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1. Introduction
1.1 About RF-CONCRETE Columns

Dear user of RF-CONCRETE Columns,

this add-on module extends our RFEM program family. It is an additional powerful tool for re-
inforced concrete design. As known from other Dlubal programs, you can select members or
continuous members with a rectangular or round cross-section from the generated structure
and use the load of these structural components for the design. You can comfortably define
the constructive properties of the columns and set specifications to determine the required
longitudinal and shear reinforcement.

When you have started the calculation, the program will determine which load will be govern-
ing for the design of bending and shear resistance. In the design of the bending resistance, the
program determines whether a standard design is sufficient or should be calculated with the
moments according to second-order theory. In both cases, a biaxial bending design is possible,
for which an exact strain-stress-diagram of the cross-section is displayed spatially. In all, five
governing locations of the column are analyzed for the check of safety against bending failure.
These are the locations of the minimum axial force and the locations with the respective min-
imum and maximum moments about both principal axes of the cross-section. For the shear re-
sistance, the locations of the column with extreme shear forces in a direction of axis are con-
sidered.

Finally, a reinforcement proposal is shown for the longitudinal and shear reinforcement taking
into account all structural regulations. This reinforcement is shown three-dimensionally and in
graphics designed according to regulations. It can be modified according to your individual
needs.

This modified reinforcement is then reused to determine the quantitative value of the safety
against bending and shear failure.

In this manual, the theoretical background is described in chapter 4 which refers to the regula-
tions according to EN 1992-1-1 (Eurocode). As for ACI 318, chapter 8 contains detailed infor-
mation on the design of concrete columns according to the U.S. code.

If you have any suggestions regarding this program, please do not hesitate to contact us.
We hope you will enjoy working with the add-on module RF-CONCRETE Columns.

Your team from DLUBAL SOFTWARE GMBH

Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH
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1.2  The Team

The following people were involved in the development of RF-CONCRETE Columns:

Program coordination

Dipl.-Ing. Georg Dlubal Dipl.-Ing. (FH) Younes El Frem
Dipl.-Ing. (FH) Alexander Meierhofer

Programming
Ing. Michal Balvon Ing. Jana Vlachova
Ing. Ladislav Ivanc¢o Jaroslav Bartos

Ing. Alexandr Priicha

Program development and supervision

Dipl.-Ing. (FH) Alexander Meierhofer Ing. Jana Vlachova
Ing. Jan Frana Ing. Bohdan Smid
Ing. Pavel Gruber

Manual, help system, and translation

Dipl.-Ing. (FH) Alexander Meierhofer Mgr. Petra Pokorna
M.Sc. Dipl.-Ing. Frank Lobisch Ing. Bohdan Smid
Dipl.-Ing. Frank Faulstich Dipl.-Ing. (FH) Robert Vogl|

Dipl.-U. Gundel Pietzcker

Technical support and quality management

Dipl.-Ing. (BA) Markus Baumgartel Dipl.-Ing. (FH) Bastian Kuhn

Dipl.-Ing. Moritz Bertram Dipl.-Ing. (FH) Alexander Meierhofer
Dipl.-Ing. (FH) Steffen Clauf3 M. Eng. Dipl.-Ing. (BA) Andreas Niemeier
Dipl.-Ing. Frank Faulstich M.Eng. Dipl.-Ing. (FH) Walter Rustler
Dipl.-Ing. (FH) René Flori Dipl.-Ing. (FH) Frank Sonntag

Dipl.-Ing. (FH) Stefan Frenzel Dipl.-Ing. (FH) Christian Stautner
Dipl.-Ing. (FH) Walter Frohlich Dipl.-Ing. (FH) Robert Vogl|

Dipl.-Ing. (FH) Andreas Horold Dipl.-Ing. (FH) Andreas Wopperer

| 2. Installation

You can find the system requirements for your computer in the current RFEM manual.

The program family RFEM is delivered on DVD. This DVD contains not only the main program
RFEM but also all add-on modules belonging to the RFEM program family, among them
RF-CONCRETE Columns. Thus, all programs related to RFEM are included on this DVD.

You can find further information on the installation process in the current RFEM manual.
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| 3. Module RF-CONCRETE Columns

Following DLUBAL'S product philosophy, the internal forces are determined by creating a model
and the respective load in the main program RFEM and computing them subsequently. The
design of this model's components and the internal forces acting in them is performed in the
respective add-on module. Therefore, the following two questions must be addressed in this
add-on module:

- Which components of the model are to be designed?

- For which loads are these components to be designed?

The components of the model designed with the add-on module RF-CONCRETE Columns can
be members as well as continuous members.

The following figure shows the basic difference between a simple member and continuous
members.
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Figure 3.1: Members and continuous members

Continuous members consist of several connected members that do not branch out. The left
figure shows three sets of continuous members. Continuous members 1 reach from the sup-
port to the highest plate and consist of four single members. Continuous members 2 and 3
consist of two individual members, respectively. The numbers of these individual members
can be seen in the wire-frame model to the right.

By entering the number of continuous members or a single member in the add-on module
RF-CONCRETE Columns, you can select it for design.

The load used for the design is determined by selecting one of the previously defined load
cases, load combinations, and result combinations.

I Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH 7
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By selecting a member or continuous members, you give the add-on module RF-CONCRETE
Columns information on the structural component to be designed that you entered while
creating a model in RFEM. Notice:

Information Member Continuous members
Material Only the common types of con- All members of the continuous mem-
crete specified by the current bers must consist of the same material;
standard are allowed. otherwise the program will exclude
them.

Cross-section | Only rectangular and round cross- | All members in the continuous mem-
section types are allowed. bers must have the same cross-section.

Length of the | The length of the system is the The length of the system is the sum of

system length of the line used for the the lengths of lines used for the defini-
definition of the member. tion of members of the continuous
members.
Connecting All surfaces and/or members that | What has been said for the individual
slab/column have a point that is at the same member applies for each member that
time a start or end point of the is part of continuous members.
line used for the definition of the
member.

Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH



4 Theoretical Background / I\

4. Theoretical Background
| 41 Stability Analysis

4.1.1 Requirement of Analysis

The following conditions or equations refer to EN 1992-1-1:2010 [2]. As for ACI 318, chapter 8
contains detailed information on the design according to the U.S. code.

The deformations of certain structural components, for example columns, show a significant
influence on the magnitude of the internal forces. According to EN 1992-1-1:2010 clause 5.8.2,
a significant influence is given if the internal forces (second order effects) determined account-
ing for the deformation differ by 10% or more than the internal forces of the undeformed sys-
tem (first order effects) or if the slenderness A > Aim according to clause 5.8.3.1.

In such a case, the standard design is not sufficient. A stability analysis is required. The "Meth-
od based on nominal curvature" (EN 1992-1-1:2010, clause 5.8.8), is a simple analysis method
to this end. It can be used for compression elements as

- Isolated members
- Parts of a frame construction.
The nonlinear analysis of the system's structural behavior allows for the most exact evaluation

of the frame structure. However, this analysis is very cumbersome. The method based on nom-
inal curvature, on the other hand, is a good approximation procedure.

4.1.2 Form of the Analysis

In designing according to the method based on nominal curvature, you decompose a struc-
tural system in order to analyze the individual compression elements in equivalent members
or an equivalent member is chosen for an isolated column. For these equivalent members, the
internal forces are determined according to second-order theory based on the simplified as-
sumption of a parabolic curvature of the column.

The form of the analysis corresponds with a standard cross-section design.

The cross-section is designed for the following internal forces:
- Axial force Neq

- Moment Meaz

where

Ned: Applied axial force

Med2: Second order moment Meq, determined from a model column (bracket) in the
point of fixity

4.1.3 Classification of the Structural System

Before the equivalent member of a structural system can be defined, it is necessary to deter-
mine the type of the structural system.

EN 1992-1-1:2010, clause 5.8.3.3, distinguishes between two structural systems:

e  Braced structural components

e Unbraced structural components
To analyze the horizontal bracing, you need knowledge of the construction (shear walls, build-
ing cores). This information is not immediately discernible from the generated structure.

Therefore, you have to specify whether the structural system is horizontally braced or un-
braced.

I Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH
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4.1.4 Determination of the Equivalent Member Length

Standard Clause

EN 1992-1-1:2010 5.83.2

The length (effective length) lo of an equivalent member - whether this equivalent member
was determined from an isolated column or a column that is part of a frame structure - is de-
fined as follows:

where
B: Ratio of the equivalent length to the column length I

I: Length of the centroidal axis of a column

The ratio B for the isolated columns can be determined from the defined support with the aid
of the following table values.

a)lo=1 b)lh=2/c)hb=071d)lo=12 e)lo=1f)l2<lh<I g)l>I
Figure 4.1: Length (effective length) lo of an equivalent member
If support springs were defined, you have to define the value f3.

If, however, the compression element to be analyzed is part of a framework system, the follow-
ing nomograms according to ENV 1992-1-1 can be used to determine the ratio 3:
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Figure 4.2: Nomograms to determine the ratio 8
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In order to be able to determine ka and ks in the program automatically, you basically only
have to determine the buckling direction for the compression element to be analyzed. In this
direction, the program automatically determines the

- connecting columns
- connecting beams

- support conditions of the connecting beams on the remote end

For each of these columns and beams, the program already has the information about the
moduli of elasticity, moments of inertia, and lengths.

If necessary, you can select the connecting columns and beams individually.

A compression member can buckle in several directions. In the case of different support condi-
tions in the respective directions, different equivalent lengths can result for each direction.

The ratio B is only an approximation and can therefore only be defined by the user.

4.1.5 Determination of the Slenderness

Standard Clause

EN 1992-1-1:2010 5.83.2(1)

Upon determination of the equivalent member length Io of the individual compression ele-
ments, you can determine their slenderness A.

by zli
i
where

i: Radius of gyration

A

Dlubal
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4,1.6 Stability Analysis or Standard Design

A stability analysis is required only for compression elements. For compact compression ele-
ments, the standard design is sufficient. Whether a compression member is to be classified as
"slender" or "compact” is defined by comparison with the so-called limiting slenderness Aim

according to EN 1992-1-1:2010. If the existing slenderness is smaller than the limiting slender-
ness, the standard design is sufficient.

The limiting slenderness Aim is given as:

EN 1992-1-1:2010Clause. 5.8.3.1 (1)
A< 7‘Iim

Jim =20-A-B-C/+n
where:
A=1/(1+0.2-¢¢f)

B=v1+2-®

C=17-r,
and:
n= Neg i :a'fck
ATy Yc
oA
Ac'fcd

The limiting slenderness Ainm depends on the provided reinforcement (see factor B). To obtain
the most economical reinforcement, the equation for Aim is converted to As, thus determining
the required amount of reinforcement Asim that is needed to carry out the standard design.
During the iteration, this "limiting longitudinal reinforcement" is used as a comparative value
to compute the required longitudinal reinforcement.

2
A -f o oo/ .
k,im:ZO-A-C-L- 1+25_V"%A51”m: h-yn 1 Acf
R s 20-A-C 2-f,g

4.1.7 First Order and Second Order Bending Moments

4.1.7.1 First Order Intended Eccentricity

If the moment diagram along the column is constant, the intended eccentricity e is given by
the following expression:

M
eoz_EdZe

i €p1=€
min- 01 02
Neg

where:

€min =h/30>20mm Minimum eccentricity according to clause 6.1(4)

h: Depth of cross-section

12
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If, however, the moment distribution is linearly variably, we may determine the equivalent ec-
centricity ee.

——

MEdO] MEdOI eOl e(]l

Figure 4.3: Variable moment diagram
Then, this equivalent eccentricity ee substitutes the intended eccentricity e, in the previous
equations.

No specifications are given for a, for example, parabolic moment diagram. Therefore, the high-
est eccentricity is always used to calculate any given moment diagram. Due to this assumption
we do not have to exclude columns under certain loads for the design.

The highest eccentricity is also used for the calculation if biaxial bending is acting on the col-
umn or the moments result from a result combination.

A bracket is selected as model column, on which a bending moment Meqo and an axial force Neq
is acting at the column head. The moment Me« is substituted by an eccentrically acting axial
force Nea. Here, eo denotes the first order intended eccentricity.

Hi

Q
N

W
Figure 4.4: Model column - bracket

NEd
O

1>

€,

Figure 4.5: Eccentricity eo

Dlubal
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an =2/ 2/3<@,<1.0

@ =4/0.5-(1+1/m)

The bending moment Meq obtained from inclination e is calculated according to
EN1992-1-1:2010 clause 5.2 as follows:

4.1.7.2 Additional unbraced eccentricity e;

The unavoidable inclination of the column is considered by an end eccentricity e..
Ne

e

Figure 4.6: End eccentricity e

This eccentricity is determined according to EN 1992-1-1: 2010, Expression 5.2:

ei=®i'|0/2

An inclination i is given by Expression (5.1):
0, =0q o, an
®y=1/200

Basic value of inclination
Reduction factor for the height

Reduction factor for the amount of structural components

Megi =Neg - &

Both eccentricities (eo and e)) yield the following moment diagram (first order bending moment)

Neq

€& & MEdO MEdl

MEd1

Figure 4.7: First order theory - eccentricities ejand e,
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41.7.3 Additional Eccentricity of Load e, from Second Order Deformations

A curvature of the column occurs under the loading. The column head is deflected by the path
e2. Thus, the second order moment diagram is yielded.

Neq

:

JED D S SR S (S —
i e & Mego Mg Mg,

MEd1

4
M,

Figure 4.8: Second order analysis - eccentricities ej, e, and ez

In determining the additional deformation, the main idea is the assumption that slender com-
pression elements fail when the yielding in the reinforcement is reached. The starting point is
thus the most unfavorable constellation where tension and compression reinforcement reach
their yielding stresses at the same time. This is reasonably exact for the zone of tension failure.
If, however, compression failure occurs, the ultimate curvature is significantly overestimated.
This is considered in the model column method by using the factor K;, which will be described
later in detail.

The curvature is distributed in an unknown form, depending on the stiffnesses changing for
every part of the column. In the model column method, however, a parabolic curvature distri-
bution is assumed. Since the moment distribution is affine to the curvature, we now can use
the formula, obtained by applying the principle of virtual forces, to determine the eccentricity
of load e.

e, = [1)I02 /c according to 5.8.8.2(3) EN 1992-1-1:2010
r

where
(1j . Member curvature in the governing section
r
(1j =K, -Ky-1/1p  according to 5.8.8.3 EN 1992-1-1:2010
r
where

K:: Factor used to consider the decrease of the curvature for longitudinal com-
pression forces. In practice, it is often assumed to be 1 in order to obtain re-
sults on the safe side.

K = |nU|_|n| <1
‘ <
|”u| - |nbal|
where
Nu: Related resistance of a structural component under centric loading
n,=1+o

Dlubal
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Please note:
Itis defined from the provided reinforcement, therefore, iteration is
necessary.

where
: Mechanical reinforcement ratio
~ A fyd

o=
ATy

C
n: Relative axial force
n= Ned/ (Ac . fc)

Nbal : Relative axial compression force in the case of the ultimate mo-
ment resistance at a dimensionless cross-section (applies to all
rectangular cross-sections with symmetric reinforcement)

Npa| = 0.4
Ko: Factor for taking account of creep effects
Ky =1+B" 0ef > 1
where
B: Reduction factor

B=035+f, /200-1/150>0

Pef: effective creep coefficient

Pef = (P(w'to)'MOEqp /Mogq

where

¢(0,tg): Final creep coefficient

Moggp: First order bending moment in
quasi-permanent load combinations (SLS)

Moked: First order bending moment in

design load combinations (ULS)

Please note:

Under certain circumstances, it can happen that the ratio of quasi-
permanent and design moment is > 1.0. This fact is accounted for
in window 1.1. You can select the corresponding check box or clear
the selection.

1/19 =€y4/(0.45-d)

where
Eyd: Design value of the strain in the reinforcement at yielding
€yd = fyd /Es
d: Depth of the cross-section in the expected direction of stability
failure
lo: Effective length
C Factor depending on the curvature distribution according to 5.8.8.2(4)

16
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4 Theoretical Background

The total eccentricity ew: is defined as follows.
€t =€0+€+€
The total moment Meq from first and second order analysis is given as:
Meg = Neg - €4t
The compression element is verified, if a sufficient reinforcement is determined for the mo-
ment Mes and axial force Neq at the point of fixity.
4.1.8 Type of Cross-Section Design

You must specify about which axes a column is prone to instability risks. Even if there is no
moment, the instability risk for compression members is always given due to the unintended
eccentricity e..

4.2  Program Flow of the Stability Analysis

The program flow can roughly be divided into four parts:

[ Program flow ]

¥ ¥
Part 1: Part 2: Part 3: Part 4:
Load independ- Determination of Determination of Determination of
ent calculations the goverining the provided the provided

reinforcement

load

safety

Figure 4.9: Program flow

Before we look at the individual steps, we should take a look at the definition of loading in
RF-CONCRETE Columns.

A loading can result from one or several single loads that are combined in load cases. For a
load case, a distribution of internal forces over the column can result as shown in the following
figure.

Dlubal

Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH

17



4 Theoretical Background / I\

-t - - = 1350000 ——™

& -¥0.0m
-
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Figure 4.10: Distribution of internal forces over the column for a load case

For a rectangular column, you have only to consider, in addition to the axial force N, the two
bending moments M,, M, whose moment vectors run parallel to the axes y or z of the member
coordinate system.

»-—-1+—"

*
=
Figure 4.11: Axes of the member coordinate system

Like many studies regarding the design of compression elements confirm, the method based
on nominal curvature also allows for the following simplifications:

The balance is considered only in the cross-section under the greatest loading. The deforma-
tion is determined using simplified approaches, whereby the yielding of the reinforcement is
governing. This allows for the conversion of the complex design according to second order
analysis into a simple cross-section design. ™

This paraphrased quotation shows that the design has to be carried out for the location under
the greatest load. There are five locations along a column. Only the design allows you to de-
termine which location has the greatest load, as the greatest required reinforcement is ob-
tained there. These five locations are:

1. Location with minimum axial force N
Location with maximum moment M,
Location with minimum moment M,
Location with maximum moment M,

AN S

Location with minimum moment M,
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Here, the maximum internal force is defined as the maximum positive value. The minimum in-
ternal force is the value with a negative sign and the highest absolute value. Each of these five
locations has, in addition to the extreme internal forces, corresponding internal forces that are
designed subsequently.

As the distribution for the load case shows, some of these locations can concur.

-ﬁ - 0 My Mz
Mz M -1350.000 0.000 0.000

Min M -1350.000 0.000 0.000

S M Iy Iz
Mo My -1350.000 131.410 -70.001
hofiry btz -1.350.000 131.410 -70.001

e T— N My Mz
Mol bty -1350.000 -121.490 125.000
b bz -1:350.000 -121.480 125.000

2

Figure 4.12: Locations with governing internal forces

No double design is carried out by the program in the case of identical internal forces,

In addition to load cases, there are load combinations and results combinations. A load com-
bination is simply a superposition of individual load cases. Thus, only one distribution of inter-
nal forces results for each of the three internal forces N, My, and M.. Therefore, what has been
said about the singe load case holds true for load combinations.

For result combinations, however, a maximum and minimum distribution along the columnis
obtained for every internal force (see the following figure).
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i

-H8909 g era

N occurs.

344.940 —= 157.500

X = 1§7.500

- — = -1350.000

- 105.002 -

Ed

-281.250 —= -1350.000+

Figure 4.13: Distribution of internal forces over the column for a result combination

However, the five locations can be determined for the result combination, for which the two
internal forces M, and M, show the maximum and minimum values and a minimum axial force

# —_— - M My Mz

Mz M| 1350.000 0.000 0.000

MnM|  -1350.000 0.000 0.000

] 1 [ My [ Wz |

| MaxMy|  1350000]  344.040|  157.500]

T PR . [T Tl Iz

Minhty|  -1350.000[  -318.900 147.500
Maix Mz -1350.000  -318.909 187.500
z Min Mz 1350.000| 136674  -281.250

Figure 4.14: Locations with governing internal forces
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In addition to the design of individual members, the design of continuous members is possi-
ble. Continuous members are connected members that do not branch out. To design continu-
ous members, the individual members of this set of members are combined with regard to
their internal forces. Then, the five locations are designed for this member. As these locations
are in different members of the set of members, the maximum provided reinforcement, there-
fore, is to be applied along the entire set of members.

Thus it is shown that for every load case, load combination, and result combination exactly five
designs have to be carried out, respectively. It does not matter whether a single member or
continuous members are chosen as the element to be designed.

In which part the design is performed within the program will be shown later when the parts
of the program flow are described in detail.

4.2.1 Part 1: Load Independent Calculations

These calculations are performed at the beginning of the program flow. The results can then
be reused within every routine for the individual loads. The calculation steps are the following:

Part 1: Load independent calculation

Program start

\ 4
Determination of the equivalent length l.
EN 1992-1-1, clause 5.8.3.2

A 4

Determination of the provided slenderness A
EN 1992-1-1, clause 5.8.3.2 (1)

\ 4
Determination of the minimum eccentricity emin.
EN 1992-1-1, clause 6.1.(4)

v
Determination of the additional unintended
eccentricity due to imperfection e
EN 1992-1-1, clause 5.2

For further information on the determination of the equivalent length, see chapter 4.1.4, on
the determination of the provided slenderness, chapter 4.1.5, and on the determination of the
additional unintended eccentricity due to imperfection, chapter 4.1.7 of this manual.

Dlubal
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4.2.2 Part2: Determination of the Governing Load

The second part of the program can be represented in a flowchart as follows:

Repeat for selected load cases,
»| load combinations, and result combinations

\ 7 J
e . . A
Repeat for the internal forces at the location of
max M, max M,

min N min My  min M,
\ J

'

Determine the limiting longitudinal reinforce-
ment Asjim

Asim <0 or

Ned >0 Yes

Determination of the intended eccentricity eo
EN 1992-1-1, clause 5.8.8.2

Determination of the effective first order mo-
ment Moed (including imperfection)
EN 1992-1-1, clause 5.8.8.2

v

Determination of the additional eccentricitry e; |
EN 1992-1-1, clause 5.8.8.2

A

\ 4
Determination of the effective second order
moment Medz
EN 1992-1-1, clause 5.8.8.2

v

Determination of the required longitudinal rein-

forcement req. A, for the total moment from first
order and second order analysis

Q[0 ® Q[0

For all design relevant locations, first the limiting slenderness Aim is determined for each of the
load cases, load combinations, or result combinations to be designed. Chapter 4.1.6 describes
in detail how the limiting slenderness 4.1.6 is determined. If the provided slenderness is small-
er than the limiting slenderness Aim, No stability analysis is required. In the calculation process
shown above, this is represented by the query Asim < 0. (Asim < 0 means that the limiting slen-

22 I Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH




4 Theoretical Background / I\

derness Aim calculated for a cross-section without reinforcement is greater than the provided
slenderness A. For more information, see chapter 4.1.6)

In the case of a column subjected to tension, the standard design should also be carried out
instead of a stability analysis. First, these conditions are checked individually for direction y
and z in the flowchart. Furthermore, the program checks if the user has excluded stability risk
for this direction. The standard design is continued via the right path, whereas the continued
straight path starts the stability analysis.

First, the intended eccentricity e0 is determined depending on the distribution of internal
forces as described in chapter 4.1.7.1.

Thus, both the eccentricities used to determine the first order moment (including effect from
imperfection) in the next calculation step are known.

Moea= Nea (€0 + €i)

where

Neg : Value of the design axial load

€o: Intended eccentricity according to chapter 4.1.7.1

e Additional unintended eccentricity according to chapter 4.1.7.2

The program flow is continued with the determination of the additional eccentricity e, due to
second order effects. The theoretical background was provided in chapter 0. The factor K:
mentioned there is used to approximately calculate the curvature 1/r. 1t may be given as

« — o=
|”u ~[Mpal

r <1

where n. is the related resistance of the structural component under centric compression load.

This depends on the selected reinforcement. But as no reinforcement was selected in the first
loop iteration, the value of K; is assumed to be 1.0 for the first iteration step.

In each next loop iteration, the value nu is determined by using the statically required rein-
forcement of the previous loop iteration step.

If the additional eccentricity of loading e. due to second order effects is known, the moment
can be determined with the second order analysis.

Meq =Neg-(ep +€i+€;)

The last step of the program flow shown above is the determination of the required rein-
forcement.

Dlubal
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OO @ Q[0

A A
Y
req Asi > req. As;.1 >
No
: @
No
| req. Asi1 =req |—i= i+1  —
Y
No
) 4
Determination of the re-
quired longitudinal rein-

forcement req. As, for the
moment from

\ 4
4—| req. Asi = max(req. As,, Asjim)

A 4

< req.Asi> max.req. As;. No

vY
| max. req. As = req As

v
Saving the governing load case and
the governing location

Continue the loop <
i=i+1

Continue the loop
i=i+1

v

©

The right path also leads to the determination of the required reinforcement. It is, however,
determined for first order internal forces, as a standard design was sufficient.

The middle path, however, shows which conditions must be met in order for the loop to be
terminated. First, the program checks if the required reinforcement of this loop iteration is
greater or equal to the required reinforcement of the previous iteration step. If the difference
starts only at the fifth place after the decimal point, the reinforcements are regarded as equal.
The first loop will not be terminated due to this condition, because there is no reinforcement
from the previous loop.

24
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The second condition will also come into effect only when the program tackles this location for
the second time. Remember the expression used to obtain K.. Thus it becomes clear that K:
changes only if Ned is greater than the resistant longitudinal compression force for the greatest
moment resistance of the cross-section. If this is not the case, the value of K is always set to 1
and the second order moments would not change with every loop iteration. Therefore, these
loops can be exited sooner.

If none of these two conditions was met, the required reinforcement of the current loop itera-
tion is taken as the provided reinforcement of the next iteration step. The program is then con-
tinued via the second path from the right with the determination of the additional eccentricity
of loading e; due to second order effects.

This loop can be exited sooner than expected only if the two aforementioned conditions were
met. In order to avoid an infinite loop, however, it is automatically terminated after the 1000th
run.

If the loop was terminated by one of the two conditions, the program checks if the required re-
inforcement of this loop iteration is greater than the limiting longitudinal reinforcement Asjim.
If this is the case, this means that the more economical solution is to apply As,im, avoiding the
stability analysis. At this point, this path converges with the right path, which was used to de-
termine the first order moments. The required reinforcement for the first order moments is ob-
tained from the maximum value from the bending design and the limiting longitudinal rein-
forcement used to avoid stability analysis.

In the next step, the program checks if the required reinforcement is greater for this analyzed
location and loading than the reinforcement that was the greatest up to this point for another
location or load. If this is this is the case, the required reinforcement of this iteration step is reg-
istered as the greatest so far and the loop is continued with the next location and eventually
the next load.

To illustrate this principle of finding the governing load in the second part of the flowchart, a
numerical example is presented in the following table. Two selected locations are analyzed
with the following internal forces as loading.

Internal Force 1 2

N [kN]: -431,00 -1500,00
M,, [kNm]: 87,80 -72,80
M, [kNm]: 0,00 0,00

Figure 4.15: Internal forces

For the location 1, the following steps are carried out until the loop is terminated:

Iteration 1 2
Mg, [kNm]: [-185,1569|-185,1569
prov. A, [cm?]: 13,2460
req. A, [cm?]: 13,2460 | 13,2460

Figure 4.16: Iteration — location 1

The second loop iteration is exited, because the condition nea > is met and, therefore, the sec-
ond order moments do not change.

The value 13.2460 cm? is taken as the greatest reinforcement so far. The loop is continued with
the second location. Thus there will be seven steps before the loop is exited. The exit takes
place because the condition that the required reinforcement is equal to the provided rein-
forcement of the previous loop iteration.

Dlubal
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Iteration 1 2 3 4 5 6 7
M, [kKNm]: |-465,1229(-437,8077(-436,5691|-436,5100|-436,5074(-436,5072(-436,5072
req. A,, , [em?]: 39,8329 | 36,2733 | 36,1117 | 36,1040 | 36,1037 | 36,1037
req. A,, [cm?]:| 39,8329 | 36,2733 | 36,1117 | 36,1040 | 36,1037 | 36,1037 | 36,1037

Figure 4.17: Iteration — location 2

The obtained values are visualized in the following diagrams:

470 : : : T 44,00
i i i —t— [MEd,y Il
465 .E[ __________ _i __________ 1i"" As i
! ! ! — o -Asi1|[ 29.00
460 fommemeeee fmmmmeeees demeee e
E e e e e _
= | i ! : L 3800 ¥
= 455 e B s SR S ' E
= o ! ! i ! <
. T fomneneee ommmneeees N
e e e e 27,00 &
s SRR (N WUNE NU—. —
s et Sl Sl
440 SEHRATE  WPTARINRY, T— AR —
435 i i i i ; 35,00
1 2 3 4 5 & 7
Iteration

Figure 4.18: Diagram of the second order moment (vertical primary axis) as well as the required and
provided reinforcement (vertical secondary axis)

The second part of the program flow concludes with the result that the governing loading re-
sults on the analyzed location 2.

In the following third part of the program flow, a reinforcement for this governing load is de-
termined.
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4.2.3 Part 3: Determination of Provided Reinforcement

Y

Apply the current load and current location as
the previously determined governing load and
governing location

v

Set as the current reinforcement req. As the max.
req. As,

Asim <0 or

Ned > 0 Yes

Determination of the intended eccentricity eo
EN 1992-1-1, clause 5.8.8.2

A
Determination of effective second order moment
Moed (including imperfection)

EN 1992-1-1, clause 5.8.8.2

y
Determination of the required reinforcement
prov. As

v

Determination of the additional eccentricitry e,
EN 1992-1-1, clause 5.8.8.2

v

Determination of the effective second order
moment Medz
EN 1992-1-1, clause 5.8.8.2

A 4

A 4

Determination of the required longitudinal rein-

forcement req. As for the total moment from first
and second order analysis

i=i+1

v
Yes —
req. Asi=req. Determination of the re-

quired longitudinal rein-
forcement req. As, for the
moment from first order

v
req. Asi = max(req. As,, Asjim)

v

Determination of the provid-
ed reinforcement prov As

\ 4
< prov.As; 2 Asjim

4
<
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The third part of the program flowchart restarts with the determination of the equivalent slen-
dernesses. Next, the program determines whether to perform a standard design or a stability
analysis.

First, the first order moment that is independent of the reinforcement, is recalculated for the
stability analysis.

Then, the calculation enters a loop. In every loop iteration, the second order moments are
computed with the provided reinforcement determined in the previous iteration. In the first
loop iteration, the second order moments are determined independently from the reinforce-
ment (K= 1). If a modified provided reinforcement has no influence on the magnitude of the
second order moments (nwa > N), the loop is exited after the second iteration. The same hap-
pens if the provided longitudinal reinforcement does not change after two loop iterations an-
ymore.

To explain the principle of the third part of the program flow, our example is continued for the
second part of the program flow. For the location 2 that is found to be governing there, the re-
inforcement is now to be determined. In the example, ds= 16, 20, 25, 26, 28, and 30 were se-
lected as possible reinforcement diameters by the user.

The following amount and diameter of rebars formed the provided reinforcement of the re-
spective iteration step:

Mgy, [kKNm]: | -465.1229 | -438.6399 | -436.8114 | -436.5392 | -436.5392

prov. A [em?:|  36.1 42.4115 36.9451 36.1911 36.1911
Number X 6 6 18 18
¢ [mm]: X 30 28 16 16

req. A,[cm?: | 39.8329 36.3819 35.8991 34.4489 34.4489

Figure 4.19: Iteration process
Thus it is determined that the column will be reinforced with 18 members (¢ = 16 mm) which
are to be arranged according to user specification.

This provided reinforcement yielded the following second order moments (see the following
diagram).
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Figure 4.20: Diagram of the second order moment (vertical primary axis) as well as the distribution of the required and

provided reinforcement (vertical secondary axis)

The exit criterion of the loop assumed until now that the required reinforcement results in a
reduced bending moment and, therefore, a reduced provided reinforcement. The following
example allows disproving this.

M., [KNm]: | -465.1229 | -442.3723 | -441.4043 | -440.8887 | -440.3502
Meq,, [kNm]: 96.0501 91.0648 90.8526 90.7396 90.6216

prov. A, [cm?]: 0 56.2973 52.2761 50.2655 48.2549
Number X 28 26 16 24
¢ [mm]: X 16 16 20 16

req. A, [em?]: 54.4809 51.0660 50.1228 47.8654 48.9917

Figure 4.21: Iteration process
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The following graphic illustrates how the second order moments decrease with the decreasing
provided reinforcement.
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Figure 4.22: Diagram of the second order moments

Although the moments decrease, the required reinforcement of the fifth iteration step exceeds

the provided reinforcement on which the required reinforcement was based.

The following graphic illustrates this:
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55,00
54,00
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50,00
49,00
48,00

47,00

Figure 4.23: Diagram of the required and provided reinforcement
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If the iterations continue, this would result in an infinite loop. This is due to the arrangement of
the reinforcement. Since the provided reinforcement was arranged in two rows per side in the
fifth iteration step, this results in a reduced structural height and, therefore, a greater reinforce-

ment.

Iteration 4 5 6 7
(XXX XYY X eescccsce e0e0e00 ecscsccce
(XY XYY X X1 :.n:n.: o000 0 :...:...:

Mg, [KNm]: | -440.8887 | -440.3502 | -440.5760 | -440.3502
Me,., [KNm]: | 90.7396 90.6216 90.6011 90.6216

prov. A [cm?]: | 47.8654 48.9917 47.9090 48.9917
Number 16 24 10 24
¢ [mm]: 20 16 25 16

req. A,[cm?]:| 50.2655 48.2549 49.0874 48.2549

f Loop

Figure 4.24: Infinite loop

To avoid an endless loop, the iteration is calculated exactly at the point when the required re-
inforcement exceeds the provided reinforcement, on which it is based upon, for the first time.
The provided reinforcement from the previous iteration step is used as solution. In the exam-
ple above, this is the provided reinforcement from iteration step No. 4.

Thus, an automatism is created which prefers solutions with a single layer if the user has al-
lowed several reinforcement layers by selecting the corresponding program option.

The column that is reinforced in such a way is then capable to resist load from the other load
cases, load combinations, and result combinations. The resulting safety is analyzed in the
fourth part of the program flow.

4.2.4 Part4:Determining the Povided Safety

The fourth part of the program flow consists of two nested loops in order to analyze the five
relevant positions for all loads.

I Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH 3 1




32

4 Theoretical Background

Dlubal

| S

Repeat for selected load cases,
load combinations, and result combinations

v

Repeat for the internal forces at the location of

max My  max Mz
min My  min Mz

v

Set as the current reinforcement prov As the max. req. As

v

Determination of limiting slenderness Aim With prov A,
EN 1992-1-1, clause 5.8.3.2

Y

\ 4

min N
N\

Yes

Determination of the intended eccentricity eo
EN 1992-1-1, clause 5.8.8.2
v
Determination of the effective first order moment Moed (includ-
ing imperfection), EN 1992-1-1, clause 5.8.8.2
v
Determination of the additional eccentricitry e,
EN 1992-1-1, clause 5.8.8.2

v

Determination of the effective second order moment Med,
EN 1992-1-1, clause 5.8.8.2

v

Determination of the provided safety yurov. for the total mo-
ment from first order and second order analysis

i+1
i+1

\ 4
Determination of the provided safety

Yerov. for the first order moment

<&
l

A
< Yorov. < min. Yprov. No
v Y

|

min. Yprov.= Yprov.

Saving the governing load case and
the governing location

Continue the loop

Continue the loop

v
[ Program end ]
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Within the loops, there is only one branch that decides whether the safety for the moments is
to be determined according to first order or second order analysis.

The following safeties have been determined for the two analyzed locations of the first exam-
ple.

Location 1 Location 2

2.8028 1.0234

Figure 4.25: Safeties for location 1 and 2

4.3 Program Flow of the Check of the Provided
Reinforcement

The program flow (part 1 to 4) described until this point is applied in the case that you have
started the first calculation. To this end, a required reinforcement is determined in part 2 of the
required reinforcement, which is independent of an actually provided reinforcement that is
defined by position and rebar diameter. Not until part 3 are the various possible reinforce-
ments tested in order to find the smallest provided reinforcement which is used in part 4 of the
program flow to find the governing safety for all loads.

You will see the provided reinforcement in one of the result windows. This table allows you to
modify the provided reinforcement according to your own needs. For this modified reinforce-
ment, however, the program must redetermine the provided safety. To ensure this, the first re-
sults window displaying the provided safeties is deleted when the provided reinforcement is
changed. Only the result table displaying the required reinforcement remains because it is in-
dependent of the provided reinforcement. You will see a message that informs you that the
table showing the provided safety is deleted and that it is necessary to recalculate it.

Then the recalculation is started. To this end, the parts of the program flow 1 and 4 are rerun
and the safety is recalculated once again.

As the program flow of the design of a longitudinal reinforcement has clearly shown, the re-
sults used for the determination of the provided safety depend first and foremost on the
choice of reinforcement. Therefore, the following chapter shows how the provided reinforce-
ment is determined from the available rebars for a required reinforcement.

| 44 Determination of the Required Reinforcement

If the required reinforcement has been determined, you have to select from the previously se-
lected rebars the number of a certain rebar diameter with

prov. A; > req. Ag

At the same time, you have to take into account that the provided reinforcement does not fall
below the minimum reinforcement or exceeds the maximum reinforcement, as prescribed ac-
cording to EN 1992-1-1: 2010 clause 9.6.2:

A min =0.10 N—E:' >0.002-A,
Y/

A =0.04-A_ ,as well as in the case of overlap A =0.08-A,

s,max s,max

This reinforcement is to be designed for the resistance of moments from unintended restraint.
However, the cross-section of the reinforcement may not fall below a minimum value. There is
also a regulation regarding the minimum number of rebars. For columns with circular cross-
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sections, you have to place at least four reinforcement members. For columns with rectangular
cross-sections, a rebar must be placed in every corner (9.5.2 (4)).

The program follows the recommendation from [1] to reinforce compression elements only
symmetrically. The following reasons support this:

- Anunsymmetrical reinforcement is often no more economical than a symmetrical one
because the moments at the column head and footing have a varying sign and mostly
have the same magnitude.

- The possibility must be excluded that it is placed wrongly, that is rotated by 180°
(this can occur in the case of unsymmetrical reinforcement).

Under the latter assumptions, the number and diameter of the rebars can be determined.

4,41 Rectangular Cross-Section

The number of rebars significantly depends on the arrangement of rebars that you have se-
lected. You can select from the following arrangement for a rectangular cross-section:

double-sided surrounding in corners
Figure 4.26: Arrangement of the reinforcement
In the case of a double-sided reinforcement, you can decide whether to arrange the rein-
forcement parallel to the y-axis or parallel to the z-axis of the cross-section coordinate system.

You can also specify the minimum spacing amin Of the rebars within the first layer. In the first
layer, the provided distances a may not be smaller than this minimum distance amin.

You can also define the minimum distance bmin within the minimum layer. For a double-sided
reinforcement, the spacing b may not be smaller the minimum spacing bmin.

You can also specify the minimum distance emin to the second layer. The distance e for double-
sided reinforcement may not be smaller than the minimum spacing enmin.

The arrangement of a second reinforcement layer is possible only for double-sided reinforce-
ment layout.

double-sided surrounding in corners

Figure 4.27: Distance a, b, and e of the rebars
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The layer of the first four rebars depends on the defined concrete cover. The program offers
you two options to specify the concrete cover:

l—vy

z

Figure 4.28: Layer of the first four rebars.

As a centroidal axis cover (left figure) and as an edge cover (right figure).
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Figure 4.29: Type and size of concrete cover

When the type and the size of the concrete cover is obtained, the remaining area R, and R. or
Ry2 (in the case of a double-layered reinforcement layer), in which rebars can be inserted, can
be determined.

Figure 4.30: Area for further rebars in the case of single- layered or double-layered reinforcement layout

Once the areas are obtained, in the routine the rebars are inserted beginning with the smallest
user-defined rebar diameter. The following three events can result in the routine's termination.

Event 1: The provided reinforcement cross-section prov As is greater than the required reinforce-
ment cross-section req As. The rebar diameter and the amount of rebars are saved as solution.

Event 2: No more rebars can be placed within the first reinforcement layer, as the bar distance
a would be smaller than the minimum bar diameter amin. If you specified that only one rein-
forcement layout is allowed, the routine is unsuccessfully terminated.

Event 3: Furthermore, no more rebars can be placed within the second reinforcement layer, as
the bar distance b would fall below the minimum bnmin. The routine is unsuccessfully stopped.

If the routine is terminated, the program continues with the rebar diameter that has the next
larger diameter. If all bar diameters provided by the user have been run through, the saved so-
lutions are compared with each other. The solution that results in the smallest difference be-
tween the provided reinforcement and the required reinforcement is selected as solution. The
program next checks if the allowable reinforcement ratios are kept.
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4.4.2 Circular cross-section

In the case of circular cross-sections, rebars are arranged radially to the center of cross-section.
Their minimum number is four.

Figure 4.31: Layout of the reinforcement

You have to specify the minimum distance amin of the rebars. The provided clear spacing a may
not be smaller than the minimum spacing amin.

Figure 4.32: Spacing a of the rebars

When circular cross-sections are used, the program does not show reinforcement proposals
with a double-layered reinforcement, because in practice this is only possible with an dispro-
portionately great layout work.

The position of the rebars is determined by the concrete cover. As described in chapter 4.4.1
Rectangular Cross-Section, you can either use the centroidal axis or the edge cover to define

the concrete cover.

If type and size of the concrete cover is obtained and the bar diameter is selected, you can de-
termine the inscribed circle on which the centroids of the rebars lie.

Figure 4.33: Circle with centroids of rebars

This circle has the radius R and the perimeter P.
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We next determine the required number n of rebars.

_req. Ag

As,Member
The obtained value is rounded to an integer. With the known perimeter P, we now can deter-
mine the intermediate angle a.

Figure 4.34: Intermediate angle o

This is done by using the following expression:

_360°
n

o

In this way, the clear spacing a of the rebars can be determined.
a :2-R~sin(%j—dS

If this clear spacing is smaller than the minimum allowable spacing, the solution with this rebar
diameter is discarded and the process is repeated with the next greater bar diameter. If, how-
ever, the spacing is greater, the obtained solution is saved.

If all provided rebar diameters have been run through, the different solutions are compared
with each other. Then the solution in which the provided reinforcement comes closest to the
required reinforcement is selected.

Dlubal
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4.5  Fire Resistance Design

The fire resistance design with RF-CONCRETE Columns is performed according to the simpli-
fied method of calculation according to EN 1992-1-2, 4.2 [3]. The program uses the zone meth-
od described in Annex B.2:

In case of exposure to fire, the bearing capacity is reduced due to a reduction of the compo-
nent's cross-section and a decrease of the material stiffnesses. The damaged concrete zones
directly exposed to fire are not taken into account for the equivalent cross-section that is used
for the fire resistance design. The fire resistance design is performed with the reduced cross-
section and the reduced material properties similar to the ultimate limit state design at normal
temperature.

—— Temperature in reinforcement 0g

L Temperature in concrete O

/— Damaged zone a,

Figure 4.35: Cross-section exposed to fire with damaged zones

4.5.1 Subdivision of Cross-Section

The cross-section is subdivided into a certain number of parallel (n > 3) zones having the same
thickness. For each zone, the program determines the mean temperature, the corresponding
compressive strength f.q, and, if necessary, the modulus of elasticity.

M ikc(em)

8-
d

k{ 65)
k(6 T ke(62)

ke( 6:)

Figure 4.36: Subdivision of a wall with both sides exposed to fire into zones according to [3], Figure B.4.

The cross-section exposed to fire is compared with an equivalent wall. The width of the
equivalent wall is 2 * w. As shown in Figure 4.36, the equivalent width is to be subdivided
symmetrically in several zones.

Half of the equivalent width w depends on the fire load acting on the structural component.
The following table gives an overview of the determination of equivalent widths conforming
to standards:

38

Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH

Dlubal



4 Theoretical Background / I\

Dlubal

Fire load Half of equivalent width w

Component with one side exposed to fire | Width of component in direction of fire effects

Column or wall with both sides (facing 0.5 * Width of component in direction of fire effects
each other) exposed to fire

Column with four sides exposed to fire 0.5 * smallest external cross-section dimension

Figure 4.37: Determination of equivalent widths

4.5.2 Reduction of Cross-Section

Determination of temperature 0; in center of zone

Upon to the cross-section's subdivision into zones, the temperature 6 is determined in the
center of each zone i. The determination is facilitated by temperature courses in accordance
with EN 1992-1-2, Annex A, based on the following assumptions:

e The concrete's specific heat corresponds with the specifications according to EN 1992-1-2,
3.2.2.

e The moisture is 1.5 % (for moistures > 1.5 %, the specified temperatures are on the safe
side).

e The concrete's thermal conductivity is the lower limit value mentioned in EN 1992-1-2,
3.3.3.

e The emission value for the concrete surface is 0.7.

e The convective heat-transmission coefficient is 25 W/m?K.

Determination of reduction factor k.(6:)

The reduction factor k.(6y) is specified for the temperature determined in the center of the
zone i to account for the decrease of the characteristic concrete compressive strength fa. The
reduction factor k.(6) depends on the concrete's aggregates.

According to EN 1992-1-2, Figure 4.1, graph 1 shown in the diagram below is to be used for
normal concrete with aggregates containing quartz. Graph 2 represents normal concrete with
aggregates containing limestone.

k(@)
1
LT
A
084 \\\\
I NN /@
0.6
\\\ Curve [1] - Normal weight
04l h concrete with siliceous
L \ aggregates
N ) .
i N Curve - Normal weight
0,2 N N concrete with calcareous
I ™~ \\ aggregates
\._‘_-‘\“
0 e~
0 200 400 600 800 1000 1200
4 [°Cl]

Figure 4.38: Factor k¢(6)) used to consider decrease of concrete compressive strength according to [3], Figure 4.1
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Determination of damaged zone with thickness a;,

The cross-section damaged by fire is represented by a reduced cross-section. This means that a
damaged zone of the thickness a. on the sides exposed to fire is not taken into account for the
ultimate limit state design.

kel G}

AE

a) (e.g wall) b) (e.g wall end) c) (e.g slab)
ke Gia)

kel nz)

Wy WY

d) (e.g thick wall) e) (e.g cclrlumn) f) (e.g beam)

Figure 4.39: Reduction of strength and cross-section in case of fire according to [3], Figure B.3.

The calculation of the damaged zone thickness a. depends on the component type:

e Beams, slabs

k
a, =w-|1-—=0
kc(Oy)

e Columns, walls, and other structural components for which effects due to second-
order analysis must be taken into account

ka "
az =w-|1-| ——
ke(Oy)

where
w Half of width of equivalent wall
Kem Mean reduction coefficient for a specific cross-section
1-927
Kem =270 ke(6)
n Number of parallel zones in w

The change of temperature in each zone is taken into account by means of
the factor (1 - 0.2/n).

k{(Ov)  Reduction coefficient for concrete at point M (see Figure 4.38 on page 39)

40

Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH



4 Theoretical Background / I\

Dlubal

4.5.3 Stress-Strain Curve of Concrete

Point M is governing for the reduction of the concrete's material properties. M is a point on the
central line of the equivalent wall (see Figure 4.36, page 38). Itis used to determine the reduc-

tion factor k(Bw). The reduced material properties of the concrete are to be used for the entire
reduced cross-section (without the damaged zone a;) in the ultimate limit state design in case

of fire.

Concrete compressive strength for fire resistance design

The stress-strain curve for the concrete compressive strength is determined depending on the
temperature in point M as well as depending on the type of aggregates. The values of the
compression strain gcu16 for the compression strength f.e can be found in EN 1992-1-2, Table
3.1.

fc,G = kc (eM ): fck

where
k{(Ov)  Reduction coefficient for concrete at point M (see Figure 4.38, page 39)

fo characteristic concrete compressive strength for normal temperature
Concrete Siliceous aggregates Calcareous aggregates
temp. & foal fox 18 Foulp Fonl fo Eole Eout s
[C] [l [l [l [l [l [l
1 2 3 4 5 6 7
20 1,00 0,0025 | 0,0200 1,00 0,0025 | 0,0200

100 1,00 | 00040 | 00225 | 1,00 | 0,0040 | 0,0225

200 0,85 | 00055 | 00250 | 0,67 | 0,0055 | 0,0250

300 0,85 | 00070 | 00275 | 0,91 | 0,0070 | 0,0275

400 0,75 | 0,0100 | 00300 | 0,85 | 0,0100 | 0,0300

500 0,60 | 0,0150 | 00325 | 0,74 | 0,0150 | 0,0325

600 045 | 00250 | 00350 | 0,60 | 00250 | 0,0350
700 0,30 | 00250 | 00375 | 043 | 00250 | 0,0375
800 0,15 | 00250 | 00400 | 027 | 00250 | 0,0400
200 0,08 | 00250 | 00425 | 0,15 | 00250 | 0,0425
1000 | 0,04 | 00250 | 00450 | 0,06 | 0,0250 | 0,0450
1100 | 0,01 | 00250 | 00475 | 0,02 | 0,0250 | 0,0475
1200 | 0,00 - - 0,00 - -

Figure 4.40: Parameters of stress-strain relation for concrete in case of fire according to[3], Table 3.1
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Figure 4.41: Stress-strain diagram for concrete with aggregates containing limestone, depending on temperature

Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH

41



4 Theoretical Background / I\

Dlubal

As you can see in the diagram (Figure 4.40), the stress-strain relation of normal concrete with
aggregates containing limestone is changing depending on the temperature. The decreasing
graph is not taken into account for the fire protection design.

The concrete's reduced modulus of elasticity is determined for the fire protection design ac-
cording to the following equation:

Ecd,@ = [kc (eM )]2 ' Ec
where

k{(Ow)  Reduction coefficient for concrete at point M (see Figure 4.38, page 39)

Ec Elastic modulus of concrete for normal temperature (20 °C)

kei(6)

1,0

0,6 |

04 |

02 |

0,0 T
0 100 200 300 400 500 600
6[°C]

Figure 4.42: Reduction factor k.«(6) to consider temperature-dependent tensile strength of concrete f«
according to [3], Figure 3.2

4,54 Stress-Strain Curve of Reinforcing Steel

Determination of reduction factor k,(0) for tensile strength of steel

To determine the reduction factor ks(0), the temperature in the center of the most unfavorable
reinforcing member must be determined first. Depending on how the reinforcing steel is pro-

duced and classified (Class N or X) and how much it is strained, the reduction factor ks(0) is de-
fined (see the following figure).
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Figure 4.43: Reduction factor ki(8) for taking account of temperature-dependent tensile strength of steel
according to [3], Figure 4.2a/b
Reduction of reinforcing steel strength f,, ¢
The stress-strain relation of the reinforcing steel is defined by the following three parameters:
e Slopein linear-elastic range Esp
e  Proportional limit fs,e

e Maximum stress level fs,0

The maximum strength of the reinforcing steel that is to be applied for the fire resistance de-
sign is determined as follows:

foy.0 =Ks(0)-fy

where
ks(©) Reduction coefficient for reinforcing steel (see Figure 4.43)

fyx characteristic strength of reinforcing steel for normal temperature
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Determination of reduced elastic modulus E; ¢ of reinforcing steel
If the reinforcing steel can be assigned to graph 1 or graph 2 of Figure 4.2a or 4.2b shown in

EN 1992-1-2 (see Figure 4.43), it is possible to take the reinforcing steel's reduced elastic modu-
lus, depending on the steel temperature and type of production, from EN 1992-1-2, Table 3.2a

or 3.2b.
Steel Temperature foe! T Frpa! T E.o/ E,
8[°C] hotrolled | cold worked | hot rolled | cold worked | hotrolled | cold worked
1 2 3 4 5 6 7
20 1,00 1,00 1,00 1,00 1,00 1,00
100 1,00 1,00 1,00 0,96 1,00 1,00
200 1,00 1,00 0,81 0,92 0,90 0,87
300 1,00 1,00 0,61 0,81 0,80 0,72
400 1,00 0,94 0,42 0,63 0,70 0,56
500 0,78 0,67 0,36 0,44 0,60 0,40
600 047 0,40 0,18 0,26 0,31 0,24
700 0,23 0,12 0,07 0,08 0,13 0,08
800 0,11 0,11 0,05 0,06 0,09 0,06
900 0,06 0,08 0,04 0,05 0,07 0,05
1000 0,04 0,05 0,02 0,03 0,04 0,03
1100 0,02 0,03 0,01 0,02 0,02 0,02
1200 0,00 0,00 0,00 0,00 0,00 0,00
Class N
Steel Temperature fpel T fepal f E.s/E.
8[°C] hotrolled and | hot rolled and hot rolled and
cold worked cold worked cold worked
20 1,00 1,00 1,00
100 1,00 1,00 1,00
200 1,00 0,87 0,95
300 1,00 0,74 0,90
400 0,90 0,70 0,75
500 0,70 0,51 0,60
600 0,47 0,18 0,31
700 0,23 0,07 0,13
800 0,11 0,05 0,09
900 0,06 0,04 0,07
1000 0,04 0,02 0,04
1100 0,02 0,01 0,02
Class X

Figure 4.44: Parameters of stress-strain relation for steel in case of fire according to [3], Table 3.2a/b

For reinforcing steels that are assigned to graph 3 according to EN 1992-1-2, Figure 4.23, the

reduced modulus of elasticity is calculated as follows:

Egy0 =ks(0)-Eg

where

k(©)
Es

Reduction coefficient for reinforcing steel (see Figure 4.43)

Elastic modulus of reinforcing steel for normal temperature (20 °C)
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46  Check of Shear Force
4.6.1 Design Method

The design of shear force resistance is only performed in the ultimate limit state (ULS). The ac-
tions and resistances are considered with their design values. The general design requirement
is the following:

Ved < Vrd

where

Veq: Design value of applied shear force
Vrd: Design value of shear force resistance

Depending on the failure mechanism, the design value of the shear force resistance is deter-
mined by one of the following three values:

Vrac: Design shear resistance of a structural component without shear reinforcement

Vrds Design shear resistance of a structural component with shear reinforcement, limited
by yield strength of shear reinforcement (failure of tie)

Vramax:  Design shear resistance that is limited by strength of concrete compression strut

If the applied shear force Ves remains below the value of Ve, no shear reinforcement is math-
ematically required and the design is fulfilled.

Ved < Vrd,c

If the applied shear force Ve is higher than the value of Ve4., a shear reinforcement must be de-

signed. The shear reinforcement must absorb the entire shear force. In addition, the capacity
of the concrete compression strut must be analyzed.

VEd < VRd,s

VEd < VRd,max

We next present the different expressions used to determine the different types of shear force
resistance.

Dlubal

Program RF-CONCRETE Columns (ACI) © 2013 Dlubal Software GmbH

45



4 Theoretical Background / I\

Dlubal

4.6.2 Design Shear Resistance Without Shear Reinforcement

The design shear resistance without shear reinforcement is determined according to
EN 1992-1-1:2010 Expression 6.2a or 6.2b.

1
Vrd,c =| Cra,c k- (100-py-fy)3 +kq -0, |-by, -d 6.2a

with a minimum value

Ved,c =| Vmin +k1-0cp |-byy - d 6.2b
where
0.18
QRde =——
Te
k: Factor for taking account of slab depth, size effect:

k=1+ /%32.0 d[mm]

d: Effective depth of bending reinforcement in [mm]
pi: Ratio of longitudinal reinforcement
P = A 002
by -d

where Aq : Area for tension reinforcement extended by minimum (lns + d)
beyond corresponding cross-section

bw : Minimum width of cross-section within tension zone in [mm]
fox: Characteristic value of concrete compressive strength in [N/mm?]
ki =0.15
_Ned g in [N/mm?]
ch—A—< LTy n mm
C
where Ngq : axial force in cross-section due to loading or prestress [N]

(Nes > 0 for compression). The influence of restraint on Nes may be neglected;

Ac: Concrete cross-section in [mm?]
3 1
Vmin = 0035k2 . fckz

Vrd,cin [N]

The Equation (6.2) is only valid if the concrete cross-section is not fully compressed or fully
cracked.

In the case of a fully cracked cross-section, the value of the design shear resistance Ve, is neg-
ative. In addition to that, the program checks if there is a location of the concrete cross-section
in compression. If there is no location (that is, in the case of a fully cracked cross-section) or
one location and the design shear resistance Vr4 Without shear reinforcement is nonetheless
negative, an error message regarding failed design appears and the design is stopped.
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In the case of a fully compressed cross-section, there will be a positive value for the design
shear resistance Vrd. However, the preconditions for the empirical equation are not met. In
clause 6.2.2 of EN 1992-1-1:2010, Expression (6.4) for unreinforced concrete is given:

2

I-b fetk;0.05 fetk;0.05

Voge =W [c_ — 0O K005 6.4
S Yc Ve

Thus, the code gives an expression that is independent of the cross-section of reinforcement in
tension and thus allows for a design of fully compressed cross-sections.

The expression may not be applied if the tension stresses of concrete are smaller than feu; 0,05 /
Y. To verify the precondition, the definition points of the concrete cross-section are analyzed. If
none of these points has a tensile force, the Expressions (6.2a) or (6.2b) are used.

4.6.3 Design Shear Resistance with Shear Reinforcement

The design shear resistance of the shear reinforcement (tie) is obtained according to 1992-1-1:2010
Expression 6.8, 6.9.

Structural components with a shear reinforcement angle of 90°:

Vod,s = (Asw /'5)-2-fq -cOtO 6.8
or inclined shear reinforcement:
Vod,s = (Asw /'5)-Z-fq -(cotB +cota)-sina 6.13
where
Asw: Cross-sectional area of shear reinforcement
S: Distance between links
z: Lever of internal forces
fywa : Design value for yield strength of shear reinforcement
0: Angle between concrete compressive strut and the structural component ax

is perpendicular to the shear force

o: Angle between the shear reinforcement and the structural component axis
perpendicular to the shear force

The inclination of the concrete compression strut may be selected within certain limits de-
pending on the loading (see Equation 6.7). In this way, the equation can take into account the
fact that a part of the shear force is absorbed by crack friction. Thus, the structural system is
less stressed.

1.0<cot6<2.5 6.7

Dlubal
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The German National Annex DIN EN 1992-1-1/NA:2011-01 specifies the inclination of the con-
crete compression strut as follows:

1.241.4.%d
1.0<coto<———<d <30 6.7aDE
1- VRd,cc
VEd
In the case of inclined shear reinforcement, cot 8 may be utilized up to 0.58.

where

1
VRd,cc =C-0.48-,3 -[1—1 2 :Cd}bw -z 6.7bDE
ck

o« : Design value of concrete longitudinal stress at the level of the cross-section's
centroid

c=05

The inclination of the concrete strut 6 can vary according to EN1992-1-1:2010 between the fol-
lowing values:

Minimum inclination Maximum inclination
0 21.80° 45.00°
cotO 2.50 1.00

Figure 4.45: Inclination of concrete strut 6

A flatter concrete compression strut results in reduced tension forces within the shear rein-
forcement and thus in a reduced area of reinforcement required. In the program, you decide,
which inclination the strut should have.

As shown above, according to the German National Annex, the magnitude of the minimum
angle of the inclined strut depends on the applied internal forces Ves and Nes that are not avail-
able to the program before the calculation. This means, the verification of the minimum strut
angle defined by the user is carried out only during the calculation. If it is defined as too small,
the program automatically takes the minimum angle of the inclined strut according to the
code. However, if even the maximum user-defined angle of inclination is smaller than the an-
gle of inclination of the minimum strut according to the code, the program stops the calcula-
tion, showing the corresponding error message.

During the calculation, the minimum level of the strut's inclination is used to determine the
design resistance Vrgmax Of the concrete compression strut. If it is smaller than the acting shear
force Vg, a steeper strut inclination must be chosen. The strut inclination 0 is increased until
the following is given:

Ved < Vramax

The strut angle of inclination found in this way results in the smallest shear reinforcement.
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Design shear resistance of concrete compression strut according to
EN 1992-1-1:2010 Expression (6.9)
Structural components with a shear reinforcement angle of 90°:
b, -z oy Vqi-f
vV, _Pw cw " V1" 'ed 6.9
Rd,max cot®+tand
or inclined shear reinforcement:
by, -z o, v Tq-(cotd+cota
VRd,max = = ow 1 <d (2 ) 6.14
' 1+cot6
where
bw: Width of cross-section
z: Lever arm of internal forces
Olow Factor for considering stress conditions in compression chord
0w =1.0 for non-prestressed structural systems
Vit Reduction factor for concrete strength in case of shear cracks
vi=06 forfa< 60 N/mm?
vi=max (0.5; 0.9-fa/200) for fa>60 N/mm?
fa: Design value of concrete compressive strength
0: Angle between concrete compressive strut and the structural component
axis perpendicular to the shear force
o: Angle between the shear reinforcement and the structural component axis

perpendicular to the shear force
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4.6.4 Variants of the Check of Shear Force

The presented checks of shear force are first and foremost intended for rectangular cross-
sections uniaxially subjected to shear that are neither fully cracked nor fully compressed.

The program shows the cross-section as fully cracked if a tensile force is applied to all points
used for the cross-section's definition. A cross-section is considered to be fully compressed in
two cases: on the one hand, if a tensile force is applied to all rebars, on the other, if the shear
force resistance Ve without shear force reinforcement VRd,c yields a negative value.

The following table provides an overview of the forms of the check of shear force for the
rectangular cross-section.

Deformation or load- | EN 1992-1-1:2010
ing of the cross-

section Uniaxial Biaxial
Cross-section com- No design possible No design possible
pletely cracked
Negative shear force No design possible No design possible
resistance
Cross-section fully Check: Check:
compressed Vrd,c > Ved allowed t>prov t
Vrac according to (6.4) in allowed t derived from (6.4) in
6.2.2 6.2.2
Cross-section normally | Check: Check:
ked
cracke Vrde 2 Ved Vrde 2 Ved
(no cross-section rein- Vrac according to (6.2) in Vrac according to (6.2) in 6.2.2
forcement) 6.2
- Determine by and d
Cross-section normally | Check: Check:
cracked

Vrd,max > Ved Vrd,max > Ved

(shear reinforcement) Vramax according to (6.9) or Vramax according to (6.9) or

(6.14) (6.14)

Vrds > Ved Vrd,s > Ved

Vs according to (6.8) or Vs according to (6.8) or (6.13)
(6.13) Determine zand b

z=0.9d

Figure 4.46: Forms of the check of shear force for the rectangular cross-section
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In the case of a circular cross-section, there is almost always a uniaxial cross-sectional loading,
because a resulting shear force Veq is formed from the applied shear forces V. and V,. The fol-
lowing table shows an overview of the forms of the check of shear force for the circular cross-
section.

Deformation or load-
ing of the cross-
section

EN 1992-1-1:2010

Uniaxial or biaxial

Cross-section com-
pletely cracked

No design possible

Negative shear force

No design possible

resistance

Cross-section fully Check:

compressed
P allowed t>provt

allowed t derived from (6.4) in 6.2.2

Cross-section normally | Check:

cracked
Vrd,c = Ved

-secti in- . :
(no cross-section rein Vrac according to (6.2) in 6.2.2
forcement)

Determine bw and d

Cross-section normally | Check:

cracked
Vrdmax = VEd

(shear reinforcement) Vramax according to (6.9) or (6.14)
Vrds = Ved
Vs according to (6.8) or (6.13)

Determine z and bw

Figure 4.47: Overview of the forms of the check of shear force for the circular cross-section

4.6.5 Check of Shear Force

In this chapter, the checks for a biaxial shear loading of rectangular cross-sections are present-
ed. These include the determination of d, bw and z.

4.6.5.1 Cracked Cross-Section

If the shear forces Veqy and Veq act simultaneously on a cross-section, the applied shear force
Ve is obtained by quadratic combination.

2 2
Veg = \ VEd,y + VEd,z

The applied shear force Veq is to be compared with the shear resistance.

The equations in 4.6.1 include the quantities depth d, width of component bw, and the lever
arm z. However, these quantities are not as obvious as in the case of a uniaxially loaded rec-
tangular cross-section.
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The effective depth d, width of structural component b, and lever arm z of the internal forces
are to be determined separately first. In the case of a biaxially loaded rectangular cross-section,
the following layout can appear in the concrete compression zone:

Figure 4.48: Rectangular cross-section subjected to biaxial bending

Then, the effective depth d is determined as distance between the centroidal position of the
tensioned rebars and the corner that is the furthest from it and to which a compression stress

is applied.

Figure 4.49: Effective depth
To determine the effective depth d, the centroidal position of the tensile forces of all tensioned
rebars has to be determined first. Its coordinates are denoted by y: and z.

The force in a rebar is signified by F.. The index ,i” refers to the number of the relevant rebar.
Thus, the coordinates of the rebar are signified by y«i and z,. The centroidal position of the
tensile forces of all tensioned rebars are determined as:

n
Yst,i 'Fst,i
0

_ =
Yst = n

Z Fst,i
i=0

n

Z It Fst,i

i=0

Zst = n
Z Fst,i
i=0

Here, only the positive (that is, tensile) forces are considered in the rebars.
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For the example of the rectangular cross-section depicted above, the lever arm z represents
the connection between the location of the resulting concrete compressive force and the cen-
troidal position of the tensile forces of all tensioned rebars.

Figure 4.50: Lever of internal forces

To determine the position of the compressive force Fe, the force Fcis to be determined with
the aid of the applied axial force and provided tensile and compressive forces acting on the

rebars.

n n
I:C = NEd - ZFst,i +Z Fsc,i
i=0 i=0

Now, the coordinates y. and z. of the resulting compressive force Fc can be determined:

n
Mz - Z Yse,i I:sc:,i
i=0

Y= Fc

n
My - Zzsc,i ' I:sc,i
z. = i=0

Fe

Finally, the lever arm z can be determined:

Z:\/(yc _yst)2+(zc _Zst)2

In order to apply the equations presented at the beginning of this chapter, the component
width bw has to be calculated first.

b

w

Figure 4.51: Width of component by

The width is always perpendicular to the previously calculated lever arm z and intersects with
to edges of the rectangular cross-section.

Dlubal
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If these intersected edges face each other as in the example above, the cross-section width buw
to be applied is constant along the lever arm z. In the case of two vertically perpendicular in-
tersected edges, the cross-section width changes along the lever arm. The smallest cross-
section width bw is used.

4.6.5.2 Fully Compressed Cross-Section

Design according to EN 1992-1-1:2010

In the case of a fully compressed cross-section, there will be a positive value for the design
shear resistance Vrdc Without shear reinforcement. However, the preconditions for the empiri-
cal equation are no longer met. In clause 6.2.2 of EN 1992-1-1:2010, the Expression (6.4) for un-
reinforced concrete is given.

VRd - T e
< S Y

2
by, [ fetk;0.05 fetk;0.05
| K005 | g cthi0.05

Ve

Thus, this code gives an expression that is independent of the cross-section of a reinforcement
in tension and, therefore, allows for a design of the fully compressed cross-sections.

It may not be applied if the tension stresses of concrete are smaller than fewoos / ye. To verify this
precondition, we reanalyze the definition points of the concrete cross-section. If none of these
points has a tensile force, the Expressions (6.4) is used.

To be applicable for a biaxial shear load, however, it has to be modified. If we substitute the
shear force resistance Vry by the modulus of the applied shear force Veq in the equation and
convert it as follows, the left-hand side of the equation contains a shear stress, whereas the
right-hand side of the equation shows the allowable shear stress.

2
|Ved|-S < |[ fo05 fetk;0.05
< — 0 G
I-b,, Ye

C
As the cross-section is uncracked, the concrete shows an isotropic material behavior like steel.

Rectangular cross-section

As common for steel construction, the shear stress to be compared can be determined by a
simple superposition. Thus, the design is carried out as follows:

2 2 2
|Veaz| Sy . |VEd,y|'Sz - [fctk;o.os] a0 fer0.05
< o

Iy 'y IZ "z T

C

If we introduce the variables prov t and perm 1 for both sides of the equation, we obtain the
following equations:

2
prov. t = [|VEd,Z|.Sy ]Z‘L |VEd'y|.SZ
ly -y l,-z

4

fctk;0.0S ’ 1:ctk;O.OS
allow. 1= || =—==| -0y 0y — "
Ye Ye
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Circular cross-section

For the circular cross-section, on the other hand, the provided shear stress prov t (see above) is
determined by using the following expression:

|VEd,z 'Sy 2+ |VEd,y|'Sz ’
I,-d I-d

prov.t =

The allowable shear stress allowable 7 is identical to the one for the rectangular cross-section.

Thus, the shear force design criterion for a fully compressed cross-section subjected to shear
can be expressed both for rectangular and circular cross-sections as follows:

prov t

Design criterion=
allow t

4.6.6 Check of Shear Force in Circular Cross-Section

4.6.6.1 Cracked Cross-Section

If a cross-section is loaded exclusively by the shear force in direction of a cross-section axis, the
acting shear force Veq is equal to this internal force.

If the cross-section is simultaneously loaded by the shear forces Veqy and Ved,, the applied shear
force Ve is obtained by quadratic combination.

2 2
VEd =4 VEd,y + VEd,z

The applied shear force Veq is to be compared with the shear resistance.

All expressions in the standard used for determination of the shear force resistance assume a
rectangular cross-section.

All these expressions contain the quantities depth d, width of component bw, and the lever
arm z. To use these expressions, these quantities must be determined for the circular cross-
section first.

As an example, the following layout of the concrete compression zone is assumed in the cross-
section:

concrete
compression
zone

neutral axis

Figure 4.52: Circular cross-section with concrete compression zone

The effective depth d is determined as distance between the centroid of the tensioned rebars
and the edge of the cross-section that is the farthest away and contains a compressive stress.
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Figure 4.53: Effective depth

To determine the effective depth d, the centroidal position of the tensile forces of all tensioned
rebars has to be determined first. Its coordinates are signified by y.: and z.

The force in a rebar is signified by Fi. The index ,i* refers to the number of the relevant rebars.
Thus, the coordinates of a rebar are signified by ys.i and z... The centroidal position of the ten-
sile forces of all tensioned rebars are determined as:

n
Yst,i 'Fst,i
0

_ =
Yst = n

Z Fst,i
i=0

n

Z It Fst,i

_ =0

Zst =

n
Z Fs'c,i
i=0

Only the positive (that is, tensile) forces are considered in the rebars.

For the example of the circular cross-section depicted above, the lever arm z represents the
connection between the location of the resulting concrete compressive force and the cen-
troidal position of the tensile forces of all tensioned rebars.

1

Figure 4.54: Lever of internal forces
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To determine the position of the compressive force Fc, the force Fc is to be determined with
the aid of the applied axial force and provided tensile and compressive forces in the rebars.

n
Fc =Negq - stt,i
-0

Now, the coordinates y. and z. of the resulting compressive force Fc can be determined.

n
Mz - Z Yst,i® I:st,i
_ i=0

Ye =
Fe
n
My - Z Zgt,i° I:st,i
z. = ':c::

C

Finally, the lever arm z can be determined:

Z= \/(yc _YSt)z +(Zc _Zst)z

In order to apply the equations presented at the beginning of this chapter, the width of com-
ponent by has to be calculated first.

Figure 4.55: Width of component bw

The width is always perpendicular to the previously calculated lever arm z and intersects with
two edges of the circular cross-section. A cross-section width is obtained from the centroidal

position of the concrete compression zone and from the centroidal position of the tensioned
rebars. We use the smallest cross-sections width bw.
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4.6.6.2 Fully Compressed Cross-Section

Design according to EN 1992-1-1:2010

In the case of a fully compressed cross-section, there will be a positive value for the design
shear resistance Vrqc Without shear reinforcement. However, the preconditions for the empiri-
cal equation are no longer met. In clause 6.2.2 of EN 1992-1-1:2010, Expression (6.4) for unrein-
forced concrete is given.

2
I-b fetk;0.05 fetk;0.05
VRd,c:TW'\/(CI— ,al.ccp.cy'—

Ve c

Thus, the code gives an Expression that is independent of the cross-section of a reinforcement
subject to tensile forces. The equation allows for a design of the fully compressed cross-
sections.

This expression may be applied if the tension stresses of concrete are smaller than fe 005 / ye. TO
verify this precondition, we reanalyze the definition points of the concrete cross-section. If
none of these points has a tensile force, the Expressions (6.2a) or (6.2b) are used.

4.6.7 Shear Reinforcement

The longitudinal reinforcement of columns must be surrounded by transverse reinforcement.
The following conditions regarding the minimum diameter of the transverse reinforcement
according to EN 1992-1-1:2010, clause 9.5.3 (1) apply:
e  Greater than a quarter of the bar diameter of the provided longitudinal reinforcement
e >6mm
For the distance between links, EN 1992-1-1:2010 clause 9.5.3(3) specifies that they may not be

greater than sqmax. Semax is specified in the National Annexes. The Eurocode recommends for
Sd.maxas the smallest value from the following distances:

e 20 times the smallest longitudinal bar diameter

e  Smallest side length of the column

e 400mm
EN 1992-1-1: 2010 9.5.3 (4) specifies that the distances are to be reduced by factor 0.6 at the
following locations:

¢ Incolumn cross-sections within a distance equal to the larger dimension of the col-
umn cross-section above or below a beam or slab.

e Near overlapped joints, if the maximum diameter of the longitudinal bars is greater
than 14 mm. A minimum of 3 bars evenly placed in the overlap length is required.

Therefore, the program checks if the end points of members and the intermediate points of
continuous members are also part of a slab or a beam. Then, the program suggests you to re-
duce the distances between the links in these areas.

If you allow for this reduction and if the minimum shear reinforcement is governing, this re-
sults in areas along the column with different distances between the links.
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T—tu
5.000
area 3

10*0.128
=1279m

from
i
to
A

area 2

g8*0242 P,
=2.332m |:| @3510—0.292 m

— o PR

* from
1383 |
to
1.388
area 1 | @10510—0.123 m

10" 0.1388
=1389m

from
0.000

Figure 4.56: Provided shear reinforcement

An area is indicated by an x-value for the start and an x-value for the end. Each area starts with
a link and ends with a spacing. If a further area connects to this area, it also starts with a link. If
no further area follows, this area ends with a spacing. Within each area, all links have the same
spacing. The links within an area are combined with a so-called ltem Number. The first link is
offset by the user-defined minimum of concrete cover from the column start. If also a slab or a
beam connects to the column start, the first link is shifted by an additional one-half thickness
of this component.

length

No link can be inserted here. Fre |

B

From

_ » -
|

Figure 4.57: Position of the first link above a beam
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The x-value for the start or end of an area can later be changed in a results window. It is of
great significance whether the start value of the first area, the end value of the last area, or an
intermediate value is changed: If a start value of the first area is changed in this way, this area
starts at this defined value. If, however, the start or end value of an area is changed in-between
and the value does not correspond with the start or end value of the adjacent area, a new in-
termediate region is inserted.

Modifyable Qm T
without automatic 4873
specification of a area 3 ——
new area ending g9*0.128 -
at the bar end =1.152 m |:| @11510_0 138 m
* from
7
to
37
area 2
E;%ggzm — @6510-0.292 n

=
from
.389
to
1.389
Modifyable area 1 | (5)10510-0.125 m

without automatic 901383
speciicati =1250m
specification of a

new area starting \x from
é.1389 1

Figure 4.58: Changed link areas

For columns, shear design plays a minor role. In the common literature, you will find only sec-
ondary reinforced columns. A graduation of the shear reinforcement is calculated according to
the regulations of EN 1992-1-1:2010 only near the supports.

A shear design by x-location is therefore omitted. Instead, the two locations are analyzed for
which the absolute greatest values for Vy and V: result for each member or continuous mem-
bers. Both the Expressions (6.8) and (6.9) of EN 1992-1-1:2010 include the lever arm z whose
length depends on the internal force N and the moments My and M.. Since this lever arm z is
an essential part of the expression of the resistant shear force, the locations are analyzed
where we obtain

e  Maximum axial force N

e  Minimum axial force N

e Maximum moment M,

e  Minimum moment My

e  Maximum moment M,

e  Minimum moment M;.

The design is carried out with the internal forces and moments according to linear-static anal-
ysis.
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4.6.8 Program Flow of Shear Analysis

Now that the equations to be used are presented, we can have a final look on the program
flowchart of the shear design.

For the previously determined longitudinal reinforcement, the stresses for the considered in-
ternal forces are determined in the corners of the concrete cross-section (circle is represented
by a polygon) and in the reinforcement points themselves. The stresses determined there de-
cide if the program is already to be stopped due to a non-designable situation. They also de-

cide how the design shear resistance is to be determined.

Dlubal
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4.6.8.1 Part 5.1: Determination of the Shear Resistance

Y

Repeat for selected load cases,
load combinations, and result combinations

A\ 4

- J

v

(Repeat for the internal forces at the location of\

max |Vy| max | V|
—> max N max My, max M,
min N min My  min M,

- J

All cross-section points with Yes
tensile forces
-

A 4
All cross-sections points with Yes
compressive forces
vNo

Determination of the shear resistance Vrd,
EN 1992-1-1,cl. 6.2.2 (1) Expr. (6.2a) and (6.2b)

A 4

Program end

A 4

Determination of shear resistance Vrd.c
EN 1992-1-1, cl. 6.2.2 (2) Expr. (6.4)

Program end
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If the cross-section is fully cracked, the program is stopped at this point. The design shear re-
sistance Vry: for the unreinforced concrete is determined for a fully compressed cross-section.
Regardless of whether it is sufficient or not, the program is stopped because a shear force rein-
forcement would not be effective for the fully compressed cross-section.

If all corners of the concrete cross-section are neither compressed nor cracked, the design
shear resistance without shear reinforcement is determined according to the provisions of the
Eurocode. However, it can still happen that a sufficiently great longitudinal tensile force results
in a design shear resistance smaller than zero. In this case, the program is also stopped.

In the second part of the program flowchart for shear design, the limits of the variable strut in-
clination are determined. Next, these are compared with the user-defined limits of inclination.

Dlubal
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4.6.8.2 Part 5.2 : Determination of the Compression Strut's Strength

©O

No Calculate Acc. to
DIN EN 1992-1-1/NA:2010-01

Ye

A 4

Determination of the minimum inclination ®mi of

the concrete strut according to Expression 6.7aDE,
DIN EN 1992-1-1/NA:2010-01, NDP 6.2.3 (2)

Onmin > @max,def (= user- Yes
defined maximum inclination)
-
\ 4

No Onmin < @min,def (= user-
defined minimum inclination)

Yes

\ 4
:I @min = @min,def |

>
A

y

Determination of the compressive strut's
strength Vrdmax

Y

No
VRd,max < VEd

Yes

Increase of the inclination of concrete strut ® by
0.1°

@ > @max;def
or ©@>45°

Q0.

If there is no intersection set between the area of the strut inclination prescribed by the stand-
ard and the user-defined area, the design has failed and is discontinued.
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Next, the design value of the shear force which can be sustained by the member, limited by
crushing of the compression struts, is determined with the smallest possible inclination of the
compressive strut. If this value is not sufficient, the inclination of the concrete strut is increased
until it is either sufficient or the user-defined maximum allowable inclination of the compres-
sive strut is reached. The maximum reasonable inclination of the strut is 45° because the de-
sign value of the shear force which can be sustained by the member, limited by crushing of the
compression struts, starts to decrease again from this point on.

If the smaller of both values (maximum user-defined strut inclination or 45°) is exceeded, the
design has failed and is discontinued. If a sufficient design value of the shear force which can
be sustained by the member, limited by crushing of the compression struts, is obtained earlier,
the determination of the required reinforcement is continued.

4.6.8.3 Part 5.3 : Determination of the Transverse Reinforcement

OO

Determination of the required
shear reinforcement Asw,req.
EN 1992-1-1, clause 6.2.3 (3) Expression (6.8)

v
Determination of the provided
transverse reinforcement Asw,prov.
EN 1992-1-1, clause 9.5.3

i+1
i+1

\ 4
Determination of the shear force resistance of the
shear reinforcement Vgds
EN 1992-1-1, clause 6.2.3 (3) Expression (6.8)

Y

No
Asw,provA > max Asw,provA >

Yes

\ 4
max Asw,prov = Asw,prov |

n

Continue the loop 4

Continue the loop v

v

Program end

Next, the provided reinforcement is used to determine the design value of the sustainable
shear force limited by the resistance of the shear reinforcement.

Finally, the provided shear reinforcement of this loop iteration is compared with the provided
shear reinforcement of the previous loop iteration.

The greatest shear reinforcement from all loop iterations then indicates the governing location
for the design of the shear resistance with shear reinforcement. The program shows two de-
sign criteria for it.
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Design criterion 1:
. o Vi
Design — criterion = —Ed
Rd,max
Design criterion 2:
. . . VEd
Design —criterion = —=— (DIN 1045-01)
Rd,s

The criterion for the location of the governing shear force without the shear reinforcement is
shown. This is done if only one minimum shear reinforcement was required for the entire
member.

VEd
Rd,c

Design — criterion =

The design criterion is determined as the greater design criterion in the directions y and z.

Design — criterion = Ved =max Vy ; Vz
Rd,c VRd,c,y VRd,c,z
4.7  Overlaps

4,7.1 Connection Elements on a Column

Columns can connect to various elements in RFEM. The following figure illustrates these
elements.

a)

Figure 4.59: a = support, b = continuing column, ¢ = beam, d = slab, e = slab with continuing column

If a support connects to the column, it may result in a connecting reinforcement. Therefore,
this connecting reinforcement is not part of the obtained column longitudinal reinforcement.
However, you can decide if to reduce the link spacings resisting the transverse tensile forces to
60% of the usually selected link spacings.
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If the column connects to a continuing column, you can reduce the spacing but also create an
overlap. The longitudinal reinforcement of the columns under consideration is extended by
the overlap length lo. The determination of this overlap length will be described later.

If a beam or a slab forms a connecting element, you can also change the link spacing.

To form an overlap, the length of overlap lo is to be determined first.

<

7

%

ﬁ\w'

Figure 4.60: Overlap length lo

The design value of the length of overlap lo is determined from the required basic value of the
length of anchorage lyqa according to DIN EN 1992-1-1 clause 8.4.3.

The required basic value of the anchorage length lvq¢ used to anchor the force A, - 0. of a
member under consideration of a constant bond stress fus follows from the equation:

lyrqa = (6/4) (054 /foq)

Here, ¢ is the bar diameter and 0.4 is the provided steel stress in the ULS of the
bar at the beginning of the length of anchorage. Values for fuq are given in 8.4.2.

foa=2.25-N1- N2 fera

n is a factor that takes into account the quality of the bond conditions and the
positions of the bar during concreting.
nz is a factor for taking account of the bar diameter
faa is the design value of the of the concrete tensile strength according to 3.1.6(2)P
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If the required basic value of the anchorage length Iq4 is obtained, we can determine the de-
sign value of the length of overlap lo according to DIN EN 1992-1-1 clause 8.7.3:

lo =005 0304 05+ Olg Iy rqd 2 lomin

where
Ib,rqd is the required basic value of the anchorage length
lomin = max (0.3 - A6 * lbrqa; 15 - @ ; 200mm)
o, Oz, O3, 0le, a5 coefficients (given in Table 8.2 in DIN EN 1992-1-1)
as=(p1/25)°*<1.50r1.0
p1is the percentage of the reinforcement overlapped within 0.65 - lo

(measured from the middle of the overlap length under consideration).
The values for as are included in Table 8.3 in DIN EN 1992-1-1.

4,7.2 Design of Overlaps
The constructional design of overlaps is described in DIN EN 1992-1-1 clause 8.7.2 Laps.

(3) As arule, the arrangement of overlapped bars should conform to Figure 8.7 and meet the
following conditions:

- Theclear distance between overlapping bars should not be greater than 4 @ or 50 mm.
Otherwise, the overlap length should be increased by a length equal to the clear space
where it exceeds 4 @ or 50 mm;

- Thelongitudinal distance between two adjacent overlaps may not be less than 0.3 times
the overlap length Io;

- Incase of adjacent laps, the clear distance between adjacent bars should be not less than

2@ or20 mm.
203/, o <50 mm
E - Tz
T * 3 —=
E a 224
<1 : = 20 mm g
F ¥ —
-S— " _@

Adjacent laps

Figure 4.61: Design of overlaps

(4) When the provisions from clause (3) are met, the permissible percentage of lapped bars in
tension may be 100% where the bars are all in one layer. Where the bars are in several layers,
the percentage should be reduced to 50%. All bars in compression and the transverse rein-
forcement may be overlapped in one cross-section.

If we consider the choice of a different reinforcement layout, different column dimensions, and
the different numbers and diameters obtained from the calculation of the bars to be over-
lapped, it seems almost impossible to meet these regulations. Therefore, the following condi-
tions must be given for the automatic, secondary design of a reinforcing overlap:

e  The cross-section dimensions of the columns to be lapped are the same.

e  The same reinforcement layout was chosen for both columns.

e The provided reinforcement is arranged in both columns only in one layer.
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The diameter and the number of the rebars can be different in both columns. Upon determina-
tion of the coordinates of the cranked rebars, you have to check if within less than 4d; of each
of the members at least one rebar of the connecting column is located. If this is not the case,
the program informs you that this constellation of the rebar does not allow for an overlap in
the columns to be lapped.

The following forms of overlaps are possible.

Figure 4.62: Overlap for circular column cross-section

An overlap is possible without restrictions for circular column cross-sections. For rectangular
cross-sections, the arrangement of the reinforcement decides whether an overlap is allowable.

8888 ¢

Figure 4.63: Overlap in a rectangular column cross-section - double-sided

Figure 4.64: Overlap in a rectangular column cross-section - surrounding

000

Figure 4.65: Overlap in a rectangular column cross-section - in corners
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For double-sided and surrounding reinforcement layout, an overlap is possible without re-
strictions. For a reinforcement layout in the corners, laps are allowable only for columns that
do not have more than one rebar in each corner. Otherwise, the result would be a concentra-
tion of reinforcement that does not allow for a compaction of concrete anymore.

(s el [elle)
(=] (=)
(] o]
O O 0,0,

Figure 4.66: No overlap for concentrated corner reinforcement
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5 Working with RF-CONCRETE Columns

AN

Dlubal

5. Working with RF-CONCRETE

Columns

I 5.1 Open RF-CONCRETE Columns

To start the add-on module RF-CONCRETE Columns, click

Add-on Modules — Design - Concrete — RF-CONCRETE Columns.

Add-on Modules | Window Help

| PRI Bl R EE S
Shape Properties DquﬂP FEERE-A- ZRSEN g AR

Design - Steel ]

Design - Concrete k| &# | RF-COMCRETE Surfaces Design of concrete surfaces
Design - Timber 4 “'; RF-COMCRETE Members Design of concrete members
Design - Aluminium 4 |"| RF-COMCRETE Columns Design of concrete columns
Dynamic 4 -'f RF-PUMCH Punching shear design of surfaces
Connections 3
Foundations 4
Stability 4
Towers 4
Others 4
External Modules 4

Figure 5.1: Starting RF-CONCRETE Columns via the menu Add-on Modules

Alternatively, you can open the add-on module in the Data navigator by double-clicking

RF-CONCRETE Columns.

Project Navigator - Data
ET RFEM
a@ Example 10 - Edge column (Complete System)*
i Model Data
#--|_) Load Cases and Combinations
H--|_J Loads
t-|_J Results
----- I Sections
..... ) Average Regions
..... 1 Printout Reports
[#-_) Guide Objects

Add-on Modules
« RF-CONCRETE Surfaces - Design of concrete surfaces

= RF-COMNCRETE Members - Design of concrete members

= || RF-CONCRETE Columns - Design of concrete columns

i RF-PUNCH - Punching shear design of surfaces

< m 3

£
e
£
£

m

I Data | (& Display 4 Views

Figure 5.2: Starting RF-CONCRETE Columns via the Data navigator
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5.2  Windows

There are five input windows that are shown in the module's navigator located on the left.

RF-COMNCRETE Columns - [Example 10 - Edge column {Complete System)]

File Settings Help

5] v|

Input D ata

M aterials
Crozs-Sections
Reinforcement

i &=
... Parameters - by bember

Figure 5.3: Input tables in navigator

The table Reinforcement is divided into four different subtables for the individual user-defined
reinforcement groups.

The navigator on the left lists all available tables. Above, you will find a list with the possibly al-
ready available design cases.

Below the navigator, there are three buttons.
Figure 5.4: Button [Help]

To open the online help, click [Help] or press the function key [F1].

Figure 5.5: Previous table - next table

You can select the masks either by clicking the corresponding entry in the navigator or by
browsing them in sequence. To browse the tables, use the function keys [F2] and [F3] or click
the buttons shown above.

Calculation
Figure 5.6: Button [Calculation]
Having entered all relevant data, click [Calculation].
Graphics
Figure 5.7: Button [Graphics]

To select the graphical results display, click [Graphics]. The program sets the current
RF-CONCRETE Columns case automatically. For further information on results display
and output, see chapter 6 of this manual.

QK
Figure 5.8: Button [OK]

To save all input and results before exiting the module, click [OK].

Cancel

Figure 5.9: Button [Cancel]

To exit RF-CONCRETE Columns without saving the data, click [Cancel].
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5.3.1

Input Windows

Window 1.1 General Data

Dlubal

When you open the module RF-CONCRETE Columns, the table 1.1 General Data appears.

=

RF-CONCRETE Columns - [Example 10 - Edge column (Complete System]]
File Settings Help
v] 1.1 General Data
Design as Column of Design According to
Members:  1.26101113 Flan | EEN 1892112004807 +
Cross-Sections .
a4 Al -
(- Reinforcement 0N
| —
.. Parameters - by Member Ulkimate: Limit State ‘ Creep-Producing Permanent Load | Fire Hesistancel
Existing Load Cases and Combinations Selected for Design
LC1 g+ (Seff-weight. column + gir C02 | 1.35°LC1+0.9°L | Fundament
= LC2 gcw (Wind) CO3 |LC1+15°C2 | Fundament
a=l LC3 q+.5 (Snow load girder) Cco4 1.35°LC1 + 1.5°L | Fundament
o1 |LCT+091C2
RC1 LC1/p + 0.9°1C2/p
RC2 |1.35°LC1/p+0.5LC2p « 1. <
RC3  |LC1/p+151C2p
RC4 [1.35°LC1/p + 1.5°LC2/p + 0.
< 1
s - =
With creep
Comment
hy comment
[ Calculation ] [ Check ] [ Details .. ]

RF-CONCRETE

Columns

Reinforced Concrete
Design of Columns
According to Model
Column Analysis

Figure 5.10: Table 1.1 General Data, tab Ultimate Limit State

In this table, you will also find lists of the existing load cases (LC), load combinations (CO), and
result combinations (RC). The load cases, load combinations, or result combinations for which
a design is to be carried out, can be selected by clicking them and transferring them to the

right list by using the [»] button.

Figure 5.11: Button [Add selected case]

The button [»»] transfers all entries to the right list.
S

Figure 5.12: Button [Add all cases]

Similarly, to transfer individual entries to the left side, click [«]. To transfer all entries, click

[«

Figure 5.13: Buttons [Reset selected] and [Reset all]

You can add a note to each design case in the text field Comment.

Comment

My comment] -

Figure 5.14: Dialog section Comment
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To manage the individual design cases, use the menu File.

. New RF-CONCRETE Columns-Case ==
RF-COMNCRETE Columns - [Example 10
= - No Description
File | Settings Help
2
MNew Case... Ctrl+ N M
Rename Case... [ oK J [ Cancel ]
Copy Case...
——F
Delete Case... ™ Rename RF-COMCRETE Columns-Case &
™
Save Ctrl+5 ™ . No. Description
Save As... ™ . 1 -
N
Export Tables... AN
) ™ [ Ok ] [ Cancel ]
' Copy RE-CONCRETE Columns-Case [
"-, Copy from Case
cad -
A New Case
=
Export - MS Excel Ma.: D escription:
Table Parameters Application 2 M
‘With table header @ Microsoft Excel
[] Orily marked rows OpenOffice.org Calc Ok ] [ Cancel ]
() CSY file format L
qr ~
Delete Cases @
Transfer Parameters
[] Export table to active workbook Available Cases
Export table to active work sheet Mo Description -
Rewrite existing work sheet
Selected Tables
@ Active table [] Export tables with details
() Al tables
Input tables
Result tables
=
Ok ] [ Cancel
L J ok ] [ Cancel

Figure 5.15: Managing the design cases

File — New Case

Another way to create a new design case is to press the key combination [Ctrl]+[N]. The follow-
ing dialog box opens:

New RF-CONCRETE Columns-Case ==
No. Description
2 -

[ (] 3 J[ Cancel ]

Figure 5.16: Dialog box New RF-CONCRETE Columns-Case

A new No. and Description must be assigned to the new design case. All descriptions that are
already used are shown in the list. This drop-down list becomes available when you click the
arrow at the lower-right edge of the text field containing the description of the design case.
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File — Rename Case

Use this function to rename the current design case. To do this, change the Description. You
may also have to choose a different No.

]

Rename RF-CONCRETE Columns-Case

No. Description

oK.

Figure 5.17: Dialog box Rename RF-CONCRETE Columns-Case

][ Cancel ]

File > Copy Case

Use this function to copy a design case that is already created. The relevant case must be
selected in the upper list first. Enter the name for the copy in the input field Description.

(S

Copy RF-COMNCRETE Columns-Case

Copy from Case
a1 -

New Case

Mo.: Drescription:

oK.

" A

Figure 5.18: Dialog box Rename RF-CONCRETE Columns-Case

][ Cancel ]

File —>Delete Case

You can select the case that you want to delete in the list. The case is deleted if you exit the
dialog by clicking [OK]. If you want to select several cases, click the entries while pressing the
[Ctrl] key.

f Delete Cases ﬁ‘
Available Cases
Mo Description -
[ (] 8 ] [ Cancel

" 4

Figure 5.19: Dialog box Delete Case

Export — MS Excel

The case can be exported to an MS Excel table.
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Export - M5 Excel

(S

Table Parameters

“with table header
[ Only marked rows

Transfer Parameters

Application

@ Microsoft Excel
Openlffice.org Calc

() CSY file format

[ Expart table to active workbook

Export table to active workzheet

Fiewrite existing workshest

Selected Tables

@ Active table

() All tables
Input tables
Result tables

[ Expart tables with details

[ (] 3 ] [ Cancel

Figure 5.20: Dialog box Export - MS Excel

Click Settings — Units and Decimal Places.

RF-CONCRETE Columns - [Example 10 - Edge col

| File [Settings| Help

Units and Decimal Places... |

Figure 5.21: Opening the dialog box

In this dialog box, you can specify the units for the design.

Dlubal

-

"

Units and Decimal Places

Program / Module

- RFEM -

- RF-STEEL Surfaces

- RF-STEEL Members

- RF-STEEL EC3

- RF-STEEL AISC

- RF-STEEL IS

- RF-STEEL SIA

- RF-STEEL BS

- RF-STEEL GB

- RF-STEELCS

- RF-ALUMINIUM

- RF-KAPPA

- RF-LTB

- RF-FE-LTB i

- RF-EL-PL

- RFC-TO-T

- PLATE-BUCKLING

- CRANEWAY

- RF-CONCRETE Surfac

- RF-CONCRETE Memb:

-

- RF-PUNCH

- RF-TIMBER Pro
RF-TIMBER AWC

- RF-TIMBER

- R¥-TIMBER

- R¥-TIMBER

- R¥-TIMBER

- R¥-TIMBER S

@ & B@E @

m

RF-CONCRETE Columns
Input Data Results
Unit Dec. Places Uit Dec. Places

Lengths: m 35 Forces: kN - =
Section dimensions: | mm 15 Moments: leNm - 3%
Areas: cm”2 25 Stresses: N/mm™2 2
Masses: kg 25 Deesign ratios: m 45

Dimensionless: m 45

ok | [ cancel

Figure 5.22: Dialog box Units and Decimal Places

At the lower left of this dialog box, you will find different buttons with which you can manage
the units and the number of their decimal places in Profiles.
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Save Profile P
=@
. Profile
+ Marme:
(HepF) | o (Defautt | New
|ﬂ| ¥y¥r [T] Save profile as default
[ Load Saved Profile... ][ Save as Profile... ]—.‘
[ Ok ] [ Cancel
. \ _ )
Load Profile (]
List of Profiles
N;me D efault
I etric:
Irnperial =
| Set As Default |- e ® -.-{ Delete |
u]g ] [ Cancel ]
\ /

Figure 5.23: Management of the units

To find more information on the add-on module, click the Help menu.

RF-COMNCRETE Columns - [Example 10 - Edge column {Complete System)]

| File Settings [Help

Index

Development Team

Update Reports
Figure 5.24: Menu it