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DISCLAIMER

CONSIDERABLE TIME, EFFORT AND EXPENSE HAVE GONE
INTO THE DEVELOPMENT AND DOCUMENTATION OF
SAP2000. THE PROGRAM HAS BEEN THOROUGHLY TESTED
AND USED. IN USING THE PROGRAM, HOWEVER, THE USER
ACCEPTS AND UNDERSTANDS THAT NO WARRANTY IS EX-
PRESSED OR IMPLIED BY THE DEVELOPERS OR THE DIS-
TRIBUTORS ON THE ACCURACY OR THE RELIABILITY OF
THE PROGRAM.

THIS PROGRAM IS A VERY PRACTICAL TOOL FOR THE DE-
SIGN OF REINFORCED CONCRETE STRUCTURES. HOWEVER,
THE USER MUST THOROUGHLY READ THE MANUAL AND
CLEARLY RECOGNIZE THE ASPECTS OF REINFORCED CON-
CRETE DESIGN THAT THE PROGRAM ALGORITHMS DO NOT
ADDRESS.

THE USER MUST EXPLICITLY UNDERSTAND THE ASSUMP-
TIONS OF THE PROGRAM AND MUST INDEPENDENTLY VER-
IFY THE RESULTS.
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Chapter |

Introduction

Overview

SAP2000 features powerful and completely integrated modules for design of both

steel and reinforced concrete structures (CSI 1998a, 1998b, 1997). The program
provides the user with options to create, modify, analyze and design structural mod-
els, all from within the same user interface.

The program provides an interactive environment in which the user can study the
stress conditions, make appropriate changes, such as member size revisions, and
update the design without re-analyzing the structure. A single mouse click on an
element brings up detailed design information. Members can be grouped together
for design purposes. The output in both graphical and tabulated formats can be
readily displayed and printed.

The program is structured to support a wide variety of design codes for the auto-
mated design and check of concrete frame members. The program currently sup-
ports the following design codes: U.S. (ACI 1999, AASHTO 1997), Canadian
(CSA 1994), British (BSI 1989), European (CEN 1992), and New Zealand (NZS
3101-95).

The design is based upon a set of user-specified loading combinations. However,
the program provides a set of default load combinations for each design code sup-

Overview 1
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ported in SAP2000. If the default load combinations are acceptable, no definition of
additional load combinations are required.

In the design of the columns, the program calculates the required longitudinal and
shear reinforcement. However the user may specify the longitudinal steel, in which
case a column capacity ratio is reported. The column capacity ratio gives an indica-
tion of the stress condition with respect to the capacity of the column.

Every beam member is designed for flexure and shear at a user defined number of
stations along the beam span.

The presentation of the outputis clear and concise. The informationis in a form that
allows the engineer to take appropriate remedial measures in the event of member
overstress. Backup design information produced by the program is also provided
for convenient verification of the results.

English as well as Sl and MKS metric units can be used to define the model geome-
try and to specify design parameters.

Organization

2

This manual is organized in the following way:

Chapter Il outlines various aspects of the concrete design procedures of the
SAP2000 program. This chapter describes the common terminology of concrete
design as implemented in SAP2000.

Each of six subsequent chapters gives a detailed description of a specific code of
practice as interpreted by and implemented in SAP2000. Each chapter describes the
design loading combination, column and beam design procedures, and other spe-
cial consideration required by the code.

Chapter Il gives a detailed description of the ACI code (ACI 1999) as implemented
in SAP2000.

Chapter IV gives a detailed description of the AASHTO LRFD concrete code
(AASHTO 1997) as implemented in SAP2000.

Chapter V gives a detailed description of the Canadian code (CSA 1994) as imple-
mented in SAP2000.

Chapter VI gives a detailed description of the British code (BSI 1989) as imple-
mented in SAP2000.

Organization
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Chapter VIl gives a detailed description of the Eurocode 2 (CEN 1992) as imple-
mented in SAP2000.

Chapter VIII gives a detailed description of the New Zealand code (NZS 1997) as
implemented in SAP2000.

Chapter IX outlines various aspects of the tabular and graphical output from
SAP2000 related to concrete design.

Recommended Reading

Itis recommended that the user read Chapter Il “Design Algorithms” and one of six
subsequent chapters corresponding to the code of interest to the user. Finally the
user should read “Design Output” in Chapter IX for understanding and interpreting
SAP2000 output related to concrete design.

A concrete design tutorial is presented in the chapter “Concrete Design Tutorial” in
the SAP2000 Quick Tutoriamanual. It is recommended that first time users fol-
low through the steps of this tutorial before reading this manual.

Recommended Reading 3
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Design Algorithms

This chapter outlines various aspects of the concrete design and design-check pro-
cedures that are used by the SAP2000 program. The concrete design and check may
be performed in SAP2000 according to one of the following design codes:

The 1995 American Concrete Institute Building Code Requirements for Struc-
tural ConcreteACI 318-99 (ACI 1999).

The 1997 American Association of State Highway and Transportation Offi-
cials AASHTO LRFD Bridge Design Specificatiom®SASHTO LRFD 1997
(AASHTO 1997).

The 1994 Canadian Standards Association Design of Concrete Structures for
Buildings, CSA-A23.3-94(CSA 1994).

The 1989 British Standards Institution Structural Use of ConcBS$¢3110-85
R1989(BSI 1989).

The 1992 European Committee for Standardization, Design of Concrete Struc-
tures, EUROCODE 2 (CEN 1992).

The 1995 Standards New Zealand Concrete Structures StahZB®101-95
(NZS 1995).

Details of the algorithms associated with each of these codes as implemented in
SAP2000 are described in the subsequent chapters. However, this chapter provides
a background which is common to all the design codes.
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In writing this manual it has been assumed that the user has an engineering back-
ground in the general area of structural reinforced concrete design and familiarity
with at least one of the above mentioned design codes.

For referring to pertinent sections of the corresponding code, a unique prefix is as-
signed for each code. For example, all references to the AASHTO code are pre-
ceded by the wordAASHTO". Similarly,

References to the ACI 318-99 code has the prefixACH”
References to the Canadian code carry the prefiC&A”

References to the British code carry the prefix BS"

References to the Eurocode 2 carry the prefixce€2”

References to the New Zealand code carry the prefiNaS”

Design Load Combinations

6

The design load combinations are used for determining the various combinations of
the load cases for which the structure needs to be designed/checked. The load com-
bination factors to be used vary with the selected design code. The load combina-
tion factors are applied to the forces and moments obtained from the associated load
cases and are then summed to obtain the factored design forces and moments for the
load combination.

For multi-valued load combinations involving response spectrum, time history,
moving loads and multi-valued combinations (of type enveloping, square-root of
the sum of the squares or absolute) where any correspondence between interacting
guantities is lost, the program automatically produces multiple sub combinations
using maxima/minima permutations of interacting quantities. Separate combina-
tions with negative factors for response spectrum cases are not required because the
program automatically takes the minima to be the negative of the maxima for re-
sponse spectrum cases and the above described permutations generate the required
sub combinations.

When a design combination involves only a single multi-valued case of time his-
tory or moving load, further options are available. The program has an option to re-
guest that time history combinations produce sub combinations for each time step
of the time history. Also an option is available to request that moving load combina-
tions produce sub combinations using maxima and minima of each design quantity
but with corresponding values of interacting quantities.

Design Load Combinations
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For normal loading conditions involving static dead load, live load, wind load, and
earthquake load, and/or dynamic response spectrum earthquake load the program
has built-in default loading combinations for each design code. These are based on
the code recommendations and are documented for each code in the corresponding
chapters.

For other loading conditions involving moving load, time history, pattern live
loads, separate consideration of roof live load, snow load, etc., the user must define
design loading combinations either in lieu of or in addition to the default design
loading combinations.

The default load combinations assume all static load cases declared as dead load to
be additive. Similarly, all cases declared as live load are assumed additive. How-
ever, each static load case declared as wind or earthquake, or response spectrum
cases, is assumed to be non additive with each other and produces multiple lateral
load combinations. Also wind and static earthquake cases produce separate loading
combinations with the sense (positive or negative) reversed. If these conditions are
not correct, the user must provide the appropriate design combinations.

The default load combinations are included in design if the user requests them to be
included or if no other user defined combination is available for concrete design. If
any default combination is included in design, then all default combinations will
automatically be updated by the program any time the design code is changed or if
static or response spectrum load cases are modified.

Live load reduction factors can be applied to the member forces of the live load case
on an element-by-element basis to reduce the contribution of the live load to the
factored loading.

The user is cautioned that if moving load or time history results are not requested to
be recovered in the analysis for some or all the frame members, then the effects of
these loads will be assumed to be zero in any combination that includes them.

Design and Check Stations

For each load combination, each element is designed or checked at a number of lo-

cations along the length of the element. The locations are based on equally spaced

segments along the clear length of the element. The number of segments in an ele-

mentis requested by the user before the analysis is made. The user can refine the de-
sign along the length of an element by requesting more segments.

Design and Check Stations 7
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Identifying Beams and Columns

Since SAP2000 is a general purpose analysis and design program, all beams and
columns are represented as frame elements. But design of beams and columns re-
quires separate treatment. Identification for a concrete element is done by specify-
ing the frame section assigned to the element to be of type beam or column.

Design of Beams

8

In the design of concrete beams, in general, SAP2000 calculates and reports the re-
quired areas of steel for flexure and shear based upon the beam moments, shears,
load combination factors, and other criteria which are described in detail in the code
specific chapters. The reinforcement requirements are calculated at a user-defined
number of stations along the beam span.

All the beams are only designed for major direction flexure and shear. Effects due
to any axial forces, minor direction bending, and torsion that may exist in the beams
must be investigated independently by the user.

In designing the flexural reinforcement for the major moment at a particular section

of a particular beam, the steps involve the determination of the maximum factored
moments and the determination of the reinforcing steel. The beam section is de-
signed for the maximum positivd | and maximum negativi! , factored moment
envelopes obtained from all of the load combinations. Negative beam moments
produce top steel. In such cases the beam is always designed as a rectangular sec-
tion. Positive beam moments produce bottom steel. In such cases the beam may be
designed as a rectangular- or a T-beam. For the design of flexural reinforcement,
the beam is first designed as a singly reinforced beam. If the beam section is not
adequate, then the required compression reinforcement is calculated.

In designing the shear reinforcement for a particular beam for a particular set of
loading combinations at a particular station due to the beam major shear, the steps
involve the determination of the factored shear force, the determination of the shear
force that can be resisted by concrete, and the determination of the reinforcement
steel required to carry the balance.

Special considerations for seismic design are incorporated in SAP2000 for ACI,
Canadian, and New Zealand codes.

Identifying Beams and Columns
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Design of Columns

In the design of the columns, the program calculates the required longitudinal steel,
or if the longitudinal steel is specified, the column stress condition is reported in
terms of a column capacity ratio, which is a factor that gives an indication of the
stress condition of the column with respect to the capacity of the column. The de-
sign procedure for the reinforced concrete columns of the structure involves the fol-

lowing steps:

» Generate axial force-biaxial moment interaction surfaces for all of the different
concrete section types of the model. A typical interaction surface is shown in

Figure 11-1.

Axial compression

I )

Curve #1 Curve #NRCV

-P,

Axial tension

Figure 11-1
A Typical Column Interaction Surface

Design of Columns 9
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» Checkthe capacity of each column for the factored axial force and bending mo-
ments obtained from each loading combination at each end of the column. This
step is also used to calculate the required reinforcement (if none was specified)
that will produce a capacity ratio of 1.0.

» Design the column shear reinforcement.

The generation of the interaction surface is based on the assumed strain and stress
distributions and some other simplifying assumptions. These stress and strain dis-
tributions and the assumptions vary from code to code. A typical assumed strain
distribution is described in Figure 11-2.

Varying Linear
Strain Plane
— -€
0
£
Reinforcement _ iE
Bars DIRECTION 1
+ /,1 L .
- !
P Neutral Axis
) ) ¢ Direction
Varying Linear
Strain Plane \ +€

v

DIRECTION 2

Reinforcement DN ‘|— 3 2
Bars / ><
Neutral Axis \

Direction NG/
— | e | B S
.
-& <—*—*—> +e
€, -

Varying Linear ~
Strain Plan% DRECTION 3
& Neutral Axis

Reinforcement Direction
Bars

Figure 11-2
Idealized Strain Distribution for Generation of Interaction Surfaces

10 Design of Columns
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Here maximum compression strain is limitectto For most of the design codes,

this assumed distribution remains valid. However, the valge whries from code

to code. For example,.=0.003for ACI, AASHTO and New Zealand codes, and

e .=0.0035or Canadian, British and European codes. The details of the generation
of interaction surfaces differ from code to code. These are described in the chapters
specific to the code.

The capacity check is based on whether the design load points lie inside the interac-
tion volume in a force space, as shown in Figure 1I-3. If the point lies inside the vol-
ume, the column capacity is adequate, and vice versa.

The shear reinforcement design procedure for columns is very similar to that for
beams, except that the effect of the axial force on the concrete shear capacity needs
to be considered.

Axial Compression

Lines Defining

Failure Surface

\/

Axial Tension

Figure 11-3
Geometric Representation of Column Capacity Ratio

Design of Columns 11
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P-A Effects

The SAP2000 design algorithms require that the analysis results includeAthé P-
fects. The PA effects are considered differently for “braced” or “nonsway” and
“unbraced” or “sway” components of moments in columns or frames. For the
braced moments in columns, the effect oAl limited to “individual member sta-
bility”. For unbraced components, “lateral drift effects” should be considered in ad-
dition to individual member stability effect. In SAP2000, it is assumed that
“braced” or “nonsway” moments are contributed from the “dead” or “live” loads.
Whereas, “unbraced” or “sway” moments are contributed from all other types of
loads.

For the individual member stability effects, the moments are magnified with mo-
ment magnification factors as in the ACI, AASHTO, Canadian, and New Zealand
codes or with additional moments as in the British and European codes.

For lateral drift effects, SAP2000 assumes that tha Bnralysis is performed and
that the amplification is already included in the results. The moments and forces ob-
tained from PA analysis are further amplified for individual column stability effect

if required by the governing code as in the ACI, Canadian, and New Zealand codes.

The users of SAP2000 should be aware that the default analysis option in SAP2000
is turned OFF for PA effect. The user can turn the/#analysis ON and set the
maximum number of iterations for the analysis. The default number of iteration for
P-A analysis is 1. For further reference, the user is referreégl&A82000 Analysis
Referencenanual.

The useris also cautioned that SAP2000 currently considarsffects due to axial

loads in frame members only. Forces in other types of elements do not contribute to
this effect. If significant forces are present in other type of elements, for example,
huge axial loads in shear walls which are modeled as shell elements, then the addi-
tional forces computed for R-will not be accurate.

Element Unsupported Lengths

12

To account for column slenderness effects the column unsupported lengths are re-
quired. The two unsupported lengths bgeandl,,. These are the lengths between
support points of the element in the corresponding directions. The lepgttrre-
sponds to instability about the 3-3 axis (major axis), Bndorresponds to instabil-

ity about the 2-2 axis (minor axis).

P-A Effects
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Normally, the unsupported element length is equal to the length of the element, i.e.,
the distance between END-I and END-J of the element. See Figure 1I-4. The pro-
gram, however, allows users to assign several elements to be treated as a single
member for design. This can be done differently for major and minor bending.
Therefore, extraneous joints, as shown in Figure 1I-5, that affect the unsupported
length of an element are automatically taken into consideration.

In determining the values fof,and |_,of the elements, the program recognizes
various aspects of the structure that have an effect on these lengths, such as member
connectivity, diaphragm constraints and support points. The program automati-
cally locates the element support points and evaluates the corresponding unsup-
ported element length.

Therefore, the unsupported length of a column may actually be evaluated as being
greater than the corresponding element length. If the beam frames into only one di-
rection of the column, the beam is assumed to give lateral support only in that direc-

tion.

The user has options to specify the unsupported lengths of the elements on an ele-
ment-by-element basis.

Figure 1l-4
Axes of Bending and Unsupported Length

Element Unsupported Lengths 13
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Special Considerations for Seismic Loads

The ACI code imposes a special ductility requirement for frames in seismic regions
by specifying frames either as Ordinary, Intermediate, or Special moment resisting
frames. The Special moment resisting frame can provide the required ductility and
energy dissipation in the nonlinear range of cyclic deformation. The AASHTO
code requires that the concrete frame must be in either Zone 1, Zone 2, Zone 3, or
Zone 4, where Zone 4 is designated as the zone of severe earthquake. The Canadian
code requires that the concrete frame must be designed as either an Ordinary,
Nominal, or Ductile moment resisting frame. The New Zealand code also requires
that the concrete frame must be designed as either an Ordinary, Elastically respond-
ing, frames with Limited ductility, or Ductile moment resisting frame.

Unlike the ACI, AASHTO, Canadian, and New Zealand codes, the current imple-
mentation of the British code and the Eurocode 2 in SAP2000 does not account for
any special requirements for seismic design.

O O O
O O
(\ ) O
O O

Figure 11-5

Unsupported Lengths and Interior Nodes

Choice of Input Units

English as well as S| and MKS metric units can be used for input. But the codes are
based on a specific system of units. All equations and descriptions presented in the
subsequent chapters correspond to that specific system of units unless otherwise

14 Special Considerations for Seismic Loads
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noted. For example, the ACI code is published in inch-pound-second units. By de-
fault, all equations and descriptions presented in the chapter “Design for ACI
318-99" correspond to inch-pound-second units. However, any system of units can
be used to define and design the structure in SAP2000.

Choice of Input Units 15
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Design for ACI 318-99

This chapter describes in detail the various aspects of the concrete design procedure
that is used by SAP2000 when the user selects the ACI 318-99 Design Code (ACI
1999). Various notations used in this chapter are listed in Table I11-1.

The design is based on user-specified loading combinations. But the program pro-
vides a set of default load combinations that should satisfy requirements for the de-
sign of most building type structures.

SAP2000 provides options to design or check Ordinary, Intermediate (moderate

seismic risk areas), and Special (high seismic risk areas) moment resisting frames
as required for seismic design provisions. The details of the design criteria used for

the different framing systems are described in the following sections.

English as well as SI and MKS metric units can be used for input. But the code is
based on Inch-Pound-Second units. For simplicity, all equations and descriptions
presented in this chapter corresponthich-Pound-Secondunits unless otherwise
noted.

Design Load Combinations

The design load combinations are the various combinations of the prescribed load
cases for which the structure needs to be checked. For the ACI 318-99 code, if a

Design Load Combinations 17
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Area of concrete used to determine shear stress, sg-in
Gross area of concrete, sg-in

Area of tension reinforcement, sg-in

Area of compression reinforcement, sg-in

Area of steel required for tension reinforcement, sg-in
Total area of column longitudinal reinforcement, sg-in
Area of shear reinforcement, sg-in

Depth of compression block, in

Depth of compression block at balanced condition, in
Width of member, in

Effective width of flange (T-Beam section), in

Width of web (T-Beam section), in

Coefficient, dependent upon column curvature, used to calculate m
ment magnification factor

Depth to neutral axis, in

Depth to neutral axis at balanced conditions, in

Distance from compression face to tension reinforcement, in
Concrete cover to center of reinforcing, in

Thickness of slab (T-Beam section), in

Modulus of elasticity of concrete, psi

Modulus of elasticity of reinforcement, assumed as 29,000,000 psi
Specified compressive strength of concrete, psi

Specified yield strength of flexural reinforcement, psi
Specified yield strength of shear reinforcement, psi
Dimension of column, in

Moment of inertia of gross concrete section about centroidal axis,
neglecting reinforcement,‘fn

Moment of inertia of reinforcement about centroidal axis of
member cross section,4|n

Effective length factor
Clear unsupported length, in
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List of Symbols Used in the ACI code
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Smaller factored end moment in a column, Ib-in
Larger factored end moment in a column, lb-in
Factored moment to be used in design, Ib-in
Nonsway component of factored end moment, Ib-in
Sway component of factored end moment, Ib-in
Factored moment at section, Ib-in

Factored moment at section about X-axis, Ib-in
Factored moment at section about Y-axis, Ib-in
Axial load capacity at balanced strain conditions, Ib
Critical buckling strength of column, Ib

Maximum axial load strength allowed, Ib

Axial load capacity at zero eccentricity, b

Factored axial load at section, Ib

Radius of gyration of column section, in

Shear resisted by concrete, Ib

Shear force caused by earthquake loads, Ib

Shear force from span loading, Ib

Factored shear force at a section, Ib

Shear force computed from probable moment capacity, Ib
Reinforcing steel overstrength factor

Factor for obtaining depth of compression block in concrete

Absolute value of ratio of maximum factored axial dead load to maxi-

mum factored axial total load
Moment magnification factor for sway moments
Moment magnification factor for nonsway moments
Strain in concrete
Strain in reinforcing steel
Strength reduction factor

Table I11-1
List of Symbols Used in the ACI code (continued)
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structure is subjected to dead load (DL) and live load (LL) only, the stress check
may need only one load combination, namely 1.4 DL + 1.7 LL (ACI 9.2.1). How-
ever, in addition to the dead and live loads, if the structure is subjected to wind
(WL) and earthquake (EL) loads, and considering that wind and earthquake forces
are reversible, then the following load combinations have to be considered (ACI

9.2).
1.4 DL
1.4DL+1.7LL (AC19.2.1)
0.9 DL+1.3WL
0.75(1.4DL+ 1.7LL+1.7WL) (AC19.2.2)

09DL+1.3*1.1EL
0.75(1.4DL+ 1.7LL£1.7*1.1EL) (AC19.2.3)

These are also the default design load combinations in SAP2000 whenever the ACI
318-99 code is used.

Live load reduction factors can be applied to the member forces of the live load
condition on an element-by-element basis to reduce the contribution of the live load
to the factored loading.

Strength Reduction Factors

The strength reduction factorg, are applied on the nominal strength to obtain the
design strength provided by a member. khactors for flexure, axial force, shear,
and torsion are as follows:

¢ = 0.90 for flexure, (ACl19.3.2.1)
¢ = 0.90 for axial tension, (ACl19.3.2.2)
¢ = 0.90 for axial tension and flexure, (AC19.3.2.2)
¢ = 0.75 for axial compression, and axial compression

and flexure (spirally reinforced column), (ACI19.3.2.2)
¢ = 0.70 for axial compression, and axial compression

and flexure (tied column), and (AC19.3.2.2)
¢ = 0.85 for shear and torsion. (AC19.3.2.3)

20  Strength Reduction Factors
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Column Design

The user may define the geometry of the reinforcing bar configuration of each con-
crete column section. If the area of reinforcing is provided by the user, the program
checks the column capacity. However, if the area of reinforcing is not provided by
the user, the program calculates the amount of reinforcing required for the column.
The design procedure for the reinforced concrete columns of the structure involves
the following steps:

» Generate axial force/biaxial moment interaction surfaces for all of the different
concrete section types of the model. A typical biaxial interaction surface is
shown in Figure II-1. When the steel is undefined, the program generates the
interaction surfaces for the range of allowable reinforcerhert to 8 percent
for Ordinary and Intermediate moment resisting frames (ACI1 10.9.1) and 1to 6
percent for Special moment resisting frames (ACI 21.4.3.1).

e Calculate the capacity ratio or the required reinforcing area for the factored ax-
ial force and biaxial (or uniaxial) bending moments obtained from each loading
combination at each station of the column. The target capacity ratio is taken as
one when calculating the required reinforcing area.

» Design the column shear reinforcement.

The following three subsections describe in detail the algorithms associated with
the above-mentioned steps.

Generation of Biaxial Interaction Surfaces

The column capacity interaction volume is numerically described by a series of dis-
crete points that are generated on the three-dimensional interaction failure surface.
In addition to axial compression and biaxial bending, the formulation allows for ax-
ial tension and biaxial bending considerations. A typical interaction diagram is
shown in Figure II-1.

The coordinates of these points are determined by rotating a plane of linear strain in
three dimensions on the section of the column. See Figure II-2. The linear strain
diagram limits the maximum concrete straén, at the extremity of the section

to 0.003 (ACI 10.2.3).

The formulation is based consistently upon the general principles of ultimate
strength design (ACI 10.3), and allows for any doubly symmetric rectangular,
square, or circular column section.
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The stress in the steel is given by the product of the steel strain and the steel modu-
lus of elasticityg (E, and is limited to the yield stress of the stefg],(ACI 10.2.4).

The area associated with each reinforcing bar is assumed to be placed at the actual
location of the center of the bar and the algorithm does not assume any further sim-
plifications in the manner in which the area of steel is distributed over the cross sec-
tion of the column, such as an equivalent steel tube or cylinder. See Figure I11-1.

0.85f!
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(i) Concrete Section (i) Strain Diagram (iii) Stress Diagram

Figure 111-1
Idealization of Stress and Strain Distribution in a Column Section

The concrete compression stress block is assumed to be rectangular, with a stress
value 0f0.85f , (ACI 10.2.7.1). See Figure lll-1. The interaction algorithm pro-
vides correction to account for the concrete area that is displaced by the reinforce-
ment in the compression zone.

The effects of the strength reduction factpyare included in the generation of the
interaction surfaces. The maximum compressive axial load is limitgdPto
where

ax)’
P P nay=0.85¢ [0.85F, A, -A, )+ f A, ]spiral column, (ACI10.3.5.1)
® P may=0.80p [0.85 A, -A, )+f A, ]tiedcolumn, (ACI10.3.5.2)
¢ = 0.70 for tied columns, and

¢ = 0.75 for spirally reinforced columns.

Column Design
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The value ofp used in the interaction diagram varies frem, to 0.9 based on the
axial load. For low values of axial loagl,is increased linearly fronp . t0 0.9 as
the axial load decreases from the smallePpbr 0.1f (A, to zero, wherd, is the
axial force at the balanced condition. In cases involving axial tengigalways
0.9 (AC19.3.2.2).

Check Column Capacity

The column capacity is checked for each loading combination at each check station
of each column. In checking a particular column for a particular loading combina-
tion at a particular station, the following steps are involved:

» Determine the factored moments and forces from the analysis load cases and
the specified load combination factors to gRg M, ,andM ..

» Determine the moment magnification factors for the column moments.

ux?

* Apply the moment magnification factors to the factored moments. Determine
whether the point, defined by the resulting axial load and biaxial moment set,
lies within the interaction volume.

The factored moments and corresponding magnification factors depend on the
identification of the individual column as either “sway” or “non-sway”.

The following three sections describe in detail the algorithms associated with the
above-mentioned steps.

Determine Factored Moments and Forces

The factored loads for a particular load combination are obtained by applying the
corresponding load factors to all the load cases, giindM , ,andM . The fac-
tored moments are further increased for non-sway columns, if required, to obtain
minimum eccentricities of0(6+ 0.03h) inches, wheré is the dimension of the
column in the corresponding direction (ACI 10.12.3.2).

Determine Moment Magnification Factors

The moment magnification factors are calculated separately for sway (overall sta-
bility effect),5 ; and for non-sway (individual column stability effed),. Also the
moment magnification factors in the major and minor directions are in general dif-
ferent.

The program assumes that aARanalysis has been performed in SAP2000 and,
therefore, moment magnification factors for moments causing sidesway are taken
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as unity (ACI 10.10.2). For the R-analysis the load should correspond to a load
combination of 0.75 (1.4 dead load + 1.7 live logd)#herep is the understrength
factor for stability which is taken as 0.75 (ACI 10.12.3). See also White and Hajjar
(1991).

The moment obtained from analysis is separated into two components: the sway
(M,) and the non-swayM ,.) components. The non-sway components which are
identified by ‘ns’ subscripts are predominantly caused by gravity load. The sway
components are identified by the'‘subscripts. The sway moments are predomi-
nantly caused by lateral loads, and are related to the cause of side sway.

For individual columns or column-members in a floor, the magnified moments
about two axes at any station of a column can be obtained as

M=M,+8M,.. (ACI10.13.3)

The factofd ; is the moment magnification factor for moments causing side sway.
The moment magnification factors for sway momesitsjs taken as 1 because the
component moments! , andM  are obtained from a “second order elasticA)P-
analysis” (ACI R10.13).

The computed moments are further amplified for individual column stability effect
(ACI 10.13.5) by the nonsway moment magnification faciqy, as follows:

M, =8 M, , where (ACI110.12.3)
M . is the factored moment to be used in design, and
M, is the larger factored and amplified end moment.

The non-sway moment magnification fact®g,, associated with the major or mi-
nor direction of the column is given by (ACI 10.12.3)

8. = C7”‘21.0, where
Pu
1-
0.75P,
2
P = n° El ,
(kl,)*

k is conservatively taken as 1, however SAP2000 allows the user to override
this value, and

El is associated with a particular column direction given by:

Column Design
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0.4E, |
El = ¢ 9
1+ B,
B, - maximum factored axial dead load and
¢ maximum factord axial total load’
C,=0.6+ 0.4%2 0.4 (ACl10.12.3.1)

b

M, andM  are the moments at the ends of the column, linds numerically

larger tharM ,. M, /M is positive for single curvature bending and negative

for double curvature bending. The above expressi@)of valid if there is no
transverse load applied between the supports. If transverse load is present on
the span, or the length is overwritten, or for any other cases1. C,, can be
overwritten by the user on an element by element basis.

The magnification facto§,,, must be a positive number and greater than one.
ThereforeP, must be less thal 75, . If P, is found to be greater than or equal to
0.7%,, a failure condition is declared.

The above calculations use the unsupported length of the column. The two unsup-
ported lengths arg, andl ,, corresponding to instability in the minor and major di-
rections of the element, respectively. See Figure II-4. These are the lengths between
the support points of the element in the corresponding directions.

If the program assumptions are not satisfactory for a particular member, the user
can explicitly specify values @&, andS ..

Determine Capacity Ratio

As a measure of the stress condition of the column, a capacity ratio is calculated.
The capacity ratio is basically a factor that gives an indication of the stress condi-
tion of the column with respect to the capacity of the column.

Before entering the interaction diagram to check the column capacity, the moment
magnification factors are applied to the factored loads to oligiv ,, ,andM .

The point@,,M , M ,)isthen placed in the interaction space shown as point L in
Figure 11-3. If the point lies within the interaction volume, the column capacity is
adequate; however, if the point lies outside the interaction volume, the column is
overstressed.

This capacity ratio is achieved by plotting the point L and determining the location
of point C. The point C is defined as the point where the line OL (if extended out-
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wards) will intersect the failure surface. This point is determined by three-

dimensional linear interpolation between the points that define the failure surface.

See Figure 1I-3. The capacity ratio, CR, is given by the r%té;a

* IfOL=0C (or CR=1) the point lies on the interaction surface and the column is
stressed to capacity.

* IfOL <OC (or CR<1) the point lies within the interaction volume and the col-
umn capacity is adequate.

e IfOL > OC (or CR>1) the point lies outside the interaction volume and the col-
umn is overstressed.

The maximum of all the values of CR calculated from each load combination is re-
ported for each check station of the column along with the controlling
P,,M,,andM  set and associated load combination number.

ux?

If the reinforcing area is not defined, SAP2000 computes the reinforcement that
will give an interaction ratio of unity.

Design Column Shear Reinforcement

The shear reinforcement is designed for each loading combination in the major and
minor directions of the column. In designing the shear reinforcing for a particular
column for a particular loading combination due to shear forces in a particular di-
rection, the following steps are involved:

» Determine the factored forces acting on the sec®yrandVv,,. Note thatP, is
needed for the calculation of .
» Determine the shear forcé,, that can be resisted by concrete alone.
» Calculate the reinforcement steel required to carry the balance.
For Special and Intermediate moment resisting frames (ductile frames), the shear
design of the columns is also based upon the probable and nominal moment capaci-

ties of the members, respectively, in addition to the factored moments. Effects of
the axial forces on the column moment capacities are included in the formulation.

The following three sections describe in detail the algorithms associated with the
above-mentioned steps.

Column Design
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Determine Section Forces

* In the design of the column shear reinforcement oQadinary moment re-
sisting concrete frame the forces for a particular load combination, namely,
the column axial forceR,, and the column shear forég,, in a particular direc-
tion are obtained by factoring the SAP2000 analysis load cases with the corre-
sponding load combination factors.

* Inthe shear design @pecial moment resisting framegseismic design) the
following are checked in addition to the requirement for the Ordinary moment
resisting frames. In the design of Special moment resisting concrete frames, the
design shear force in a columW,,, in a particular direction is also calculated
from the probable moment capacities of the column associated with the fac-
tored axial force acting on the column.

For each load combination, the factored axial Idad s calculated. Then, the
positive and negative moment capaciti®l, andM ,, of the column in a par-
ticular direction under the influence of the axial forgs calculated using the
uniaxial interaction diagram in the corresponding direction. The design shear
force,\V,, is then given by (ACI 21.4.5.1)

V, =V, + V., (ACI 21.4.5.1)

whereV  is the shear force obtained by applying the calculated probable ulti-
mate moment capacities at the two ends of the column acting in two opposite
directions. Therefore;/,p is the maximum ofVPl and VPZ , where

M, +M]
VP = _ 1 3 , and
' L
M +M]
V, = ———J where
’ L
M, M = Positive and negative moment capacities at end | of

the column using a steel yield stress valuedbf
and nop factors ¢ =1.0,

M, M; = Positive and negative moment capacities at end J of
the column using a steel yield stress valuebf
and nap factors ¢ =1.0, and

L = Clear span of column.
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For Special moment resisting framess taken as 1.25 (ACIR21.4.5., .,
is the contribution of shear force from the in-span distribution of gravity loads.
For most of the columns, it is zero.

» Forintermediate moment resisting frames the shear capacity of the column
is also checked for the design nominal shear based on the nominal moment ca-
pacities at the ends and the factored gravity loads, in addition to the check re-
quired for Ordinary moment resisting frames. The design shear force is taken to
be the minimum of that based on the nomirngH1.0 moment capacity and
factored shear force. The procedure for calculating nominal moment capacity
is the same as that for computing the probable moment capacity for special mo-
ment resisting frames, except thats taken equal to 1 rather than 1.25 (ACI
R21.10). The factored shear forces are based on the specified load factors ex-
cept the earthquake load factors are doubled (ACI 21.10.3).

Determine Concrete Shear Capacity

Given the design force s}, andV,,, the shear force carried by the concréte,is
calculated as follows:

+ If the column is subjected to axial compression, Rgis positive,

; P
V. =2f_ | 1+ u , ACI11.3.1.2
¢ T 4y c( 20004, J A ( )
where,
{ f. <100psi, and (ACI 11.1.2)
; P
V. < 3.5(f 1+ u . ACIl 11.3.2.2
c Ve ( SOOAJ A ( )

P - . . L
The term—- must have psi unit®\, is the effective shear area which is shown

shaded in Figure I11-2.

+ If the column is subjected to axial tensid®, is negative,

V, = 2\/f>( 1+ 50%Ag J A, =0 (ACI11.3.2.3)
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» For Special moment resisting concrete framelesigny, is set to zero if the
factored axial compre