-C, 1-6, 2-5, and 3-4.

The joist and joist girder members are designed using pinned end conditions for
factored dead loads and fixed end conditions for superimposed loads.

The member characteristics are entered into a two-dimensional frame modeling
program, RISA-3D. For all three designs, a two phase analysis is performed. The
first phase used pinned connections and factored dead loads. The second phase used
fixed connections and the factored superimposed loads. Here the factored gravity
loads are checked and the members are redesigned. In both phases, 85% of the joist
chord moment of inertia is used.
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4. The factored lateral load case is then evaluated and again the members are redesigned if
inadequate. Similar to step four a two phase analysis is done, one with the factored
dead loads and the second with the factored superimposed and wind loads.

5. The final check is for service load drift requirement of H/400 using a loading
combination of 1.0D + 0.5L + 1.0W. This analysis is again like step five. This check
is not the controlling requirement for joists and joist girders due to the larger stiffness
of the members when compared to beams and girders.

The modeling process for all of the partially restrained frames contain various exceptions
to normal design. The modeling process for hot rolled partially restrained frames becomes
complicated without the use of a non-linear modeling program. However, the modeling process
of steel joists and joist girders is similar to a simple or rigid frame analysis. As a result, the joist
frame designs yield less engineering time and are stiffer than their hot rolled counterparts. All of
the member designs are explained in greater detail in Chapter 5.
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Chapter 5
FRAMING MEMBER DESIGN

In all of the framing designs discussed in this project, each one had unique requirements.
The main types of members in any building, such as columns, beams, girders, bracing and
flooring, all have specific design provisions. Throughout the design process the most important
and complicated members to design are the beams, girders and columns.

The flooring consisted of steel deck with a normal weight concrete topping. The deck
was chosen from the Vulcraft Steel Deck Catalog (Nucor 1996). For non-composite floors the
deck chosen is 3C18 with a 2 in concrete topping and a span of 10 ft. For composite floors the
deck chosen is 2VLI with a 2 in concrete topping. The roof decking is 3N22 and has an approved
roofing material. In the cases where bracing is used, Designs I and II, double angles are used and
are designed based on their tension carrying capacity.

In the design of the beams, the first step is to determine the loading conditions. The loads
used are presented in Appendix A. The second step is to determine the type of member, hot
rolled or joist, and the end condition. The final step is to decide whether the member is to be
non-composite or composite.

For the members located in the frame lines the following procedure is used. First, the
member is designed with fixed end connections based on its plastic moment capacity. Using that
member size a moment rotation curve is developed using the methods discussed in Chapter 2. In
all of the non-composite designs the connection used is the top and seat angles with double web
angles.

For composite hot rolled sections, a different approach is taken. First the non-composite
member is designed based on construction loads and simple supports. Using the member size
obtained from the construction load stage the member is designed with 25% composite action.
This is done because the effects of the partially restrained connection will redistribute the
moments along the section. This will reduce the positive moment and therefore require less
strength at midspan. The idea behind the use of a partially restrained connection is to balance the
negative and positive moments to fully develop the member cross section.

The member is then placed in the frame model with its respective moment rotation curve.
The moment rotation curves for hot rolled composite and non-composite sections will be
discussed in Chapter 6. For non-composite sections, the load combinations are based on the
LRFD specifications (AISC 1994). For composite sections there is a two stage loading process
as described in the previous chapter.

In ANSYS, the member is input as an elastic beam element and the moment rotation curve
is input as a non-linear spring. This is typical for both the non-composite and composite cases.
The information that is needed in the frame analysis is the area, moment of inertia and elastic
modulus of each member, along with the data points for the moment rotation curve. Additional
input such as shear and stress characteristics may also be input if this type of output is required.
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For composite sections a weighted average of the positive and negative moments of inertia is used
due to the presence of the partially restrained composite connection.

Once the frame is analyzed, the resulting positive and negative moments for each member
are checked against all strength requirements. For the non-composite case, the member is chosen
based on its plastic moment capacity. In many cases the member is over designed. The reason is
that the partially restrained connection provided enough stiffness to balance the negative and
positive moments throughout the section. In the case of composite design, the midspan moments
or positive moment is summed from both analysis phases and checked versus the composite
strength of the member.

The joist and joist girders Designs IV,VI and VIII followed a similar two phase approach.
In Appendix C there are sample joist and joist girder designs for both non-composite and
composite members. The first step in the design process is the determination of the loads acting
on the member. For all the designs the loading process is the same. The joist is initially modeled
with dead load only. This phase consisted of the member, steel deck, and concrete topping and
the joist is considered to be simply supported. In the second phase of modeling, the
superimposed loads or service loads are applied. The end connection during this phase is
assumed to be fixed. To obtain fixity in a steel joist the bottom chord needs to be secured to the
column. This is modeled by assuming the bottom chord of the joist would be welded or bolted to
the column.

In Appendix C, spreadsheets are used to efficiently analyze and design partially
restrained non-composite and composite joists and joist girders. These spreadsheets can be
found in Appendix C. A brief discussion of the joist member loads and the uniqueness of their
designs will be explained here.

Joist and joist girders are essentially trusses. The most critical step in the design is a
correct determination of the chord and web member forces. In the two phase loading process the
joist and joist girders had both simple and fixed supports respectively. Using basic structural
analysis, the member moments can be calculated assuming the member acts as an elastic beam.
Initially with simple supports and dead load, secondly with fixed supports and superimposed
loads. These moments are than summed. The moment resultants are than divided by the joist
depth which produces axial forces in each chord. The web member loads can be determined based
on the shear diagram. Figure 5.1 shows the forces as they act on the joist and joist girder.

Using the loads determined for each member, the sections are designed as truss links.
This means that only axial loads are checked. The member is either designed for compression or
tension. The bottom chord-to-column connection, in some instances, required a plate to develop
enough compressive resistance. The plate is welded to the underside of the bottom chord angles.
This is done so the bottom chord angles would not need to be increased over the entire joist
length, because the extra capacity is only needed at the bottom chord extensions.

For the composite joist and joist girder designs, additional analysis is needed to
incorporate the slab into the design. The first step is to determine the effective width of the slab.
This can be found in Chapter 13.1 of the specifications for composite design (AISC 1994). The
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next step is to calculate the number of shear connectors needed to develop both the positive and
negative moment regions of the member. The number of studs for the positive moment region is
based on the area of the bottom chord. The number of shear connectors in the negative region is
based on the area of reinforcement. In both instances, a ductility factor of 1.3 is used to ensure
that in event of a failure the bottom chord would yield before the studs failed. The final step is
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Figure 5.1 Joist Member Loading Diagram

to determine the area of reinforcement needed in the negative moment region. The design of the
reinforcement is based on the same concept explained in Figure 5.1. The reinforcement needs to
provide enough strength, in tension, to resist the tensile part of the moment couple.

In the case of the joist girder designs, there are many requirements that needed to be met
besides those already described. The first being that the top chord of all joist girders must be a
minimum of 2L 2.5 in x 2.5 in x 0.212 in for interior girders and 2L 1.5 inx 1.5 in x 0.113 in for
exterior girders. This is to ensure adequate bearing for the steel joists framing into the girder along
with adequate base thickness for attaching the shear studs. The next requirement is that the
minimum bottom chord is 2L 2 in x 2 in x 0.163 in and this is for ductility purposes. The final
requirement is that the web member be a minimum of 2L 1.5 in x 1.5 in x 0.155 in to ensure
adequate shear resistance.

Once the joist and joist girders are designed they are input into RISA-3D to analyze the
frames. To do this, the area and the moment of inertia of each member is required. The moment
of inertia for the joist and joist girders is determined in two different ways for the non-composite
and composite cross-sections. For the non-composite sections, only the top chord and bottom
chord are considered in the moment of inertia calculation. The composite section moment of
inertia is based on the bottom chord and the slab. The top chord is not considered because its
location is close to the neutral axis thus providing little contribution. This value is then
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multiplied by 0.85 for use in the frame lines and deflection calculations. This is done because the
calculated moment of inertia is not the effective moment of inertia of the joist. The coefficient,
0.85 is chosen by modeling a joist in RISA-3D and applying a load to it. The analyzed
deflection, load, elastic modulus and span are than used to calculate the moment of inertia. In
most instances it is determined that the moment of inertia calculated using the process described
above is to large. Therefore, as a conservative estimate, 85% of the calculated moment of inertia
is used.

The final members to be designed are the columns. The column orientation is as shown in
Appendix A with the strong side in the north-south frame lines. This is done to provide
adequate stiffness against sway in the smaller frames. The columns are designed based on the
AISC LRFD Specifications. Some unique steps in the design are the use of partially restrained
connections in the calculation of the G factor. The summing of loads from more than one
analysis and the use of a spreadsheet to help in the design and analysis of all the basic equations.

When modifying the G factor what needs to be considered is the flexibility of the
connection. The G factor equation, as described below,

a1, 0
L.o
G=——— (5.1)
aa xI; 0
&1, o
is modified using a factor, a, less than 1.0 for all types of connections. This factor relates to the
connection flexibility at the beam-or girder-to-column joints. For flexible connections the factor
is described below:

1
a _T (5.2)
1+

R.L
where Ry; is the initial connection stiffness, E is elastic modulus, I is the moment of inertia of the
beam/girder and L is the span. This factor is then used to modify the G factor and the columns
respective effective length factor (King 1993).

The process of summing the loads for both phases is done in a spreadsheet. Designs LII
and III are non-composite, thus the following procedure does not apply. For all other designs the
first phase of loading, the initial dead loads, accounted for axial loading only because all the
connections are simple. The second phase of loading produced both axial load and moment. The
two phases are summed and the column is then designed accordingly. The spreadsheets for
column design are shown in Appendix C.

Sample member designs are shown in Appendix C.
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Chapter 6
CONNECTION ANALYSIS AND DESIGN

In partially restrained designs, the most critical aspect in the design is an accurate
representation of the partially restrained connection. There has been much research done on the
analysis and design of partially restrained connections. The largest and most practical being the
work done by W.F. Chen, W.S. King, J.Y. Liew and D.W. White (Liew, et al 1990 and King, et al
1993). Their work on angle connections in non-composite hot rolled steel is very thorough and is
easily applied to the analysis and design of steel frames. For composite hot rolled sections, the
work by R.T. Leon has been documented and published in Steel Design Guide Series 8 (Leon, et
al 1996). Each of the aforementioned connections will be discussed further in this chapter.

The first type of connection that will be explained is the partially restrained connection
used in the non-composite steel designs such as Design III and the roofs of Designs V and VII.
The connection is shown in Figure 6.1. The connection itself consists of top and seat angles with
double web angles. This connection proved to be very stiff and limited the amount of drift in the
frames. The concept behind this connection is that the double web angles resist the shear in the
connection while the top and seat angle resist the moment couple produced in the member.

Using the power model as shown below a moment rotation curve can be derived:

: q
(1+qn)l/n (61)
where m = M/M,, or the connection moment M, divided by the ultimate connection moment M,
, 4= 0./q, , or the relative rotation between beam and column @, , divided by the relative plastic
rotation Q, , 0, = M/Ry; , or the ultimate connection moment M, = divided by the initial
connection stiffness Ry; , and n is the shape factor. The larger the value of n, the steeper the
transition of the moment rotation curve from the yield point to ultimate.

In reference to Appendix B, the connection behavior is as follows. The connection is
assumed to rotate about the bottom angle heel. Other assumptions are that out of plane
movement and torsion of the connection will not occur.

The partially restrained connections are all analyzed in a similar fashion. The first step is
to develop standardized connection parameters relating the connection geometry (Liew, et al
1993). The second step is to determine the initial connection stiffness Ry; represented by the
initial slope of the moment rotation curve. This value is important because it is utilized in the
partially restrained frame analysis. The next variable derived is the ultimate moment capacity of
the connection M,. This is important because it is the limiting point on the moment rotation
curve. The final value calculated is the shape parameter n, this value represents the sharpness of
the curve. These values have all been calculated in a sample spreadsheet in Appendix B. The
moment rotation curve can now be developed using the above power model equation.
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Figure 6.1 Top and Seat Angles with Double Web Angles

The moment rotation behavior of the connection is largely dependent on the type of top
and seat angles used and the depth of the member. The most efficient members are of 12 in. to 16
in. deep. This is because when deeper members are tried ,with similar connection characteristics,
the moment rotation stiffness did not increase proportionally to the member depth.
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Figure 6.2 Partially Restrained Composite Connection (PRCC)
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In the partially restrained frames with composite construction, another type of
connection is used, called PRCC or Partially Restrained Composite Connections (Leon, et al
1996). These connections provide a great deal of economy and strength. They are used in
Designs V and VII. The connection is shown in Figure 6.2.

Some of the important advantages to using this type of connection are as follows. The
amount of moment capacity at the ends of the member can be controlled by the amount of steel
in the slab. The use of PRCC connections will reduce the beam size due in part to the balancing
of the midspan and end moments and also reduce deflection. One limitation is that PRCC’s
should only be used in buildings of ten stories or less.

The analysis and design of this connection is shown in Appendix B. The curve is based
on the connection component characteristics and the slab properties. The curve is graphed in
both the positive and negative moment regions. This accounts for the possibility of moment
reversal. It can be seen from Figure 6.3 that the connection is stiffer in the negative moment
region. This is due to the reinforcement steel being very

Figure 6.3 Moment rotation Curve for a PRCC

ductile and the bottom angle being stiff. The initial connection stiffness is less in the positive
region but the ultimate moment capacity is the same for both regions.

The analysis and design of the PRCC is rather simple but its consideration in the frame is
very important. Frame analysis using this type of connection is discussed in Chapter 4. It is
important to understand that for the connection to act as analyzed the connection must be
detailed properly. This means the number of reinforcing bars used, placement of the bars and
adequate development lengths must be specified. The Steel Design Guide Series 8 also includes
tables for prequalified connections, adjusted moments of inertia as explained in Chapter 4 and
other connection characteristics (Leon, et al 1996).

The final connection designs are for joists and joist girders, both non-composite and
composite. An example of non-composite and composite joist connections can be found in
Figures 6.4 and 6.5 respectively. A two phase design is considered in all joist connections. The
first is based on a simple connection. This connection consists of the top chord of the joist
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welded or bolted to the column using an angle or a plate. This step is for the initial dead load
case only. The second phase considers the bottom chord of the joist or joist girder welded or

3/4" A325 Bolts (typ.)
‘/— L 4°x4"x3/8"x4”

]
Steel Joist
Joist G-rder
W12x85
3/16 flet Weld (typ.)
)

PL B'x&"x3/4"

Figure 6.4 Partially Restrained Non-Composite Steel Joist Connection

bolted to the column flange. This is done before the addition of superimposed loads. Both the
top chord and bottom chord connection are similar in detail.

Renfarcing Bors Concrete Skb
_— Sheadr Sluds _— Steel Deck

TN T N T T T Tt T e\ T T

Staal Jocsl.

WT 6x8 Jaist G-rder

W12x85 {3/15' diet weld {typ.)
=
- PL B"x6"x3/4"

Figure 6.5 Partially Restrained Composite Steel Joist Connection

28




When connecting the bottom chord, the compressive force in the extension becomes the
controlling design factor. Instead of increasing the entire bottom chord size to account for this
extra force, additional steel can be added at this critical location. This can be done by welding
plates to the bottom chord angles of the joist. This stabilizes the bottom chord at the extensions
and provides adequate strength.

In the case of composite connections, the joist top chord is assumed to resist only the
initial dead load case. The reinforcement is assumed to couple with the bottom chord to resist
the negative moment when the service loads are applied. The use of the steel in
the negative moment region reduces the force in the bottom chord because it increases the
moment arm by three to four inches. The use of steel reinforcement in the negative moment
region requires an added number of studs to successfully transfer the load between the joist and
slab.

An example of the hot rolled connection analysis is found in Appendix B and that for
joist and joist girder connections in Appendix C. There are limitations to the use of the methods
and equations described in this section. The first being that there has been little research or
experimentation on the effects of partially restrained connections to the weak axis of columns.
This has been neglected in this study since the goal is to determine cost savings. It has also been
assumed that all of the hot rolled partially restrained connections will act as analyzed. Finally, it
has been assumed that the joists and joist girders can be produced as designed and their behavior
as partially restrained connections will act according to analysis. This assumption needs to be
tested and verified before either of the non-composite or composite designs can be used in
construction.
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Chapter 7
DRIFT ANALYSIS

In partially restrained frames, lateral drift is an important consideration. The amount of
drift allowed in the building of this study is H/400. The inter-story drift is limited to h/250. H is
the building height and h stands for the story height respectively.

When considering partially restrained hot rolled frames, drift can be the most important
factor in the member design. In the design of the hot rolled frames of this study, lateral drift is
not a factor in the member design. For the joist and joist girder designs, drift is also not a
problem. This is due to the large amount of stiffness provided by the members and connections.
The building in this study had a drift requirement of 1.8 in. The drifts for each design are
summarized at the end of this chapter in Table 7.1.

In analyzing the drift for each frame, a loading combination of 1.0D + 0.5L + 1.0W is used
(Swensson, et al 1996). This loading combination is common in practice and is used by many
engineers to determine service load drift. Some assumptions that are made is that each frame acts
separately and does not interact with adjacent frames. This is done for ease of modeling and
yields a conservative estimate of actual building drift. Another assumption is that the flooring
did not contribute any stiffness to the building. This can only be done in a three dimensional
model. The use of such a model can prove to be beneficial if drift is a consideration because the
interaction of all the frames reduces the drift of the entire structure.

From the data in Table 7.1, drift is not a consideration in the design of the partially
restrained frames of this study. Drift only becomes a factor for taller buildings with more flexible
connections. The drift of each frame and their individual stories is summarized for each design in
Table 7.1

When comparing the drift of hot rolled sections and joist frames, it is easily seen that the
joist and joist girder frames produce the least amount of drift. This is because of the large amount
of stiffness the joists provide. Therefore in sway frames it is beneficial to use joists and joist
girders because they reduce lateral drift.
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Total Drift Limitation = H/400
Inter-Story Drift = h/250

Frame
Line 1-6

Line 2-5

Line 3-4

Line A-D

Line B-C

Story 1 is 14

Stories 2-4 are 12'

Penthouse story is 10'

Drift

Story __[Limitation] Design 1 | Design II | Design III| Design IV| Design V & VII | Design VI & VIIJ|
1st 0.67 NA NA 0.17 0.14 0.23 0.14
2nd 0.58 NA NA 0.19 0.14 0.27 0.15
3rd 0.58 NA NA 0.17 0.09 0.22 0.10
4th 0.58 NA NA 0.08 0.07 0.13 0.08
Total 1.50 NA NA 0.61 0.44 0.85 0.47
1st 0.67 0.42 0.40 0.22 0.17 0.29 0.16
2nd 0.58 0.50 0.44 0.23 0.16 0.36 0.15
3rd 0.58 0.34 0.28 0.20 0.12 0.30 0.12
4th 0.58 0.24 0.14 0.10 0.10 0.17 0.09
Total 1.50 1.50 1.26 0.75 0.55 1.12 0.52
1st 0.67 NA NA 0.30 0.19 0.32 0.18
2nd 0.58 NA NA 0.40 0.18 0.39 0.18
3rd 0.58 NA NA 0.42 0.17 0.36 0.17
4th 0.58 NA NA 0.29 0.15 0.26 0.14
Penthouse 0.48 0.16 0.13 0.22 0.03 0.22 0.03
Total 1.80 0.16 0.13 1.63 0.72 1.55 0.70
Ist 0.67 0.50 0.50 0.20 0.23 0.38 0.22
2nd 0.58 0.47 0.45 0.11 0.15 0.34 0.12
3rd 0.58 036 035 013 016 023 0.15
4th 0.58 0.17 0.16 0.02 0.07 0.08 0.06
Total 150 150 146 046 061 103 055
1st 0.67 NA NA 0.20 0.23 0.35 0.23
2nd 0.58 NA NA 0.12 0.15 0.31 0.12
3rd 0.58 NA NA 0.22 0.21 0.30 0.26
4th 0.58 NA NA 0.09 0.12 0.13 0.14
Penthouse 0.48 0.24 0.15 0.07 0.01 0.14 0.02
Total 1.80 0.24 0.15 0.70 0.72 1.23 0.77

** Even numbered designs are with joists
** Odd numbered designs are with hot-rolled sections

Table 7.1 Building Design Drifts
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Chapter 8
MATERIAL TAKEOFFS & COST ESTIMATES

In most building projects, the final decision as to which material type and construction
method to is based on economics. The cost of a project is evaluated by different firms based on
their own in-house cost estimating procedures, their source of materials, the contractors they will
hire and the amount of profit desired. One common method of estimating a project is the use of
the Means Building Construction Cost Data (Means 1994). This was the estimating procedure
chosen to provide realistic building costs for the eight designs evaluated in this study.

To introduce the Means cost estimating procedure, a brief explanation of the manual and
its components will be presented. In this manual, all aspects of the project are priced based on
the cost of material, labor, equipment, overhead, and profit. The manual is broken down into
sections such as site work, concrete, masonry, and metals. Within each section are subsections,
such as pre-cast or cast-in-place for the concrete section. Finally, the items are priced out
individually based on a unit cost. Under each item the crew needed to do the work is described,
their daily output, and the number of man hours it takes to do one unit of work. Also described
is the type of unit, such as linear feet, the cost of materials, labor, equipment and overhead and
profit per unit. For a more detailed explanation of the use of the Means Building Construction
Cost Data refer to the second page of the manual (Means 1994).

—— 3/4" A325 Boks

/]
)O//— 3/18" Filet Weld

4" . W12x22
ol PL 6'x4"x1/4 X

W1Bx35

Figure 8.1 Simple Shear Tab Connection

Using Means the projects were estimated. To simplify the estimating process of the
connections, a rounded figure for the cost of each type of connection was calculated. The
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connection costs are summarized in the following section along with a brief description and
illustration of the connection.

A simple shear connection is illustrated in Figure 8.1. This was used in all of the hot
rolled designs, mostly at beam to girder connections. The estimated cost constructing and
erecting this connection is $50.

PL 30":8"11" (1yp.)
Noy Requre Shems

/—PI. 18%9"x1/2"

[W1ax) NZizes

1/2° Fiel Weld [typ)
3/4" A325 Oots Gyp )

1/2" Fllet Weld Both Sides Clyp)

0O 0 9 0 0 0 9 O
CEEEEEEEEEEEEEEE EEEmE EEmdEEmEmE smEImE smEmE smamy
0O 6 0 60 0 0 0

Figure 8.2 Flange Plate Moment Connection

In Figure 8.2 a typical fully restrained or rigid connection is shown. This connection is
very complicated and requires shims and a large number of bolts to be installed correctly. This is
the most expensive connection used in this study and is only used in Design I sparingly. The
purpose of this connection in design one is to provide lateral stability against wind loads. The
cost of this connection is $500.
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o 3/4" A325 Bolts
o —PL 31/4”

W16x40

O
TX\— 3/16" Flet Weld (typ)

\\

W14x109

N PL 6"x4.5"x1/2"

\ L 1.25"x1.25"x3/16"
N

~

~

Figure 8.3 Bracing Connection

In Figure 8.3 a bracing connection is detailed. This connection is designed to resist lateral
loads and is only used in the braced frames of Designs I and II. This connection is quite easy to
design but requires field welding to install the bracing angles. The average cost for this connection

is $100.

W12x865

O
@]

! Ve L 8"°x6"x7/8"x6" (typ.)

L 4"x4"x1 /2"xQ"
W12x26

L 7/8" A325 Bolts (typ)

Figure 8.4 Partially Restrained Connection
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In Figure 8.4 is a typical partially restrained non-composite hot rolled connection used in
Designs II1,V, and VII. The average cost of this connections is $200. The same connection can
also be made to the weak axis of the column by connected the angles to the web instead of the
flange. In some cases where there would not be a similar connection on the opposite side of the
column, plates may be needed to stiffen the column web opposite the connection.

Reinfercing Bors Concrete Slab
/— _— Sheor Studs — Sieel Deck

I IAE AR
o PL 9"%3"1/2"
| —— 3/4" n323 Boits (1yp.) W12x22

W12x63

5

\— L 6"x4"x5/16"x6"

Figure 8.5 Partially Restrained Composite Connection

In Figure 8.5 a partially restrained composite connection is illustrated. This connection
was used in Designs V and VII exclusively. In Design VII this connection is also used at all beam
to girder connection locations. The average cost of this connection is $150. This connection may
be used at column weak axis locations with plates to stiffen the seat angle.
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3/ 16& / \sm /
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Figure 8.6 Joist to Joist Girder Connections

Joist Girder

In Figure 8.6 a joist to joist girder connection is pictured. This connection is used in all of
the joist designs including Designs II, IV, VI, and VIII. It is the least expensive connection since
only requires a field weld for installation and bridging throughout its length for stability. The
cost of this connection is $50.

— le— 4™ (typ.)

WT BxB

Steel Jaist
ar
Joist Girder

3/16” Filet

W12x85

Figure 8.7 Joist or Joist Girder to Column Connection
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The connection illustrated in Figure 8.7 is similar to the previous connection except that it
uses a top angle to connect the joist or joist girder to the column. This connection is more

expensive than the previous connection because it requires positioning while being bolted into
place. The cost of this connection is $50.

5/4 A325 Bolts (typ.)
‘/— L 4°x4"x3/8"x4"

Steel Joist

Joist G-rder
W12x85

3/16 ilet Weld (typ.)

PL B'x&"x3/4"

Figure 8.8 Partially Restrained Joists to Column Connection

In Figure 8.8 a typical non-composite partially restrained joist connection is shown. This
connection is the same as the previous connection with the bottom chord welded to a stabilizer
plate. This makes the joist fixed for all loads added after a designated load stage. The optimum
time in which to weld the bottom chord is after the initial dead loads have been applied, this
includes the slab weight, deck, bridging and other dead loads. The joist would than become fixed
for service and wind loads. The price of this connection is $125.
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L PL 6"x6"x3/4"

Figure 8.9 Partially Restrained Composite Joists to Column Connection

In Figure 8.9 a partially restrained composite joist connection is detailed. This connection is
similar to design and methodology as the previous connection. The welding of the bottom chord
occurs at the same load step. The addition of reinforcement and composite action reduces the
steel joist or joist girder weight and also provides ductility in the connection with the
reinforcement. The average cost of this connection is $100.

Using the average costs of these basic connections, a cost estimate was produced for each
of the eight designs. Table 8.1 shows the cost of each design along with material takeoffs. The
material takeoff is a summary of steel weight, concrete, reinforcement and shear studs. These
particular items were chosen because they had the greatest effect on the cost. The cost
estimates only include the superstructure because this is the only part of the design that varied.
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Design | Material | Constructio | Lateral System | Steel [ Rein. [ Studs Cost
n (tons) | (tons) | (#)
I Hot Non- E/W Unbraced | 1874 | 11.2 - $ 539,500
rolled Composite N/S Braced
11 Joists Non- E/W Unbraced | 138.0 | 11.2 - $ 407,000
Composite N/S Braced
III Hot Non- Partially 169.8 [ 11.2 - $ 529,500
rolled Composite restrained
v Joists Non- Partially 1079 | 11.2 - $ 404,000
Composite restrained
\Y Hot Composite Partially 1419 [ 13.7 | 2660 | § 509,000
rolled restrained
VI Joists Composite Partially 99.0 12.5 [ 5200 | $ 389,000
restrained
VII Hot Composite Partially 140.3 [ 155 | 1756 | $ 525,000
rolled restrained
VIII Joists Composite Partially 86.1 13.7 | 5744 | § 402,000
restrained

Table 8.1 Material Breakdown & Cost Estimate

A detailed cost estimate of each design is shown in Appendix F. In reference to Table 1.1
Designs V and VII, and VI and VIII, the only difference is that all beam-to-girder and joist-to-joist
girder connections are partially restrained in the later designs.

As can be seen from Table 8.1 the joist and joist girder designs were the most economical.
This is due to the smaller amount of steel needed, less erection time, simpler connections and an
overall savings in labor and material handling. The least expensive design was the composite
joists and joist girders (Design VI). This design used composite construction with partially
restrained connections at all of the frame lines. The non-composite joists and joist girder designs
were a close second when comparing savings.

The overall savings of steel and money is obvious with steel joists. What is also deduced
from this study is the savings when partially restrained connections are used. The savings, when
using partially restrained connections, is seen in both the hot rolled steel shapes and steel joists.
An overall savings in steel is in the range of 30% to 40% for steel joists versus hot rolled shapes
with PR connections. When considering composite versus non-composite construction, steel
savings is in the range of 10% to 20% for both hot rolled shapes and steel joists with PR
connections. The cost savings of using steel joists versus hot rolled sections is in the range of
20% to 30% and finally when comparing composite versus non-composite the savings is 5% to
10% for both hot rolled shapes and steel joists with PR connections. Table 8.1 also shows that
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the partially restrained beam-to-girder and joist-to-joist girder designs (Designs VII and VIII) are
more expensive than there simple connections counterparts (Designs V and VI). This is due to an
increased amount of reinforcement needed at these locations. Therefore, the most economical
designs were the composite designs with partially restrained connections at frame line locations
only.
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Chapter 9
CONCLUSIONS

The objective of this study was to provide cost estimates of eight different framing
designs to see which is the most economical. Each of the eight designs were unique in their
material choice, construction and lateral system. The two material choices were hot rolled steel
shapes and steel joists and joist girders. The construction methods were either non-composite or
composite. The lateral systems included rigid frames, braced frames and partially restrained
frames.

The use of partially restrained design and construction has yielded both benefits and
disadvantages. The benefit being the savings in steel but the disadvantage is the amount of
engineering time utilized in the design process. The applicability and modeling complexity in
partially restrained design may justify the use of moment frames or braced frames. The decision
is up to the designers and their knowledge of partially restrained construction.

As described in Chapter 8 there is a noticeable savings in steel and cost when using steel
joists coupled with partially restrained connections. What goes unnoticed is the actual design
time that was used in hot rolled or steel joist partially restrained design. The hot rolled designs
took a considerable amount of time, maybe twice as long, to implement when compared to the
steel joists. The extra design time is understood because the hot rolled shapes required a non-
linear analysis when considering connections while the steel joists did not. This aspect of the hot
rolled design actuality took less time than if done at a design firm due to the modeling capability
of the analysis tool (ANSYS). General purpose finite element programs are not routinely used in
design firms because of the significant cost. The design of steel joists uses a two phased
approach, as described in the chapter on modeling. The first being a simple pinned model for the
construction load phase and, the second being a rigid fixed model for the service and wind load
stage. Thus limiting the design time needed and produced the most economical designs.

The use of composite construction in the case of partially restrained design is also
beneficial in many instances. This is understood because the general reinforcement in the slab,
required for temperature and shrinkage, contributes to connection strength. This contributes
largely to why the hot rolled designs decreased significantly in cost. In the steel joist designs
there was limited savings for composite construction. This is because there are many design
requirements that limit how small the joist members can become (Nucor 1996). Therefore the
results show that non-composite and composite steel joist construction are similar in cost when
using partially restrained connections.

There are limitations to the applicability of partially restrained construction for hot rolled
shapes. The first being that buildings are limited to ten stories, mostly due to drift
considerations. The second being the behavior of partially restrained connections to the weak
axis of columns. No research was identified on this type of connection. Also there has been
much confusion on a standard code of practice on the design of both partially restrained hot
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rolled connections and their respective frame analysis. There has been much research done in this
area but with limited acceptance by the structural engineering industry. This is due largely in
part to the vast amount of information on the subject with little standardization.

Similar to hot rolled shapes, the ten story limitation and the column weak axis connection
are also applicable to steel joists. There is however, a need for future research into the areas of
partially restrained steel joist design. The first being the actual response of partially restrained
composite steel joists under loading. The question asked is whether the reinforcement provides
enough strength, or pullout strength, to resist the tension part of the moment couple. The second
question is whether it is possible to non-compositely or compositely create a partially restrained
connection between the steel joist and joist girder. The problem with this connection being the
resistance to the compressive part of the moment couple by the joist girder web. Other possible
research topics may be in the vibration and ductility aspects of partially restrained joist
construction.

The results of this study are encouraging and the benefits of partially restrained
construction for both hot rolled shapes and steel joists are obvious. With some additional
research and a better understanding of partially restrained behavior the savings of material, cost
and time can be passed on to the design engineer and finally to the public.
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Appendix A

APPLIED LOADS, MATERIAL PROPERTIES AND FRAMING LAYOUTS
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A.l Load Combinations

Using ASCE 7-95 the minimum design loads for the office building are calculated. Loads
considered were dead, live, snow and wind loads. Snow drift for the roof was also considered.
Snow drift was calculated according to the provisions of Section 7 of ASCE 7-95. The snow drift
profiles are shown in Figure A.5. To calculate member forces the LRFD load combinations are
used. The loading combinations are:

1.4D

1.2D + 1.6L +0.5(L, or S)

1.2D + 1.6(L, or S) + (0.5L+0.8W)
1.2D+1.3W+0.5L+0.5 L,

09D £ 1.3W

The largest calculated using these combinations are then used to design the members.

46



Applied Loads

Roof Loads:

Dead Loads

Snow Loads

Floor Loads:

Dead Loads

Live Loads

Insulation
Mechanical
Ceiling
Roofing

Uniform
Drift

Slab
Mechanical
Ceiling

Curtain Walls

Office
Lobby
Penthouse
Partitions

2 pst
4 psf
3 psf
14 psf

18 psf
See accompanying diagram

40 psf
4 psf
2 pst

20 psf
50 psf
100 psf

100 psf
20 psf
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A.3  Material Properties

The following material properties were used throughout the project.
Steel Properties:

Yield Stress : A572 50 ksi

Elastic Modulus : 29,000 ksi

Bolts : A490

Concrete Properties (For use with hot rolled sections):
Compressive Stress : 4 ksi
Elastic Modulus : 3,600 ksi
Normal Weight : 145 pcf

Concrete Properties (For use with steel joists):
Compressive Stress : 3 ksi
Young’s Modulus : 3,200 ksi
Normal Weight : 145 pcf
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Appendix B
CONNECTION DESIGN AND ANALYSIS
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B.1  Top and Seat Angles with Double Web Angles Connection

Beam Properties

Beam depth d(in) =

Beam length L=
Top Angle 8x6x7/8

Leg thickness

Leg length

Distance to bolt hole

Bolt diameter
Distance from heel to toe of fillet

Web Angles 4x4x1/4
Leg thickness
Leg length
Distance to bolt hole

Bolt diameter
Distance from heel to toe of fillet

Standardized Parameters

Initial Connection Stiffness

Elastic Modulus
Yield Stress

Wi12x22

12.31
28.0

t,(in) = 0.875
I (in)=4
g.(in)= 3.0
D (in) = 0.875
k, (in) = 1.375

t(in) = 0.25
I, (in) = 10
g.(in)= 3.0
D (in) = 0.875
k, (in) = 0.625

Top Angle

Beta
Gamma
Delta
Kappa
Omega

Web Angle

Beta
Gamma
Delta
Kappa
Omega

Rho

Beta prime of top angle

Beta prime of web angle

Normalized connection stiffness for top angle

Normalized connection stiffness for web angle

Inertia of top angle

Bending stiffness

Bolt diameter
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Nut width

E (ksi) = 29000

F, (ksi) = 50
Bolt Properties A490
d, (in) = 0.875
w (in) = 1.4375
Seat Angle 8x6x7/8
t,(in) = 0.875
I, (in)=4
g.(in)= 3.0
D (in) = 0.875
k(in) = 1.375
B,= g./1= 0.75
= 1/t= 4.57
d= d/t= 14.07
= k/t= 1.57
w, = w/t= 1.64
B, = g./1= 0.30
= 1/t= 40.00
= d/t= 49.24
k= k/t= 2.50
W, = w/t= 5.75
ry= ty/t = 0.29
B/ = B, - 1/2g(1+w,) = 0.4609
B, = B, - 1/2g,(1tw,) = 0.2156

D = 3/(B/(g?B>+0.78))

D, = 1.2468

D, = 3/(2B,'(9,’B,*+0.78))

D, = 0.0925
I = /12 =
EL,= 1619

0.05583



Total initial connection stiffness

Ultimate Moment Capacity

Beta star for the top angles

Zeta

Beta star for the top angles

Zeta

Initial plastic moment

Top angle moment capacity
Web angle moment capacity
Ultimate moment capacity
Reference rotation ¢,

Shape Parameter

Ry = 468062
B* = B/*g - k= 0.5357
0=2'+Bx*z-1 z,= 0.857
=0.00
B,* = B,*g, - k,= 6.1250
0=z'+B,*z,-1 z,=0.163
=0.00
M, = F*t%/4 = 9.57
Mu=  Mt*g*{1+z[1 +B* +2(k,+ d)]} =  92.9
My, = M t*g * (142, ¥ * {[9u(Ze-D/[3%(2y )]+ +1/r ) = 65.3
M, = M, t* Mo/ Mot M, /Mo ] = 158.2
Q= MJ/R,; = 0.000338
n= 5.483*log,,0,+14.745 U 0.800 0.800
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Moment Moment Rotation Instant Stiffness Beam/Girder W12x22
(k-ft) (k-in) (rad) (k-ft/rad) Length (ft) 28
0 0 0.000000 #DIV/0! Top Angle 8x6x7/8
10 120 0.000025 404735.32 Seat Angle 8x6x7/8
20 240 0.000056 359036.81 Web Angle 4x4x1/4
30 360 0.000094 318869.46 A572 Grade 50
40 480 0.000142 282238.08 A490 7/8" Diameter Bolts
50 600 0.000201 248273.63
60 720 0.000277 216503.20
70 840 0.000375 186642.41
80 960 0.000505 158514.55
90 1080 0.000682 132014.09
95 1140 0.000796 119356.33
100 1200 0.000934 107090.22
105 1260 0.001103 95217.18
110 1320 0.001314 83741.96
115 1380 0.001582 72673.15
120 1440 0.001935 62023.95
125 1500 0.002413 51813.36
130 1560 0.003090 42068.24
135 1620 0.004112 32826.76
140 1680 0.005798 24144.67
150 1800 0.016916 8867.35
Moment-Rotation Curve
<
<
5
g
=
0.000 0.002 0.006 0.008 0.010 0.012 0.014 0.016 0.018

Rotation (Rad)
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B.2  Partially Restrained Hot Rolled Steel Composite Connection

Use prequalified connections from Partially Restrained Composite Connections
Steel Design Guide Series 8 (Leon 1996).

Connection characteristics

Type of bars = #4
Number of bars = 6
A, (in%) = 1.20
Section = W12x14
Beam depth (in) = 11.91
F, (ksi) = 50.0

Y3 (in) = distance from top flange of the girder to the centroid of the reinforcement =

Negative Bending Moment Curve

Cl = 0.18*(4*AF,,;+0.857AF,)(d+Y3) =

C2= 0.775
C3 = 0.007(A+A,)F,(d+Y3) = 30.03
Positive Bending Moment Curve M,
C1 = 0.2400*[(0.48*A,,)+A,]*(d+Y3)*F,=
C2=0.0210%(D+Y3/2) = 0.2816
C3 = 0.0100*(A,+A)*(d+Y3)*F,= 42.90
C4 = 0.0065*A,,*(d+Y3)*F, = 18.80
Equivalent Moment of Inertia PRCC at both ends or one end: Both
I (in*) = 168.3
I, (in) = 163.0
L, (in*) = 166.2
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Bottom angle = L6x4x5/16x6
A, (in®) = 1.875
Web Angles = 2L4x4x1/4x9
A, (in®) = 3.88
F,. (ksi) = 36.0
3.0

M, = Cl1(1-¢*)+C3q

679.4

. = Cl(1-e ) +(C3+C4)q

668.7



Curves Connection Summary
Rotation Moment Type of bars = #4 Bottom angle =  L6x4x5/16x6
(radx1000) (kip-in) Number of bars = 6 A, (in®) = 1.875
0 0.0 A, (in®) = 1.20
1 396.4 Web Angles = 2L4x4x1/4x9
2 595.3 Section = Wi12x14 A, (in®) = 3.88
3 703.1 Beam depth (in) = 11.91
4 768.9 F, (ksi) = 50.0 F,p (ksi) = 36.0
5 815.4 I, (in*) = 166.2
6 853.1
7 886.6
8 918.3
9 949.0
10 979.4
11 1009.6
12 1039.7
13 1069.8
14 1099.8
15 1129.9
16 1159.9
17 1189.9
18 1220.0
19 1250.0
20 1280.0
PRCC Moment-Rotation Curve
1500
s
& 1000
5
£ 500
2
0] } } } } } } } } } } } } } } } } } {
0o 1 2 3 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Rotation (Rad x 1000)
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Appendix C
MEMBER DESIGNS
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C.1  Hot Rolled Steel Section Composite Design

Bay Properties

Beam spacing on left (ft) = 0.0
Beam spacing on right (ft) = 10.0
Beam/Girder type (exterior/interior) = exterior

Beam & Concrete Properties

Material Properties

Yield Stress (ksi) =

Concrete Strength (ksi) =

Concrete Weight (pcf) =

Deck & Stud Properties

Slab Thickness (in) =
Span (ft) = 28.0 Deck Thickness (in) =
Approximate flange width (in) = 8.0 Stud Height (in) =
Effective Width (in) = 46.0 Rib Width (in) =
Number of studs/rib =
SRF =
A. Load Tabulation
Service Load LF Factored Load
(k1) (kIf)
Wic 0.000 1.6 0.000
Wpc 0.000 1.2 0.000
Wp 0.000 1.2 0.000
3 0.000 1.6 0.000
Total 0.000 0.000
B. Beam Moments & Shear
Uniform Non-Uniform
M, (k-ft) = 0.0 139.3 V, (k)=
Mcp (k-ft) = 0.0 51.3
Service M (k-ft) = 0.0 38.6
Service My (k-ft) = 0.0 62.7 V, (k)=
C. Select section & determine properties
Assume a (in) = 0.33
Y2 (in) = 3.84
From composite tables possible sections are
Trial 1 Trial 2 Trial 3
Section Wi12x14
F, (ksi) = 50.0
Y2 (in) = 3.84
Y1 (in) = 3.36
SQ. (K) = 52.0
fM, (k-ft) = 93.1
M, (k-ft) = 65.2
I (in%) = 88.6
Iip (in*) = 168.3
A, (in’) = 2.38
Compute Y2 for SQ,
a= SQ,/(0.85f b) = 0.33
Y2= 3.83
D. Compute number of studs required
Q. (K)= 26.1 Table 5.1
Number of studs = 4
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50.0
4.0
145.0

2.0
2.0
3.5
5.0
1.0
1.0

Uniform
0.0

Non-Uniform
24.8



E. Construction phase strength check

M, (k-ft) = 51.3
F. Service load deflections
D (in) = 2.12
Camber (in) = 2.00
L peaa (in') = 75.2
Dy, (in) = 1.81
Iis Read (in4) = 327

Service construction load deflection
Service live load deflection

G. Check shear
V. (k)= 24.8

fV= f(0.6F,A,=

Shear check
H. Final section
Use: Wl12x14
I (in*) = 168
F, (ksi) = 50
Camber (in) = 2.00
Studs = 4
Stud diameter (in) = 3/4
PRCC Needed = Yes
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OK.

£ 2.50

L/360 = 0.93

O.K.
N.G.
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O.K.



C.2 Non-Composite Partially Restrained Steel Joist Design

Span Length

J—{ = End Panel —] = Panel width { ‘J
) 2 4 =3 8 J0O
Bl 3 S 7 9 11
=] [~ Bearing Length Depth i End Panel —| |~— LDepth
Distributed Lad
A S T A R T A T T T T T T Y N
|
[
O T O A A ‘ ‘ ‘ ‘
Bingram LT T T
o }
Moment //‘
Diagram Fixed Supports
Simple Supports
Steel Joist Properties
Span (ft) = 28.0 Yield Stress (ksi) = 50.0
Number of Panel Widths = 13 Ultimate Strength (ksi) = 65.0
Panel Width (in) = 24.0 Young's Modulus (ksi) = 29000.0
End Panel (in) = 8.0
Bearing Length (in) = 4.0
Depth (in) = 28.0
Type of Joist (floor or roof) = FLOOR
Load Step 1 : Initial Dead Load Only Type of End Connection (Simple or Fixed) = Simple
Dead Load (plf) = 315.0
Live Load (plf) = 0.0
Factored Load (plf) = 378.0
Moments based on type of end connection
Midspan Moment (k-ft) = Mu = wl"2/8 = 37.0
End Moment (k-ft) = 0.0 0.0
Reaction (k) = 53
Load Step 2 : Superimposed Loads Type of End Connection (Simple or Fixed) = Fixed

Dead Load (plf) = 75.0
Live Load (plf) = 700.0
Factored Load (plf) = 1210.0

Moments based on type of end connection

Midspan Moment (k-ft) =
End Moment (k-ft) =

Reaction (k) =

Mu = wl"2/24 = 39.5
Mu = wl"2/12 = 79.1
16.9
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Top Chord Design (Compression)

P, (k) =

Effective Length

Unbraced Length

Estimated radius of gyration

Using LRFD Specifications Chapter E

Forl OQ£1.5
Forl &Q>1.5

| =(kl/p)AF,/E)

Trial Size = 1.5 x 1.5 x 0.1700 Eq. Legs

Q= 1.000

1, (in) = 0.459
1, (in) = 0.294
A, (in%) = 0.962

Filler spacing

kl/r,

Stea'd =

Slenderness Requirements

I/r=

M,/(depth -1) =

L, (in) =
r (in) =

F..= Q(0.658%)F,
F.= (0.877/1 ¢*)F,

F,, (ksi) =
P, (k)=
I(in*) =

Wt (plf) =

12.3

81.6

£90
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34.0

0.8
24.0
0.459

(A-B5-15)
(A-B5-16)

0.553
44.00

(E2-4)

(E2-1)

0.91

0.553
44.0
36.0

0.203
3.27

OK

Therefore use 1 filler

OK



Bottom Chord Design (Tension)

P,(k)=  M/(depth-1)= 34.0

Using LRFD Specifications Chapter D
fP,=fAF, (D1-1)

A, 0.76

Trial Size = 1.75 x 1.75 x 0.1550 Eq. Legs

1, (in) = 0.541

L (in) = 24.0
r, (in) = 0.345 I (in*) = 0.304
A, (in%) = 1.036 Wt (plf) = 3.53
Slenderness Requirements
Ir= 69.6 £240 OK
Calculate bottom chord yield force
T,=A*F, = 51.8
Check that  A,*F, <0.8*A.*F, 53.9 OK
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Web Member Design

Member 1 (Tension):

Trial Size= 1.75x 1.75 x 0.1700

1, (in) = 0.539
r, (in) = 0.344
d (in) = 0.000
A, (in%) = 0.566

Slenderness Requirements

Ir=

Member 2 & 3 (Compression):
Effective Length
Unbraced Length

Estimated radius of gyration

Trial Size= 1.75x 1.75x 0.1700

Q= 1.000

d (in) = 0.000
1, (in) = 0.539
r, (in) = 0.344
A, (in%) = 0.566

Slenderness Requirements

lr=
Member 4 & 6 (Tension):
Trial Size = 1.5x 1.5x0.1700
r, (in) = 0.459
r, (in) = 0.294
d (in) = 0.000
A, (in%) = 0.481

Slenderness Requirements

I/r=

P, (k) =

A, (Req'd) =

99.9 £240

F,, (ksi) =
P, (k)=
I (in*) =
Wt (plf) =

88.5 £200
P, (k) =

A, (Req'd) =

103.6 £240
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21.7

0.48

L (in) =

I (in*) =
Wt (plf) =

20.6

0.8
30.46
0.539

0.597
43.07
0.56

0.597
43.1
20.7
0.165
1.93

17.5

0.39

L (in) =

I (in*) =
Wt (plf) =

34.4

0.1646
1.93

OK

OK

OK

30.5

0.1013
1.64

OK

(D1-1)

(E2-4)
(A-B5-15 or 16)
(E2-1)

(D1-1)



Web Member Design (Continued)

Member 5 & 7 (Compression): P, (k)= 159
Effective Length = 0.8
Unbraced Length L, (in) = 30.46
Estimated radius of gyration r(in) = 0.461
.= 0.699 (E2-4)
F.,= 40.8 (A-B5-15 or 16)
A, = 0.46 (E2-1)
Trial Size = 1.5x 1.5x0.1700
Q= 1.000 .= 0.702
d (in) = 0.000 F, (ksi) = 40.7
1, (in) = 0.459 P, (k)= 16.6 OK
r, (in) = 0.294 I (in") = 0.101
A, (in%) = 0.481 Wt (plf) = 1.64
Slenderness Requirements
Ir= 103.6 £200 OK
Member 8,10 & Others (Tension): P, (k)= 14.3
A, (Req'd) = 0.32 (D1-1)
Trial Size = 1.5x 1.5x0.1380
1, (in) = 0.463 L (in) = 30.5
r, (in) = 0.296
d (in)= 0.000 I (in*) = 0.0848
A, (in®) = 0.395 Wt (plf) = 1.34
Slenderness Requirements
Ir= 103.1 £240 OK
Member 9,11 & Others (Compression): P, (k)= 12.7
Effective Length = 0.8
Unbraced Length L, (in) = 30.46
Estimated radius of gyration r(in) = 0.466
| .= 0.692 (E2-4)
F.= 40.9 (A-B5-15 or 16)
A, = 0.37 (E2-1)
Trial Size = 1.5x 1.5x0.1380
Q= 0.996 .= 0.695
1, (in) = 0.463 F. (ksi) = 40.7
1, (in) = 0.296 P, (k)= 13.7 OK
A, (in%) = 0.395 I (in*) = 0.0848
Wt (plf) = 1.34

Slenderness Requirements
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I/r=

Bottom Chord Extension Design

P, (k) =
Effective Length

Unbraced Length
Estimated radius of gyration

Use Plate (Yes/No)

Trial Size = -

103.1 £200

Mu/(depth -1) =

Plate Properties

L, (in) =
w (in) =

t (in) =

Trial Size = 1.75 x 1.75 x 0.1550 Eq. Legs

Angle Properties

Q =
y (in) =
1, (in) =

Hybrid Properties

Yeen (IN) =
I, (in%) =
A, (in) =
1, (in) =

Filler spacing
kl/r, =
Sread =
Slenderness Requirements

I/r=

k=
L, (in) =
r(in) =
| .=
Fo=
A, =
No
30.0
2.0
0.125
0.983
0.495
0.345
45.0
15.5
88.3 £120

71

35.1

0.8
30.46
0.460

0.700
40.72
1.02

I (in*) =
A, (in’) =

r (in) =

with plate

1, (in) =
A, (in) =
I (in*) =

.=

F.. (ksi) =
P, (k)=
Wt (plf) =

Therefore use

OK

0.541
1.036
0.304

0.595
42.49
37.4
3.53

1 filler

OK

(E2-4)

(A-B5-15 or 16)

(E2-1)

OK



Deflection Checks

Assumptions: 1) Joist centroid at depth/2.
2) Distances from angle centroids to joist centroids are approximately (d -1)/2.

Approximate equivalent moment of inertia I, (in*) =

85% of approximate equivalent moment of inertia I, (in*) =

Material Takeoff

Member
Top Chord
Bottom Chord
Web Member 1
Web Member 2 & 3
Web Member 4 & 6
Web Member 5 & 7
Web Member 8,10 & Others
Web Member 9,11 & Others
Buckling Link

Design Summary

This joist design is for simply supported initial dead load with a buckling link added after dead load
is applied to help resist the live load.

Dead load deflection (in) =
Camber (in) =
Service load deflection (in) =

Allowable service load deflection (in) =

Section
1.5x 1.5 x 0.1700 Eq. Legs
1.75 x 1.75 x 0.1550 Eq. Legs
1.75x 1.75 x 0.1700
1.75 x 1.75 x 0.1700
1.5x 1.5x0.1700
1.5x 1.5x0.1700
1.5x 1.5x0.1380
1.5x 1.5x0.1380
1.75 x 1.75 x 0.1550 Eq. Legs

364.6
309.9
0.582
0.500
0.215
0.933

Length (ft)

28.0
28.0
5.7
10.2
10.2
10.2
17.8
17.8
5.1

Total

OK

Weight (Ib's
91.7
98.7
11.0
19.6
16.6
16.6
239
239
17.9

319.9

Type of Joist (Floor or Roof) = FLOOR
Type of End Connection (Simple, PR or Fixed) = PR
Span (ft) = 28.0 Dead Load (plf) = 315.0
Number of Panel Widths = 13 Live Load (plf) = 700.0
Panel Width (in) = 24.0 Factored Load (plf) = 1498.0
End Panel (in) = 8.0
Bearing Length (in) = 4.0 Yield Strength (ksi) = 50.0
Depth (in) = 28.0 Young's Modulus (ksi) = 29000.0
Approximate Moment of Inertia (in*) = 365 Joist Area (in®) = 3.36
Effective Moment of Inertia 85% (in*) = 310
Total Joist Weight (plf) = 11.42
} } Ermao FPamel ——-ﬁ
= =+ =) S 1 O
3
) Nz = 7
R

Bearimg Lemgthm
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C3

Non-Composite Partially Restrained Steel Joist Girder Design

= span

| End Panet ‘

Depth ) 2 3 4 |5
BL

= Bearing Length ——f

Panel Width

0
0

Shear

Diagram

Moment

Diagram

Fixed Supports

Simple Supports

Joist Girder Properties

Span (ft) =

Number of Panel Widths =

Panel Width (in) =

End Panel (in) =

Bearing Length (in) =

Depth (in) =

Type of joist girder (floor or roof) =

Load Step 1 : Initial Dead Load Only
Dead Load (k) =

Live Load (k) =
Factored Load (k) =

30.0 Yield Stress (ksi) =
4 Young's Modulus (ksi) =
60.0
56.0
4.0
30.0
Roof

Type of End Connection (Simple or Fixed) =
0.6

0.0
0.7

Moments based on type of end connection

Midspan Moment (k-ft) = Mu=PL/3 = 7.2
End Moment (k-ft) = 0.0 0.0
Reaction (k) = 0.7

Load Step 2 : Superimposed Loads

Dead Load (k) =
Live Load (k) =
Factored Load (k) =

Type of End Connection (Simple or Fixed) =

4.1
39
11.2

Moments based on type of end connection

Midspan Moment (k-ft) = Mu=PL/3 = 111.6
End Moment (k-ft) = 0.0 0.0
Reaction (k) = 11.2
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Top Chord Design (Compression)

P, (k) =

Effective Length

Unbraced Length

Estimated radius of gyration
Angle Effectiveness

Using LRFD Specifications Chapter E

Forl OQE£1.5
Forl OQ>1.5

| =(kl/rp)CXF,/E)

Trial Size =2 x 2 x 0.1870 Eq. Legs

Q= 1.000

1, (in) = 0.617
r, (in) = 0.394
A, (in%) = 1.426

Filler spacing

Slenderness Requirements

Bottom Chord Design (Tension)

Using LRFD Specifications Chapter D

kl /1, =

Srea'd =

lr=

P, (k)=

Trial Size = 2 x 2 x 0.1630 Eq. Legs

r, (in) = 0.621
r, (in) = 0.395
A, (in%) = 1.250

Slenderness Requirements

lr=

M,/(depth -1) =

L, (in) =
r (in) =

F..= Q(0.658%)F,
=(0.877/1 DF,

fP,=fAF,

19.1

48.6 £90

Mu/(depth -1) =

fP,=fAF,

151.9 £240
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49.2
1.0
30.0
0.600
1.0
(A-B5-15)
(A-B5-16)
0.661 (E2-4)
41.65
(E2-1)
1.39
| .= 0.642
F. (ksi) = 42.1
P, (k)= 51.0 OK
I (in*) = 0.544
Wt (plf) = 4.85
Therefore use 1 filler
OK
49.2
(D1-1)
1.09
L (in) = 60.0
I (in*) = 0.482
Wt (plf) = 4.25
OK



Web Member Design

Member 1 & 4 (Tension): P, (k)= 16.8
(D1-1)
A, (Req'd) = 0.37
Trial Size = 1.5 x 1.5x 0.1550 Eq. Legs
1, (in) = 0.461 L (in) = 424
r, (in) = 0.461
d(in)= 0.000 I (in*) = 0.1874
A, (in%) = 0.882 Wt (plf) = 3.00
Slenderness Requirements
Ir= 92.0 £240 OK
Member 3 & 6 (Compression): P, (k)= 16.8
Effective Length = 1.0
Unbraced Length L, (in) = 42.43
Estimated radius of gyration r(in) = 0.463
.= 1.212 (E2-4)
F.= 27.04 (A-B5-15 or 16)
A, = 0.73 (E2-1)
Trial Size = 1.5 x 1.5 x 0.1550 Eq. Legs
Q= 1.000 | .= 1.216
d(in)= 0.000 F, (ksi) = 26.9
1, (in) = 0.461 P, (k)= 20.2 OK
t, (in) = 0.295 I (in*)= 0.187
A, (in®) = 0.882 Wt (plf) = 3.00

Filler spacing

kl/r,= 92.0
Sread = 27.1 Therefore use 1 filler

Slenderness Requirements

Ir= 144.0 £200 OK
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Web Member Design (Continued)

Member 7 (Tension): P, (k)= 3.0
(D1-1)
A, (Req'd) = 0.07
Trial Size = 1.5 x 1.5x 0.1550 Eq. Legs
1, (in) = 0.461 L (in) = 424
r, (in) = 0.295
d(in)= 0.000 I (in*) = 0.0765
A, (in%) = 0.882 Wt (plf) = 3.00
Slenderness Requirements
Ir= 144.0 £240 OK
Member 9 (Compression): P, (k)= 3.0
Effective Length = 1.0
Unbraced Length L, (in) = 42.43
Estimated radius of gyration r(in) = 0.463
.= 1.212 (E2-4)
F.= 27.04 (A-B5-15 or 16)
A, = 0.13 (E2-1)
Trial Size = 1.5 x 1.5 x 0.1550 Eq. Legs
Q= 1.000 | .= 1.216
d(in)= 0.000 F, (ksi) = 26.9
1, (in) = 0.461 P, (k)= 20.2 OK
t, (in) = 0.295 I (in*) = 0.187
A, (in®) = 0.882 Wt (plf) = 3.00

Filler spacing

kl/r,= 92.0
Sread = 27.1 Therefore use 1 filler

Slenderness Requirements

Ir= 144.0 £200 OK
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Web Member Design (Continued)

Member 2,5 & 8 (Zero Force Members): P, (k)= 1.0
Effective Length = 1.0
Unbraced Length L, (in) = 30.00
Estimated radius of gyration r(in) = 0.463
.= 0.857 (E2-4)
F.,= 36.77 (A-B5-15 or 16)
A, = 0.03 (E2-1)

Trial Size = 1.5 x 1.5 x 0.1550 Eq. Legs

Q= 1.000 l.= 0.860
d (in) = 0.000 F., (ksi) = 36.7
1, (in) = 0.461 P, (k) = 275 OK
t, (in) = 0.295 I (in*) = 0.187
A, (in?) = 0.882 Wt (plf) = 3.00

Filler spacing

kl /1, = 65.1
Sread = 19.2 Therefore use 1 filler
Slenderness Requirements
Ir= 101.8 £200 OK
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Bottom Chord Extension Design

P, (k)= Mu/(depth -1) = 0.0
Effective Length k= 1.0
Unbraced Length L, (in) = 30.00
Estimated radius of gyration r(in) = 0.467
| .= 0.849 (E2-4)
F.= 36.97 (A-B5-15 or 16)
A, = 0.00 (E2-1)
Use Plate (Yes/No) No
Trial Size = -
Plate Properties
L, (in) = - I (in*) = -
w (in) = - A, (in®) = _
t (in) = - 1, (in) = -
Use Link (Yes/No) No
Trial Size = - with plate -

Angle Properties

Q= - x, (in) = -
y (in) = - A, (i) = }
r, (in) = - I (in*) = -

Hybrid Properties

Yeen: (in) = - l= -
I, (in") = - F. (ksi) = -

A, (in*) = - P, (k)= - -
1, (in) = - Wt (plf) = -

Filler spacing
kl/r,= -
Sreqid = - Therefore use 1 filler

Slenderness Requirements

Ir= - £120 -
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Deflection Checks

Assumptions: 1) Joist girder centroid at depth/2.

2) Distances from angle centroids to joist girder centroids are approximately (d -1)/2.

Approximate equivalent moment of inertia I, (in*) = 563.7
85% of approximate equivalent moment of inertia I, (in*) = 479.1
Dead load deflection (in) = 0.086
Camber (in) = 0.000
Service load deflection (in) = 0.465
Allowable service load deflection (in) = 1.500 OK
Material Takeoff
Member Section Length (ft) Weight (Ib's)
Top Chord 2x2x0.1870 Eq. Legs 30.0 145.6
Bottom Chord 2x2x0.1630 Eq. Legs 25.0 106.3
Web Member 1 & 4 1.5x 1.5 x 0.1550 Eq. Legs 13.7 41.1
Web Member 3 & 6 1.5x 1.5 x 0.1550 Eq. Legs 14.1 42.4
Web Member 7 1.5x 1.5 x 0.1550 Eq. Legs 7.1 21.2
Web Member 9 1.5 x 1.5 x 0.1550 Eq. Legs 7.1 21.2
Web Member 2,5 & 8 1.5x 1.5 x 0.1550 Eq. Legs 15.0 45.0
Buckling Link - 5.0 0.0
Total 4229
Design Summary
This joist girder design is for simply supported initial dead load with a buckling link added after dead load
is applied to help resist the live load.
Type of Joist Girder (Floor or Roof) = Roof
Type of End Connection (Simple, PR or Fixed) = PR
Span (ft) = 30.0 Dead Load (plf) = 0.6
Number of Panel Widths = 4 Live Load (plf) = 39
Panel Width (in) = 60.0 Factored Load (plf) = 7.0
End Panel (in) = 56.0
Bearing Length (in) = 4.0 Yield Strength (ksi) = 50.0
Depth (in) = 30.0 Young's Modulus (ksi) = 29000.0
Approximate Moment of Inertia (in*) = 564 Joist Area (in%) = 4.14
Effective Moment of Inertia 85% (in*) = 479
Total Joist Weight (plf) = 14.10
——— Spam
7__‘ }___7 Enrd Paoamnel
*
Depth 1 2 > 4 S &) < S)
% T
Bearing Length  —=—] Pomel Wiclth —
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C.4  Composite Partially Restrained Steel Joist Design

Span Length

4—{ [~ End Panel — = Panel Width { ‘
N2 4 6 8 10
s\ /B 5 5 A1

—| = Bearing Length DepthJ End Panel —— |=—

Distributed Lad

|
[
S A I A
Shear | L L 1 I I 1 I I L ; . .
Diagram } [ } }
| | | |
Moment %
Diagram Fixed Supports
Simple Supports

Depth

Load Step 1 : Initial Dead Load Only

Dead Load (plf) = 300.0
Live Load (plf) = 0.0
Factored Load (plf) = 360.0

Moments based on type of end connection

Midspan Moment (k-ft) =
End Moment (k-ft) =

Reaction (k) =

Load Step 2 : Superimposed Loads

Dead Load (plf) = 75.0
Live Load (plf) = 680.0
Factored Load (plf) = 1178.0

Moments based on type of end connection

Midspan Moment (k-ft) =
End Moment (k-ft) =

Reaction (k) =
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Type of End Connection (Simple or Fixed) = Simple

Mu = wi"2/8 = 353
0.0 0.0
5.0

Type of End Connection (Simple or Fixed) = Fixed

Mu = wl"2/24 = 385
Mu = wl"2/12 = 77.0
16.5



Joist Properties

Yield Stress (ksi) = 50.0
Ultimate Strength (ksi) = 65.0
Young's Modulus (ksi) = 29000.0

Span (ft) = 28.0
Number of Panel Widths = 13
Panel Width (in) = 24.0
End Panel (in) = 8.0
Bearing Length (in) = 4.0
Depth (in) = 28.0
Joist (floor or roof) = FLOOR

Reinforcement Properties
Yield Strength (ksi) = 60.0

Bay Properties

Joist spacing on left (ft) = 0.0
Joist spacing on right (ft) = 10.0
Joist (exterior/interior) = exterior
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Slab Properties

Concrete Strength (ksi) =

Unit weight of concrete (pcf) =
Elastic Modulus (ksi) =
Reinforcement Concrete Cover (in) =
Slab Thickness Above Deck (in) =
Rib Height (in) =

Rib Width (in) =

Stud Properties
Stud Diameter (in) =

Stud Area (in®) =
Stud Height (in) =
Number of studs/rib =

Effective Width
Approximate flange width (in) =
Effective Width (in) =

3.0
145
3024
1.0
2.5
1.5
5.0

0.500
0.196
3.5
1.0

0.0
42.0



Bottom Chord Design (Tension)

P, (k)= M,/(depth -1) = 32.8
Using LRFD Specifications Chapter D
fP,=fAF,
A, = 0.73
Trial Size = 1.5 x 1.5x 0.1380 Eq. Legs
1, (in) = 0.463 L (in) = 24.0
r, (in) = 0.296
Vi (in) = 0.426 I (in*) = 0.170
A, (in®) = 0.790 Wt (plf) = 2.69
Slenderness Requirements
Ir= 81.2 £240 OK
Calculate bottom chord yield force
T,=A*F, = 39.5
Check that  A,*F, <0.8*A*F, 41.1 OK
Calculate the depth of the compressive stress block
a=TJ/(0.85*f *b.y) = 0.369
Calculate member depth
d = joist depth + slab depth - a/2 - y;,. = 314
Calculate nominal moment capacity
fM,=f*T*d= 93.0 >M, = 73.8
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(D1-1)

OK



Top Chord Design (Compression)

P, (k)= M,/(depth -1) = 15.7
Effective Length = 0.8
Unbraced Length L, (in) = 24.0
Estimated radius of gyration r(in) = 0.467
Using LRFD Specifications Chapter E
Forl OQE£1.5 Fo= Q(0.658%%)F, (A-B5-15)
Forl &Q>1.5 F.= (0.877/1 ¢*)F, (A-B5-16)
| =(kl/rp)XF,/E) | .= 0.544 (E2-4)
F.= 44.18
fP,=fAF, (E2-1)
toreqa=14/3.0= 0.167 A, = 0.42
Trial Size = 1.75 x 1.75 x 0.1700 Eq. Legs
Q= 1.000 | .= 0.471
1, (in) = 0.539 F.. (ksi) = 45.6
r, (in) = 0.344 P, (k)= 439 OK
A, (in®) = 1.132 I (in") = 0.329
Wt (plf) = 3.85
Filler spacing
kl /1, = 35.6
Sread = 12.3 Therefore use 1 filler
Slenderness Requirements
1= 69.7 £90 OK
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Web Member Design

Member 1 (Tension):

Trial Size = 1.5x 1.5x 0.1130 Eq. Legs

1, (in) = 0.467
r, (in) = 0.297
d (in) = 0.000
A, (in%) = 0.652

Slenderness Requirements

Ir=

Member 2 & 3 (Compression):
Effective Length
Unbraced Length

Estimated radius of gyration

Trial Size = 1.5 x 1.5 x 0.1130 Eq. Legs

Q= 0.920

d (in) = 0.000
1, (in) = 0.467
1, (in) = 0.297
A, (in%) = 0.652

Filler spacing

kl/r,=

Sread =

Slenderness Requirements

Ir=

Member 4 & 6 (Tension):

Trial Size = 1.25 x 1.25 x 0.1090 Eq. Legs

1, (in) = 0.387
1, (in) = 0.247
d (in)= 0.000
A, (in%) = 0.522

Slenderness Requirements

lr=

P, (k)= 21.0
A, (Req'd) = 0.47
L (in) =
I (in*) =
Wt (plf) =
1159 £240
P, (k) = 20.0
= 0.8
L, (in) = 30.46
r(in) = 0.467
.= 0.690
F.= 40.97
A, = 0.57
.= 0.690
F, (ksi) = 38.3
P, (k)= 21.2
I (in*) = 0.142
Wt (plf) = 2.22
52.2
15.5 Therefore use
102.6 £200
P, (k) = 16.9
A, (Req'd) = 0.38
L (in) =
I (in*) =
Wt (plf) =
123.5 £240
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34.4

0.142
222

OK

OK

1 filler

OK

30.5

0.0782
1.78

OK

(D1-1)

(E2-4)
(A-B5-15 or 16)
(E2-1)

(D1-1)



Web Member Design (Continued)

Member 5 & 7 (Compression):

Effective Length
Unbraced Length
Estimated radius of gyration

Trial Size = 1.25 x 1.25 x 0.1090 Eq. Legs

Q= 0.978

d (in) = 0.000
1, (in) = 0.387
r, (in) = 0.247
A, (in%) = 0.522

Filler spacing

kl/r,

Sread =

Slenderness Requirements

I/r=

Member 8,10 & Others (Tension):

Trial Size = 1.25 x 1.25 x 0.1090 Eq. Legs

r, (in) = 0.387
r, (in) = 0.247
d (in) = 0.000
A, (in%) = 0.522

Slenderness Requirements

Ir=

F., (ksi) =
P, (k) =
I (in*) =
Wt (plf) =

15.5

123.5 £200

P, (k) =

A, (Req'd) =

123.5 £240
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15.4

0.8
30.46
0.387

0.832

37.4
0.48

0.832
36.8
16.3

0.078
1.78

Therefore use

13.8

0.31

L (in) =

I (in*) =
Wt (plf) =

OK

1 filler

OK

30.5

0.0782
1.78

OK

(E2-4)
(A-B5-15 or 16)
(E2-1)

(D1-1)



Member 9,11 & Others (Compression):

Effective Length
Unbraced Length
Estimated radius of gyration

Trial Size = 1.25 x 1.25 x 0.1090 Eq. Legs

Q= 0.978

r, (in) = 0.387
r, (in) = 0.247
A, (in%) = 0.522

Filler spacing
kl/r, =
Sread =

Slenderness Requirements

lr=

Shear Connectors

SRF = 0.85/ON[w/h(H/h-1.0)] £ 1.0 =

Q.= 0.5*AFQF *E) £ A*F, =

| =

F,, (ksi) =
P, (k)=
I(in*) =
Wt (plf) =

123.5

£120

Number of studs required for Positive Moment Region

Total number of studs =

N = 1.3*A*F./Q,

Number of studs required for Negative Moment Region

Total number of studs =

N = 1.3*A*F,/Q, =
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12.3

0.8
30.46
0.387

0.832
37.4
0.39

0.832
36.8
16.3

0.0782
1.78

Therefore use

1.0

9.4

10

OK

1 filler

OK

(E2-4)
(A-B5-15 or 16)
(E2-1)



Bottom Chord Extension Design

P, (k)=
Effective Length

Unbraced Length
Estimated radius of gyration

Use Plate (Yes/No)

Trial Size=  PL30x3.5x0.25

M,/(depth -1) =
k=

L, (in) =
r(in) =

l.=
F.=
A, =

Plate Properties

L, (in) =
w (in) =
t (in) =

Trial Size = 1.5 x 1.5 x 0.1380 Eq. Legs

30.0
3.0
0.125

Angle Properties

Q=
y (in) =
r, (in) =

0.996
0.426
0.296

Hybrid Properties

Yeen: (i) =
I, (in*) =
Ay, (in) =
r, (in) =

Filler spacing
kl /1, =
Srea'd =
Slenderness Requirements

lr=

Reinforcement Design

0.309
0.239
1.165
0.453

19.9

103.1 £120

A, is the area of negative reinforcement

F., is the negative reinforcement steel strength

Calculate moment arm

34.2

1.0
30.46
0.539

0.747
39.60
1.02

I (in*) =
A, (in’) =
r (in) =

with plate

1, (in) =
A, (in’) =
I (in*) =

l.=
F,, (ksi) =
P, (k)=

Wt (plf) =

Therefore use

d = joist depth + slab depth -y, - reinforcement cover =

reinforcement force = M/d = T oqq =

Areq’d = Ts,req'd/ f Fyr =

Therefore use
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A, (in’) =

(E2-4)
(A-B5-15 or 16)
(E2-1)

0.000
0.38
0.036
PL30x3.5x0.25
0.463

0.790
0.170

0.889
35.83
355
3.96

1 filler

OK

30.6

30.2

0.56

3 #4 Bars

0.60

OK



Deflection Checks

Material Takeoff
Member
Top Chord
Bottom Chord
Web Member 1
Web Member 2 & 3
Web Member 4 & 6
Web Member 5 & 7
Web Member 8,10 & Others
Web Member 9,11 & Others
Buckling Link

Reinforcement

Design Summary

Joist centroid (in) =
85% Non-Composite moment of inertia I, (in*) =
85% Composite moment of inertia I, (in*) =
Dead load deflection (in) =
Camber (in) =

Service load deflection (in) =
Allowable service load deflection (in) =

Section

1.75 x 1.75 x 0.1700 Eq.

1.5x 1.5 x 0.1380 Eq

1.5x 1.5x0.1130 Eq

1.5x 1.5x0.1380 Eq

Legs

. Legs
1.5x1.5x0.1130 Eq.

Legs

. Legs
1.25x 1.25x 0.1090 Eq.
1.25x 1.25x 0.1090 Eq.
1.25x 1.25x 0.1090 Eq.
1.25x 1.25x 0.1090 Eq.

Legs
Legs
Legs
Legs

. Legs

with PL 30 x 3.5 x 0.25

3 #4 Bars

2.91

298.2

611.6

0.576

0.500

0.106

0.933 OK

Length (ft) Weight (Ib's

28.0 107.9
229 61.6
5.7 12.7
10.2 22.5
10.2 18.0
10.2 18.0
17.8 31.6
17.8 31.6
5.1 20.1

Total 324.1
7.0 14.3

This joist design is for simply supported initial dead load with a buckling link added after dead load

is applied to help resist the live load.

Type of Joist (Floor or Roof) = FLOOR
Type of End Connection (Simple, PR or Fixed) = PR
Span (ft) = 28.0 Non-Composite Load (plf) = 300.0
Number of Panel Widths = 13 Composite Load (plf) = 755.0
Panel Width (in) = 24.0 Total Factored Load (plf) = 1538.0
End Panel (in) = 8.0 Type of Studs (in) = 0.500
Bearing Length (in) = 4.0 Number of Studs = 22
Depth (in) = 28.0 Reinforcement Type = 3 #4 Bars
F, of steel (ksi) = 50.0 Reinforcement Area (in?) = 0.60
F,, of reinforcement (ksi) = 60.0 Joist Area (in?) = 3.40
Total Joist Weight (plf) = 11.57
%« Ernc Farnel %
= 4 &) S 10
T
3 o 7/ 9 11
B L

—= —=— Bearing Length
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C.5  Composite Partially Restrained Steeel Joist Girder Design

Span

|~—End Panet

Depth 1 2 3

— ~—Bearing Length — Panel Vidth |=—

0

Shear ‘

Diagram

Mornent

Diagram

Fixed Supports

Simple Supports

Joist Girder Properties

Load Step 1 : Initial Dead Load Only

Dead Load (k) = 6.5
Live Load (k) = 0.0
Factored Load (k) = 7.8

Moments based on type of end connection

Midspan Moment (k-ft) =
End Moment (k-ft) =

Reaction (k) =
Load Step 2 : Superimposed Loads
Dead Load (k) = 6.0
Live Load (k) = 19.3
Factored Load (k) = 38.1

Moments based on type of end connection

Midspan Moment (k-ft) =
End Moment (k-ft) =

Reaction (k) =

89

Type of End Connection (Simple or Fixed) =

Mu=PL/3 = 78.0
0.0 0.0
7.8

Type of End Connection (Simple or Fixed) =

Mu=PL/9 = 127.0
Mu =2PL/9 = 254.0
38.1

Simple

Fixed




Joist Girder Properties

Yield Stress (ksi) = 50.0
Ultimate Strength (ksi) = 65.0
Elastic Modulus (ksi) = 29000.0
Span (ft) = 30.0
Number of Panel Widths = 4
Panel Width (in) = 60.0
End Panel (in) = 56.0
Bearing Length (in) = 4.0
Depth (in) = 30.0
Joist Girder (floor or roof) = Floor

Reinforcement Properties
Yield Strength (ksi) = 60.0

Bay Properties

Joist Girder spacing on left (ft) = 0.0
Joist Girder spacing on right (ft) = 28.0
Joist Girder (exterior/interior) = exterior
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Slab Properties

Concrete Strength (ksi) = 3.0

Unit weight of concrete (pcf) = 145
Elastic Modulus (ksi) = 3024
Reinforcement Concrete Cover (in) = 1.0
Slab Thickness Above Deck (in) = 2.5
Rib Height (in) = 1.5

Rib Width (in) = 5.0

Stud Properties

Stud Diameter (in) = 0.500
Stud Area (in’) = 0.196
Stud Height (in) = 3.5
Number of studs/rib = 1.0
Effective Width
Apprx. flange width (in) = 0.0
Effective Width (in) = 45.0



Bottom Chord Design (Tension)

P, (k)= My/(depth-1)=
Using LRFD Specifications Chapter D
fP,=fAF,
A,

Trial Size = 2.5 x 2.5x 0.2120 Eq. Legs

r, (in) = 0.775
r, (in) = 0.493
Ve (iN) = 0.703
A, (in%) = 2.030

Slenderness Requirements

Ir= 121.6
Calculate bottom chord yield force
T,=A*F, = 101.5
Check that A*F, < 0.8%A*F,

£240

Calculate the depth of the compressive stress block

a=T/(0.85*%F *bey) = 0.885

Calculate member depth

d = joist depth + slab depth - a/2 - y;,. =

Calculate nominal moment capacity

fM, = F*To+d = 250.1
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84.8

1.88

L (in) =

I (in*) =
Wt (plf) =

60.0

1.219
6.91

OK

105.6

205.0

(D1-1)

OK

OK



Top Chord Design (Compression)

P, (k)= M,/(depth -1) =
Effective Length
Unbraced Length L, (in) =
Estimated radius of gyration r(in) =
Using LRFD Specifications Chapter E
Forl OQE£1.5 Fo= Q(0.658%%)F,
Forl &Q>1.5 F.= (0.877/1 ¢*)F,
| =(kl/rp)XF,/E) (I
fP,=fAF,
toreqa=14/3.0= 0.167 A,
Trial Size = 2.5 x 2.5 x 0.2120 Eq. Legs
Q= 0.967 I
1, (in) = 0.775 F.. (ksi) =
r, (in) = 0.493 P, (k) =
A, (in®) = 2.030 I (in") =
Wt (plf) =

Slenderness Requirements

lr=

Filler spacing

kl /1, =

Stea'd =

60.8

£90
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1.0
30.0
0.621

0.639
42.15

0.90

0.512
435
75.0
1.219
6.91

Therefore use

(A-B5-15)
(A-B5-16)

(E2-4)

(E2-1)

OK

OK

1 filler



Web Member Design
Member 1 & 4 (Tension): P, (k)= 64.9
A, (Req'd) = 1.44 (D1-1)

Trial Size = 2 x 2 x 0.2050 Eq. Legs

1, (in) = 0.615 L (in) = 424

r, (in) = 0.393

d (in) = 0.000 I (in*) = 0.5883
A, (in%) = 1.556 Wt (plf) = 5.29

Slenderness Requirements

Ir= 108.0 £240 OK
Member 3 & 6 (Compression): P, (k)= 64.9
Effective Length = 1.0
Unbraced Length L, (in) = 42.43
Estimated radius of gyration r(in) = 0.775
| .= 0.724 (E2-4)
F,= 40.16 (A-B5-15 or 16)
A, = 1.90 (E2-1)

Trial Size = 2.5 x 2.5 x 0.2120 Eq. Legs

Q= 0.967 I .= 0.724
d (in) = 0.000 F., (ksi) = 39.1
r, (in) = 0.775 P, (k) = 67.5 OK
1, (in) = 0.493 I(in*) = 1.219

A, (in?) = 2.030 Wt (plf) = 6.91

Filler spacing

kl/r,= 54.8
Sread = 27.0 Therefore use 1 filler

Slenderness Requirements

Ir= 86.0 £200 OK
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Web Member Design (Continued)

Member 7 (Tension): P, (k)= 11.5
(D1-1)
A, (Req'd) = 0.25
Trial Size = 1.5x 1.5x0.1550
1, (in) = 0.461 L (in) = 424
r, (in) = 0.295
d (in) = 0.000 I (in*) = 0.0765
A, (in%) = 0.882 Wt (plf) = 3.00
Slenderness Requirements
Ir= 144.0 £240 OK
Member 9 (Compression): P, (k)= 11.5
Effective Length = 1.0
Unbraced Length L, (in) = 42.43
Estimated radius of gyration r(in) = 0.463
.= 1.212 (E2-4)
F.= 27.04 (A-B5-15 or 16)
A, = 0.50 (E2-1)
Trial Size=  1.5x 1.5x0.1550
Q= 1.000 .= 1.216
d (in) = 0.000 F, (ksi) = 26.9
1, (in) = 0.461 P, (k)= 20.2 OK
t, (in) = 0.295 I (in*) = 0.187
A, (in®) = 0.882 Wt (plf) = 3.00

Filler spacing

kl/r,= 92.0
Sread = 27.1 Therefore use 1 filler

Slenderness Requirements

Ir= 144.0 £200 OK
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Web Member Design (Continued)

Member 2,5 & 8 (Zero Force Members): P, (k)= 0.6
Effective Length = 1.0
Unbraced Length L, (in) = 30.00
Estimated radius of gyration r(in) = 0.463
.= 0.857 (E2-4)
F.,= 36.77 (A-B5-15 or 16)
A, = 0.02 (E2-1)
Trial Size=  1.5x 1.5x0.1550
Q= 1.000 | .= 0.860
d (in) = 0.000 F., (ksi) = 36.7
1, (in) = 0.461 P, (k)= 27.5 OK
1, (in) = 0.295 I (in*) = 0.187
A, (in®) = 0.882 Wt (plf) = 3.00

Filler spacing

kl /1, = 65.1
Sread = 19.2 Therefore use 1 filler
Slenderness Requirements
1= 101.8 £200 OK
Shear Connectors
SRF = 0.6*[w,/h(H/h-1.0)] £1.0= 1.0
Q. =0.5*A*Q(f *E,) £ AF, = 9.4

Number of studs required for Positive Moment Region

N = 1.3*A*F,/Q, = 14.1
Total number of studs = 30

Number of studs required for Negative Moment Region

N = 1.3*A*F,/Q, = 15.5

Total number of studs = 32
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Bottom Chord Extension Design

P, (k)= M,/(depth -1) = 105.1
Effective Length k= 1.0
Unbraced Length L, (in) = 30.0
Estimated radius of gyration r(in) = 0.900
.= 0.441 (E2-4)
F.= 46.10 (A-B5-15 or 16)
A, = 2.68 (E2-1)
Use Plate (Yes/No) Yes
Trial Size=  PL30x3.5x0.25
Plate Properties
L, (in) = 30.0 I(in*) = 0.005
w (in) = 35 A, (i) = 0.88
t(in) = 0.25 1, (in) = 0.072
Trial Size = 2.5 x 2.5 x 0.2120 Eq. Legs with plate  PL30x3.5x0.25
Angle Properties
Q= 0.967 1, (in) = 0.775
y (in) = 0.703 A, (in?) = 2.030
r, (in) = 0.493 I (in*) = 1.219
Hybrid Properties
Veen (Iin) = 0.529 .= 0.514
I, (in*) = 1.731 F.. (ksi) = 43.45
A, (in%) = 2.905 P, (k)= 107.3 OK
1, (in) = 0.772 Wt (plf) = 9.89
Filler spacing
kl/r,= 38.9
Sread = 19.2 Therefore use 1 filler
Slenderness Requirements
Ir= 60.8 £120 OK
Reinforcement Design
A, is the area of negative reinforcement
F., is the negative reinforcement steel strength
Calculate moment arm
d = joist depth + slab depth -y, - reinforcement cover = 323
reinforcement force = M/d = T ,cqq = 94.4
Areqa= Toreqd f B = 1.75
Therefore use 6 #5 Bars
A, (in?) = 1.86
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Deflection Checks

Material Takeoff
Member

Top Chord

Bottom Chord

Web Member 1 & 4

Web Member 3 & 6

Web Member 7

Web Member 9

Web Member 2,5 & 8

Buckling Link

Reinforcement

Design Summary

Joist Girder centroid (in) =

85% Non-Composite moment of inertia I, (in*) =
85% Composite moment of inertia I, (in*) =
Dead load deflection (in) =

Camber (in) =

Service load deflection (in) =

Allowable service load deflection (in) =

Section
2.5x2.5x0.2120 Eq. Legs
2.5x2.5x0.2120 Eq. Legs

2x2x0.2050 Eq. Legs
2.5x2.5x0.2120 Eq. Legs
1.5x 1.5x0.1550

1.5x 1.5x0.1550
1.5x1.5x0.1550
2.5x2.5x0.2120 Eq. Legs
with PL 30 x 3.5x 0.25

6 #5 Bars

5.19

728

1616
0.735
0.750
0.303
1.000

Length (ft)
30.0

25.0
13.7

14.1
7.1
7.1

15.0

5.0

Total

7.5

This joist design is for simply supported initial dead load with a buckling link added after dead load
is applied to help resist the live load.

Type of Joist (Floor or Roof) =
Type of End Connection (Simple, PR or Fixed) =

Span (ft) = 30.0

Number of Panel Widths = 4.0
Panel Width (in) = 60.0

End Panel (in) = 56.0

Bearing Length (in) = 4.0
Depth (in) = 30.0

Fy of steel (ksi) = 50.0

Fyr of reinforcement (ksi) = 60.0

Floor

PR

OK

Weight (Ib's)
207.2
172.7
725
97.7
212
21.2
45.0
49.4

687.0

475

Non-Composite Load (k) = 6.5
Composite Load (k) = 253
Total Factored Load (k) = 459

Type of Studs = 0.500

Number of Studs = 62
Reinforcement Type = 6 #5 Bars
Reinforcement Area (in%) = 1.86

Joist Area (in®) = 6.73

Total Joist Weight (plf) = 22.90

—~— Span

’-‘ }—-—fEmd Panel

1 2 3
BL

A

5

Bearing Length

——

Pamnel

wWiclth }___7
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Appendix D
LITERATURE REVIEW EQUATIONS
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D.1

LRFD Analysis for Semi-Rigid Frame Design
(King, et al 1993)

SH = Sum of all story lateral loads

SH’ = Notional lateral loads

D, = First-order translational deflection of the story

D= Second-order translational deflection of the story

P, = Axial Design Force

L = Story height

B, = P - Dmoment amplification factor

I = Moment of Inertia

I’ = Adjusted moment of inertia for semi-rigid connections
K, = Initial semi-rigid connection stiffness

S _&4H &H+aP/L _&H
D, D D
. . D, a4 PD
D=(@aH+a P,/ L)y*x—=(1+ )D,
aH a HL
arp,
DI- ——)=D,
a HL
=22 =pD
_( é UDO) : ?
& HL
AH=4aH+aPD/L
1
2
K.L
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D.2  Design Analysis of Semi-Rigid: Evaluation and Implementation

(Barakat, et al 1991)

The basic LRFD equations for frame analysis can be found in the LRFD Manual of Steel
Construction Specifications section C. Frames and Other Structures and will not be rewritten
here. The following equations are used to modify these equations for semi-rigid action.

Ry, = Modified initial stiffness for each connection

Ry, = Secant connection stiffness determined by the beam line method

I', = Modified moment of inertia of beam which accounts for connection stiffness Ry, at its end
I', = Modified moment of inertia of beam which accounts for connection stiffness Ry, at its end

o

_ a 1, . . .
= —, scaling factor for nonsway relative stiffness factor G

nt Qo

n b
o

— al : : :
a, = 7—by ,scaling factor for sway relative stiffness factor G
7

G, = aG,, modified relative stiffness factor at column end A
G’y = aG,, modified relative stiffness factor at column end B
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