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Preface

This booklet was prepared under the direction of the Committee on Research of the American Institute of Steel
Construction, Inc. as part of a series of publications on special topics related to fabricated structural steel. Its
purpose is to serve as a supplemental reference to the AISC Manual of Steel Construction to assist practicing
engineers engaged in building design.

This document is intended to provide guidelines for the design of braced and unbraced frames with partially
restrained composite connections (PR-CCs). The design procedures and examples in this guide represent a
refinement of the work presented by Ammerman and Leon™ and is thoroughly documented in more recent work
by the authors.”* The design of structures utilizing PR-CCs for gravity and wind loads falls under the provisions
of Section A2.2 of the LRFD Specification for Structural Design of Buildings. Design for seismic loads is allowed
under Section 7.4.1 of the latest version of the NEHRP provisions.

The guide is divided into four parts. The first part is an introduction dealing with topics pertinent to partially
restrained (PR) analysis and design, and discusses some of the important design choices utilized in the design
procedures and examples. The second part contains detailed, concise design procedures for both braced and
unbraced frames with partially restrained composite connections. The third part consists of a detailed design
example for a four-story building. The design is for an unbraced frame in one principal direction and for a braced
frame in the other. The fourth part contains design aids in the form of Tables and Appendices.

It is important that the reader recognize that the guide is intended to be a self-contained document and thus is
longer than comparable documents dealing with similar topics. The reader is advised, on a first reading, to read
Parts | and 111 carefully, consulting Part 1V as necessary. Once the reader is familiar with the topic, he/she will
only need to consult Parts 1l and IV in doing routine design work.

The design guidelines suggested by the authors that are outside the scope of the AISC Specification or Code do
not represent an official position of the Institute and are not intended to exclude other design methods and
procedures. It is recognized that the design of structures is within the scope of expertise of a competent licensed
structural engineer, architect, or other licensed professional for the application of principles to a particular structure.
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The information presented in this publication has been prepared in accordance with recognized engineering
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used or relied upon for any specific application without competent professional examination and verification of
its accuracy, suitability, and applicability by a licensed professional engineer, designer, or architect. The
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Partl
BACKGROUND

1. INTRODUCTION

Partially restrained connections, referred to as PR connec-
tions in the LRFD provisions' and Type 3 connections in the
ASD provisions,” have been permitted by the AISC Specifi-
cations since 1949. With some notable exceptions, however,
this type of connection has not received widespread applica-
tion in practice due both to (a) the perceived complexity of
analysis required, and (b) the lack of reliable information on
the moment-rotation characteristics of the connections as
required by design specifications. The notable exceptions
involve specific types of connections that have been demon-
strated, through experience in the field and extensive analyti-
cal work,* to provide equivalent response under design
conditions to that of rigid connections. The Type 2 or "wind"
connections allowed under the ASD provisions are a good
example of this approach. In these cases the specification
essentially prequalifies a simple connection under gravity
loads as a rigid connection under lateral loads. In reality, of
course, these connections are neither fully rigid (FR) nor
simple but partially restrained (PR). The code uses this arti-
fice to simplify the analysis and design, but requires a guar-
anteed rotational and strength capacity from these connec-
tions.

After 10 years of research and development a new type of
semi-rigid connection, labelled the Partially Restrained Com-
posite Connection or PR-CC,* can be added to this list.”* The
word "composite” is used to indicate that this connection
engages the reinforcing steel in the concrete slab to form the
top portion of the moment resisting mechanism under both
live loads and additional dead loads applied after the end of
construction (Figure 1). The bottom portion is typically pro-
vided by a steel seat angle with web angles providing the
shear resistance. This connection may be used to economize
beam sizes for gravity loading or to resist lateral loads in
unbraced frames. The design of this type of system is based
not only on the work of the senior author at the University of
Minnesota,”** but also on that of many researchers through-
out the U.S. and Europe."*** The extensive experimental
work required in the development of these connections is
discussed elsewhere™® and will not be repeated here.

Part | of this design guide is organized as follows. First,
some discussion of partially restrained connection behavior

will be given to put PR-CC design in its proper context.
Second, the advantages and limitations of PR-CCs are dis-
cussed in the context of simplified or code-oriented design.
Third, the assumptions and theory applied in their design are
described. Fourth, detail recommendations for the connec-
tions under both gravity and lateral loads are given. In Part Il
a step-by-step procedure is presented in outline form followed
by corresponding detailed calculations for an example prob-
lem in Part l1l. The 1993 Load and Resistance Factor Design
(LRFD) Specification" is used in the design and ASCE 7-93”
is used for load determination. Tables and design aids are
included in Part IV to facilitate the design.

2. CHARACTERIZATION OF CONNECTION
BEHAVIOR

The behavior of structural connections can be visualized for
design purposes with the aid of moment-rotation M-Bcurves
(Figure 2). These curves are generally taken directly from
individual tests or derived by best-fit techniques from the
results of multiple tests.”* All design specifications require
that the structural engineer have a reliable -0 curve for the
PR connections to be used in design since such curves syn-

ﬁ%s" COWMN __\: —V—1 [ Rir:g:aging?lAL AREA = Ag
]. (}:'CLR- = s - %l?‘i’%)g‘l
LA P RO N = i

FULLY TENSIONED BOLTS
(CHECK AS SLIP - CRITICAL
FOR SERVICEABILITY &
CONSIDERED BEARING FOR ULTIMATE}
'WHERE HORZONTAL
FORCE EXCEEDS
BOLT CAPACIIES

OVERSIZED HOLE BOTIOM ANGLE
INANGLE TO ALLOW
e AREA = Lxt = A)

Fig. 1. Partially restrained composite connection (PR-CC).

* The label PR-CC is meant to encompass the connections previously labelled semi-rigid composite connections (SRCC) by the senior author.
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the size the connection's main characteristics: stiffness,
strength, and ductility.’ The application of PR-CCs to design
implies that reliable M-6 relationships have been developed
and are simple enough to use in design. The M-6 equations
developed for SRCCs will be discussed in detail in Section 4.

In Figure 2(a), the stiffness of the connection corresponds
to the slope of the M-6 curve. For most connections, such as
PR-CCs, the slope changes continuously as the moment in-
creases. The real stiffness of the connection at any stage of
the M- curve corresponds to the tangent stiffness (K, =
AM / AB). However, for design purposes it is customary to
assume a linear approximation for the service range (6 < 8,,,),
generally in the form of a secant stiffness (K, = M,,,/9,,,).
This stiffness is generally less than the initial stiffness of the
connections (K,), and corresponds closely to the unloading
stiffness  (Kioaging )-

Based on the initial (K or service stiffness (K_,), connec-

Moment
A
M, | e T S—
M ser Bl __ ser =K unioading 5
i Rotation
9y eser eu -
() Definition of stiffnesses (initial, tangent, service, and unloading)
Moment

A
My beam |- = :

Rotation

o
>

(b) Connection classification by sfiffness and strength

Fig. 2. Characterization of connection behavior.

tions can be classified as fully restrained (FR), partially
restrained (PR) or simple depending on the degree of restraint
provided (Figure 2(b)). The current approach in design is to
assume that for members framing into relatively rigid sup-
ports, if the connection stiffness is about 25 times that of the
girder (i.e, (K.,..L, / EI,) > 25), the connection can be consid-
ered rigid. Conversely, if the connection provides a stiffness
less than 0.5 times that of the girder, then it should be
considered simple.* The classification by stiffness is valid
only for the service load range and for connections which do
not exhibit significant non-linear behavior at M,,,.

Insofar as strength is concerned, joints can be classified
either as full strength (FS) when they are capable of transfer-
ring the full moment capacity of the steel beam framing into
them or as partial strength (PS) when they are not (Figure
2(b)). The schematic moment-rotation curve for a PR-CC
shown in Figure 2(b) does not reach the full M,capacity, and
thus is a partial strength connection. Partial strength is desir-
able in seismic design because it permits a calculation of the
maximum forces that a structural element will be required to
withstand under the uncertain ground motions that serve as
aninput. Ifthe designer knows what is the maximum moment
that a connection can transmit, he/she can insure that other
key elements, columns for example, remain elastic and suffer
no damage even when the seismic input far exceeds the code
prescribed forces. This design philosophy, known as capacity
design,” is employed in this design guide. Capacity design
requires that any hinging region be carefully detailed to
dissipate energy and that all other elements in the structure
remain basically elastic when the maximum plastic capacity
of these regions is reached. Following this design philosophy,
the detailing of the PR-CCs is driven by the need to provide
a stable, ductile yielding mechanism such as tension yielding
of the angle legs rather than a sudden, brittle failure such as
bolt shearing.

Ductility is required in structural design so that some
moment redistribution can occur before the connection fails.
In applications for unbraced frames, and particularly if seis-
mic loads are important, large ductilities are required. Duc-
tilities can be defined in relative terms (8, /8,, or ultimate
rotation capacity divided by a nominal yield one, see Figure
2(a)) or in absolute terms (6, > 0.05 radians, for example).
The required ductilities are a function of the structural system
being used and whether large cyclic loads need to be consid-
ered in the design. In general cyclic ductilities greater than 6
(relative ductility) or 0.035 radians (absolute ductility) are
desirable for frames with PR-CCs designed in areas of low to
moderate seismic risk. Demands in unbraced frames for areas
where wind governs the design or for braced frames are lower.

* The values of 25 and 05 selected here were chosen arbitrarily; ranges from 18 to 25 for the FR limit and 0.2 to 2 for the simple limit are found in the literature. The selection of
specific values is beyond the scope of this guide. These values are cited only for illustrative purposes.
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The PR-CCs described in this guide meet the criteria for areas
of low to moderate seismic risk and can be used for the other
design conditions described above.

It is important to recognize at the outset that for design
purposes an exact, non-linear moment-rotation curve such as
those shown in Figure 2 may not be necessary. In fact, only
two important points need to be known for design. The first
corresponds to the serviceability level where the stiffness,
K., must be known for deflection and drift calculations. The
second point is the ultimate strength (M,,) and rotation (8,,)
achievable by the connection to insure that adequate plastic
redistribution of stresses can occur.

3. ADVANTAGES AND LIMITATIONS

There are several practical advantages to PR-CCs. By using
reinforcing in the slab the need for a top angle or top plate is
eliminated. This provides a more economical solution for
several reasons:

(a) The top force and moment arm are increased resulting
in either (1) a reduction of the forces in the connection
for a given design moment, or (2) an increase in the
connection moment capacity. The difference in strength
can be substantial because the ultimate capacity of a
seat angle in tension is only about one-third of its
capacity in compression (area of its leg times its yield
stress). Thus an A 36 %-in. top angle 8-in. wide (total
force = 8 x 0.5 x 36 x 0.33 = 48 kips) can be replaced
with four #4 Grade 60 reinforcing bars (total force = 0.2
x 4 x 60 = 48 Kips). The capacity of the connection can
then be controlled by the amount of steel in the slab. In
addition, in a floor system with shallow beams (say
W?14s or W16s) the increase in moment arm (Y3) can
add 20 to 25 percent additional capacity.

(b) In gravity design PR connections result in an efficient
increase of the end moments. For a composite section,
the strength in positive bending is typically on the order
of 1.8 times that of the steel beam alone (M,). Under a
uniformly distributed load, if simple connections are
used, the structural efficiency of the system is low
because the large capacity ofthe system is required only
at the centerline; most of the section strength is wasted.
Similarly, if rigid connections are used the efficiency
of the composite system is considerably reduced be-
cause the end moments (wL’/12) are large where the
section strength is small (M,), and the midspan mo-
ments are small (wL’/24) are small where the section
strength is large (1.8M;). Only the use of semi-rigid
connections and composite action allows the designer
to "balance” the connection such that the demand (ex-
ternal moment) is balanced by the supply (section ca-

pacity).

(c) The use of PR-CCs reduces the required beam size
and/or reduces deflection and vibration problems be-
cause of the composite action provided by the slab. The
use of reinforcing bars, as opposed to the common steel
mesh used for temperature and shrinkage crack control,
is neceesary to achieve these benefits. The use of dis-
tributed steel reinforcing bars around the columns con-
siderably reduces crack widths over beam and column
lines.

(d) From the construction standpoint the need to cut and
resupport the steel decking around the support is elimi-
nated. The placement of some additional reinforcing
bars in the slab should not represent significant addi-
tional costs.

Connection research on PR frames until recently considered
only bending about the strong axis of wide flange columns.
In this guide some preliminary recommendations for extend-
ing their use to the weak axis of columns in braced frames are
given. When used on the weak axis the web angles are
typically not used and the connection strength is reduced
slightly. In general a stiffened seat is used to help carry the
shear force in this situation.

Because of its increased flexibility relative to rigid (Type
1 or FR) connections, the system is most applicable in struc-
tures that are ten stories or less, and it should be limited to use
with lateral wind forces or seismic loading with ground
accelerations less than or equal to 0.2g only, pending further
research.

It should also be clear that PR-CCs cannot, in general, be
used as substitutes for rigid connections on a one-to-one basis.
This implies that more connections will have to participate in
resisting the lateral loads in a SRCC frame. The key to the
economy of the system is that it allows the designer to turn
simple connections into semi-rigid ones by adding only slab
steel. The latter is inexpensive and is already being used by
many designers to control cracking over column lines. Thus
the additional costs for material and labor will be small. The
gains in structural efficiency and redundancy will far out-
weigh the additional construction costs. The recent experi-
ence with the Northridge earthquake clearly points out the
need forredundancy and ductility in steel lateral load resisting
systems. PR-CCs clearly provide a superior level of perform-
ance in this respect and can be adopted as a secondary
lateral-load resisting system in areas of high seismic risk and
as the primary system in areas of low to moderate seismic
risk.

4. CONNECTION M-6 CURVES

The most accurate way of modelling the M-6 behavior of a
semi-rigid connection such as that shown in Figure 2 is
through either a continuous exponential or a piecewise linear
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function. In advanced computer programs, spring elements
with similar M-6 characteristics can be input at the ends of
the beams to simulate the behavior of the connections. Frames
can then be analyzed under a variety of load combinations
and the second order effects included directly through the use
of a geometric stiffness matrix.

The design procedure proposed here simplifies the analysis
to a two-level approach:

(a) a first order elastic analysis with linear springs at
service to check beam deflections and frame drift.
These results will be extended to the case of factored
loads in order to check the beam-column strength equa-
tions.

(b) a simplified second-order, rigid-plastic analysis with a
weak beam-strong column mechanism will be used to
check ultimate strength and stability of the frame.

The first level is very similar to what would be used today for
a rigid frame design. Many commercially available com-
puter programs incorporate linear springs and thus this
type of analysis is well within reach of the average practitio-
ner.

The second level is used here as opposed to the conven-
tional Bl and B2 approach for frame stability because the
development of that technique for PR frames, and for frames
using PR-CCs in particular, is still underway.” Several other
alternatives, including (a) a rigorous analysis that models
both the non-linearities in the connections and the P-Aeffects
directly, or (b) an analysis with linear springs, using a secant
stiffness to®,, are possible. The second-order plastic analysis
described here is useful for preliminary design. The final
design should be checked using advanced analysis tools if the
geometry of the frame is not regular with respect to vertical
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Fig. 3. Complete M-6 curve fora typical PR-CC.

and horizontal stiffness distribution. The simplifications re-
quired to carry out this two-level approach will be discussed
in Section 5.

As noted earlier, specifications require that the engineer
have a good idea of the strength and stiffness characteristics
of these connections before he/she utilizes them in design. For
PR-CCs, the work of Leon et al.*** has led to the following
expression for the M-6 curve under negative bending (slab
steel in tension):

M =Cl(1-e®+ (30
where

C1=0.18(4 xAF,+0.857AF )(d + Y3)

C2=0.775

C3 = 0.007(A +A,)F, (d+Y3)

6 =girderend rotatlon radians

d = girder depth, in.

Y3 = distance from the top flange of the girder to the
centroid of the relnforcement, in.

A, = steel reinforcing area, |n

AI = area of bottom angle, in.”

A, = gross area of double web angles for shear calcula-
tions, in.”

F,, = Yield stress of reinforcing, ksi

F = yield stress of seat and web angles, ksi

Since the connection behavior is not symmetrical with respect
to either strength or stiffness, a similar expression is needed
for positive bending (bottom angle in tension):

M:=Cl1(1 — &) + (C3 + C4)0 2)
where

Cl = 02400 x [(048 X A,, + AJX(d+Y3)XF,
C2 = 0.02Wx(d+Y3/2)

C3= 00100 (A, + A)X(d+Y3)XF,

C4= 00065 XA, X (d+Y3)xF,

These curves were derived from tests and FE parametric
studies.”*** The complete curve given by Equations 1 and 2
for a typical PR-CC is shown in Figure 3. This corresponds
to a connection of a W18x35 A36 beam with 8 #4 Grade 60
bars in the slab. The bottom angle areais 2.38 in.” and the area
of the web angles is 4.25 in.” The effective depth is 17.7 inches
assuming Y3 equal to 4 inches.

Fortunately, experience has shown that PR-CCs in un-
braced frames seldom unload into positive moment even
under the full factored loads. Thus use of Equation 1 is
justified for the service load level and up to the factored loads.
Equation 1, however, is still cumbersome for use in design.
Given the detailing requirements for capacity design de-
scribed in Section 7, it is more practical to develop design
tables for specific connections. Such tables are shown as
Tables 1 and 2, which contain all the necessary design infor-
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mation for a series of "prequalified connections."* In this
guide all the connections designed are "prequalified connec-
tions" which have been checked for a large number of failure
mechanisms and loading conditions.

Table 1 shows some of the key values to be used in design:
the ultimate strength of the connection (¢M,)and the stiffness
for checking drift (K-lat). Table 1 is divided into two parts,
showing values for both angles with 36 ksi and 50 ksi nominal
yields. In these tables Y3 is the distance from the top flange
of the beam to the centroid of the slab steel. The derivation of
the values in Tables 1 and 2 are discussed in the next section,
while the detailing is discussed in Section 7.

5. ANALYSIS

Once the M-0 characteristics are known the next problem is
how to analyze frames containing such connections. In this
section the analysis and design assumptions used in the design
examples (Part I11) will be discussed.

5.1 Service Load Range

There are several ways to evaluate the performance of beams
with PR connections under gravity and lateral loads. They
range from using modified slope-deflection or moment dis-
tribution equations to using elements with non-linear springs
in a computer program that incorporates P-A effects directly.
The following observations are pertinent:

(a) The latest versions of the better commercial structural
analysis packages (stiffness-based methods) allow de-
signers to specify linear springs at the ends of beam
elements. Design procedures should strive to use these
elements since the availability of multi-linear or fully
non-linear (exponential) spring elements in these soft-
ware packages is not foreseen in the near future.

(b) While the behavior of the connections is non-linear, the
use of a secant stiffness up to about 2.5 milliradians of
rotation does not introduce significant error in the force
or displacement calculations. Thus the use of linear
spring is justified for design of PR-CCs provided the
designer keeps in mind that this approach will probably
overestimate the forces at the connections but underes-
timate the deflections.

(c) Modified slope-deflection, moment distribution, and
similar classical approaches, while of great value for
those familiar with their implementation, are tedious
and prone to errors.”

(d) For those interested in gaining a better insight into
connection behavior, a beam-line analysis, described in

detail below, is the preferred method. Note that use of
the beam line technique is not advocated for design; it
is merely a great educational tool and it is used here in
that vein.

In both (a) and (c) above the only unknown is the stiffness to
be assigned to the connections. From a simple rigid-plastic
analysis where (a) all rotations are lumped at the PR joints
and column bases, and (b) a strong column-weak beam
mechanism is assumed, it can be shown that the rotation is
proportional to the allowable drift. For an allowable drift of
H/400, the corresponding rotation is 0.0025 radian or 2.5
milliradians. Since the deformations of the beams and col-
umns are not included in this calculation, this value overesti-
mates the rotations of the connections. This simplified analy-
sis does not include any P-A effects which are expected to be
negligeble at this level even for PR frames. From experience
with PR-CCs, it appears that to check service drifts a secant
stiffness measured at a rotation of 2 milliradians is sufficiently
conservative to avoid too many redesign iterations. The val-
ues of the stiffness for drift calculations for the “prequalified
connections" are shown in Table 1 as K-lat. Note that the
secant stiffness used is different from the tangent stiffness that
would be obtained by differentiating Equation 1 directly and
substituting a value of 8 = 0.002 radians.

Following a similar line of reasoning, one could derive
conservative values for deflections under gravity loads. As-
suming an allowable vertical deflection of L/360, a value of
0,., = 0.0025 seems reasonable. Solving Equation 1 for the
moment (MI) at the service rotation leads to a similar stiffness
for gravity loads (K-grav = MI1/0.0025). These moments, MI,
are tabulated in Table 2, Part IV, for the "prequalified connec-
tions". Table 2 is given for different values of Y3 and is
divided into connections for braced and unbraced frames
because the detailing requirements differ as will be described
latter. The reader is cautioned not to confuse K-lat, the con-
nection stiffness for lateral drift, with K-grav, the connection
stiffness for live load deflections. While the difference in the
rotations at which they are calibrated is small, this effect has
been integrated directly into the design procedure.

5.2 Beam Line Analysis for Gravity Loading at Service

The connection must be designed to resist the support mo-
ments resulting from gravity loads after the slab has cured and
the member is acting as a composite beam. The magnitude of
negative gravity moment will always be less than that assum-
ing a fully rigid connection and is dependent on the stiffness
of the connection. This can be determined by a beam-line
analysis. The three key elements for the beam-line analysis
are the moment-rotation relationship of the connection, the

*The tables are included at end of this guide (Part 1V) and are kept separate from the text to facilitate their use in later designs.
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simply supported end rotation of the beam, and the fixed end
moment assuming a fully rigid connection of the beam. Note
that the beam line as defined herein is only applicable in the
elastic range.

The moment-rotation relationship for one of the typical
connections in Table 1 (W18x35 with 8 #4 bars, Y3 =5 in.,
F, = 36 ksi) is shown as a solid line in Figure 4. To simplify
the beam line analysis the moment-rotation relationship will
be reduced to a linear spring. The linear spring is represented
in Figure 4 by the dashed line. The corresponding stiffness is
given by K-grav = M1/01 = 147/0.0025 = 58,800 kip-ft/ra-
dian. The values of MI, again, are tabulated in Table 2.

Two values are needed to define the beam line: the fixed
end moment, M, and simply supported end rotation, 6,,.
These values can be determined by conventional beam analy-
sis methods such as slope deflection, virtual work, or moment
area, or can be found in reference tables for most loading
patterns. These values have been tabulated for the most
common loading patterns in Table 3, Part IV. The fixed end
moment depends on whether the connection at the other end
is PR or pinned. If the far end restraint is PR then the

Moment
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(b) Typical moment-rofation curve for PR-CC
and definitions of values in Table 1

Fig. 4. Beam line analysis.

fixed-fixed end moment (M, )is used and if it is pinned the
fixed-pinned end moment (M, )is used. With the above key
elements established, two lines can be drawn, and the inter-
section of those lines will provide the actual moment and
rotation under gravity loading as shown in Figure 4. This
intersection point can be solved directly by an equation which
results from the solution of simultaneous equations for the
two lines in the beam line analysis. The equation of the
connection line is:

M=Ko 3)
The equation for the beam line is:
T 0
The value of 8 at the intersection of these lines is given by:
M,
0= — o (5)
Kgrav + _l
0,

The exact solution, the intersection of the solid line and the
beam line, can be obtained by setting Equations 1 and 4 equal
to one another and solving for 8. This is tedious and generally
yields a value very close to that from the linear approxima-
tion. Therefore the use of the exact solution is not warranted
for preliminary design purposes.

5.3 Connection Ultimate Strength (Gravity Loads)

The ultimate capacity of the connection is based on work by
Kulkarni.” A resistance factor (¢) of 0.85 is recommended
and is the same value used for composite beam design in
Chapter | of the LRFD Specification. M2 in Figure 4 and
Table 2 is the moment which corresponds to a rotation, 62, of
20 milliradians. Most of the connections tested have reached
and exceeded this value. Considerable connection yielding
and deformation is present at this stage. This moment is
included in Figure 4 and the design tables for two reasons.
First, it illustrates the ductility of the connections. Second, if
the user has software which allows a bi-linear spring to be
input for connections, M1 and M2 are useful values which
allow a bi-linear curve to approximate the actual curve.

The connection ultimate strength is defined in both the
positive and negative directions. The negative bending ulti-
mate strength (3;), when the bottom angle is in compression,
is:

M, =0.2454AF,, +A,F, )(d+ Y3) (6)
The positive bending ultimate strength (M} is:
M; =0.25(1.254,,+ 1.354)(F, )(D + %) @

The area ofthe angle, A,, is equal to the width of the horizontal
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leg times the thickness of the angle leg. The area A, is equal
to the gross area of the web angles in shear, and A, is the total
area of steel reinforcing provided in the concrete slab over a
width not to exceed seven times the steel column width. The
values from Equation 6 evaluated at 10 milliradians and
including a ¢ factor of 0.85 are tabulated for the different
connections in Table 1 as ¢M,. These values have been
arbitrarily selected as the design strength for these connec-
tions.

The connection can also be used in braced frames without
web angles. This would be a simple modification from the
current seated beam design useful in designing connections
to the weak axis of a column. The bottom angle required for
the seated beam would generally be adequate to supply the
bottom part of the force couple and a small amount of rein-
forcement in the slab would provide the top force. The seat
angle would need to be thickened or stiffened as needed to
take care of the shear force. The ultimate capacity of this
connection is:

M,=AF,,(d+13) ®)

Tables 1 and 2, Part IV, provide key information regarding the
moment-rotational relationship, ultimate moment capacity,
and connection stiffness for a series of typical connection
types using steel reinforcement ranging from an area of 1.2
in? to 3.1 in.” and beam depths from 12 to 24 inches. The
connections selected meet the criteria of explained above plus
the detailing requirements discussed in the next section. The
force given in the tables is for the design of bolts or welds
between the beam bottom flange and angle.

54 Frame and Beam Ultimate Strength

Ultimate strength checks will be made for both individual
beams and the frame as a whole using plastic analysis.”* The
applicable load combinations for ultimate beam capacity
from ASCE 7-93 are:

1.4D )
12D +1.6L+0.5(L, S, R) (10)
1.2D*+ 1.6(L,, S, R) + (0.5L, 0.8W) (11)

For frame ultimate capacity they are:
1.2D + 1.3W+0.5L+0.5(L,, S, R) (12)
1.2D+ 1.0E+0.5L+0.2§ (13)
0.9D + (1.3W, 1.0E) (14)
E=%1.0Q;+0.54,D (15)

54.1 Beam Ultimate Capacity

The load combination used to calculate the beam load factor
is the most critical of combinations given by Equations 9-11.

Commonly the most critical load combination is given by
Equation 10. The load factors for beam mechanisms of four
different common load cases and for three different connec-
tion relationship are shown in Table 4. The general form for
these load factors is:

d

T (B orwL)L

[(aMp,cl) + (bMp,CZ) + (CMp,b)] (16)

where

Ay = is the load factor,

a,b,c,andd = the coefficients given in Table 4, Part IV,

M, and M, , = are the negative bending ultimate design
capacities (¢M,) of connections 1 and 2,
and

M,, = is the ultimate moment capacity of the
composite beam in positive bending.

54.2 Frame Ultimate Capacity

An approximate second order rigid plastic analysis is carried
out to determine the overall adequacy of the frame. The
controlling combination is generally given by Equations 12
or 13. The collapse mechanism governing this type of design
is a weak girder-strong column one (Figure 5).

In plastic analysis two possibilities, proportional and non-
proportional loading, arise. Proportional loading, in which
both the lateral and gravity loads are increased simultane-
ously, is commonly used. This design procedure, however, is
calibrated to non-proportional loading. In this case the gravity
loads are held constant and the lateral loads are increased.
Thus, if Equation 12 or 13 is used, the gravity loads (D, L,
L., and/or S) are kept constant while the lateral loads (W or E)
are increased from zero to failure. The multiplier on the lateral
loads at failure is the ultimate load factor for the frame, A

To obtain A, the second order effects must be considered.

M5 M
O nlr(/— "
./ A4

OO O,
\Jj NI\ \J|
fan ¥/ ¥/ FaaV
A4 NSNS IS /i
LD NN O
NS - A A4
/Mn,col

Fig. 5. Plastic collapse mechanism.


Administrator
Rectangle


Here an approximate method, called the mechanism curve
method” is used. Before calculating A, the first order load
factor must be calculated. The first order rigid plastic load
factor, A, is calculated as:

Z¢Mn

A= VA, )

where oM, is the moment capacity of a hinge or connection,

V, is the factored lateral force at story i, and h, is the height
from the base to story i. In this equation the numerator

represents the internal resisting forces provided by all hinging
regions, while the denominator represents the external loads.
Thus any value of A, greater than one represents a safe
condition. The summation of the connection design strengths
are over all the connections, while the summation of Vh, is
from 1 to S, the number of stories.

The calculation of the internal resisting moments requires
computing the resistance provided by all elements hinging:
the column bases, the external and the internal moments.
Symbolically:

2¢Mn = z‘l)Mn,cal(Ie) + (18)
Z{(N — 1)(0M;, + OM,),..] + Z{(OM,, + OM,,)z.]
where

oM, .,(R) = the summation of the reduced design plastic
capacity of the columns at the base of the
structure,
N = the number of bays, and
"Inte" and "Exte" refer to the interior and exterior frame
connections.

In this equation the summation of positive (¢M}) and negative
moment capacities (oM, assumes that the connections on
either side of each joint have reached their ultimate design
capacity. If the exterior connections are simple, then the last
term above is zero. To account for the presence of axial load
on the plastic capacity of the base columns the following
approach is used. If P, <0.15P, then ¢M, (R) = ¢M,,_,;,Or
else:

q)Mn,col(R) = 118[1 - %J q)Mn,col (18&)

y

where

P, = the factored load on the column for the lateral load
combination, and
P, =is the axial yield capacity of the column. Now the
approximate ultimate load factor including second
order effects may be calculated by:

=PS
A=A, — S”}"’{W] (19)

n

where
P =s the story axial load for the frame under analysis,
&  =is the interstory drift at [.OE (or 1.0W),
2M, = isthe nominal summation of design moment val-
ues,and
S, = is the sway parameter calibrated for these frames

(see table below and Table 5).

Values of S, for Different Frame Geometries

Story Height (ft)
No. of Stories 12 14 16
4 4.85 4.40 3.10
6 3.70 2.95 2.55
8 2.45 1.95 135

The S, values above may be interpolated. Note that these
values have been calibrated to frames designed with PR-CCs
by the present procedure. These values are currently under
further evaluation and should not be used with any other
frame and connection types.

6. DESIGN CONSIDERATIONS

This section explains a number of the design choices made
by the authors in selecting, checking and detailing the con-
nections. The topics are separate and are arranged in the order
they appear in the design procedure.

6.1 Deflections for Beams with PR Connections

The effect of having semi-rigid connections must be included
inservice deflection checks. The following equation gives the
deflection (&) of a symmetrically loaded beam with equal
or unequal connection stiffnesses

(20)

where

85z = Is the deflection of the beam with semi-rigid con-

nections,

Sz = is the deflection of the beam with fixed-fixed con-
nections,

C, =is adeflection coefficient, and

0,, = Iistheserviceload rotation corresponding to abeam

with both connections equal to the stiffest connec-
tion present.

When the beam has equal connection stiffnesses Cg equals
one. When the connection stiffnesses are different Co may be
found in Table 6. The values in Table 6 depend on the ratio of
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the less stiff to more stiff connection and on the ratio of the
semi-rigid to the fixed-fixed end moment for the stiffer con-
nection. IfK_is the stiffness of the stiffer connection, the ratio
of semi-rigid to fixed-fixed end moment can be expressed as:

My_ 128l
MFF 1+(X’ KaL

(21)

where

M. and My, = the fixed-fixed and semi-rigid end mo-
ments, respectively.

For design purposes it is beneficial to assume a service
rotation for preliminary deflection requirements and then
check that deflection after connections have been chosen by
either beam line analysis or from:

MFF

2ET
K + I

0= 22)

Using a 2.5 milliradian service rotation, the connection will
add an additional L/1600 to the deflection when the connec-
tion stiffnesses are equal. If L/360 is the service limit, this
approach now requires that the service load deflection based
on a fixed-fixed beam approach be kept below L/465.

When the beam has one semi-rigid connection and one
pinned connection the following equation provides a conser-
vative deflection for any connection stiffness:

oL
8s1z =0t g‘z (23)
where
d., = the beam deflection with one end fixed and the other
end pinned and
Q = the actual rotation of the semi-rigid connection.

The rotation Q may be found by a beam line analysis using
the fixed-pinned end moment, M.

6.2 Lateral Drift

When used in unbraced frames, the flexibility of the connec-
tions will cause the lateral deflections of the frame to increase
over that which would occur if the connection was fully rigid.
To illustrate this effect, the contributions of the columns
(A,), beams (A,), and connections (A_,,,) to the total drift
(A,..) can be separated as illustrated in Figure 6.

For preliminary design, the engineer can either estimate the
size of the columns based on experience or use a trial-and-er-
ror approach combined with a computer program. A hand
method to estimate the column sizes, based on the approach
given in Figure 6, is included in Appendix A.

In general the design of frames with PR-CCs does not
require that the column sizes be increased significantly over
those used for an equivalent rigid frame. This is because the

design of frames with PR-CCs takes advantage of the addi-
tional stiffness in the beams provided by the composite action
(see next section). Thus the additional flexibility due to the
PR connections is balanced by a larger beam stiffness and the
column sizes need to be increased generally by only one or
two sections.

The flexibility of the column base plate connections should
be incorporated into these calculations. Drifts in the first floor
will probably control the design of many low-rise PR frames.
As for unbraced FR frames, the assumption of full fixity at
the base should not be made unless careful analysis and
detailing of the column base plate justify it.

6.3 Beam Stiffness

In modelling PR-CC frame behavior, the effective moment of
inertia of the beams (l.,) should take into account the non-
prismatic nature of the beam, i.e. the variation in moment of
inertia for a composite beam with SRCC between areas of
positive and negative bending. The moment of inertia in
positive areas (Lg) can be determined in the traditional way
for composite beams and it is recommended that the lower

Ag = DEFLECTION DUE TO

L GIRDER AND CONNECTION
ROTATION
A GIRDER LENGTH A\ = DEFLECTION DUE 10
Q’ﬁAc COLUMN ROTATION
/ .
5 O Y
b
<[> GIRDER /. —DEFLECTED
9] COLMN
7
A=ANAg+ Ac
FRAME DRIFT
A
MV 0g M
B Ui I SPRING
= :; M’ Og [~ STIFFNESS, K oo
o
@ L
) M —v=2M/h
N
ML Vh?
O = g e
Ag=_M’ - w 9 9
6El o 12El¢ 0 = M
K Keom
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NOTE:  EQUAL END MOMENTS ASSUMED FOR
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Fig. 6. Components of PR frame drift.
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bound tables in the LRFD Manual be used for its determina-
tion. The moment of inertia in the negative areas (1,) is a
function of the steel beam and the reinforcing in the slab. This
can be determined using the parallel axis theory. Table 7
provides values for several combinations of reinforcing and
beam sizes for a Y3 (distance from the top flange to centroid
of the reinforcing) equal to 3, 4, 5, and 6 inches.

If the positive moment of inertia is denoted as I,;and the
negative moment of inertia is denoted as I,, then I, is the
"prorated"” average of the two. For beams with SRCC con-
nections at both ends it is recommended that the following
value be used:

1,=0.6I3+04l, (24)
When one end has a SRCC and on end pinned:
1,=0.75I,;+0.251, (25)

6.4 PR Connection Effect on Column End Restraint

PR connections reduce the amount of end restraint provided
by the beams to the columns when compared to FR connec-
tions. This must be considered when carrying out stability
checks. The effective moment of inertia of a beam including
the effect of the PR connections to be used in calculating G

factors is:**

Iy=1]—' (26)
: 1+ Co
2EI
— €q
o= IK.. 27)
where
L and 1,, = are the beam length and equivalent moment of
inertia,

K. = is the connection tangent stiffness, and C = 1

for braced frames and C = 3 for unbraced ones.

The main problem in utilizing this formula is that K,,, at the
factored load where stability is being checked must be known
for each connection. Several simplifications to this approach
have been proposed:

(a) For a frame subjected to lateral loads the connections
on one side of the column will continue to rotate in the
same direction as the rotations imposed by the gravity
loads, while the connection on the other side will rotate
in the opposite direction.”* For the connection that
continues to load, the stiffness of the connection will
decrease and in the limit (i.e. at very large rotations)
this stiffness will be zero. The connections on the other
side of the column will unload along a path with a
stiffness close to the service level stiffness. In calculat-
ing G one can then assume that for one side of the
connection the effective beam stiffness (Z,5in Equation
26 can be calculated by setting K., = 0 while for the

10

other side K,,, = K. This results in only one side of the
connection, the unloading side, contributing to G. This
procedure is overconservative.

(b) Asimilar reasoning for braced frames implies that both
connections are loading and that therefore their re-
straint to the column is negligible. For this case K=1.

(c) For unbraced frames, a better, less conservative esti-
mate can be made by assuming that the loading connec-
tion has not reached its ultimate capacity. In this case
the stiffness of the loading side can be approximated as
the slope of a line connecting the service (M1, 61) and
ultimate (M2, 62)points. The stiffness for the unloading
side should still be taken as K,,,.

(d) Recently it has been suggested that the use of a secant
stiffness to the ultimate point (M2, 62) should also
provide a reasonable lower bound to the frame stability.
In this case both connections are assumed to have the
same stiffness.

() Ifan advanced anaylsis is carried out, then the K-factors
can be calculated in the usual manner by using an
equivalent stiffness as given by:

1
leﬁrzleq 3 M (28)
q1+——|-F
oa/2| M,

where

o is calculated from Equation 27 using the tangent stiff-
ness, and

M; and M, are the changes in moment during the last step
in the loading at the far and near end of the element,
respectively.

For the design example, the stability was checked following
the procedure described in (a). A more thorough treatment of
this topic, including an example utilizing the same frame as
in this design guide, can be found in.** In Chapter 3 of this
reference, in addition, there is extensive treatment of the
extension of the story-based stability procedures to PR
frames.

6.5 Bottom Angle Connection

For unbraced frames the bottom angle thickness should be
increased so that approximately the same stiffness is provided
in the positive direction as the negative direction. To accom-
plish this the yield force in the bottom angle, A, x K, should
be at least 1.2 times the force in the reinforcement, A, X E,,,,
assuming the angle width remains constant. For braced
frames the bottom angle is sized for a force equal to A,F,,.
As shown in Figure 1, the bottom angle is usually con-
nected to the bottom flange of the beam by ASTM A325 or
A490 bolts. A 6-in. long angle leg can normally accept 4 bolts
(2 rows of 2), but in some cases a 7- or 8-in. leg may be
necessary. Bolt bearing and shear must be checked at ultimate
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loading assuming some bolt slippage occurs. For service
loading, however, it is important that the bolts not slip to
ensure that the spring stiffness response is maintained. For
this reason, an additional check should be made for service
gravity and wind loading against the slip-critical shear values
for the bolts, and the bolts should always be fully tensioned.
Welding the angle to the bottom flange can also be considered
for large forces; in this case the serviceability check need not
be performed. Welding of the angle to the column is discour-
aged since the ductility of the system depends on the ability
of the angle to deform plastically as a two member frame.
For each set of reinforcement a set of bottom angles and
bolts have been chosen that have passed all the required
connection checks by LRFD. These angles and bolts are

GRID

GRID

shown in Table 8. The force in the bottom angle that was
designed for was based on the ultimate capacity design ap-
proach. Two of the same type of bolts as for the horizontal leg
were used in the vertical leg of the angle for connections to
resist tension in unbraced frames. Prying action of the angle
was considered. If any other angle and bolt set is used all
connection checks must be carried out.

7. DETAILING

For SRCCs, the authors and their co-workers have developed
the following recommendations (Figures 7 and 8):
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(1) For designs where seismic forces control and a weak
beam-strong column mechanism is desirable:

M,

p,columns

/EM, on > 1.2

p.conn (29)
In this equation the moment capacities of the columns
should account for the decrease due to axial loads
(Equation 18), while the moment capacity of the con-
nections should be increased by 1.25 to account for the
overstrength of the slab steel. The usual ¢ factors should
be included in this calculation, and thus the ratio of
nominal capacities should be greater than 1.6.

(2) The longitudinal slab steel should be kept within a
column strip less than or equal to seven column flange
widths. Tests have shown that the steel must be close to
the column to be activated at low drifts. Since the intent
is to obtain a connection that is stiff at service loads, the
placement of the slab steel is a key detailing issue.

(3) The slab steel should extend at least I, plus 12 inches
past the point of inflection or L/4, whichever is longest.
At least two bars should be run continuously for un-
braced frames governed by wind. At least two bars for
the case where wind governs or one half of the steel for
the case where seismic governs, should be run continu-
ously for unbraced frames since the point of inflection
can change drastically under seismic loading

(4) The bar size should be kept small (between #4 and #6),
and at least three bars on either side of the column
should be used.

(5) Transverse steel must be provided at each column line,
and must extend at least 12 inches into the slab strip. To
reduce serviceability problems a minimum of 0.05 in.’
of steel per lineal foot must be provided over the
girders, with this reinforcement extending at least 24
inches or 30 bar diameters, whichever is greater, on
either side of the girder. Reinforcing transverse to the
direction of the moment connection serves a structural
purpose and deserves attention. Moments imposed by
lateral loads cause a transfer offerees from the reinforc-
ing to the column by means of shear in the slab and
bearing at the columns. The transverse reinforcing,
therefore, acts as concrete shear reinforcing for this
mechanism and it is recommended that the area of the
transverse reinforcing be made approximately equal to
the main reinforcing.

(6) The development of the equations for M-6 curves for
PR-CCs assumed that friction bolts (i.e., slip-critical)
are used in the seat angle. The intent is not to prevent
slip at service loads, but to minimize it.

(7) Full shear connection in the form of headed shear studs
should be provided. Partial shear connection can be
used for non-seismic cases, but the desigener is cau-
tioned that there is no experimental evidence to justify
any design guidelines in this area.

12

(8) Other failure modes such as local buckling of the beam
flange or web in negative moment regions, yielding of
the column panel zone, bolt bearing stresses, and spac-
ing requirements should be checked as per current
specifications.

Because the reinforcing in the slab is an integral part of the
connection, the quantity, spacing, and location ofthe reinforc-
ing should be monitored very closely during construction.

8.
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Partl|
DESIGN PROCEDURES

1. INTRODUCTION

Two practical design procedures for designing PR-CCs are
presented in this section. The first procedure is for PR-CC use
in braced frames. In this case the connections provide conti-
nuity for composite beams or girders carrying gravity loads.
The beam size or the amount of composite action required
may be reduced because of the use of PR-CCs. Partial com-
posite action is permitted in these members since they are not
part of the lateral load resisting system. The second procedure
presented is for PR-CC use in unbraced frames. This design
is centered around providing enough connection stiffness to
meet interstory drift criteria, as the frame's stiffness and not
strength typically controls the design. For the main girders in
the lateral load resisting system only use of full interaction is
permitted.

Both procedures are based on a two-level approach; elastic
analysis for service loads and plastic analysis for ultimate
strength. This approach was chosen because of the nature of
the moment-rotation relationship of PR-CCs. Under service
loads the connections are approximated as linear elastic
springs. At ultimate loads, plastic analysis is used because of
its simplicity. Consequently, painstaking techniques to deter-
mine exactly where the connection is on the nonlinear mo-
ment-rotation are not necessary for ultimate strength checks.
Beams are analyzed by plastic analysis as described in Part I.
For unbraced frames, the capacity of the frame under nonpro-
portional loading is determined by second-order plastic
analysis as outlined in Part I.

The procedures are given in step-by-step outline form. For
completeness all of the important steps are given. The design
of a frame with PR-CC's only entails a departure from con-
ventional design in the selection of the amount of end restraint
and moment desired (Step 2 in the design of braced frames
and Step 5 in the design for unbraced frames.) Both proce-
dures are geared towards design using the AISC LRFD Man-
ual and many references will be made to design provisions
found in this manual. In addition, the Tables found in Part IV
of this document will be referenced.

A few notes on the notation that is used throughout the
procedures must be made. The dead load on the members is
divided into the portion that is applied before composite
action, DL, which includes weight of the slab, steel framing
and decking, and the dead load after composite action, DL,,
which includes superimposed dead loads such as ceilings,
mechanical systems, and partitions. The factored simply sup-
ported moment is denoted as M,. The amount of composite

15

action in the beams is designated by the plastic neutral axis
(PNA), as defined by AISC LRFD. Thus a PNA equal to the
top of the top flange (TFL) is considered full composite
action, and a PNA equal to position 7, as defined by AISC
LRFD, is considered to be the minimum composite action (25
percent composite by LRFD).

2. DESIGN PROCEDURE FOR BRACED
FRAMES

2.1 Introduction

Partially restrained composite connections may be utilized in
braced frames for beams framing into columns to reduce the
beam size or amount of composite action required. In addition
many of the filler beams can also be designed following this
procedure. In many instances beams usually considered sim-
ply supported may be designed with PR-CCs with very few
modifications in order to improve their deflection and vibra-
tion characteristics. The following paragraphs include a brief
overview of this design procedure which is given in a step-
by-step form in Section 2.2.

In the first step the minimum beam size is determined based
on construction loading conditions, assuming unshored con-
struction. In the second step the capacity of the bare beam
chosen for construction conditions is compared with the
requirements of ultimate strength and service deflections for
a composite section based on the same beam. It is the aim of
this procedure to utilize the beneficial effects of PR-CCs so
that the "construction beam" may be adequate for ultimate
strength and serviceability. Therefore, the second step is used
to determine if (a) it is possible to use PR-CCs with the
"construction beam", (b) the beam needs to be increased in
size, or (c) the superimposed loads are so small that the
"construction beam" is adequate at low composite action and
semi-rigid connections are not required.

After the need for PR-CCs has been determined, the mag-
nitude of end restraint required for strength and stiffness is
determined in Step 3, and the connection is chosen. In Step 4
the connection details are established, including the seat
angle, web angle, and connection reinforcement.

The ultimate strength of the connections is checked in Step
5 by plastic analysis. Finally, the connections are checked for
compatibility at service loads. This is done to verify that the
connections' rotations are less than that assumed for deflec-
tion checks.
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Please refer to the Notation for definition of the terms used
in the design procedures.

2.2 Recommended Design Procedure—Braced Frames

STEP 1. Select Steel Beam Based on Construction Loads
Loading:

1.4DL, +1.6LL — Determine M,

u,cons

Beam plastic capacity = ¢M,, ., = 0.9M,

u,cons

The beam chosen in this step will be referred to as the
"construction beam" and can be selected in a conventional
manner. The 0.9 represents a 10 percent decrease in the simply
supported moment due to some connection fixity during
construction.

STEP 2. Determine End Restraint Required

In this step it is determined if PR-CCs may be used. In Step
3 the size of the PR-CCs will be determined. The approach
here is to try use the “construction beam" (not increasing the
beam size) by providing enough end restraint to satisfy
strength and stiffness criteria. In some instances the amount
of end restraint required will be greater than available or
practical and a larger beam will need to be chosen.

Step 2.1. Ultimate Strength Requirement:
Loading:
1.2(DL, + DL,  + 16LL — Determine M,
Determine
M, pya7 = Capacity of composite beam with PNA =7
Determine

OM, pvay = Capacity of composite beam with PNA=1 =
TFL

If dM,, pna7 2 M, then PR-CCs are not needed for strength.
If OM,, pnay < M, then PR-CCs may be utilized.
If OM,, pya < M, then PR-CCs are needed for strength.

The construction beam is checked with the lowest recom-
mended amount of composite action to determine if PR-CCs
are needed for strength. If M, pyg < M, then PR-CCs may
be used or the amount of composite action increased. If
OM, pva < M, then PR-CCs should be used or the “construc-
tion beam" increased.

Step 2.2. Service Deflection (Stiffness) Requirement
Establish live load deflection limit= 8, (e.g. L/360)

Determine service loads (use of 10D L+ 1.0LL recom-
mended)
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Determine

I 5 pnay = LOower bound moment of inertia (PNA7, LRFD
Manual)

Check

115 pna AQAINSt 1 4(ss) and I, ;(PRy—see Sects. 2.2.1 and
222

The moment of inertia of the composite beam with minimum
interaction (25 percent) is checked against two lower bound
moment of inertias, 1,(ss) and 1 ,(PR). The first one, 1 (ss),

defines adequacy as a simply supported beam and the second,
I,PR), as a partially restrained beam.

Step 2.2.1. Required Simply Supported Moment of
Inertia—I,,(ss)

Use 3, formulas from Table 3 (Part IV) to calculate 1 .(ss)
Step 2.2.2. Required PR Moment of Inertia—I ,(PR)

Determine what the relationship between the two end connec-
tions will be and use the appropriate equations below to
calculate 1 ,(PR). For most interior beams the connections
will be equal (Section 2.2.2a)).

Step 2.2.2.a. Equal Connection Stiffnesses
3, =8z + 0,74, with
Set 8,,,, = 0.0025 radians and I, = 1 ,(PR) /1.25

Since the I, (Equation 24, Part 1) to be used in the deflection
equation is dependent on the connection stiffness, which is
unknown at this point, an approximate relationship is used
between I, and I 4(PR). Similarly, the rotation at the service
level is unknown, so @, is arbitrarily taken as 0.0025 radian.
For this value of @,,, 6, = L/360, and E =29,000 ksi, the
required I;(P B under a uniformly distributed load is
ML/16.63 where M = wL’/8. In this relationship M and L

are in kip and feet, while I ,(PR) is in in®.
Step 2.2.2.b. One End Pinned
8,=8;+6,,L/54
Set 6,,, = 0.0025 radians and I, =1, ,/1.15

For 6,,, = 0.0025, 6,, = L/360, and E=29,000 ksi, the required
I .(PR) under a uniformly distributed load is ML/9.375
where M=wL’/8. In this relationship M and L are in kip and
feet, while ILB(PR) is in in’.

Step 2.2.2.C. Unequal Connection Stiffnesses
8, =8;+ CeB,,,.L/4
Set 6, = 0.0025 radians and an assumed C, from Table 6

Set1,, =I5/ 1.25
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Determine relationship between |, .., of the construction
beam and the two lower bound moment of inertias calculated:

If I, /(ss) <— I .5 pna7 NO end restraint is required
If I;5(s1) < I g puaz < I5(ss) PR-CCs may be used

If I;5pna7 < Is(sr) A larger beam or more composite action
needed

If I;pnan < Ips(sr), choOse a larger beam or more composite
action, and recalculate 1, for the corresponding PNA loca-
tion. Then, determine where it falls in respect to I, 4(sr) and
I 5(ss) and proceed.

STEP 3. Design PR-CCsfor Gravity

Ifthe beam analyzed in Step 2 requires an increase in strength,
stiffness, or both, this step is used to choose a PR-CC to meet
those requirements.

Step 3.1. Ultimate Strength Design

Calculate M, ..., and choose a connection with this strength
from Table 1 (Part IV).

Step 3.1.1. Ifthe beam has two PR-CCs then the required
connection design strength is:
¢Mn,conn(ave) =M, u_ ¢Mn

comp

oM, .., = composite beam strength (positive moment.)

,comp

The M, ....(ave) is the average connection strength of the two
connections at the end of the beam. If the same connection is
used at each end, then the average is the connection strength

required at both ends.

Step 3.1.2. Ifone end is pinned: M,

The following limits apply to the connection strength:

conn — Z(Mu - ¢Mn.comp)

Step3.1.3.a. M, .. <Maximum connection strength
available from Table 1

Step 3.1.3 b. For beams with two semi-rigid connections:
oM, ,..(ave) <M, based on (1.2DL, + 1.6LL)
For beams with one end pinned:

OM, ..nfave) < 2M, based on (1.2DL, + 1.6LL)

Step 3.1.3.C. M, onn/ My $1.2

Step3.1.3.d. XQ,(composite beam) 2 Force in connection
(See Table 2, Part 1V)

If any of these limits is not satisfied then more composite
action or a larger beam must be used. Determine the new
oM, ., and return to the beginning of this step.

n

i

Step 3.2. Stiffness Design

Use the smallest connection (6 #4 from Table 2, Part V),
unless a larger one is required for strength.

Calculate 1, using Equation 24, I, = 0.61,5,,+0.41 , if
there are two connections, or Equation 25, I, =
0.75I 5,y + 0.251,, if one end is pinned. Check that:

1,2 I;,(PR) /1.25 for 2 connections or
1,2 I,(PR) / 1.15 for one connection
where

| (PR)wasdeterminedinStep2.

STEP 4. Design Connection Details
Step 4.1. SeatAngle

The required angle area for the connection bending, A, is
listed in Table 2, Part IV. Check if a larger angle is required
for the chosen connection type. Table 8, Part IV lists possible
seat angle and bolt sets that have passed angle bearing and
bolt shear requirements.

Step 4.2. Web Angle

The web angles must be designed for the factored shear
corresponding to the critical gravity loading (typically,
12(DL, + DL,) + 1.6LL) and must have at least two bolts.

Whether or not gravity PR-CCs are designed with or with-
out web angle depends on their use. Typically a stiffened
seated beam connection is used on the weak axis of columns.
Gravity PR-CCs with double web angles will commonly be
used on the strong axis of columns in braced frames.

Step 4.3. Reinforcement

Reinforcement for gravity PR-CCs is to be detailed as de-
scribed in Section 7, Part I.

STEP 5. Determine Ultimate Strength by Plastic Analysis

Use Equation 16, Part I, and Table 7 to determine the beam
load factor, A,. If A, is greater than one then the beam and
connections are adequate for ultimate strength. If not, larger
connections and/or beam are required.

STEP 6. Establish Compatibility at Service Loads by Beam
Line Analysis

Calculate actual connection rotation, 8, by beam line analysis
(Equations 3 and 5, Part I.), where K = M1/0.0025, and Ml
may be found in Table 2, Part IV. Note that loading is at service
(1.0DL, + 1.0LL). If 8 < 2.5 milliradians, then compatibility
has been satisfied. If 8 > 2.5 milliradians, then one of the
following two steps must be taken:

Step 6.1. If I, > I;5(sr) / 1.1 then:
Step 6.1.1. Recalculate a new moment M1 at @ =6+0.5
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milliradian using Equation 1, Part I. Use A, from Table 2, Part
IV, regardless of actual seat angle area.

Step 6.1.2. Recalculate 8 using the beam line equation with
the new M1. Check if 8 < @’. Continue Steps 6.1.1 and 6.1.2
until this condition is met.

Step 6.1.3. Calculate service deflectionusing €. Check to see
if it is within the limits. If not, continue on to Step 6.2.

Step 6.2. Ifnot, increase connection size and return to Step 3.

3. DESIGN PROCEDURE FOR UNBRACED
FRAMES

3.1 Introduction

This section outlines the steps required for design of PR-CCs
in unbraced frames. Since the lateral stiffness requirements
usually control over strength ones in unbraced frames with
PR-CCs, this design procedure is a stiffness-based one. Many
of the steps include here are not unique to design with
semi-rigid connections, but have been included for complete-
ness. The following paragraphs give a brief overview of the
steps used in this procedure.

The procedure begins with determining column gravity
loads and the lateral loads on the system, and then selecting
preliminary column sizes based on strength (Steps 1-3). Next,
the girders in the unbraced frame are sized for construction
loads and the required moment of inertia for service deflec-
tions (Step 4). At this point, the connections are not chosen
and the ultimate strength of the composite beam with PR-CCs
is not evaluated. The construction beam size and composite
beam moment of inertia are used in conjunction with the
lateral stiffness requirements in Step 5 to determine the final
beam and connection size.

The next step (Step 5) uses the approximate interstory drift
equation presented in Appendix A, Part | to size the columns,
girders, and connections for lateral stiffness requirements.
This step uses a hand calculation approach. If a computer
program with linear springs is available, then it may be more
efficient to utilize it. In Step 6 the connection details are
determined, including the bottom angle, bolts, and the web
angle.

The beams and the frame as a whole are analyzed for
ultimate strength by plastic analysis (Step 7). The loads used
for plastic analysis are the factored load combinations. There-
fore, calculated load factors of one or greater represent ade-
quacy for plastic analysis.

The columns are checked for adequacy by the AISC LRFD
interaction equations. For determining end restraint, an effec-
tive moment of inertia is used for the girders. Lastly, the
beams are checked for compatibility under service gravity
loads. This is done to determine the semi-rigid connection
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rotation and verify the use of the linear spring approximation
at 2.5 milliradians.

This procedure requires a plane frame program with linear
spring elements for connections to calculate final values,
including frame forces, interstory drifts, and unbalanced mo-
ments. Atthe user's discretion, the approximate methods used
in this procedure for preliminary calculations may be used as
final calculations for low-rise frames with no stiffness irregu-
larities (NEHRP 1994).

3.2 Design Procedure for Unbraced Frames

STEP 1. Determine Column Loads

This is done in the same manner as for frames without
semi-rigid connections.

STEP 2. Determine Lateral Loads and Approximate
Lateral Moments

2.1. Lateral Loads

The procedure for lateral loads is the same as for frames
without semi-rigid connections, except when considering the
actual frame period for unbraced frames under seismic loads.

Semi-rigid connections may increase the period of the
building, in effect decreasing the amount of base shear. How-
ever, there are no current code provisions for estimating the
fundamental period of a PR frame nor limits on the period
increase allowed over that of a similar rigid frame. In lieu of
calculating the fundamental period of a frame with semi-rigid
connections, the code procedures for approximating rigidly
connected frame periods may be used.

2.2. Estimate Lateral Moments

Use either the portal method (see Appendix A, Part I) or a
preliminary frame analysis with linear springs for connec-
tions. Partial rigidity of the column to footing connection
should be included in the frame analysis.

STEP 3. Select Preliminary Column Sizes Based on
Strength

Consider the following load cases:

1.2DL+1.6LL

1.2DL + 0.5L+ (L1.3Wor 1.0E)

Using the approximate method given on page 3-11 ofthe 1994
LRFD Manual. A value for the K factor must be assumed
(K=1.5 usually provides a good initial estimate).

STEP 4. Select Preliminary Beam Sizes Based on Gravity
Requirements

This step is used to determine the construction strength and
service deflection requirements for the composite beams.
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This step is similar to Step 2 in the design of braced PR-cCCs
and the steps are not repeated here.

STEP 5. Select Preliminary Beam, Column, and
Connections by Lateral Drift Requirements

Determine lateral interstory drift limit, A, (e.9. H/400)

Either the sum or average moment of inertia's of the beams
and columns and the connection stiffnesses will be calculated
next. Ifthe frame has nearly the same gravity loading through-
out a story, then the average values should be calculated and
the same members and connections chosen for that story. For
other circumstances the sum of inertia's and connection
stiffnesses may be more appropriate. If a computer program
with linear springs is available, and/or if the designer has
experience with PR connections, a trial-and-error procedure
may also be followed. For the purposes of discussion here a
manual approach will be illustrated.

Step 5.1. Columns

Use Equation A-5, Part | to determine either the sum or
average column moment of inertia's required for each story.
Choose columns with moment of inertias near those required.

Step 5.2. Beams and Connections

Step 5.2.1. Calculate the sum or average beam moment of
inertia, 1., for each story using Equations 24 or 25, Part I. If
the exterior connection is pinned then only % may be used for
the exterior beams contribution to the number of girders, N,

Step 5.2.2. Calculate the sum or average connection stiffness,
K., for each story using Equation A-6, Part 1.

Step 5.2.3. Choose Connections and Beams

Since 1, is a function of both 1, and 1, the connection and
girder will need to be chosen together. One approach to
selecting the connection and girder is the following:

Step 5.2.3.a. Enter Table 1, Part IV and find a connection
with K, approximately equal to K, for the desired beam

depth. Note that the minimum beam depth that can be chosen
is that from Step 4.

Step 5.2.3.b. Selectabeam suchthat 1, ~ 1.21,(req’d).If the
design is for seismic forces then the beam must be fully
composite; if it is for wind, the beam must be at least 75
percent composite. Note that the minimum beam size that can
be chosen is from Step 4.

Step 5.2.3.C. Enter Table 7, Part IV to determine | and then
calculate 1., using the appropriate weighted formulas (Equa-
tions 24 and 25, Part I). Check that I, (calc) = L,(req’d).

STEP 6. Determine Connection Details
Step 6.1. Bottom Angle and Bolts

Choose bottom angle and bolt sets for each connection from
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Table 8. Check bearing on beam flange. If any other configu-
ration is used all connection checks must be made.

Step 6.2. Web Angles

The same bolts chosen for the bottom angle should be used
for the web angles to avoid confusion at the job site.

Step 6.2.1. Calculate the maximum web angle shear V, by the
capacity design approach as the largest of:

1V, from 1.2D + 1.6L or critical gravity load combina-
tion

2. V. + Vp, from 1.2D + 0.5L + (1.3W or 1.OE)or critical

lateral load combination. V, is computed based on ca-

pacity design:

‘{at = 2 X Mn,conn/L
where
M, .. = the nominal ultimate capacity of the connection

(Table 1, Part 1V) values divided by 0.85), and
L = is the beam length.

Step 6.2.2. Determine adequate double angles using a mini-
mum of 3 bolts and total area of both web angles, A, ,, greater
than or equal to A, the area of the bottom seat angle. Web
angles may be chosen from Table 9.2 of the 1994 LRFD
Manual.

Step 6.3. Column Stiffeners and Bearing

Column stiffeners will seldom if ever be required in the design
ofPR-CCs.

Check sections K1.2 - K1.4, K1.6, and K1.7 of Chapter K
of LRFD Specifications. See notes in Part | for a discussion
on the forces to design for. The N distance used in Sections
K1.3 and K1.4 (LRFD) may be taken as the k distance of the
angles.

Step 6.4. Connection Detailing

The detailing requirements of Section 7, Part 1 must be
followed.

Step 6.5. Connection Summary

The positive and negative connection strengths and the mo-
ment-rotation curve, if desired, are tabulated here for future
use.

Step 6.5.1. Negative Connection Strength, ¢M,

Use the value from Table 1 or 2 or calculate by Equation 6,
Part I, and include

0=0.85

Step 6.5.2. Positive Connection Strength, oM
Calculate using Equation 7, Part I, and ¢ = 0.85.
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Step 6.5.3. Moment Rotation Curve

If a frame analysis using nonlinear connections will be used
for final analysis, moment values by Equation 1, Part | at
desired 6 values should be calculated.

STEP 7. Check Ultimate Strength ofBeams and Frames
Using Plastic Analysis

Since the members and connections of unbraced frames are
almost always controlled by stiffness requirements this ulti-
mate strength check will rarely indicate inadequate beams
and frames. Therefore, not much guidance is given for inade-
quate members and frames.

Step 7.1. Beams

Use Equation 15, Part | and Table 4, Part IV to determine the
beam load factor, A,. If A, is greater than or equal to one then
the beam and connections are adequate for ultimate strength.
If not, larger connections and/or beam are required.

Step 7.2. Frames

Calculate the first order load factor, A, (Equation 17, Part I)
and the approximate failure load, A, (Equation 19, Part | and
Table 5, Part 1V). The plastic moment capacity of the bottom
story (base) columns must be reduced per Equation 18, Part
I. If A;is greater than or equal to one then the frame is
adequate. If the value is less than one, then larger frame
members and/or connections must be chosen.

STEP 8. Check Column Adequacy by Interaction Equations

Two approaches may be used to determine unbalanced mo-
ments for columns. Elastic frame analysis with rigid connec-
tions may be used as a conservative approach. A more accu-
rate approach is to use a program that uses at least linear
springs. It is suggested to use the second approach. When
calculating column moments due to lateral loads a program
with linear springs for connections is necessary for accurate
results.
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Step 8.1. Unbalanced Moments

Note that the unbalanced moment is due to DL, and LL and
not loads before the curing of the concrete. If the column has
semi-rigid connections in the weak axis direction, the unbal-
anced moment from these connections must also be consid-
ered.

Step 8.2. Beam Moment of Inertias

Due to the presence of semi-rigid connections the beam
moment of inertias must be changed to effective values, I,

Step 8.2.1. Columns with PR-CCs on Both Sides

For the two beams framing into the column, the following two
I are used:

@I 1)=0
(b) 15(2) = Equation 26, Part I, where K, is K, from Table
1, PartIV.

Step 8.2.2. Columns with One PR-CCS (typically exterior
columns)

Assume that this is effectively a leaner column and K (factor)
equal to 10.

STEP 9. Establish Compatibility at Service Loads by Beam
Line Analysis

Follow the same steps outlined in Step 6 of the recommended
procedure for braced frames. If the connection size is in-
creased then Steps 6, 8, and 9 must be redone.

STEP 10. Determine the Number of Shear Connectorsfor
Beams

The number of shear connectors must provide full composite
action for beams in seismic design and at least 75 percent of
full composite action for wind design.

This requirement is intended to insure that the assumptions
made in developing Equations 24 through 27 are satisfied.
Beams with low degrees of interaction have not been shown
experimentally to provide adequate lateral stiffness.
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Part 111
DESIGN EXAMPLE

A four story office building with a penthouse was chosen for
the design example. The design codes used are the 1993
ASCE-7 for loads and the AISC LRFD 1993 for member and
frame design. For the seismic design portions of the new
Chapter 7 of the 1994 NEHRP provisions were used. Details
of the final frames designed are given in Figures E-I through
E-4.

Gravity Loads

The floor framing system consists of composite metal deck-
ing supported by composite purlins and girders. The slab
consists of a 2-in. composite deck with 3Y-in. lightweight
concrete topping for a total thickness of 5%4-in. The main roof
and penthouse floor are constructed with the concrete slab
system. The penthouse roof is metal roof decking without a
slab. The exterior wall consists of brick veneer with light gage
back-up resulting in a wall weight of 50 psf. The penthouse
wall is a lightweight metal panel, weighing 9 psf. The design
loading is as follows:

(a) Dead Load Before Composite Action (DL,):

Slab 44 psf
Framing 6 psf
Total 50 psf

(b) Dead Load After Composite Action (DL,):
Floors

Ceiling, Mech, Misc 15 psf
® ® © 06 ®© ® © ® @
1960
20" 8@24=1p2 200
4-0 6@24'=144' 40
; |10 A0 —®
®
EBRACIP G\'
' @
7 k\\\P )
ENTHOUSE
PLAN ﬁ“%
Figure E-1.

Partitions 20 psf

Total 35 psf
Penthouse Floor

Ceiling, Mech, Misc 15 psf

Penthouse Roof 32 psf
Main Roof

Ceiling, Mech, Misc 15 psf

Roofing Ballast and Insulation 15 psf

Total 30 psf

(c) Live Loads

Office Space 60 psf

Penthouse Floor 60 psf

Snow 30 psf

Lateral Loads
The following are the applicable lateral loading code criteria:
(a) Wind: 80 MPH, Exposure B
Importance Factor =1.0
(b) Seismic: A, =A,=0.29
Site Factor, S= 12
Seismic Hazard Exposure Group =1

Materials

Reinforcing: ASTM A615, Grade 60
Beams: ASTM A572, Grade 50

320" 240" 320"
& -PRCC PENTHOUSE
R e — B
R wiexze . V;:'I);}_VJQ W16X26 6-#4
4 W16X26 . '\{,]’ 4)(;2 W16X26
COLUMN A -

SPUCES\ L W16X26 W16X26

“Wiaxd~

>
- WidxaZ ~
N -

P~

2 W16X26 W16X26

L

N-S ELEVATION

(BRACED FRAME)

Figure E-2.
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Columns:
Angles:
Concrete:

ASTM A572, Grade 50
ASTM A36
£’ =35 ksi (lightweight)

Figures E-1 through E-3 show the geometry of the building
and the column layout. Figure E-4 shows a typical girder and
purlin layout. The structure is unbraced in the E-W direction
and braced in the N-S direction. PR-CCs are used on the
strong axis of the columns in the E-W direction, utilizing all

8@24'=192
TYR BAY PENTHOUSE
R W16x31
4 W16X31
O
s WIEX35 SPUICE
) W18X35
O {UNBRACED FRAME)
SIZES SHOWN ARE FINAL RESULTS
ALL CONNECTIONS ARE PR.CCs
Figure E-3.

CONN.
REINF,

&-#4

10-#4

8-#4

8-#4

four frames for the lateral resistance. In the N-S direction
PR-CCs to the weak axis of the columns in the braced frame
are considered. The slab edge at the perimeter is 24 inches
beyond the grid centerline. The exterior connections at the
exterior bays are taken to be pinned in the braced frame. In
the unbraced frame PR-CCs are utilized to include the exte-

rior columns and connections in resisting lateral loads.

24I_OII
UNBRACED W18X35
FRAME —Ht H——%
(26)] (8) |(26)
, lwiexas! |
¢ T ¥
(26)] (8) |(26)
¢ 5
UNBRACED
FRAME ¢ 4
BRACED BRACED
FRAME FRAME
Figure E-4.
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PR-CCs IN BRACED FRAMES: N-S
DIRECTION

A. Steps 1 and 2—Composite Beam Design for Gravity
Loads

The floor beams were designed for gravity loading. The
following calculations show the computations for a typical
interior floor purlin and an exterior roof beam. The latter was
the only typical member to require PR-CCs.

(1) Typical Interior Bay Floor Purlin:

Direction: N-S
Member Type: Floor
Span (ft): 24

Trib. Width (ft): 8
Influence Area (sf): 384
LL Reduction (%): N/A

The design loads are as follows:

Load Distributed Load \% M Mu
Case (Ib/ft) (k) (k-ft) LF (k-ft)
DL, |50 psfx8ft=400 4.8 28.8 12 34.6
DL, |35psfx8ft=280 34 20.2 12 24.2
LL 60 psf x 8 ft =480 5.8 34.6 16 55.3
Total 139 835 1140
Construction Loads
DL, |50 psfx 8 ft=400 28.8 14 40.3
CLL |20 psfx8ft=160 115 16 184
Total 40.3 58.8

Step 1. Construction Requirements

During the construction phase the loads on the bare steel beam
can control the beam size. In addition to the strength require-
ment for construction, a stiffness requirement has also been
included in this design. A construction deflection check in-
cluding 1.0DL, and 1.0CLL was carried out assuming a limit
deflection of L/240.

M. ...=M(DL, + CL) = 40.3 kip-ft

= (Mcst x 240L)/(161 x 12)
=(40.3 x 24 x 240)/(161 x 12)

Is,min

= 120in.!

Select W14x22 (lightest section in W14 group), I, = 199 in.*
ok.

oM, = 125 k-ft> 588 k-ft ok

The deflection of this beam under the construction loads is
0.52 inches and no cambering will be specified.
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Step 2. Ultimate Strength (Completed Structure)

For checking ultimate strength Y2, the distance from the top
flange of the beam to the centroid of the concrete in compres-
sion, is needed. Y2 varies with the depth of the compression
block. Two extremes were considered in design. When de-
signing for full composite action the depth ofthe compression
block is assumed to be the thickness of the slab above the
decking and thus Y2 is 35 in. (Y2 =5.25in. - (3.25 in./2) =
3.63 in. say 3.5 in.). When a minimal amount of composite
action is required (PNAY), the depth ofthe compression block
is assumed to be 15 inches and Y2 is 4.5 inches. From the
Tables in the LRFD Manual, for a W14x22 with Y2 = 4.5
inches, and PNA=7:

OMn = 172 k-ft > 1140 k-ft ok

The capacity of the studs with £ = 3.5 ksi and weight of
concrete at 115 pcfis 19.8 kips as per the AISC Specification.
The maximum stud spacing is 8 times the total slab thickness
(8 x 525 = 42 in.) (LRFD Specification reference 15.6)
assuming that steel deck to supporting steel members have
fusion welds at 18" on center (LRFD Specification reference
13.5.b).

ZQn = 81.8 kips = 4.1 studs = Use 12 studs total
Serviceability (Completed Structure): Deflection Checks
I;=367in*

8,14 pra= (202 + 34.6)24 A 2 /(161 x 367) = 0.53 in.
= L/543 <L/360 ok.

(2) Typical Exterior Bay Column Framed Beam

Direction: N-S
Member Type: Roof
Span (ft): 32

Trib. Width (ft): 8
Influence Area (sf): 256
LL Reduction (%): N/A

Load Distributed Load \Y M Mu
Case (Ibfft) (k) (k-ft) LF (k-ft)
DL, 50 psf x 8 ft = 400 6.4 51.2 12 614
DL, 35 psf x 8 ft =280 4.5 35.8 12 43.0
LL |0.92 x60 x 8 ft =442 7.1 56.6 16 90.5
Total 180 1436 195.0
Construction Loads
DL, 50 psf x 8 ft =400 51.2 14 7.7
CLL 20 psf x 8 ft = 160 205 16 328
Total 717 1044

These members also carry the following loads from the pent-
house:

(a) Penthouse Column: Trib. Area = 6 ft x 24 ft = 144 sf
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P-DL, = 32 psf x 144 = 4.6 kips
P-LL =30 psf x 144 = 4.3 kips

Trib. Width = 8 ft
P-DL, = 15 Ib/ft x 8 ft = 0.12 kips

(b) Penthouse wall:

In addition, part of these members acts as a roof so snow loads
must be accounted for. The snow load is 30 psf, but the snow
drift adjacent to penthouse wall results in an increase from 30
psfto 74 psfin the last 10 ft. The total loads are summarized
below:

DL, = 4.60 + 0.12 = 4,62 kips
LL = 4.3 kips

—

ANNONNNANNNNOUNROOONNANNNNNNNNNNS [ L L L LR
Y e L e L e riuedddeid «————— e

SNOW (MAX) = 74 * 8 = 582 LBS. / FT.
SNOW (MIN) = 30 * 8 = 240 LBS./ FT

DL,=15"8=120LBS. /FT.
DL, =50"8=400LBS./FT. ~
LL =560 "8=480LBS./FT.

L ™

=]
|-~1,°—'|-—~‘.°A+—‘—1.2—-|

DLa=30"8=240LBS./FT.
DLe=50"8=400LBS./FT.

The total moments are:
M-DIL(b)=51.2x1.2=61.4k-ft
M-DIL(a)=59.0x 1.2=70.8
M-LL=82.8x1.6=132.5

Total = 264.7 kip-ft

Following the calculations for the interior purlin shown
above:

Step 1. Construction Requirements
M, ..=M(DL, + CL)="71.7 kip-ft
L i = (M, X 240L) / (161 x 12)
=(71.7 x 32 x 240) / (161 x 12)
=285in.*

Select W 16x26 (lightest section in W16 group), 7, = 301 in.*
o.k.

OMp =166 k-ft > 104.4 k-ft 0.k

Step 2. Ultimate Strength (Completed Structure)

From the Tables in the LRFD Manual, for a W16x26 with Y2
=45 inches, and PNA=7:

OMn =227 k-ft <264.7 k-ft not 0.k. - Use PR-CC or

more composite action
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Serviceability (Completed Structure)

From the Tables in the LRFD Manual, for a W 16x26 with Y2
=45 inches, and PNA=7:

L paay = 535 in.*

M, =(59.0 + 82.8) = 141.8 kip ft.

Lx(ss) = (M x L x 360) / (161 x 12) = 846 in.*
L;(PR)= (M x L)/9.375 = (141.8 x 32/9.375) = 484
o4

mn.

Note that since this is a member framing into an exterior
column, one end is pinned and the other can be PR.

Since I, pyyy < 846 in.* and > 484 in.* — Use PR-CC

(3) Summary

The table below shows the final member sizes that have been
chosen. The types of beam connections are denoted as pinned
(PIN) or partially restrained composite (PRCC). If only one
beam is listed then the column framed beam did not necessi-
tate partially restrained connections. Parenthesis indicate the
total number of shear connectors (studs) on a beam.

Beam Beam and M, e
Locations Connections Studs (kip-ft) | (in.%
Interior bay floor PIN-PIN W14x22 (12) | 114 367
Exterior bay floor PIN-PIN W16x26 (16) | 195 622
Interior bay roof | PRCC-PRCC | W14x22 (12) | 100 348*
Exterior bay roof PIN-PIN W18x35 (16) | 265 877
Exterior bay PRCC-PIN | W16x%26 (16) | 265 513*

B. Step 3. Connection Design

From Steps 1 and 2 it has been determined that only the
exterior roof beam requires a larger beam or utilization of
PR-CCs over what is required for construction conditions.
Since it is not typical to design for one semi-rigid connection
and one pinned connection on opposite sides of an interior
connection, two options may be considered. Either the exte-
rior beam is increased in size or the amount of composite
action (in this case a W18x35, PNA 7 would be required), or
the connection to the interior beam is also made semi-rigid.
The second option will be selected out here to show the use
of Steps 3 through 6. The calculations for the interior beam
will be included where appropriate.

Step 3 is used to calculate the required moment at the
connection and to check if the equivalent beam moment of
inertia is greater than that approximated in Step 2. The amount
of moment that can be utilized at the connection is limited by
(a) the maximum connection strength available, (b) the
amount of moment that can be transmitted after the curing of
the concrete, (c) the strength of the beam at its ends, and (d)
the amount of face that can be transmitted through composite
action of the beam.
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A) Ultimate Strength Design

Interior Beam: W14x22, L = 24 ft
Assume Y3 =5%in. - 1 in. = 4%in,, say Y#=4in.
Use 6 #4 connection — oM,
V)

This connection is not needed for strength or stifffness, so this
connection passes checks (a) and (b) limits for the design
procedure as stated in Part II. Check (c) and (d):

=125 k-ft (Table 1, Part

L,conn

©) M,/ M,=120/139=0.86<1.2 ok.
d) 0, = 81.1 kips > 72 kips = Force (Table 1, Part IV)
Exterior Beam: W5W16x22, L = 32 ft

Required oM, ., = 2(M, — OM,
= 76 k-ft

)=2(265-227)

comp

Choose 6 #4 — oM, ., = 125 kip-ft (Table 2, Part IV)
Limits on Connection Strength:

a) oM, ., = 125 kip-ft (provided) > 6M, _,,, = 76 k-ft

(required) o.k.

conn

b) OM,, . = 125 kip-ft < 2(1.2DL, + 1.6LL) = 406.6
k-ft ok.
Y M, 0,/ Mp=125/166=0.75<1.2 o.k.

d) £0, = 96 kips > 72 kips = Force (Table 1, Part IV)

B) Stiffness Design
Interior Beam:

I, =319 in.* (Table 7, Part IV)

1,,=0.6I5+0.41,=0.6(367) + 0.4(319) = 345 in.*
Exterior Beam:

I, =447 in.* (Table 7, Part IV)

1,,=0.751,5+ 0.25I, = 0.75(535) + 0.25(447) = 513 in.*
Check that I, is greater than the assumed value of 7,;/1.15:

L,=513in*> I,;(PR)/1.15=484/1.15=421 in.*

C. Step 4. Connection Design

In this step the seat angle, bolts, reinforcement, and double
web angles are designed for the chosen connection. Ifthe seat
angle is to provide shear resistance it's area must meet the
requirements for the particular type of connection. The seat
angle must be designed for the most critical case, either shear
or for the moment arm force.
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A) SeatAngle
Interior Beam:

Area required for PR-CC = 2.0 in.” (Table 1, Part IV)

Area required for seated beam = 8 in. x 3% in. = 3.0 in.”

(LRFD, Table 9-6)

V, = 16.8 kips, #,, = 0.23 in.

Use a L6x4x3%x8 in. seat angle
Use 4% A325N bolts

4% (¢pV, /0.8) =4 x (15.9/0.8) = 79.5 kips > 72 kips
= Force (Table 1, Part IV)

Note that the LRFD tabulated values have been increased by
1/0.8 to account for connection length less than 10 inches.

Exterior Beam:
Area required for PR-CC = 2.0 in.” (Table 1, Part IV)

Avrea required for seated beam = 8 inx¥2 in. = 4.0 in.?
(LRFD, Table 9-6)

Vi =30.1 kips, ¢, = 0.25 in.
Use a L6x4x!4x8 in. seat angle
Use 4% A325N bolts:

4 x 0V, /0.8)=4x(15.9/0.8) = 79.5 kips > 72 kips =
Force (Table 1, Part IV)

C) Reinforcement

Interior Beam: 6 #4 bars as main longitudinal reinforcement,
placed within 7 column flanges and extended L/4 = 6 ft into
span

Exterior Beam: 6 #4 bars as main longitudinal reinforcement,
placed within 7 column flanges and extended L/4 = 8 ft into
span

Interior and Exterior Beams: #3 @ 18 inches as serviceability
reinforcement, placed outside main longitudinal reinforce-
ment and extended 2 ft on each side of the column line.

Transverse Reinforcement: 3 #4 on each side of the column,
placed within 7 column flanges and extended 12 ft past main
reinforcement

D. Step 5. Check on Ultimate Strength by Plastic

Plastic analysis is used to simply determine if the beam is
adequate at ultimate loads. Table 4 is used for most general
cases.

Interior Beam:
M,, =172 k-ft
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M, = 125 k-ft

picl

w= 1.392k/ft = 1.2(DL; + DL,) + 1.6LL

Using load case 5 for M, = M, , from Table 4, Part IV, and
Equation 16, Part I:

Ay = {8/(1.392 % 2422)} x (125 +172) =2.96 > 1.0 ok.
Exterior Beam:

M,, = 227 k-t
M, =125 k-t

X =0.37L = 119 ft (Equation for X, Table 4, Part 1V)
Using equivalent loads, w (equiv) = 2.083 k/ft

Using load case 5 for M, , =0 from Table 4, Part IV, and
Equation 16, Part I:

A, = {2 %x32/(2.083 x 3242 x (32 - 11.9))} x (125 +
(32/11.9)x 227)=1.10>1.0 o.k.

E. Step 6. Beam-Line Analysis

The last step for semi-rigid beams in braced frames is to
determine if the assumption that the rotation at service is less
than or equal to 2.5 milliradians is correct. If 8,,,, the rotation
at service, is larger than 2.5 milliradians then a further analy-
sis into what the actual rotation is must be conducted. In this
case a check to insure that the service deflection requirement
is still met must also be carried out.

For this beam line analysis, M, and 6,; are calculated by
hand for the exterior beam due to the non-symmetric loading.
Typically these values would be computed from Table 3, Part
IV. M1 is taken from Table 2, Part IV, (is computed from
Equation 5, Part I, and M from Equation 3, Part I.
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Input Calc. Values Beam Line

Beam | L | leg | w | M1 | My Oss Oss M

Level | Loc. |(®) | (in.%) | (W) | (k-1t) | (k-t) | (mrad) | (mrad) | (k-ft)
Roof [ Int |24 348 | 0.6 |82.7|28.8| 493 | 0.74 | 245
Roof | Ext (32| 513 | — |91.9(146.8| 12.96 | 3.05 [112.2

Note that the roof exterior beam exceeds the limit rotation of
02.5 milliradians, and thus further checks are necessary. Use
the approach described in Step 6, Part Il

(@) € =3.05+05 = 3.55 milliradians

(b) Recalculate;: M1 = 101.2 Kip-ft (from Equation 1,
Part |)

M; = 146 Kip-ft

0,. = 12.96 milliradians
0 = 3.48 milliradians
M = 1076 kip-ft

(c) Check deflection with 6" =3.55 milliradians:
6=0FR)+ _O'L/54
Use w (equiv.) = 1.147 k/ft

8=101in<L360=1.07in. ok

Braced Frame Design: Beam and Connection Summary
(@) Interior Beam:
Beam: W14x22, 12 studs total, no camber

Connection: 6 #4 bars, L6x4x%x8-in. seat angle, 43/4
A325N bolts

(b) Exterior Beam:

Beam: W16x26, 16 studs total, 1 inch camber

Connection: 6 #4 bars, L6x4x'»x8-in. seat angle, 4%
A325N bolts
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PR-CCs IN UNBRACED FRAMES: E-W
Direction

A. Step 1. Column Loads:

The design of the unbraced frames entails first a determina-
tion of the gravity loads in the columns so that a preliminary
estimate of the column sizes can be made. The following table
summarizes these calculations (all loads are in Kips).

Service | Service | Load Load Load
Col Level DL LL Combl | Comb 2 | Comb 3
Typ 4-R 7 51 175 118 126
Int 34 136 73 280 199 213
A=672 2-3 194 91 379 279 298
1-2 253 108 477 358 383
Typ 4-R 42 15 74 58 62
Ext 34 92 29 157 125 134
Line 1 2-3 142 41 236 191 205
A=384 1-2 175 52 294 237 254
Typ 4-R 32 10 55 44 47
Ext 3-4 80 23 134 108 116
Line A 2-3 129 34 209 172 184
A=336| 12 158 44 261 212 228
Comer 4-R 21 6 34 28 30
A=192 | 34 57 15 92 76 81
2-3 93 22 147 122 132
1-2 110 29 178 147 158
Int 4-R 62 36 132 93 99
Corner 34 121 58 237 174 186
A=672 2-3 179 76 337 253 271
1-2 238 93 434 332 356
Notes
1. The area given (A =) represents the most typical area for the column. The inte-
rior comer column is the first interior column in both directions such as B-2.
2. Load Combination 1 is 1.2D + 1.6L; Load Combination 2 is 1.2D + .5L; Load
Combination 3 is 1.3D + .5L (seismic combination, ASCE 7, Sec 2.4.2, Eq. 5).
3. The table values include live load reductions per ASCE 7-93.

B. Step 2. Lateral Loads

(1) Wind Loading (ASCE 7-93, Chapter 6)

The wind loads correspond to an 80 mph, Exposure B struc-
ture and the following parameters:

L/B =21
C, (windward) = 0.8
C, (leeward) =-0.3
G, =137
GC, =0

The wind forces for the E-W direction were calculated as
follows:

The calculations assume that the wind forces are distrib-
uted according to the tributary areas of the frames. The
interior frames are assumed to have a tributary width of 28 ft
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while the exterior ones have a tributary width of 16 ft. More
details of the wind forces and the relevant calculations are
shown in Figure E-5.

Interior Bays Exterior Bays

Trib |Wind/ft| V |Sum V Vper Sum V \Y per Sum V
Level| (it) | (b/ft) | (k) | (k) |bay (k)| per bay (k) |bay (k)| per bay (k)
R-P |50 | 115 | 58| — 1.8 - 10 -
4-R |42/| 156/ |17.5| 23.2 5.6 7.4 3.2 4.2

50 | 218
34 (92| 199 (183|416 | 58 132 33 7.6
2-3|192| 176 |162|578 | 52 184 29 105
1-2 |92 | 155 (142|720 | 45 229 2.6 131

(2) Seismic Forces (ASCE 7-93 and NEHRP 1994)

The design for seismic forces will be made as per ASCE 7-93,
but the R factor will be taken from the NEHRP 1994 provi-
sions. The latter is the only document that currently assigns
both an R factor (R = 6) and a C,factor (C;=5.5)to PR-CCs
frames. In the computations the period ofthe structure is taken
as that of a fully rigid frame since the codes do not contain
any guidelines on estimating the fundamental period for PR
frames. This assumption results in larger forces and is there-
fore conservative.

The following quantities were used in the ASCE 7-93
calculations:

A, =020
(NS VALUES
K= 0.71
oS o 136N o KE i
261) PARAPET T
19.6 187 , R'(“ K065
242 4 K= 057 -t
18.2 242 ¥
164 1219 8 k- 047 -
K= 037
16 1197 12 z )
] T
ELEVATION
196
146 MAIN ROOF PENTHOUSE
v W ~ FLOOR
i
L]
I

K
e ]

136

47.4k
17.5k

187

261

PENTHOUSE PLAN ROOF PLAN

WIND LOADS

Figure E-5.
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R =6
S =12
1=1.0

Using the approximate period (Equation 9.4-6, ASCE 7-893):
T(actua) <C,x T, C,= 1.4 (Table 9.4-1)

A =C,x (h)*

C =0.035

h, =53.33 ft

T = 0.035(53.33)* = 0.69 sec
k =1.10

C, =0.0614 < 0.083 max

14 = 0.0614W

The building masses to be used in calculating W were taken
as follows:

Slab and framing DL 50 psf
Miscellaneous equipment on penthouse floor 25 psf
Storage 0 psf
Partitions 16 psf
Permanent equipment 15 psf
Snow load 0 psf

Note that this building was intended as an outpatient clinic
for a health maintenance organization and that the operating
rooms were in the penthouse. This results in some large
equipment loads (25 psf additional) in this area which were
initially considered as part of the live loads for the gravity
design. For seismic design, however, this equipment was
considered to be part of the permanent loads on the structure.

~C
SUMV ‘
50.3 t
50.3 @of FGof ,
312 jann g o x I, &> )
81.5 awy @l @ ;
w b Awm A 4
101.8 @ T Gl '
8 _ ] @D _A
@) @ )
1103 Z Z L Z é
E-W SEISMIC [0 = COLUMN MOMENTS, KT
- > - BEAM MOMENTS, K-FT
PORTAL ANALYSIS
Figure E-6.
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Framing Wall
Equip/

Area DL | Area | DL | Part | Misc | Total | Sum
Levell ¢y | PSF | k) | () | (0 @ ® | 0O | & | K
Pent| 6900| 32 | 221 |5120 | 49 | — | 104 | 373| 373
Roof| 17200| 50 | 860 |3840| 192 |110 | 515 | 1678 | 2051
4th | 17200| 50 | 860 | 7680 | 384 |275.2| 258 | 1777 | 3828
3rd |17200| 50 | 860 | 7680 | 384 |275.2| 258 | 1777 | 5605
2nd | 17200| 50 | 860 | 7680 | 192 |275.2| 258 | 1585 | 7190
The distribution of the horizontal shears is as follows:

h H Sumf,
Level k) (ft) W X h* Cvx k) k)
Roof 2051 53.33 | 159869 | 0.45 200 200
4th 1777 40.00 | 101110 | 0.29 126 326
3rd 1777 26.67 | 64855 | 0.18 81 408
2nd 1585 1333 27060 | 0.08 34 441
Sum 7190 — |352895 | 100 441 —

Figure E-6 shows the distribution of forces from a simplified
portal analysis for the forces calculated above. Each of the
four frames in the E-W direction was assumed to carry
one-quarter of the load.

C. STEP 3. Preliminary Column Sizes Based on
Strength:

The preliminary column design is made assumed that the
strong axis will govern and that the effective length factor, K,
can be taken as 1.5 for preliminary design. The numbers 1 and
3 inthis table and other tables in this section refer to the ASCE
load combinations. Load Combination 1is 1.2D + 1.6L; Load
Combination 3 is 1.3D + .5L (seismic combination, ASCE 7,
Sec 2.4.2, Equation 5). The following tables summarize the
results of the column design procedure, following the ap-
proach given on p. 3-11 of the LRFD Manual.

(1) Exterior Frame: Typical column (Line 1)

Pu (k Pu-eff (k
KL (k) M )
Level (ft) 1 3 (k-ft) m 1 3 Size
4-R 20 74 62 | 41.9 1.3 74 | 116 | W10x49
3-4 20 157 | 134 | 679 1.3 | 157 | 222 |W10x49
2-3 20 | 236 | 205 | 84.8 1.3 | 236 | 315 |W12x65
1-2 20 | 294 | 254 | 919 1.3 | 294 | 373 | W12x65
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(2) Exterior Frame: Corner column

Pu(k Pu-eff(k
KL (k) M (k)
Level (ft) 1 3 k-f)y | m 1 3 Size
4R 20 | 34| 30|210 | 13 | 34| 57 W10x33
34 20 | 92| 81 [340 | 13 | 92 | 125 |W10x33
23 20 | 147 | 132 | 424 | 13 | 147 | 187 |W10x49
12 20 | 178 | 158 | 460 | 13 | 178 | 218 | W10x49
(3) Interior Frame: Typical interior column
Pu(k Pu-eff(k
KL (k) M (k)
Level (f) 1 3 k-ft)y | m 1 3 Size
4R 20 | 175 | 126 | 419 | 13 | 175 | 180 |W10x49
34 20 | 280 | 213 | 679 | 13 | 280 | 301 |W10x49
23 20 | 379 | 298 | 848 | 13 | 379 | 408 | W12x65
1-2 20 | 477 | 383 | 919 | 13 | 477 | 502 |W12x65
(4) Interior Frame: Typical corner column
Pu(k Pu-eff(k
KL (k) M (k)
Level (ft) 1 3 | kft)y| m 1 3 Size
4R 20 | 132 | 99 | 419 | 13 | 132 | 153 | W10x49
34 20 | 237 | 186 | 679 | 13 | 237 | 274 | W10x49
23 20 | 337 | 271 | 848 | 13 | 337 | 381 |W12x65
1-2 20 | 434 | 356 | 919 | 13 | 434 | 475 |W12x65

(5) Preliminary Estimate of P-AEffects (ASCE 7-93,
Section 9.4.6.2)

This is a preliminary check to determine if stability effects
will be important. Note that all columns are assumed to
participate in carrying the lateral loads; thus there are no
leaning columns in this system. Typical column loads were
used and a maximum drift of 2 percent assumed.

H Int- | Sum | Sum
(in) Int Extl Ext2 Cor Cor P Fx

Delta

Level (in) | —

321 2287
599 4439
870 | 6541
1137 {8248

4-R | 160
3-4 | 160
2-3 | 160
1-2 | 160

194
313
389
420

0.034
0.052
0.061
0.071

1028 695 149 94
1722 1493 369 257
2400 2273 583 415
3070 2821 722 498

2.56
3.20
3.20
3.20

From these computations it appears that P-A effects will not
govern since 8 <0.1. These calculations are based on assum-
ing rigid connections and thus a more detailed analysis will
be required latter to verify the stability limit state.

D. STEP 4. Composite Beam Design for Gravity

The floor beams were designed for gravity loading just as for
the braced frame case. The following calculations show the
computations for a typical interior floor girder. The biggest
differences between this member and those designed for the
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braced case is that (a) full composite action and (b) the
presence of PR-CCs will be assumed since this member is
part of the lateral load resisting system:

Direction: E-wW
Member Type: Floor girder
Span (ft): 24

Trib. Width (ft): 8 (per purlin)

Tributary Area (sf): 448 (2 purlins x (12 ft + 16 ft) x 8 ft)
Influence Area (sf): 896

LL Reduction (%): 0.24

Load P \% M Mu
Case (k) (k) (k-ft) LF (k-ft)
DL, 50 psfx224=11.2 | 112 89.6 1.2 | 1075
DL, 35 psfx224= 7.8 7.8 62.7 12 75.3

LL .76x60x224=11.1| 111 88.8 16 | 1421
Total 301 | 2411 324.9

Construction

DL, 112 89.6 14 | 1254
Const LL 20 psfx 224= 45 4.5 358 1.6 57.3
Total 1254 182.8

Following the calculations for the braced case:

Construction Requirements:

M

ser,cons

= M(DL, + CL) = 125.4 kip-ft

L= (M., x240L)/ (161 x 12)

=(125.4x 24 X 240) / (161 x 12)

=373in?
Select W16x31, I, =375 in.* ok.

OMp = 203 k-ft > 182.5k-ft ok

Note that this member, designed by ultimate strength, is very
close to yielding (SF, = 1966 kip-ft) at the full factored
construction load. Although the current LRFD Specification
does not require a check on yielding, the latter is highly
recommended.

Ultimate Strength (Completed Structure):

From the Tables in the LRFD Manual, for a W16x31 with 72
=35in., and PNA= 1 (TFL):

OMn =370 k-ft < 3249 k-ft o.k.

Serviceability (Completed Structure):

From the Tables in the LRFD Manual, for a W16x31 with Y2
=35in., and PNA=1(TFL):

Iw,PNAl = 972 in.4

M., =(62.7 + 88.8) = 150.5 kip-ft.
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Ip reuimea = (MX L) /14.97 = (1505 X 24/16.63) = 217

in*

Since I g pyat >I1s peguireathere is no need for PR-CC's for
gravity loads. They will be present in this member, however,
because it is part of the lateral load resisting system.

Similar calculations indicated that the following sections
would work:

Exterior Frame: Floor—W 16x26
Roof—W16X26

Interior Frame: Floor—W16x31
W16x31

E. Step 5. Preliminary Member Sizes Based on Lateral
Drift Requirements

The girders, columns, and connections were chosen for a
typical E-W frame based on seismic drift requirements. The
allowable elastic interstory drift under the full lateral load is
0.02h/ C, (ASCE 7-93), where h is the story heightand C, is
the deflection amplification factor. With C, equal to 5.5 and
h equal to 13 ft4 in., the interstory drift limit is 0.582 inches.
This design can be carried out by trial-and-error using a
computer program with linear springs or by using the portal
method and simplified equations such as those given in Part I.
A hand-calculation procedure, using Equations A-5, A-6 and
A-7, from Appendix A, Part I, was used here. Since the
girder's equivalent moment of inertia (Z,,)is dependent on the
connection (Z,), the approximate relationship of 7, =
I, /1.2 was used. Connections have been chosen from Table
1, Part IV with stiffnesses (K} near those computed below.

Calculated Values
Height | Sum Vi | Columns | Connect | Girders ~ Apprx.
Floor (in.) (k) I@ave) | K(ave) | I(ave)
R 160 50.3 343 34931 694 833
4 160 815 555 56597 1124 1349
3 160 101.8 693 70694 1404 1685
2 160 1103 548 62044 1232 1479

From the calculations above the following beams, columns,
and connections were selected:

Columns Girders Connections

Floor | shape | / | Shape | ILb | In | leq | Rein. | K-ser
R |W14x53| 541 |W16x31| 972| 526 | 794| 6#4 | 44195
4 |W14x53| 541 \W16x31| 972| 609 | 827 10#4 | 72980
3 |W14x68| 723 |W18x40|1530 | 899 |1278 | 10 #4 | 80278
2 |W14x68| 723 |W18x40|1530 | 899 (1278 | 10#4 | 80278

After the member and connection selection the interstory
drifts were calculated for these frames by both the approxi-
mate interstory drift equation (Equation A-I, Appendix A)
and a linear elastic frame program with linear springs as
partially restrained connections. A difference of less than 15
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percent was found, with the approximate equation being
conservative. The results are as follows:

Interstory Dirift (in.)
Fixed Base PR Base
Interstory
Level | Equation | anay. | %Diff. | Anay. | % Diff
4-R 0.422 0.3660 153 0.3660 153
3-4 0.576 0.5330 8.1 0.5390 6.9
2-3 0.612 0.5480 117 0.5770 6.1
1-2 0.524 0.3590 46.0 0.5260 -0.4

F. Step 6. Connection Details

In Step 6 the bottom angle, bolts, web angles, and connection
reinforcement are chosen. In addition, the need for column
stiffeners is evaluated and points on the moment-rotation
curves are calculated in case a nonlinear connection model is
to be used The bottom angles (A36) and bolt sets for the E-W
unbraced frames were selected based on the results of Step 5
and are listed below.

The seat angles and bolts were selected and checked with
the aid of Table 8, Part IV. The negative and positive forces
shown correspond to the governing criteria for the design of
the top and bottom portion of the connection. The checks here
include bolt shear, angle yielding, web crippling, web yield-
ing, and need for stiffeners.

Angle AL |Negative | Positive
Level ®) (@in.%) |Force (k)|Force (k) Bolts
R L6x4x° x8 | 2.5 90 | 304 | 4-/-in.A325N
4 L6x4xY5%8 4 144 48.6 4-1-in.A490N
3 | L6x4x/ x75 | 3281 118 399 | 4-1-in.A325N
2 L6x4x[ X7.5 | 3.281 118 399 4-1-in. A325N

The web angles and bolts were selected based on a capacity
design approach. The governing shears are given as V-grav
for the shear due 1.3D + 05L and V-lat for the shear due to
E. The ¢R, values are taken from the Manual (AISC Table

9-2). The M, _,,, shown is the nominal connection strength
taken from Table 1, Part IV.
V_
Level | grav |Mn,conn| V-lat | Vu Web ORn | Aw |Aw>A;
(frame) (k) | -y | K) | (k) Angle k) |@n2)| (Y, N)
(Int)
R | 315 | 154 |129 |444 |L4x4xYx85|718 |425 | Y
4 | 303 | 255 |212 |515 |L4x4xvx85(667 |425 | Y
3 | 303 | 226 |188 |491 |LAx4xYux85|667 |425 | Y
2 303 | 226 |188 |491 |L4x4xYix85|667 (425 | Y
(Ext)
R | 186 | 154 |129 |315 |L4x4x¥x85|718 (425 | Y
4 | 288 | 255 |212 |500 |L4x4xYix85|667 |425 | Y
3 | 288 | 226 |188 |476 |LAx4xYix85|667 |425 | Y
2 | 288 | 226 |188 |476 |L4x4xYix85|667 (425 | Y

The column stiffener checks have been carried out per Section
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6.2 of the design procedure outlined in Part . The following
tables contain the values used in these calculations. Pu is the
point load on the beam due to 1.2DL, + 1.6LL and the critical
case is from interior connections.

Pu | leq |6Mn,conn|M(FF) M(SR)| Angle

Level| Beam | (k) @inY | Kft) | (kft) {11 +a)| (k-ft) |Force (k)
R |W16x31|334 | 794 1304 |1781 | 054 95.3 575
4 1W16x31{27.1 | 827| 2153 |1445 | 065 934 56.4
3 [W18x35{27.1 | 1076 | 189.1 (1445 | 055 79.8 4.1
2 [W18x35{27.1 | 1076 | 1891 (1445 | 055 79.8 441

To determine the need for stiffeners, three types of loads were
considered: Type 1 is a single compression force = AF ; Type
2 is a single tension force = 0.3375AF,; and Type 3 is com-
pression on both sides. All of these come from the
1.2DL,+1.6LL load case.

Force Type
Level 1 2 3
R 90 304 575
4 144 486 56.4
3 1181 39.9 44.1
2 1181 39.9 441
Input Data for Column Stiffener Checks:
Column d tw tf h k N
Level Size (in) (in.) (in.) (In.) (In) (in.)
R 14x61 | 1389 | 0.375 | 0.645 1 144 0.8125
4 14x61 | 1389 | 0.375 | 0.645 1 144 1
3 14x82 | 1431 0.51 0.855 1 1625 |1
2 14x82 | 1431 | 051 0.855 1 1625 |1

Ratios of Resistance Provided/Resistance Required (values
>10areo0.k):

ORn/Ru
Local Flange | Local Web Compression | Panel-Zone
Buckling Yielding Web Cripl' | Buck. of Web | Web Shear
(K1-1) (K1-2) (K1-4) (K1-8) (K1-9)
Force Type 2 Typel Typel Type 3 Typel
385 167 158 217 2.60
241 107 100 222 163
5.15 197 224 713 2.78
5.15 197 224 7.13 2.78

None of the columns required stiffeners.
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Connection Summary:

Connection Strength by Ultimate Strength Equations (Equa-
tions 6 and 7 from Part I):

As | v3 | Gider | Al | Aw | eMn() | eMn(t)
Level (in,z) (in) {Depth (in.)| (in ,2) @in ,2) (k-ft) (k-ft)
R 1.2 4 15.88 25 4.25 1304 99.0
4 2 4 15.88 4 4.25 215.3 1221
3 16 4 17.7 3.281 4.25 189.1 1223
2 16 4 17.7 3.281 4.25 189.1 122.3

Moment-Rotation Curves: The negative bending moment-
rotation relationships were calculated by Equation 1, Part I.
The negative bending values at 1, 2.5, and 20 milliradians
were used to define the trilinear moment-rotation relationship
of the PR-CC's for use in the advanced analysis.

Rotation Nominal Secant Stiffness
(mrad) Moment (k-in.) (k-ft) (k-in./rad) (k-ft/rad)
0 0.0 0.0
1 738.5 61.5 738450 61538
25 1202.9 100.1 481156 40096
5 1448.5 120.7 289709 24142
10 1644.2 137.0 164418 13701
20 1982.9 165.2 99145 8262
Level: R; Beam: W16x31; Connection 6 #4
C1=1306.6; C2=0.775; C3=33.8
Rotation Nominal Secant Stiffness
(mrad) Moment (k-in.) (k-ft) (k-in./rad) (k-ft/rad)
0 0.0 0.0
1 1205.8 1005 1205798 100483
25 1951.5 162.6 780598 65050
5 2321.1 1934 464215 38685
10 2571 .6 2143 257161 21430
20 2985.8 248.8 149292 12441
Level: 4; Beam: W16x31; Connection 10 #4
C1=2159.2; C2=0.775; C3=41.3
Rotation Nominal Secant Stiffness
(mrad) Moment (k-in.) (k-ft) (k-in./rad) (k-ft/rad) |
0 0.0 0.0
1 1063.3 88.6 1063305 88609
25 1725.2 1438 690082 57507
5 2061 .9 1718 412374 34364
10 2306.3 1922 230630 19219
20 2718.9 226.6 135947 11329
Level: 2&3; Beam: W18x35; Connection 8 #4
C1=1895.3; C2=0.775; C3=41.2

G. Step 7. Ultimate Strength Check of Beams and
Frames

Plastic analysis is used to check the adequacy of the beams
and frames at ultimate load level. The approximate second
order analysis and sway parameters presented in Part | were
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used to determine the failure load factor (A9 of the interior
and exterior E-W frames. The interior and exterior frames
have the same members and connections and the equivalent
lateral loads, but the gravity loads are different. The interstory
drifts used to calculate second order effects are those from
Step 5. The column plastic capacities have been reduced for
axial loads as per Equation 18, Part I. The resulting failure
load factor by this method is 1.42 for the interior frames and
2.31 for the exterior frames, both of which define adequacy
by plastic analysis.
Reduced Base Column Plastic Capacities:

The beam ultimate capacities were also checked by plastic
analysis:

Exterior Interior
Frames Frames
oMn(-) | oMn(+)

Level | Girder |Connect.| (k-ft) | (k-ft) | pu | b | Pu | Ab
R |W16x31| 6#4 |1304 370 (2492|251 |46.8 134
4 |W16x31| 10#4 | 2153 | 370 |348 |2.10 |40.56| 1.36
3 |Wi18x35| 8#4 | 1891 451 |34.8 |2.30 |40.56| 158
2 |W18x35| 8#4 |189.1| 451 |34.8 |230 |40.56| 158

Pu | Column | Py Phi-Mn | Phi-Mrf | %of H. Step 8. Interaction Checks:
Column | () | Shape | (k) |PulPy] (kft) | (kft) |Phi-Mn A linear elastic frame analysis program with linear springs
Int 383 | W14x82 | 1259 | 0.30 | 577 | 473.7 | 082 was used to determine the unbalanced and lateral moments in
Int-Cor | 356 | W14x82 | 1259 | 028 | 577 | 488.3 | 085 the frame. For the unbalanced moments four live load patterns
Ext, LnA| 228 | W14x82 | 1259 | 0.18 | 577 | 5576 | 0.97 were considered. The unbalanced moment was also calcu-
Weighted Ave = 495.6 lated for the dead load a_fter the ha_rdening of the concrete
(DL,), and only the exterior connections produced consider-
First and Second-Order Rigid Plastic Load Factors able unbalanced moments'due to this load. The unbalanced
. moment due to the PR-CC's at roof level in the N-S direction
tory _avi
oMo | oMms) | oMM | Axial | Story was also calculated. These moments are on the weak-axis of
hi Connection | Connection [Column|  Ld. | Drift the columns. The results of this analysis are shown in Figure
Level | (f) (k) (k-ft) (k-ft) (k-ft) (k) (in) E-9.
R 533 |486 | 1304 9% _ 749 | 0.366 _When determln_lng _the K factor by LRFD the effec'glve
4 | 400|296 | 2153 1221 — | 135 | 0539 g_lrder moment gflnertlas were used (Z,5). Two load combina-
3 [267 | 190 | 181 1223 — | 1926 | 0577 tions were considered; gravity load (1.2D + 1.6L) and lateral
2 |133] 79| 1891 1223 | 495.6 | 2464 | 0.526 load (1.3D + 0.5L+ 1.0E). The effective girder moment of
inertial for the lateral load case of one connection loaded and
Sum Phi-Mn Sum  Vihi Sum P-A one unloaded was used to determine the K factor values for
Level (kf) (k-f) (k-ft) both the gravity and lateral load combinations. The connec-
R 1835 2503 23 tion at the e_xterior_cqlumn_(Ext. Line A) was considered to
a4 2699 1182 60 be loaded with negligible stiffness, making it a leaner column
3 2491 506 93 with the K factor equal to one. The results of the interaction
2 6952 105 108 equations are-tabulated below for the interior columns:
SUM 13977 4386 284 Kx
Sum Mn 16152 Ld Inter-
Level | case | Gtop | Gbot| yaue |controls?| Bl |Pu /_Pn| action
A-p, 1st order, 3.19
A+f,2nd order, 1.42 %R | 1 [422 |716| 232 No |100| 031 0.86
Sp=9.9 3 422|716 232 No |100 | 023 | 061
The S, value is the result of interpolation from Table 6, Part 4| 1171617.23) 260 | ves | 100 ) 052 | 061
L . . . 3 |7.16|7.23| 260 Yes |100| 040 | 059
IV. Similar calculations for the exterior frames resulted in A-p
=3.72and A-f=2.31 23| 1 |723|838]| 269 Yes |104 | 053 | 059
3 |723|838| 269 | Yes |103 | 042 | 058
1-2 | 1 |838|100 | 185 No |100 | 063 | 068
3 838 | 100 | 18 No |100| 051 | 068
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Typical result for all members are shown below:

Level Typical Interior | Interior Corner | Exterior Line A
4-R 0.86 0.77 0.21
3-4 0.61 0.55 0.37
2-3 0.59 0.55 0.37
1-2 0.68 0.65 0.43

Note that stability should be checked by a more advanced
method that includes the concept of summation of story forces
(See Reference [31], Part I).

I. Step 9. Compatibility Check by Beam Line Analysis:

This step is used to establish compatibility of the moment-ro-
tation relationship of the connection and the end rotation of
the beam at service gravity loads. Beam line analysis was
performed with M1 values (connection moment at 2.5 milli-
radians) from Table 2, Part IV. The results, shown below,
indicate that the all rotations are less than the 2.5 milliradians
assumed, with an average rotation of 1.47 milliradians. There-
fore, compatibility is satisfied and the service deflection
checks (in the form of required lower bound moment of
inertias) that assumed a rotation of 2.5 milliradians in Step 4
are valid.
Exterior Frame:

Input Calc. Values | Beam Line

leg| P | M1 Mif  8(ss) 6 M (actual)
Level | (ft) |(@in.}) k) | k)| (kft) (mrad)| (mrad) (k-ft)
R 24 794|121 | 964 | 645 484 124 48.0
4 24 | 827|198 |159 1056 7.61 1.36 86.7
2&3| 24 |1076| 19.8 | 141 1056 5.85 142 80.0

Interior Frame:

Input Calc. Values | Beam Line

L |[leq| P M1 Mff (88 0 M (actual)
Level | ) |(n)| () | (kft) | kft) (mrad)| (mrad) (k-ft)
R 24 794|226 | 964 | 1205 9.05 2.32 89.6
4 24 827|18.9 |159 1008 7.26 1.30 82.7
2&3| 24 |1076 | 189 |141 1008 5.58 135 76.4

ADVANCED ANALYSIS

To check the accuracy of the design steps and the simplifica-
tions that have been made, an advanced analysis has been
carried out on the E-W interior frame. To compare these
results with those from the design steps the differences in the
two analysis must be considered. For each comparison given
there will be a discussion on the differences in the analysis
that must be accounted for. The program used for the analysis
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is a second order elasto-plastic analysis with connections that
have tri-linear moment rotation curves. The moment rotation
curves are for one direction only, therefore the negative
bending moment rotation curves are used (negative bending
at the connection is when the reinforcement is in tension).
Since gravity loading puts all the connections in negative
bending, using only the negative moment rotation curve is
reasonable.

Load Drift Behavior

The frame loading is carried out in a two step fashion. First
the gravity load is applied in one step. Secondly, the frame is
laterally loaded in a step by step progression from zero load
to collapse of the structure. The final load reached is referred
to as the failure load, and this value over the design lateral
load is the failure load factor, A, Therefore, the loading for
this frame may be expressed as (1.3D + 0.5L + A x E) where
A is the load factor that increases from zero to A The design
load for this frame is reached when / equals 1.0. The full load
deflection behavior of the frame is shown in Figure E-8. The
drift recorded is that of the top story, and the drift factor is
defined as the total drift over the allowable drift, 0.00363h,
where h is the height of the top story.

Moments, Rotations, And Drift At The Design Load

Next the moments, rotations, and interstory drifts that corre-
spond to the design load case, 1.3D +0.5L+ 1.0E will be
examined. The moments and rotations for the E-W interior
frame may be found in Figure E-9. It should be noted that
these values should not be directly compared to those in
Figure E-7. Figure E-7 includes lateral loads only and the base
column connections are considered as partially restrained. In
the advanced analysis there are both gravity and lateral loads
and the base columns are fixed. The maximum connection
moments in both the positive and negative direction and the
design strengths for each connection type have been tabulated
below. In can be seen that all the moments are below the
design values.

Connection Moment (k-ft)

Negative Moment Positive Moment
Level Connect. Mn(max) | eMn-) | Mn(max) | eMnco)
R 6 #4 96.6 130.4 N/A 99
4 10#4 124.8 215.3 N/A 122.1
2&3 8#4 1395 189.1 254 122.3

Note:
N/A indicates that there were no positive moments in these connections.

Next, the connection rotations will be examined. The rota-
tions for the frame may be found in Figure E-9. It can be seen
that the majority of the rotations under the factored lateral
load case are in the negative direction, due to gravity loading.
The connections that continue to rotate in the same direction
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as caused by gravity loads when the lateral loads are applied
are referred to as the loaded connection. The ones that rotate
in the opposite direction are the unloaded connections. The
average rotation for the loaded connections throughout the
frame is -2.24 milliradians, and for the unloaded connections
is —0.16. Note that the average unloaded connection is still a
negative rotation.

It should also be noted that these values are based on live
loads that have been reduced for the tributary area of the
inframing beams only. When considering the entire frame, it
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Figure E-7.
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is more realistic to reduce the live loads based on the tributary
area of multi-levels. This additional load along with the

additional P-A effects affect the forces, rotations, and drift of
the frame. In light of the method for live load reduction, when
the large stiffnesses of the unloaded connections are averaged
with the loaded connection stiffnesses it is clear that the use
of 2 milliradians for the lateral stiffness in Table 1 is indeed
conservative in this case.

In the following table the interstory drifts are compared to
the values calculated in Step 5 using linear springs and a fixed
base. The P-A effects are larger in this analysis due to an
increase in dead load from 1.0D to 1.3D and also the method
of live load reduction as just discussed. Therefore, the in-
crease in the interstory drifts in this analysis are to be ex-
pected.

Interstory (in.)
Level Elastic w/springs Advanced % Difference
4-R 0.366 0.398 8.7
34 0.533 0.573 7.5
2-3 0.548 0.595 8.6
1-2 0.359 0.379 5.6

Failure Load Factor

In Step 7 an approximate failure load factor was calculated to
be 2.37 for the interior frames. The failure load factor calcu-
lated in this advanced analysis is 3.51, which is quite a bit
larger than the approximate value. This can be attributed to
several discrepancies in the modeling. In the analysis the
connections can continue to rotate past the 20 milliradians at
the same stiffness and never reach a moment plateau (a plastic
hinge). It was found that the average connection rotations at
failure were -27 milliradians for the loaded connections and
+18 for the unloaded connections. Therefore the moments at
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Figure E-8.
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these connections correspond to larger moments then the
design values used in Step 7. In addition to this, the nominal
member strengths are used in the advanced analysis and
design values are used in the calculation in Step 7. Further-
more, the use of connection moment rotation curves only in
the negative direction contribute more to the frame over-
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strength at failure then at design load levels, due to much more
rotation in positive bending. With these things considered the
difference between the failure load factors calculated by
Step 7 and the advanced analysis is reasonable. The approxi-
mate failure load value in Step 7 is a conservative lower
bound.
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Part IV

TABLES AND DESIGN AIDS

Table 1.
Prequalified PR-CCs (Unbraced Frames—Fy = 36 ksi)
Y3=3 Y3=4 Y3=5 Y3=6

Depth oM K-lat K-lat K-lat K-lat
Connection @in) (k-ft) (k-ft/rad) oM (k-ft/rad) oM (k-ft/rad) oM (k-ft/rad)
6-#4 12 92,5 33146 99 35356 105 37566 111 39775
L6x4x5/16x6 14 105 37566 111 39775 117 41985 123 44195
16 17 41985 123 44195 130 46405 136 48614

As(in?)=1.2 18 130 46405 136 48614 142 50824 148 53034
Al (in.2) = 1.875 21 148 53034 154 55243 160 57453 167 59663
Force (k) = 68 24 167 59663 173 61873 179 64082 185 66292
8-#4 12 122 44032 130 46968 138 49903 146 52839
L6x4x5/16x7.5 14 138 49903 146 52839 154 55774 163 58710
16 154 55774 163 58710 171 61645 179 64581

As(in2)=1.6 18 171 61645 179 64581 187 67516 195 70451
Al(in2)=2.34 21 195 70451 203 73387 211 76322 219 79258
Force (k) = 84 24 219 79258 228 82193 236 85129 244 88064
10 - #4 12 153 54735 163 58384 173 62033 184 65682
L6x4x3/8x8 14 173 62033 184 65682 194 69331 204 72980
16 194 69331 204 72980 214 76629 224 80278

As(in?3) =2 18 214 76629 224 80278 235 83927 245 87576
Al(in2) =3 21 245 87576 255 91225 265 94874 276 98524
Force (K) = 108 24 276 98524 286 102173 296 105822 306 109471
12 - #4 12 183 66292 195 70712 207 75131 219 79551
L6x4x1/2x7 14 207 75131 219 79551 231 83970 244 88390
16 231 83970 244 88390 256 92809 268 97229

As (in?) =24 18 256 92809 268 97229 280 101648 292 106067
Al(in3) =35 21 292 106067 305 110487 317 114906 329 119326
Force (k) = 126 24 329 119326 341 123745 353 128165 365 132584
10-#5 12 234 84626 250 90268 265 95910 281 101552
L8x4x9/16x8 14 265 95910 281 101552 296 107193 312 112835
‘ 16 296 107193 312 112835 328 118477 343 124119

As (in.2) = 3.07 18 328 118477 343 124119 359 129760 374 135402
Al(in2) =45 21 374 135402 390 141044 406 146686 421 152327
Force (K) = 162 24 421 152327 437 157969 452 163611 468 169253

NOTES:

1) Y3is the distance from the top of the beam flange to the centroid of the reinforcement.
2) The Force (k) is the force in kips of the horizontal shear in the bottom angle = Alx Fy.
3) K-latis the secant stiffness of the connection at 2 milliradians.
4) Bottom angles may require an 7- or 8-in. horizontal leg, depending on bolt spacing.
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Table 1.(cont.)
Prequalified PR-CCs (Unbraced Frames—Fy = 50 ksi)

Y3=3 Y3=4 Y3=5 Y3=6
Depth oM K-lat K-lat K-lat K-lat

Connection (in.) (k-ft) (k-ft/rad) oM (k-ft/rad) oM (k-ft/rad) oM (k-ft/rad)
6-#4 12 99.4 33146 106 35356 13 37566 119 39775
L6x4x5/16x6 14 113 37566 119 39775 126 41985 132 44195
16 126 41985 132 44195 139 46405 146 48614

As(in3)=1.2 18 139 46405 146 48614 152 50824 159 53034
Al(in.2) = 1.875 21 159 53034 166 55243 172 57453 179 59663
Force (k) = 94 24 179 59663 185 61873 192 64082 199 66292
8-#4 12 130 44032 139 46968 148 49903 157 52839
L6x4x5/16x7.5 14 148 49903 157 52839 165 55774 174 58710
16 165 55774 174 58710 183 61645 191 64581

As(in2) =16 18 183 61645 191 64581 200 67516 209 70451
Al(in.2) = 2.34 21 209 70451 217 73387 226 76322 235 79258
Force (k) = 117 24 235 79258 244 82193 252 85129 261 88064
10 - #4 12 164 54735 175 58384 186 62033 197 65682
L6x4x3/8x8 14 186 62033 197 65682 208 69331 219 72980
16 208 69331 219 72980 230 76629 241 80278

As(ing) =2 18 230 76629 241 80278 251 83927 262 87576
Al(in2) =3 21 262 87576 273 91225 284 94874 295 98524
Force (k) = 150 24 295 98524 306 102173 317 105822 328 109471
12-#4 12 195 66292 209 70712 222 75131 235 79551
Lexdx1/2x7 14 222 75131 235 79551 248 83970 261 88390
16 248 83970 261 88390 274 92809 287 97229

As(in?) =24 18 274 92809 287 97229 300 101648 313 106067
Al(in.2) = 3.5 21 313 106067 326 110487 339 114906 352 119326
Force (k) = 175 24 352 119326 365 123745 378 128165 391 132584
10-#5 12 250 84626 267 90268 284 95910 300 101552
L8x4x9/16x8 14 284 95910 300 101552 317 107193 334 112835
16 317 107193 334 112835 351 118477 367 124119

As (in.2) = 3.07 18 351 118477 367 124119 384 129760 401 135402
Al(in?3) =45 21 401 135402 417 141044 434 146686 451 152327
Force (k) = 225 24 451 152327 467 157969 484 163611 501 169253

NOTES:

1) Y3is the distance from the top of the beam flange to the centroid of the reinforcement.
2) The Force(k) is the force in kips of the horizontal shear in the bottom angle = Alx Fy.

3) K-lat is the secant stiffness of the connection at 2 milliradians.
4) Bottom angles may require an 7- or 8-in. horizontal leg, depending on bolt spacing.
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Table 1. (cont.)

Prequalified PR-CCs (Braced Frames)

oM (kip-ft)
Design With Web Angles Design Without Web Angles
Depth Y3(in.) Y3(in.)
Connection (in.) 3 4 5 6 3 4 5 6
6-#4 12 93.7 100 106 112 77 82 87 92
14 106 112 119 125 87 92 97 102
As(in) =12 16 119 125 131 137 97 102 107 112
AF36 (in3) =2 18 131 137 144 150 107 112 117 122
AF50 (in.2) = 1.44 21 150 156 162 169 122 128 133 138
Force (k) =72 24 169 175 181 187 138 143 148 153
8-#4 12 125 133 142 150 102 109 116 122
14 142 150 158 167 116 122 129 136
As(in?) =16 16 158 167 175 183 129 136 143 150
Al36 (in.2) = 2.67 18 175 183 192 200 143 150 156 163
AF50 (in.2) =1.92 21 200 208 217 225 163 170 177 184
Force (k) = 96 24 225 233 242 250 184 190 197 204
10 - #4 12 156 167 177 187 128 136 145 153
14 177 187 198 208 145 153 162 170
As(in?) =2 16 198 208 219 229 162 170 179 187
Al36 (in.?) = 3.33 18 219 229 239 250 179 187 196 204
Al50 (in.2) = 2.4 21 250 260 271 281 204 213 221 230
Force (k) = 120 24 281 292 302 312 230 238 247 255
12 - #4 12 187 200 212 225 153 163 173 184
14 212 225 237 250 173 184 194 204
As(in?) =24 16 237 250 262 275 194 204 214 224
A36 (in.2) = 4 18 262 275 287 300 214 224 235 245
AR50 (in.2) = 2.88 21 300 312 325 337 245 255 265 275
Force (k) = 144 24 337 350 362 375 275 286 296 306
10-#5 12 240 256 272 288 196 209 222 235
14 272 288 304 320 222 235 248 261
As(in.2) = 3.07 16 304 320 336 352 248 261 274 287
AF36 (in.3) =5.12 18 336 352 368 384 274 287 300 313
AF50 (in.2) = 3.68 21 384 400 416 432 313 326 339 352
Force (k) = 184 24 432 448 464 479 352 365 378 391

Notes:

1) Y3is the distance from the top of the beam flange to the centroid of the reinforcement.

2) The Force (k) is the force in kips of the horizontal shear = Alx Fy= As x Fyrb.
3) Al-36 and Al-50 are the areas of the bottom angle required using 36 and 50 ksi steel, respectively.
4) Bottom angles with areas greater than or equal to Al are required. The angles in Table 5.6 are suggested for use.

39



Administrator
Rectangle


Table 2.1.

PR-CCs and M2 Values—Y3= 3 in.

Unbraced Frames

Braced Frames (36 or 50 ksi)

Depth Fy (angle) = 36 ksi Fy (angle) = 50 ksi M2
Connection @in.) M1 M2 M1 M2 M1 WithWeb | WithoutWeb

6 - #4 12 72.3 114 73.0 116 68.9 98 91.3
14 81.9 129 82.7 131 78.1 11 103
As(in?)=1.2 16 91.6 144 92.5 147 87.3 124 116
Al-Unb (36) = 2.5 18 101 159 102 162 96 137 128
Al-Unb (50) = 1.875 21 116 182 117 185 110 156 146
AlBr(in2) =2 24 130 205 131 208 124 176 164
8- #4 12 96 151 96 150 92 130 122
14 109 171 109 170 104 147 138
As(in2)=1.6 16 122 191 121 190 16 165 154
Al-Unb (36) = 3.28 18 134 211 134 210 129 182 170
Al-Unb (50) = 2.34 21 154 241 153 240 147 208 195
Al-Br(in2) = 2.67 24 173 271 173 270 165 234 219
10 - #4 12 119 186 120 189 115 163 152
14 135 211 137 215 130 184 172
As(in?)=2 16 151 236 153 240 146 206 193
Al-Unb (36) = 4 18 167 261 169 265 161 228 213
Al-Unb (50) = 3 21 191 298 193 303 184 260 243
Al-Br(in2) = 3.33 24 215 335 217 341 207 293 274
12 -#4 12 145 227 144 225 138 195 183
14 164 258 163 255 156 221 207
As(in?)=24 16 183 288 182 284 175 247 231
Al-Unb (36) = 5 18 202 318 201 314 193 273 256
Al-Unb (50) = 3.5 21 231 364 230 359 221 312 292
ARBr(in2) =4 24 260 409 259 404 248 351 329
10 -#5 12 183 285 184 288 176 250 234
14 208 324 208 326 200 283 265
As (in.2) = 3.07 16 232 362 233 365 223 316 296
Al-Unb (36) = 6.13 18 256 400 258 403 247 350 327
Al-Unb (50) = 4.5 21 293 457 294 461 282 399 374
Al-Br(in2) =5.12 24 330 514 331 518 317 449 420

NOTES:

1) Y3is the distance from the top of the beam flange to the centroid of the reinforcement.

2) M1 and M2 are the nominal connection strengths at 2.5 and 20 milliradians, respectively.

3) Al-Unb (36) and Al-Unb (50) are the areas of the bottom angle checked by capacity design (Table 5.5).
4) M2 is an approximate for the unbraced frame and braced frame with double web angles. A lower bound web angle area equal to Alis used for the unbraced value
and A for the braced value.
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Table 2.2.

PR-CCs and M2 Values—Y3 =4 in.

Unbraced Frames

Braced Frames (36 or 50 ksi)

Depth Fy (angle) = 36 ksi Fy (angle) = 50 ksi M2
Connection @in) M1 M2 M1 M2 M1 WithWeb  |WithoutWeb

6-#4 12 771 121 77.9 123 73.5 104 97.4
14 86.7 136 87.6 139 82.7 117 110
As(in?)=1.2 16 96.4 152 97.3 154 91.9 130 122
Al-Unb (36) = 2.5 18 106 167 107 170 101 143 134
Al-Unb (50) = 1.875 21 120 189 122 193 115 163 152
Al-Br(in2) =2 24 135 212 136 216 129 182 170
8-#4 12 102 161 102 160 98 139 130
14 115 181 115 180 110 156 146
As(in?)=1.6 16 128 201 128 200 123 173 162
Al-Unb (36) = 3.28 18 141 221 141 220 135 191 179
Al-Unb (50) =2.34 21 160 251 160 250 153 217 203
Al-Br(in.2) = 2.67 24 179 281 179 280 172 243 227
10 - #4 12 127 199 129 202 123 173 162
14 143 223 145 227 138 195 183
As(in?) =2 16 159 248 161 253 153 217 203
Al-Unb (36) =4 18 175 273 177 278 168 239 223
Al-Unb (50) =3 21 199 310 201 316 191 271 254
Al-Br (in.2) = 3.33 24 223 348 225 354 214 304 284
12 - #4 12 154 242 153 240 147 208 195
14 173 273 172 270 165 234 219
As(in?) =24 16 193 303 192 299 184 260 243
Al-Unb (36) =5 18 212 333 21 329 202 286 268
Al-Unb (50) = 3.5 21 241 379 239 374 230 325 304
AlBr(in.2) = 4 24 270 424 268 419 257 364 341
10-#5 12 195 305 196 307 188 266 249
14 220 343 221 345 212 300 280
As (in.2) = 3.07 16 244 381 245 384 235 333 31
Al-Unb (36) =6.13 18 269 419 270 422 259 366 343
Al-Unb (50) = 4.5 21 305 476 307 480 294 416 389
Al-Br(in2) =512 24 342 533 343 537 329 466 436

NOTES:

1) Y3is the distance from the top of the beam flange to the centroid of the reinforcement.

2) M1 and M2 are the nominal connection strengths at 2.5 and 20 milliradians, respectively.
3) Al-Unb (36) and Al-Unb (50) are the areas of the bottom angle checked by capacity design (Table 5.5).
4) M2 is an approximate for the unbraced frame and braced frame with double web angles. A lower bound web angle area equal to Alis used for the unbraced value

and (A for the braced value.
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Table 2.3.

PR-CCs and M2 Values—Y3=5n.

Unbraced Frames

Braced Frames (36 or 50 ksi)

Depth Fy(angle)=36 ksi Fy (angle)=50 ksi M2
Connection (in) M1 M2 M1 M2 M1 WithWeb | WithouWeb

6-#4 12 81.9 129 82.7 131 78.1 111 103.5
14 91.6 144 92.5 147 87.3 124 116
As(in?)=1.2 16 101.2 159 102.2 162 96.5 137 128
Al-Unb (36) =25 18 M 174 112 177 106 150 140
Al-Unb {50) = 1.875 21 125 197 127 201 119 169 158
Al-Br (in.?) = 2 24 140 220 141 224 133 189 176
8- #4 12 109 171 109 170 104 147 138
14 122 191 121 190 116 165 154
As(in?) =16 16 134 21 134 210 129 182 170
Al-Unb (36) = 3.28 18 147 231 147 230 141 200 187
Al-Unb (50) = 2.34 21 166 261 166 260 159 226 211
Al-Br (in.2) = 2.67 24 186 29 185 290 178 252 235
10 - #4 12 135 21 137 215 130 184 172
14 151 236 153 240 146 206 193
As(in?)=2 16 167 261 169 265 161 228 213
Al-Unb (36) = 4 18 183 285 185 290 176 249 233
Al-Unb (50) = 3 21 207 323 209 328 199 282 264
Al-Br (in.2) = 3.33 24 231 360 233 366 222 314 294
12-#4 12 164 258 163 255 156 221 207
14 183 288 182 284 175 247 231
As(in2)=2.4 16 202 318 201 314 193 273 256
Al-Unb (36) = 5 18 222 349 220 344 21 299 280
Al-Unb (50) = 3.5 21 251 394 249 389 239 338 316
Al-Br(in2) =4 24 280 439 278 434 267 377 353
10-#5" 12 208 324 208 326 200 283 265
14 232 362 233 365 223 316 296
As (in.2) = 3.07 16 256 400 258 403 247 350 327
Al-Unb (36) = 6.13 18 281 438 282 441 270 383 358
Al-Unb (50) = 4.5 21 317 495 319 499 306 433 405
Al-Br (in2) = 5.12 24 354 552 356 557 341 483 452

NOTES:

1) Y3is the distance from the top of the beam flange to the centroid of the reinforcement.

2) M1 and M2 are the nominal connection strengths at 2.5 and 20 milliradians, respectively.

3) Al-Unb (36) and Al-Unb (50) are the areas of the bottom angle checked by capacity design (Table 5.5).
4) M2 is an approximate for the unbraced frame and braced frame with double web angles. A lower bound web angle area equal to Alis used for the unbraced value
and (BA  for the braced value.
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Table 2.4.
PR-CCs and M2 Values—Y3= 6 in.

Unbraced Frames Braced Frames (36 or 50 ksi
Depth Fy (angle =36 ksi Fy (angle) = 50 ksi M2
Connection (in) ML M2 M1 M2 M1 WithWeb | Withoutweb

6-#4 12 86.7 136 87.6 139 82.7 117 109.5
14 96.4 152 97.3 154 91.9 130 122
As(in?)=1.2 16 106.0 167 107.0 170 101.1 143 134
Al-Unb (36) = 2.5 18 116 182 117 185 110 156 146
Al-Unb (50) = 1.875 21 130 205 131 208 124 176 164
Al-Br(in.2) = 2 24 145 227 146 231 138 195 183
8-#4 12 115 181 115 180 110 156 146
14 128 201 128 200 123 173 162
As(in?) =18 16 141 221 141 220 135 191 179
Al-Unb (36) = 3.28 18 154 241 153 240 147 208 195
Al-Unb (50) = 2.34 21 173 271 173 270 165 234 219
Al-Br(in.2) = 2.67 24 ] 192 301 192 300 184 260 243
10-#4 12 143 223 145 227 138 195 183
14 159 248 161 253 153 217 203
As (in2) =2 16 175 273 177 278 168 239 223
Al-Unb (36) = 4 18 191 298 193 303 184 260 243
Al-Unb (50) =3 21 215 335 217 341 207 293 274
Al-Br(in.2) = 3.33 24 239 372 241 379 230 325 304
12 - #4 12 173 273 172 270 165 234 219
14 193 303 192 299 184 260 243
As(in2)=2.4 16 212 333 21 329 202 286 268
Al-Unb (36) =5 18 231 364 230 359 221 312 292
Al-Unb (50) = 3.5 21 260 409 259 404 248 351 329
Al-Br(in.2) = 4 24 289 455 287 449 276 390 365
10 - #5 12 220 343 221 345 212 300 280
14 244 381 245 384 235 333 311
As (in2) = 3.07 16 269 419 270 422 259 366 343
Al-Unb (36) =6.13 18 293 457 294 461 282 399 374
Al-Unb (50) = 4.5 21 330 514 331 518 317 449 420
Al-Br(in2) =512 24 366 571 368 576 353 499 467

NOTES:

1) Y3is the distance from the top of the beam flange to the centroid of the reinforcement.

2) M1 and M2 are the nominal connection strengths at 2.5 and 20 milliradians, respectively.

3) Al-Unb (36) and Al-Unb (50) are the areas of the bottom angle checked by capacity design (Table 5,5).

4) M2 is an approximate for the unbraced frame and braced frame with double web angles. A lower bound web angle area equal to Alis used for the unbraced value
and (BA  for the braced value.
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Table 3.
Beam Line and Deflection Coefficients for Common Loading Patterns

Load Cases
1 2 3 4 5
N 11 il N

Note: Spaces between point loads are equal for each beam.

Coefficients, Co
Load
Case My My Oss S Stp Sss
1 I Y16 Yie Y192 0.01 Vag
2 % Va 173 S48 0.02 2348
3 %6 ) Sz Yos 0.02 19354
4 % % Y 31000 0.03 534000
5 Yie % Vo4 Vaga Vies Y384
The following three equations are used with the coefficient where
values in the table above to calculate beam values: .
M = the fixed end moment
My, My, = Cy(PL or wL?) ) = the beam end rotation _
6 = the maximum beam deflection
2 3 Pandw = the point and distributed loads
0, =M~) I, E, and I = length, modulus of elasticity, and moment of
EI inertia of the beam, respectively, and
Cy = the coefficient for each case, listed in Table
Co(PL’ or wL') 29
85 8, 85, = &

The subscripts ff, fp, and ss denote the type of beam end
conditions: both ends fixed (ff), one end fixed and one pinned

(fp), and both ends pinned (ss, simply supported).
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Table 4.
Collapse Mechanism Coefficients for Beams

Load Cases
1 2 3 4 5
d i il Lidd

Note: Spaces between point loads are equal for each beam.

Connection Relationship
Load Mpc1 = Mp,c2 Mp,c1 > Mp c2 Mpc2=0
Case a b c d a b c d a b c d
1 1 0 1 4 1 1 2 2 1 0 2 2
2 1 0 1 3 1 2 3 1 1 0 3 1
3 1 0 1 2 1 1 2 1 1 0 2 1
4 1 0 1 % 2 3 5 %2 2 0 5 Y2
5 1 0 1 8 1 0 Y 2l x

MML( 1+—LM’“-J

Mp,cl k Mp,b )
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Values of S, for different frame geometries

Table 5.

Story Height (ft)

No. of
Stories 12 14 16
4 4.85 4.40 3.10
6 3.70 2.95 2.55
8 2.45 1.95 1.35
————— p——
Table 6.
co
1/0+a)

Kb/Ka 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1
1 1 1 1 1 1 1 1 1 1
0.9 1.05 1.04 1.04 1.03 1.03 1.02 1.02 1.01 1.01
0.8 1.1 1.09 1.08 1.07 1.05 1.04 1.03 1.02 1.01
0.7 1.18 1.15 1.13 1.1 1.09 1.07 1.05 1.03 1.02
0.6 1.27 1.22 1.18 1.15 1.12 1.09 1.07 1.04 1.02
0.5 1.39 1.31 1.25 1.20 1.16 1.12 1.08 1.05 1.03
0.4 1.54 1.41 1.32 1.25 1.20 1.15 1.10 1.07 1.03
0.3 1.76 1.55 1.41 1.32 1.24 1.18 1.12 1.08 1.04
0.2 2.09 1.72 1.52 1.39 1.29 1.21 1.15 1.09 1.04
0.1 2.63 1.97 1.66 1.47 1.34 1.25 1.17 1.10 1.05
0.0 3.70 2.32 1.83 1.57 1.40 1.28 1.19 1.12 1.05

Symbols:

Kb = Stiffness of the less stiff connection
Ka = Stiffness of the stiffer connection

(1 + o)=M(PR)M(fix-fix)
o = 2EI/(KaL)
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Table 7a.
Negative Bending Moments of Inertia (W12 and W14)

12-in. Beams Y3=3in. Y3=4in.

Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In’ 1.2 1.6 20 24 31 1.2 1.6 20 24 3.1
Wt of stl Is In In In In In In In In In In

14 88.6 163 181 197 21 230 181 203 222 239 264
16 103 180 200 217 232 253 199 222 243 262 289
19 130 211 232 251 268 293 230 256 280 300 331
22 156 241 264 284 303 331 260 288 314 337 371
26 204 290 314 336 356 386 310 339 366 391 428
30 238 327 352 375 397 429 347 378 407 433 473
35 285 377 403 428 452 487 398 430 461 489 533
40 310 398 423 448 470 506 418 450 480 508 552
45 350 440 466 492 516 553 461 494 525 554 601
50 394 486 513 540 565 604 507 541 573 604 653
53 425 516 543 570 595 634 537 571 603 634 683
58 475 568 596 623 649 690 589 624 657 689 740
65 533 626 654 682 708 750 647 682 716 749 801
72 597 692 721 749 776 820 713 749 784 818 872
14-in. Beams Y3=3in. Y3=4in.

Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In? 1.2 1.6 2.0 24 3.1 1.2 1.6 20 24 3.1
Wit of sti Is In In In In In In In In In In

22 199 298 324 348 370 402 319 351 380 406 445
26 245 348 376 402 426 462 370 404 435 465 508
30 291 395 424 452 477 515 417 453 486 516 563
34 340 447 478 506 533 574 469 507 541 574 624
38 385 494 526 556 585 628 517 556 592 626 679
43 428 534 565 595 623 667 557 595 630 664 718
48 485 593 626 656 686 732 616 656 693 728 784
53 541 652 685 717 747 795 675 715 754 7N 849
61 640 751 785 818 849 899 775 816 856 894 954
68 723 837 872 906 938 990 860 903 944 983 1046
74 796 912 948 982 1016 1070 936 979 1021 1062 1127
82 882 1000 1037 1072 1107 1163 1024 1069 1112 1154 1221
90 999 1114 1150 1185 1220 1275 1138 1182 1224 1266 1333
99 1110 1227 1264 1300 1335 1392 1251 1296 1340 1382 1451

47



Administrator
Rectangle


Table 7a. (cont.)

Negative Bending Moments of Inertia (W12 and W14)

12-in. Beams Y3=5in. Y3=6in.
Reinforcing Bars 6-i4 8-i#4 10-#4 12-#4 10-#5 6-it4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In? 1.2 1.6 2.0 2.4 3.1 1.2 1.6 2.0 24 31
Wt of stl Is In In In In In In In In In In
14 88.6 200 227 251 271 301 222 254 282 306 341
16 103 219 247 273 295 328 241 275 . 305 332 370
19 130 251 283 31 336 373 274 31 345 375 419
22 156 282 316 346 374 415 306 346 382 415 464
26 204 332 367 400 429 474 356 398 437 472 525
30 238 370 - 407 441 473 522 394 438 479 517 575
35 285 421 460 497 531 584 446 493 536 577 640
40 310 441 480 516 550 603 466 512 555 596 659
45 350 484 524 561 597 653 509 557 601 644 710
50 394 531 572 611 648 707 556 605 652 696 766
53 425 561 602 641 678 737 586 635 682 726 796
58 475 613 655 695 734 795 639 689 737 783 855
65 533 671 714 754 794 857 697 748 796 843 918
72 597 738 781 823 864 929 764 816 866 914 991
14-in. Beams Y3=5in. Y3=6in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In’ 1.2 1.6 2.0 2.4 3.1 1.2 1.6 2.0 2.4 3.1
Wt of sti Is In In In In In In In In In In
22 199 342 380 414 446 493 367 412 452 489 544
26 245 393 434 472 506 559 419 467 511 552 613
30 291 441 484 523 559 615 467 517 563 606 671
34 340 494 538 580 618 678 521 573 621 667 736
38 385 542 588 631 672 735 570 623 674 722 795
43 428 581 627 670 710 773 608 662 712 760 834
48 485 641 688 733 775 842 669 . 724 776 826 904
53 541 700 749 795 839 908 728 785 839 890 972
61 640 800 850 897 942 1014 828 886 941 995 1079
68 723 887 937 986 1033 1108 915 974 1031 1086 1174
74 796 962 1014 1064 1112 1189 991 1051 1110 1166 1257
82 882 1051 1104 1155 1204 1284 1080 1142 1202 1260 1353
90 999 1165 1217 1267 1316 1396 1193 1254 1314 1371 1465
99 1110 1278 1331 1383 1434 1515 1307 1369 1430 1489 1585
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Table 7b.
Negative Bending Moments of Inertia (W16 and W18)

16-in. Beams Y3=3in. Y3=4in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In.2 1.2 1.6 2.0 24 3.1 1.2 1.6 2.0 24 3.1
Wt of sti Is In In In In In In In in In In
26 301 423 457 488 516 559 447 487 524 558 609
31 375 502 538 571 602 650 526 569 609 646 702
36 448 577 614 649 682 732 601 646 687 727 787
40 518 650 689 725 760 813 675 721 764 805 869
45 586 721 761 799 835 891 746 794 839 882 949
50 659 796 838 877 915 974 822 871 918 963 1033
57 758 899 942 983 1022 1084 925 976 1025 1071 1145
67 954 1095 1138 1180 1221 1285 1121 1173 1223 1271 1347
77 1110 1254 1299 1343 1385 1453 1281 1335 1386 1436 1516
89 1300 1448 1495 1540 1584 1656 1476 1531 1585 1637 1721
100 1490 1642 1690 1737 1783 1857 1670 1727 1782 1836 1923
18-in. Beams Y3=3in. Y3=4in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In’ 1.2 1.6 2.0 24 3.1 1.2 1.6 20 24 3.1
Wt of sti Is In in In In In In In In In In
35 510 661 704 745 783 842 687 739 787 831 901
40 612 768 813 856 897 960 795 848 899 946 1021
46 712 871 919 964 1007 1074 899 955 1008 1058 1137
50 800 960 1008 1053 1097 1165 987 1044 1097 1148 1229
55 890 1052 1102 1149 1194 1265 1080 1138 1193 1246 1330
60 984 1149 1199 1248 1294 1368 177 1236 1293 1348 1434
65 1070 1237 1289 1338 1386 1462 1266 1326 1384 1440 1529
71 1170 1340 1392 1443 1492 1570 1369 1430 1490 1547 1639
76 1330 1497 1549 1599 1648 1725 1526 1586 1645 1702 1793
86 1530 1700 1754 1806 1856 1937 1729 1792 1853 1912 2007
97 1750 1924 1979 2033 2085 2169 1954 2018 2080 2141 2240
106 1910 2087 2143 2197 2251 2337 2116 2182 2246 2308 2409
119 2190 2371 2429 2485 2540 2630 2401 2468 2534 2598 2703
130 2460 2645 2705 2763 2820 2913 2676 2745 2813 2879 2988
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Table 7b. (cont.)
Negative Bending Moments of Inertia (W16 and W18)

16-in. Beams Y3=5in. Y3=6in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In? 1.2 1.6 2.0 2.4 3.1 1.2 1.6 2.0 2.4 3.1
Wt of sti Is In In In In In In In In In In
26 301 472 519 563 603 663 500 555 605 652 721
31 375 553 603 650 693 760 581 640 694 744 821
36 448 628 680 729 775 846 657 718 774 828 910
40 518 702 756 807 855 930 732 794 853 909 996
45 586 774 830 883 933 1012 804 869 930 988 1079
50 659 850 908 963 1015 1097 881 947 1010 1071 1166
57 758 954 1013 1070 1125 121 984 1053 1119 1182 1282
67 954 1150 1210 1269 1325 1414 1181 1251 1318 1383 1487
77 1110 1310 1373 1433 1491 1585 1342 1414 1484 1551 1660
89 1300 1505 1570 1632 1693 1792 1537 1612 1684 1754 1868
100 1490 1700 1766 1831 1893 1995 1732 1808 1883 1956 2073
18-in. Beams Y3=5in. Y3=6in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In.2 1.2 1.6 20 2.4 3.1 1.2 1.6 2.0 2.4 3.1
Wt of sti Is In In In In In In In In In In
35 510 716 776 831 883 964 747 815 879 939 1032
40 612 824 886 945 1000 1086 855 927 994 1058 1156
46 712 929 994 1055 1113 1204 961 1035 1106 1172 1277
50 800 1017 1083 1145 1204 1297 1049 1124 1196 1264 1371
55 890 1M 1178 1242 1303 1400 1143 1220 1293 1364 1475
60 984 1208 1276 1342 1405 1505 1241 1319 1395 1467 1582
65 1070 1297 1367 1434 1498 1601 1330 1410 1487 1561 1679
71 1170 1400 1471 1540 1606 1712 1433 1515 1593 1669 1791
76 1330 1557 1627 1695 1761 1867 1590 1671 1749 1824 1946
86 1530 1761 1833 1903 1972 2082 1795 1877 1958 2036 2162
97 1750 1985 2060 2132 2202 2316 2019 2104 2187 2268 2398
106 1910 2148 2224 2298 2370 2487 2183 2269 2354 2436 2570
119 2190 2433 251 2587 2661 2782 2468 2557 2644 2729 2867
130 2460 2709 2788 2866 2943 3068 2744 2835 2924 301 3154
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Table 7c.
Negative Bending Moments of Inertia (W21 and W24)

21-in. Beams Y3=3in. Y3=4in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In.2 1.2 1.6 2.0 24 3.1 1.2 16 2.0 2.4 3.1
Wt of sti Is In In In In In In In In In In
44 843 1038 1096 1151 1203 1284 1069 1136 1199 1259 1353
50 984 1184 1244 1301 1355 1441 1215 1284 1350 1413 1512
57 1170 1375 1437 1497 1554 1645 1406 1478 1547 1613 1717
62 1330 1535 1598 1658 1716 1809 1567 1639 1709 1776 1882
68 1480 1688 1753 1815 1874 1970 1720 1794 1866 1935 2045
73 1600 1811 1876 1939 2001 2098 1843 1918 1991 2061 2174
83 1830 2045 2112 2178 2241 2343 2078 2155 2230 2303 2420
93 2070 2289 2358 2425 2491 2596 2322 2402 2479 2554 2675
101 2420 2636 2704 2771 2836 2941 2669 2747 2824 2899 3020
111 2670 2889 2959 3027 3093 3201 2922 3002 3080 3157 3281
122 2960 3182 3253 3323 3391 3502 3216 3297 3377 3455 3583
132 3220 3445 3518 3588 3658 3771 3479 3562 3643 3723 3853
147 3630 3860 3934 4006 4078 4194 3894 3979 4062 4144 4278
166 4280 4517 4594 4670 4744 4866 4552 4640 4726 4811 4951
24-in. Beams Y3=3in. Y3=4in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In.2 1.2 16 2.0 2.4 3.1 1.2 1.6 20 2.4 3.1
Wt of stl Is In In In In In In In In In In
55 1350 1594 1668 1739 1807 1914 1628 1713 1794 1871 1993
62 1550 1799 1875 1948 2019 2131 1834 1920 2004 2084 2212
68 1830 2080 2157 2232 2304 2418 2115 2203 2288 2370 2500
76 2100 2355 2434 2511 2585 2704 2390 2480 2568 2652 2788
84 2370 2629 2710 2789 2865 2988 2665 2757 2847 2933 3073
94 2700 2964 3047 3128 3207 3335 3000 3095 3187 3276 3421
103 3000 3269 3354 3437 3518 3650 3305 3402 3496 3588 3737
104 3100 3361 3443 3524 3603 3730 3397 349 3582 3672 3817
117 3540 3805 3890 3973 4054 4185 3842 3938 4032 4124 4273
131 4020 4290 4377 4462 4545 4680 4327 4425 4521 4616 4770
146 4580 4856 4944 5031 5117 5257 4893 4993 5092 5189 5348
162 5170 5451 5542 5631 5719 5863 5489 5591 5693 5792 5955
176 5680 5966 6059 6150 6240 6387 6004 6109 6212 6314 6480
192 6260 6551 6645 6738 6830 6981 6589 6696 6801 6905 7075
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Table 7c. (cont.)
Negative Bending Moments of Inertia (W21 and W24)

21-in Beams Y3=5in. Y3=6in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In.2 1.2 1.6 2.0 24 3.1 1.2 1.6 2.0 2.4 3.1
Wt of sti Is In In In In In In In In In In
44 843 1101 1178 1250 1319 1427 1136 1223 1305 1383 1505
50 984 1248 1327 1402 1474 1587 1283 1373 1458 1540 1668
57 1170 1440 1522 1601 1676 1795 1476 1569 1658 1743 1879
62 1330 1600 1683 1763 1839 1961 1636 1730 1821 1907 2045
68 1480 1754 1839 1920 1999 2125 1791 1887 1979 2068 2210
73 1600 1877 1963 2046 2127 2255 1914 2011 2105 2196 2342
83 1830 2112 2201 2286 2369 2503 2149 2249 2346 2440 2592
93 2070 2357 2448 2536 2621 2760 2395 2497 2597 2693 2850
101 - 2420 2704 2793 2881 2966 3104 2741 2842 2941 3038 3194
111 2670 2957 3049 3138 3225 3367 2995 3098 3199 3298 3458
122 2960 3251 3344 3435 3524 3670 3289 3394 3497 3598 3762
132 3220 3515 3609 3702 3792 3941 3553 3660 3764 3867 4034
147 3630 3930 4026 4121 4214 4367 3969 4077 4184 4289 4461
166 4280 4589 4689 4787 4883 5042 4628 4740 4851 4960 5138
24-in. Beams Y3=5in. Y3=6in.
Reinforcing Bars 6-#4 8-#4 10-#4 12-#4 10-#5 6-#4 8-#4 10-#4 12-#4 10-#5
Area of Reinf., In.2 1.2 1.6 2.0 2.4 3.1 1.2 1.6 2.0 2.4 3.1
Wt of stl Is In In In In In In In In In In
55 1350 1665 1760 1852 1939 2077 1703 1811 1913 2011 2166
62 1550 1870 1969 2063 2153 2298 1910 2020 2125 2227 2389
68 1830 2152 2252 2347 2440 2587 2191 2303 2411 2514 2680
76 2100 2428 2530 2628 2724 2877 2467 2582 2692 2799 2971
84 2370 2703 2807 2908 3006 3164 2743 2860 2973 3083 3260
94 2700 3038 3145 3249 3350 3513 3079 3199 3315 3428 3611
103 3000 3344 3453 3559 3663 3831 3385 3507 3626 3742 3930
104 3100 3435 3541 3644 3745 3909 3475 3594 3710 3823 4007
117 3540 3880 3989 4095 4198 4367 3921 4043 4161 4277 4466
131 4020 4366 4477 4585 4691 4865 4407 4531 4653 4772 4966
146 4580 4932 5045 5157 5266 5445 4974 5101 5225 5347 5547
162 5170 5528 5644 5758 5870 6053 5571 5700 5827 5952 6157
176 5680 6044 6162 6278 6392 6580 6087 6218 6348 6475 6685
192 6260 6630 6749 6867 6984 7176 6672 6806 6938 7068 7282
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Details of Prequalified Connections

Table 8.

Unbraced Fy= 36 ksi

Connection Bolt Shear
Neg For Pos For | horz-leg vert-leg t L Vu/bolt d Shear
Rein. (k) K (in.) (in.) (in.) (in) () (in.) Type ()
6 #4 90.0 30.4 6 4 0.3125 8 225 0.75 3X/4N 24.9
90.0 30.4 6 4 0.3125 8 22.5 0.875 325N 27.0
8 #4 118.1 39.9 6 4 0.4375 7.5 29.531 0.875 3X/4N 33.9
118.1 39.9 6 4 0.4375 7.5 29.531 1 325N 35.4
10 #4 144.0 48.6 6 4 0.5 8 36 0.875 490X 42.4
144.0 48.6 6 4 0.5 8 36 1 3X/4N 441
12 #4 180.0 60.8 6 4 0.625 8 45 1 490X 55.3
10 #5 220.5 74.4 6 4 0.875 7 55.125 1 490X 55.3
Notes:
(1) Four bolts are used for the bottom angle to beam connection.
(2) The design shear strength of the bolts is the 1994 LRFD Table 8-11 values divided by 0.8.
(3) 3X/4N denotes that either A325X or A490N high strength bolts may be used.
(4) Values of bolt shear are the design values.
Bearing on Angle Tension Yield and Rupture
Le s Rq. spac | Ru(int) Ru(ext) Sum Ru Ag An Yield Rupture
Rein. (in.) (in.) (Y/N) (k) (k) Neg forc (in.29) (in2) An/Ag | Pos forc | Pos forc
6 #4 2.25 2.5 Y 245 245 1.09 2.50 1.99 0.80 2.67 2.85
2.25 2.5 N 28.0 28.5 1.26 2.50 1.91 0.77 2.67 2.74
8 #4 2.25 25 N 39.3 40.0 1.34 3.28 2.46 0.75 2.67 2.69
2.25 25 N 38.1 428 1.37 3.28 2.35 0.72 2.67 257
10 #4 2.25 2.5 N 449 457 1.26 4.00 3.06 0.77 2.67 2.74
2.25 2.5 N 435 48.9 1.28 4.00 2.94 0.73 2.67 2.63
12 #4 2.25 2.5 N 54.4 61.2 1.28 5.00 3.67 0.73 2.67 2.63
10 #5 2.25 2.5 N 76.1 85.6 1.47 6.13 4.27 0.70 2.67 2.49
Notes:
(1) Y/N denotes whether the required bolt spacing of 3db and edge spacing of 1.5db is met.
(2) The critical values to be checked are expressed as the provided over the required value. If this ratio is greater than 1 then the check passes.
(3) 3X/4N denotes that either A325X or A490N high strength bolts may be used.
Prying Action
Rut Ru b a .4 & tc qu Rut+ qu
Conn & Bolts (k) (k) (in.) (in.) (in.) (in.) 8 (in.) o (k) Pos forc
¥-in. 3X 15.2 29.8 2.19 1.81 1.81 219 0.80 1.29 9.65 11.1 1.13
%-in. 4N 15.2 37.4 2.19 1.81 1.81 219 0.80 1.45 9.65 111 1.42
Ta-in. 3N 156.2 40.6 219 1.81 1.75 2.25 0.77 1.48 9.65 10.4 1.59
Tg-in. 3X 19.9 40.6 2.06 1.94 1.63 2.38 0.75 1.47 6.09 11.2 1.30
T-in. 4N 19.9 51.0 2.06 1.94 1.63 2.38 0.75 1.65 6.09 11.2 1.64
1in. 3N 19.9 53.0 2.06 1.94 1.56 2.44 0.72 1.65 6.07 10.4 1.75
Tg-in. 4X 243 51.0 2.00 2.00 1.56 2.44 0.77 1.57 4.81 12.3 1.39
1in. 3X 243 53.0 2.00 2.00 1.50 2.50 0.73 157 4.76 11.3 1.49
1in. 4N 243 66.6 2.00 2.00 1.50 2.50 0.73 1.76 4.76 11.3 1.87
1in. 4X 30.4 66.6 1.88 213 1.38 2.63 0.73 1.68 3.13 111 1.61
1in. 4X 37.2 66.6 1.63 2.03 1.13 2.53 0.70 1.62 1.33 8.0 1.47
Notes:

(1) The critical values to be checked are expressed as the provided over the required value. If this ratio is greater than 1 then the check passes.
(2) The gage for the vertical connection leg is 2.5 inches.
(3) The tributary bearing length for prying, p, is L/2.
(4) The value "a" in prying action for 10 #5 was taken as the maximum value = 1.25b.
(5) 3X/4N denotes that either A325X or A490N high strength bolts may be used.

53



Administrator
Rectangle


Table 8. (cont.)
Details of Prequalified Connections
Braced Fy = 36 ksi

Connection Bolt Shear
Neg For horz-leg vert-leg t L Vubolt d Vu
Rein. (k) (in.) (in.) (in.) (in.) (k) (in) Type (k)
6 #4 78.8 6 4 0.3125 7 19.7 0.75 325N 19.9
8 #4 101.3 6 4 0.375 75 253 0.875 325N 27.0
10 #4 126.0 6 4 0.5 7 315 1 325N 354
126.0 6 4 0.5 7 315 0.875 3X/4N 339
12 #4 144.0 6 4 0.5 8 36.0 1 490N 441
144.0 6 4 05 8 36.0 0.875 490X 424
10 #5 189.0 6 4 0.75 7 47.3 1 490X 55.3
Bearing on Angle
Le S Rq. spac Ru(int) Ru(ext) Sum An
Rein. (in.) (in.) (Y/MN) (k) (k) Neg forc
6 #4 2.25 25 Y 245 24.5 1.24
8 #4 2.25 2.5 N 33.6 34.2 1.34
10 #4 2.25 25 N 435 48.9 1.47
2.25 2.5 N 44.9 45.7 1.44
12 #4 2.25 25 N 435 48.9 1.28
2.25 25 N 44.9 45.7 1.26
10 #5 2.25 2.5 N 65.3 73.4 1.47
Notes:

(1) These are the minimum angle and bolt sizes that are acceptable by capacity design.
(2) The bearing on angle check is expressed as the provided over the required value. If this ratio is greater than 1 then the

check passes.

(3) The design shear strength of the bolts is the 1994 LRFD Table 8-11 value divided by 0.8.
(4) 3X/4N denotes that either A325X or A490N high strength bolts may be used.
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Table 8. (cont.)
Details of Prequalified Connections
Unbraced Fy= 50 ksi

Connection Bolt Shear
Neg For Pos For | horz-leg vert-leg t L Vubolt d Shear
Rein. (k) (k) (in.) (in.) (in.) (in.) (k) (in.) Type (k)
6 #4 93.8 31.6 6 4 0.3125 6 23.44 0.75 3X/4N 24.9
93.8 31.6 6 4 0.3125 6 23.44 0.875 325N 27.0
8 #4 117.2 39.6 6 4 0.3125 7.5 29.30 0.875 3X/4N 33.9
117.2 39.6 6 4 0.3125 7.5 29.30 1 325N 35.4
10 #4 150.0 50.6 6 4 0.375 8 375 0.875 490X 42.4
150.0 50.6 6 4 0.375 8 375 1 3X/4N 441
12 #4 175.0 59.1 6 4 0.5 7 43.75 1 3X/4N 441
10 #5 225.0 75.9 6 4 0.5625 8 37.5* 1 3X/4N 441
Notes: *6 bolts must be used for 10 #5
(1) Four bolts are used for the bottom angle to beam flange connection except for 10 #5.
(2) The design shear strength of the bolts is the 1994 LRFD Table 8-11 values divided by 0.8.
(3) 3X/4N denotes that either A325X or A490N high strength bolts may be used.
Connection Bearing on Angle Tension Yield and Rupture
Le S Rq. spac | Ru(int) | Ru(ext) Sum Ru Ag An Yield | Rupture
Rein. Bolts (in.) (in.) (Y/N) (k) (k) |Negforc| (in?) (in3) An/Ag | Pos forc | Pos forc
6 #4 3X/4N 2.25 2.5 Y 274 274 1.17 1.88 1.37 0.73 2.67 2.1
325N 2.25 2.5 N 31.4 32.0 1.35 1.88 1.29 0.69 2.67 1.99
8 #4 3X/4N 2.25 2.5 N 314 32.0 1.08 2.34 1.76 0.75 2.67 217
325N 2.25 25 N 30.5 34.3 11 2.34 1.68 0.72 2.67 2.07
10 #4 490X 2.25 2.5 N 37.7 384 1.01 3.00 2.30 0.77 2.67 2.21
3X/4N 2.25 2.5 N 36.6 411 1.04 3.00 2.20 0.73 2.67 212
12 #4 3X/4N 2.25 2.5 N 48.8 54.8 1.18 3.50 2.44 0.70 2.67 2.01
10 #5 3X/4N 2.25 25 N 54.8 61.7 1.04 4.50 3.30 0.73 2.67 2.12
Notes:
(1) Y/N denotes whether the required bolt spacing of 3db and edge spacing of 1.5db is met.
(2) The critical values to be checked are expressed as the provided over the required value. If this ratio is greater than 1 then the check passes.
(3) 3X/4N denotes that either A325X or A490N high strength bolts may be used.
Connection Prying Action
Rut Ru b a -4 - 4 te qu Rut+ qu
Rein. Bolts (k) (k) (in.) (in.) (in.) (in.) ) (in.) o (k) Pos forc
6#4 |%4-in.3X| 15.8 29.8 2.19 1.81 1.81 2.19 0.73 1.26 10.55 11.6 1.09
Y4-in. 4N 15.8 37.4 2.19 1.81 1.81 2.19 0.73 1.42 10.55 11.6 1.37
7-in.3N| 15.8 40.6 2.19 1.81 1.75 2.25 0.69 1.45 10.75 10.8 1.52
8#4 |7in.3X| 198 40.6 219 1.81 1.75 2.25 0.75 1.30 9.86 13.5 1.22
Tg-in. 4N 19.8 51.0 2.19 1.81 1.756 2.25 0.75 1.45 9.86 13.5 1.53
1in. 3N 19.8 53.0 2.19 1.81 1.69 2.31 0.72 1.46 9.90 12.6 1.64
10#4 | 7%-in.4X| 253 51.0 2.13 1.88 1.69 2.3 0.77 1.38 7.50 15.7 1.24
1in. 3X 25.3 53.0 2.13 1.88 1.63 2.38 0.73 1.38 7.48 14.7 1.33
1in. 4N 25.3 66.6 213 1.88 1.63 2.38 0.73 1.55 7.48 14.7 1.67
12#4 | 1in.4X 29.5 66.6 2.00 2.00 1.50 2.50 0.70 1.59 5.02 13.8 1.54
10#5 | {in.4Xx 38.0 66.6 1.94 2.06 1.44 2.56 0.73 1.46 3.85 15.7 1.24
Notes:

(1) The critical values to be checked are expressed as the provided over the required value. If this ratio is greater than 1 then the check passes.
(2) The gage for the vertical connection leg is 2.5 inches.
(3) The tributary bearing length for prying, p, is L/2.

(4) 3X/4N denotes that either A325X or A490N high strength bolts may be used.
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Table 8. (cont.)
Details of Prequalified Connections

Braced Fy= 50 ksi

Connection Bolt Shear
Neg For horz-leg vert-leg t L Vu/bolt d Vu
Rein. (k) (in.) (in.) (in.) (in.) (k) (in.) Type (k)
6 #4 72.0 6 4 0.3125 5 18.0 0.75 325N 19.9
8 #4 101.6 6 4 0.3125 6.5 25.4 0.875 325N 27.0
10 #4 125.0 6 4 0.3125 8 31.3 1 325N 35.4
125.0 6 4 0.3125 8 31.3 0.875 3X/4N 339
12 #4 150.0 6 4 0.375 8 375 1 3X/4N 441
150.0 6 4 0.375 8 375 0.875 490X 424
10 #5 175.0 6 4 0.5 7 43.8 1 3X/4N 44 1
Bearing on Angle
Le S Rq. spac Ru(int) Ru(ext) Sum Rn
Rein. (in.) (in.) (Y/N) (k) (k) Neg forc
6 #4 2.25 25 Y 27.4 27.4 1.52
8 #4 2.25 25 N 31.4 32.0 1.25
10 #4 2.25 2.5 N 30.5 34.3 1.04
225 25 N 31.4 32.0 1.01
12 #4 2.25 2.5 N 36.6 411 1.04
2.25 2.5 N 37.7 38.4 1.01
10 #5 2.25 2.5 N 48.8 54.8 1.18
Notes:

(1) These are the minimum angle and bolt sizes that are acceptable by capacity design.
(2) The bearing on angle check is expressed as the provided over the required value. If this ratio is greater than 1 then the

check passes.

(3) The design shear strength of the bolts is the 1994 LRFD Table 8-11 value divided by 0.8.
(4) 3X/4N denotes that either A325X or A490N high strength bolts may be used.

56



Administrator
Rectangle


Appendix A

STORY SWAY CALCULATIONS

With the assumption that the inflection points of the girders
and columns are at midlength and midheight (assumptions
made in a portal analysis, see Figure 6) the total interstory
drift of story i due to column and beam flexure and rotation
of the connections can be shown to be:

1 1 1
A = VI +——+ Al
total thl (ZKC E Kg E Kco,m ] ( )
12E1, .
K, = E—h—“ = story column stiffness (A-2)
12E1, . .
K, = ):——L—éi = story girder stiffness (A-3)
XK., = story connection stiffness (A-4)
where
I, = the equivalent girder inertias

I. = the column inertias

L = the girder lengths

h, = the height of story i, and
V, = the shear at story i.

By letting:
Acolumn = Agirder== Aczmnection= 1/3Amtal

a well proportioned preliminary structure can easily be sized,
where A, is the design interstory drift (e.g., H/400 for wind
loads).

We can determine either the sum or average moment of
inertia for the columns in story i by:

V ki

ZIc =N, ave) = Tox
CIC( ) 4EAmtal

(A9)

where
N, = the number of columns in a story.

Similarly, the connection stiffness at story i is given by:
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3V R
EKcann = N co conn{ave) = (A-G)
Azotal
where
N,... = thenumber of connections forstory i.

When determining the girder moment of inertia two different
equations can be used depending on whether all bays in the
story are the same length. If all the bays are the same length
then:

LV I

Y] =N =1
o= e SRR

(A7)

If all the bays are not the same length, where N,, have length
L, and N,, have length L, and 1,,,/1,,, = C,, then:

eq2

LL, i
Ie 1=
‘ (N glLZ +N, gZCILl) 4eAmtal

(A)

Note that when the exterior connections are pinned the exte-
rior columns are effectively gravity columns and cannot be
included in the number of drift resisting columns. Also, the
exterior girders are in single curvature instead of double
curvature, as the interstory drift equation is based on. There-
fore, only % of the exterior girders, or one total, should be
used in this calculation.

When considering the base columns to be fixed, Equation
(A-1) overestimates the first level interstory drift. Again this
is because the equation is based on columns and girders in
double curvature with inflection points at mid-height and
mid-length. It is suggested to calculate the 1st story values
using 90 percent of the story height. If this gives smaller
required values then the 2nd story then the 1st story should
be designed for the 2nd story values.

used for lateral drift analysis, K, is not the same as the
gravity connection stiffness, K,

rav*
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NOTATION

A, = steel reinforcing area

A, = area of bottom angle

A, = gross area of double web angles for shear cal-
culations

DL, = dead loads applied after the slab hardens

DL, = dead loads applied before the slab hardens

I g(ss) = lower bound moment of inertia required for
simply-supported composite beam
I,5(PR) = lower bound moment of inertia required for PR
composite beam
I = equivalent moment of inertia for composite

“ beam (Equations (24) and (25), Part )

g = lower bound moment of inertia (1) from
LRFD Manual (positive moment)

In = lower bound moment of inertia (negative mo-
ment; from Table 7, Part 1V)

E, = yield stress of reinforcing, ksi

E = yield stress of seat and web angles, ksi

L = beam or girder span

LL = live loads

M = moment

M, = design strength

M, .. = design capacity for the "construction beam"
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M = connection nominal moment capacity (positive
bending; from Equation 2)

M, = connection nominal moment capacity (nega-
tive bending; from Equation 1)

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

d = girder depth, in

oM, ..., = connection design capacity (from Table 1, Part
IV or Eq. 6 with ¢ =0.85)

oM, .., =beam design capacity in positive bending ¢ =
0.85)

&M, pna 1 = Capacity of composite beam with PNA= 1 (full
interaction)

oM, = plastic design capacity of the steel beam

OM, ey = plastic capacity of composite beam with PNA
=7 (25% interaction)

S, = live load deflection limit

Oy = deflection of the beam as a fixed-fixed system

Oy = end rotation for PR beam with equal connec-
tions at either end

6 = rotation (radians)
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