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DISCLAIMER

CONSIDERABLE TIME, EFFORT AND EXPENSE HAVE GONE INTO THE
DEVELOPMENT AND TESTING OF THIS SOFTWARE. HOWEVER, THE USER
ACCEPTS AND UNDERSTANDS THAT NO WARRANTY IS EXPRESSED OR
IMPLIED BY THE DEVELOPERS OR THE DISTRIBUTORS ON THE ACCURACY
OR THE RELIABILITY OF THIS PRODUCT.

THIS PRODUCT IS A PRACTICAL AND POWERFUL TOOL FOR STRUCTURAL
DESIGN. HOWEVER, THE USER MUST EXPLICITLY UNDERSTAND THE BASIC
ASSUMPTIONS OF THE SOFTWARE MODELING, ANALYSIS, AND DESIGN
ALGORITHMS AND COMPENSATE FOR THE ASPECTS THAT ARE NOT
ADDRESSED.

THE INFORMATION PRODUCED BY THE SOFTWARE MUST BE CHECKED BY
A QUALIFIED AND EXPERIENCED ENGINEER. THE ENGINEER MUST
INDEPENDENTLY VERIFY THE RESULTS AND TAKE PROFESSIONAL
RESPONSIBILITY FOR THE INFORMATION THAT IS USED.
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Chapter 1
Introduction

The design of concrete frames is seamlessly integrated within the program. Ini-
tiation of the design process, along with control of various design parameters, is
accomplished using the Design menu.

Automated design at the object level is available for any one of a number of
user-selected design codes, as long as the structure has first been modeled and
analyzed by the program. Model and analysis data, such as material properties
and member forces, are recovered directly from the model database, and no
additional user input is required if the design defaults are acceptable.

The design is based on a set of user-specified loading combinations. However,
the program provides default load combinations for each design code supported.
If the default load combinations are acceptable, no definition of additional load
combinations is required.

In the design of 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 indication of the load condition with respect to the capacity of the column.

The biaxial column capacity check is based on the generation of consistent
three-dimensional interaction surfaces. It does not use any empirical formula-
tions that extrapolate uniaxial interaction curves to approximate biaxial action.

1-1
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1.1

1.2

1-2

Interaction surfaces are generated for user-specified column reinforcing con-
figurations. The column configurations may be rectangular, square, or circular,
with similar reinforcing patterns. The calculation of second order moments,
unsupported lengths, and material partial factors is automated in the algorithm.

Every beam member is designed for flexure, shear, and torsion at output stations
along the beam span.

Input and output data can be presented graphically on the model, in tables, or on
the calculation sheet prepared for each member. For each presentation method,
the data is in a format that allows the engineer to quickly study the stress con-
ditions that exist in the structure and, in the event the member reinforcing is not
adequate, aids the engineer in taking appropriate remedial measures, including
altering the design member without rerunning the entire analysis.

Organization

This manual is designed to help you quickly become productive with the con-
crete frame design options of Eurocode 2-2004. Chapter 2 provides detailed
descriptions of the Design Prerequisites used for Eurocode 2-2004. Chapter 3
provides detailed descriptions of the code-specific process used for Eurocode
2-2004. Chapter 4 provides a detailed description of the algorithms related to
seismic provisions in the design/check of structures in accordance with EN
1998-1:2004 — Eurocode 8. The appendices provide details on certain topics
referenced in this manual.

Recommended Reading/Practice

It is strongly recommended that you read this manual and review any applicable
“Watch & Learn” Series™ tutorials, which can be found on our web site,
www.csiamerica.com, before attempting to design a concrete frame. Additional
information can be found in the on-line Help facility available from within the
program’s main menu.

Organization


http://www.csiamerica.com/

Chapter 2
Design Prerequisites

2.1

This chapter provides an overview of the basic assumptions, design precondi-
tions, and some of the design parameters that affect the design of concrete
frames.

In writing this manual it has been assumed that the user has an engineering
background in the general area of structural reinforced concrete design and fa-
miliarity with the Eurocode 2-2004 design code and the seismic provisions in the
design/check of structures in accordance with EN 1998-1:2004 Eurocode 8.

Design Load Combinations

The design load combinations are used for determining the various combina-
tions of the load cases for which the structure needs to be designed/checked. The
load combination factors to be used vary with the selected design code. The load
combination 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 in-
teracting quantities is lost, the program automatically produces multiple sub



Concrete Frame Design Eurocode 2-2004

2-2

combinations using maxima/minima permutations of interacting quantities.
Separate combinations 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 response spectrum cases and the previously described per-
mutations generate the required sub combinations.

When a design combination involves only a single multi-valued case of time
history or moving load, further options are available. The program has an option
to request 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 combinations produce sub combinations using maxima and minima of each
design quantity but with corresponding values of interacting quantities.

For normal loading conditions involving static dead load, live load, wind load,
and earthquake load, or dynamic response spectrum earthquake load, the pro-
gram 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 manual.

For other loading conditions involving moving load, time history, pattern live
loads, separate consideration of roof live load, snow load, and so on, 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.
However, 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 appro-
priate design combinations.

The default load combinations are included in the design if the user requests
them to be included or if no other user-defined combinations are available for
concrete design. If any default combination is included in design, 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.

Design Load Combinations
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2.4

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 of the frame members, the effects
of those 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
locations along the length of the element. The locations are based on equally
spaced output stations along the clear length of the element. The number of
output stations in an element is requested by the user before the analysis is
performed. The user can refine the design along the length of an element by
requesting more output stations.

Identifying Beams and Columns

In the program, all beams and columns are represented as frame elements, but
design of beams and columns requires separate treatment. Identification for a
concrete element is accomplished by specifying the frame section assigned to
the element to be of type beam or column. If any brace member exists in the
frame, the brace member also would be identified as a beam or a column ele-
ment, depending on the section assigned to the brace member.

Design of Beams

In the design of concrete beams, in general, the program calculates and reports
the required areas of reinforcing steel for flexure, shear, and torsion based on the
beam moments, shears, load combination factors, and other criteria, which are
described in detail in Chapter 3 and 4 (seismic). The reinforcement requirements
are calculated at a user-defined number of stations along the beam span.

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

Design and Check Stations 2-3
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In designing the flexural reinforcement for the major moment at a particular
station 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 designed for the maximum positive and maximum negative 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 section. Positive beam moments produce bottom steel. In such cases,
the beam may be designed as a rectangular beam or a T-beam. For the design of
flexural reinforcement, the beam is first designed as a singly reinforced beam. If
the singly reinforced beam is not adequate, the required compression rein-
forcement is calculated.

In designing the shear reinforcement for a particular beam for a particular set of
loading combinations at a particular station because of 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 any
reinforcement steel required to carry the balance.

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 load condition of the column with respect to the capacity of the
column. The design procedure for the reinforced concrete columns of the
structure involves the following steps:

=  QGenerate axial force-biaxial moment interaction surfaces for all of the dif-
ferent concrete section types in the model.

= Check the capacity of each column for the factored axial force and bending
moments obtained from each loading combination at each end of the col-
umn. This step is also used to calculate the required steel reinforcement (if
none was specified) that will produce a column capacity ratio of 1.0.

The generation of the interaction surface is based on the assumed strain and
stress distributions and other simplifying assumptions. These stress and strain
distributions and the assumptions are documented in Chapter 3.

Design of Columns
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2.7

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 is
considered.

P-Delta Effects

The program design process requires that the analysis results include P-Delta
effects. For the individual member stability effects, the first order analysis
moments are increased with additional second order moments, as documented in
Chapter 3. As an alternative, the user can turn off the calculation of second order
moments for individual member stability effects. If this calculation is turned off,
the user should apply another method, such as equivalent lateral loading or
P-Delta analysis with vertical members divided into at least two segments, to
capture the member stability effects in addition to the global P-Delta effects.

Users of the program should be aware that the default analysis option is that
P-Delta effects are not included. The user can include P-Delta analysis and set
the maximum number of iterations for the analysis. The default number of
iteration for P-Delta analysis is 1. Further details about P-Delta analysis are
provided in Appendix A of this design manual.

Element Unsupported Lengths

To account for column slenderness effects, the column unsupported lengths are
required. The two unsupported lengths are /33 and /. These are the lengths
between support points of the element in the corresponding directions. The
length /33 corresponds to instability about the 3-3 axis (major axis), and /»» cor-
responds to instability about the 2-2 axis (minor axis).

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. The program,
however, allows users to assign several elements to be treated as a single
member for design. This can be accomplished differently for major and minor
bending, as documented in Appendix B.

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

P-Delta Effects 2-5
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2.8 Choice of Input Units

Imperial, as well as SI and MKS metric units can be used for input and output.
The codes are based on a specific system of units. The Eurocode 2-2004 design
code is published in Newton-millimeter-second units and all equations and de-
scriptions presented in the “Design Process” chapter correspond to these units.
However, any system of units can be used to define and design a structure in the
program.

2-6 Choice of Input Units



Chapter 3
Design Process

3.1

This chapter provides a detailed description of the code-specific algorithms used
in the design of concrete frames when the Eurocode 2-2004 code has been se-
lected. For simplicity, all equations and descriptions presented in this chapter
correspond to Newton-millimeter-second units unless otherwise noted. It also
should be noted that this section describes the implementation of the CEN De-
fault version of Eurocode 2-2004, without a country specific National Annex.
Where Nationally Determined Parameters [NDPs] are to be considered, this is
highlighted in the respective section by the notation [NDP].

Notation

The various notations used in this chapter are described herein:

A Area of concrete used to determine shear stress, mm?

Ag Gross area of concrete, mm?

Ak Area enclosed by centerlines of connecting walls for torsion, mm?
As Area of tension reinforcement, mm?

A% Area of compression reinforcement, mm?
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Asl
At/S

Asw /s

E.
Es

I

Moy,
Mo:
Mk

Moka

M>;
M33

NEa
Tka
VEd
VR,

VRd, max

Amax

Notation

Area of longitudinal torsion reinforcement, mm?

Area of transverse torsion reinforcement (closed stirrups) per unit
length of the member, mm?* mm

Area of shear reinforcement per unit length of the member,
mm?/mm

Modulus of elasticity of concrete, MPa
Modulus of elasticity of reinforcement, assumed as 200 GPa

Moment of inertia of gross concrete section about centroidal axis,
neglecting reinforcement, mm*

Moment of inertia of longitudinal reinforcement, mm*
Smaller factored end moment in a column, N-mm
Larger factored end moment in a column, N-mm

Design moment, including second order effects to be used in de-
sign, N-mm

Equivalent first order end moment (EC2 5.8.8.2), N-mm

Second order moment from the Nominal Curvature method (EC2
5.8.8), N-mm

First order factored moment at a section about 2-axis, N-mm
First order factored moment at a section about 3-axis, N-mm
Buckling load, N

Factored axial load at a section, N

Factored torsion at a section, N-mm

Factored shear force at a section, N

Design shear resistance without shear reinforcement, N

Shear force that can be carried without crushing of the notional
concrete compressive struts, N

Depth of compression block, mm

Maximum allowed depth of compression block, mm
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by

d/
ds

ez
€

€min

ek

ﬁtm
Jyd

Lo
Ly

lef

Uk

Width of member, mm

Effective width of flange (T-beam section), mm

Width of web (T-beam section), mm

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

Thickness of slab/flange (T-beam section), mm

Deflection due to curvature for the Nominal Curvature method
(EC2 5.8.8), mm

Eccentricity to account for geometric imperfections (EC2 5.2),
mm

Minimum eccentricity (EC2 6.1), mm

Characteristic compressive cylinder strength of concrete at 28
days, MPa

Design concrete compressive strength (EC 3.1.6), MPa
Mean value of axial tensile strength of concrete, MPa
Design yield strength of reinforcement (EC2 3.2), MPa
Overall depth of a column section, mm

Member effective length, mm

Member unsupported length, mm

Radius of gyration of column section, mm

Effective wall thickness for torsion, mm

Outer perimeter of cross-section, mm

Outer perimeter of area Ay, mm

Depth to neutral axis, mm

Material coefficient taking account of long-term effects on the
compressive strength (EC2 3.1.6)

Notation 3-3
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Olct

Ole

Qlicc

Ollct

Ec

Ecu2

Es
Ye
YcE

Pef
Vs

0;
0o

Material coefficient taking account of long-term effects on the
tensile strength (EC2 3.1.6)

Relative stiffness of reinforcing steel over concrete, assumed as
15 by default

Light-weight material coefficient taking account of long-term
effects on the compressive strength (EC2 11.3.5)

Light-weight material coefficient taking account of long-term
effects on the tensile strength (EC2 11.3.5)

Strain in concrete

Ultimate strain allowed in extreme concrete fiber (0.0035
mm/mm)

Strain in reinforcing steel
Material partial factor for concrete (EC2 2.4.2.4)

Material partial factor for secant modulus of elasticity of concrete
[EC2 5.8.6(3)], assumed as 1.2 by default

Effective creep ratio, assume as 1.21 by default
Material partial factor for steel (EC2 2.4.2.4)

Factor defining effective height of concrete stress block (EC2
3.1.7)

Factor defining effective strength of concrete stress block (EC2
3.1.7)

Angle between concrete compression strut and member axis
perpendicular to the shear force

Inclination due to geometric imperfections (EC2 5.2), ratio

Basic inclination for geometric imperfections (EC2 5.2), ratio

3.2 Assumptions / Limitations

The following general assumptions and limitations exist for the current imple-
mentation of Eurocode 2-2004 within the program. Limitations related to
specific parts of the design are discussed in their relevant sections.

3-4 Assumptions / Limitations
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= Design of plain or lightly reinforced concrete sections is not handled.

= Design of prestressed or post-tensioned sections currently is not handled.
= The serviceability limit state currently is not handled.

= Design for fire resistance currently is not handled.

= By default, the Persistent & Transient design situation (EC2 Table 2.1N) is
considered. Other design situations can be considered and may require mod-
ification of some of the concrete design preference values.

= |t is assumed that the structure being designed is a building type structure.
Special design requirements for special structure types (such as bridges,
pressure vessels, offshore platforms, liquid-retaining structures, and the like)
currently are not handled.

= ]t is assumed that the load actions are based on Eurocode 1.
= The program works with cylinder strength as opposed to cube strength.

= The program does not check depth-to-width ratios (EC2 5.3.1) or effective
flange widths for T-beams (EC2 5.3.2). The user needs to consider these
items when defining the sections.

= |t is assumed that the user will consider the maximum concrete strength
limit, Cmax, specified in the design code (EC2 3.1.2(3)).

= [t is assumed that the cover distances input by the user satisfy the minimum
cover requirements (EC2 4.4.1.2).

= The design value of the modulus of elasticity of steel reinforcement, Ej, is
assumed to be 200 GPa (EC2 3.2.7(4)).

Design Load Combinations

The design load combinations are the various combinations of the prescribed
load cases for which the structure is to be checked. The program creates a num-
ber of default design load combinations for a concrete frame design. Users can
add their own design load combinations as well as modify or delete the program

Design Load Combinations 3-5
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default design load combinations. An unlimited number of design load combi-
nations can be specified.

To define a design load combination, simply specify one or more load patterns,
each with its own scale factor. The scale factors are applied to the forces and
moments from the load cases to form the design forces and moments for each
design load combination. There is one exception to the preceding. For spectral
analysis modal combinations, any correspondence between the signs of the mo-
ments and axial loads is lost. The program uses eight design load combinations
for each such loading combination specified, reversing the sign of axial loads
and moments in major and minor directions.

As an example, if a structure is subjected to dead load, D, and live load, L, only,
the Eurocode 2-2004 design check would require two design load combinations
only. However, if the structure is subjected to wind, earthquake, or other loads,
numerous additional design load combinations may be required.

The program allows live load reduction factors to be applied to the member
forces of the reducible live load case on a member-by-member basis to reduce
the contribution of the live load to the factored responses.

The design load combinations are the various combinations of the load cases for
which the structure needs to be checked. Eurocode 0-2002 allows load combi-
nations to be defined based on ECO Eq. 6.10 or the less favorable ECO Eqgs. 6.10a
and 6.10b [NDP].

> Y6, G *1pP+10.001 + D Yo V0O (ECO Eq. 6.10)
Jj=1 i>1

ZYG,]Gk,j +YpP+ Y0 W01k + ZYQ,i\Vo,iQk,i (ECO Eq. 6.10a)
j=1 i>1

2876, G T 1pP+ 10,000+ D V0. ¥0, s (ECO Eq. 6.10b)
Jj=1 i>1

Load combinations considering seismic loading are automatically generated
based on ECO Eq. 6.12b.

DG+ P+ A+ v, 0, (ECO Eq. 6.12b)

j=1 i>1

3-6 Design Load Combinations
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For this code, if a structure is subjected to dead (D), live (L), wind (W), and
earthquake (E) loads, and considering that wind and earthquake forces are re-
versible, the following load combinations need to be considered if equation 6.10
is specified for generation of the load combinations (ECO0 6.4.3):

YGj,sup D (ECO Eq 610)
YGisupD +yoQu L (ECO Eq. 6.10)
Y6t D £ 70,1 W (ECO Eq. 6.10)
YGisup D £ 70,1 W (ECO Eq. 6.10)
YGisup D +v0,1 L £ yQ.i wo,; W (ECO Eq. 6.10)
Yaisup D £ yQ1 W+ Qi Woi L (ECO Eq. 6.10)
D+ 1.0E (ECO Eq. 6.12b)

D+ 1.0E + y2,; L

If the load combinations are specified to be generated from the maximum of ECO
Egs. 6.10a and 6.10b, the following load combinations from both equations are
considered in the program.

YGjsup D (ECO Eq. 6.10a)
& YGj,sup D (ECO Eq 6. IOb)
YGjsupD + vQ,1 Wo,1 L (ECO Eq. 6.10a)
€ vGisupD + Q1 L (ECO Eq. 6.10b)
YGiint D £ yQ,1 wo,1 W (ECO Eq. 6.10a)
YGisup D £ 70,1 Wo1 W (ECO Eq. 6.10a)
YGiint D £yQ1 W (ECO Eq. 6.10b)
a 'YGj,sup D i YQ,I W (ECO Eq. 6. lob)
YGisup D + 70,1 Wo,1 L £ yq.i wo; W (ECO Eq. 6.10a)
YGj,sup D+ YQ.,1 Vo,1 W + YQ.i Yo,i L (ECO Eq 6. 10a)
a YGj,sup D+ YQ,1 L+ YQ,i Wo,i \\Y (ECO Eq 610b)

Yorsup D £ Y00 W + v0u wou L (ECO Eq. 6.10b)

D+ 1.0E (ECO Eq. 6.12b)

Design Load Combinations 3-7
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D+ 1.0E + g2, L

For both sets of load combinations, the variable values for the CEN Default
version of the load combinations are defined in the list that follows. Values for
other countries, as determined from their National Annex, are included in
Appendix E.

YGisup= 1.35 (ECO Table A1.2(B))
YGjint= 1.00 (ECO Table A1.2(B))
Vo1 =15 (ECO Table A1.2(B))
o, = 0.7 (live load, assumed not to be storage) (ECO Table A1.1)
Yo, = 0.6 (wind load) (ECO Table A1.1)
£=0.85 (ECO Table A1.2(B))

vz = 0.3 (assumed to be office/residential space) (ECO Table A1.1)

Depending on the selection made in the design preferences, one of the preceding
two sets of load combinations also makes up the default design load combina-
tions in the program whenever the Eurocode 2-2004 design code is used. The
user should apply other appropriate design load combinations if roof live load is
separately treated, or if other types of loads are present. PLL is the live load
multiplied by the Pattern Live Load Factor. The Pattern Live Load Factor can be
specified in the Preferences.

When using the Eurocode 2-2004 design code, the program design assumes
that a P-Delta analysis has been performed.

Column Design

The program can be used to check column capacity or to design columns. If the
geometry of the reinforcing bar configuration of the concrete column section has
been defined, the program can check the column capacity. Alternatively, the pro-
gram can calculate the amount of reinforcing required to design the column
based on a provided reinforcing bar configuration. The reinforcement

Column Design
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requirements are calculated or checked at a user-defined number of output sta-
tions along the column height.

For each section to be checked for the Demand/Capacity (D/C) ratio, the pro-
gram considers nine (9) permutations, one with the demand moments taken from
analysis, four with the analysis moments plus the imperfection moment applied
in the positive and negative major and minor directions of bending one at a time,
and four with the analysis moments plus the second-order moments and the im-
perfection moments applied in the four directions of bending one at a time. In
each permutation, the slenderness limit ratio, second-order moment, and final
design moment are calculated for both major and minor axes of bending. The bi-
axial bending check is carried out by determining the D/C ratio of the section
using the biaxial interaction surface given the final design moments and axial
force. Comparing the D/C ratio of the nine permutations, the highest ratio is se-
lected.

The design procedure for reinforced concrete columns involves the following
steps:

=  QOver the range of allowable reinforcement from a minimum of 0.2 percent
[NDP] to a maximum of 4 percent [NDP] (EC2 9.5.2), nine (9) permutations
similar to the check procedure are carried out for several different
reinforcement ratios.

*  From each permutation, the design reinforcement ratio is interpolated from
the set of D/C ratios corresponding to different reinforcement ratios. The
highest interpolated reinforcement ratio of the 9 permutations is selected.

= A check procedure is carried out again with the selected reinforcement ratio
to update the slenderness check, second-order moment, final design
moment, and D/C ratio. This D/C ratio is compared with the utilization
factor limit. If it is less than the utilization factor limit, the interpolated
reinforcement ratio is selected to be the design amount of reinforcement.
Otherwise, the program reverts to the closest reinforcement ratio that
satisfies the design requirement and was used in the interpolation previously.

= Design the column shear reinforcement.

The following four sections describe in detail the algorithms associated with this
process.

Column Design 3-9
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3.4.1 Generation of Biaxial Interaction Surfaces

The column capacity interaction volume is numerically described by a series of
discrete points that are generated on the three-dimensional interaction failure
surface. In addition to axial compression and biaxial bending, the formulation
allows for axial tension and biaxial bending considerations. A typical interaction
surface is shown in Figure 3-1.

The coordinates of the points on the failure surface are determined by rotating a
plane of linear strain in three dimensions on the column section, as shown in
Figure 3-2. The linear strain diagram limits the maximum concrete strain, &, at
the extremity of the section to 0.0035 for f, <50MPa or

1 90—,
——32.6+35| —=% for 50 < £, <90 MPa (EC2 Table 3.1).
1000 100

The formulation is based consistently upon the general principles of ultimate
strength design (EC2 6.1).

The stress in the steel is given by the product of the steel strain and the steel
modulus of elasticity, &, and is limited to the yield stress of the steel, f,s (EC2
3.2.7). 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 simplifications with respect to distributing the area of steel over the
cross-section of the column, as shown in Figure 3-2.

The concrete compression stress block is assumed to be rectangular, with an ef-
fective strength of n fos (EC2 3.1.7) and effective height of Ax, as shown in Figure
3-3, where 7 is taken as:

1 = 1.0 for f&x £ 50 MPa (EC2 Eq. 3.21)
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Axial compression

A +Py

Curvg_ #1

Curve #2

YFo

Axial tension

Figure 3-1 A typical column interaction surface

n = 1.0 — (foar — 50)/200 for 50 < £ < 90 MPa (EC2 Eq. 3.22)
and A is taken as:

A = 0.8 for for < 50 MPa (EC2 Eq. 3.19)

A = 0.8 — (fer — 50)/400 for 50 < for < 90 MPa (EC2 Eq. 3.20)

The interaction algorithm provides correction to account for the concrete area
that is displaced by the reinforcement in the compression zone. The depth of the
equivalent rectangular block is further referred to as a, such that:

a=Ax (EC23.1.7)

where x is the depth of the stress block in compression, as shown in Figure 3-3.
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Figure 3-2 Idealized strain distribution for generation of interaction surface

The effect of the material partial factors, y. and y, [NDPs], and the material co-
efficients, O, Or, Olice, and auer [NDPs], are included in the generation of the
interaction surface (EC2 3.1.6).

Default values for ye, vs, Olcc, Oles, Olice, and aue; are provided by the program but
can be overwritten using the Preferences.

3-12 Column Design



Chapter 3 - Design Process

% Eeus e
d

Concrete Section Strain Diagram Stress Diagram

Figure 3-3 Idealization of stress and strain distribution in a column section

3.4.2 Calculate Column Capacity Ratio

The column capacity ratio is calculated for each design load combination at each
output station of each column. The following steps are involved in calculating
the capacity ratio of a particular column, for a particular design load combina-
tion, at a particular location:

Determine the factored first order moments and forces from the load cases
and the specified load combination factors to give Nes, M2, and M3s.

Determine the second order moment based on the chosen Second Order
Method [NDP], which can be either “Nominal Stiffness” (EC2 5.8.7) or
“Nominal Curvature” (EC2 5.8.8) and can be changed using the Preferences.
There is also a “None” option if the user wants to explicitly ignore second
order effects within the design calculations. This may be desirable if the sec-
ond order effects have been simulated with equivalent loads or if a P-Delta
analysis has been undertaken and each column member is divided into at
least two elements, such that M,; and M3; already account for the second
order effects.

Add the second order moments to the first order moments if the column is
determined to be slender (EC2 5.8.3.1). Determine whether the point,
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defined by the resulting axial load and biaxial moment set, lies within the
interaction volume.

The following three sections describe in detail the algorithms associated with
this process.

3.4.2.1 Determine Factored Moments and Forces

The loads for a particular design load combination are obtained by applying the
corresponding factors to all of the load cases, giving Ngs, M>2, and M3s. These
first order factored moments are further increased to account for geometric im-
perfections (EC2 5.2). The eccentricity to account for geometric imperfections,
e;, 1s defined as:

e =0,,/2 (EC2 Eq. 5.2)

where /j is the effective length of the member and &, is an inclination, defined as
a ratio as:

0; = 00 o, Uy (EC2 Eq.5.1)

where a;, is a reduction factor for the number of members, taken as 1 in the
program for isolated members, a; is a reduction factor for length, taken as 2/ Ji,

and 0, [NDP] is the basic inclination, defined as a ratio, and can be overwritten
in the Preferences. The resulting geometric imperfection moments, are calcu-

lated as:
Mimp2 =e,Ny,
M[mp3 = ei3NEd

The code also specifies a minimum eccentricity, emin, defined as:

Cmin =h/30>20 mm (EC26.1)
resulting in required minimum moment:

M e

min2

NEd

min2

M =e

min3 — “min3

NEd
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The moment generated by the geometric imperfection eccentricity is included in
the final design moment only in the critical axis of bending, which is determined
from the 4 permutations described previously in Section 3.4.

The moment due to the required minimum eccentricity is considered in the final
design moment in both axes of bending.

If the factored axial load for a particular design load combination is tension, the
imperfection, minimum, and second-order moments will have the value of zero
and not be considered in the final design moments.

3.4.2.2 Slenderness Check

The slenderness ratio of the column is computed as:

A=l (EC2 Eq. 5.14)
r

where the effective length, /,, is taken equal to B/ . B is conservatively taken

as 1; however, the program allows the user to overwrite this value. The unsup-
ported length of the column for the direction of bending considered is defined

as [, . The two unsupported lengths are />, and /33, corresponding to instability

in the minor and major directions of the object, respectively, as shown in Fig-
ure B-1 in Appendix B. These are the lengths between the support points of the

object in the corresponding directions. 7 is the radius of gyration of the
uncracked concrete section, excluding contribution of longitudinal reinforce-
ment.

The limiting slenderness ratio is calculated from:

. _204BC

lim — T

where A=1/(1+0.2¢,) , B=V1+20 with w=A4/,[(4.f,) , and
C =1.7—r, . The momentratio 7, is determined by M, /M, ,inwhich M,

(EC2 Eq. 5.13N)

and M, are the first order moments including the imperfection moment with the
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condition that |M 02| 2 |M 01|. For unbraced members, r, is taken as 1.0. 7 is

the relative axial force, and computed as N, / ( A.f., ) .

In the case A <4, , the second-order moment will not be computed nor in-

cluded in the final design moment. Otherwise, the second-order moment will be
considered as described in the following sections.

3.4.2.3 Second Order Moments

The design algorithm assumes that the moments M>, and M3; are obtained from
a second-order elastic (P-A) analysis or by applying fictitious, magnified
horizontal forces following the recommendations of EC2 Annex H. For more
information about P-A analysis, refer to Appendix A.

The computed moments are further increased for individual column stability ef-
fects, P-0 (EC2 5.8.5), by computing a moment magnification factor based on
the Nominal Stiffness method (EC2 5.8.7) or a nominal second-order moment
based on the Nominal Curvature method (EC2 5.8.8).

Note that it is not necessary to compute a moment magnification factor for col-
umns that have been meshed into multiple elements when P-A analysis has been
performed as described in Appendix A.

3.4.2.3.1 Nominal Stiffness Method

The overall design moment, Mgq4, based on the Nominal Stiffness method is com-
puted as:

Mgs = Moga (factor) (EC2 Eq. 5.3 1)
where Mg, is defined as:
Moea = 0.6 My> + 0.4 My; > 0.4 My (EC2 Eq. 5.32)

Mo and My, are the moments at the ends of the column including the imperfec-
tion moment, and My; is numerically larger than Moy, M, /M, is positive for

single curvature bending and negative for double curvature bending. The pre-
ceding expression of Mg, is valid if there is no transverse load applied between
the supports.
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The moment magnification factor associated with the major or minor direction
of the column is defined as:

factor =1+B/[ (Ny/ Ny )—1] (EC2 Eq. 5.28)

The factor 3 depends on the distribution of the first and second order moments
and is defined as:

B=n/c,, (EC2 Egq. 5.29)

where ¢y is a coefficient that depends on the distribution of the first order mo-
ment and is taken equal to 8 in the case of constant first-order moment; other-
wise, it is taken equal to w*. The term Nj is the buckling load and is computed
as:

2
nEl
Ny=—3
10

Refer to Appendix B for more information about how the program automatically
determines the unsupported lengths. The program allows the user to overwrite
the unsupported length ratios, which are the ratios of the unsupported lengths for
the major and minor axis bending to the overall member length.

When using the stiffness method, the E7 associated with a particular column di-
rection is considered in the design as:

EI=K.E I +KE|I (EC2 Eq. 5.21)

where K istakenas 1 and K_ = kk, /(1+¢ef) , in which

k, =1/f.,/20(MPa), and £, :n%SO.Z. E,, I.,E  and [ arethe

design value of the modulus of elasticity and the moment of inertia of concrete
cross section and longitudinal reinforcement, respectively. ¢, is the effective

€]

creep ratio and assumed as 1.21 by default.

The additional moment from the Nominal Stiffness method must be a positive
number. Therefore, N, must be greater than N, . If N, is found to be less

than or equal to N, , a failure condition is declared.
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The moment magnification factor is calculated for major and minor directions
separately. And the final design moment is determined for each direction at each
design station along the length of the column as follow:

M, = max[M,,Ufactor; M, ]

The moment magnification factor to account for the local P-Delta effects is not
applied to the end moments. The final design moment at the column ends are the
analysis moment with the global P-Delta effects plus the imperfection moment:

M, = max[MOI;Mmm]

M, = max[Moz;M

min

3.4.2.3.2 Nominal Curvature Method

The overall design moment, Mgy, based on the Nominal Curvature method is
computed as:

Mga= Moga + M (EC2 Eq. 5.31)
where Mg, 1s defined as:
Moga= 0.6 My, + 0.4 Mo 2 0.4 My, (EC2 Eq. 5.32)

My, and My, are the moments at the ends of the column including the imperfec-
tion moment, and Mo is numerically larger than Mo, M, /M,, is positive for
single curvature bending and negative for double curvature bending. The pre-
ceding expression of My, is valid if no transverse load is applied between the
supports.

The additional second order moment associated with the major or minor direc-
tion of the column is defined as:

M> = Ngq ez (EC2 Eq. 5.33)
where Nxq is the design axial force, and e, the deflection due to the curvature, is
defined as:

e, =(1/r)2 e (EC2 5.8.8.2(3))
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The effective length, /,, is taken equal to 3, /,. The factor ¢ depends on the cur-
vature distribution and is taken equal to 8 in the case of constant first order mo-

ment; otherwise, it is taken equal to ©”. The term 1/ r is the curvature and is
defined as:

I/r=K,K,1/r, (EC2 Eq. 5.34)

The correction factor, K,, depends on the axial load and is computed by
K = (nu - n) / (nu — My ) , not exceeding 1.0. n is the relative axial force, and
computed as NEd/(Acfcd ) . n, =1+, and n,, is defined as the value of n at

the maximum moment resistance. The P-M interaction diagram is calculated by
the program given the cross section with pre-assigned reinforcement, and 7, ,

is found at the balance point of the diagram. The factor K, is calculated as
K,=1+ B¢, 21.0, which represents the situation of negligible creep, and
L =0.35+1,/200—1/150 . Both of these factors can be overwritten on a

member-by-member basis. The term 1/, is defined as:
1/ry =¢,,/(0.45d) (EC2 5.8.8.3(1))

The preceding second order moment calculations are performed for major and
minor directions separately and the final design moment is determined at each
design station along the length of the column for each direction as follow:

MEd = max(MOEd +M2’.Mmin)
The moment magnification factor to account for the local P-Delta effects is not

applied to the end moments. The final design moment at the column ends are the
analysis moment with the global P-Delta effects plus the imperfection moment:

MEd = ma‘x(MOI"Mmin)

MEd =max (M02 "Mmin )
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3.4.2.4 Determine Capacity Ratio

As a measure of the load condition of the column, a capacity ratio is calculated.
The capacity ratio is a factor that gives an indication of the load condition of the
column with respect to the load capacity of the column.

Before entering the interaction diagram to check the column capacity, the second
order moments are added to the first order factored loads to obtain N4, Mg, and
Meaz. The point (Ngs, MEa2, Mea3) 1s then placed in the interaction space shown
as point L in Figure 3-4. If the point lies within the interaction volume, the col-
umn capacity is adequate. However, if the point lies outside the interaction vol-
ume, the column is overloaded.

Axial Compression

_—— Lines Defining
/// Failure Surface

Axial Tension

Figure 3-4 Geometric representation of column capacity ratio

This capacity ratio is achieved by plotting the point L and determining the loca-
tion of point C. Point C is defined as the point where the line OL (if extended
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3.4.3

3.4.4

3.4.5

outwards) will intersect the failure surface. This point is determined by three-
dimensional linear interpolation between the points that define the failure sur-

face, as shown in Figure 3-4. The capacity ratio, CR, is given by the ratio
OL/OC.

» IfOL = 0OC (or CR = 1), the point lies on the interaction surface and the
column is loaded to capacity.

» If OL <OC (or CR < 1), the point lies within the interaction volume and
the column capacity is adequate.

= IfOL> OC (or CR > 1), the point lies outside the interaction volume and
the column is overloaded.

The maximum of all the values of CR calculated from each design load combi-
nation is reported for each check station of the column, along with the controlling
N4, Mga>, and MEggs set and associated design load combination name.

Design Longitudinal Reinforcement

For the option of longitudinal reinforcement “to be designed,” the program com-
putes the required reinforcement that will give a column D/C ratio close to the
Utilization Factor Limit as only one iteration is carried out. The procedure is
described previously in Section 3.4.

Design of Non-prismatic Element

For non-prismatic elements, the program considers two (2) Designs/Checks, one
with properties of the section at one end of the column, and one with those of the
section at the other end. In particular, the program assumes that the column is
prismatic with the section at one end and performs the design. The design is
repeated with the section at the other end. The governing of the two (2) designs
is selected.

Design Column Shear Reinforcement

The shear reinforcement is designed for each design combination in the major
and minor directions of the column. The following steps are involved in
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designing the shear reinforcing for a particular column, for a particular design
load combination resulting from shear forces in a particular direction:

= Determine the design forces acting on the section, Ngs and Vg Note that Ngg
is needed for the calculation of Vra.

= Determine the design shear resistance of the member without shear rein-
forcement, V4.

=  Determine the maximum design shear force that can be carried without
crushing of the notional concrete compressive struts, ¥zqmax-

» Determine the required shear reinforcement as area per unit length, 4, /s.

The following four sections describe in detail the algorithms associated with this
process.

3.4.5.1 Determine Design Shear Force

In the design of the column shear reinforcement of concrete frames, the forces
for a particular design load combination, namely, the column axial force, Ngy,
and the column shear force, Vzq, in a particular direction are obtained by factor-
ing the load cases with the corresponding design load combination factors.

3.4.5.2 Determine Design Shear Resistance

Given the design force set Nzs and Vg, the shear force that can be carried without
requiring design shear reinforcement, Vz4., is calculated as:

VRd,c = [CRd,ck (100 plf;k)l/3 + ki ch] bwd (EC2 Eq 623)
with a minimum of:
VRd,c = (Vmin + kl ch) bwd (EC2 Eq 62b)

where fix is in MPa, and £, p;, and o, are calculated as:

k=1+ ,/%sz.o (d is in mm) (EC2 6.2.2(1))
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A
pi= Sd <0.02 (EC2 6.2.2(1))
6, =Ngg/A. <0.2f,4 (in MPa) (EC2 6.2.2(1))

The effective shear area, 4., is shown shaded in Figure 3-6. For circular columns,
A, is taken to be equal to the gross area of the section. The factor k; = 0.15 [NDP]
and the values of Crqc [NDP] and vmin [NDP] are determined as:

Cprac =0.18/7. (EC2 6.2.2(1))

Vinin = 0.035 132 £, 12 (EC2 Eq. 6.3N)

3.4.5.3 Determine Maximum Design Shear Force

To prevent crushing of the concrete compression struts, the design shear force
Veq is limited by the maximum sustainable design shear force, Vzimax. If the de-
sign shear force exceeds this limit, a failure condition occurs. The maximum
sustainable shear force is defined as:

Wb
LNV (EC2 Eq. 6.9)

fd max (cot®+ tan0)
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Figure 3-6 Shear stress area, A.

The coefficient a... [NDP] takes account of the state of stress in the compression
chord and is taken equal to 1, which is recommended for non-prestressed struc-
tures. The strength reduction factor for concrete cracked in shear, v; [NDP], is
defined as:

vy =0.6[1- £, /250] (fex is in MPa) (EC2 Eq. 6.6N)

The inner lever arm distance, z, is approximated as 0.9d.

The angle between the concrete compression strut and the beam axis perpendic-
ular to the shear force is defined as 6.

To minimize the shear rebar area, 0 is optimized to minimize tan® by equating

4

Rd ,max

with ¥, using the following relationship:

3-24 Column Design



Chapter 3 - Design Process

ey, bZVl f;‘d

Rd,max — M =VEd,

which simplifies to

Oy bZVl f;‘d

Ed

(cot® + tan6) =

The solution to this equation is given here:

2
—Vx?-4
tan 0 :%’ where

_acwb z vlfcd
X=—.
VEd

Different national annexes put a limit on tan9 .

0.4<tan0<1 (for CEN Default)
0.5<tan0<1 (for Polish Annex)
0.333<tan0<1 (for German Annex)

The corresponding limits on 6 for different national annexes are given below.

21.8°<6<45° (for CEN Default)
26.5° <0 <45° (for Polish Annex)
18.4° <9 <45° (for German Annex)

If the load combination includes seismic load and the framing type is DCH, the
value of 0 is taken as 45° for beams for all national annexes with the exception
that 0 is taken as 40° for German Annex. In this case no optimization is per-
formed.

However, if tan© is overwritten, the overwritten value is used.
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3.5

3.4.5.4 Determine Required Shear Reinforcement

If Veaq is greater than Vzq and less than Vegmax, the required shear reinforcement
in the form of stirrups or ties per unit spacing, 4, /s, is calculated as:
A vV,
B (EC2 Eq. 6.8)
sz f,qcoth
In the preceding expressions, for a rectangular section, b,, is the width of the
column, d is the effective depth of the column, and 4. is the effective shear area,
which is equal to b,.d. For a circular section, b, is replaced with D, which is the
external diameter of the column, d is replaced with 0.8D, and 4. is replaced with

the gross area nD’ / 4.

The maximum of all of the calculated A,, /s values, obtained from each design

load combination, is reported for the major and minor directions of the column,
along with the controlling combination name.

The column shear reinforcement requirements reported by the program are based
purely on shear strength consideration. Any minimum stirrup requirements to
satisfy spacing considerations or transverse reinforcement volumetric consider-
ations must be investigated independently by the user.

Beam Design

In the design of concrete beams, the program calculates and reports the required
areas of steel for flexure and shear based on the beam moments, shear forces,
torsions, design load combination factors, and other criteria described in the text
that follows. The reinforcement requirements are calculated at a user-defined
number of output stations along the beam span.

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

The beam design procedure involves the following steps:

= Design flexural reinforcement

= Design shear reinforcement
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=  Design torsion reinforcement

3.5.1 Design Beam Flexural Reinforcement

The beam top and bottom flexural reinforcement is designed at output stations
along the beam span. The following steps are involved in designing the flexural
reinforcement for the major moment for a particular beam, at a particular section:

=  Determine the maximum factored moments

» Determine the required reinforcing steel

3.5.1.1 Determine Factored Moments

In the design of flexural reinforcement of concrete beams, the factored moments
for each design load combination at a particular beam section are obtained by
factoring the corresponding moments for different load cases with the corre-
sponding design load combination factors.

The beam section is then designed for the factored moments obtained from each
of the design load combinations. Positive moments produce bottom steel. In such
cases, the beam may be designed as a rectangular or a T-beam section. Negative
moments produce top steel. In such cases, the beam is always designed as a rec-
tangular section.

3.5.1.2 Determine Required Flexural Reinforcement

In the flexural reinforcement design process, the program calculates both the
tension and compression reinforcement. Compression reinforcement is added
when the applied design moment exceeds the maximum moment capacity of a
singly reinforced section. The user can avoid the need for compression reinforce-
ment by increasing the effective depth, the width, or the grade of concrete.

The design procedure is based on a simplified rectangular stress block, as shown
in Figure 3-7 (EC2 3.1.7(3)). When the applied moment exceeds the moment
capacity, the area of compression reinforcement is calculated on the assumption
that the additional moment will be carried by compression and additional tension
reinforcement.
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The design procedure used by the program for both rectangular and flanged sec-
tions (T-beams) is summarized in the following subsections. It is assumed that
the design ultimate axial force is negligible, hence all beams are designed ignor-
ing axial force.

b gcuS nf;d
v T
/Tc
A } X 2 * a :i Ax
d h
’ L Ly —m
.._+ T T,
Asjl &
Beam Section Strain Diagram Stress Diagram

Figure 3-7 Rectangular beam design

In designing for a factored negative or positive moment, Mgy (i.e., designing top
or bottom steel), the effective strength and depth of the compression block are
given by nf.s and Ax (see Figure 3-7) respectively, where:

% = 0.8 for fux < 50 MPa, (EC2 Eq. 3.19)
A = 0.8 [(f, —50)/400] for 50 < fix < 90 MPa, (EC2 Eq. 3.20)
1 = 1.0 for fx < 50 MPa, (EC2 Eq. 3.21)
n = 1.0-[(f4 ~50)/200] for 50 < fix < 90 MPa, (EC2 Eq. 3.22)

where x is the depth of the neutral axis, A is a factor defining the effective
height of the compression zone, and 1) is a factor defining the effective
strength.
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The limiting value of the ratio of the neutral axis depth at the ultimate limit state
to the effective depth, (x/d)im, is expressed as a function of the ratio of the redis-
tributed moment to the moment before redistribution, o, as follows:

(x/d), =(8—k)/k, forfux <50 MPa (EC2 Eq. 5.10a)
(x/d), =(8—ks)/ky for fu>50 MPa (EC2 Eq. 5.10b)

No redistribution is assumed, such that & is assumed to be 1. The four factors,
ki, k2, k3, and ks [NDPs], are defined as:

ki =0.44 (EC25.5(4))
ky =1.25(0.6+0.0014/¢,,,) (EC2 5.5(4))
ks = 0.54 (EC25.5(4))
k; =1.25(0.6+0.0014/¢,,,) (EC2 5.5(4))

where the ultimate strain, €., [NDP], is determined from EC2 Table 3.1 as:

€z = 0.0035 for fox <50 MPa (EC2 Table 3.1)

4
gauz = 2.6+ 35[ (90— £,,)/100 | for fix > 50 MPa (EC2 Table 3.1)

3.5.1.2.1 Rectangular Beam Flexural Reinforcement

For rectangular beams, the normalized moment, m, and the normalized section
capacity as a singly reinforced beam, miim, are determined as:

M
m=————
bd*nf.,

4
d lim 2 d lim

The reinforcing steel area is determined based on whether m is greater than, less
than, or equal to miim.
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= If m <miim, a singly reinforced beam will be adequate. Calculate the normal-
ized steel ratio, o, and the required area of tension reinforcement, 4;, as:

owo=1-41-2m
A= | Vebd
S

This area of reinforcing steel is to be placed at the bottom if Mz, is positive, or
at the top if M4 is negative.

= If m > miim, compression reinforcement is required. Calculate the normalized
steel ratios, ®', ®iim, and o, as:

Whim = ﬂ(gj =1—-1-2my,
lim

m-— mlim

1-d'/d

|

® = Olin + ©'

where d' is the depth to the compression steel, measured from the concrete
compression face.

Calculate the required area of compression and tension reinforcement, 4" and
As, as:

AS'Z(D' [nﬂd,b :l
I

A:m{nmmﬂ

yd

!/

where I the stress in the compression steel, is calculated as:
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Ay is to be placed at the bottom and A,' is to be placed at the top if Mgy is
positive, and 4;'is to be placed at the bottom and A; is to be placed at the top
if Mg, is negative.

3.5.1.2.2 T-Beam Flexural Reinforcement

In designing a T-beam, a simplified stress block, as shown in Figure 3-8, is
assumed if the flange is in compression, i.e., if the moment is positive. If the
moment is negative, the flange is in tension, and therefore ignored. In that case,
a simplified stress block, similar to that shown in Figure 3-8, is assumed on the
compression side.

Flanged Beam Under Negative Moment

In designing for a factored negative moment, Mz, (i.e., designing top steel), the
calculation of the reinforcing steel area is exactly the same as described for a
rectangular beam, i.e., no specific T-beam data is used.

Flanged Beam Under Positive Moment

In designing for a factored positive moment, Mgy, the program analyzes the sec-
tion by considering the depth of the stress block. If the depth of the stress block
is less than or equal to the flange thickness, the section is designed as a rectan-
gular beam with a width by If the stress block extends into the web, additional
calculation is required.

For T-beams, the normalized moment, m, and the normalized section capacity
as a singly reinforced beam, mim, are calculated as:

M
m=————
bed™ [

ol) [
d lim 2 d lim
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Calculate the normalized steel ratios ®im and ®, as:

Wim = A X
d lim

w=1-+1-2m

Calculate the maximum depth of the concrete compression block, amax, and the
effective depth of the compression block, a, as:

Amax = (l)limd
a=od

The reinforcing steel area is determined based on whether m is greater than, less
than, or equal to mim. The maximum allowable depth of the rectangular com-
pression block, amax, is given by:

» Ifa < &y, the subsequent calculations for 4, are exactly the same as previ-
ously defined for rectangular beam design. However, in this case, the width
of the beam is taken as by, as shown in Figure 3-8. Compression reinforce-
ment is required if @ > @max.

= Ifa >k, the calculation for A, has two parts. The first part is for balancing
the compressive force from the flange, and the second part is for balancing
the compressive force from the web, as shown in Figure 3-8.

* The required reinforcing steel area, 4,2, and corresponding resistive moment,
M, for equilibrating compression in the flange outstands are calculated as:

(bf —b, )hf’nfcd
Sy

52 =
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Figure 3-8 T-beam design

Now calculate the required reinforcing steel area A,; for the rectangular sec-
tion of width b,, to resist the remaining moment M; = Mg;— M>. The normal-
ized moment, m; is calculated as:

m

_ M1
bwd znf;d

The reinforcing steel area is determined based on whether m; is greater than,
less than, or equal to mjim.

If m; < mim, a singly reinforced beam will be adequate. Calculate the
normalized steel ratio, @, and the required area of tension reinforce-
ment, Ay, as:

0)1:]— 1—21’)’1

- [M}

yd

If m; > myim, compression reinforcement is required. Calculate the nor-
malized steel ratios, ®', ®im, and o, as:
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Olim = A X
d lim

m— mlim
1—d'/d

o' =

O] = Om+ ©

where d' is the depth to the compression steel, measured from the
concrete compression face.

Calculate the required area of compression and tension reinforcement,

A" and A4, as:
As, — (,0' nﬂd'bd
VA
A= | Meabd
fvd

where f;', the stress in the compression steel, is calculated as:
dl
f = Ee. {1——} <t

The total tensile reinforcement is 4; = A7 + A2, and the total compression
reinforcement is A;'. A is to be placed at the bottom and A, is to be placed
at the top of the section.

3.5.1.3 Minimum and Maximum Tensile Reinforce-
ment

The minimum flexural tensile steel reinforcement, 4smin [NDP], required in a
beam section is given as the maximum of the following two values:

Asmin = 0.26 (o / 1) bid (EC2 Eq. 9.1N)

Asmin = 0.0013b:d
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3.5.2

where b, is the mean width of the tension zone, equal to the web width for T-
beams, and .. is the mean value of axial tensile strength of the concrete, calcu-
lated as:

Sern = 030743 for fox <50 MPa (EC2 Table 3.1)

fom =212 In(1+ £,,/10)  for fu > 50 MPa (EC2 Table 3.1)

Jem =far + 8 MPa

The maximum flexural steel reinforcement, A max [NDP], permitted as either ten-
sion or compression reinforcement is defined as:

Asmax = 0.044, (EC29.2.1.1(3))

where A, is the gross cross-sectional area.

Design Beam Shear Reinforcement

The required beam shear reinforcement is calculated for each design load com-
bination at each output station along the beam length. The following assumptions
are made for the design of beam shear reinforcement:

= The beam section is assumed to be prismatic. The shear capacity is based on
the beam width at the output station and therefore a variation in the width of
the beam is neglected in the calculation of the concrete shear capacity at each
particular output station.

*  All shear reinforcement is assumed to be perpendicular to the longitudinal
reinforcement. Inclined shear steel is not handled.

The following steps are involved in designing the shear reinforcement for a par-
ticular output station subjected to beam major shear:

= Determine the design value of the applied shear force, Via.

= Determine the design shear resistance of the member without shear rein-
forcement, V4.

* Determine the maximum design shear force that can be carried without
crushing of the notional concrete compressive struts, ¥zqmax.
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» Determine the required shear reinforcement as area per unit length, 4, /s.

The following four sections describe in detail the algorithms associated with this
process.

3.5.2.1 Determine Design Shear Force

In the design of the beam shear reinforcement, the shear forces and moments for
a particular design load combination at a particular beam section are obtained by
factoring the associated shear forces and moments with the corresponding design
load combination factors.

3.5.2.2 Determine Design Shear Resistance

The shear force that can be carried without requiring design shear reinforcement,
Vrae, 18 calculated as:

Vase = | Cra ok (100p, 1) + ko, | bud (EC2 Eq. 6.2.2)
with a minimum of:

VRd,c = (Vmin + kl ch) bwd (EC2 Eq 62b)

where fix is in MPa, and £, p;, and o, are calculated as:

k=1+ 1/%SZO (d is in mm) (EC2 6.2.2(1))
A com (EC2 6.2.2(1))

P b 2.

Gep = Nea/Ae < 0.2fq (in MPa) (EC2 6.2.2(1))

The effective shear area, A, (see Figure 3-6), is taken as b,.d. The factor k; =0.15
[NDP] and the values of Cry [NDP] and vimin [NDP] are determined as:

Crac = 0.18/7, (EC2 6.2.2(1))

Vimin = 0.035 &7 fi412 (EC2 Eq. 6.3N)
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3.5.2.3 Determine Maximum Design Shear Force

To prevent crushing of the concrete compression struts, the design shear force
VEeq is limited by the maximum sustainable design shear force, Vzgmax. If the de-
sign shear force exceeds this limit, a failure condition occurs. The maximum
design shear force that can be carried without crushing of the notional concrete
compressive struts

o, b
Vrd max = oy D2V S (EC2 Eq. 6.9)

(cot®+ tan6)

The coefficient a... [NDP] takes account of the state of stress in the compression
chord and is taken equal to 1, which is recommended for non-prestressed struc-
tures. The strength reduction factor for concrete cracked in shear, v; [NDP] is
defined as:

v; = 0.6[1-£,./250] (fir is in MPa) (EC2 Eq. 6.6N)

The inner lever arm distance, z, is approximated as 0.9d.

The angle between the concrete compression strut and the beam axis perpendic-
ular to the shear force is defined as 6.

To minimize the shear rebar area, 0 is optimized to minimize tan0 by equating
V

Rd ,max

with V., using the following relationship:

Oy bZVl fcd

Rd ,max =m: Ed >

which simplifies to

Aoy b " fcd

VEd

(cotO + tanB) =
The solution to this equation is given here:

—\x* -4

X
tan 0 = — where

Beam Design 3 -37



Concrete Frame Design Eurocode 2-2004

_(chb z vlfcd
X=—.
VEd

Different national annexes put a limit on tan® .

0.4<tan6<1 (for CEN Default)
0.5<tan6<1 (for Polish Annex)
0.333<tan6<1 (for German Annex)

The corresponding limits on 6 for different national annexes are given below.

21.87<6<45° (for CEN Default)
26.5° <0 <45° (for Polish Annex)
18.4° <0<45° (for German Annex)

If the load combination includes seismic load and the framing type is DCH, the
value of 0 is taken as 45° for beams for all national annexes with the exception
that 0 is taken as 40° for German Annex. In this case no optimization is per-
formed.

However, if tan® is overwritten, the overwritten value is used.

3.5.2.4 Determine Required Shear Reinforcement

If Viaq is greater than Vzq. and less than Vramax, the required shear reinforcement
in the form of stirrups or ties per unit spacing, A4,,,/s, is calculated as:

AV
Low o "B tan 0 (EC2 Eq. 6.8)

S Zf o

To minimize the shear rebar area, 0 is optimized to minimize tan0 by equating
V

Rd ,max

with V,,. The computation of @1is given in preceding section.

The maximum of all the calculated A4,,, /s values, obtained from each design

sw

load combination, is reported for the beam, along with the controlling
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combination name. The calculated shear reinforcement must be greater than the
minimum reinforcement ratio of;

Pwmin = (0-08 Jor ) / Sk (EC2 Eq. 9.5N)

The beam shear reinforcement requirements reported by the program are based
purely on shear strength considerations. Any minimum stirrup requirements to
satisfy spacing and volumetric consideration must be investigated independently
of the program by the user.

3.5.2.5 Determine Required Longitudinal Reinforce-
ment for Shear

The longitudinal reinforcement is computed and reported due to additional ten-
sile force, A Fis (EC2 section 6.2.3(7)).

AF,; = 0.5V, cot (EC2 Eq. 6.18)

At any section, additional shear due to designed moment is not allowed to exceed
the following limit.

Mgq
— + AFq < Mggmax (EC2 6.2.3(7))
where Mg ma s the maximum moment along the beam and z = 0.9d.

Additional longitudinal reinforcement is computed as:

AFy [ (MEgq 1_ Mea
= when (—) + AF,| < —2=F
f;wd I\ Z td_ VA
M max M
( e - = j 20 [ MEd 1 MEd max
TP e [(M) 4 | M
Asl - | Z | Z

f ywd

For positive Mg; computed longitudinal reinforcement needs to be provided at
bottom and for negative Mzs computed longitudinal reinforcement needs to pro-
vided at top. The computed longitudinal reinforcement for shear is in addition to
longitudinal reinforcement required for torsion.
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3.5.3 Design Beam Torsion Reinforcement

The torsion reinforcement is designed for each design load combination at a
user-defined number of output stations along the beam span. The following steps
are involved in designing the longitudinal and shear reinforcement for a partic-
ular station due to beam torsion:

= Determine the factored torsion, 7.
= Determine torsion section properties.
= Determine the torsional cracking moment.

= Determine the reinforcement steel required.

3.5.3.1 Determine Factored Torsion

In the design of torsion reinforcement of any beam, the factored torsions for each
design load combination at a particular design station are obtained by factoring
the corresponding torsion for different load cases with the corresponding design
load combination factors.

3.5.3.2 Determine Torsion Section Properties

For torsion design, special torsion section properties, including A, Ay, tef, U,

uy, and z; are calculated. These properties are described as follows (EC2 6.3).
A = Area enclosed by outer circumference of the cross-section

A, = Area enclosed by centerlines of the connecting walls, where the
centerline is located a distance of t,¢ /2 from the outer surface

ter = A/y = max (2¢;, 2¢; ) - Effective wall thickness

¢ = Concrete cover to the center of top longitudinal bars
¢, = Concrete cover to the center of bottom longitudinal bars
u = Outer circumference of the cross-section

u, = Perimeter of the area 4
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z; = Side length of wall i, defined as the distance between the intersec-
tion points of the wall centerlines

For the torsion design of Tee and angle sections, it is assumed that placing tor-
sion reinforcement in the flange area is inefficient. With this assumption, the
flange is ignored for torsion reinforcement calculation. However, the flange is
considered during the calculation of the torsion section properties. With this as-
sumption, the special properties for a Rectangular beam section are given as fol-
lows:

A =bh

u=2b+2h=>max(2c:,2cp)

A= (b= tep )= tog)

e = 2(b —tep ) + 2(h — tef)
where the section dimensions b and h are shown in Figure 3-9.

Similarly, the special section properties for a trapezoidal section are given as
follows:

b + by,
A=——"h
2
wp + w,
Ak=—2 (h_tef)
b, + b,\>
u=bt+bb+2\/(h2+(th> )

uk=Wt+wb+2\/(xt2+(h—tef)2)

where:
) h
s =
(be — by)
tes/2
Xp = —
h—t
X = S ef
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Wy = bb +2xb _tef

Wy = Wy + 2x;

The dimensions b, by, wy,, and w, for trapezoidal section are shown in Figure
3-9.

\ by |
R S e Sy
| P [®

d

C
-+ T T wm
b Wb
T
Figure 3-9 Closed stirrup and dimensions of rectangular and trapezoidal sections for
torsion design

The special section properties for a T-Beam section are given as follows:

A = byh+ (bf — by) d;

Ak = (bf - tef)( ds - tef ) + (bw - tef)(h - ds)

Ug = Z(h - tef) + Z(bf - tef )
where the section dimensions bg, by, h, and d for a T-beam are shown in Fig-
ure 3-10.

For T-beam section with tapered web, the special section properties are deter-
mined as follows:

by,r+b
A:u(h_ds)_}_bfds
2
bwf_bwb 2
u = 2dg +2bs + by — by +2 [(h—ds)* + -

u = max(2 ¢, 2 cp)
A = (by —tep)(ds — tep ) +0.5(wp +we )(h — ds)
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we = 2[(by — top ) + (ds — teg ) +/(h = d5)2 + x,7)| + wy, —w,

where:
_ (h - ds)
s=2—"—
(bwf - bwb )
t.r/2
X, = ( ef/ )
S
_(h—dy)
Xy = ———
s

Wy = bwb + be - tef
Wy = wp + 2x;

And the section dimensions by, ¢, by, , Wy, and w, for T-beam with tapered web
are shown in Figure 3-10.

) by
l¢ bf N ’-7 bwf 4>‘
! | | ! ! F— we ™ |
_C _C
ds o] [® dS 1
f - f
h h—2c h h—2¢
@) O ¥ —
y C v [
by, —2c— f— Bl
0

wory b T
}'_bwb_%

Figure 3-10 Closed stirrup and dimensions of Tee sections for torsion design

The special section properties for an angle section are given as follows:
A=by h+ (b — by ) ds

u > max(2 ¢, 2 ¢p)

Ak = (bf - tef )(ds - tef ) + (bw - tef )(h - ds)
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Ug = Z(h - tef ) + Z(bf - tef)
For angle section with tapered web, the special section properties are determined
as follows:
by + by

A=
2

(h—ds) + b ds

u=h+2bf—bwf+ds+bwb+J(h—ds)2+(bwf—bwb)2)
u = max(2 ¢, 2 cp)

A = (b — top )(ds — tof ) + 0.5(wp +w; ) (h — dy)

W = 2[(by = tof ) + (ds — tep)] + Wy — we + /(R — dg )% + x,2)

where:
s = ((h—ds))/((bwr — bwp) )
ter/2
h—d;
Xp = S

Wp :bwb +xb _tef
Wy = Wy + X¢

And the section dimensions by, ¢, by,p, Wy, and w; for angle section with tapered
web are shown in Figure 3-11.

by
1 bf | ‘*bwfg'l
1| |;_ L we i
C C
— O O ds % ds
il
h h-—2c h h—2¢c
_y | O _v
T ez i
I‘_bw _" Fbwbal

Figure 3-11 Closed stirrup and dimensions of angle sections for torsion design
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3.5.3.3 Determine Threshold Torsion

The torsion in the section can be ignored with only minimum shear reinforce-
ment (EC2 9.2.1.1) necessary if the following condition is satisfied:

T, 14
—E L E <10 (EC2 Eq. 6.31)

TRd,c VRd,c

which simplifies to

v,
Ty < (1— Ed ] Trae (EC2 Eq. 6.31)
Rd ¢

The corresponding threshold value of torsion that triggers torsion design is given
below.

v
T, :[1— Ed JTM’C (EC2 Eq. 6.31)
Rd ¢

where Ty, . is the torsional cracking moment, determined as:

TRae = Sea ter 24,

fg = ZerSakoos (EC2 Eq. 3.16)
Ye
A
ty =—2max(2¢,, 2¢,), (EC2 6.3.2(1))
u

A is the gross cross-sectional area,
u 1s the outer circumference of the cross-section,

o, [NDP]is a coefficient, taken as 1.0, and

Jeo0s = 0.7 fem (EC2 Table 3.1)

The formula for Vy, ., the shear force that can be carried without requiring de-

sign shear reinforcement is given in a previous section (EC2 Eq. 6.2).
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3.5.3.4 Determine Maximum Design Torsion

To prevent crushing of the concrete compression struts under the influence of
the design shear force V,, and the design torsion 7}, , is limited by the follow-

ing formula.

TEd VEd

+

Rd ,max VRd,max

<1.0 (EC2 Eq. 6.29)

where, Ty, ... » the maximum design torsional resistance moment is defined as:
Tegmar = 20,V [y Al sinf cosd (EC2 Egq. 6.30)

Since the following identity is true,

1

sinfd cos =———
tan @ +cot &

the expression of 7}, can be restated as the following.

d ,max

2a. vf At
= v Jed ko (EC2 Eq. 6.30)
(tan @+ cot &)

Rd ,max

The maximum design shear force, Vz; n.x . that can be carried without crushing

of the notional concrete compressive struts without any presence of torsion,

acw bZVl J[cd
Vedmax =7 ————~ EC2 Eq. 6.9
k. (cote + tane) ( q-6.9)

The coefficient a... [NDP] takes account of the state of stress in the compression
chord and is taken equal to 1, which is recommended for non-prestressed struc-
tures. The strength reduction factor for concrete cracked in shear, v; [NDP] is
defined as:

v = 0.6[1-£,,/250] (fir is in MPa) (EC2 Eq. 6.6N)

The inner lever arm distance, z, is approximated as 0.9d.
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The angle between the concrete compression strut and the beam axis perpendic-
ular to the shear force is defined as 6.

By plugging in EC2 Eq. 6.29 and EC2 Eq. 6.9 into equation EC2 Eq. 6.29, we
get

TEd + VEd
2a vf,dAktef a,bzv f,

cw C

m (c0t9+ tan 9)

<1.0 (EC2 Egq. 6.29)

which can be rearranged into the following form.

(cotf+tan ) d7 PR <1.0
2 acwv cd Ak teff acw b Z Vl f;d

To minimize the shear rebar area, 0 is optimized to minimize tan0 by equating
T, / T max V4 / Viamax to 1 (EC2 Eq. 6.29) using the following relationship:

(cotf+tand) Ly Ve =1.0
2 acwv cd Ak teff acw b Z Vl f;d

which simplifies to

(cot@+tan )=

TEd VEd
2 acwvf;d Aktef acw b “ Vl -f;d

The solution to this equation is given here:

x—x* -4
tan0 = — where

X =

Tra 4 Viea
2a,VfaAily Oy bz fry
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The strut angle 0 is used for shear and torsion checks consistently. If the torsion
is zero, the optimization of the strut angle 0 automatically converges to its opti-
mal value when it is optimized for shear design only.

The limits on tan® and 6 are imposed for different national annexes, and the
limits are given in a previous section, “Determine Maximum Design Shear
Force.” Different national annexes put a limit on tan0 .

0.4<tanB<1 (for CEN Default)
0.5<tan6<1 (for Polish Annex)
0.333<tan0<1 (for German Annex)

The corresponding limits on 6 for different national annexes are given below.

21.87<0<45° (for CEN Default)
26.5° <0 <45° (for Polish Annex)
18.4° <0<45° (for German Annex)

If the load combination includes seismic load and the framing type is DCH, the
value of 0 is taken as 45° for beams for all national annexes with the exception
that 0 is taken as 40° for German Annex. In this case no optimization is per-
formed.

However, if tan© is overwritten, the overwritten value is used.

3.5.3.5 Determine Torsion Reinforcement

If EC2 Eq. 6.31, as previously defined, is satisfied, torsion can be safely ignored
(EC2 6.3.2(5)). In that case, the program reports that no torsion shear reinforce-
ment is required. However, if the equation is not satisfied, it is assumed that the
torsional resistance is provided by closed stirrups, longitudinal bars, and com-
pression diagonals.

If torsion reinforcement in the form of closed stirrups is required, the shear due
to this torsion, Vg, , is first calculated, followed by the required stirrup area, as:

3-48 Beam Design



Chapter 3 - Design Process

A V
S Z S
where,
T,
Vias =ﬁ z (EC2 6.3.2(1), Eqn. 6.26, Eqn. 6.27)
&

The equation can be simplified to the following.

A T,
- B tang (EC2 6.3.2, Eqns. 6.8, 6.27, 6.28)
s 24, fwd

The required longitudinal reinforcement area for torsion is defined as:

T
A, =B ootk (EC2 Eq. 6.28)
24, Sya

The strut angle 0 is optimized to minimize tan, and so the required torsion
and shear rebar area, by the procedure given in section “Determine Maximum
Design Torsion.”

An upper limit of the combination of Vg, and Tz, that the section can carry with-
out exceeding the capacity of the concrete struts is also checked using the fol-
lowing equation.

TEd VEd

+
TRd,max VRd,max

<1.0 (EC2 Egq. 6.29)

and ¥

Rd ,max °

where, T,

R max the maximum design torsional resistance and the

maximum design shear resistance are defined in the previous section.

If the combination of Vg, and Trs exceeds this limit, a failure message is declared.
In that case, the concrete section should be increased in size.

The maximum of all the calculated Ay and 4, /s values obtained from each de-

sign load combination are reported along with the controlling combination
names.
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3.6

The beam torsion reinforcement requirements reported by the program are based
purely on strength considerations. Any minimum stirrup requirements and lon-
gitudinal rebar requirements to satisfy spacing considerations must be investi-
gated independently of the program by the user.

Design for Serviceability

In the design of concrete beams, columns, and braces for serviceability, stress
level and crack width are calculated and compared with the limits given by EC2.
All calculations are carried out assuming piece-wise linear stress-strain relation
of concrete and steel materials. The design is performed for the given set of fac-
tored axial force and moments. The analysis of the section under the factored
axial force is carried out with the neutral axis rotated at an angle to obtain the
response moments that best match the factored moments about both y- and z-
axes. This involves an iterative procedure on the angle of the neutral axis.

Linear creep effects are accounted for in calculation of concrete strength when
long-term loading is selected for the members in the Overwrites. Creep non-
linearity is not considered.

3.6.1 Cracking Moment

The cracking moment, M, g4, is calculated assuming the mean concrete tensile
strength is reached on the tension side. The mean tensile strength of concrete is
determined as follows:

fct,eff = fctm(t) = [:Bcc(t)]afctm (EC2 Eq. 3.4)
where:
28\ /2
Bee () = expis[1— (7) (EC2 Eq. 3.2)
2/
0.3f /3 fex <50 MPa
fetm = fem (EC2 Table 3.1)
2.12In (1 + E) fex > 50 MPa
fem = fex + 8(MPa) (EC2 Table 3.1)
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3.6.2

3.6.3

fox = characteristic compressive cylinder strength of concrete at 28 days

1 t < 28days

a=1q, (EC2 Eq. 3.4)
3 t > 28days

0.20 Type R cement
s =140.25 Type N cement (EC2 Eq. 3.2)
0.38 Type S cement

t = age at cracking of concrete, days

For factored resultant moment Mg; < M. pq , the section is considered
uncracked and check for serviceability is not required. Otherwise, stress level
and crack width are calculated as described in the subsequent sections.

Stress Level

Maximum compressive stress in concrete, g, and tensile stress in reinforcement,
05, are calculated under the applied resultant moment, Mg, considering cracked
section properties and compared with the allowable limits:

Oc < Jc,limit

Og < Us,limit

where:
0; < O¢1imit = limit compressive stress in concrete. By default, it is taken
equal to 0.6f
05 < O 1imi¢t = limit tensile stress in reinforcement. By default, it is taken
equal to 0.8,

Both o, jjmi¢ and o jjmi¢ can be overwritten.

Crack Width

3.6.3.1 Minimum reinforcement for crack control

The minimum reinforcement for crack control is computed as:

k.k A
Asmin = : fcg-eff = (EC2 Eq. 7.1)
s
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where

A+ = area of concrete within tensile zone of the uncracked section

feterf = feem = mean value of axial tensile strength of concrete

0s = fyx = yield strength of the reinforcement

k = 1.0 for section with height less than 300 mm and 0.65 for section
with height greater than 800 mm. Intermediate values are interpo-
lated.

k. = coefficient accounting for the stress distribution within the section

prior to cracking.

Under pure tension, k. = 1.0

Under bending or bending combined with axial forces:

O.C
ke = 041~ ———< 1.0

EC2Eq.7.2
kl (F) fct,eff ( d )

where:
o, = the mean stress of the concrete under the axial force N, at the ser-
viceability level (compression is positive)
k, = coefficient considering the effects of axial forces on the stress distri-
bution
k, = 1.5 for Ng4 being compressive

ky =2 for Ngg/ being tensile

3h
B = {h h < 1.0m
1.0m h = 1.0m
3.6.3.2 Crack width
The crack width, Wy, is calculated as follows:
Wi = Srmax(Esm — €cm) (EC2 Eq. 7.8)
where:
kikyksp
Sr.max = kac + ——— (EC2 Eq. 7.11)
Poerr

¢ = clear cover to the longitudinal reinforcement
I = {0.8 for deformed bars
L=

1.8 for plain bars
o = {0.5 for bending
27 (1.0 for pure tension
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k3 = 3.4 [NDP]
ks = 0.425 [NDP]
Ppefr = As/Ac,eff

Acery = area

of concrete in tension surrounding the reinforcement of

depth he of
Ag = area of reinforcement within Ag o ¢

hc,ef = min-«

2.5(h — d)

(h—x)
3

h

h = height of
d = effective

2
the section

depth of reinforcement

x = location of neutral axis of cracked section measured from the most
extreme compressive fiber

Os

fcteff
— ke (20 (1 +
Dpery) (LT % Prerr )>065 (EC2 Eq. 7.9)

(Esm - Ecm) =

0 = stress in
e = Es/Ecm

0.4

E; T E

the tension reinforcement assuming a cracked section

I = {0.6 short — term loading
p =

long — term loading

Acerfs As, X, andog are obtained from moment-curvature analysis assuming

cracked section subjected to applied axial force and moment. The moment-cur-

vature is calculated
and steel materials.

based on piece-wise linear stress-strain relation of concrete

For members with non-prismatic section, the design/check for serviceability is
performed using the properties of the section at the starting location of the mem-

bers.
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Chapter 4
Seismic Provisions

This chapter provides a detailed description of the algorithms related to seismic
provisions in the design/check of structures in accordance with the "EN 1998-
1:2004 — Eurocode 8: Design of Structures for Earthquake Resistance" (EC 8
2004). The code option "Eurocode 2-2004" covers these provisions. The
implementation covers load combinations from "Eurocode 2-2004," which is
described in the section "Design Loading Combination" of Chapter 3. The
loading based on "Eurocode 8-2004" has been described in a separate
document entitled "CSI Lateral Load Manual" (CSI 2009).

For referring to pertinent sections of the corresponding code, a unique prefix is
assigned for each code.

* Reference to the Eurocode EN 1990:2001 code is identified with the prefix
HECO.H

» Reference to the Eurocode EN 1992-1-1:2004 code is identified with the
prefix "EC2."

* Reference to the Eurocode EN 1998-1:2004 code is identified with the pre-
fix "EC8."
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4.1

4-2

Notations

The following notations are used in this chapter.

Ash

Asv,i

2 Mgp

2Mpe

Mg

Mppi
MRc,i

VE d,max

VEd,min

Qo

Notations

Total area of horizontal hoops in a beam-column joint, mm?

Total area of column vertical bars between corner bars in one
direction through a joint, mm?

Sum of design values of moments of resistance of the beams
framing into a joint in the direction of interest, N-mm

Sum of design values of the moments of resistance of the columns
framing into a joint in the direction of interest, N-mm

End moment of a beam or column for the calculation of its capacity
design shear, N-mm

Design value of beam moment of resistance at end 7, N-mm
Design value of column moment of resistance at end i, N-mm

Maximum acting shear force at the end section of a beam from
capacity design calculation, N

Minimum acting shear force at the end section of a beam from
capacity design calculation, N

Cross-section depth, mm
Cross-sectional depth of the column in the direction of interest, mm

Distance between extreme layers of the column reinforcement in a
beam-column joint, mm

Distance between beam top and bottom reinforcement, mm
Clear length of a beam or a column, mm
Basic value of the behavior factor

Prevailing aspect ratio of the walls of the structural design
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4.2

4.3

YRd

Ly

s

Multiplier of the horizontal design seismic action at formation of
the first plastic hinge in the system

Multiplier of the horizontal seismic design action at formation of
the global plastic mechanism

Model uncertainty factor on the design value of resistance in the
estimation of the capacity design action effects, accounting for var-
ious sources of overstrength

Ratio, Vg min /Ved.max » Detween the minimum and maximum acting

shear forces at the end section of a beam
Curvature ductility factor
Displacement ductility factor

Tension reinforcement ratio

Design Preferences

The concrete frame design Preferences are basic assignments that apply to all
of the concrete frame members. The following steel frame design Preferences
are relevant to the special seismic provisions.

= Framing Type

» Jgnore Seismic Code?

Overwrites

The concrete frame design Overwrites are basic assignments that apply only to
those elements to which they are assigned. The following steel frame design
overwrite is relevant to the special seismic provisions.

= Frame Type

Design Preferences 4-3
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4.4

4.5

4.5.1

4-4

Supported Framing Types

The code (Eurocode 8:2004) now recognizes the following types of framing
systems (EC8 5.2.1(4)). With regard to these framing types, the program has
implemented specifications for the types of framing systems listed.

Framing Type References
DCH MREF (Ductility Class High — Moment-Resisting Frame) EC85.5
DCM MRF (Ductility Class Medium — Moment-Resisting Frame) EC85.4
DCL MRF (Ductility Class Low — Moment-Resisting Frame) EC85.3
Secondary

The program default frame type is Ductility Class High — Moment-Resisting Frame
(DCH MRF). However, that default can be changed in the Preference for all
frames or in the Overwrites on a member-by-member basis. If a frame type
Preference is revised in an existing model, the revised frame type does not ap-
ply to frames that have already been assigned a frame type through the Over-
writes; the revised Preference applies only to new frame members added to the
model after the Preference change and to the old frame members that were not
assigned a frame type though the Overwrites.

Member Design

This section describes the special requirements for designing a member.

Ductility Class High — Moment-Resisting Frames
(DCH MRF)

For this framing system (qo =4.5a, /o, a, /o :1.1—1.3) (EC8 5.2.2.2(5),
Table 5.1), the following additional requirements are checked or reported (EC8
5.5).

NOTE: The geometrical constraints and material requirements given in EC8
Section 5.5.1 should be checked independently by the user because the pro-
gram does not perform those checks.

Supported Framing Types
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4.5.1.1 Design Forces

4.5.1.1.1 Beams

The design values of bending moments and axial forces are obtained from the
analysis of the structure for the seismic design situation in accordance with
ECO section 6.4.3.4, taking into account second order effects in accordance
with ECO 4.4.2.2 and the capacity design requirements of 5.2.3.3(2) (EC8
5.5.2). The design values for shear forces of primary seismic beams and col-
umns are determined in accordance with EC8 5.5.2.1 and EC8 5.5.2.2, respec-
tively.

In primary seismic beams, the design shear forces are determined in accord-
ance with the capacity design rule, on the basis of the equilibrium of the beam
under (a) the transverse load acting on it in the seismic design situation and (b)
end moments M, (with i = 1,2 denoting the end sections of the beam), corre-
sponding to plastic hinge formation for positive and negative directions of
seismic loading. The plastic hinges should be taken to form at the ends of the
beams or (if they form there first) in the vertical elements connected to the
joints into which the beam ends frame (see Figure 4-1) (EC8 5.5.2.1,

5.422(1)P).
g+y»q

! ! ! !

o kM (S M /Y My ) TeaMmat 1
i N P N
-J'_ : ﬁ ___ZMRC
2l _
lcl

ZMRC ZMRC

2 My, >3 Mp, DMy, <3 Mp,

Figure 4-1 Capacity Design Shear Force for beams

The above condition has been implemented as follows (EC8 5.5.2.1,
5.42.2(2)P, 5.4.2.2(3)P).
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4-6

a)

At end section i, two values of the acting shear force should be calculated,
.e. the maximum Vggmax; and the minimum Vggmin; corresponding to the
maximum positive and the maximum negative end moments M,  that can
develop at ends 1 and 2 of the beam.

M M
Vra| M gq i MIN LM + M, ,; min z re
2 My ), S Moy j

maxV; , = + ngZq,o

lcl

. Mp,.
Y rd Rdbz mm{ % oL J +M1;d,bj min{l,%“:M::b]}

minV, , = —=+ Vs iv00

b)

id
cl

As the moments and shears on the right-hand side of equations presented
above are positive, the outcome may be positive or negative. If it is posi-
tive, the shear at any section will not change the sense of action despite the
cyclic nature of seismic loading; if it is negative, the shear does change
sense. The ratio

_minV;,

i =

maxV, ,

is used in the dimensioning of shear reinforcement of DCH beams as a
measure of reversal of the shear force at end i (similarly at end j).

End moments M, , is determined as follows:

M
M; 4 = ggM g ; min| 1 h (EC8 Eq. 5.8)

,ZMRb

where

Yrq 18 the factor accounting for possible overstrength because of steel

strain hardening, which in the case of DCH beams is taken as equal to 1.2;

Member Design
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Mgy 1s the design value of the beam moment of resistance at end 7 in the
sense of the seismic bending moment under the considered sense of the
seismic action;

Y Mpg. and ¥ Mp, are the sum of the design values of the moments of re-
sistance of the columns and the sum of the design values of the moments of
resistance of the beams framing into the joint, respectively. The value of
Y Mg, should correspond to the column axial force(s) in the seismic design
situation for the considered sense of the seismic action.

At a beam end where the beam is supported indirectly by another beam in-
stead of framing into a vertical member, the beam end moment, M, 4, may
be taken as equal to the acting moment at the beam end section in a seismic
design situation.

4.5.1.1.2 Columns

In primary seismic columns, the design values of shear forces are determined
in accordance with the capacity design rule, on the basis of the equilibrium of
the column under end moments M,, (with /=1.2 denoting the end stations of the
column), corresponding to plastic hinge formation for positive and negative di-
rections of seismic loading. The plastic hinges should be taken to form at the
ends of the beams connected to the joints into which the column end frames, or
(if they form there first) at the ends of the columns (see Figure 4-2).

ZMRd,b ZMRd,b
1 &= ——

Vra| Mpq o min| 1, + My, ,min| 1,
z MRd,c i z MRd,c
max/V,,, =
’ lcl
End moments M, is determined as follows:
M
M, =YgM,, min|1 2Mu (EC8 Eq. 5.9)

Re,i s
2 My,
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P VraM e,
E lcl
p ) NN T R
; i : 7’Rd(ZMRb/ZMRc)MRc,2
_— — —
XMy, <> Mp, <‘0; S Mg,
i ! i
ZMRC

Figure 4-2 Capacity Design Shear Force for Columns

where

Y o 18 the factor accounting for possible overstrength due to steel strain harden-

ing, which in the case of DCH beams is taken as equal to 1.3;

Mg, is the design value of the column moment of resistance at end i in the
sense of the seismic bending moment under the considered sense of the seismic
action;
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Y Mpg. and ¥ My, are the sum of the design values of the moments of resistance
of the columns and the sum of the design values of the moments of resistance
of the beams framing into the joint, respectively.

The value of £ Mg, should correspond to the column axial force(s) in the seis-
mic design situation for the considered sense of the seismic action.

4.5.1.2 Design Resistance

The beam and column bending resistance is computed in accordance with EN
1992-1-1:2004 (EC8 5.5.3.1.1(1)P).

The beam shear resistance is computed in accordance with EN 1992-1-1:2004
with the following exceptions (EC8 5.5.3.1.1):

(1) In the critical regions of primary seismic beams, the strut inclination, 6, in
the truss model is 45°.

(2) With regard to the arrangement of shear reinforcement within the critical
region at an end of a primary seismic beam where the beam frames into a
column, the following cases should be distinguished, depending on the
algebraic value of the ratio:

C = VEdmin/ VEdmax ratio between the minimum and maximum acting
shear forces, as derived in accordance with EC8 section 5.5.2.1(3).

(a) If { > —0.5, the shear resistance provided by the reinforcement should
be computed in accordance with EN 1992-1-1:2004.

(b) If { < —0.5, i.e. when an almost full reversal of shear forces is ex-
pected, then:

G if |V, <(2+&)f,,b,d (EC8Eqn.5.27)

where fctd is the design value of the concrete tensile strength from
EN 1992-1-1:2004, the same rule as in (a) of this section applies.

(i1) if | VE| max exceeds the limit value in expression (EC8 Eqn. 5.27),
inclined reinforcement should be provided in two directions, either
at £ 45°to the beam axis or along the two diagonals of the beam in
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elevation, and half of | VE| max should be resisted by stirrups and
half by inclined reinforcement.

— In such a case, the verification is carried out by means of the condition:

0.5V,

Emax

<24, f,, sino( EC8 Eqn. 5.28)

where,

As is the area of the inclined reinforcement in one direction, crossing the
potential sliding plane (i.e. the beam end section);

«a is the angle between the inclined reinforcement and the beam axis
(normally o.=45", or tana ~(d —d')/lb .

NOTE: Inclined stirrups are not designed at this time (EC8 5.5.3.1.2(3)). Only
vertical stirrups are designed for case EC8 5.5.3.1.2(b) for the full shear force.

The column shear resistance is computed in accordance with EN 1992-1-
1:2004, with the following exceptions (EC8 5.5.3.2.1):

In primary seismic columns, the value of the normalized axial force v, should

not exceed 0.55 (ECS8 5.5.3.2.1(3)P). Otherwise the program generates a warn-
ing message.

N

Vg =———
f;*d Ag

(EC8 5.5.3.3(3))

4.5.1.3 Joint Design

To ensure that the beam-column joint of a Ductility Class High Moment
Resisting Frame (DCH MRF) possesses adequate shear strength, the program
performs a rational analysis of the beam-column panel zone to determine the
shear forces that are generated in the joint. The program then checks this
against design shear strength.

Only joints having a column below the joint are checked. The material proper-
ties of the joint are assumed to be the same as those of the column below the
joint,
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The joint analysis is completed in the major and the minor directions of the
column. The joint design procedure involves the following steps:

¢ Determine the panel zone design shear force, V),
*  Determine the effective area of the joint
*  Design panel zone shear rebar/stirrup

The algorithms associated with these three steps are described in detail in the
following three sections.

4.5.1.3.1 Determine the Panel Zone Shear Force

Figure 4-3 illustrates the free body stress condition of a typical beam-column
intersection for a column direction, major or minor.

The force ¥, is the horizontal panel zone shear force that is to be calculated.

The forces that act on the joint are Nga, Ve, My,, and Mpy,. The forces Ngq, and
Ve are the design axial force and design shear force, respectively, from the col-
umn framing into the top of the joint. The moments My, and My, are ob-

tained from the beams framing into the joint. The program calculates the joint
shear force th , by resolving the moments into C and T forces. Noting that 7},

=CLand TR:CR,

thd =T, +T; -V,
The location of C or T forces is determined by the direction of the moment.
The magnitude of C or T forces is conservatively determined using basic prin-
ciples of ultimate strength theory.

The program resolves the moments and the C and T forces from beams that
frame into the joint in a direction that is not parallel to the major or minor di-
rections of the column along the direction that is being investigated, thereby
contributing force components to the analysis. Also, the program calculates the
C and T for the positive and negative moments, considering the fact that the
concrete cover may be different for the direction of moment.
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In the design of Ductility Class High Moment Resisting Frames (DCH MRF),
the evaluation of the design shear force is based on the moment capacities
(with a reinforcing steel overstrength factor due to steel strain hardening, yz4,
which in the case of DCH MRF beams is taken as equal to 1.2 (EC8 5.5.2.3
(2)). The C and T force are based on those moment capacities. The program
calculates the column shear force V¢ from the beam moment capacities, as fol-
lows (see Figure 4-3):

L R
_ Mt My,

Ve I,

It should be noted that the points of inflection shown on Figure 4-3 are taken as
midway between actual lateral support points for the columns. If no column exists
at the top of the joint, the shear force from the top of the column is taken as zero.

POINT OF
INFLEETION Via
COLUMN —
ABOVE |
1
COLUMN  TOP OF BEAM s
HEIGHT
H) PANEL
ZONE
L
MEd — V
TL Jjhd CR
< <
C; §§ T, .
1
—
COLUMN
BELOW | v
_ Ed
@ —
POINT OF
INFLECTION
ELEVATION

Figure 4-3 Column shear force V¢
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The effects of load reversals, as illustrated in Case 1 and Case 2 of Figure 4-4,
are investigated and the design is based on the maximum of the joint shears
obtained from the two cases.

; i NEd Neq
Column
Above
TN L
Beam ‘ Beam
\ ¥ Ve a—
‘ —_— i
AL LS I ! () L _-F—ir —_— TR
s . i o MK o5 Vihd
f/ | X Ed — ,
\ -
\ - | | . | — e dj
I [ Y -—
Mgg - = .
o ! I T . - Jhd =—C
4t ) =
Ag | -~ v
- b; -
Forces and Moments Resolved Forces
CASE 1
| NE d ELEVATION VIEW NEd
o Ved i
» VEd
L o
_ _— | | T -
45— MR - =—c*
[ — I ® - —
» hd
~t
4 M V:ﬂid
ML L- —
Ed ¢ i . = - R
A7
Forces and Moments Resolved Forces
CASE2
(REVERSAL OF CASE 1)
ELEVATION VIEW
L) + [ ]
o + ~ Note:
The values of Ng,. My, Vg, and Ty,

for CASE 1 are not necessarily the

Column Section same as for those for CASE 2

PLAN VIEW

Figure 4-4 Beam-column joint analysis
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4.5.1.3.2 Determine the Effective Area of Joint

The joint area that resists the shear forces is assumed always to be rectangular
in plan view. The dimensions of the rectangle correspond to the major and mi-
nor dimensions of the column below the joint, except if the beam framing into
the joint is very narrow. The effective width of the joint area to be used in the
calculation is limited as follows:

If b, >b,, b, =min{b,,(b, +0.5h,)}; (EC8 Eqn. 5.34a, 5.5.3.3(2))
If b, <b,, b;=min{b,,(b, +0.5h,)}; (EC8 Eqn. 5.34a, 5.5.3.3(2))
where

b. = cross-sectional dimension of column,
b,, = width of web of a beam, and
h. = cross-sectional depth of column in the direction of interest.

The joint area for joint shear along the major and minor directions is calculated
separately (EC8 5.5.3.3).

It should be noted that if the beam frames into the joint eccentrically, the pre-
ceding assumptions may not be conservative and the user should investigate
the acceptability of the particular joint.

4.5.1.3.3 Check Panel Zone Shear Force

The panel zone shear force is evaluated by comparing it with the following de-
sign shear strengths (EC85.5.3.3(2)).

N / —%bjhjc for interior joints,
(EC8 Eq. 5.33)

0.8nf.,.[1- Yay, ;h,. for exterior joints,
\/ N
where,

n=0.6(1-f,/250)

Vina <

Member Design



Chapter 4 - Seismic Provisions

h,. is the distance between extreme layers of column reinforcement;
bi is as defined by EC8 equation 5.34a and 5.34 b;
v, is the normalized axial force in the column above the joint; and

/., is given in MPa.

4.5.1.4 Design Panel Zone Confinement Reinforcing

The panel zone confinement reinforcing (horizontal hoops) is computed as fol-
lows (EC85.5.3.3(3)).

2
bh, bh
A, = S S (EC8 Eqn. 5.35)

sh _f td
g Jod TVaTe ‘ fywd

where,

A, is the total area of the horizontal hoops;
Va 18 the horizontal shear force acting on the concrete core of the joint

h . is the distance between the top and the bottom reinforcement of the

w

beam;

h,. is the distance between the extreme layers of column reinforcement;

bj is as defined in EC8 equation 5.34a and 5.34b;

v, is the normalized design axial force of the column above

(Vd = NEd/Ac.fcd)
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The horizontal hoops should be uniformly distributed within the depth
h,, between the top and bottom bars of the beam. In exterior joints, they should

enclose the ends of beam bars bent toward the joint (EC85.5.3.3(5)).

Additional requirements for horizontal confinement reinforcement in joints of
primary seismic beam with columns as stipulated in EC8 sections 5.5.3.3(7),
5.4.3.3(1) and 5.4.3.2.2(8)-(11) are NOT enforced by program.

4.5.1.5 Beam-Column Flexural Capacity Ratios

The program calculates the ratio of the sum of the beam moment capacities to
the sum of the column moment capacities. For Ductility Class High Moment
Resisting Frames (DCH MRF), at a particular joint for a particular column
direction, major or minor (EC8 5.2.3.3(2)):

D 13Mm,
¥ i3 (EC8 4.4.2.3(4), 5.2.3.3(2))

S, <

ZM . = Sum of nominal flexural strengths of columns framing into the

joint, evaluated at the faces of the joint. Individual column flex-

ural strength is calculated for the associated factored axial force.

ZM » = Sum of nominal flexural strengths of the beams framing into the

joint, evaluated at the faces of the joint.

The capacities are calculated with no reinforcing overstrength factor due to
steel strain hardening. The beam capacities are calculated for reversed situa-
tions (Cases 1 and 2) as illustrated in Figure 4-3, and the maximum summation
obtained is used.

The moment capacities of beams that frame into the joint in a direction that is
not parallel to the major or minor direction of the column are resolved along
the direction that is being investigated, and the resolved components are added
to the summation.

The column capacity summation includes the column above and the column
below the joint. For each load combination, the axial force, Ng;, in each of the
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columns is calculated from the program design load combinations. For each
design load combination, the moment capacity of each column under the influ-
ence of the corresponding axial load is then determined separately for the
major and minor directions of the column, using the uniaxial column
interaction diagram; see Figure 4-5. The moment capacities of the two columns
are added to give the capacity summation for the corresponding design load
combination. The maximum capacity summations obtained from all of the
design load combinations is used for the beam-column capacity ratio.

Axial Compression

A

M;=0
Plane

Moment, 3 Moment, 2

\J

Axial Tension

Figure 4-5 Moment capacity Mgaq at a given axial load N4

The beam-column capacity ratio is determined for a beam-column joint only
when the following conditions are met:

* the frame is a Ductility Class High Moment Resisting Frame (DCH MRF)
* when a column exists above the beam-column joint, the column is concrete

» all of the beams framing into the column are concrete beams

Member Design 4 -17



Concrete Frame Design Eurocode 2-2004

4-18

» the connecting member design results are available

¢ the load combo involves seismic load

If this ratio is greater than 1.0, a warning message is printed in the output.

4.5.1.6 Minimum and Maximum Tensile Reinforce-
ment

The minimum flexural tensile reinforcement ratio in a beam section is limited
to the following minimum value (EC8 5.5.3.1.3(5)):

Poin = 0.5(%} (EC8 5.5.3.1.3(5), 5.4.3.1.2(5))
vk

The maximum flexural tensile reinforcement ratio in a beam section within
plastic hinge is limited to the following maximum values (EC8 5.5.3.1.3(3)):

. = Q0018 Joy (EC85.5.3.1.3(3), 5.4.3.1.2 (4))
“(pgsy,d f:vd
where,
ne=2q,-1if I, >T, (EC8 5.2.3.4(3), Eqn. 5.4)
n, =1+(2¢,-1)T,/T, if T, <7, (EC8 5.2.3.4(3), Eqn. 5.5)

However, the preceding limit is NOT enforced in the program. The user must
manually check the preceding limit at potential hinge locations.

The minimum and maximum flexural tensile reinforcement ratio required in a
column section is limited to the following (ECS8 5.5.3.2.2(3), 5.4.3.2.2(3)):

The total longitudinal reinforcement ratio, p , is limited as follows:

P =0.01 (EC8 5.4.3.2.2(1))

P =0.04 (EC8 5.4.3.2.2(1))
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4.5.2

Ductility Class Medium — Moment-Resisting Frames
(DCM MRF)

For this framing system (qo =3.0a, /oy, o, /oy =1.1—1.3) (EC8 5.2.2.2(5),

Table 5.1), the additional requirements described in the sections that follow are
checked or reported (EC8 5.5).

NOTE: The geometrical constraints and material requirements given in EC8
Section 5.4.1 should be independently checked by the user because the pro-
gram dost not perform those checks.

4.5.2.1 Design Forces

4.5.2.1.1 Beams

The design values of bending moments and axial forces are obtained from the
analysis of the structure for the seismic design situation in accordance with EN
1990:2001 section 6.4.3.4, taking into account second order effects in accord-
ance with section 4.4.2.2 and the capacity design requirements of section
5.2.3.3(2) (EC8 5.5.2). The design values of shear forces of primary seismic
beams and columns are determined in accordance with sections 5.4.2.1 and
5.4.2.2, respectively.

In primary seismic beams, the design shear forces are determined in accord-
ance with the capacity design rule, on the basis of the equilibrium of the beam
under: (a) the transverse load acting on it in the seismic design situation and (b)
end moments M, (with i = 1,2, denoting the end sections of the beam), corre-
sponding to plastic hinge formation for positive and negative directions of
seismic loading. The plastic hinges should be taken to form at the ends of the
beams or (if they form there first) in the vertical elements connected to the
joints into which the beam ends frame (see Figure 4-1) (EC8 5.4.2.2(1)P).

The above condition should be implemented as follows (EC8 5.4.2.2(2)P,
5.4.2.2(3)P).

a) At end section i, two values of the acting shear force should be calculated,
i.e. the maximum Vegmax; and the minimum Vggmin; corresponding to the
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max/V, , = —=+V

maximum positive and the maximum negative end moments M, that can
develop at ends 1 and 2 of the beam.

1 ZMRd"} + My, mm{ ZMM < J

Vra | M gap min| 1,
[ zMRd,b ; ZMRd,b

id lcl g+y2q,0
Va | M ga; MIN Z e +Ml;d p min| 1 &
l Z Y ZM Rdb ),
min¥; , = =+ V200
cl
b) End moments M, is determined as follows:
M.
M; ;=7 pyM g, min| 1 h (EC8 Eq. 5.8)

D My,

where

Y ra 1S the factor accounting for possible overstrength due to steel strain
hardening, which in the case of DCM beams is taken as equal to 1.0;

Mgy 1s the design value of the beam moment of resistance at end 7 in the
sense of the seismic bending moment under the considered sense of the
seismic action;

Y Mpg. and ¥ Mp, are the sum of the design values of the moments of re-
sistance of the columns and the sum of the design values of the moments of
resistance of the beams framing into the joint, respectively. The value of
% Mp. should correspond to the column axial force(s) in the seismic design
situation for the considered sense of the seismic action.

At a beam end where the beam is supported indirectly by another beam, in-
stead of framing into a vertical member, the beam end moment M, ; may be
taken as equal to the acting moment at the beam end section in the seismic
design situation.

Member Design
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4.5.2.1.2 Columns

In primary seismic columns the design values of shear forces is determined in
accordance with the capacity design rule, on the basis of the equilibrium of the
column under end moments Mid (with i = 1,2 denoting the end sections of the
column), corresponding to plastic hinge formation for positive and negative di-
rections of seismic loading. The plastic hinges should be taken to form at the
ends of the beams connected to the joints into which the column end frames, or
(if they form there first) at the ends of the columns (see Figure 4-2).

M M
Y rd MRd,cl mln(l’%l:i]l + MRd,cz mln[l,gwj:i]l

max VCD,C =
lcl

End moments M, , is determined as follows:

1 ZMRb

M, =vgyMp.; min| 1, (EC8 Eqn. 5.9)
’ ’ ZMRL

where

Y ra is the factor accounting for possible overstrength due to steel strain hard-
ening, which in the case of DCM beams is taken as equal to 1.1;

Mg is the design value of the column moment of resistance at end i in the
sense of the seismic bending moment under the considered sense of the seismic
action;

Y Mpg. and ¥ My, are the sum of the design values of the moments of resistance
of the columns and the sum of the design values of the moments of resistance
of the beams framing into the joint, respectively.

The value of ¥ Mg, should correspond to the column axial force(s) in the seis-
mic design situation for the considered sense of the seismic action.
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4.5.2.2 Design Resistance

The beam and column bending resistance and beam shear is computed in ac-
cordance with EN 1992-1-1:2004 (EC8 5.4.3.1.1(1)P).

The column shear resistance is computed in accordance with EN 1992-1-
1:2004 with the following exception (EC8 5.4.3.2.1):

In primary seismic columns the value of the normalized axial force v, should

not exceed 0.65 (EC8 5.4.3.2.1(3)P). Otherwise, the program generates a warn-
ing message.

4.5.2.3 Beam-Column Flexural Capacity Ratios

The program calculates the ratio of the sum of the beam moment capacities to
the sum of the column moment capacities. For Ductility Class Medium
Moment Resisting Frames (DCM MRF), at a particular joint for a particular
column direction, major or minor (EC8 5.2.3.3(2)):

D 13Mm,
~= <10 (EC8 4.4.2.3(4), 5.2.3.3(2))

S,

ZM . = Sum of nominal flexural strengths of columns framing into the

joint, evaluated at the faces of the joint. Individual column flex-

ural strength is calculated for the associated factored axial force.

ZM ,» = Sum of nominal flexural strengths of the beams framing into the
joint, evaluated at the faces of the joint.

The capacities are calculated with no reinforcing overstrength factor due to

steel strain hardening. The beam capacities are calculated for reversed situa-

tions (Cases 1 and 2) as illustrated in Figure 4-3, and the maximum summation

obtained is used. Refer to Section 4.5.1.5 of this chapter for further details on
computing the Beam-Column Flexural capacity Ration for DCM MREF.

4.5.2.4 Minimum and Maximum Tensile Reinforce-
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ment

The minimum flexural tensile reinforcement ratio in a beam section is limited
to the following minimum value (ECS8 5.4.3.1.3(5)):

P = o.s[fﬂJ (EC8 5.4.3.1.2(5))

T

The maximum flexural tensile reinforcement ratio in a beam section within a
plastic hinge is limited to the following maximum values (EC8 5.4.3.1.3(4)):

Ponax =P’ Q0018 foy (EC8 5.4.3.1.2 (4))
“’q)gsy,d fyd

where,

n,=2q,-1if I, >T, (EC8 5.2.3.4(3))

n,=1+(2¢,-1)T,/T, if T, <T, (EC8 5.2.3.4(3))

However, the preceding limit is NOT enforced in the program. The user must
manually check the preceding limit at the potential hinge locations.

The minimum and maximum flexural tensile reinforcement ratio required in a
column section is limited to the following (EC8 5.5.3.2.2(3), 5.4.3.2.2(3)):

The total longitudinal reinforcement ratio, p , is limited as follows:
Pumin = 0.01 (EC85.4.3.2.2(1))

P, <0.04 (EC8 5.4.3.2.2(1))

Ductility Class Low — Moment-Resisting Frames
(DCL MRF)

Seismic design for Ductility Class Low Moment Resisting Frames (DCL MRF)
is completed in accordance with EN 1992-1-1:2004 without any additional re-
quirements other than ECS8 section 5.3.2. Reinforcing class B or C in EN 1992-
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1-1:2004, Table C.1 is permitted for DCL MRF(ECS 5.3.2). The program does

not perform any special check when DCL MREF is specified.

4.5.4 Special Consideration for Seismic Design

For Special Moment Resisting Concrete Frames (seismic design), the beam de-

sign satisfies the following additional conditions (see also Table 4-1):

Table 4-1: Design Criteria

Type of Ductility Class Low Ductility Class Medium Ductility Class High
Check/ Moment Resisting Frames Moment Resisting Frames Moment Resisting Frames
Design (DCL MRF) (DCM MRF) (DCH MRF)

Column Check (interaction)
Specified Combinations Specified Combinations Specified Combinations

Column Design (interaction)

Specified Combinations Specified Combinations Specified Combinations
0.2% < p <4% 1% < p <4% 1% < p <4%

Column Shears

Specified Combinations Specified Combinations Specified Combinations
Column Capacity Shear Column Capacity Shear
Yra =11 Yra =13

Beam Design Flexure

Specified Combinations Specified Combinations Specified Combinations
0.26| Lem min = 0.5 Sem min = 0.5 Sem

Pmin 2 Max Sk ) Sk Sk
0.0013

Pmax < 0.004

Beam Min. Moment Override Check

No Requirement + | - + 1
Mu,end z EMu,end Mu,end = EMu,end
M, >lmax{M+ M_} M+ > 1max{M+ M_}
span = 2 , max span = 4 ’ end

Mspanzzmax{M M }end
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Table 4-1: Design Criteria

Type of Ductility Class Low
Check/ Moment Resisting Frames
Design (DCL MRF)

Ductility Class Medium
Moment Resisting Frames

(DCM MRF)

Ductility Class High
Moment Resisting Frames
(DCH MRF)

Beam Design Shear

Specified Combinations

Specified Combinations
Beam Capacity Shear (V)

Y Ra=1.0

Specified Combinations
Beam Capacity Shear (V)

Y rRi=12

Joint Design

No Requirement

No Requirement

Checked for shear

Beam/Column Capacity Ratio

No Requirement

Checked

Checked

* At any end (support) of the beam, the beam positive moment capacity (i.e.,
associated with the bottom steel) in DCH MRF and DCM MRF would not
be less that 1/2 of the beam negative moment capacity (i.e., associated with
the top steel) at that end (EC8 5.4.3.1.2(4)).

* Neither the negative moment capacity nor the positive moment capacity at
any of the sections within the beam in DCH MRF would be less than 1/4 of
the maximum of positive or negative moment capacities of any of the beam
end (support) stations (EC8 5.5.3.1.3(5)).

Member Design 4 -25



APPENDICES



Appendix A
Second Order P-Delta Effects

Typically, design codes require that second order P-Delta effects be considered
when designing concrete frames. These effects are the global lateral translation
of the frame and the local deformation of members within the frame.

Consider the frame object shown in Figure A-1, which is extracted from a story
level of a larger structure. The overall global translation of this frame object is
indicated by A. The local deformation of the member is shown as 6. The total
second order P-Delta effects on this frame object are those caused by both A and
0.

The program has an option to consider P-Delta effects in the analysis. When P-
Delta effects are considered in the analysis, the program does a good job of cap-
turing the effect due to the A4 deformation shown in Figure A-1, but it may not
fully capture the effect of the 6 deformation. Specifically, the effects of & defor-
mation is adequately captured in a single element with the k-factor of one or
greater if the axial force is significantly below the buckling load. For larger axial
compression forces or k-factors less than one, it is recommended to mesh the
frame members into multiple elements.

Consideration of the second order P-Delta effects is generally achieved by com-
puting the flexural design capacity using a formula similar to that shown in the
following equation.

Mcap = aMy+ DM where,

Mcsp = Flexural design capacity required
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Original position of frame —7
glement shown by vertical
line

Pozition of frame element
a5 & result of global Iateral\
translation, &, shown by

Final deflected position of
frame ele ment that
inzludes the global lateral
translation, A, and the
local deformation of the
glement, &

dashed line
Figure A-1 The total second order P-delta effects on a
frame element caused by both A and 6

M, = Required flexural capacity of the member assuming there is no
joint translation of the frame (i.e., associated with the 6 defor-
mation in Figure A-1)

My = Required flexural capacity of the member as a result of lateral
translation of the frame only (i.e., associated with the A defor-
mation in Figure A-1)

a = Unitless factor multiplying M,,

b = Unitless factor multiplying M} (assumed equal to 1 by the pro-

gram; see the following text)

When the program performs concrete frame design, it assumes that the factor b
is equal to 1 and calculates the factor a. That & = 1 assumes that P-Delta
effects have been considered in the analysis, as previously described. Thus, in
general, when performing concrete frame design in this program, consider P-
Delta effects in the analysis before running the design.
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Appendix B
Member Unsupported Lengths and
Computation of B-Factors

The column unsupported lengths are required to account for column slenderness
effects. The program automatically determines the unsupported length
ratios, which are specified as a fraction of the frame object length. Those ratios
times the frame object length give the unbraced lengths for the members. Those
ratios also can be overwritten by the user on a member-by-member
basis, if desired, using the overwrite option.

There are two unsupported lengths to consider. They are /33 and /2, as shown in
Figure B-1. These are the lengths between support points of the member in the
corresponding directions. The length /5; corresponds to instability about the 3-3
axis (major axis), and /»; corresponds to instability about the 2-2 axis (minor
axis).

In determining the values for />, and /3; of the members, the program recognizes
various aspects of the structure that have an effect on those lengths, such as
member connectivity, diaphragm constraints and support points. The program
automatically locates the member support points and evaluates the correspond-
ing unsupported length.

It is possible for the unsupported length of a frame object to be evaluated by the
program as greater than the corresponding member length. For example, assume
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a column has a beam framing into it in one direction, but not the other, at a floor
level. In that case, the column is assumed to be supported in one direction only
at that story level, and its unsupported length in the other direction will exceed
the story height.

Figure B-1 Axis of bending and unsupported length

Member Unsupported Lengths and Computation of B-Factors



Appendix C
Nationally Determined Parameters (NDPs)

The Comité Européen de Normalisation (CEN) version of Eurocode 2-2004
specifies a set of clauses in the design code, for which Nationally Determined
Parameters (NDPs) are permitted to be adjusted by each member country within
their National Annex. Variations in these parameters between countries are con-
sidered in the program by choosing the desired country in the Preferences. This
appendix lists the NDPs as adopted in the program for the CEN Default version
of the design code. Additional tables are provided that list the NDPs that differ
from the CEN Default values for each country supported in the program.

Table C-1 CEN Default NDPs

NDP Clause Value
Ye 2.42.4(1) 1.5
¥s 2.42.4(1) 1.15
Olce 3.1.6(1) 1.0
Olot 3.1.6(2) 1.0

max fk 3.2.2(3) 600MPa
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Table C-1 CEN Default NDPs

NDP Clause Value
Load Combinations 5.1.3(1) Combinations from Eq. 6.10
6o 5.2(5) 0.005
ki 5.5(4) 0.44
ke 5.5(4) 1.25(0.6 + 0.0014/ec12)
k3 5.5(4) 0.54
fa 5.5(4) 1.25(0.6 + 0.0014/ec12)
Mim 5.8.3.1(1) 20-4-B-C/\n
Second Order Analysis Method 5.8.5(1) Nominal Curvature
Crd,c 6.2.2(1) 0.18/yc
Vinin 6.2.2(1) 0.035k3 24172
ki 6.2.2(1) 0.15
Cot0 6.2.3(2) 1 <Cotb <2.5
" 6230) 0.6[1 —2%}
Olew 6.2.3(3) 1.0
k 7.2(2) 0.60
ke 7.2(3) 0.45
ks 7.2(5) 0.80
ki 7.3.4(3) 0.8 for bond bars
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Table C-1 CEN Default NDPs

NDP Clause Value
1.6 for bars with plain surface
0.5 for bending
ke 7.3.4(3)
1.0 for pure tension
ks 7.3.4(3) 34
ks 7.3.4(3) 0.425
Beam A min 9.2.1.1(1) 0.26ﬂb,d >0.00135,d
S
Beam A max 9.2.1.1(3) 0.04A.
Beam pumin 9.22(5) (0.08J 7 )/ £
Column A min 9.52(2) % >0.0024.
)
Column A max 9.5.2(3) 0.044,
llce 11.3.5(1) 0.85
llet 11.3.5(2) 0.85
Cird.c 11.6.1(1) 0.15/y
Vimin 11.6.1(1) 0.30k>2fje!2
k 11.6.1(1) 0.15
Vi 11.6.2(1) 0.5M1(1 — fier/250)
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Table C-2 United Kingdom NDPs

NDP Clause Value
wo.i (wind load) EC0 Combos 0.5
Olec 3.1.6(1) 0.85
ki 5.5(4) 0.4
k2 5.5(4) 0.6 +0.0014/gci2
ks 5.5(4) 0.4
ka 5.5(4) 0.6 +0.0014/ecu2
Vimin 11.6.1(1) 0.30k>2fje!2
Table C-3 Slovenia NDPs
NDP Clause Value
Column A min 9.52(2) 0'15% 20.0034,
.
Table C-4 Norway NDPs
NDP Clause Value
Olee 3.1.6(1) 0.85
Olet 3.1.6(2) 0.85
Alim 5.8.3.1(1) 132 — rm)Ar
ki 6.2.2(1) 0.15 for compression
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Table C-4 Norway NDPs

NDP Clause Value

0.3 for tension

Beam pumin 92.2(5) (017 )/ 11

024cfea _ 0-5Nga

Column Ay min 9.5.2(2) fya = fra
but not less than 0.014c

Column As,max 952(3) 0.084.
Vi,min 11.6.1(1) 0.028Kk>2fjc'2
I 11.6.1(1) 0.15 for compression

0.3 for tension

vi 11.6.2(1) 0.5(1 — fi/250)

Table C-5 Singapore NDPs

NDP Clause Value
Olec 3.1.6(1) 0.85
ki 5.5(4) 0.4
k2 5.5(4) 0.6 +0.0014/gcu2
ks 5.5(4) 0.54
ka 5.5(4) 0.6 +0.0014/gcu2
Viim 5.8.3.1(1) 0.30k>2fici 2
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Table C-6 Sweden NDPs

NDP Clause Value
k3 7.2(5) 1.0
Beam Asmax 9.2.1.1(3) Unlimited
Column As min 9.5.2(2) 0.002A.
Column As,max 9.5.2(3) Unlimited
QUce 11.3.5(1) 1.0
et 11.3.5(2) 1.0
Table C-7 Finland NDPs
NDP Clause Value
Olec 3.1.6(1) 0.85
Max fik 3.2.2(3) 700MPa
Load Combinations 5.1.3(1) Combinations from Eq. 6.10a/b
k2 5.5(4) 1.10
Beam Asmax 9.2.1.1(3) Unlimited
Column As,max 9.5.2(3) 0.06Ac

C-6 Appendix C



Appendix C — Nationally Determined Parameters (NDPs)

Table C-8 Denmark NDPs

NDP Clause Value
Ye 2.4.2.4(1) 1.45
¥s 2.4.2.4(1) 1.20
Max fk 3.2.2(3) 650MPa
Load Combinations 5.1.3(1) Combinations from Eq. 6.10a/b
Alim 5.8.3.1(1) 20- lij—/::l
Second Order Analysis Method 5.8.5(1) Nominal Stiffness
Beam pumin 9.2.2(5) (0.063 7. )/ f
Olice 11.3.5(1) 1.0
Olet 11.3.5(2) 1.0
Vimin 11.6.1(1) 0.03k> i1/

Table C-9 Portugal NDPs

NDP Clause Value

Max fik 3.2203) 500MPa
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Table C-10 Germany NDPs

NDP Clause Value

Olce 3.1.6(1) 0.85

Olet 3.1.6(2) 0.85

max fyk 3.22(3) 500MPa
0o 5.2(5) 0<an<1.0
ki 5.5(4) 0.64
k2 5.5(4) 0.8
k3 5.5(4) 0.72
ks 5.5(4) 0.8
25 for|n| 2 0.41
Alim 5.8.3.1(1) 16/\/;‘f0r|n| <041
Second Order Analysis Method 5.8.5(1) Nominal Stiffness
Crd,c 6.2.2(1) 0.15/yc
(0.0525/y )k £, for d < 600mm

Vimin 6.2.2(1) (0.0375/y, )k £, for d >800mm
k 6.2.2(1) 0.12

Cot0 6.2.3(2) 1 <Cotb <3.0
" 6230 2 (10500 < 1.0
k 7.3.403) 1.0
k2 7.3.403) 1.0
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Table C-10 Germany NDPs

NDP Clause Value
ks 7.3.4(3) 0.0
ks 7.3.4(3) 1/3.6
Beam Asmax 9.2.1.13) 0.08A.
Beam puw.min 9.2.2(5) 0.16fcom/fok
Column As,min 9.5.2(2) 0.15|NEd| / fra
Clee 11.3.5(1) 0.75

(0.0525/y, )k £, for d <600mm

Vi,min 11.6.1(1) (0-0375/Yc)k3/2ﬁckl/2 for d > 800mm
ki 11.6.1(1) 0.12
vi 11.6.2(1) 0.75m

Table C-11 Poland NDPs

NDP Clause Value
Ye 2.42.4(1) 1.4
Cot0 6.2.3(2) 1 <Cotd 2.0
Column A min 9.5.2(2) 0.15|Nzd / fra > 0.0034,

Table C-12 Ireland NDPs

NDP Clause Value

Oloc 3.1.6(1) 0.85
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Table C-12 Ireland NDPs

NDP Clause Value
ki 5.5(4) 0.4
k2 5.5(4) 0.6 +0.0014/ec2
k3 5.5(4) 0.4
k4 5.5(4) 0.6 +0.0014/gc2
Vi,min 11.6.1(1) 0.028k>?fic!1?
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