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Introduction 0

Add-on Module RF-CONCRETE Surfaces

Although reinforced concrete is at least as frequently used for plate structures as it is for frameworks,
standards and technical literature provide comparatively little information on the design of two-
dimensional structural components. In particular, the design of shell structures that are simultaneously
subjected to moments and axial forces is rarely described in reference books. Since the finite element
method allows for a realistic modeling of plate structures, design assumptions and algorithms must be
found to close this "regulatory gap" between member-oriented regulations and computer-generated
internal forces of plate structures.

Dlubal Software GmbH meets this challenge with the add-on module RF-CONCRETE Surfaces. A
consistent design algorithm for dimensioning reinforcement directions consisting of two and three layers
has been developed based on the compatibility conditions defined by Baumann [1]®@ in 1972.
However, the module is more than just a tool for determining the statically required reinforcement: It
also includes regulations concerning the allowable maximum and minimum reinforcement ratios for the
different types of structural components (2D plates, 3D shells, walls, deep beams) like they are given
as design specifications in the standards.

When determining reinforcing steel, RF-CONCRETE Surfaces checks if the concrete's plate thickness,
which stiffens the reinforcement mesh, is sufficient to meet all requirements arising from bending and
shear loading.

In addition to the ultimate limit state design, the serviceability limit state design is also possible in the
module. These designs include the limitation of the concrete compressive and the reinforcing steel
stresses, the minimum reinforcement for crack control, as well as crack control by limiting rebar
diameter and rebar spacing. For this purpose, analytical and nonlinear design check methods are
available for selection.

If you also have a license for RF-CONCRETE Deflect, you can calculate the deformations with the
influence of creep, shrinkage, and tension stiffening according to the analytical method.

With a license of RFFCONCRETE NL, you can consider the influence of creep and shrinkage when
determining deformations, crack widths, and stresses according to the nonlinear method.

The design is possible according to the following standards:

= EN 1992-1-1:2004/A1:2014
= ACI 318-19

= CSA A23.3-19

= SIA 262:2017

= GB 50010-2010

The figure on the left shows the National Annexes to EN 1992-1-1 that are currently implemented in
RF-CONCRETE Surfaces.

All intermediate results for the design are comprehensively documented. In line with the philosophy of
Dlubal Software, this provides a notable transparency and traceability of design results.

We hope you will enjoy working with RF-CONCRETE Surfaces.

Your Dlubal team

| www.dlubal.com
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1.2

1.3

Using the Manual

Topics like installation, graphical user interface, results evaluation, and printout are described in detail
in the manual of the main program RFEM. This manual focuses on typical features of the add-on
module RF-CONCRETE Surfaces.

The descriptions in this manual follow the sequence and structure of the module's input and result
windows. In the text, the described buttons are given in square brackets, for example [Apply]. At the
same time, they are pictured on the left. Expressions that appear in dialog boxes, tables, and menus
are highlighted in italics to clarify explanations.

In the PDF manual, you can perform a fulltext search as usual with [Ctrl]+[F]. If you do not find what
you are looking for, you can also use the search function of the Knowledge Base @ on our website to
find a solution in the articles about the concrete modules. Our FAQs @ also provide a number of
helpful hints.

Opening the RF-CONCRETE Surfaces
Add-on Module

RFEM provides the following options to start the RFF-CONCRETE Surfaces add-on module.

Menu
You can start the add-on module with the RFEM menu item

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

[ Add-on Modules | Window  Help

‘E Current Module forn Q@ > P i

e b =g S
- BEATDS RIER-A- | H-iT=

Design - Steel

Design - Concrete b | 4# RF-COMNCRETE Surfaces Design of concrete surfaces
Design - Timber 4 :; RF-COMNCRETE Members Design of concrete members I
Design - Aluminum 4 |"| RF-COMNCRETE Columns Design of concrete columns
Dynamic 4 t" RF-PUNCH Punching shear design of surfaces
Connections 4 t‘ RF-PUNCH PRO Punching shear design of surfaces
Foundations 4

Stability 4

Towers 4

Piping 3

Others 4

External Modules 4

Stand-Alone Programs 4

Add-on Modules — Design - Concrete — RF-CONCRETE Surfaces menu item

www.dlubal.com


https://www.dlubal.com/en-US/support-and-learning/support/knowledge-base
https://www.dlubal.com/en-US/support-and-learning/support/knowledge-base
https://www.dlubal.com/en-US/support-and-learning/support/faq

- Introduction

RF-CONCRETE Surfaces - Manual

RF-COMCRETE Surfaces CAL - Ceilings | =

LC1 - Self-weight and finishes
LC2 - Traffic load

CO1 - Design values for reinforced concrete
RF-CONCRETE Surfaces CA1 - Ceilings

RF-CONCRETE Surfaces CA2- Walls
&

RF-COMCRETE Surfaces

Navigator

Alternatively, you can start the add-on module in the Data navigator by selecting

Add-on Modules — RF-CONCRETE Surfaces.
Project Mavigator - Data

B@ Example

#- ] Model Data
+--|_) Load Cases and Combinations
-] Loads

+-_J Results

] Sections

----- |_J Average Regions
[#-_J Printout Reports
(-] Guide Objects
-y Add-on Modules
: Favorites

=} RF-CONCRETE Surfaces - Design of concrete surfaces

= RF-COMNCRETE Members - Design of concrete members

[=] RF-STEEL Surfaces - General stress analysis of steel surfaces
RF-STEEL Members - General stress analysis of steel members
|2 RF-STEEL EC3 - Design of steel members according to Eurocode 3

| »

m

ﬁData ﬂDisplay ,ﬂ\c’iews  Results

Data navigator: Add-on Modules — RF-CONCRETE Surfaces

Panel

If results from RF-CONCRETE Surfaces are already available in the RFEM model, you can also start the

design module in the panel:

Set the relevant design case of RFF-CONCRETE Surfaces in the load case list of the menu bar. Then use

the [Show Results] button to display the reinforcements graphically.

Now you can click the [RF-CONCRETE Surfaces] button in the panel to open the add-on module.

Panel x

Fequired Reinforcement
a5,1.2 [tap] [em? /m]
11.65
10.59
953
847
742
6.36
530
424
318
212
1.06
0.00

Max : 1165
Min : 0.00

RF-COMCRETE Surfaces

Ex 4

[RF-CONCRETE Surfaces] panel button

www.dlubal.com
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2.1

Theoretical Background

Type of Model

The Type of Model that is defined when creating a new model has a crucial influence on how the

structural components are stressed.

New Model - General Data

(S

General | Options | History

Model Name Description
Project Name Description
] Examples j

Folder: @ @

C:\Users'PublictDocuments*DiubalProjects'\Examples

Type of Model Classification of Load Cases and Combinations

@ 3D According to Standard:

0 20 - XY uzfonov) None e

© 2D - XZ juxfuz/ov)

_ Create combinations automatically
(22D - XY {uxfuv/oz)

(@ Load combinations

Result combinations for linear analysis only)

Positive Orientation of Global Axis Z Template

() Upward... 7] Open template model:

(@ Downward 5
Comment

@ & @ @) oK

New Model - General Data dialog box, Type of Model dialog section

When the model type 2D - XY (uz/@x/¢y) is selected, the plate is only subjected to bending. The
designed internal forces are then exclusively represented by moments whose vectors lie in the plane of

the structural component.

However, when you select 2D - XZ (ux/uz/¢y) or 2D - XY (ux/uv/9z), the wall or diaphragm is only
subjected to compression or tension. The internal forces used for the design are solely axial forces

whose vectors lie in the plane of the structural component.

In a spatial 3D model type, both loadings (moments and axial forces) are combined. A structural
component defined in this way can be subjected to tension/compression and bending simultaneously.
Thus, the internal forces to be designed are both axial forces and moments whose vectors lie in the

component's plane.

www.dlubal.com
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2.2

Design of 1D and 2D Structural
Components

To design the ultimate limit state of a one- or two-dimensional structural component consisting of
reinforced concrete, it is always necessary to find a state of equilibrium between the acting internal
forces and the resisting internal forces of the deformed component. However, in addition to this
common feature in the ultimate limit state design of one-dimensional components (members) and
two-dimensional components (surfaces), there is a crucial difference:

1D structural component (member)

In a member, the acting internal force is always oriented in such a way that it can be compared to the
resisting internal force that is determined from the design strengths of the materials. An example of this
is a member subjected to the axial compressive force N.

Design of a member

With the dimensions of the structural component and the design value of the concrete compressive
strength, it is possible to determine the resisting compressive force. If it is smaller than the acting
compressive force, the required area of the compressive reinforcement can be determined by means of
the existing steel strain with an allowable concrete compressive strain.

2D structural component (surface)

In a surface, the direction of the acting internal force is only in exceptional cases (trajectory
reinforcement) oriented in such a way that the directly acting internal force can be set in contrast with
the resisting internal force: In an orthogonally reinforced wall, for example, the directions of the two
principal axial forces n1 and n2 are generally not identical to the reinforcement directions.

n

Design of a wall

Hence, for the dimensioning of the mesh's reinforcement, it is not possible to use such an approach as
is used when determining a member's reinforcement. Internal forces that run in the direction of the
reinforcement mesh's layers are required in order to determine the concrete loading. These internal
forces are called design internal forces.

| www.dlubal.com



RF-CONCRETE Surfaces - Manual

Dlubal

To better understand design internal forces, we can look at an element of a loaded reinforcement
mesh. For simplicity's sake, we assume the second principal axial force n2 to be zero.

nl

Reinforcement mesh element with loading

The reinforcement mesh deforms under the given loading as follows.

nt

Deformation of reinforcement mesh element

The size of the deformation is limited by introducing a concrete compression strut into the reinforcement
mesh element.

n1

Introducing a concrete compression strut

The concrete compression strut induces tensile forces in the reinforcement.

nt

2y

o

Tensile forces in the reinforcement

These tensile forces in the reinforcement and the compressive force in the concrete represent the design
internal forces.

10

www.dlubal.com



RF-CONCRETE Surfaces - Manual

Once the design internal forces are found, the design can proceed like the design of a one-
dimensional structural component.

Thus, the main feature for the design of two-dimensional structural components is the transformation of
the acting internal forces (principal internal forces) into design internal forces whose direction allows
for dimensioning the reinforcement and checking the concrete's load-bearing capacity.

The following graphic illustrates the main difference between the design of one-dimensional and two-
dimensional structural components.

One-dimensional structural component

Determine the acting internal forces RE

'

Determine the resisting internal forces Rp

A 4 A 4

Satisfied Not satisfied

Two-dimensional structural component

Determine the acting internal forces Re

v
Determine the design internal forces Rg

v

Determine the resisting internal forces Rp

v 4
Satisfied Not satisfied

| www.dlubal.com

[ n



Dlubal

RF-CONCRETE Surfaces - Manual

23

Walls (Diaphragms)

2.3.1 Design Internal Forces

Determining the design internal forces for walls and diaphragms is carried out according to Baumann's
[1]® method of transformation. In this method, the equations for determining the design internal forces
are derived for the general case of a reinforcement with three arbitrary directions. Then these forces
can be applied to simpler cases such as orthogonal reinforcement meshes with two reinforcement
directions.

Baumann analyzes the equilibrium conditions with the following wall element.

‘ Nyzk-N,

Equilibrium conditions according to Baumann

Figure 2.8 @ shows a rectangular segment of a wall. It is subjected to the principal axial forces N1
and N2 (tensile forces). The principal axial force N is expressed by means of the factor k as a multiple
of the principal axial force Nj.

Three reinforcement directions are applied in the wall. The reinforcement directions are labelled x, y,
and z. The angle included in clockwise direction by the first principal axial force N1 and the
reinforcement direction x is labelled a. The angle between the first principal axial force N1 and the
reinforcement direction y is called B; the angle to the remaining reinforcement set is called .

Baumann writes in his thesis: If the shear and tension stresses in the concrete are neglected, the
external loading (N1, N2 =k - N1) of a wall element can generally be resisted by three internal forces
oriented in any direction. In a reinforcement mesh with three reinforcement directions, these forces
correspond to the three reinforcement directions (x), (y), and (z), which form the angles a, B, y with the
larger main tensile force N1 and are labelled Z,, Z,, Z; (positive as tensile forces).

[ 12

www.dlubal.com
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To determine these forces Z,, Z, (and Z; in case of a third reinforcement direction), we first have to
define a section paro||e| to the third reinforcement direction.

by=sin ¢

b,=-cos ¢

Section parallel to the third reinforcement direction z

The value of the section length is applied as 1. With this section length, we can determine the projected
section lengths that run perpendicular to the respective force. In the case of the external forces, these
are the projected section lengths b1 (perpendicular to force N1} and b2 (perpendicular to force N2). In
the case of the tensile forces in the reinforcement, these are the projected section lengths by
(perpendicular to the tension force Z,) and by, (perpendicular to the tension force Z,).

The product of the respective force and the corresponding projected section length then results in the
force that can be used to establish an equilibrium of forces.

Equilibrium of forces in a section parallel to reinforcement in direction z

The equilibrium between the external forces (N1, N2) and the internal forces (Zy, Zy) can thus be
expressed as follows.

1

Z . = e—
* X sin(b—a)

“(N;- b, -sinb =N, b, cosb)

1
‘b =———= (=N, -b,-sina—N, b, cosa
vy sin(b—a)( 1 2 72 )

www.dlubal.com
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To determine the equilibrium between the external forces (N1, N2) and the internal force Z; in the
reinforcement direction z, we define a section paro||e| to the reinforcement direction x.

b,=cos ot

byesince

Section parallel to the reinforcement direction x

Graphically, we can determine the following equilibrium.

Equilibrium of forces in a section parallel to reinforcement in direction x

The equilibrium between the external forces (N1, N2) and the internal forces Z, can then be expressed
as follows.

1
Z b =—————"-"(N,"b,-sinb—N,-b,-cosb
z z Sln(b_g) (l 1 2 2 )

If you replace the projected section lengths b1, b2, by, by, bz with the values shown in the figure and
use k as the quotient of the principal axial force N2 divided by N, you get the following equations.

Z,_sinb-sing+k -cosb - cosg
N, sin(b —a) - sin(g — a)

Z, sina-sing+k -cosa-cosg
1 sin(b—a)-sin(b-g)

Dlubal

www.dlubal.com
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Z, —sina-sinb+ k- cosa-cosb

Wl sin(b—g) - sin(g — a)

These equations are the core of the design algorithm for REF-CONCRETE Surfaces. You can thus
determine the design internal forces Zx, Z, and Z; for the respective reinforcement directions from the
acting internal forces N1 and Na.

By adding up Equation 2.5 @, Equation 2.6 @, and Equation 2.7 @, you get:

By multiplying Equation 2.8 @ with N1 and substituting k for N2 / N1, you get the following equation
that clarifies the equilibrium of the internal and external forces.

Z,+2Z,+2,=N +N,

| www.dlubal.com
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2.3.2 Two-Directional Reinforcement Meshes with k> 0

For a reinforcement with two reinforcement directions subjected to two positive principal axial forces
N1 und N2, choose the direction of the concrete compressive strut as follows.

There are basically two ways to arrange a compression strut exactly at the center between two
crossing reinforcement directions.

N1 N1
correct wrong
2l %
Zy
Zy Zy 2y
Ix Ix

Correct and incorrect arrangement of the stiffening concrete compression strut

In the figure on the left, the stiffening concrete compression strut divides the obtuse angle between the
crossing reinforcement directions; in the figure on the right, it divides the acute angle. The strut on the
left stiffens the reinforcement mesh in the desired way, whereas the concrete compression strut shown in
the figure on the right allows the reinforcement mesh to be arbitrarily deformed by the force Nj.

To ensure that the compression strut divides the correct angle, the design forces Z,, Zy, and Z, are
determined using Equation 2.5 @, Equation 2.6 @, and Equation 2.7 @ for both geometrically possible
directions of the compression strut. A wrong direction of the compression strut would result in a tensile
force.

Therefore, the following directions of the concrete compression strut are analyzed:

a+ b atb
9= " and g, =——>—+ 90°

To distinguish the analyzed directions, the index "1a" is assigned to the simple arithmetic mean value
and the index "1b" is assigned to the direction of the compression strut that is rotated by 90°.

www.dlubal.com



n Theoretical Background RF-CONCRETE Surfaces - Manual

The following graph shows that for the equilibrium of forces, a tension force is respectively obtained in
the two reinforcement directions and a compression force in the selected direction of the compression
strut.

ZIN

Z/N,

k=04

q

x+ haiil
2

Zy I N

o uz 0 ,oy m r, oK+ T

W | ‘ !

-1 4 * ® |
EALA M !

Z N\ L | I

e | [

-2 ! |

| l |
{ !

| !

-3 1 I l
| |

|
1 [

-4 L:einforcement with the two directions (x),(y) J three-directional reinforcement f

oy
g for «x<y<f . fOr oy <¥ <Yox

Two-directional reinforcement for pure tension

In his studies, Baumann [1] @ assumed certain ranges of values for the different angles. The angle a
(between the principal axial force N1 and the reinforcement direction closest to it) thus has to be
between O and n/4. The angle B must be greater than o + /2.

[1]@ provides Table IV with the possible states of equilibrium (see Figure 2.15 @ ). Rows 1 through 4
of this table show the possible states of equilibrium for walls that are only subjected to tension. Row 4
shows the state of equilibrium with two directions of reinforcement subjected to tension and a
compression strut. Rows 5 to 7 show walls for which the principal axial forces have different algebraic
signs.

www.dlubal.com 17
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Table 1V:
Appropriate selection of angle B and y for a given direction O< x<T/4

of the reinforcement direction (x)

Reinforcement layout 1
Tension forces Tension
Ratio Number of (to be resisted | to b 1 Ny=k-N,
k= "2/"1 required Di_'eg“‘"' B of Direction y of by the rner:lit(e: b; ~Z !
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1) Reinfor dir i are indi by i lines, concrete compression forces by dotted lines.

Possible states of equilibrium according to [1] @

The second column of this table defines the value range of the loading.

The third column indicates the number of reinforcement directions subjected to a tension force for this
state of equilibrium.

The fourth column (B) shows the value range of the reinforcement direction B. In REECONCRETE
Surfaces, this range is not available as it results from the directions of reinforcement specified in the
input data.

The fifth column (y) shows the direction of the internal force Z,. In most cases, this is the direction of the
compression strut computed by the program; however, it can also be a user-defined third reinforcement
direction to which a tension force is actually assigned.

The seventh column indicates whether or not the force in the direction v is indeed a compression force.
The penultimate column shows the required internal forces together with their directions. Reinforcement

directions with a tension force are represented by simple lines whereas possible compression struts are
indicated by dashed lines.
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2.3.3 Two-Directional Reinforcement Meshes with k<0

If the main axial forces N1 and N2 have different signs in a two-directional reinforcement mesh, a
tension force is respectively obtained for the equilibrium of forces in the two reinforcement directions,
as well as a compression force in the selected direction of the compressive strut.

ZIN
L T T —1
S | I « |
N | | N I
W o 2
z
! N A~ | [ P
2 } t g _
| | 1 |
| i B
! oo 1
14 ‘ M
| ! Y !
I ] !
1 | | r
o T +
o n Ko T X+
] ' /
] | ' |
! |
| ' \
2 1 1 |
| A\
b ! ’ N [
z ! | AN [
| ! !
| |
< : Two-direction reinforcement !
in direction (x), (y) .

roq;,fr <A

Two-directional reinforcement in tension and compression

Rows 5 and 6 of Table IV (Figure 2.15 @) provide examples for this possible state of equilibrium.

However, for a wall subjected to both tension and compression, a compression strut may expectedly
result in the direction y and another one in the direction B for the selected direction of the concrete
compression strut (arithmetic mean between the two reinforcement directions). This is exactly the case
when the arithmetic mean in the diagram above is to the left of the zero crossing of the force
distribution of Z,. However, this kind of equilibrium is not possible. The reinforcement of the conjugated
direction is determined, that is, the value Yoy is used for the compression strut direction 7.

tang, = —k -cota

This means that no force occurs in the second reinforcement direction y under the angle . Row 7 in
Table IV (Figure 2.15 @) shows an example of this equilibrium of forces. In the add-on module
RF-CONCRETE Surfaces, such a state of equilibrium is reached when a compression force in the
reinforcement direction y results for the routinely assumed direction of the compression strut (arithmetic
mean between the directions of both reinforcement sets).

We have thus described all possible states of equilibrium for two-directional reinforcements.

www.dlubal.com
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234 Possible Load Situations

The load is obtained by applying the principal axial forces n1 and n2, with the principal axial force n;
always being greater than the principal axial force n2 when taking the algebraic sign into account.

Tmax

Mobhr's circle

There are different load situations depending on the algebraic signs of the principal axial forces.

State of stress
(1em = 100 N/mm2)

Moht's circle Resuilt

— b

Load situations

20
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In a matrix of principal axial forces, you get the following designations of the individual load situations
(ny is called ny, ng is ny):

n,
n, = 0 n = 0 n, < 0
n
Eliptical
n, > 0 (;::;g’:_ Not possible | Not possible
tension)
n. =0 Parabolic No loading Not possible
Il tension
Hyperbolic . Eliptical
n. <0 state Parabolic compression
I {tension - compression | ccompression -
compression) comprassion)

Maitrix of principal axial forces for load situations

Determining the design axial forces using Equation 2.5 @ through Equation 2.7 @ is described in the
previous paragraphs for the load situations Elliptical tension and Hyperbolic state. For the load
situation Parabolic tension, the design axial forces are obtained in the same way. The value k is to be
applied with zero in Equation 2.5 @ through Equation 2.7 @.

Now we will explain the design axial forces for the following design situations.

Elliptical compression in a mesh with 3 reinforcement directions

Equations 2.5 @ to 2.7 @ are applied without changes, even if the two principal axial forces n1 and n
are negative. If a negative design axial force results for each of the three reinforcement directions,
none of the three provided reinforcement directions is activated. The concrete is able to transfer the
principal axial forces by itself, that is, without the use of a reinforcement mesh in tension stiffened by a
concrete compression strut.

The assumption that concrete compression forces in the direction of the provided reinforcement are
intfroduced to resist the principal axial forces is purely hypothetical. It is based on the wish to obtain a
distribution of the principal compression forces in the direction of the individual reinforcement directions
in order to be able to determine the minimum compression reinforcement that is required, for example,
in EN 1992-1-1, clause 9.2.1.1. To this end, a statically required concrete cross-section is needed,
which can only be determined by using the previously determined concrete compression forces in the
direction of the provided reinforcement.

When determining the minimum compressive reinforcement, other standards manage without a
statically required concrete cross-section that results from the principal axial force, transformed into a
design axial force. However, for a unified transformation method across different standards, the
principal compressive forces are transformed in the defined reinforcement directions for these
standards as well. Studies have shown that the design with transformed compressive forces is the safe
choice. The concrete compressions that occur in the direction of the individual reinforcement directions
are designed.

However, if at least one of the design axial forces is positive after the transformation, the reinforcement
mesh is activated for this load situation. Then, as described in chapter 2.3.2 @ and chapter 2.3.3 3,
an internal equilibrium of forces in the form of two reinforcement directions and one selected concrete
compression strut has to be established.

www.dlubal.com
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Elliptical compression in a two-directional mesh

Equations 2.5 @ through 2.7 @ are used without alterations. If the direction of the two main axial
forces is identical with the direction of both reinforcement directions, the design axial forces are equal
to the principal axial forces.

If the principal axial forces deviate from the reinforcement directions, the equilibrium between a
compression strut in the concrete and the design axial forces in the reinforcement directions is sought
again. For the direction of the compression strut, the two intermediate angles between the
reinforcement directions are analyzed again. As with elliptical tension, the following applies: The
assumption of a compression strut direction is deemed to be correct if a negative design force is
actually assigned to the compression strut. If allowable solutions are found for both compression strut
directions, the smallest value of all design axial forces determines which solution is chosen.

If the design axial force for a reinforcement direction is a compressive force, the program first checks
whether the concrete can resist this design axial force. If this is not the case, a compression
reinforcement is determined.

Parabolic compression in a two-directional mesh

In this load situation, the principal axial force n1 is zero. Since the quotient k = n2 / n1 cannot be
calculated anymore, you cannot use Equations 2.5 @ through 2.7 @ in the usual way. The following
modifications are necessary.

n, sinb-sing+n,-cosbh-cosg

n=

a sin(b—a) - sin(g — a)
_ n,-sina-sing+n,-cosa-cosg
Np= sin (b —a) - sin (b—g)
_ ~ny-sina-sinb+n,-cosa-cosh
o™ sin(b —g) - sin(g — a)

With these modified equations, the program searches for the design axial forces in the two
reinforcement directions and for a design axial force for the concrete in the same way. If a
reinforcement direction is identical to the acting principal axial force, its design axial force is the
principal axial force. Otherwise, solutions with a compression strut between the two reinforcement
directions are found again.

Parabolic compression in a three-directional mesh

The formulas presented above are used according to Equation 2.13 @.

If the principal axial force runs in a reinforcement direction, solutions for a compression strut direction
between the first and the second reinforcement direction or the first and third reinforcement direction

are analyzed (as with parabolic tension). Again, the smallest value of all design axial forces decides
which solution is chosen.
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2.3.5 Design of the Concrete Compression Strut

The concrete compression force in the selected concrete compression strut direction is one of the
design forces. It is analyzed whether the concrete is able to resist the compression force. However, the
complete concrete compression stress f.4 is not applied; instead, the allowable concrete compression
stress is reduced to 80%, analogous to the recommendation by Schlaich/Schéfer ([2] @, page 373).

With the reduced concrete compression stress fcd 08, the magnitude of the resistant axial force ngyryt d
per meter is determined by mu|tip|ying it with a width of one meter and the wall thickness.
b-d

nstrut,d = fr:d,08 ’

This resistant concrete compression force can now be compared to the acting concrete compression
force ngiryr. The analysis of the concrete compression strut is fulfilled, if

nstrut,d 2 nstrut

The design of the concrete compression strut is carried out in the same way for all standards available
in the program, naturally with the respectively valid material properties.

2.3.6 Determining the Required Reinforcement

To determine the dimension of the necessary reinforcement area, the design axial force to be resisted
ng is divided in the respective reinforcement direction @ by the steel stress at the yield point.

The steel stress at the yield point is defined differently depending on the standard and type of concrete.
Furthermore, for the design, the respective partial safety factor for the reinforcing steel has to be
considered.

If the reinforcement is under compression instead of tension, the steel stress for the allowable concrete
compression at failure is to be determined. It is the same in all standards and equals 2 %eo. Thus, the
steel stress can be determined by using the modulus of elasticity as follows:

s = E_-0.002

Should the steel stress be greater than the steel stress at the yield point, the steel stress at the yield point
is used. Apart from that, a compression reinforcement is only determined if the resistant axial force
nsirut.d per meter of the concrete is smaller than the acting, compression-inducing design axial force. The
compression reinforcement is then designed for the difference of the two axial forces.

| www.dlubal.com
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2.3.7 Reinforcement Rules

All standards contain regulations for plate structures regarding the size and direction of the
reinforcement to be used. For this purpose, the standard classifies the plate structures into certain
structural elements. EN 1992-1-1, for example, gives the following types of structural elements:

= plate (slab)
= wall (diaphragm)
= deep beam

The following graphic illustrates the relation between the user-defined Type of Model, the model for the
design, and the structural element type according to the standard, which is used to determine the size
and direction of the minimum or maximum reinforcement.

2D - XY 2D - XZ 20D - Xy
Type of model 3D [ uzlguloy) { woluzlgy) { wolurlge)
Type of element
acc. to standard: shell Plate el
Shell, Shell, Flate il Deep beam

Type of element

ace. to standard: predominantly _Or predominantly
curved curved
Wzl Flate

Relation between type of model, design model, and structural element type

If 3D (see Figure 2.1 @) is selected as the type of model, the structural component is always designed
as a shell, independent of whether both axial forces and moments occur in portions of the structural
component or if there is only one of these internal forces. A model type defined as 2D - XY (uz/¢x/@y)
is always designed as a plate, while the types 2D - XZ (uy/uy/¢y) and 2D - XY (ux/uy/¢z) are
designed as walls.

After selecting the structural component type, the regulations of the respective standard are
automatically used when determining the required reinforcement. We will now briefly look at these
regulations for EN 1992-1-1, which distinguishes between solid plates, walls, and deep beams.

Solid plates
For solid plates, EN 1992-1-1 specifies the following:

= Clause 9.2.1.1 (1):

The minimum area of the longitudinal tension reinforcement must normally correspond to A min.

f
=0.26-—" -b,-d >0.0013 - b, - d
yk

= Clause 9.2.1.1 (3):

The cross-sectional area of the tension or compression reinforcement may generally not exceed Ag max
outside of lap locations. The recommended value is 0.04 A..

According to DIN EN 1992-1-1/NA:2010, the sum of the tension and compression reinforcement
may not exceed A;max = 0.08 - Ac. This is also true for lap locations.

[ 24

www.dlubal.com



RF-CONCRETE Surfaces - Manual

Walls
For walls, EN 1992-1-1 specifies the following:

= Clause 9.6.2 (1): The area of the vertical reinforcement should normally be between A ymin and
Asvmax- The recommended values are Agymin = 0.002 - Ac and Asymax = 0.04 - A outside the lap
locations.

DIN EN 1992-1-1/NA:2010 specifies
- generally: Agymin = 0.15 I Ngg | = f,4 20.0015 - A,
= Asvmax = 0.04 - A (this value may be doubled in laps)
The reinforcement content should be equal at both wall faces.

= Clause 9.6.3 (1): A horizontal reinforcement that runs parallel to the faces of the wall (and to the
free edges) should ordinarily be provided at the outer face. Generally, it must not be less than
As hmin- The recommended value is the greater value between 25 % of the vertical reinforcement and

0.001 - Ac. DIN EN 1992-1-1/NA:2010 specifies
- generally: Aghmin = 0.20 - A,

The diameter of the horizontal reinforcement must be at least a quarter of the diameter of the
perpendicular members.

Deep beam

According to EN 1992-1-1, clause 5.3.1 (3), a beam is considered to be a deep beam if the
component's span is less than three times the cross-section depth. In this case, the following applies:

= Clause 9.7 (1): Deep beams should normally be provided with an orthogonal reinforcement mesh
with a minimum area of A dbmin near each face. The recommended value is 0.001 - A, but not less
than 150 mm?/m per face and direction.

DIN EN 1992-1-1/NA:2010 specifies

= Asdomin = 0.075 % of Ac > 150 mm?/m

User-defined reinforcement rules across standards

In addition to the normative and therefore unalterable reinforcement specifications, you can specify
your own reinforcement rules. These minimum reinforcements can be specified in the Reinforcement
Ratios tab of window 1.4 Reinforcement.

Reinforcement R atios | Reinforcement Layout I Longitudinal Reinforcement I EN 1992-1-1 I Design Meth0d|

Settings

Minimum secondary
reinfarcement: 20,00 [%]

Basic minimum
reinfarcement: 0.00- [%]

Minimurn tension -
reinforcement: 0,00 [%]

Minimum compression
reinfarcement: 0.00- [%]
I awirum reinforcement

percentage: 4005 [%]

Minirum shear reinfor-
cement percentage: 0.00- [%]

Window 1.4 Reinforcement, Reinforcement Ratios tab
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Calculation

For example, if a minimum secondary reinforcement of 20 % of the largest provided longitudinal
reinforcement is specified, the [Calculation] first determines the maximum |ongitudin0| reinforcement. In
the result windows, this is shown as the Required Reinforcement.

2.1 Required Reinforcement Total

B [ ¢ [ D ] E [ F [ & [ H ] I [ K
Surface Grid Point-Coordinates [m] Required Basic Addttional Reinforcement
Mo. Pairt X Y Z Symbol Reinfc nt| Reinforcement,  Required Provided Uit Note
BER G253 6.000 6.000 0.000 | 35,1,z ftor) i 257 519 -|em2/m
4 G180 9.500 0.000 0.000 | 35,2,z ftor) 257 379 -|em2/m
5 G171 5.000 4.000 0.000 | 351,42 (bottom) 257 5.97 -|em2/m
5 G171 5.000 4.000 0.000 | 35,2,+ (bottom) 16.10 257 1353 -|em2/m
5 G171 5.000 4.000 0.000 | 35w 19.82 - - -|em2/m2
(71 In FE nodes @ In grid pairts Required reinfarcement far: | LILS rl T ey

Required longitudinal reinforcement and [Design details] button

You can check the minimum secondary reinforcement by clicking the [Design details] button.

e >

B " Design Details

Surface No. 1 Grid Point No. G253 | X: 6.000, ¥ 6.000, Z: 0.000 m
Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
Design Intemal Forces
Concrete Strut
Required Longitudinal Reinforcement Due to Design Membrane Forces
Shear Design
Statically Required Longitudinal Reirforcement
=] Minimum Reinforcement
Minimum Longttudinal Reinforcement
E Minimum Secondary Rerforcemert
Minimum Secondary Reir Ratio fmin pa 200 %
Bottom suface (2z)
= Top surface (-z)

B Main longitudinal reinforcement of this side Bemaxz 776 | em2/m
[ Direction of the Main Longitudinal Reinforcement Qas, main 0.000 | *
I Goveming longitudinal reinforcement into direction 1 B=,mazs 2.1 7.76 | em2/m
[ oveming longitudinal reinforcement into direction 2 as,mass, 2.2 1.35 | em2/m
Reinforcement as Secondary Reinforcement into Direction 1 | 2= min@, 2.1 0.00 | cm2/m
I Reirforcement as Secondary Reinforcement into Direction 2 | a5 min2,2.2 1.55 | em2/m
[ Minimum Reirforcement
Bottom surface (#z)
[ Top surface (-z)
Minimum Reinforcement into Direction 1 as,min, 2.1 227 [em2/m
[E] Minimum Reinforcement into Direction 2 8s,min, 2,2 1.55 [ em2/m
Minimum Longitudinal Reinforcement @s,min longi, .2 0.00 | em2/m
Reirforcement used as secondary reinforcement 8s,minQ,z,2 1.55 [ em2/m
[# Check Maximum Reinforcement Ratio
Reinforcement to be used
[# Analysis Method for Reinforcement Envelope
Type of check:  a=.1.z (1op) - With intemal forces:  min mx [goveming) -

Design Details dialog box for checking the minimum reinforcement

In the example above, the Secondary Reinforcement into Direction 2 is 20 % of the reinforcement
provided in reinforcement direction 1 (here main direction): 7.76 cm?/m - 0.2 = 1.55 cm?/m. Since
this value is greater than the Governing longitudinal reinforcement into direction 2 of 1.35 cm?/m, the
secondary reinforcement is decisive.
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24 Plates

2.4.1 Design Internal Forces

The most important formulas for determining the design axial forces from the principal axial forces are
presented in Equation 2.5 @ through Equation 2.7 @ in chapter 2.3 @. According to Baumann [1] 3,
these formulas can also be used for moments, because they are nothing more than a force couple with
the same absolute value, situated at a certain distance from each other and with a diametrical
direction.

Among other things, plates differ from walls in that the actions result in stresses with different algebraic
signs on two opposing sides of the plate. It would therefore make sense to provide plates with
reinforcement meshes with different directions for both sides of the plates. Since the principal moments
m1 and m2 are determined in the centroidal plane of the surface, they must be distributed to the plate
sides in order to be able to determine the design moments for the reinforcement of the respective plate
side.

We look at a plate element with its loading. The surface's local coordinate system is located in the
centroidal plane of the plate.

Plate element with local surface coordinate system in centroidal plane of the plate

In RFEM, the surface's bottom side always lies in the direction of the positive local surface axis z, the
¢ top side accordingly in the direction of the negative local z-axis. The surface axes can be switched on
Top and bottom side in the Display navigator by selecting Model — Surfaces — Surface Axis Systems x,y,z or in the
shortcut menu of surfaces (see Figure 3.28 @ ).

In RFEM, the principal internal forces my and ma are determined for the centroidal plane of the plate.

Principal moments m1 and m2 in centroidal plane of the plate

The principal moments are displayed as simple arrows. They are oriented like the reinforcement that
would be required to resist them.
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To obtain design moments for the reinforcement mesh at the bottom surface of the plate from these
principa| moments, the principo| moments are shifted to the p|0te's bottom surface without alteration.
For the design, they are described with Roman indexes as my and my;.

Principal moments shifted to the bottom surface of the plate

To obtain the principal moments for determining the design moments for the reinforcement mesh at the
top side of the plate, the principal moments are shifted to the plate's top surface. At the same time, their
direction is rotated by 180°.

Principal moments shifted to the top surface of the plate

Since the principal moment is usually referred to as m1, which is larger with respect to the algebraic
sign (see Figure 2.27 @), the designations of the principal moments at the top side of the plate have to
be reversed.

Thus, the principal moments for determining the design moments at both plate sides are represented as
follows:

Final principal moments at bottom and top side of the plate

If the principal moments for both plate sides are known, the design moments can be determined. To
that end, the first step is to determine the differential angle of the reinforcement directions to the
direction of the principal moment at each plate side.

BES
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The smallest differential angle specifies the positive (clockwise) direction. All other angles are
determined in this positive direction and then sorted by size. In RFCONCRETE Surfaces, they are

designated as Om +z, Pm,+z and Ym+z as shown in the following example. The index +z indicates the
bottom surface.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
[ Design Intemal Forces
[ Bottom surface (+z)
[ Design Bending Moments
Principal Moments
[ Differential Angle Between o +z.+z and

Reinforcement Direction 1 AFzib 0248 |*

Reinforcement Direction 2 Az b 50.248 |

Reinforcement Direction 3 AFzab 45248 |*
[ Differential Angle According to Baumann

1st Differential Angle Cm,+z 0.248 |°

2nd Differential Angle Bm.+z 45248 |*°

3rd Differential Angle Tmz 90.248 | °

Differential angle according to [1] @ for bottom surface of plate (here for 3 reinforcement directions)

Then, Equations 2.5 @ through 2.7 @ are used according to Baumann [1] @ in order to determine the
design moments:

- sinb -sing + k -cosb - cosg
a ! sin(b — a)- sin(g — a)
sina -sing + k - cosa ' cosg
sin(b — a) - sin(b — g)
—sina sinb + k - cosa ‘- cosb
sin(b — g) - sin(g — a)

In RE-CONCRETE Surfaces, the design moments mg, +z, mp,+z, and my,+; for the bottom surface of the
plate are output as follows:

Design Report
Intemal Forces from Linear Analysis
Principal Intemal Forces
[ Design Intemal Forces
[ Bottom surface (+z)
[ Design Bending Moments
Principal Moments
Differential Angle Between o +z+z and
Differential Angle According to Baumann
[ Design Bending Moments According to Baumann

1st Design Bending Moment Mg +z 35.89 | kNm/m
2nd Design Bending Moment mp +z -0.31 | kNm/m
3rd Design Bending Moment My 4z 0.35 | kNm/m

Design moments according to [1] @ for the bottom surface of the plate

In this example, one of the design moments is less than zero. The program now searches for a

reinforcement mesh consisting of two reinforcement layers that is stiffened by a concrete compression
strut.

The first assumed reinforcement mesh consists of the two reinforcement sets in the directions 0, and B
The direction v of the stiffening concrete compression strut (the stiffening moment that produces

compression at this side of the plate) is assumed to be exactly between these two reinforcement
directions.

a,+ b,

gl,am = 2

www.dlubal.com
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With the adapted Equations 2.5 @ through 2.7 @, the program once more determines the design
moments in the selected reinforcement directions of the mesh and the moment that stiffens them. In the
example, the result for the plate's bottom side is the following.

Intemal Forces of Linear Statics
Principal Intemal Forces
[ Design Intemal Forces
[ Bottom surface (+z)
[ Design Bending Moments
Principal Moments
Differential Angle Between o +z,+z and
Differential Angle According to Baumann
[ Design Bending Moments by Baumann

1st Design Bending Moment Mg +z 35.89 | kNm/m

2nd Design Bending Moment mg +z -0.31 | kNm/m

3rd Design Bending Moment My 4z 0.35 | kNm/m

Does design Bending Moment have different sign | signm,+z Yes

Determine strut direction? striut m,+z Yes

[ First Assumption of the Strut Direction 7
MNew Differential Angle Tm,+z.1a 22748 | *
[ Design Bending Moments by Baumann

1st Design Bending Moment Mg,+z,13 36.82 | kNm/m
2nd Design Bending Moment mp+z.1a 1.02 | kNm/m
3rd Design Bending Moment My 42,12 -1.87 | kNm/m
Strut direction permissible? Mtrut,+z, 12 Yes

First assumption for the direction v of the concrete compression strut

The assumption of the reinforcement mesh results in a viable solution, because the direction of the
compression strut is valid.

The analysis of additional compression strut directions must show whether it is the energetic minimum
with the least required reinforcement. These analyses are carried out analogously.

Once all sensible possibilities for a reinforcement mesh consisting of two reinforcement directions and
a stiffening concrete compression strut are analyzed, the sums of the absolute design moments are
shown. For the example above, the overview looks as follows.

Intemal Forces from Linear Analysis

Principal Intemal Forces

[ Design Intemal Forces

(] Bottom Surface (+z)
[ Design Bending Moments

Principal Moments
Differential Angle Between o +z+z and
Differential Angle According to Baumann
Design Bending Moments According to Baumann
First Assumption of the Strut Direction ¢
Second Assumption of the Strut Direction ¢
First Assumption of the Strut Direction B
Second Assumption of the Strut Direction
[ Energy = Sum of abs(Design Bending Moments)

[ Smallest Energy for All Valid Cases I miin,+z 36.58 | kNm/m
Energy for Differential Angle 7m,+z, 16 Zym,+z,1b 35.71 | kNm/m
Energy for Differential Angle Bm,+z.2s Ipmsz.2a 36.58 | kNm/m

Sum of the absolute design moments

The Smallest Energy for all Valid Cases Y min,+z is given as the minimum absolute sum of the determined
design moments. In the example, the reinforcement mesh from the reinforcement layouts for the
differential angle Pm +z,24 yields the most favorable solution for the bottom side of the plate.

30
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The design details also show the direction of the governing compression strut. This direction is related
to the definition of the differential angles according to Baumann. Hence, the program also gives the
direction gyt in relation to the reinforcement direction. In the example, the following compression strut

angle is determined for the plate's bottom side:

Design Report

Intemal Forces from Linear Analysis

Principal Intemal Forces

[ Design Intemal Forces

(] Bottom Surface (+z)

[ Design Bending Moments

Principal Moments

Differential Angle Between o +z+z and

Differential Angle According to Baumann

Design Bending Moments According to Baumann

First Assumption of the Strut Direction ¢

Second Assumption of the Stnt Direction

First Assumption of the Strut Direction B

Second Assumption of the Strut Direction B

Energy = Sum of abs(Design Bending Moments)

E Goveming Strut
First Assumption for Direction B | Bm,+z.2a | 45248 [ ©
Strut Direction | #strutmz | 45.000 | *

m Governing compression strut

For an optimized direction of the design moment that stiffens the reinforcement mesh (see Figure
3.47 B), the design moments according to Baumann are obtained for the example above. These
design moments are applied to the defined reinforcement directions as shown in the following figure.

Surface No. 1 FE Mesh Point No. M15 | X: 2.000, ¥ 1.000, Z: 0.000 m

Design Report

Intemal Forces of Linear Statics

Principal Intemal Forces

[ Design Intemal Forces

[ Bottom surface (+z)

[ Design Bending Moments

Principal Moments

Differential Angle Between o +z+z and

Differential Angle According to Baumann

Design Bending Moments by Baumann

First Assumption of the Strut Direction ¢

Second Assumption of the Stnut Direction

First Assumption of the Strut Direction B

Second Assumption of the Strut Direction B

Energy = Sum of abs(Design Bending Moments)

Goveming Strt

[E Goveming Design Bending Moments

into Direction 1 M4z, @1 35.89 | kNm/m
into Direction 2 M4z, @2 0.39 | kNm/m
into Direction 3 M+z, &3 0.00 | kNm./m
into Strut Direction Mend,+z,strut 0.31 | kNm/m
Find optimal strut direction? Strut opti,m +z No

The strut found runs in a direction defined as the reinforcement direction.

The strut force determined will be the design force of this reinforcement direction.

The force for the design of the concrete strut will be set to zero.

[ Design Bending Moments by Baumann

into Direction 1 Mg +z 35.89 | kNm/m
into Direction 2 mg sz 0.31 | kNm/m
into Direction 3 My 4z 0.39 | kNm/m
[ Final Design Bending Moments
into Direction 1 Mend,+z, @1 35.89 | kNm/m
into Direction 2 Mend,+z, @2 0.39 | kNm/m
into Direction 3 Mend, @ 42,3 0.31 | kNm/m
into Strut Direction Mend,+z,strut 0.31 | kNm/m

LUy Final design moments for bottom side of plate
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2.4.2 Design of the Stiffening Moment

After determining the design moments, the program analyzes the concrete compression strut. It is
checked whether the moments used to stiffen the reinforcement mesh can be resisted by the plate.

In the design details, this analysis can be found under the Concrete Strut entry:

Design Report

Intemal Forces of Linear Statics
Principal Intemal Forces
Design Intemal Forces

(] Concrete Stnt
Thickness of Surface 7.00 | cm
[ Bottom surface (+z)
Design Membrane Forces in Strut Direction NS strut,+2 0.000 | kN/m
Mo check necessary: force inside the stnut is zero.
[ Top surface (-z)
Design Membrane Forces in Strut Direction NS strut, -z -1.921 | kN/m
[E Concrete Membrane Force Resistance N strut,d -746.667 | kN/m
Width of Surface b 1.000 | m
Thickness of Surface he 7.00 | cm
[ Applied Concrete Compressive Strength fed,08 10,67 | N/mm2
Design Uncorfined Concrete Compressive Streng | Fed 13.33 | N/mm2
Coefficient of Maxdmum Ltilization Efcd 0.800
Failure of concrete stnt? Instrut,dl < NS strut, = No

Design of the stiffening moment

For the determined moments, the program performs a normal bending design at the p|oie's bottom and
top sides. However, the design's aim is not to find a reinforcement: Rather, it is to verify that the
concrete compression zone is able to yield a resulting concrete compressive force that, multiplied by
the lever arm of the internal forces, results in a moment on the side of the resistance that is greater than
the acting moment.

The design is not fulfilled if the moment on the side of the resistance is smaller than the governing
design moment nsgyt even in the case of a maximum allowable bending compressive strain of the
concrete and a maximum allowable retraction of an assumed reinforcement.

The current standards regulate the adherence to the allowable strains via the limit of the ratio between
the neutral axis depth x and effective depth d. For this, the stress-strain diagrams for concrete and
reinforcing steel as well as the limit strains of these standards are used (see the following explanations
for EN 1992-1-1).

Stress-strain diagrams for cross-section design

The parabola-rectangle diagram according to Figure 3.3 of EN 1992-1-1 is used as the calculation
value of the stress-strain curve.

ez

27 _——_——— == = = = -

cu2

Stress-strain diagram for concrete under compression
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The stress-strain diagram of the reinforcing steel is shown in Figure 3.8 of EN 1992-1-1.

G
K-
Fix
fyu = fyk.")é T
k= (RIf)
Idealised
Design

Stress-strain diagram for reinforcing steel

The allowable limit deformations are shown in Figure 6.1 of EN 1992-1-1:

(’l-osrcef&..z}h
(1- &l &u)h

h
______ S0 -»d
. T e T T &
Eud & 0 Ec2 Sz
(Ecg,) {Ec...'_‘.)

- reinforcing steel tension strain limit
- concrete compression strain limit
- concrete pure compression strain limit

Limits of the strain distribution in the ultimate limit state

The ultimate limit state is determined through the limit strains: Either the concrete or the reinforcing steel
fails, depending on where the limit strain occurs.

= Failure of concrete, for example C30/37:
Limit strain for axial compression: €2 = —2.0 %o
Ultimate strain at failure: €. = —3.5 %o

= Failure of reinforcing steel, for example B 500 S (A):
Steel strain under maximum load: gk = 25 %o

= Simultaneous failure of concrete and reinforcing steel:

The limit compressive strains of concrete and steel occur simultaneously.
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2.4.3 Determining the Statically Required Reinforcement

The stress-strain diagrams for concrete and reinforcing steel described in chapter 2.4.2 @ together with
the allowable range of strain distributions (limit strains) represent the basis for determining the required
longitudinal reinforcement for the previously determined design moments. This process is also
documented in the design details.

Design Report

Intemal Forces of Linear Statics

Principal Intemal Forces

H Design Intemal Forces

[l Bottom surface (+z)

Design Bending Momerts
Design Axial Forces
Design Intemal Forces

&l Minimum Lever Amn of the Intemal Forces Zmin+z 0.150 |m
Due to Design in Reinforcement Direction 1 Zez. 1 0.161 |m
Due to Design in Reinforcement Direction 2 Zizp2 0.159 |m
Due to Design in Reinforcement Direction 3 242,83 0.150 |m
Membrane Force
Design Membrane Forces
Top surface (z)
Concrete Strut
Bl Required Longitudinal Reinforcement Due to Design Membrane Forces
[ Bottom surface {=z)
Hinto Reinforcement Direction 1 as,dim,+z.1 529 |em2/m
Design Membrane Force NEend,+z, @1 240.025 | kN/m
[ Design Stress Oz 42,1 454,14 | N/mm?2

Goveming Range (see manual)
Design Intemal Forces

Range 1

[ Strains
Strain on Top {z) of Cross-Section ¢,z {top).dim, +2,1
Strain of the Top {2} Reinforcement &5,z (top).dim,+z,1
Strain of the Bottom (+z) Reinforcement &3, +z (bottom),dim, +
Strain on Bottom (+2) of Cross-Section &g +z (bottom),dim, +
1 Ratio Depth of Neutral Axis/Efective Depth Widim, +2,1
Depth of Neutral fxis xdim,+z,1
Effective Depth dim,+z.1
[ Stresses
Stress on Top (-z) of Cross-Section Gc.2 (top).dim.+2.1 -13.33 | N/mm 2
Stress of Top () Longitudinal Reinforcement | 0= -z (top),dim,+2,1 269.23 | N/mm32
Stress of Bottom (+2) Longitudinal Reirforceme | 0= +z (bottom),dim,+ 45414 | N/mm2
Stress on Bottom (#z) of Cross-Section Gic,+2 {bottom),dim + 0.00 | Nfmm2
Hinto Reinforcement Direction 2 as,dim +2.2 0.06 | cm2/m
[ into Reinforcement Direction 3 as,dim,+z.3 0.00 | em2/m

Top surface (-z)

Design details: Required longitudinal reinforcement

The first subentries for the required longitudinal reinforcement are the top and bottom side of the plate.
There are main entries for the Bottom surface (+z) and Top surface (-z) that contain further details for
each reinforcement direction.

Figure 2.39 @ shows that the reinforcement directions 2 and 3 require very little to no reinforcement at
the plate's bottom.

Reinforcement Direction 1 is to be designed for the design bending moment mend +2,91 =
35.89 kNm/m. The strains provide information about the determination of the longitudinal
reinforcement.

The example shown in Figure 2.39 @ is checked for a dimensionless design procedure by means of a
design table. The following input parameters are given:

= Cross-section [cm]: rectangle w/h/d = 100/20/17
= Materials: concrete C20/25 B 500 S (A)

= Design internal forces: Meds = nsend +2,¢1 * Z+z,p1 = 240.005 - 0.161 = 38.64 kNm/m
Ngd = 0.00 kNm/m

a-f .
fo= k- 085 20 _ ) yakn/em?
g. 1.5

M 3864
Eds
= = = 0.1183
Mes = F g2 f, 100-172-1.13

34 |
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For Leds = 0.1183, the following values can be interpolated from the design tables (e.g. [3] @

Annex A4):

w, = 0.1170 + (0.1285 — 0.1170) - (0.1183 — 0.11) = 0.1265
0.12 - 0.11

s, = 45.24 + (45.40 — 45.24) - (0.1183 — 0.11) = 45.37 KN/ e

0.12 - 0.11

With these values, the required longitudinal reinforcement can be determined:

w.-b-d-f_.+N . . . +
A, = 1 cd Ed _ 0.1265 -100 - 17 - 1.13 + 0 = 5.36cm?/m
S 45.37

2.4.4 Shear Design

Shear design differs greatly in the individual standards. In the following, it is described for
EN 1992-1-1.

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

VEd < VRd

where
Ved : design value of acting shear force (principal shear force determined by the program)
VRd : design value of shear force resistance

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

VRd.c design shear resistance of a structural component without shear reinforcement

VRd,s design shear resistance of a structural component with shear reinforcement; limitation
of the resistance by failure of shear reinforcement (failure of tie)

VRd,max design shear resistance due to the load capacity of the concrete compression strut

If the acting shear force Ve4 remains below the value of VR4, no calculated shear reinforcement is
necessary and the check is verified.

If the acting shear force Vi is higher than the value of Vg4, a shear reinforcement must be designed.
The shear reinforcement must resist the entire shear force. The load-bearing capacity of the concrete
compression strut must additionally be analyzed.

\%
\%

Ed S VRd,S

Ed = VRd,max

N
———
Dlubal
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2.4.4.1 Shear force resistance without shear reinforcement

1
CRd,c.k '(100'/’1'fck)3+k1-sc b, -d (62&)

Rd,c = p w
where

Crdc=0.18 / vc recommended value; acc. to DIN EN 1992-1-1/NA:2010:
CRd,c =0.15 /Yc

K =1+ N (200/d) < 2.0 scaling factor for considering the plate thickness
d : mean effective depth in [mm]

p1=Aq/ (bw -d) £0.02 longitudinal reinforcement ratio
Ayl : area of tensile reinforcement that extends beyond the
considered cross-section at least by d and is anchored there
effectively
fek @ characteristic value of concrete compressive strength in
[N/mm?]
by, : cross-section width
d : effective depth of bending reinforcement in [mm]

Ocp = NEd / Ac <0.2 - fd design value of concrete longitudinal stress in [N/mm2]

NEd : acting axial force in direction of principal shear force

The following minimum value of the shear force resistance V4 may be applied:

Vege = (N + Ky - scp)- b, d (6.2b)
where
ki =0.15 recommended value; acc. to DIN EN
1992-1-1/NA:2010: k; = 0.12
3 1 recommended value (6.3N)
., =0.085 k2 f2
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according to DIN EN 1992-1-1/NA:2010:

3 1 ford < 600 mm (6.3aDE)

Ny = (0.0525/ g.) - k2 - f,2

3 1 for d > 800 mm (6.3bDE)

Ny, = (0.0375/ g.) - k? - f 2

for 600 mm < d < 800 mm interpolation possible

These equations are primarily intended for the one-dimensional design case (beam). In it, there is only
one provided longitudinal reinforcement from which the ratio of the longitudinal reinforcement is
determined. For two-dimensional structural components with up to three reinforcement directions, it is
not easy to estimate the magnitude of the longitudinal reinforcement to be applied.

In the Longitudinal Reinforcement tab of window 1.4 Reinforcement, there are three ways to specify the
provided longitudinal reinforcement for the shear design.

Reinforcement Ratios  Reinforcement Layout  Longitudinal Reinforcement  EN 1992-1-1  Design Method

Provided Basic Reinforcement

[JUse required reinforcement for design of
serviceability

Reinforcement Area Diameter

| as2 ds1 ds=2
Top (-2) : 257 5 2.57 1% [cm /m] 7.00 15 7.00 |5 [mm]
Bottom (+2) : 257 5 2.57 15 [cmE fm] 7.00 5 7.00 |5 [mm]

®| |2 L
Additional Reinforcement for Serviceabilty State Design
Approach of: Additional reinforcement layout ~ ﬂ
Reinforcement Area Diameter
as1 as2 ds1 dsz
Top (2) 5 > | [eme fm) 10.00 1 10.00 || [mm]
Bottom (+2) : 5 = | [em2 fm) 10.00 5 10,00 5| [mm]
® | |23 |

ongitudinal Reinforcement for Check of Shear Resistance
() Apply required longitudinal reinforcement

(®) Apply the greater value resulting from either the required or provided reinforcement
{basic and add. reinforcement) per reinforcement direction

() Automatically increase required longitudinal reinforcement to avoid
shear reinforcement

Window 1.4 Reinforcement, Longitudinal Reinforcement tab

Apply required longitudinal reinforcement

The program first analyzes which of the reinforcement directions at the two plate sides are subjected to
tension after the design, including a tension force applied as per clause 6.2.3 (7). According to

EN 1992-1-1, the provided longitudinal reinforcement ratio may only be determined from the area of
the provided tensile reinforcement.

In order to transform the reinforcement from the different reinforcement directions with tensile forces in
the direction B of the maximum shear force, the direction of the maximum shear force is determined as
follows.

v
b = arctan VX

X
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With this, the program determines the differential angle 3¢; between the respective reinforcement
direction @; and the direction of the maximum shear force.

With the differential angle 8¢, it is possible to determine the component ay); of a specific tensioned
longitudinal reinforcement a;.

ag, = ag;- cos?(dj i)

In Equation 2.22 @, the tensile reinforcement a;| to be applied for the determination of Vg4 c is the sum
of the components from the individual reinforcement directions to which tension is assigned.

ay= 2 ag, cos?(gi)

Apply the greater value resulting from either the required or
provided longitudinal reinforcement

The second option shown in Figure 2.40 @ determines the applied tension reinforcement ay| as
described above. The program first checks if a tension force is assigned to the required longitudinal
reinforcement. The provided longitudinal reinforcement ayl is then determined according to Equation
2.26 ® and Equation 2.27 3.

The design shear resistance Vid ¢ is subsequently determined without shear reinforcement. It might turn
out that the shear design is possible without shear reinforcement. If the shear force resistance Ve ct is
negative or insufficient, it is analyzed whether the statically required longitudinal reinforcement as dim or
the user-defined basic reinforcement a; gef is the greater reinforcement as max for a reinforcement
direction.

With this larger reinforcement as max, the provided longitudinal reinforcement ayl is once more
determined according to Equation 2.26 @ and Equation 2.27 @. Then the shear force resistance Vrd,c
is in turn determined without shear reinforcement.

If it is apparent that the shear resistance Vrd,c without shear reinforcement with the respective larger
one among statically required and user-defined longitudinal reinforcement is sufficient, the shear design
is fulfilled. If, despite this longitudinal reinforcement, the cross-section still cannot be designed because
it is fully cracked, a corresponding message appears.

If a shear reinforcement cannot be avoided in spite of the respective greater reinforcement (statically
required or user-defined longitudinal reinforcement) being applied, the shear resistance Vg4 ¢ is once
more determined with the statically required longitudinal reinforcement. It would make little sense to
apply the user-defined longitudinal reinforcement and thus output it later than required, if in doing so a
shear reinforcement cannot be avoided anyway.

The shear force design comprises the check of the shear resistance Vrd max of the concrete compression
strut and shear force resistance Vg4,s of the shear reinforcement, as well as the determination of the
required shear reinforcement.

BE

www.dlubal.com



RF-CONCRETE Surfaces - Manual

Automatically increase required longitudinal reinforcement to
avoid shear reinforcement

In the third option shown in Figure 2.40 @, Equation 2.22 @ is solved for the longitudinal
reinforcement ratio pj for Vrd.c. Vrd,c is applied with the acting shear force V4.

Ve 9, . 0.12 g, s4)\°
d-b, 0.15- k" h 0.15- k- h,

=
100 - f,

Thus, if the longitudinal reinforcement ratio is high enough, a shear reinforcement can be dispensed
with.

Again, RF-CONCRETE Surfaces first checks the design shear resistance Vrd,c with the statically required
longitudinal reinforcement. If this first design shear resistance is insufficient, the longitudinal
reinforcement ay| in the direction of the principal shear force is increased. However, the longitudinal
reinforcement ay cannot be increased indefinitely.

The following flowchart shows when shear reinforcement can be avoided and when shear
reinforcement must be used with the statically required longitudinal reinforcement from the design.

.'/(_ _‘\\'.

)
|

Y

N
- .
//V Rdc = Ved \\
- >
\\- P

-~ .
,/ no tensile

reinforcement -~ Y.
. ,//
T e
O
P > Pmax .

//’ ‘\\\
- P tensile .y
<

reinforcement e

/ S~ e

Determine aq from asgim
. N
Determine Vrae Y,

!

Determine Vedmax

i/_\'n

W,

Flowchart for increasing the longitudinal reinforcement to avoid shear reinforcement

i
|'/ B )

The two paths on the left (Vrdc = Ved, VRd,c < O) show the successful prevention of shear reinforcement
as well as the possibility that even if the longitudinal reinforcement is increased, the shear force
resistance VRd,c remains negative and therefore no shear design is possible for the fully cracked
cross-section.

The other four paths (VRd,c < VEd, P > Pmax, o tensile reinforcement, tensile reinforcement 90°) show
the reasons why it is not possible to increase the longitudinal reinforcement. For example, despite the
maximum longitudinal reinforcement ratio, shear reinforcement is unavoidable or the allowed
longitudinal reinforcement ratio in the individual directions of reinforcement is exceeded. When the

www.dlubal.com
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longitudinal reinforcement ay| that is increased in the direction of the principal shear force is distributed
to the individual reinforcement directions, the program checks for each of these reinforcement
directions if the user-defined longitudinal reinforcement ratio is adhered to. If this is not the case, the
longitudinal reinforcement ratio pj is determined by using the Apply required longitudinal reinforcement
option.

To better understand the two right paths, we must look at how the longitudinal reinforcement that is
increased in the direction of the principal shear force is distributed to the individual reinforcement
directions. If the determined longitudinal reinforcement ratio pj is smaller than 0.02, the required
longitudinal reinforcement ay| per meter is determined as follows.

a,=r, d

sl 1

This required longitudinal reinforcement is now applied to the reinforcement directions to which tension
is applied. To this end, the program once more determines the angle deviation 6¢; between the
direction of the maximum shear force and the reinforcement direction with tension.

g,=b-J,

The angle deviations 8@; are raised to the third power of the cosine and summed up as ¥ (cos).

The portion ay; of the required longitudinal reinforcement ay is therefore obtained as per Equation
2311,

cos(d) )
ag; ay =
sl,i sl ZCOS3(dj i)

This proportionate required reinforcement ay|i is compared with the longitudinal reinforcement
determined in the design. The greater reinforcement is governing.

In Equation 2.31 @, we can see that the denominator can become problematic. This is the case if there
are no reinforcement directions with tension (the sum of the third power of the angle deviations is only
calculated with the tensioned directions) or because even though there are reinforcement directions
with tension, they run below 90° to the principal shear force direction and thus their cosine also yields
the value zero. These possibilities are represented in the two right paths of the flowchart.

In all cases where no solution is possible, the longitudinal reinforcement is not increased and the Apply
required longitudinal reinforcement option is used. This includes determining the design shear
resistance VRd s with shear reinforcement.
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2.4.4.2 Shear force resistance with shear reinforcement

The following applies for structural components with shear reinforcement perpendicular to the

component's axis (a0 =90 °):

Vigs = (ﬁ) "z - fgc0tq (6.8)
' s
where
Asw cross-sectional area of shear reinforcement
s spacing of links
z lever arm of internal forces
fywd design yield strength of shear reinforcement
) inclination of concrete compression strut

The inclination of the concrete compression strut 0 may be selected within certain limits depending on
the loading. This takes into account the fact that a part of the shear force is resisted by the crack friction
and thus does not stress the virtual truss. These limits are specified in EN 1992-1-1, Equation (6.7N).

1.00 < cot g £ 2.5 (6.7N)

Thus, the compression strut inclination 6 can be between the following values:

Minimum Maximum
inclination inclination
0 21.8° 45.0°
cot 0 2.5 1.0

Limits of the compression strut inclination according to EN 1992-1-1

DIN EN 1992-1-1/NA:2010 specifies the following:

s Vv
1.00<cotg< |12+ 1.4 - =2 |/|1-—=4€|<3.0 (6.7aDE)
fcd VEd

where

1
= S
Vigee = € ©0.48 -, 3 - (1 -1.2- fj') ‘b, -z (6.7bDE)
C
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c=0.5

NEd : design value of the longitudinal force in the cross-section due to
o A external actions (Ngg4 > O as longitudinal compressive force)

Thus, the compression strut inclination 6 can be between the following values:

Minimum Maximum
inclination inclination
0 18.4° 45.0°
cot 0 3.0 1.0

Limits of the compression strut inclination according to DIN EN 1992-1-1/NA:2010

A flatter concrete compression strut means smaller tension forces within the shear reinforcement and
thus a smaller required reinforcement area. In RE-CONCRETE Surfaces, the inclination of the
compression strut is controlled in the EN 1992-1-1 tab of window 1.4 Reinforcement.

| Reinforcement R atiog I FReinforcement Lapout I Longitudinal Heinforcement| EN 1392-11 | Design Meth0d|

Minimum Reinforcement Factors
Minimum longitudinal reinforcement for plates Partial factors for concrete and reinforcement ace. to 2.4.2.4
acc. to 9,31 [MA parameter]
[ Minimum langitudinal reinfarcement for walls ace. = Fundamental Accidental Serviceahilty
= =
tn 36 o 1.50[% 1.200%
Minirum shear reinforcement acc. to 9.3.2 o 115/= 1.00=
Shear Reinforcement Feduction factors for consideration of long-term effects acc. to
3.1.6 [MA parameter)
Y ariable inclination of concrete struts acc. to £.2.3 ET —— o — Serviceability
[MA-parameter]
. = Oc 1,00 1.00 :
- Minimum: 21800 = '] o
. S Clot
- b asirnunm: 45.000- 1
Various

Meutral axiz depth limitation according to 5.6.3(2)

Window 1.4 Reinforcement, EN 1992-1-1 tab with limits of the variable compression strut inclination

The size of the minimum compression strut inclination angle 6 also depends on the applied internal
forces Ved that can only be taken into account during the calculation. If the minimum compression strut
angle is too small, a corresponding message is displayed.

In the calculation, the specified minimum value of the concrete compression strut inclination is first used
to determine the shear resistance VRrd max of the concrete compression strut (see Equation 2.37 ®). If it
is smaller than the acting shear force Vg, a steeper strut inclination must be chosen. Then, the strut
inclination 0 is increased until the following applies:

V., <V

Ed = Rd,max

This compression strut inclination angle leads to the smallest shear reinforcement.
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2.4.4.3 Shear force resistance of the concrete compression
strut

For structural components with shear reinforcement perpendicular to the component's axis
(o = 90°), the shear resistance VR4 is the smaller value from:

ASW
Vigs = (T) "z -f 4 cotg (68)

f
Vv =a 'b'Z'/7'—Cd 6.9
1 (cot g + tang) 6.9)

where
Asw cross-sectional area of the shear reinforcement
s spacing of links
fywd design yield strength of the shear reinforcement
2 reduction factor for the concrete strength in case of shear cracks
Olew coefficient for considering the stress state in the compression chord

For structural components with inclined shear reinforcement, the shear force resistance is the
smaller value from:

ASW .
Vegs = ( . ) "z f o (cot g + cot a)-sina (6.13)

(cot g + cot a)

(1 +cot2g) (6.14)

V =a, b,z n-f,
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2.4.4.4 Example of shear design

The shear design of a plate according to EN 1992-1-1 is presented by means of the design details

(see example for statically required reinforcement, Figure 2.39 @).

In the detailed results, the shear forces determined in RFEM are shown first.

Design Report

Bl Intemal Forces of Linear Statics

[ Bending Moment

x-fods M3 -29.54 | kNm/m
y-fods My 4.14 | kNm/m
Differential Moment My -1.03 | kNm/m

Pudal force with adal force vector in direction of

(] Shear Force with Shear Force Vector in Direction of
x-fods Vi -6.932 | kN/m
y-fods Vy -72.968 | kN/m
Principal Shear Force V max 73.297 | kN/m

[ Frincipal Intemal Forces

Principal Moments

Principal Axial Forces

[ Frincipal Shear Force
Principal Shear Force [vmax 73.297 | kN/m
Direction [Bm | 84573 °

G258 Internal forces of linear statics - shear forces

The required longitudinal reinforcement is determined from these internal forces.

Design Report

Intemal Forces of Linear Statics

Principal Intemal Forces

Design Intemal Forces

Concrete Strt

[ Required Longitudinal Reinforcement Due to Design Membrane Forces

[ Bottom surface (+z)

Hinto Reinforcement Direction 1 |as,dim,+z,| | 0.00 | cmZ/m
Design Membrane Force |r15end,+z.q>l | 0.000 | lkM/m
Design brane forces equal zero. Mo longitudinal reinforcement is required.

Hinto Reinforcement Direction 2 |3z dimsz2 [ 0.58 [ emZ/m

Hinto Reinforcement Direction 3 e | 0.00 | cmZ/m

[ Top surface (-z)

Hinto Reinforcement Direction 1 as,dim,z.1 403 em2/m

Hinto Reinforcement Direction 2 3= dim,z.2 0.00 | cm2/m

Hinto Reinforcement Direction 3 3= dim,z.2 0.00 | cm2/m

G LY Required longitudinal reinforcement

The analysis of the shear resistance is shown further below in the details. It starts with determining the

allowed tensile reinforcement in the direction of the principal shear force.

Design Report

Intemal Forces of Linear Statics

Principal Intemal Forces

Design Intemal Forces

Concrete Strt

Required Longitudinal Reinforcement Due to Design Membrane Forces

[ Shear Design

Applied tensile reinforcement determined from the required longitudinal reinforcement.

The shear reinforcement cannot be avoided in spite of the basic reinforcement .

LSy Shear Design - Applied tensile reinforcement

El Applied Longttudinal Reirforcement [a= [ 061 [cmZ/m
[ Bottom surface (+z)

from reinforcement direction 1 asl+z,1 0.00 | cm2/m

[l from reinforcement direction 2 asl+z2 0.58 | cm2/m
Required Longitudinal Reinforcement 3= dim+z,2 0.58 | cm2/m
State of Stress Stress 2,2 Tension
Differential Angle in Direction of the Principal She | A4z 2 h427|*
Second Power of Cosine of Differential Angle to 1| cos2(A$42.7) 0.991

[l from reinforcement direction 3 asl+z3 0.00 | cm2/m
Required Longitudinal Reinforcement 3= dim+z,3 0.00 | cm2/m
State of Stress Stress 12,3 Mo Stress
Mo Transformation (Mo Tension)

[ Top surface (-z)

[l from reinforcement direction 1 aslz1 0.04 | cm2/m
Required Longitudinal Reinforcement as dimz,1 403 | cm2/m
State of Stress Stress z,1 Tension
Differential Angle in Direction of the Principal She | A2z 1 84573 (°
Second Power of Cosine of Differential Angleto I | cos2(A% .z 1) 0.009

from reinforcement direction 2 aslz2 0.00 | cm2/m

from reinforcement direction 3 aslz3 0.00 | cm2/m

44
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The second reinforcement direction at the bottom surface of the plate and the first reinforcement
direction at the top surface of the plate are the only reinforcement directions to which tension is applied
and which run approximately parallel to the direction of the principal shear force.

These yield the Applied Longitudinal Reinforcement ag of 0.61 cm?/m.

The shear resistance Vrd,c of the plate without shear reinforcement is determined with the following
parameters:

0.18 _ 0.18

200 200 .
k=1 5 1 ‘Hleoi 2.11 < 2.00 > k = 2.00 d in[mm]

d=0.160m
a
ry=—3= = 0813 _ 4 000383 < 0.02
(b, -d) (100 - 16)
by=1.00m
fae=20.0 N/mm2 for concrete C20/25
ki =0.15

Gcp = 0.00 N/mm? for concrete C20/25

1
Vede = [0.12 - 2.00 - (100 - 0.000383 - 20)° + 0.15 - 0.00] - 1000 - 160 = 35.135kN/m

The same result can be found in the design details:

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
Design Intemal Forces
Concrete Strt
Required Longitudinal Reinforcement Due to Design Membrane Forces
[ Shear Design
Applied tensile reinforcement determined from the required longitudinal reinforcement.
The shear reinforcement cannot be avoided inspite of the basic reinforcement.
[ Applied Longitudinal Reinforcement asl 061 | cmZ/m
(] Shear Resistance Without Shear Reinforcement
[ Shear Resistance According to Formula (6.2.a)

Safety Factor CRdc 0.120
[ Factor of Size Effects k 2.000
Effective Depth d 0.160 | m
[ Longitudinal Reinforcement Ratio Pl 0.000
Applied Longitudinal Reinforcement asl 061 | cmZ/m
Width of Member bw 1.000 | m
Effective Depth d 0.160 | m
Characteristic Concrete Compressive Strength Fex 20.00 | N/mm<2
Factor of Longitudinal Stress of Concrete k1 0.150
E Longitudinal Reirforcement Ratio Gop 0.00 | N/mm2
Puial Force in Direction of Principal Shear Force | np 0.000 | kM/m
Width of Structural Member bw 1.000 | m
Depth of Structural Member h 20.00 | cm
Width of Structural Member bw 1.000 | m
Effective Depth d 0.160 | m
Shear Resistance According to Formula (6.2.a) VRd,c82a 35.142 | kN/m

Shear design - Shear resistance without shear reinforcement

The shear resistance Vrd,c of the plate without shear reinforcement is compared to the acting shear
force Ve4.

VRd,c = 35.142 kN/m > Vgq = 29.56 kN/m

It has therefore been determined that the shear resistance of the plate without shear reinforcement is
sufficient and no further checks are necessary.
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2.4.5 Reinforcement Rules

For plates, the reinforcement rules presented in chapter 2.3.7 @ apply.

In RE-CONCRETE Surfaces, user-defined specifications can be set in window 1.4 Reinforcement. The
following tabs are relevant:

= Reinforcement Layout tab (see Figure 3.26 @)
= EN 1992-1-1 tab (see Figure 3.44 @)

If there are different specifications for the minimum shear reinforcement in the two tabs, the more
unfavorable specification applies.

The user-defined reinforcement specifications can be found in the design details.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
Design Intemal Forces
Concrete Strt
Required Longitudinal Reinforcement Due to Design Membrane Forces
Shear Design
Statically Required Longitudinal Reinforcement
E Minimum Reinforcement
& Minimum Longitudinal Reinforcement
Minimum Reinforcement Ratio
Bottom surface (+z)
Top surface (z)
& Minimum Secondary Reinforcement
Minimum Secondary Reinforcement Ratio min po 200 %
Bottom surface (+z)
Top surface (z)
E Minimum Reinforcement

Bottom surface (+z)
Top surface (z)
B Check Maximum Reinforcement Ratio
Existing Longitudinal Reinforcement Ratio Pl 0.207
Maximum longitudinal reinforcement ratio max Pl 4.000
Maxdmum longitudinal reinforcement ratio exceeded? {max pi) < (pih Mo

Minimum reinforcement and maximum reinforcement ratio

Principal Intemal Forces

Design Intemal Forces

Concrete Strt

Required Longitudinal Reinforcement Due to Design Membrane Forces
Shear Design

Statically Required Longitudinal Reinforcement

Minimum Reinforcement

[ Check Maximum Reinforcement Ratio

El Reinforcement to be used

[ Bottom surface (+z)
Elinto Reinforcement Direction 1 as+z,1 529 | cmZ/m
Statically Required Reinforcement 3= stat 42,1 529 | cm2/m
[ Minimum Reinforcement as,min,+z,1 208 | cm/m
Minimum Longitudinal Reinforcement as,min longi,+z,1 208 | cm/m
Reinforcement used secondary reinforcement as,minQ,+z,1 0.00 | cm2/m
Hlinto Reinforcement Direction 2 as+22 1.06 | cmZ/m
Statically Required Reinforcement 8= stat 42,2 0.06 | cm2/m
[ Minimum Reirforcement as,min,+z,2 1.06 | cmZ/m
Minimum Longitudinal Reinforcement as,min longi,+z,2 0.00 | cm2/m
Reinforcement used as secondary reinforcement | @z, min2,+z.2 1.06 | cm2/m
Hlinto Reinforcement Direction 3 3s+z3 1.06 | cmZ/m
Statically Required Reinforcement 3sstat+2,3 0.00 | cm2/m
[ Minimum Reirforcement as,min,+z,3 1.06 | cmZ/m
Minimum Longitudinal Reinforcement as,min longi,+z,3 0.00 | cm2/m
Reinforcement used as secondary reinforcement | @z, min2.+z.2 1.06 | cm2/m

[ Top surface (-z)

Hinto Reinforcement Direction 1 as,z1 0.00 | cm2/m

nto Reinforcement Direction 2 as.22 0.00 | cm2/m
Hinto Reinforcement Direction 3 as23 0.00 | cm2/m

Reinforcement to be used

The reinforcement to be used is shown for the Bottom surface (+z) and the Top surface (-z) in separate
entries. The individual reinforcements in each direction indicate whether the reinforcement to be used is
the statically required reinforcement or the minimum longitudinal reinforcement.

a6 |
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2.5

Shells

2.5.1 Design Concept

In terms of their internal forces, shells are a combination of walls (chapter 2.3 @) and plates (chapter
2.4 ®) because they contain both axial forces and moments.

All 3D model types (see Figure 2.1 @) are designed as shells. RFCONCRETE Surfaces proceeds as
follows: First, as shown in chapter 2.3 @ and chapter 2.4 @, the design axial forces and design
bending moments are determined separately. They are once again based on the principal axial forces
and principal bending moments of the linear RFEM plate analysis.

That way, a design axial force and design moment are determined for each reinforcement direction on
each side of the surface. One or both of the internal forces can become zero — if searching for the
optimal direction of the concrete compression strut when determining the design internal forces results
in the reinforcement not being activated in this direction.

When the design internal forces for the respective reinforcement direction are determined, the focus is
on the direction of reinforcement for which design moments are available. For it, the program now
carries out a common one-dimensional design of a beam with a width of one meter. The goal of this
design, however, is not to find a required reinforcement but to determine the lever arm of the internal
forces.

As soon as all lever arms of the design directions where a design moment occurs have been
determined in this preliminary design, the program determines the smallest lever arm for each plate
side. With this eccentricity, the moments of the linear plate analysis can now be transformed into
membrane forces. To this end, the moments of the linear plate analysis are simply divided by the
smallest lever arm zpin.

If you now add half of the axial force from the linear plate analysis that is perpendicular to the moment
vector of the moment that is divided by the lever arm of the internal forces, you get the final membrane
force. This process can be expressed as follows:

m n
nxs= =+ =
Zmin 2
m n
Ny = L o+ X
Zmin 2
m n
n><ys = =+ -
Zmin 2

The moments at the top and bottom surface of the plate are considered with different algebraic signs.

When the moments my, my, and myy, as well as the axial forces ny, ny, and ny of the linear plate
analysis have been substituted by the membrane forces nys, nys, and nyys by means of the lever arm
Zmin from the preliminary design, the principal membrane forces nis and njjs can be determined from
these membrane forces for the bottom and top surface of the plate.

As described in chapter 2.3 @, the design membrane forces ng, ng, and ny are determined from the
principal membrane forces nj; and njis according to Equation 2.5 @ to Equation 2.7 @. These design
membrane forces ng, ng, and ny are then assigned to the reinforcement directions @1, @2, and @3. This
way, the design membrane forces n1, n2, and n3 are obtained in the reinforcement directions.
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The required amount of steel can be determined from the design membrane forces by dividing them by
the steel stresses o that have resulted during the determination of the minimum lever arm zpin in the
respective reinforcement direction.

a — &
sl
ss
a. =2
s2
ss
n
3
a I —
s3 5

»

If the design membrane force is a compression force, the concrete's resisting axial force nc is first
determined with the concrete neutral axis depfh x, which has resulted from defermining the lever arm.

b - x

If the resisting axial force nc of the concrete is not sufficient, a compression reinforcement is determined
for the differential force between the acting axial force and the resisting axial force. The design stress
for this compression reinforcement results from the deformation of the compression reinforcement
during the determination of the lever arm z.

If the lever arm was determined under the assumption of the strain range lll, no compression
reinforcement will be determined because it was not assumed. The strain ranges | through V are
described in the following chapter, in the part regarding the determination of the lever arm.

2.5.2 Lever Arm of Internal Forces

A rectangular cross-section with a width of one meter is always designed. The design is carried out
directly with the rectangular stress distribution (see EN 1992-1-1, Figure 3.5). An iterative procedure
would take too much time because of the high number of necessary designs.

K" Jwa

€2

X

Zsipy

Calculation parameters of the design

The desired lever arm z is determined for the figure above as follows.

Figure 2.49 @ shows a state of strain that may arise when the moment and axial force act
simultaneously. Five states of strain are possible (see Figure 2.50 @ ).

a8 |
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-7

Mainly compression

Mainly bending

Ranges of strain distribution

Range |

This range shows a cross-section strongly subjected to bending. The depth of the neutral axis has
reached its maximum value (x = &im - d). Another increase of the section modulus is only possible by
using a compression reinforcement.

Range Il

In this range, compression predominantly occurs. The depth of the neutral axis ranges between the

limits & im - d and h/k.

Range Il

The applied moment is so small that the concrete compression zone (neutral axis) without compression
reinforcement is able to provide a sufficient section modulus. The limits for the neutral axis depth are
between 0 and &im - d, depending on the applied moment.

Range IV

This range shows a fully compressed cross-section. The depth of the neutral axis is greater than h/k.
This range also includes cross-sections that are only subjected to compression forces.

www.dlubal.com
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Range V

This state of strain is present if the tension force cracks a cross-section completely. This range also
includes cross-sections that are only subjected to tension forces.

The lever arm is determined for each strain range. This makes it possible to divide the moments of the
linear plate analysis into membrane forces.

Lever arm for range |

For this range, the depth of the neutral axis is known: The concrete is fully utilized before a
compression reinforcement is applied.

K- cd
=
x:éhm-d Ve
2 ch
[ .
Fsd
—_—-

Lever arm z for maximum depth of neutral axis of concrete

For the maximum depth of the neutral axis of concrete x, the resisting concrete compressive force Fq is
obtained according to the following equation:

Faa= Kk foq K X4 - b

c

The limit section modulus msd jim, which can be resisted by the cross-section without compression
reinforcement, is determined as follows:

Ko™ X,
msd,lim = ch. (d - 2

With the limit section modulus md jim, it is possible to determine the differential moment Amgq that has
to come from the compression reinforcement in order to reach an equi|ibrium with the 0pp|ied moment
Msd(1).

Amgy = Mgy Mg

The applied moment myq(1) relates to the centroid of the tension reinforcement. It results from the
applied moment myd, the acting axial force nyq, and the distance z,(1) between the centroidal axis of
the cross-section and the centroidal axis of the tension reinforcement.

msd(l) = Mgy = Ngg - Zs(l)

50
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With the differential moment Amsd, you can now determine the required compression force Fqd(2) in a
compression reinforcement.

_ Amg,
Fota = 304,

Here, d is the effective depth of the tension reinforcement and ds is the centroidal distance of the
compression reinforcement from the edge of the concrete compression zone.

If you divide the applied moment mgq(1), which is related to the centroid of the tension reinforcement,
by the concrete compression force Fcq and the force in the compression reinforcement Fyq(2), the
desired lever arm z is obtained.

msd

- |ch+F

z
sd(2) |

Lever arm for range Il
i<f g
m. [
wd(2) €0 _Ql
&sd €2 4;

~

m,y 4

1
—

Zy(2)

nsi | L]

Zs(1)

€cl1

Determining the lever arm for range Il

In order to be able to determine the concrete's neutral axis depth x, we first determine the design
moment msd(2) about the centroid of the compression reinforcement.

msd(2) = msd + nsd + Zs(2)

The sum of the moments about the centroid of the compression reinforcement is now calculated. These
moments must amount to zero. On the side of the resistance, the moment is created only from the
resulting force F.q of the concrete compression zones multiplied by its distance. In range Il, there is no
reinforcement in fension.

Zm=ch-(k'X —d\+msd( =0

2 2/ 2)

The depth x of the concrete neutral axis is also contained in the resulting concrete compression force
Fed.

Fg=k - f -k x-b

cd
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Thus, the equation for the determination of x is obtained as:

k - x k.fcd.kz.xz
/(-fcd-k-x-b-( > —d2)+msd(2)=f—/(-fcd-k-x-b-d2+msd(2)=0
x2—2 d, x 2 Mgy, — o =>x=$+ (2)2_ 2 My
k k-fy b-k? k k k-fy b k2

With the dep’rh x of the concrete's neutral axis, the lever arm z can be determined by subfrctcﬁng half
of the neutral axis depth x, which is reduced by the factor k, from the effective height d:

Lever arm for range lll

wf g

=)

ke

myy

nsd
= P N

Hlsd(l)

3 1,

To determine the depth x of the neutral axis, we first determine the design moment msd(1) about the

Determining the lever arm for range Il

centroid of the tension reinforcement.

msd(l) = msd + nsd + Zs(l)

The sum of the moments about the tension reinforcement's centroid is now calculated. These moments
must amount to zero. On the side of the resistance, the moment is calculated only from the resulting
force Fcd of the concrete compression zone times its distance. Then the equilibrium of the moments
about the position of the tension reinforcement is calculated.

k - x
Zm=ch'(d_T)_msd(1)=o

The depth x of the concrete's neutral axis is also contained in the resulting concrete compression force
Fcd (see Equation 2.52 @).

k-f,-k? b 2d 2m
. . . . . _ ——— —_ = 2 - == . + A =
k- fgy k-b-d-x ( > Meyp = X X KT k2 D

| 52 |
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This quadratic equation can be solved as follows.

d2 _ 2 msdl)

—_— —_— =0
kK2 k- f, k2b

d
=— +
T X

With the depth x of the concrete's neutral axis, the lever arm z can be determined by subtracting half
of the neutral axis depth x, which is reduced by the factor k, from the effective height d:

If the steel strain &; is greater than the maximum allowable steel strain €,4, x is calculated iteratively
from the equilibrium conditions. The conversion factors k and k for the concrete neutral axis are directly
derived from the concrete's parabola-rectangle diagram.

Lever arm for range IV

In a fully compressed cross-section, the lever arm is assumed as the distance between both
reinforcements.

z=d-d,

For this range, a maximum utilization of the reinforcement is specified, meaning that &, = €.

When the compression is approximately concentric (eq / h < 0.1), the mean compressive strain should
be limited to €2 according to EN 1992-1-1, clause 6.1 (5).

Lever arm for range V

In a fully cracked cross-section, the lever arm is also assumed as the distance between the two
reinforcements (see Equation 2.60 @ ).
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2.5.3 Determining the Design Membrane Forces

The design membrane forces for the abutment of a bridge are determined. For a closer analysis, the
grid point No. 1 in surface No. 37 is selected.

G1

= |mex 12435
m-y 5438
m-xy 000
v 0.00
vy 26849
n-x  0.00
n-y 124,449
n-xy 167.27

m Bridge abutment - internal forces in grid point G1

The analyzed surface No. 37 has a thickness of 129 cm.

For the design according to EN 1992-1-1, concrete €30/37 and reinforcing steel BSt 500 S (B) are
selected in RF-CONCRETE Surfaces.

Further specifications in window 1.4 Reinforcement are:

Reinforcement R atios | Reinforcement Layout I Longitudinal Reinforcement I EN 1992-1-1 | Design Method

Settings

Minimum secondary
reinfarcement: 2000 [%]

Basic minimum
reinfarcement: 0.00- [%]

Minimurn tension
reinforcement: 0.00+

Minimum compression

reinfarcement: 0.00- [%]
I awirum reinforcement

percentage: 4005 [%]

Minirum shear reinfor-
cement percentage: 0.00- [%]

m Window 1.4 Reinforcement, Reinforcement Ratios tab
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Reinforcement Ratios  Reinforcement Layout  Longitudinal Reinforcement  EN 1992-1-1  Design Method
Number of Reinforcement Directions Refer Concrete Cover to
Top (-z) : 2 (®) Centroid of reinforcement

Bottom (+2) : v OEdge

Concrete Cover for Reinforcement

[] According to Standard. ..

Basic Reinforcement Additional Reinforcement

di dz d1 dz
Top (2) : | 300 3] | 400 5 [fem] | 300 3] | 400 2| [em]
Bottom (+2) : | 300 3] | 400 5 [fem] | 300 3] | 400 2| [em]

Reinforcement Directions Related to Local x-Axis of FE-Element for Results
91 02
[ oooof [ soo00 i

Top (-z) :
Bottom (+z): | 0000 3| [ eo.o00 3|[9

Window 1.4 Reinforcement, Reinforcement Layout tab

Reinforcement Ratios  Reinforcement Layout  Longitudinal Reinforcement  EN 1992-1-1  Design Method

Provided Basic Reinforcement

[Juse required reinforcement for design of

serviceability
Reinforcement Area Diameter
ds1 852 ds1 ds2
Top (-2) : [ woo ks [ w000 B emtm [ w003 [ 10.00 ] o
Bottom (+2) : [ wools [ w00 emem [ w000 [ 10,00 2 v

Additional Reinforcement for Serviceability State Design

Approach of: Required additional reinforcement ~ e

Reinforcement Area Diameter

as1 as2 ds1 dsz
Top (-2) : : Slemzm [ w00 [ 1000 B fom)
Bottom (+2) : 3 Slemzm) | w00 [ 10.00 2 fom)

Longitudinal Reinforcement for Check of Shear Resistance
(O Apply required longitudinal reinforcement

(®) Apply the greater value resulting from either the required or provided reinforcement
(basic and add. reinforcement) per reinforcement direction

(O Automatically increase required longitudinal reinforcement to avoid
shear reinforcement

Window 1.4 Reinforcement, Longitudinal Reinforcement tab
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Reinforcement Ratios  Reinforcement Layout  Longitudinal Reinforcement  EN 1992-1-1  Design Method

Minimum Reinforcement

Minimum longitudinal reinforcement for plates
acc. to 9.3.1

Minimum longitudinal reinforcement for walls
acc. to 9.6

Minimum shear reinforcement acc. to 9.3.2

Shear Reinforcement
Variable indination of concrete struts acc. to 6.2.3

(MA-parameter)
- Minimum: 21801 5 [1
- Maximum: 45,000 || [9]

rl]

Factors

Partial factors for concrete and reinforcement acc. to 2.4.2.4

(MA parameter)

Persistent and Accidental Serviceability
Transient
To: | 150 3 | 130 |2 E
150 | 1153 | 100 |2 E

Reduction factors for consideration of long-term effects acc. to

3.1.6 (NA parameter)

Persistent and Accidental
Transient
oo o] [ ossis
et
Various

Meutral axis depth limitation according to 5.6.3(2)

Window 1.4 Reinforcement, EN 1992-1-1 tab

Reinforcement Ratios Reinforcement Layout  Longitudinal Reinforcement  EN 1992-1-1  Design Method

Design Internal Forces.

(O No optimization of design internal forces

(Recommended for parts loaded mostly by pressure)

(®) Optimization of design internal forces

(Recommended for parts loaded mostly by bending or tension)

Window 1.4 Reinforcement, Design Method tab

Serviceability
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2.5.3.1 Design moments

The internal forces interpolated from the FE nodes can be found in the design details of the grid point.
As the model type 3D was specified in the general data (see Figure 2.1 @), the moments my, my, and
Myy, as well as the axial forces ny, ny, and nyy exist in the surface.

B 7 Design Details 2a x

Surface No. 37 Grid Point No. G1 | X: 5950, ¥: 5.000, Z: -4.090 m

Determination of governing loads | Detaled Results

Design Report
Ol Intemal Forces of Linear Statics
[= Bending Moment

whods mx 124.35 | kNm/m
y-Fods my 54 .38 | kNm/m
Differential Moment Moy -220.39 | kNm/m
[ Audial force with adal force vector in direction of Surface No. 37
w-fods nx -103.910 | kN/m
y-fods Ny -285.374 | kN/m
Differential Awdal Force Nxy 135.936 | kN/m
[=] Shear Force with Shear Force Vector in Direction of
x-Ads Vx -25.412 | kN/m I
y-Pods Wy 258.490 | kN/m
Principal Shear Force Vmax 259736 | kN/m

Principal Intemal Forces

Design Intemal Forces

Concrete Stnut

Required Longitudinal Reirforcement Due to Design Membrane Forces
[ Shear Design

[# Statically Required Longitudinal Reinforcement

Minimum Reinforcement

Check Maximum Reinforcement Ratio

Reinforcement to be used

[# Analysis Method for Reinforcement Envelope

Grid point G1

Type of check:  as 1,2 (top) - “with intemal forces: min muq, [governing] -

Internal forces of linear statics

The principal internal forces are determined from the RFEM internal forces of the linear analysis. They
are determined according to the equations described in chapter 2.3 @ and chapter 2.4 @

Design Report
Intemal Forces of Linear Statics
[ Frincipal Intemal Forces

[E Frincipal Moments

[ Bottom surface (+z)
First Principal Moment mi+z 31251 | kNm/m
Second Principal Moment mil,+z -133.78 | kNm/m
Direction om,+z -40.450 | *
[ Top surface (-z)
First Principal Moment mi-z 133.78 | kNm/m
Second Principal Moment mil,z -312.51 | kNm/m
Direction Om,z 49510 | °
[ Principal Axial Forces
[ Bottom surface (+z)
First Principal Adal Force ni+z -31.207 | kN/m
Second Principal Adal Force nil+z -358.076 | kN/m
Direction sz 28139 |°
[ Top surface (-z)
First Principal Adal Force niz -31.207 | kN/m
Second Principal Adal Force ni,z -358.076 | kN/m
Direction Oz 28139 |°
[ Frincipal Shear Force
Principal Shear Force ¥ max 259.736 | kN/m
Direction Bm 95.615 | °

Principal internal forces

For shells, the principal axial forces are shown for both plate sides because they are required for the
design as a shell. Unlike the moments, the principal axial forces at the bottom and top surface of the
plate are the same.
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The design moments are now determined from the principal moments m| +, and mjj +, at the bottom side
of the surface. For this purpose, the program first determines the differential angles o +; and Bm +2
between the direction ym +, of the first principal axial force my +, at the surface's bottom side and the

two reinforcement directions ¢1 = 0° and @2 = 90°.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
[ Design Intemal Forces
[ Bottom surface (+z)
[ Design Bending Moments
Principal Moments
[ Differential Angle Between o +z.+z and

Reinforcement Direction 1 Adiz b
Reinforcement Direction 2 Adiz2b
[ Differential Angle According to Baumann
1st Differential Angle om,+z
2nd Differential Angle Bm,+z

Differential angles

40.450
130.450

40.450
130.450

Now we search for the direction of a moment that stiffens the two-directional reinforcement mesh. As

previously shown for walls and plates, only the two angles between the directions of the reinforcement
sets qualify as moment directions. The analysis for the surface's bottom side yields these directions for

the assumed concrete compression struts:

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces

i[5 Design Intemal Forces

[ Bottom surface (+z)
[ Design Bending Moments
Principal Moments
ifferential Angle Between o +z+z and
Differential Angle According to Baumann
[ First Assumption of the Strut Direction 7

MNew Differential Angle Tm,+z,1
[ Design Bending Moments by Baumann
1st Design Bending Moment Mg 42,1
2nd Design Bending Moment mp +z,1
3rd Design Bending Moment My 42,1
Strut direction permissible 7 M strut,+z,1
[ Second Assumption of the Strut Direction ¢
MNew Differential Angle Tm,+z.2
[ Design Bending Moments by Baumann
1st Design Bending Moment Mg,+2,2
2nd Design Bending Moment mp +z.2
3rd Design Bending Moment My 42,2
Strut direction permissible 7 Mstrut,+z,2

Directions y of the concrete compression strut

85.430

34473

27476

-440.77
Yes

175.450

-96.04
-166.01
440.77
No

keNm/m
keNm/m
keNm/m

keNm/m
keNm/m
keNm/m

Only the assumption of the direction Ym,+z,1 of 85.490° proves to be valid. Since no optimization of
this angle is carried out anymore, the final design moments mend, +2,01 and Mend,+z,p2 are obtained in

the direction of both reinforcement sets:

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces

il Design Intemal Forces

[ Bottom surface (+z)
[ Design Bending Moments
Principal Moments
ifferential Angle Between o +z+z and
ifferential Angle According to Baumann
irst Assumption of the Strut Direction ¢
econd Assumption of the Strut Direction
Energy = Sum of abs(Design Bending Moments)
oveming Strut
[ Goveming Design Bending Moments
[ Final Design Bending Moments
into Direction 1
into Direction 2
into Strut Direction

Mend, +z, &1
Mend, +z, $2
M end, +z,strut

Final design moments

34473
27476
-440.77

keNm/m
keNm/m
keNm/m
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2.5.3.2 Design axial forces

The design axial forces nend,+z,¢1 and nend,+2,¢2 are determined according to the same principle.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
i Design Intemal Forces
[ Bottom surface (+z)
Design Bending Moments
[ Design Axial Forces
Principal Axial Forces
Differential Angle Between o +z,+z and
Differential Angle According to Baumann
First Assumption of the Strut Direction ¢
Second Assumption of the Stnat Direction
Energy = Sum of abs(Design fxdal Forces)
Goveming Strut
[ Goveming Design Axial Forces

into Direction 1 Nz, @1 32.026 | kN/m
into Direction 2 N4z, @2 -149.438 | kN/m
into Strut Direction Nend, +z,strut -271.872 | kN/m
Find optimal strt direction? Strut opti,n +z No
[ Final Design Axial Forces

into Direction 1 Nend,+z, &1 32.026 | kN/m
into Direction 2 Nend,+z, &2 -149.438 | kN/m
into Strut Direction Nend, +z,strut -271.872 | kN/m

Design axial forces

2.5.3.3 Lever arm of the internal forces

With the design internal forces for the reinforcement directions @1 = 0° and @2 = 90°, you can
determine the lever arm of the internal forces.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
i Design Intemal Forces
[ Bottom surface (+z)

Design Bending Moments

Design Axial Forces

[ Design Intemal Forces

Einto Reinforcement Direction 1

Design Bending Moment Mend, +z, @1 34473 | kNm/m

Design Awxial Force Nend,+z, &1 32.026 | kN/m
Einto Reinforcement Direction 2

Design Bending Moment Mend,+z, @2 27476 | kNm/m

Design Axial Force Nend,+z, &2 -149.438 | kN/m

Design internal forces

As described in chapter 2.5.2 @, a preliminary design is carried out with the determined internal forces
for both reinforcement directions. It serves to determine the lever arm of the internal forces. The lever
arm is determined from the state of strain due to the design internal forces.
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Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces

il Design Intemal Forces

[ Bottom surface (+z)
Design Bending Moments
Design Axial Forces
Design Intemal Forces
= Minimum Lever Am of the Intemal Forces
Due to Design in Reinforcement Direction 1
[ Due to Design in Reinforcement Direction 2
Moment about the center of tension reinforcement
Moment about the center of compression reinforceme
Maximum Depth of Compression Zone
Limiting Aedal Force
Limiting Moment
Limiting axial force larger than the design adal force?
Radicand (Value Below the Roat)
Radicand less than zero?
Calculated Depth of the Compression Zone
Calculated depth of compression zone negative?
Existing Ratio Depth of the Compression Zone / Eifet
Existing ratio greater than madmum ratio of x / d?
Goveming Range (see manual)
Lever Am of the Intemal Forces

Lever arm of the internal forces

Zmin,+z 1239 |m
Z4z,@1 1250 | m
242,02 1239 |m

M Sd{1).+2.2 365.17 | kNm./m
M S4(2).+2.2 184.35 | kNm/m
Xfim,+2,2 0.563 | m

nsd fim +z,2 -5107.140 | kN/m
MSd fim,+2.2 5253.03 | kNm/m
nsdlim+z.2 > NSd, +z.2 No
Radicand+z,2 22033.60 | cm2
Radicand+z,2 < 0 No

Xcale 42,2 0031 |m
Keale 2,2 <0 No

Wiz, 2 0.025

W+z,2 * Wiim No

Range 1]

Z42.2 1239 (m

The value 1.239 m is obtained for the smaller and therefore governing lever arm zpin +2.

2.5.3.4

Membrane forces

With the governing lever arm from the preliminary design, it is now possible to transform the internal
forces of the linear plate analysis into membrane forces. For this, the equations presented in the design

concept (Eq. 2.40 @) are used.

m, n, _ 123.35 = —103.911
Ny 1= 3 —— + 5 = > = 48.408 kN/m
min, +2z 1239
. __M™ N, _ 5436 285386 _ _ oo o0i0in/m
., +2 mn +z 2 1.239 2
. __My Ny _ Z185.39  185.935 _ _ o o 0in/m
W vz min, +z 2 1.239 2

These membrane forces can also be found in the design details.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces

il Design Intemal Forces

[ Bottom surface (+z)
Design Bending Moments
Design Axial Forces
Design Intemal Forces
Minimum Lever Am of the Intemal Forces
B Membrane Force
Einto Direction of the x-Ads
Bending Moment
Minimum Lever Am of the Intemal Forces
Fudal Force
Hinto Direction of the y-fuds
Moment
Minimum Lever Am of the Intemal Forces
Fudal Force
[ Differential Membrane Force
Moment
Minimum Lever Am of the Intemal Forces
Fudal Force

Membrane forces

Zmin, +z

NSx,+z
M3
Zmin, +z
Nx

N3y +z

Zmin, +z
(i
Ny +z

Zmin, +z
Nxy

1239 [m

48.414 | kN/m
124.35 | kNm/m
1239 (m
-103.910 | kN/m
-58.796 | kN/m
54.38 | kNm/m
1239 (m
-285.374 | kN/m
-109.923 | kN/m
-220.39 | kNm/m
1239 (m
135.936 | kN/m
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2.5.3.5 Design membrane forces

The principal membrane forces ns|+, and nsjj +, are now determined from the membrane forces ne +7,
Nsy,+z, and nyy + that replace the moments my, my, myy, and the axial forces ny, ny, nx, of the linear

plate analysis.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces

[ Design Intemal Forces

[ Bottom surface (+z)

Design Bending Moments

Design Axial Forces

Design Intemal Forces

Minimum Lever Am of the Intemal Forces

Membrane Force

[ Design Membrane Forces

[ Frincipal Membrane Forces

First Principal Membrane Force
Second Principal Membrane Force
Direction
Quotient k =ns 1 +z/ns 1 +z

Design membrane forces

Zmin, +z

NS l+z

N3+
Onsl+z
knsz

1.239

107.100
-157.481
-28.097
-1.470

kMNm
kMNm

The design membrane forces can be determined from the principal membrane forces according to

Equations 2.5 @ to 2.7 @. They can be found in the design details.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces

il Design Intemal Forces

[ Bottom surface (+z)
Design Bending Moments
Design Axial Forces
Design Intemal Forces
Minimum Lever Am of the Intemal Forces
Membrane Force
[ Design Membrane Forces
Principal Membrane Forces
Differential Angle Between o +z,+z and
Differential Angle According to Baumann
[ First Assumption of the Strut Direction 7
MNew Differential Angle
[ Design Membrane Forces by Baumann
1st Design Membrane Force
2nd Design Membrane Force
3rd Design Membrane Force
Strut direction permissible 7

Second Assumption of the Stnat Direction
Energy = Sum of abs(Design Membrane Forces)

Goveming Strut
[H Goveming Design Membrane Forces
[ Final Design Membrane Forces

into Direction 1

into Direction 2

into Strut Direction

Final design membrane forces

Zmin, +z

Tns+z.1

NS g +z,1
Nsg.+z.1
NSy 42,1
NSstrut,+z,1

NSend +z, &1
NSend, +z, $2
NS end, +z,strut

1.239

73.097

158.337
11127
-219.846

158.337
11127
-219.846

kMNm
kMNm
kMNm

kMNm
kMNm
kNm

With the final design membrane forces nsend,+7,91 and nsend,+2,92, the program determines the required
reinforcement areas of a two-directional reinforcement mesh for the surface side.

The reinforcement mesh is stiffened by a concrete compression strut. The magnitude of the stiffening
strut force nsend,+z,strut is specified under the final design membrane forces. It amounts to

—219.846 kN/m.

Analogously, the design membrane forces and stiffening force of the concrete compression strut are
determined for the top surface of the plate.
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2.5.4 Analysis of the Concrete Compression Struts

To design the concrete compression strut of a shell, it is divided into three surface layers that are
subjected to the design membrane forces.

| ed/h > 0.2 | | ed’h=0 \
T I S !
| - - - * - - | | * * - * * * ‘
03sh | ! !
! ! osh| | \
T i I \
030h : : h + | 1
4 | ! !
| | 05n| | !
035h1 | | \
* * - L * - . * * - * +* -
£ ! o o \
| | [ \

Surface layer thicknesses for shells mainly subjected to moment (left) or compression force (right)

For shells where the applied moment is relatively large in relation to the acting axial force (e4/h > 0.2),
the thickness he of the two outer layers is reduced to 0.35 - d. For shells subjected to approximately
concentric compression, the surface layer thickness he is increased to half of the plate thickness h. If the
related eccentricity of the axial force ed/h is between O and 0.2, the surface layer thickness is
interpolated.

For ey, the |arger value among the quoﬁents of mx/nx and my/ny is opp|ied.

For the analysis of the concrete compression strut, the concrete strut's compression force to be resisted
Nsirut +2 is compared with the resistant axial force of the surface layer ngyrt d.

Design Report

Intemal Forces of Linear Statics
Principal Intemal Forces
Design Intemal Forces

i Concrete Strut
B Thickness of Surface he 45.15 | cm
Related Load Eccentricity edgh 0.928
Predominant Strain Under Stress Compression
Factor of Suface Thickness fre 0.350
[ Bottom surface (+z)

Design Membrane Forces in Strut Direction NS strut,+2 -219.846 | kN/m
[E Concrete Membrane Force Resistance N strut,d -7224.000 | kN/m
Width of Surface b 1.000 [m
| Thickness of Surface [he | 45715 em |
[ Applied Concrete Compressive Strength |Fed,o i 16.00 | N/mm

Design Uncorfined Concrete Compressive Strength | Fed 20.00 | N/mm<2
Coefficient of Maxdmum Ltilization £fcd 0.800
Failure of concrete stnt? Instrut,dl < NS strut, No

Concrete strut and thickness of surface layer

The resistant axial force ngrtd depends on the thickness he of the surface layer and the applied
concrete strength ch,og.

The first step to determine the thickness of the surface layer is to determine the provided load
eccentricities in x- and y-direction from the internal forces of the linear plate analysis:

[m,| | 124.35 |

ey = I”_: = |m| = 1.197m
[m,| | 54.36 |

ey = |7yx| = |—_ 285_386| = 0.190m
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The greater load eccentricity in x-direction is computed as governing. It can be used to determine the
relative load eccentricity eq/h.

€y 1.197

T T1.29

= 0.928 > 0.2

Since the relative load eccentricity is greater than 0.2, it is a shell that is predominantly subjected to
bending. The factor fiye for determining the surface layer thickness is 0.35.

Thus, the thickness h of the surface layer is determined as follows:
h.=f,. h=0.35"129 = 45.15cm
The design value of the concrete compressive strength is reduced to 80 % according to the

recommendations of Schlaich/Schéfer (in [2] @, page 378). This recommendation can also be found
in EN 1992-1-1, clause 6.5.2, which regulates the design of compression struts in framework models.

f

foy= Lo o 30 _ 20 N/ mm?
9. 1.5

foqos = 0.8 - 20 = 16 N/mm?

This value can also be found in the design details (see Figure 2.72 @).
With it, you can determine the resisting force of the concrete compression strut gyt d.

Nstrut,d = b * he * feq,08 = 100 + 45.15 < 16 =7 224.00 kN/m

The analysis of the concrete compression strut for the top side of the surface is done analogously.

2.5.5 Required Longitudinal Reinforcement

The longitudinal reinforcement to be used at the bottom side of the surface is determined from the
design membrane forces. In the design details, the output occurs separately for the two reinforcement
directions.

Design Report

Intemal Forces of Linear Statics
Principal Intemal Forces
Design Intemal Forces

Concrete Strt
i Required Longitudinal Reinforcement Due to Design Membrane Forces
[ Bottom surface (+z)
Hlinto Reinforcement Direction 1 as dim,+2,1 340 | cmZ/m
Design Membrane Force NS end,+z, @1 158.337 | kN/m
Design Stress Os 42,1 465.93 | N/mm2
Hlinto Reinforcement Direction 2 as dim, +z,2 024 | cmZ/m
Design Membrane Force NSend +z, &2 11.127 | kN/m
Design Stress Os42.2 465.93 | N/mm2
Required longitudinal reinforcement
ns
_ end, +2,7) _ 158.344 _ 2/
A gim +2.1 3.4cme/m
S 121 465.93
NSend, +2,7 11.116
Aggmtps = 2 = = 0.24cm?*/m
Jdim +2, S« 122 465.93

The reinforcement for the surface's top side is determined in the same manner.

=
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2.5.6 Shear Design

In the shear design, the applied tensile reinforcement is determined first.

[ Shear Design

Applied tensile reinforcement determined from the required longitudinal reinforcement.

lication of the basic reinfi

1t is not necessary because the required longitudinal reinforcement is s

El Applied Longtudinal Reirforcement [a= [ 154 | cm?/m
[ Bottom surface (+z)
[l from reinforcement direction 1 asl+z1 0.03 | cm2/m
Required Longitudinal Reinforcement as dim+z, 1 3.40 | cm2/m
State of Stress Stress 12,1 Tension
Differential Angle in Direction of the Principal She | Ag4z 1 84385 (°
Second Power of Cosine of Differential Angle to 1| cos2(A%.42,1) 0.010
[l from reinforcement direction 2 asl+z2 0.24 | cmZ/m
Required Longitudinal Reinforcement 3= dim+z,2 0.24 | cmZ/m
State of Stress Stress 12,2 Tension
Differential Angle in Direction of the Principal She | A4z 2 5h615|°
Second Power of Cosine of Differential Angle to 1| cos2(A$42.7) 0.990
[ Top surface (-z)
[l from reinforcement direction 1 aslz1 0.02 | cm2/m
Required Longitudinal Reinforcement as dimz,1 200 | cm2/m
State of Stress Stress 2,1 Tension
Differential Angle in Direction of the Principal She | A€z 1 84385 (°
Second Power of Cosine of Differential Angleto b | cos2(A%4.1) 0.010
[l from reinforcement direction 2 aslz2 1.26 | cm2/m
Required Longitudinal Reinforcement as dimz,2 127 |em2/m
State of Stress Stress z2 Tension
Differential Angle in Direction of the Principal She | A®.z 2 5h615|°
Second Power of Cosine of Differential Angleto b | cos2(A£232) 0.990

G20 Applied tensile reinforcement

From all reinforcement layers and directions, a total of 1.54 cm?/m of tension reinforcement can be
applied. With it, the shear force Vg c that can be resisted without shear reinforcement is determined.

[ Shear Design

Applied tensile reinforcement determined from the required longitudinal reinforcement.

ion of the basic reinforcement is not necessary because the required longitudinal reinforcement is

Applied Longitudinal Reinforcement [a= [ 154 | cm?/m
(] Shear Resistance Without Shear Reinforcement
[ Design Shear Resistance Without Shear Reinforcement
Safety Factor CRdc 0.120
[ Factor of Size Effects k 1.399
Effective Depth d 1255 |m
[ Longitudinal Reinforcement Ratio Pl 0.000
Applied Longitudinal Reinforcement asl 154 | cm2/m
Width of Member bw 1.000 | m
Effective Depth d 1255 |m
Ct istic Concrete Compressive Strength Fex 30.00 | N/mm2
Factor of Longitudinal Stress of Concrete le1 0.150
B Longitudinal Concrete Stress Gop 0.33 | N/mm2
Puial Force in Direction of Principal Shear Force | np 425773 | kN/m
Width of Structural Member bw 1.000 | m
Depth of Structural Member h 129.00 | cm
Width of Structural Member bw 1.000 | m
Effective Depth d 1255 |m
Design Shear Resistance Without Shear Reinforcer | VR4, c.8.25 213.271 | kN/m
[ Minimum shear resistance according to (6.2b)
[ Factor of Compressive Strength Vmin 0.317
Factor of Size Efects k 1.399
Ct istic Concrete Comp Strength Fox 30.00 | N/mm2
Factor of Longitudinal Stress of Concrete le1 0.150
B Longitudinal Concrete Stress Gop 0.33 | N/mm2
Puial Force in Direction of Principal Shear Force  |np 425773 | kN/m
Width of Structural Member bw 1.000 | m
Depth of Structural Member h 129.00 | cm
Width of Structural Member bw 1.000 | m
Effective Depth d 1255 |m
Minimum shear resistance according to (6.2b) VRd,c82b 460.326 | kN/m
Shear Resistance Without Shear Reinforcement VRdc 460.326 | kN/m
[ Shear reinforcement required 7 Check VRd.c No
Design Shear Resistance of a Member Without Shear | VRd,c 460.326 | kN/m
Design Shear Force VEd 259.736 | kN/m
Shear capacity without shear reinforcement sufficient. No further checks.

m Design shear resistance without shear reinforcement
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With the applied tensile reinforcement, the longitudinal reinforcement ratio pj is determined:

A
ro= = 130 _ 00012 < 0.02
(b, -d) (200 - 125.5)

w

In a 3D model type (in contrast to a plate), an additional axial force can occur. It must be considered
via the corresponding concrete longitudinal stress.

s, = —t = 9578 _ 4 aaN/ne
® (b, h) (100 - 129)

The factor k for considering the plate thickness is calculated as follows:

200 200 .
= + — = + — = <
k=1 \/ T =1 oes = 1:399<2.0 din[mm]

The following factors are also included in the design:

Factor of concrete longitudinal stress k1 =0.15

Concrete compressive strength f4 = 30.0 N/mm?
for C30/37
Safety factor
y c, -018_018_
g, 1.5

Thus, the design shear resistance Vrd,c without shear reinforcement can be determined according to
Equation (6.2a):

1
VRd,c = [Crd,c ’ k (100 ’ rl ’ fck)3 + kl ’ scp ’ bW ’ d =
1

[0.12 - 1.399 (100 - 0.00012 - 30.0)® + 0.15 - 0.33] - 1000 - 1255 = 212.00kN/m

According to Equation (6.2b), the minimum value of the design shear resistance Vg4 c without shear
reinforcement is determined from the minimum reinforcement ratio Viin:

3 1 3 1
My = 0.035 - k2 - f 2 = 0.035 - 1.3992 - 30.02 = 0.317

Vege = (0.317 - 0.15 - 0.33) - 1000 - 1255 = 459.96 kN/m

Because the plate's design shear resistance Vrd,c = 459.96 kN/m is greater than the applied shear
force Veg = 259.726 kN/m, no shear reinforcement is required in the example.

Should the plate's shear resistance be insufficient, the program first checks if the maximum shear
resistance of the concrete compression strut Vg max is sufficient. Vrd max is determined with the minimum
inclination of the compression strut 8. When the design shear resistance of the concrete compression
strut is greater than the applied shear force Vg, the statically required shear reinforcement req asw can
be determined. Then the design for the shear reinforcement Vr4,sy is carried out.
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2.5.7 Statically Required Longitudinal Reinforcement

The table of the design details summarizes the statically required longitudinal reinforcement.

Design Report

Intemal Forces of Linear Statics

Principal Intemal Forces

Design Intemal Forces

Concrete Strt

Required Longitudinal Reinforcement Due to Design Membrane Forces
Shear Design

i Statically Required Longitudinal Reinforcement

[ Bottom surface (+z)
Hlinto Reinforcement Direction 1 as,stat,+2,1 340 | cmZ/m
Due to Design as dim,+2,1 3.40 | cm2/m
Hlinto Reinforcement Direction 2 8= stat 42,2 024 | cmZ/m
Due to Design as dim, +z,2 0.24 | cm2/m
[ Top surface (-z)
Elinto Reinforcement Direction 1 as,stat, 2.1 200 | cm2/m
Due to Design as,dim,z,1 200 | cm2/m
Hlinto Reinforcement Direction 2 asstat, 2,2 127 | cmZ/m
Due to Design as dim,2.2 127 | cmZ/m

Statically required longitudinal reinforcement

For each reinforcement direction, the table shows which design is governing for the statically required
reinforcement.

In the example, all longitudinal reinforcements result from the bending design as a shell. In other cases,
a required longitudinal reinforcement to avoid shear reinforcement would also be conceivable.

2.5.8 Minimum Longitudinal Reinforcement

The statically required longitudinal reinforcement is now compared to the minimum reinforcement.
Unfortunately, none of the standards available in RF-CONCRETE Surfaces provides any regulations on
the minimum reinforcement for shells. As a criterium, it is therefore analyzed for which constellation of
the moment and axial force the element is more likely to be a wall (mainly subjected to compression)
or a plate (mainly subjected to bending). The distinguishing criterion is the related load eccentricity
ed/h in the ultimate limit state (ULS):

& _m/n
h h
where
m moment of linear plate analysis (ULS)
n axial force of linear plate analysis (ULS)
h plate thickness

Since there are moments and axial forces both in x- and y-direction in a design point, the related load
eccentricity per design point is the largest quotient from moment over axial force of both directions.

[ e6
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In RF-CONCRETE Surfaces, the following is uniformly specified for all standards:

e, mainly subjected to bending — reinforcement rules for plates
— >3.5

h

ey mainly subjected to compression — reinforcement rules for walls
— < 3.5

s

This regulation can be found in EN 1992-1-1, clause 9.3: Solid slabs and clause 9.6: Walls.

The minimum reinforcements are described in chapter 2.3.7 @ and chapter 2.4.5 @ in the

reinforcement rules for walls and plates.

In our example, where the system is mainly subjected to bending, the following minimum reinforcement

is shown in the design details.

Design Report

Intemal Forces of Linear Statics

Principal Intemal Forces

Design Intemal Forces

Concrete Strt

Required Longitudinal Reinforcement Due to Design Membrane Forces
Shear Design

Statically Required Longitudinal Reinforcement

¢ Minimum Reine it

& Minimum Longitudinal Reinforcement
E Minimum Reinforcement Ratio

Minimum Tension Longitudinal Reinforcement Ratio min pT
Minimum Compression Longitudinal Reinforcement Ratio min po
General Minimum Reinforcement Ratio min pG
Refemed to Cross-Section Ac
[ Bottom surface (+z)
= Main longitudinal reinforcement with tension of this side 8s,max +z
Direction of the Main Longitudinal Reinforcement Qas,main
Statically Required Reinforcement as,stat,+2.1
Statically Required Reinforcement as,stat,+2,2
= Minimum Longitudinal Reinforcement into Direction 1 as,min longi,+z,1
State of Stress Stressz,1
Minimum Tension Reinforcement 8s,minT.+z.1
Minimum Compression Reinforcement as,minC,+z,1
General Minimum Reinforcement 8s,minG+z,1
Minimum Reinforcement for Walls as,minW.+z.1

B Minimum Longitudinal Reinforcement for Parts with Ductile | As, min,duc
1st Calculated Value for Minimum Longitudinal Reinforc | As, min,duc, calet -
2nd Calculated Value for Minimum Longitudinal Reinfor | Az, min, duc,cale2 -
Minimum Longitudinal Reinforcement into Direction 2 as,min longi.+z,.2

Minimum longitudinal reinforcement

w2 po pe

cm+<

cm2/m

cm2/m
cm2/m
cm2/m

cm2/m
cm2/m
cm2/m
cm2/m
cm2/m
cm2/m
cm2/m
cm2/m
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2.5.9 Reinforcement to Be Used

The reinforcement to be used is determined from the statically required reinforcement and the minimum

reinforcement.

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
Design Intemal Forces
Concrete Strt
Required Longitudinal Reinforcement Due to Design Membrane Forces
Shear Design
ically Required Longitudinal Reirfo it
Minimum Reinforcement
Check Maximum Reinforcement Ratio
(] Reinforcement to be used
[ Bottom surface (+z)
Elinto Reinforcement Direction 1 as+z,1 18.93 | cm2/m
Ity Required Reinf it 3= stat 42,1 3.40 | cm2/m
Minimum Reinforcement as,min,+z,1 18.93 | cm2/m
Hlinto Reinforcement Direction 2 as+22 12.50 | cm2/m
Ity Required Reinf it 8= stat 42,2 0.24 | cm2/m
Minimum Reinforcement 3= min +z,2 12.50 | cm2/m
Hinto Reinforcement Direction 3 3s+z3 0.00 | cm2/m
[ Top surface (-z)
Elinto Reinforcement Direction 1 as,z1 6.45 | cm</m
Ity Required Reinf it asstat, 2,1 200 | cm2/m
Minimum Reinforcement as,min,z, 1 6.45 | cm</m
Hlinto Reinforcement Direction 2 as.22 12.50 | cm2/m
Ity Required Reinf it asstat, 2,2 127 |em2/m
Minimum Reinforcement as,min,z.2 12.50 | cm2/m
Hinto Reinforcement Direction 3 as23 0.00 | cm2/m

LU A8 Reinforcement to be used

It is also possible to display the reinforcement areas for grid point No. 1 graphically.

Panel x

Fequired Reinforcement
a5,2.2 [tap] [em? /m]
1893
17.79
16.66
15.52
1435
13.25
1212
10.95
9.85
872
758
6.45

Max : 1853
Min : 645

RF-COMCRETE Surfaces

G1
a-2,1-2topy 1893
a-2,2-2 (topy 1893
a-5,1 +2(bottom) 18.93
a-5,2,+z(hattom) 12.90

G0y Graphic of the reinforcement for surface No. 37
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Serviceability

The serviceability limit state designs consist of various individual designs. The following listing contains
the relevant clauses for EN 1992-1-1:

= Stress limitation: clause 7.2
= Crack control: clause 7.3
= Deflection control: clause 7.4

In the reinforced concrete standards, the designs listed above are always described for linear,
member-shaped structural elements. As mentioned in the previous part of this manual, the design
situation of a surface element is transformed into the design of several linear elements in the direction
of the individual reinforcement layers in the ultimate limit state. Such a transformation procedure is used
in the serviceability limit state as well.

2.6.1 Design Internal Forces

Unlike the transformation procedure for the ultimate limit state, it is not possible to carry out a purely
geometrical division of the principal internal forces into internal forces in the individual reinforcement
directions. Such a division assumes a strain ratio of 1.0 for the actually provided reinforcement. For
both reinforcement directions to have the same strain, however, corresponding reinforcement areas
would have to be respectively provided in these reinforcement directions for different design forces. In
the serviceability limit state, though, the design internal forces are sought for a provided reinforcement.

In the serviceability limit state, no required reinforcement is determined; instead, the provided
reinforcement is used to determine the actually provided strain ratio. In all cases where the applied
reinforcement deviates from the required reinforcement, the actually provided strain ratio of the
reinforcements does not equal the value 1.0.

The assumption of an identical strain ratio is therefore invalid. A different strain ratio that confirms the
resulting design internal forces must be found. In solving this problem, the geometric relation between
the strain ratio and the direction of the concrete compression strut plays an important role.

Baumann [1] @ writes the following on this point: If you neglect the compression strain of the concrete
because it is usually small compared to the strain of the reinforcement, the following is obtained as the
compatibility condition from Figure 38:

& o sinlb - g)

e sin2(g — a)

The following Figure 2.80 @ shows the mentioned Figure 38 with the compatibility condition of the
strains for a two-directional reinforcement mesh.
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Compatibility of the strains

In Equation 2.62 @, &, and &, are the strains of two reinforcement directions. The angles o and B
represent the infermediate angles between the principal force direction and the direction of the
respective reinforcement set. The smaller intermediate angle is named a. The angle 7y refers to the
differential angle between the direction of the concrete compression strut and the direction of the first
principal internal force.

The angles o and B cannot be changed due to the selection of the reinforcement direction. In contrast
to this, the angle y changes if a different direction of the concrete compression strut is necessary to
stiffen the reinforcement mesh due to the varyingly stiff reinforcement directions.

The design internal forces in the individual reinforcement directions depend on the selected direction of
the concrete compression strut. With these design internal forces, the stresses in the reinforcements of
the individual directions can be determined. Based on these stresses, the various standards provide
formulas with which you can determine the mean strains of the reinforcement relative to the concrete. In
EN-1992-1-1, this is done as per Equation (7.9):

f
cteff X
SS - kt r (1 + ae rp,eff)
e —e = il >0.6 =
sm cm E = = E

S S

Only then can you determine the quotient from the differences in the strains between concrete and
reinforcing steel of the second and first reinforcement direction.

0= (esm - ecm)/z
“

eSm - ecm)fl

Equation 2.62 @ also gives a quotient of the strains, derived from the geometric principles.

Q. = 5 _ sinfb—g)
&60e0 9/1 sinz(g — a)

For both quotients, the strain of the second reinforcement direction is in the numerator. This is based on
the assumption that the first reinforcement direction forms the smaller differential angle with the first
principal internal force. If the second reinforcement direction formed the smaller differential angle with
the first principal internal force, the strains of the first reinforcement direction would be in the numerator.
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Both quotients depend on the selected direction of the concrete compression strut. The program now
tries to select the direction of the concrete compression strut in such a way that both quotients become
identical.

Q.= Qg geo

If the geometric strain ratio Qg,geo does not yet correspond to the actual strain ratio after one
calculation run, the program specifies a new compression strut direction and determines the resulting
geometric strain ratio. This process is repeated iteratively until a convergence is reached.

Determining the design internal forces by selecting the suitable compression strut direction is the most
demanding part of the serviceability limit state design. If the selected provided reinforcement
approximately corresponds to the statically required reinforcement for the analyzed service load
magnitudes, the design internal forces only marginally differ from the internal forces that would result
from an assumed strain ratio of 1.0. Therefore, RFCONCRETE Surfaces additionally provides the
option to determine design internal forces with an assumed strain ratio of 1.0.

Design internal forces for the serviceability limit state design are only determined if the cracking of the
concrete leads to an activation of the reinforcement. To this end, the program analyzes the concrete
tensile stresses caused by the first principal internal force.

2.6.2 Principal Internal Forces

If the first principal internal force is negative, uncracked concrete is assumed in this area of the
analyzed surface element. For walls, only the magnitude of the concrete compression stress is checked
in such a case. For plates, no serviceability limit state design is carried out on this surface side, at least.

For a wall, if the first principal axial force is a tension force, the provided concrete tensile stress is
determined according to the following equation.

oA, b-h

For a plate, if the first principal moment is a positive moment, the provided concrete tensile stress is
determined as follows.

If this linear-elastically determined stress 6| is greater than the mean value of the axial tensile strength
feim, cracked concrete is assumed. Only then does RF-CONCRETE Surfaces determine the design
internal forces for the individual directions of reinforcement and perform the serviceability limit state
designs mentioned at the beginning of chapter 2.6 @.
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2.6.3 Provided Reinforcement

Before the serviceability limit state designs, RFCONCRETE Surfaces checks the provided
reinforcement: The program first uses the internal forces of the serviceability to perform a design similar
to the ultimate limit state design. The thus determined statically required reinforcement is compared to
the user-defined provided reinforcement.

If the provided reinforcement is smaller than the statically required reinforcement or if the design
reveals any non-designable situations, the serviceability limit state designs are not performed. The
problematic zones of the surface elements are indicated as being non-designable.

2.6.4 Serviceability Limit State Designs

The following example illustrates how the various serviceability limit state designs are implemented in
RF-CONCRETE Surfaces. A rectangular slab is analyzed. The first applied principal moment mj is
greater than zero and the second applied moment my; equals zero.

The design is carried out according to EN 1992-1-1 with the analytical method.

2.6.4.1 Input data for the example

Geometric specifications

Plate thickness: d=20cm

Rectangular reinforcement: @1 =30° @2 =120°

Centroid of concrete cover: d;=3.0cm d2=4.2cm
Material

Concrete: C30/37

Reinforcing steel: B 500 S (B)

2.6.4.2 Check of principal internal forces

The program first checks if the concrete cracks under the principal moment in the ULS. In the
serviceability design details of the relevant grid point, we can see that this is indeed the case:

Intemal Forces of Linear Statics
¢l Check if intemal forces cause cracks

[ Bottom surface (+z)
First Principal Moment mi+z -7.16 | kNm/m
The first principal moment is negative. No check of this side.
[ Top surface (-z)
& Tensile Stress of Concrete Ge,lz 5.05 | Nmm<2
First Principal Moment miz 33.65 | kNm/m
[l Section modulus 5 6666.67 |em?
Width of the Hlement bw 1000 |m
Depth of Structural Member h 0.200 | m
Mean Auxial Tensile Strength Fotm 2.90 | N/mm2

Concrete cracks on this side. Longitudinal reinforcement is activated.
Concrete cracks on one side. Longitudinal Reinforcement is activated and check is completed.

Check of principal internal forces
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The linear-elastically determined stress 6| > at the upper concrete edge is compared to the mean
value of the axial tensile strength feim of 2.9 N/mm2 for concrete C30/37.

33.65 - 6
1.0-0.22

m|,—z m6

W b - h?

= 5.05N/mm?

Sc,l, -z

Thus, the concrete edge stress oz = 5.05 N/mm? significantly exceeds the tensile strength fm. The
reinforcement is therefore also activated for the serviceability limit state.

2.6.4.3 Required reinforcement for ULS

The design for the ultimate limit state for the plate's top surface is carried out with the following values:

Design Report
Intemal Forces of Linear Statics
Principal Intemal Forces
i Design Bending Moments
Bottom surface (+z)
[ Top surface (-z)
E Frincipal Moments

Design internal forces ULS

Direction of the concrete
compression strut:

2.1 Required Reinforcement Total

Final design bending moments:

First Principal Moment mi-z 56.08 | kNm./m
Second Principal Moment mil,z 11.93 | kNm./m
Direction b,z 0.000 | *
Quotient k =m 1, z/mi =z km,=z 0213

Differential Angle Between o,z =z and

Differential Angle According to Baumann

First Assumption of the Strut Direction v

Second Assumption of the Stnat Direction

Energy = Sum of abs(Design Bending Moments)

E Goveming Strut
First Assumption for Direction Tm,z1 75.000 | ¢
Strut Direction Fstrut,m,z 75.000 | ¢

[E Goveming Design Bending Moments
into Direction 1 Mz @1 64.16 | kkNm/m
into Direction 2 Mz o2 42.08 | kNm/m
into Strut Direction Mend, -z, strut -38.23 | kNm/m
Find optimal strt direction? Strut opti,m,z No

[ Final Design Bending Moments
into Direction 1 Mend,z, @1 64.16 | kkNm/m
into Direction 2 Mend,z, &2 42.08 | kNm/m
into Strut Direction Mend, -z, strut -38.23 | kNm/m

Mend,z,p1 = 64.16 kNm/m

Mend,z,p2 = 42.08 kNm/m

Mend,zstrut = —38.23 kNm/m

Qstrut,m,-z = 75.0°

The following required reinforcement for the top surface is obtained from the design internal forces:

Required reinforcement

[ a [ 8 [ ¢ [ D | E [ _F [ &6 [ H ] I [ J ]
Surface Grid Point-Coordinates [m] Required Basic Additional Reinforcement
No. Point X Y z Symbol Reinforcement Reinforcement|  Required Provided Linit
1 G4 0.000 0.500 0.000 | &=.1.z ftor) [ 897 11.31 0.00 0.00 | cm2/m
1 G4 0.000 0.500 0.000] 8.2,z {top) 6.15 1.3 0.00 0.00 | cm2/m
1 G 1.000 0.500 0.000 [3s.1,+z (bottom) | 0.14] 0.00 014 0.14 | cm2/m
1 G 1.000 0.500 0.000 | as,2,+z (bottom) 0.70 0.00 0.70 0.70 | cm2/m
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%

2.6.4.4 Specification of a reinforcement

At the top surface of the plate, we select a reinforcement based on rebars with a diameter ds of 12 mm
at a distance |5 of 10.0 c¢m for both directions.

The following provided reinforcement is thus obtained:

100cm/m _ (1.2cmf _ 100cm/m

T
I 4 10.0cm

d2
= =5 . .
T 7

provag _, =

= 11.31cm?/m

These values are entered in the Longitudinal Reinforcement tab of window 1.4 Reinforcement or
selected with the [Rebars] button (see Figure 2.105 @ ).

| Reinforcement R atiog I Fieinforcement Layout| Longitudinal Reinforcement | EM 1992-1-1 I Design Meth0d|

Provided Basic Reinforcement

[ Use required reinfarcement for design of

zerviceability
Reinforcement Area Diamneter
Azl Sz2 ozt dsz
Top[-2): M3 1315 [em fm] 1200 1200 [mm]l
Battom [+z] : 0.00= 0,00 [cm? /m] 1200 12,0015 [mm]

Additional Reinforcement for Serviceability State Design

Approach of: Additional reinfarcement layout hd ]

Reinforcement Area Diamneter
Az =k ds1 dsz
Top[-2]: = [cm2 /m] 1000 1000 [mm] |
Battom [+z] : : ~ [cm2 /m] 10,00 10.005 [mm]

Longitudinal Reinforcement for Check of Shear Resistance
@ Apply required longitudinal reinforcement

1 Apply the areater value resulting from either the required or provided reinforcement [basic
and add. reinforcement] per reinforcement direction

() Automatically increase required longitudinal reinforcement to avoid
shear reinforcement

Window 1.4 Reinforcement, Longitudinal Reinforcement tab for entering basic and additional reinforcement

With this reinforcement diameter, the following centroids of the concrete cover are obtained:

Reinforcement Ratios | Reinforcement Layout | Longitudinal Reinforcement I EM 1992-1-1 I Design Meth0d|

Number of Reinforcement Directions Refer Concrete Cover to
Top[-z2]: 2 (@ Centroid of reinforcement
Bottom [+2] : 2 (0 Edge

Concrete Cover for Reinforcement

[7] Accarding to Standard... =

Basic Reinforcement Additional Reinforcement

o1 dz di dz
Top[-2): 300+ 4200 [em] 300 4,004 [em]
Battom [+z] : 300 420 [em] 300 400 [em]

Reinforcement Directions Related to Local Axis x of FE-Element for Results

] 9z
Tap[2): 3000012 1200000 1]
Battam [+2): 3000012 1200004

Window 1.4 Reinforcement, Reinforcement Layout tab
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Thus, the effective depth for the individual reinforcement directions is determined as follows:

d =h—-d

1,-z

d,_,=h—-d,=20-4.2=15.8cm

2.6.4.5

;=20—-3=17cm

Check of provided reinforcement for SLS

First, the strain ratio €92 / €91 = 1.0 is assumed for the serviceability limit state. With it, the following

values are determined:

Intemal Forces of Linear Statics
Check if intemal forces cause cracks

H=|

Check BExisting Longitudinal Reirif it

[ Design Bending Moments

Bottom surface (+z)

[ Differential Angle According to Baumann
1st Differential Angle
2nd Differential Angle

E Goveming Strut
First Assumption for Direction
Strut Direction

[E Goveming Design Bending Moments
into Direction 1
into Direction 2
into Strut Direction

[ Design Bending Moments by Baumann
into Direction 1
into Direction 2
into Strut Direction
Find optimal strut direction?

[ Final Design Bending Moments
into Direction 1
into Direction 2
into Strut Direction

Om,+z

Bm.+z

Tm.+z.1a
Pstrut,m,+z

M4z, @1
Mz, $2
Mend, +z,strut

Mg +z
mp +z
My 4z
Strut apti,m +z

Mend,+z, &1
Mend, +z, $2
Mend, +z,strut

Design moments in SLS for strain ratio of 1.0

Design internal forces:

30.000 | °
120.000 | °

75.000 | °
75.000 | °

38.49 | kNm/m
25.25 | kNm/m
-22.54 | kNm/m

38.49 | kNm/m
25.25 | kNm/m

-22.94 | kNm/m
Yes

38.49 | kNm/m
25.25 | kNm/m
-22.94 | kNm/m

Stiffening compression moment:

Direction of stiffening compression

moment:

Mend,zp1 = 38.49 kNm/m

Mend,z,p2 = 25.25 kNm/m

Mend, zstrut = —22.94 kNm/m

Pstrot,m,-z = 75.0°

For these design moments, a required reinforcement of as dim 2,1 = 4.33 cmz/m in the first
reinforcement direction and of as dim 2,2 = 3.04 cm2/m in the second reinforcement direction is

determined at the top surface of the plate.

Intemal Forces of Linear Statics
Check if intemal forces cause cracks

i Check Edsting Longitudinal Reinft it

Design Bending Moments
[ Statically Required Reinforcement

Bottom surface (+z)
[ Top surface (-z)

into Reinforcement Direction 1
into Reinforcement Direction 2

= Edsting Longitu

dinal Reinforcement

Bottom surface (+z)
[ Top surface (-z)

into Reinforcement Direction 1
into Reinforcement Direction 2

as,dim,z,1 433 | cm2/m
as,dim,z.2 3.04 | em2/m

8s,exist, 2,1 11.31 | em2/m
8s,exist, 2.2 11.31 | em2/m

Statically required reinforcement for internal forces in SLS
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The required reinforcement for the internal forces of the serviceability limit state is smaller than the user-
defined provided reinforcement. Hence, we can continue with the analysis.

2.6.4.6 Selection of concrete compression strut

With the design internal forces mend,2,p1 = 38.49 kNm/m and mend 2,92 = 25.25 kNm/m, we obtain
the strains €p1 = 0.735 %o in the first reinforcement direction and €2 = 0.527 %o in the second
reinforcement direction. Thus, there is a strain ratio R;, of 0.717.

The assumed strain ratio of 1.00 therefore does not correspond to the actual strain ratio. Hence, the
inclination of the stiffening compression moment is increased from 75.0° to 79.746°.

Geometrically, this inclination of the stiffening compression moment can only appear if the geometric
ratio R geo,z of the strain in the reinforcement direction @2 to the strain in the reinforcement direction @1
is approximately 0.717. This is the case in our example.

When determining the crack width w, it is shown that with the design moments, strains result in the
individual reinforcement directions for an inclination of the stiffening compression moment of 79.746°,
which lead to the strain ratio Rsgeo.z of 0.717.

Intemal Forces of Linear Statics

Check if intemal forces cause cracks

[ Check Bdsting Longitudinal Reinforcement
il Design Intemal Forces in Serviceability Limit State

Bottom surface (+z)
= Top surface {-z)
Bl Concrete St Direction Tstrut,exist, 2,2 79.746 | °
Concrete Strut Direction acc. to Baumann " strut,Bau,exist, 2 79.746 | °
Ratio of Reinforcement Deformation Rs.= 0.717
Supposed Gi ical Ratio of Def ion Rs.geo.z 0.717
[ Modified design Moments
into Direction 1 M exist,z, @ 1 36.74 | kNm/m
into Direction 2 Mexist,z, &2 27.33 | kNm/m
into Strut Direction M excist, strut, 2 -23.26 | kNm/m
Check Steel Stress
Check Final Crack Spacing
(] Determination of difference in the mean strain
[ Calculation Parameter for All Directions
Bottom surface (+z)
= Top surface {-z)
Difference in the mean strain into the direction 1 (Esm - Ecm)z. @ 1 0.735 | %
[H Steel Stress into Reinforcement Direction 1 Os,z,@1 208.18 | N/mm2
Difference in the mean strain into the direction 2 (Esm - Ecm)z. @2 0527 | %=
Steel Stress into Reinforcement Direction 2 Os,z,02 167.09 | N/mm2
Resulting Difference in the Mean Strain (g=m - Eom)-zres 1.291 | %

Direction of the concrete compression strut and ratios of deformation

The selected inclination of the stiffening compression moment of 79.746° results in modified design
moments in the individual reinforcement directions. This corresponds to the method for determining the
design internal forces in the serviceability limit state that is used here, which takes into account the
deformation ratio of the longitudinal reinforcement that was selected in the Settings for Analytical
Method of Serviceability Limit State Design dialog box (see Figure 2.89 ).

76

www.dlubal.com



n Theoretical Background ¥ RF-CONCRETE Surfaces - Manual

Settings for Analytical Method of Serviceability Limit State Design *

Method

(O By assuming an identical deformation ratio of the longitudinal
reinforcement

(O By dassifying the structural element as a plate or wall and
using the flowchart from A 2.8(3) or A 2.9(2) according to
EMNV 1992-1-1:1991

(®) By taking into account the deformation ratio of the
longitudinal reinforcement

Design of

Cracks

Concrete stresses

Steel stresses

Deflection with RF-CONCRETE Deflect

Consider: Creeping
Shrinkage

Tension stiffening

Determination of Lengitudinal Reinforcement

[Increase the required longitudinal reinforcement
automatically for serviceability limit state design

Find the most economical reinforcement for crack )
width design

Consider &s,min acc, to 7.3.2 also for the direct
calculation of crack width acc, to 7.3.4

":D LE % Cancel

LU0y Settings for Analytical Method of Serviceability Limit State Design dialog box

2.6.4.7 Limitation of concrete compressive stress

In window 1.3 Surfaces, the concrete compressive stress is limited to 6¢max = 0.45 - fek and the steel
stress to Ogmax = 0.80 - fyk.

1.3 Surfaces
B | = D E F G H 1 J | K L M
Surface | Material Thickness Gomax | Osmax | fcteffwk |fcteffAs.min | Wiz (top) | Wiz (bottom) Effects due to Restrai
No Type dimm] | [NmmZ2] | [N/mm2] | [N/mm2] | [NAmm2] [mm] [mm] Apply kel Notes Comment
1 Constant 200 -13.500| 400.000 2500 2.500 0 0 var. 6)
LIk

Settings for the check of serviceability limt state - Surface No. 1

Stress Check  Limit of Crack Widths

Limitation of Concrete Compressive Stress Limitation of Steel Stress
Limitation type: Limitation type:
(O According the design situation with k1%Fck and k2™ ok (O Accarding the design situation with k3™fyd and ka™fyik
acc, to EN 1992-1-1, NDP(7.2) acc. to EN 1992-1-1, NDP{(7.2)
@ o [ ost) @ a: [ omis])
Te,max -13.500 N/mm"2 Ts,max 400.000 Nfmm"2

Setinput for surface No.:

1 5 Ha v 0| e

Gl Limiting the concrete compressive and steel stresses in the Stress Check tab of window 1.3 Surfaces
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For concrete C30/37, the maximum (negative) concrete stress Gcmax is thus determined:

Gemax = 0.45 + fg = 0.45 + (:30.0) =-13.5 N/mm?

The provided concrete compressive stress is determined under the assumption of a linear stress
distribution because the multitude of iterations for determining the suitable direction of the concrete
compression strut would be too time-consuming. A linear distribution is sufficiently accurate because in
the serviceability state, there are normally concrete compressive strains of at most 0.3 to 0.5 %so.

The maximum stress Gc max is to be compared with the provided stress of the concrete compression
zone for both reinforcement directions.

The provided concrete compressive stress o is determined as follows:

m
_ Meg
S. = _I . X
i1l
where
mEd applied moment
1 ideal moment of inertia in state |l
== b x3+a,-a, (d-xpP
y 3 e S
b width of element (always 1 m for plates)
Of ratio of elastic moduli
as provided tension reinforcement
d effective depth
ag - a b - depth of t tral axi
=23 (o4 [ios20bd epth of concrete neutral axis
b g " 8,

For the reinforcement direction @1, the following neutral axis depth x,¢1 is thus obtained:

x_ = 8.0 1131 _(_1_0+\/1_0+ 2.0-100-17] — 419cm
a 100 \ 6.061 -11.31 )

The same value and the related intermediate values can also be found in the details table.
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Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bdsting Longitudinal Reinforcement

Design Intemal Forces in Serviceabilty Limit State
i Determination of concrete pressive stress in particular reinf it directions
Bottom surface (+z)
= Top surface {-z)
[l Concrete compressive stress in reinf 1t direction 1 | Go+z, @1 -11.23| N/mm2
Design Momert in the reinforcement direction 1 md.zg1 36.74 | kNm./m
[ Ideal Moment of Inertia lilz @1 13701.00 | cm*
Compression reinf 1t from reinfs it of opposite suface is possible.
Width of the Hlement bw 100.00 | cm
Depth of the Concrete Compression Zone Xz, @1 4.19| cm
Ratio of Modulus of Blasticity e 6.061
Tension Reinforcement into Direction 1 a5 exist, 2.1 11.31 | em2/m
Effective Depth dz@1 0170 | m
Depth of the Concrete Compression Zone Xz, @1 419 cm
Compression Reinforcement into Direction 1 3= mist 42,1 0.14| cm2/m
Concrete Cover of Compression Reinforcement Cz,@1 0030\ m
Depth of the Concrete Compression Zone Xz, @1 419 cm
Concrete compressive stress in reinf it direction 2 | 6o 4z, @2 -5.40 | N/mm2

Depth of concrete compression zone for reinforcement direction 1

For the reinforcement direction @2, the neutral axis depth x.;,¢2 is obtained:

- SO AL (10104 2O ISy g
a 100 6.061 - 11.31

This value and the related intermediate values can also be found in the details.

Intemal Forces of Linear Statics

Check if intemal forces cause cracks

[ Check Bxsting Longitudinal Reinforcement
Design Intemal Forces in Serviceability Limit State

i Detemmination of concrete pressive stress in particular reinf t directions
Bottom surface (+z)
= Top surface {-z)
Concrete compressive stress in reinforcement direction 1 | 6c4z, @1 -11.23 | N/mm2
[ Concrete compressive stress in reinforcement direction 2 | 0c,4z, @2 -5.40 | N/mm2
Design Moment in the reinforcement direction 2 Md,z,g2 27.33 | kNm/m
[ Ideal Moment of Inertia lilz @2 11677.20 | cm*
Compression reinf 1t from reinfs nt of opposite surface is possible.
Width of the Hement bw 100.00 | cm
(= Depth of the Concrete Compression Zone Xz,p2 402 | cm
= Ratio of Modulus of Blasticity e 6.061
Modulus of Elasticity of Reinforcement E= 200000.00 | N/mm2
Mean Secant Modulus of Elasticity Ecm 33000.00 | N/mm2
Tension Reinforcement into Direction 2 3= exist, 2,2 11.31 | cm2/m
Compression Reinforcement into Direction 2 s exist +2,2 0.70 | cm2/m
Width of the Hlement bw 100.00 | cm
Effective Depth dzo2 0.158 |m
Concrete Cover of Compression Reinforcement | ciz @2 0.040 | m
Ratio of Modulus of Blasticity e 6.061
Tension Reinforcement into Direction 2 3= exist, 2,2 11.31 | cm2/m
Effective Depth dzo2 0.158 |m
Depth of the Concrete Compression Zone Xz,p2 402 | cm
Compression Reinforcement into Direction 2 s exist +2,2 0.70 | cm2/m
Concrete Cover of Compression Reinforcement Cz,@2 0.040 | m
Depth of the Concrete Compression Zone Xz,p2 402 | cm

Depth of concrete compression zone for reinforcement direction 2

The ideal moments of inertia I;j in state Il (cracked section) are determined as follows for the two
directions of reinforcement:

Ly —pr = -100.0 - 4.19%3 + 6.061 - 11.31 - (17 — 4.19F = 13701 cm*
v 1

wl

Ly, = L .100.04.02% + 6.061 - 11.31 - (15.8 — 4.02F = 11678 cm*
v 2

w
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Thus, according to Equation 2.69 @, the following concrete compressive stresses 6. are obtained in
the concrete compression zone (i.e. at the top side of the surface) for the two reinforcement directions
¢1 and @2:

3676 - 4.19
cor = ————— = —11.24N/mm?
L 13701
Sc,o,f = M = —9.41 N/ mm?2
2 11678

These values are also shown in Figure 2.92 @ (the program takes more decimal places into account).

The existing compressive stresses G +7,¢1 and O +7,¢2 are therefore smaller than the maximum concrete
stress O¢,max (see Figure 2.90 @ ). The governing quotient of existing and allowable concrete
compressive stress is available in the reinforcement direction 1. The design is fulfilled.

Maxdmum Concrete Compressive Stress Max To -11.23 | N/mm2
Allowable Concrete Compressive Stress
il Check
Maxdmum Concrete Compressive Stress Max To -11.23 | N/mm2
le Concrete Compressive Stress perm G -13.50 | N/mm2
Criterion of Check Criterion 0.832

Analysis of concrete compressive stress

2.6.4.8 Limitation of reinforcing steel stress

In window 1.3 Surfaces, the tension stresses of the reinforcing steel reinforcement are limited to G5 max =
0.8 - fyk according to EN 1992-1-1, clause 7.2(5) (see Figure 2.90 @). For BSt 500 S (B), the

maximum steel stress G5 max is thus determined as:

Sgma = 0.8 f, = 0.8 500 = 400 N/mm?

s, max

The maximum stress Gs max is fo be compared with the provided tension stress for both reinforcement
directions.

The provided tension stress o is determined as follows:

ag - mg, - (d —x)

S ]

° Lin
where

Of relation of elastic moduli (Es / Ecm)

mEd applied moment

d effective depth

=23 [0, [l o4 200 d depth of concrete neutral axis

b ag - a
b width of element (always 1m for plates)
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as provided tension reinforcement

ideal moment of inertia in state ||

With the values calculated in chapter 2.6.4.6 @, the provided tension stresses G5y ¢1 and Gs 2 in the
two reinforcement directions @1 and @2 can be determined as follows:

s, = 6.061 - 3674 - (17 — 4.19) = 208.18 N/mm?
0 13701

Seur = 6.061 - 2733 - (15.8 — 4.02) _ 167.09 N/ mm?
s,u7, 11677

Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bdsting Longitudinal Reinforcement

Design Intemal Forces in Serviceabilty Limit State
iE] Check Steel Stress
Bottom surface (+z)
[ Top surface (-z)
Concrete cracks. Longitudinal reinforcement is activated.
[ Steel Stress into Reinforcement Direction 1 Os,z,@1 208.18 | N/mm2
Design Momert in the reinforcement direction 1 md.zg1 36.74 | kNm/m
Ratio of Modulus of Elasticity e 6.061
Mean Secant Modulus of Blasticity Ecm 33000.00 | N/mm2
Ideal Moment of Inertia lilz @1 13701.00 | cm*
Depth of the Concrete Compression Zone Xz, @1 415 cm
[ Steel Stress into Reinforcement Direction 2 Os,2,@2 167.09 | N/mm2
Design Momenit in the reinforcement direction 2 md.zg2 27.33 | kNm/m
Ratio of Modulus of Elasticity e 6.061
Mean Secant Modulus of Blasticity Ecm 33000.00 | N/mm2
Ideal Moment of Inertia lilz @2 11677.20 | cm*
Depth of the Concrete Compression Zone Xz,p2 402 | cm
Maximum Steel Stress max o= 208.18 | N/mm2

Maximum steel stresses in reinforcement direction 1 and 2

The existing tension stresses Gs., 1 and G5, p2 are therefore smaller than the maximum steel stress
Osmax (see Figure 2.90 @ ). The governing quotient of existing to allowable steel stress is available in
the reinforcement direction @1. The design is fulfilled.

Design Intemal Forces in Serviceabilty Limit State

Check Steel Stress

Allowable Steel Stress

iE] Check
Maximum Steel Stress max o= 208.18 | N/mm2
Allowable Steel Stress perm o= 400.00 | N/mm2
Criterion of Check Criterion 0.520

Analysis of reinforcing steel stress
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2.6.4.9 Minimum reinforcement for crack control

The minimum reinforcement area for crack control is determined according to EN 1992-1-1, clause
7.3.2, Equation (7.1).

a — kc ko fct,eff ) Act
s,min SS
where
ke coefficient for considering the influence of the stress distribution in the cross-section prior
to cracking as well as the change of the internal lever arm
k coefficient for considering non-uniform self-equilibrating stresses, which lead to the
reduction of restraint forces
fet eff mean value of the effective tensile strength of the concrete, to be expected when the
cracks occur
At area of the concrete tension zone (part of the cross-section or partial cross-section that is
calculated to be in tension in the uncracked state under the action combination that
leads to the formation of the first crack at the gross cross-section)
Os absolute value of the maximum allowable stress in the reinforcement immediately after

crack formation

The maximum bar diameter d*; is determined according to EN 1992-1-1, clause 7.3.3 (2) depending
on the actually provided diameter d; from the rearranged Equation (7.6N).
f k.-h

ct, eff c cr
d = d* . .

s s 29 2-(th-d)

where

ds adjusted maximum bar diameter

d* maximum bar diameter according to EN 1992-1-1, Table 7.2 (see Figure 2.96 @)

h overall depth of cross-section

her depth of tensile zone immediately prior to cracking while taking the characteristic values
of prestress and axial forces under the quasi-permanent action combination into account

d effective depth up to centroid of outside reinforcement
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Table 7.2N Maximum bar diameters '.5 for crack control’

Steel stress” Maximum bar size [mm]
[MPa] wy= 0,4 mm W= 0,3 mm we=0,2 mm
160 40 32 25
200 32 25 16
240 20 16 12
280 16 12 8
320 12 10 6
360 10 8 ]
400 8 6 4
450 6 5 -

Maximum bar diameter of reinforcing bars according to EN 1992-1-1, clause 7.3.3

In our example, determining the minimum reinforcement at the plate's bottom surface is excluded by
opening the following dialog box in the Limit of Crack Width tab of window 1.3 Surfaces. In it, the
check boxes for the Bottom (+z) reinforcement have to be cleared.

13 Surfaces
B [ ¢ T o [ | F [ & [ W T T 1 4 [ K] L
Surface | Material Thickness Ge,min G5 max feteff | Wk-z{top) Wz (bortom) Effects Due to Restrai
Mo No. Type d [em] [N/mm2] | [N/mmZ] | [N/mmZ] [mm] [mm] Apply ko] Notes Comment

[ 1 W Constart 2000 -1350| 40000 290 0300 0300 04| 6

Settings for the check of serviceability limit state - Surface No. 1

Shess Check | Limit of Crack Widths ‘

Design of Crack Width Control

Minimum Reinforcement for Effects Due to Restraint
Limit value of allowahle crack wicth wic max
(@ Limit values ace. ta 7.3.1(5)

[ &5 min for effects due to restiaint
|7 Crack formation within the first 28 days

() Userdefi [ . — =ka *f
Bl Bedeiied Further Settings for Min. Reinforcement Due to Restra... iz
Wk oz fop) 0300 - Jmm]
Direction of Reinforcement Due to Restraint
Wi 42 hottom): 0300 - [mm]
Top [-2) reintorcement in direction; o1
Design without direct crack width calculation ace. to 7.3.3 9z
LCalculation of limit diameter lim ds
Bottom [+2] reinforcement in direction: [ e
Calculation of maximum member spacing lim s [ 02

Dresign with direct crack width calculation ace. to 7.3.4
Stress Distribution Within the Section Prior to Cracking

() Approach of pure tension restraint (ke = 1]

Setinputs for surface No: (@ Approach of bending restraint (ke = 0.4]

1 s B .

Calculation Old Calc Grapl .

Further Settings for Min. Reinforcement Due to Restraint dialog box in window 1.3 Surfaces

The limit diameter d*; 41 for the reinforcement direction @1 at the top side of the plate is determined
according to Equation 2.72 3.

d: =12 — —— = 18mm

2.9 2200 - 170) _
s -z 2.9 0.4 - 100
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Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bxsting Longitudinal Reinforcement
Design Intemal Forces in Serviceabilty Limit State
¢E] Determination of minimum reinforcement

(1 Calculation Parameter for All Directions

Maxdimum allowable crack width at the bottom (+z) surface | wk, = limit 0.300 | mm
Maximum allowable crack width at the top (-z) suface ac | Wi,z limit 0.300 | mm
Factor for Unevenly Distributed Tensile Stress ke 1.000
Basic tensile strength of concrete for Table 7.2 feto 2.90 | N/mm2
Puial Tensile Strength of Concrete Feteff 290 | N/mm2
[l Area of the Tension Zone Act 1000.00 | cm2
Width of the Hlement bw 1.000 | m
Depth of Structural Member h 0.200 | m
Bottom surface (+z)
= Top surface {-z)
[ Minimum Reinforcement into Direction 1 as,min, 2,1 5.02 | cm2/m
[ Factor of Stress Distribution Prior to Initial Crack Formal | ke 0.400
[ Goveming Design Forces
Factor for Unevenly Distributed Tensile Stress ke 1.000
Puial Tensile Strength of Concrete Feteff 2.90 | N/mm2
Area of the Tension Zone Actz.g1 1000.00 | cm2
(] Allowahble stress in the reinforcement ace. to Table 7.2 | pem 6sz @1 | 231.11 | N/mm2
Bl Limit Diameter of Reinforcement dsz@1" 1.80 | cm
[ First Calculated Value of Limit Diameter ds,calei” 1.80 |cm
Existing Diameter of Reinforcement ds,minz.g1 1.20 | cm
Effective Depth dz@1 0170 |m
Minimum Reinforcement into Direction 2 as,min, 2.2 5.83 | em2/m

Limit diameter for reinforcement direction @1

Analogously, the limit bar diameter d*; ., o2 is obtained for the reinforcement direction ¢2:

d* =12.£.w=25_20mm
s = z/, 2.9 0.4 - 100

Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bxsting Longitudinal Reinforcement
Design Intemal Forces in Serviceability Limit State
¢E] Determination of minimum reinforcement

[ Calculation Parameter for All Directions

Bottom surface (+z)
= Top surface {-z)
Minimum Reinforcement into Direction 1 as,min, 2,1 5.02 | cm2/m
Bl Minimum Reinforcement into Direction 2 as,min, 2,2 5.83 | em2/m
[ Factor of Stress Distribution Prior to Initial Crack Formal | ke 0.400
[ Goveming Design Forces
Factor for Unevenly Distributed Tensile Stress ke 1.000
Puial Tensile Strength of Concrete Feteff 290 | N/mm2
Area of the Tension Zone Actz.92 1000.00 | cm?
= Allowable stress in the reinforcement acc. to Table 7.2 | perm o=,z @2 198.86 | N/mm2
[l Limit Diameter of Reinforcement dsz@2" 2.52 | cm
[ First Calculated Value of Limit Diameter ds,calei” 2.52 | cm
Existing Diameter of Reinforcement ds,min,z,g2 1.20 | cm
Effective Depth dzo2 0.158 | m

Limit diameter for reinforcement direction @2

In window 1.3 Surfaces, the allowable crack width wi max is given as 0.3 mm (see Figure 2.97 @).
With the maximum bar diameters d*; ., o1 = 18.00 mm and d*;.,¢2 = 25.20 mm, we can interpolate

the allowable stress 6 from EN 1992-1-1, Table 7.2N (see Figure 2.96 3).

s, =240+ 2222290 (18 00 - 16) = 231.11 N/mm?
Tz 16 — 25

s, =200+ 222100 55 50 — 25) = 198.86 N/mm?
sTzl 25 - 32

These allowable steel stresses are also shown in Figure 2.98 @ and Figure 2.99 @.

The steel stress in the direction @2 is governing.
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The area of the concrete tension zone in the cross-section is determined as follows:

A,=b- =100-2—20=1000cm2

Y =2

Thus, according to Equation 2.71 @, the following minimum reinforcement for reinforcement direction 2
is obtained:

a _0.4-1.0-2.9-1000
S:min, 198.86

= 5.83cm?/m

For this reinforcement direction, the applied reinforcement is greater than the minimum reinforcement.
The following check criterion is thus obtained:

a's,min,—z,2 — 5.83 = 0.516
as,exist,—z,z 11.31

Design Intemal Forces in Serviceabilty Limit State
Determination of minimum reinforcement
Existing Longitudinal Reinforcement

il Check
Minimum Reinforcement at the Top (-z) Surface in Direction 2 | &=, min,-z.2 5.83 | cm2/m
Existing Reinforcement at the Top (-z) Surface in Direction2 | &= exist, 2.2 11.31 | cm2/m
Criterion of Check Criterion 0.516

Check criterion for minimum reinforcement

2.6.4.10 Check of rebar diameter

The rebars' limit diameter max d is checked according to EN 1992-1-1, Equation (7.6N) (see
Equation 2.72 @).

At the top side of the plate, the program determines the maximum bar diameter d*s., o1 of the first
reinforcement direction depending on the stress available in this direction. In the check for the limitation
of the steel stress, this siress was calculated as 6*;.,¢1 = 208.18 N/mm?2. Together with the selected
crack width wi = 0.3 mm, the following limit diameter d*;., o1 is obtained in Table 7.2N by
interpolation:

d’ =25+ 25716 - (208.18 — 200) = 23.16 mm
$=nh 200 — 240

Intemal Forces of Linear Statics

Check if intemal forces cause cracks

[ Check Bdsting Longitudinal Reinforcement

Design Intemal Forces in Serviceabilty Limit State

¢ Determination of the maximum steelbar diameter
(1 Calculation Parameter for All Directions

Maxdmum allowable crack width at the bottom (+z) surface | wik, = limit 0.300 | mm
Maxdmum allowable crack width at the top (-z) suface ac | Wi,z limit 0.300 | mm
[ Aial Tensile Strength of Concrete Fet,eff 2.90 | N/mm2
Mean Auxial Tensile Strength Fetm 2.90 | N/mm2
Depth of Structural Member h 0.200 | m
Reference tensile strength acc. to Table 7.2 feto 3.00 | N/mm2
Width of the Hlement bw 100.00 | cm
Bottom surface (+z)
= Top surface {-z)
B Maximum Steelbar Diameter into Reinforcement Direction | ds,max,z.91 1.54 | cm
[ Limit Diameter of Reinforcement dsz@1" 232 |em
Steel Stress into Reinforcement Direction 1 Os,z, @1 208.18 | N/mm2
[ First Calculated Value of Maximum Steelbar Diameter | d = max,calet 154 | cm
Effective Depth dz @1 0170 | m
Factor of Stress Distribution Prior to Initial Crack Fom | ke 0.400
Depth of Tension Zone her 0.100 | m
Aoial Tensile Strength of Concrete Feteff 2.90 | N/mm2

Limit diameter in reinforcement direction 1
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The limit diameter d*;., ¢2 for reinforcement direction 2 is analogously determined from the tension
sfress 6*5 202 = 167.09 N/mm? and the crack width wi = 0.3 mm:

=32+ 32-25 . (167.09 - 160) = 30.76 mm
s -2/, 160 —200

Intemal Forces of Linear Statics

Check if intemal forces cause cracks

[ Check Bdsting Longitudinal Reinforcement

Design Intemal Forces in Serviceabilty Limit State

¢ Determination of the maximum steelbar diameter
[ Calculation Parameter for All Directions

Bottom surface (+z)
= Top surface {-z)
Maximum Steelbar Diameter into Reinforcement Direction 1 dsmax-z,g1 1.54 | cm
=] Maximum Steelbar Diameter into Reirforcement Direction 2 dsmax.z,92 146 | cm
Bl Limit Diameter of Reinforcement dsz @2 3.08 | cm
Steel Stress into Reinforcement Direction 2 Os,2,@2 167.09 | N/mm2
[ First Calculated Value of Maximum Steelbar Diameter ds,max,cale 146 | cm
Existing Longitudinal Reinforcement as,exist, 2,2 0.158 | m
Effective Depth dz,@2 0.400
Factor of Stress Distribution Prior to Initial Crack Formation | ke 0.100 | m
Factor for Unevenly Distributed Tensile Stress ke 2.50 | N/mm2

Limit diameter in reinforcement direction 2

With the limit diameters d*; for the two reinforcement directions and the respective steel siresses, the
maximum bar diameters d; are determined.

2.9 0.4 - 100
cmm—gy = 2316 == . —————— = 15.44mm
max, =2,y 2.9 2-(200 - 170)
2.9 0.4 - 100
gy =30.76 - == . —————— = 14.65mm
R TS0 2.9 2-(200 — 158)
Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bdsting Longitudinal Reinforcement
Design Intemal Forces in Serviceabilty Limit State
¢ Determination of the maximum steelbar diameter
[ Calculation Parameter for All Directions
Bottom surface (+z)
[ Top surface (-z)
B Maximum Steelbar Diameter into Reinforcement Direction 1 | ds max,z.g1 1.54 |em
Limit Diameter of Reinforcement dsz@1" 232 | cm
First Calculated Value of Maxmum Steelbar Diameter ds,max,calct 154 | cm
Puial Tensile Strength of Concrete Feteff 2.50 | N/mm2
B Maximum Steelbar Diameter into Reinforcement Direction 2 | ds,max, 2,92 146 | cm
Limit Diameter of Reinforcement dsz @2 3.08 | cm
First Calculated Value of Maxmum Steelbar Diameter ds,max,calct 146 cm
Puial Tensile Strength of Concrete Feteff 2.50 | N/mm2

Maximum bar diameters

Rebar diameters d; = 12 mm are respectively provided for both reinforcement directions. Thus, the
check criterion for the governing reinforcement direction @1 is obtained as:

d. ..

,exist, = z,7,

S, exis| z,/7, _ 12.0 = 0.819
max dg 27, 14.65

Design Intemal Forces in Serviceabilty Limit State
Determination of the maxdmum steelbar diameter

Existing Steelbar Diameter

il Check
Existing steelbar diameter at the top of the surface in direction2 | ds,exist 2,92 1.20 |em
Maximum Steelbar Diameter at the Top Surface into Direction 2 | ds,max. 2,92 146 cm
Criterion of Check Criterion 0.819

Check criterion for bar diameter
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2.6.4.11 Design of ba

r spacing

In the Longitudinal Reinforcement tab of window 1.4 Reinforcement, a bar spacing of a = 100 mm has
been specified for both reinforcement directions by using the [Rebars] button.

| Reinforcement R atiog I Fieinforcement Layout| Longitudinal Reinforcement | EM 1992-1-1 I Design Meth0d|

Provided Basic Reinforcement
[ Use required reinfarcement for design of
zerviceability
Reinforcement Area Diamneter
Azl Az2 dzt dsz
Top[-2): MNAE T35 [em /] 12004 12
Bottom [+2) : 0.00% 0005 [em? fm] 12,0014 12,
AT T Import Reinforcement Area Due to Rebar ﬁ
Approach of:
Rebar Parameters. Export
Dretermination of: Location: Top [-2]
() Rebar diameter [ Bottam [+2] _d52
Top[-z2]: ; ; 10
D: Aszign reinforcement [7] as q E
Bottom [+2] : to: 10.
() Rebar spacing 3.2
a [ 10000 jmm] |
Longitudinal
@ Apply requi| | @ Reinforcement area
=) Apply the d as 1131 [omE /m)
and add. re
() Autarnatics
shear reinfi [ 0K ] [ Cancel

0055 [mm]
005 [mm]

oo
oo

Ale| [l

Import Reinforcement Area Due to

Rebar dialog box

The maximum bar spacing max s|.,¢1 is determined by interpolation according to EN 1992-1-1, Table
7.3N for the existing tension stress 65, o1 = 208.18 I\l/mm2 and the crack width wx = 0.3 mm.

Table 7.3N Maximum bar spacing for crack control'

Steel stress” Maximum bar spacing [mm)]

[MPa] wi=04 mm wi=0,3 mm wy=0,2 mm

160 300 300 200

200 300 250 150

240 250 200 100

280 200 150 50 |
320 150 100 - |
360 100 50 - |

Maximum values of bar spacings according to EN 1992-1-1, Table 7.3N

maxsl i = 250 + u
!

200 — 240

. (208.18 — 200) = 139.8 mm

Analogously, the maximum bar spacing for the direction @ is determined from the existing tension
stress 5,z 92 = 167.09 N/mm2 as max sl ze2 = 291.1 mm.
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Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bdsting Longitudinal Reinforcement
Design Intemal Forces in Serviceabilty Limit State
i1 Determination of maximum steelbar distance

(1 Calculation Parameter for All Directions

Maxdmum allowable crack width at the bottom (+z) surface acc | wk, = limit 0.300 | mm
Maxdmum allowable crack width at the top (z) suface acc. to L | Wi,z limit 0.300 | mm
Bottom surface (+z)
= Top surface {-z)
B Maximum Steelbar Distance in Direction 1 S|,max.z,@1 0240 | m
Steel Stress into Reinforcement Direction 1 Os,z,@1 208.18 | N/mm2
B Maximum Steelbar Distance in Direction 2 S, max,z &2 0291 | m
Steel Stress into Reinforcement Direction 2 052,02 167.09 | N/mm2

Maximum bar spacings in both reinforcement directions

The existing bar spacing s| exist-z,1 = 100 mm available for the reinforcement direction @1 is smaller
than the maximum allowable bar spacing max simaxze1 = 240 mm.

Therefore, the following check criterion applies for reinforcement direction ¢1:

SI exist, — z,7, 0.100
3 » T/ .
= = 0.417
max s 0.240

l,max, —z,f:L

Design Intemal Forces in Serviceabilty Limit State
Determination of maximum steelbar distance

Existing Steelbar Distance

il Check
Existing steelbar spacing at the top (2) suface in direction 1 | 51,z6ist,z, 1 0.100 | m
Maximum steelbar spacing at the top (z) surface in direction 1 | s1,maxz @1 0.240 | m
Criterion of Check Criterion 0417

Check criterion for bar spacing

2.6.4.12 Check of crack width

The calculation value w of the crack width is determined according to Equation (7.8) of EN 1992-1-1,
clause 7.3.4.

Wk = Sr,max ' (esm - ecm)
where
Srmax maximum crack spacing in final crack state (see Equation 2.74 @ or Equation 2.75 @)
€sm mean strain of the reinforcement under governing action combination, including the
effects of applied deformations and taking the concrete's effect of tension between the
cracks into account (only the additional concrete tensile strain beyond the zero strain at
the same level is considered)
€em mean strain of concrete between cracks
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Maximum crack spacing sr,max

If the spacing of the rebars in the bonded reinforcement is not larger than 5 - (c + ¢/2) in the tension

zone, the maximum crack spacing for the final crack state may be determined according to
EN 1992-1-1, Equation (7.11):

If the spacing of the rebars in the bonded reinforcement exceeds 5 - (c + ¢/2) in the tension zone or if
no bonded reinforcement is available within the tension zone, the limit for the crack width may be
determined with the following maximum crack spacing:

S max = 1.3 (h = x)

r

The depth of the compression zone x in state |l therefore has to be calculated for the check of the crack
width. It is determined with the neutral axis depth & that is related to the depth of the structural element.

0.5+ a, - —Zs'ex;:‘ -%
X =x-h-=
10+ a,- Ssem

Intemal Forces of Linear Statics

Check if intemal forces cause cracks

[ Check Bdsting Longitudinal Reinforcement
Design Intemal Forces in Serviceabilty Limit State

Check Steel Stress
il Check Final Crack Spacing
Bottom surface (+z)
= Top surface {-z)
[ Maximum Crack Spacing into Reinforcement Direction 1 | srmax,z, @1 0177 |m
(= Limiting Spacing of Bonded Reinforcement S1limit,z, @1 0150 |m
Concrete Cover Cz@1 2.40 | em
Existing Steelbar Diameter ds st zg1 0012 |m
(] Bxisting Steelbar Distance Slexistz,g1 0.100 | m
Existing Reinforcement in Direction 1 3= max.z,1 11.31 | cm2/m
Existing Steelbar Diameter dsmax,z.91 0012 |m
[ Existing bar spacing is not larger than limiting spacing => Formula (7.11)
Concrete Cover Cz@1 2.40 | em
Existing Steelbar Diameter dsmax,z.91 0012 |m
Coefficient for consideration of bond properti k1 0.800
Coefficient for consideration of the strain distribution | k2 0.500
Parameter in National Annex ka 3.400
Parameter in National Annex kg 0.425
[ Effective Reinforcement Ratio peffz.@1 0.021
Existing Reinforcement in Direction 1 3=, max.z,1 11.31 | cm2/m
[l Concrete area in which the reinforcement is effed! | ac eff = @1 527.05 |em2
Width of the Hlement bw 100.00 | cm
[ Depth of the area in which the reinforcement is | heff,z @1 0.053 | m
[ First calculated depth of the area in which th | hedf caict 0.075 | m
Concrete Cover to Rebar Centroid d'z.@1 3.00 | cm
[E Second calculated depth of the area in whic | heff caicz 0.053 | m
Depth of Structural Member h 0.200 | m
Maxdmum Crack Spacing into Reinforcement Direction 2 | srmax.z @2 0218 |m
= Maximum Final Crack Spacing acc. (7.15) Sr,max,z,res 0.137 | m
Angle Between Reinforcement Direction and Crack Op | £ 40254 | °

Maximum crack spacing in reinforcement direction 1
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Furthermore, the maximum crack spacing is analyzed according to EN 1992-1-1, Equation (7.15):

S _ 1
r,max cos g + sin g
sr,max,x Sr,max,y
where
0 0ng|e between reinforcement in x-direction and direction of princip0| tension
stress
Sr,max,x Sr,max,y maximum crack spacing in x- or y-direction

This equation is important if the first method, By assuming an identical deformation ratio of the
longitudinal reinforcement for determining the design internal forces in the serviceability limit state, has

been selected in the Settings for Analytical Method of Serviceability Limit State Design dialog box (see
Figure 2.89 ®@).

In the third method (By taking into account the deformation ratio of the longitudinal reinforcement), on
the other hand, the direction of the compression strut is determined according to Baumann. The limit
angle of 15° is ignored because the crack width in this area is not governing.

Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bdsting Longitudinal Reinforcement
Design Intemal Forces in Serviceabilty Limit State
Check Steel Stress
i Check Final Crack Spacing
[ Bottom surface (+z)
Concrete does not crack on this side.
[ Top surface (-z)
Maxdmum Crack Spacing into Reinforcement Direction 1 Srmax,z, @1 0177 | m
Maxdmum Crack Spacing into Reinforcement Direction 2 Srmax,z, &2 0.218 | m
= Maximum Final Crack Spacing acc. (7.15) Sr,max,z,res 0.137 | m
Angle Between Reinforcement Direction and Crack Opening | €.z 40254 | °

Maximum crack spacings for both reinforcement directions

Difference in mean strain (£sm - €cm)

For the calculation value of the crack width wi according to Equation 2.73 @, we need to determine
the factor (gsm - €cm) for each reinforcement direction and for the direction of the resulting strain.

The difference in the mean strain of concrete and reinforcing steel is determined according to [7] @,
clause 7.3.4, Equation (7.9):

f

ct, eff | .
s kt ’ r (1 + ae reff) s
_ — eff > 0.6 - —s
6’sm ecm Es = = E

The maximum mean strain (Esm - €cm)-zres is obtained as the resulting mean strain of the individual
reinforcement directions as 1.291 %o.

90
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Intemal Forces of Linear Statics
Check if intemal forces cause cracks
[ Check Bdsting Longitudinal Reinforcement
Design Intemal Forces in Serviceabilty Limit State
Check Steel Stress
Check Final Crack Spacing
£ ietermination of difference in the main strain
(] Calculation Parameter for All Directions

Auial Tensile Strength of Concrete Fet,eff 2.90 | N/mm2
= Ratio of Modulus of Blasticity e 6.061
Modulus of Elasticity of Reinforcement E= 200000.00 | N/mm2
Mean Secant Modulus of Blasticity Ecm 33000.00 | N/mm2
Factor to Consider the Load Duration ket 0.400
Bottom surface (+z)
= Top surface {-z)
[( Difference in the main strain into the direction 1 (Esm - Ecm)z, @1 0.735 | %
First Calculated Difference in the Main Strain (2sm - Zcm)calct 0.735 | %
Second Calculated Difference in the Main Strain (Esm - Scm)calc2 0625 | %
[ Steel Stress into Reinforcement Direction 1 Os,z,@1 208.18 | N/mm2
B Difference in the main strain into the direction 2 (Esm - Ecm)z, @2 0527 | %
First Calculated Difference in the Main Strain (Esm - Ecm)calel 0527 | %
Second Calculated Difference in the Main Strain (Esm - Scm)calc2 0.501 | %
Steel Stress into Reinforcement Direction 2 Os,2,@2 167.09 | N/mm2
= Resulting Difference in the Main Strain (g=m - Scm)-zres 1.291 | %
[ Differential Angle According to Baumann
1st Differential Angle Om,z 30.000 | °
2nd Differential Angle Bm.z 120.000 | *
Concrete Strut Direction acc. to Baumann strut,Bau,exist, 3 79.746 |7

Difference in mean strain for both reinforcement directions

To simplify the expression, we introduce symbols for the sought mean strain (&sm - €cm): s for the side
length in the reinforcement direction, d for the partial length of the compression struts, | for the
perpendicular to the compression strut, and €.

Mean strain €

The partial length dy.q is determined as follows for a selected compression strut inclination:

-1
779  tan(g — a)

The length is unitless (the perpendicular to the compression strut was included without unit).
Then the length sy.q is determined.
_ l1+e,

S T ee——
772 tan(g — a)

If the reinforcement direction 07 forms the smallest differential angle with the principal moment m1, we
have to insert the previous|y determined difference in the mean strains (Ssm - €cm)01 of concrete and
reinforcing steel for &4

l + (esm - eCm)ql

s
g-a tan(g — a)
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If the reinforcement direction 02 forms the smallest differential angle with the principal moment m1, we
have to insert the previous|y determined difference in the mean strains (€sm - €cm)o2 of concrete and
reinforcing steel for &4

With the Pythagorean theorem, we can determine the value ly.q from the lengths dy. and sy.q:
=.Jsz -qgz2
| g-a S g-a d g-a

Since all formulas are based on an initial length of 1.0 units of length, the strain € is determined as
follows:

e=1,, —10

This strain € = (&sm - €cm) is checked again by means of the intermediate angle (B - v).

For the determination of the SLS design internal forces according to the By assuming an identical
deformation ratio of the longitudinal reinforcement method, the strain ratio of the reinforcements can
significantly deviate from the assumed geometric strain ratio. To correctly determine the resulting strain
ratio, the program therefore uses the strain of the reinforcement that is closer to the main action.

Crack width w i

The calculated value of the crack width wy is determined according to Equation 2.73 @.

:E] Determination of calculated value of crack width

[ Bottom surface (+z) Ratio 0.000
Concrete does not crack on this side.
= Top surface {-z) Ratio 0.591
B Caleulated Value of Crack Width into Reinforcement Dirsction 1 | wk, 2,51 0.130 | mm
Maxdmum Crack Spacing into Reinforcement Direction 1 Srmax,z, @1 0177 | m
Difference in the meanstrain into the direction 1 (gsm - Sem)z, @1 0.735 | %
E Caleulated Value of Crack Width into Reinforcement Dirsction 2 | wk,z,2 0.115 | mm
Maxdmum Crack Spacing into Reinforcement Direction 2 Srmax,z, &2 0.218 | m
Difference in the meanstrain into the direction 2 (8sm - sem)z,@: 0.527 | %
[ Crack width into the resulting difference in the mean strain W,z res 0.177 | mm
Maxdmum Final Crack Spacing acc. (7.15) Sr,mazx, 2, res 0137 |m
Resulting Difference in the Mean Strain (g=m - Scm)-zres 1.291 | %

Calculated value of crack width

In window 1.3 Surfaces, we have specified the maximum allowable crack width wy = 0.3 mm. The
following criterion of check for the governing resulting direction is thus obtained:

Design Intemal Forces in Serviceabilty Limit State
Check Steel Stress

Check Final Crack Spacing

Determination of difference in the meanstrain
Determination of calculated value of crack width

il Check
Crack width at the top (-z) surface in direction of the resulting strain Wz, res 0.177 | mm
Maxdmum allowable crack width at the top (z) suface acc. to userinput | W,z limit 0.300 | mm
Criterion of Check Criterion 0.591

Check criterion for crack width
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2.6.5 Governing Loading

In RFEM, we can define the various loadings in individual load cases (LC). These load cases can be
superimposed into load combinations (CO) and result combinations (RC). The differences between
these types of combinations is described in the chapters 5.5 and 5.6 of the RFEM manual.

While load cases and load combinations respectively yield only one set of internal forces, up to 16
sets of internal forces can be created in a result combination, depending on the type of model:

= For the model types 2D - XZ (ux / uz / @v) and 2D - XY (ux / uy / 9z) (wall), only the axial forces ny,
ny, and nyy are obtained in the surfaces.

Their combination yields six sets of internal forces, with one of these axial forces respectively showing
its maximum or minimum value.

= For the model type 2D - XY (uz / ¢x / ¢v) (plate), the maximum and minimum values of the moments
Mx, My, and m,y and the shear forces v, and vy are determined.

Ten sets of internal forces are thus obtained.

= The model type 3D contains all axial forces, moments, and shear forces mentioned above and
therefore yields 16 sets of internal forces.

The analysis core for the serviceability limit state designs processes the internal forces of the selected
load cases and load combinations one by one. The same is true for the sets of internal forces of a result
combination. This shows that the design of a result combination is much more time-consuming.

In most checks for the individual reinforcement directions, the internal forces or sets of internal forces
result in a loading. The program determines the greatest loading among all reinforcement directions. If
the resistance is different for the individual reinforcement directions, the program searches for the
reinforcement direction that yields the largest quotient from loading over resistance.

www.dlubal.com
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2.7

Deformation Analysis with RF-
CONCRETE Deflect

For the deformation analysis, you need a license of the add-on module RF-CONCRETE Deflect.

2.7.1 Material and Geometry Assumptions

For the deformation analysis with REF-CONCRETE Deflect, a linear-elastic compression and tension
behavior of the reinforcing steel is assumed. A linear-elastic compression behavior and a linear-elastic
behavior is applied for concrete until the tension strength is reached. This is sufficiently accurate for the
serviceability limit state. If the provided stress exceeds the tensile strength of concrete, damage
develops according to EN 1992-1-1, clause 7.3.4.

The calculation uses a simple isotropic model of fracture mechanics that is defined independently in the
two reinforcement directions. From an engineering point of view, the material stiffness matrix is
calculated by interpolation between the uncracked (state |) and cracked state (state Il) according to
EN 1992-1-1, clause 7.4.3, Equation (7.18). Thus, the reinforced concrete is modeled as an
orthotropic material. All laws of damage development can take the tension stiffening effect and simple
long-term effects (shrinkage and creep) into account.

The calculation of the material stiffness matrices occurs for the model types 2D - XY (uz / ¢x / ¢y) and
3D. For the model type 3D, the eccentricities' influence of the ideal centroid (see below) is additionally
considered in the stiffness matrix.

2.7.2 Design Internal Forces

As described above, the calculation of stiffnesses is based on linear-elastic assumptions. The internal
forces are transformed in the orthogonal reinforcement directions @ as well as on both surfaces s (top
and bottom). The determined internal forces — bending moments mg s and axial forces ng s (torsion
moments are eliminated by a transformation in the reinforcement directions) — depend on the

(a) type of model,
(b) method of calculation,

(c) classification criterion.

2.7.3 Critical Surface

To determine the critical surface, each reinforcement direction ¢ is considered separately. The state of
stress is analyzed on both surfaces s — bottom surface (in the direction of the local +z-axis) and top
surface (in the direction of the local -z-axis). The side with the greatest tensile stress in the concrete is
classified as governing. The internal forces on the critical side are designated as no and mo.

The axial force na,s that is transformed in the reinforcement direction @ has the same value for both
surfaces s (@ = n@,top = N®,botiom). The axial forces are therefore not relevant for determining the
critical side; only the moments are considered in finding the governing surface. The algebraic signs for
the bending moments n,s are determined regarding whether the moments cause tension or
compression on the respective surface s. Therefore, the critical surface is the side with the larger
bending moment [i.e. the side that is more strongly subjected to tension).

For the calculation of the stiffness, only the internal forces no and ma on the critical side are taken into
account. Until now, the term "bottom surface" has referred to the local +z-axis; in the following,
however, "bottom surface" refers to the critical side of the surface.
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2.7.4 Cross-Section Properties

The cross-section properties are calculated for both reinforcement directions @ and both cross-section
states ¢ (cracked/uncracked). A linear-elastic behavior of the concrete on the tension side is applied
for state | (uncracked cross-section) and the concrete tensile strength is not considered for state |l
(cracked cross-section).

If no axial forces no act as is the case for the model type 2D - XY (uz / ¢x / ¢v), for example, this part
of the calculation is independent of the internal forces and a direct calculation of the cross-section
properties is possible. In the remaining cases, the compression zone depth is calculated by means of
an iterative method of calculation, the so-called "binary method". For numerical reasons, the program
uses the minimum value for the reinforcement ratio pmin = 10 in every iteration step, meaning that if
there is no reinforcement, a virtual minimum reinforcement area is applied. This small value has no
noticeable influence on the results (stiffnesses).

The calculated ideal cross-section properties (related to the concrete cross-section) in a reinforcement
direction ¢ and the crack state c are

= the moment of inertia to the ideal center of gravity lo.,
= the moment of inertia to the geometric center of the cross-section lo.a
= the cross-section area Ao,

= the eccentricity of the ideal center of gravity eq,c.

2.7.5 Considering Long-Term Effects

The influence of creep and shrinkage is what is regarded as a longterm effect. According to
EN 1992-1-1, long-term effects are to be considered separately.

2.7.5.1 Creep

The creep effects are considered through a reduction of the modulus of elasticity E, with the effective
creep coefficient Qeff being applied according to EN 1992-1-1, Equation (7.20):

E =i
d, eff i
e 1+/eff

| www.dlubal.com
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2.7.5.2 Shrinkage

In the deformation calculation according to EN 1992-1-1, there are two areas that are influenced by
shrinkage effects.

Reduction of material stiffness

The material stiffness in each reinforcement direction @ is reduced by the so-called coefficient of
shrinkage influence Ksh @ c. For the two crack states ¢ (cracked/uncracked), the axial forces nsh,@,c and
bending moments mgh ,c can be calculated from the free shrinkage strain &sp:

Nghr = ~6p Eg- (ay + ay)
Mgpr = Nen ™~ €sn
where
Nsh,® additional axial force from shrinkage in reinforcement direction ¢
Msh,® additional moment from shrinkage in the centroid of the ideal cross-section in

reinforcement direction @

asl bottom reinforcement surface

as2 top reinforcement surface

Es modulus of elasticity of reinforcing steel

Esh shrinkdge strain

esh eccentricity of shrinkage forces (state | and state I1) from the center of gravity

of the ideal cross-section

F‘sh.Q = Es(ls,QEsh
s

X

Fsh - Fsh,l + F‘shQ

€sh
Mgh = Ngh€sh

Ngph = Fsh

Internal forces nsho and msp, @

Dlubal
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With these internal forces from shrinkage, the additional curvature ksh o c induced by shrinkage is
calculated in the analyzed point — without influence of the surrounding model. Subsequently, the new
coefficient of shrinkage influence ks, @, is calculated according to:

k — ksh,/,c + kf
h,7,
S| C k/
where
Ko curvature induced by external loading without shrinkage influence in
reinforcement direction @
Ksh,®,c curvature induced by shrinkage (and reinforcement arrangement) without

influence of creep in reinforcement direction @

The coefficient Ksh, o c is limited to the interval kshoc € (1, 100): Therefore, Ksh v,c may not reduce the
stiffness by more than 100 times for numerical and physical reasons. Furthermore, the minimum value
Ksh,0,c = 1 means that it is not possible to consider the influence of shrinkage if the influence of
shrinkage has an orientation opposite to the loading-induced curvature k4.

The influence of shrinkage on the membrane stiffness is not considered.

Calculation of distribution coefficient

The second influence of shrinkage lies in the calculation of the distribution coefficient £ according to
EN 1992-1-1, clause 7.4.3, Equation (7.18). The following chapter describes the distribution
coefficient in detail.

2.7.6 Distribution Coefficient

The calculation of the distribution coefficient {4 is shown for a reinforcement direction @. First, the
maximum concrete tension stress Gmax,@ is calculated under the assumption of linear-elastic material
behavior:

h
NN, M TNy (X =3) + Mo h -
smax,/' A | ( X /',I)
£l £l

where

no axial force from external loading in reinforcement direction @

Nsh, ® additional axial force from shrinkage in reinforcement direction ®

mo moment from external loading in reinforcement direction @

Msh,®,| additional moment from shrinkcge in reinforcement direction @ in state |

X0 | depth of concrete compression zone in uncracked state in reinforcement

, p p

direction @

www.dlubal.com
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h depth of cross-section
Aw, ideal cross-section area in state | in reinforcement direction ®©
lo, ideal moment of inertia in state | in reinforcement direction ®

The influence of the shrinkage forces on the maximum tension stress Gmax @ is considered via the
additional internal forces from shrinkage.

The calculation of the distribution coefficient (o depends on whether the influence of tension stiffening
is taken into account in the deformation calculation according to EN 1992-1-1.

Distribution coefficient (o while taking tension stiffening into account

= for Omax® > fetm :

f n
z,=1-pH | —2
smax,/

= for Omax,® < |:<:fm .

z,=0

where
B parameter for the load duration
fim mean tensile strength of concrete
n 2 for EN 1992-1-1

Distribution coefficient (o without taking tension stiffening into account
= for Omax,® > feim :

z,=1

= for Omax,® < |:ctm .

z,=0

98 |
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2.7.7 Cross-Section Properties for Deformation Analysis

For the material stiffness matrix D for the deformation analysis, the program requires the cross-section
properties dependant on the cracked state that are available in every reinforcement direction. These
are in detail

= the moment of inertia to the ideal center of gravity lo,

= the moment of inertia to the geometric center of the cross-section I, o,
= the cross-section area Ao,

= the eccentricity of the ideal center e to the geometric center.

The mean strain € and mean curvature Ko are interpolated from the cracked and uncracked state
according to EN 1992-1-1, Equation (7.18):

€= Z, &t (1 - z/) "€
ky=2z,"k, + (1 _Z/) Ky

The strains in the cracked state c (state | and Il) are calculated according to the following equations:

n,
e o e——
f,c .
E-A,
k. =k m,Tn, e,
f,c sh, /¢ E - |
f,c

The influence of shrinkage is therefore considered with the factor ksh,g,c.

When no axial forces no act, such as with the model type 2D - XY (uz / ¢x / ¢y), only the ideal
cross-section properties that relate to the ideal center of the cross-section are relevant:

An A
+(1-2) A

-k -~k

sh, A1

AR

4 . . — . .
Zp g, ksh,/,ll+(1 Z/) L Ken sy

Al sh, 71

If axial forces are available, the cross-section properties are related to the geometric center of the
cross-section:

n m,—k, E -l
A, = L where e, = 4L
A e n,
liog=1,+tA, ei where | , as per Equation 2.87

In the course of the calculation of the cross-section properties, the initial value of poisson's ratio Vit is
reduced according to the following equation:

n= (l — max (z,)) -
FE1L2
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2.7.8 Material Stiffness Matrix D

Bending stiffness — plates and shells
The bending stiffnesses in the reinforcement directions @ are determined as follows:

E

Paa = loa T3

dd = where d = {1,2}

Dis =y 77— where d = {1,2}

The non-diagonal component of the material stiffness matrix is calculated identically for plates and
shells:

D, =D, =n- V(Dl,l ’ Dz,z)

For shells, the differences in the bending stiffnesses due to the moments of inertia are compensated via
the eccentricity components in the material stiffness matrix.

Torsional stiffness — plates and shells

The stiffness matrix elements for torsion are calculated as follows for plates and shells:

1-n
Dys = 2 V(Dl,l, ) Dz,z)

Shear stiffness — plates and shells

The stiffness matrix elements for shear are not reduced for the deformation analysis. They are
calculated from the shear modulus G of the ideal cross-section and the cross-section height h. The
following applies for shells and plates:

5
Diygzra = 5 G- h whered = {1,2}

Membrane stiffness — shells
The membrane stiffnesses in the reinforcement directions @ are determined as follows:

Ag
E:——— where d = {1,2}

Dsigsea = 1-m

The non-diagonal component of the material stiffness matrix is calculated from:
Dg; = Dy =1 (D Dy5)

The shear stiffness component is:

Dgg = G - h

[ 100 |
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Eccentricity — shells

The stiffness matrix elements for the eccentricity of the centroid (ideal cross-section) in the reinforcement
direction ¢ are calculated as follows:

D,.,=D

a6 =D ey Wwhered = {1,2}

5+d5+d

The non-diagonal component of the material stiffness matrix is determined from:

n
D,;=D,, = 5 '(e/ + e,) ' V(De,e ' D7,7)

1 2
The eccentricity components for torsion are calculated as follows:

Dyg = Dgy =

N~

G +h -(e,1+ e,z)

2.7.9 Positive Definiteness of Material Stiffness Matrix

The positive definiteness of the material stiffness matrix D is tested by Sylvester's criterion, which has
been modified regarding the null blocks. If the stiffness matrix D is not positive definite, the
non—diogon0| components of the material stiffness matrix are set to zero one after another. In extreme
cases, only the positive components from the diagonal remain.

www.dlubal.com
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2.7.10 Example

The determination of the material stiffness matrix D described above is illustrated by means of a simple
example. The model contains a single finite element and the surface is only reinforced on one side
(top). For simplicity's sake, the manual calculation is carried out in the reinforcement direction @1.

2.7.10.1 Geometry

The model with the dimensions 1m x 1m and the thickness 0.20m is fixed at one side. The free side is
subjected to the bending moment my = —30 kNm/m and the axial force ny = =100 kN/m. The
automatic self-weight is not taken into account.

The longitudinal reinforcement in @1 is 1 000 mm?.

i/ )
oy
/ i ;
30.0 khmim —/
/ # 100.0 kiim
h :':-4—_______ I."I
1000 mm? A
® © ® ® ® 0 0 0 0 0 £
= I" =
0 &
- =}
L= yd
Y
1.00m
[ =

Model with loading and reinforcement

2.7.10.2 Materials

The following table shows the material properties.

Intemal Forces of Linear Statics
Principal Intemal Forces

Check if intemal forces cause cracks
Design Intemal Forces

Selection of Intemal Design Forces
Determination of Critical Sufaces

‘Bl Matenal Data for Stifness Calcuiation

[ Concrete
Modulus of Blasticity Et 33000.0 | MPa
Shear Modulus Ge 11800.0 | MPa
Poisson’s Ratio 0.20
Mean Avial Tensile Strength Fetm 23| MPa
Creep coefficient ? 2.00
Coefficient of Torsion = 1.00

O Reinforcement
Modulus of Blasticity Es 200000.0 | MPa

Material data for stiffness calculation
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2.7.10.3 Selection of internal design forces

First, the internal forces are transformed in the first reinforcement direction ¢1. The bending moments
have different values for the bottom (+z) and the top (-z) surface; the axial forces have the same

algebraic signs after the transformation.

—30kN

3
|

= 30kN

3
|

N2 =N oy = —100kN

Intemal Forces of Linear Statics
Principal Intemal Forces

Check if intemal forces cause cracks
[ Design Intemal Forces

i Selection of Intemal Design Forces

Hinto Reinforcement Direction 1

Design Awxial Force ngi

= Design Moment Mgt
Design Moment at the Bottom Surface (+z) M4z, @1
Design Moment at the Top Surface (z) Mz, @1

Hinto Reinforcement Direction 2

Design Awxial Force ngz

= Design Moment mg2
Design Moment at the Bottom Surface (+z) M4z, $2
Design Moment at the Top Surface (z) Mz, @2

Selection of internal design forces

2.7.10.4 Determining the critical surface

-100.0 | kN/m
30.0 | kNm/m
-30.0 | kNm/m
30.0 | kNm/m

0.0 | kN/m

1.1 [ kNm/m
-1.1 [ kNm/m

1.1 [ kNm/m

The top surface (-z) proves to be the critical surface. For further calculations, only the bending moment

and the axial force of this surface are considered.

m, = m/,ly_Z = 30kN

n, =n = —100kN
1,

Intemal Forces of Linear Statics
Principal Intemal Forces

Check if intemal forces cause cracks
[ Selection of Intemal Design Forces

¢E] Determination of Critical Surfaces

Einto Reinforcement Direction 1

[ Critical Surface topen (-z)
Design Moment at the Bottom Surface (+z) M4z, @1
Design Moment at the Top Surface (z) Mz, @1
Einto Reinforcement Direction 2
[ Critical Surface oben -z}
Design Moment at the Bottom Surface (+z) M4z, $2
Design Moment at the Top Surface (z) Mz, @2

Determining the critical surface

-30.0 | kNm/m
30.0 | kNm/m

-1.1 [ kNm/m
1.1 [ kNm/m

www.dlubal.com
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2.7.10.5 Cross-section properties (cracked and uncracked state)

The cross-section properties depend on the governing side and the reinforcement direction ¢1. The
minimum values are used for the reinforcement surfaces as2,¢1, as1,92, and as2,¢2.

The following cross-section properties for the uncracked and cracked state are to be calculated in
order o be able to assemble the stiffness matrix of the material D.

Centroid

The distance of the centroid of the ideal cross-section from the concrete surface in compression is
calculated directly for the uncracked state.

b -h?

i + a(asl,/l ’ C|1,/1 tag - dz,/l) i
[V . .
! b h + a (asl'/l + asZ'fl)
1 -2 2
M + 6.061 - (1000 - 150 - 15 - 50)

= = 101.4mm
1000 - 200 - 6.061 - (1000 + 15)

For the cracked state, the depth y1,¢1 of the zone in compression must be calculated with the iterative
method. Then the distance of the centroid of the ideal cross-section from the surface in compression is
calculated for the cracked state.

Ideal cross-section area A g4

The effective cross-section area in the uncracked state without the influence of creep is:

A, =b-h+a-(a,  +a, )=1000" 200+ 6.061 (1000 + 15) = 2061.5 cm?
*T1 171

sz,fl

The effective cross-section area in the cracked state is determined with the influence of creep.

=b-c + a-(a + a
II,/‘1 (sl,f1

» ) = 1000 - 68.3 + 18.182 - (1000 + 15) = 867.19 cm?

1 SZ’fl

The coefficient a is the ratio of the moduli of elasticity of steel and concrete with or without the influence
of creep.

Ideal moment of inertia to ideal centroid I q

The effective moment of inertia to the ideal centroid in the uncracked state without the influence of
creep is:

1
3 200 )2 2 2
- 1000 - 200° +1000 - 200 - | 101.4 — - + 6.061 - 1000 - (150 — 101.4)2 + 6.061 - 15 - (101.4 — 50)2 =

h\? 2 2 _
“b-h3+b-h- (ZIV,1 —3) +ta-a, -(du1 _Zl,fl) + a -aszvfl-(zl’,1 _dz.fl) =

-
Nl'—‘ ',\‘,lp—\

= 68161.30cm*

The effective moment of inertia to the ideal centroid in the cracked state is determined with the
influence of creep.

[ 10s |

www.dlubal.com



n Theoretical Background RF-CONCRETE Surfaces - Manual

1 Cu,z,
I||,/1 DY b c? 7, +tb- Cur "\ P T T +
+a-a_,(d .-z, .Y+ a-a., (z,, —d, V=
s/, ( 17, ||,f1) 5,7, ( 7 2/1)

= 112 1000 - 68.3% + 1000 - 68.3 - (585—&23) +

+ 18.182 - 1000 - (150 — 58.5f + 18.182 - 15 - (58.5 — 50§ =
21928.70cm*

Ideal moment of inertia to the geometric center of the cross-section lg,¢,d

The ideal moment of inertia to the geometric center of the cross-section in the uncracked state without
the influence of creep is:

5 1000 2003 + 6.061 -200 - (150 - A;O) + 6.061 - 15 - (2—20 - 50) =

1 3 h )2 h 2
Io,l,/l_E'b'h +a'asl,/1' dl,/l__z +a'as,/1' E_dz,/l =
1
1

68 204.50 cm?

The ideal moment of inertia to the geometric center of the cross-section in the cracked state is
determined with the influence of creep.

1 A h h 2
IO’”’fi =E b C”’/13 +b- C”’/l ’ (E B 2 ) tar as1’f1 . (dlf - E) Tar a (E B 2’/1) -
= 1—12 - 1000 - 68.33 + 1000 - 68.3 - (2_20 - %) + 18.182 - 1000 - (150 2—20)

2
+ 18.182 -15 - (220 50) =

36881.50 cm?

Eccentricity of centroid ec,d

The eccentricity of the ideal centroid of the cross-section is determined as follows:

= yncracked state:

= 101.4 — A;O = 1.4mm
= cracked state:
200
e,r” = 58.5 e = —41.5mm
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Intemal Forces of Linear Statics

Principal Intemal Forces

Check if intemal forces cause cracks

Design Intemal Forces

[ Selection of Intemal Design Forces

Determination of Critical Surfaces

Material Data for Stiffness Calculation

[ Cross-Sectional Properties (Uncracked and Cracked State)

Einto Reinforcement Direction 1

= Geometry
Cross-Sectional Height h 200.0 | mm
Effective Height di,@1 150.0 | mm
Reinforcement area as,1.@1 10.00 | em?
Effective Height dz @1 50.0 | mm
Reinforcement area 85,2, @1 0.15 |em2

[ Uncracked State (State [}
Depth of the Concrete Compression Zone Xl @1 101.4 | mm
Ideal Cross-Sectional Area AlLo1 2061.52 | em?
Ideal Moment of Inertia to Ideal Center of Gravity @1 6216130 [cm*
Ideal Moment of Inertia to G ical Center of Cross-Section lp,l,@1 68204.50 | cm*
Eccentricity of Center of Gravity (Positive Value in Direction of Critical | e1,q1 1.4 |mm

Bl Cracked State (State II)
Depth of the Concrete Compression Zone X, @1 8.3 | mm
Ideal Cross-Sectional Area Al g1 867.19 |em2
Ideal Moment of Inertia to Ideal Center of Gravity 131 21528.70 | cm*
Ideal Moment of Inertia to G ical Center of Cross-Section lo.,o1 36881.50 [em*
Eccentricity of Center of Gravity (Positive Value in Direction of Critical | e, g1 -41.5 | mm

m Cross-sectional properties in reinforcement direction 1
[ Cross-Sectional Properties (Uncracked and Cracked State)
Hinto Reinforcement Direction 1
Hinto Reinforcement Direction 2

= Geometry
Cross-Sectional Height h 200.0 | mm
Effective Height di,g2 135.0 | mm
Reirforcement area as1,02 0.14 [cm2
Effective Height d2.@2 60.0 | mm
Reirforcement area as2.02 0.14 [cm2

[ Uncracked State (State [}
Depth of the Concrete Compression Zone Xl @2 100.0 | mm
|deal Cross-Sectional Area Aloz 2001.68 |em2
Ideal Moment of Inertia to Ideal Center of Gravity IN-%3 6669250 |cm*
Ideal Moment of Inertia to G ical Center of Cross-Section lp,),@2 66692.90 | cm*
Eccentricity of Center of Gravity (Positive Value in Direction of Critical | e1, g2 0.0 | mm

Bl Cracked State (State II)
Depth of the Concrete Compression Zone xIl, @2 9.5 | mm
Ideal Cross-Sectional Area All,@2 10042 | cm?
Ideal Moment of Inertia to Ideal Center of Gravity l,ez 516.86 | cm*
Ideal Moment of Inertia to G ical Center of Cross-Section lpoz @ 8734.84 |em*
Eccentricity of Center of Gravity (Positive Value in Direction of Critical | e, g2 -50.5 | mm

m Cross-sectional properties in reinforcement direction 2

[ 106 ]
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2.7.10.6 Shrinkage influence

The influence of shrinkage is directly introduced in the calculation with the defined value of the free
shrinkage &sh. Thus, the influence of structural restraints or redistributions of the shrinkage forces is not
taken into account.

In our exomp|e, the shrinkoge strain is opp|ied with the Fo||owing value:

e,= —0.5-1073

The free shrinkage strain causes additional forces in the cross-section:

= _Es ' esh ’ (asl,/1+ a

o )= —200-10°" (-0.5 + 1073) - (1000 + 15) - 1076 =

1 Sp/1

= 101.5kN/m

The forces act for both crack states ¢ (cracked and uncracked) with the eccentricity to the centroid of
the ideal cross-section:

sy 17 Sy /1 27

Csher T e

sh,c,7, aSl’/1 + aSZ’,l e
= yncracked state:

1000 - 150 + 15 -50
eshcf = T o4 =ardmm
G/ 1000 + 15
= cracked state:
. + .

e =2000°150+ 1550 o5 _ 94.0mm

she./y 1000 + 15

The bending moment caused by the axial force ngh g1 for both crack states ¢ is:

Msne,, = Nshr, " Esher

= yncracked state:

m,,,, = 101.5 - 103 - 0.047 = 4.8 kNm/m
R

= cracked state:

m = 101.5 - 103 - 0.090 = 9.1 kNm/m

sh,lI, /1

When determining the coefficient ksh ¢ 4 for both crack states ¢, we have to distinguish:

- formg1 # O:
Mg, 7 +m, —n, “e.s
kshc/ = - - L .
o m, =Nz €cr,
- for mg1 = 0:
Kene,,, =1 Where kg, ., € {1,100}

In this example: mg1 # O
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= yncracked state:

4,771 - 103 + 30 - 103 — (—100 - 103 - 1.4 - 103
Kenir = = 1.159
b7y 30 - 10% — (—100 - 10%) - 1.4 - 103

= cracked state:

K _ 9.135-10% + 30 - 10° — (=100 - 10%) - (=41.5 - 109 _ 1.354
sh.ib7y 30 - 10% — (=100 - 10%) - (=41.5 - 109) '

i Shrinkage Influence
Hinto Reinforcement Direction 1
[ Uncracked State (State [}

Free Shrinkage Esh -0.001

Huial Force Induced by Shrinkage Nzh,|, @1 101.5 | kN/m
Moment Induced by Shrinkage Msh,l, @1 4.8 | kNm/m
Coefficient of Shrinkage Influence kshl @1 1.159

[El Cracked State (State Il)

Free Shrinkage Esh -0.001

Huial Force Induced by Shrinkage Nszh,ll, @1 101.5 | kN/m
Moment Induced by Shrinkage Msh,Il, @1 3.1 | kNm/m
Coefficient of Shrinkage Influence ksl @1 1.354

Hinto Reinforcement Direction 2
[ Uncracked State (State [}

Free Shrinkage Esh -0.001

Puial Force Induced by Shrinkage Nsh,|,@2 2.8 | kN/m
Moment Induced by Shrinkage Mszh,|, @2 0.0 | kNm/m
Coefficient of Shrinkage Influence ksh,1 @2 1.000

[ Cracked State (State 1)

Free Shrinkage Esh -0.001

Puial Force Induced by Shrinkage Nsh Il &2 2.8 | kN/m
Moment Induced by Shrinkage Msh, I, ®2 0.3 | kNm/m
Coefficient of Shrinkage Influence ksh 11,02 1.238

Shrinkage influence
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2.7.10.7 Calculation of distribution coefficient

The maximum stress in the uncracked state is:

h
n, +ng, m, =n, (CI,/ -3 Mg .
1 1 1 1 1
smax,f = A + |
7

(e T

—100 - 10° + 101.5 - 10° +

30 - 103 — (=100 - 10%) (0.101 - 0—22) + 4.778 -10°

0.206 6.816 - 1074

5.1 Mpa

We assume a long-term loading:

b, =0.5

/1

(0.2 -0.2)

Taking Tension Stiffening into account, the distribution coefficient is calculated according to the

following equation:

- for omaxp1 > fetm:

- for omaxe1 < fem:

=0

Z
sh,c,/‘1

In the example, the maximum tension stress in the concrete is larger than the concrete tensile strength.

max, /. > f

1 ctm

5.1>2.9

Thus, the distribution coefficient is:

f 2 2
2z, =1-b, - [—2m| =1-05-(22] = 0.835
A A S 5.1
max, /1 .
Cross-Sectional Properties (Uncracked and Cracked State)
Shrinkage Influence
il Damage P Calculation
Hinto Reinforcement Direction 1
[ Damage Parameter Lot 0.835
Tension Stiffening Yes
Maximum Tensile Stress in Concrete Ge,l,@1 51| MPa
Mean Auxial Tensile Strength Fotm 29| MPa
Coefficient of Duration of Load Ba1 0.500
Hinto Reinforcement Direction 2
[ Damage Parameter Loz 0.000
Tension Stiffening Yes
Maximum Tensile Stress in Concrete Ge,l,@2 0.2 | MPa
Mean Auxial Tensile Strength Fotm 29| MPa
Coefficient of Duration of Load Bo2 0.500

Final Cross-Sectional Properties

Calculation of distribution coefficient (damage parameter)

www.dlubal.com
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2.7.10.8 Final cross-section properties

The curvature for both crack states ¢ (cracked/uncracked) is calculated as follows:

= yncracked state:

30 - 10 — (—100 -10%) - 1.4 - 1073
11 - 10° -6.816 - 1074

k,, = 1.158 - = 4.655 - 1072
'l

= cracked state:

. 3 — (— . 3) . (— . -3
k. =1.353 30 - 10° — (=100 -10%) (_41.5 1079 _ 14.499 - 10-3
e 11 - 10°-2.19374

The strain for both crack states is determined as follows:

n
= /1

e —————
c,/, .
1 ECA,,

= yncracked state:

e =M = —4_413.10—5
"1 11 -10°- 0.206
= cracked state:
= Z100-10° 4 4491075

e T e———————————————
W7 11 -10°- 0.087

Thus, it is possible to determine the mean strain.

e, =2z, e +(1—z)-e =
/1 fl ”’fl fl l’/l

The mean curvature is determined as follows:

k
’ [ARRAA

z -k +(l—2/1)'k|’,1=

0.835 - (14.449 - 1073) + (1—0.835) - 4.655 - 103 = 12.885 - 1073

0.835 - (—10.449 - 1075 + (1—0.835) - (—4.413 - 107%) = —9.459 -

1075

With the mean curvature and the longitudinal strain, you can calculate the final cross-section properties

while taking account of shrinkage, creep, and tension stiffening.

[ 10 ]
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Ideal cross-section area

é - . 3
A, = — = 100 - 10 — = 958.59 cm?
1 E-e, 11-10°-(-9.459 - 1079

Ideal moment of inertia to the ideal center of the cross-section

Ly s

I — 1 71 —
, =
1 z, -1, .k + (1 -z ) - -k

f e T R )t Ky,

6.816 - 1074 - 2.193 - 107*
= =18391.50cm*
0.836 - 6.816 - 10™* - 1.353 + (1 — 0.836) - 2.193 - 107 - 1.158

Eccentricity of centroid

n K Ely 30108 - 12.855 - 1073 11 -10° - 1.839 -10~*

, -100 -103

= —39mm

Ideal moment of inertia to the geometric center of the cross-section

l,, =1, +A, -e,2=1.839 107 + 0.096 - (—0.0393} = 33207 cm*
’ 1 1 1

Poisson's ratio is determined as follows:

n= (1 - max (zd)) - n. = (1 — max (0.0836)) - 0.2 = 0.0328
d€{1,2}

Intemal Forces of Linear Statics

Principal Intemal Forces

Check if intemal forces cause cracks

Design Intemal Forces

[ Selection of Intemal Design Forces

Determination of Critical Surfaces

Material Data for Stiffness Calculation

Cross-Sectional Properties (Uncracked and Cracked State)

Shrinkage Influence

Damage P! Calculation

i Final Cross-Sectional Properties
Einto Reinforcement Direction 1

Ideal Cross-Sectional Area Agi 958.59 | cm2
Ideal Moment of Inertia to Ideal Center of Gravity o1 1839150 | cm*
Ideal Moment of Inertia to Geometrical Center of Cross-Section lp.@1 33207.10 | cm*
Eccentricity of Center of Gravity (Positive Value in Direction of Critical | eq1 35.3 | mm
Einto Reinforcement Direction 2
Ideal Cross-Sectional Area Agz 2001.68 |em2
Ideal Moment of Inertia to Ideal Center of Gravity gz £E652.90 | cm*
Ideal Moment of Inertia to Geometrical Center of Cross-Section lp, @z 6669290 | cm*
Eccentricity of Center of Gravity (Positive Value in Direction of Critical | eqz 0.0 | mm

Final cross-section properties

www.dlubal.com | 11 |
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2.7.10.9 Stiffness matrix of the material

Bending stiffness

Dll

D12

| ‘E -
0,7, . 4 . . 9

1 3.322 - 10 11 -10 3656.74 kKN
1-n? 1 — 0.0328?

= D,, = 0.0328 -+/(3.656 - 106 - 7.344 - 106) = 170.58 kNm

Torsional stiffness

D

1-n 1 — 0.0328
== -y/D,,"D,, = ———— - V(3.656 - 10° 7.344 - 10°) = 2505.84 kNm

Shear stiffness

D, = Dy = % ‘G h= % ©11.8 - 10°- 0.2 = 1966 670 kN/m

Membrane stiffness

D = Ii_An/; = 111' _105.62'2%26 = 1055590 kN/m

Dy, = Dy 71+ f(Dgg ' D) = 0.0328 - +/(1055.59 - 10° - 2505.84 -10%) = 50 210.6 kN/m
Dg =G -h =11.8-10°- 0.2 = 2360000 kN/m

Eccentricity

DlG

27

17

1055.590 - 10° - 0.0393 = 41 499.2 kNm/m

@
Il

=Dy, =D

=D,=D

=Dy, = _,27 '(efl + efz)'VDes'DW =

0.0328
2

-(0.393 + 0) - v/ 1055.59 - 106 - 2505.84 -10° = 987.0 kNm/m

= D, = % "G-h-(e, +e,)= % ©11-10°- 0.2 -(0.393 + 0) = 46 390.2 kNm/m

1 2

[ 2 ]
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Cross-Sectional Properties (Uncracked and Cracked State)

Shrinkage Influence

Damage P! Calculation

Final Cross-Sectional Properties

] Material Stiffness Matrix

[ Bending Stiffness
into Reinforcement Direction 1 D11 3656.74 | kNm
into Reinforcement Direction 2 D 734418 | kNm
transversal influence D1z 170.58 | kNm
torsion Daz 2505.84 | kNm
(] Shear Stiffness
into Reirforcement Direction 1 [Das [ 1966670.0 [kN/m |
into Reirforcement Direction 2 | Dss | 1966670.0 [kN/m |
E Membrane Stiffness
into Reinforcement Direction 1 Des 1055590.0 | kN/m
into Reinforcement Direction 2 Drr 2204240.0 | kN/m
transversal influence Der 50210.6 | kN/m
torsion Dzz 2360000.0 | kN/m
[l Eccentricity
into Reinforcement Direction 1 Dig 41459.2 | kNm/m
into Reinforcement Direction 2 D7 0.0 | kNm/m
transversal influence D17 987.0 | kNm/m
torsion Daz 46350.2 | kNm/m

m Stiffness matrix of the material

www.dlubal.com
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2.8

Nonlinear Method

2.8.1 General

The serviceability limit state design (SLS) is generally divided into the three following groups:

= Stress limitation (EN 1992-1-1, clause 7.2)
= Crack control (EN 1992-1-1, clause 7.3)
= Deflection control (EN 1992-1-1, clause 7.4)

The design of reinforced concrete structures is generally based on linear structural analyses: To
determine the reinforcement including the serviceability limit state design, the internal forces are
determined linearly; afferwards the cross-section analysis is performed. However, this procedure
considers the cracking that is typical for reinforced concrete with the corresponding nonlinear material
rules of reinforced concrete only at the cross-section level.

By including the nonlinear behavior of reinforced concrete in the determination of internal forces, you
get realistic states of stresses and therefore distributions of internal forces that, in statically
indeterminate systems, differ significantly from the linearly determined internal forces due to stiffness
redistributions. For the serviceability limit state design, this means that the nonlinear material behavior
of the reinforced concrete must be taken into account to redlistically calculate deformations, stresses,
and crack widths.

If the crack formation is not taken into account in the deformation calculation, the occurring
deformations are underestimated. By considering creeping and shrinkage, the deformation may be 3
to 8 times larger, depending on the stress and boundary conditions. The RF-CONCRETE NL add-on
module allows for a realistic calculation of the deformations, crack widths, and stresses of reinforced
concrete surfaces by considering the nonlinear material behavior when determining internal forces.

2.8.2 Equations and Methods of Approximation

2.8.2.1 Theoretical approaches

"Nonlinear calculation" refers to the determination of internal forces and deformations while
considering the nonlinear behavior of internal forces and deformations (physical).

Planar structures can be described as two-dimensional structures with the following state quantities:
surface loads, deformations, internal forces, and strains in the surface centroids. However, since
material properties that vary over the surface depth must be considered for the nonlinear reinforced
concrete model, it becomes necessary to extend the 2D model by additionally taking the depth of the
cross-section info account. The cross-section of the reinforced concrete is divided into a certain number
of steel and concrete layers (see Figure 2.126 @).

Based on the strains in the surface centroids and under the assumption of the Bernoulli hypothesis, the
strains leading to the stresses after the corresponding steel or concrete material law has been applied
are obtained for each layer. Then the resulting stresses per layer can be integrated into the internal
forces of the gross cross-section.

[ s |
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Cross-section :
of reinforced | Layermodel

concrete

e N\ \
e | . Steel layer
Concrete ! Concrete
: layer
Rebar ;

Layer model
Steel s | > Concrete
nonlinear elastic

Layer model for reinforced concrete surfaces

If the concrete's tension strength is reached in a point of the structure, a discontinuity arises in the form
of a crack. Strictly speaking, this discontinuity would require an adjustment of the discretization
(remeshing) so that every crack is included in the calculation in its actual position and size. In case of
several cracks, this method would result in a high numerical effort because every crack would increase
the number of elements. Therefore, occurring cracks are "smeared" within an element and the
stiffness-reducing influences of the cracks are taken into account in the calculation by adjusting the
material rule.

If the first principal stress in a concrete layer reaches the concrete tensile strength, a crack is formed
perpendicular to the first principal stress direction. This principal direction may change if the load
changes. Here we can assume that a formed crack does not change its position and orientation (the
so-called fixed crack model) or that the crack always runs orthogonally to the variable principal
directions (rotating crack model). RFECONCRETE NL uses the rotating crack model.

"smeared" crack formation “rotating crack model"

cracked zone

direction of crack | @

X
ool
M

X .
x7 o1>fq A Gp>fy
<\

* Cracked zones Variable direction of crack
« Depth of crack « Due to changing of load
« Direction of crack + Due to load increments
« Mean crack spacing from layer to layer

+ Mean crack width

Crack models in reinforced concrete surface elements

www.dlubal.com
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2.8.2.2 Flowchart
[ Importing model data }
v
[ Stiffness matrix of material D*for the first iteration step E, pn, G, h = D°
v
.
FE stiffness matrix K3, = [B'D‘B dQ
2] v
) L] .

Overall stiffness matrix as sum of the material and geometric
FE stiffness matrix of the element K} =Kj + K7

v

Global stiffness matrix as sum of the extended FE stiffness matrices
K& = ZK;
v

Global vector of the nodal forces (loading) as sum of the extended vectors
of the FE nodal forces of the element % = Zf‘*

v

Solving the equation system K* -d° =% to determine the global vector

of the nodal parameters of the deformations d*¥
* )

Nodal parameters of the FE deformations by separation from the global vector
of the nodal parameters of the deformation d* :Zde

-

t=

. 5

Strain vector £ =B-d° }

Internal forces ¢° =D"-€° are always in equilibrium in an unconverged
calculation, but not in the stress-strain diagram
Material nonlinear calculation with generation of new stiffness matrix
of the material D° due to strain vector £° and stress-strain diagram

Result: internal forces 6 that are not in equilibrium in the unconverged

calculation, but always correspond to the stress-strain diagram
]

Are the convergence
criteria met?
No

Is max number of
iterations reached?

No
‘ Yes ¢ Yes
C Display of results >
Flowchart

where

D¢ stiffness matrix of the material, constitutive matrix

B matrix due to geometry and basic type of the FE function € =B - d°

Ke material FE stiffness matrix

Ke geometric FE stiffness matrix

S

[ 16 |
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K9

fe

f9

de

d9

FE overall stiffness matrix

global stiffness matrix of the entire model

FE nodal forces vector

global nodal forces vector (loading on entire model), vector of the right sides
nodal parameter vector of FE deformation

global nodal parameter vector of deformation, vector of the unknown

strain vector

vector of internal forces

www.dlubal.com
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2.8.2.3 Methods for solving nonlinear equations

The application of the FE method for solving nonlinear differential equations results in algebraic
equations that can be expressed in the following form:

Kd)-d=f

where
K stiffness matrix of the model
d vector of the unknown (usually of nodal parameters of the deformation)
f vector of the right sides (usually of nodal forces)

The matrix K is the function of d and therefore cannot be evaluated without knowing the vector of the
system roots d. Since this nonlinear system cannot be solved directly, iteration methods that are aimed
at progressively increasing the precision of the solution are used.

RF-CONCRETE NL uses the iteration method according to Picard. This method is also known as the
Direct Iteration Method or Secant Modulus Method.

Reached equilibrium
Ki:n

In each step:

Ki-di=fe

di.:1 di= d >

Direct iteration method

Dlubal

[ 1 |
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2.8.2.4 Convergence criteria

In solving the nonlinear equations, two convergence criteria are considered. The iteration step is
deemed to be completed once a convergence criterion is fulfilled. The first convergence criterion
observes how the diagonal components of the material's stiffness matrix change. A convergence is
reached when the stiffness matrix of the material has stabilized for all finite elements.

n
Di~! D] 2. |DJ? - DJ?‘1|
_ . =1
1= 1 = n ! = e T —
Dl D o n se
— . —
D! D! )2 D]
j=1
where
Di-1 stiffness matrix of the material from the previous iteration step
Ot
DI stiffness matrix of the material in the current iteration step
Ot
€ desired precision (for RFEM precision 1, the following applies: € = 0.05 %)

The second convergence criterion observes how the size of the maximum deformation changes. At the
same time, the program checks whether the place of the maximum deformation within the structure has
changed. Since the deformation normally converges faster than the stiffness matrix, the deformation
criterion is only activated after 50 iteration steps (for RFEM precision 1).

di  —di-t
M MX < e where NI = Ni—!
dl_ 1 max max
max
where
D1 maximum nodal displacement from previous iteration step
max
D maximum nodal displacement of structure in current iteration step
max
€ desired precision (for RFEM precision 1, the following applies: € = 0.05 %)
Ni—1 number of node with maximum displacement from previous iteration step
max
Ni number of node with maximum displacement from current iteration step
max

www.dlubal.com
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The precision of the convergence criterion for the nonlinear calculation and the iteration step after
which the deformation criterion is additionally considered are controlled in the Global Calculation
Parameters tab of the Calculation Parameters dialog box in RFEM. This dialog box can also be
accessed in window 1.1 General Data of RFF-CONCRETE:

Options

Method of check: () Analptical...

@ i
2 Monlinear... | Edit Settings..

[Edit Settings] button in the Serviceability Limit State tab of window 1.1 General Data

The Settings for Nonlinear Calculation dialog box appears (see Figure 2.131 @).

You can then click the [Details] button to open the Calculation Parameters dialog box of RFEM.

Calculation Parameters (o]
Global Calculation Parameters
Seftings Options Precision and Tolerance
100 Change standard seftings
Activate member divisions for large deformation or -
1 post-citical anal 1.00K
q Modify stiffness (material, members, cross-sections, l'oleranee tor aetechar or
load cases and combinations)
Settings for Nonlinear Calculation =] e
Optiors | Material Properties
| P
Options Settings for tteration Process |
|
Design of _Mammum number of iterations per load / h
Deformation Zcreneng
Crack widths Murnber of layers in 3 finite
element:
Stresses
Dramping of stiffness change within one =
iteration step 0 %]
Consider uX
Cresping
Shrinkage
Export of Nenlinear Stiffness
[ Save the nonlinear stiffness of the defined design load(s]
for uge in RFEM
@ Individual
Consistent for reference load:
RC13 - Stability
I B
!
=

Settings for Nonlinear Calculation dialog box with access to convergence criterion

The value for the Precision of convergence criteria ("RFEM precision") indicated in the RFEM dialog
box influences the break-off limit € for the physically nonlinear calculation and the iteration step n; from
which the deformation criterion is additionally considered:

e = "RFEM precision" - 0.05%
n o= 1
i "RFEM precision”

The default value of the RFEM precision is 1. Thus, the precision of the convergence criterion for the
physical nonlinearity is € = 0.05 % and the additional consideration of the deformation criterion starts
after the 50th iteration step. For a higher precision, the value of the RFEM precision must be reduced.
Thus, &€ becomes smaller and the deformation criterion is considered at a later time.

[ 120 ]
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2.8.3 Material Properties

2.8.3.1 Concrete in compression area

For the serviceability limit state design, the program calculates using the mean strengths of the
materials. In the compressed areq, it is possible to choose between a parabolic and a
parabolicrectangular distribution of the stress-strain diagram.

approximation
a,(<0)
-f om
|
£ £, El<0)
Stress-strain diagram for concrete in compression area
The settings are specified in the Material Properties tab of the Settings for Nonlinear Calculation dialog

box (see Figure 3.12 ). This dialog box can be accessed in the Serviceability Limit State tab of
window 1.1 General Data by clicking the button shown on the left (see Figure 2.130 @).

2.8.3.2 Concrete in tension area

There are several options available for the stress-strain diagram of the concrete in the tension area.

Material Properties of Concrete
Stress-ghrain diagram for concrete in compression:
@ Parabolic

_ Parabolic-rectangular

Stress-ghrain diagram for concrete in tenzsion:
_ Without tengion strength
_ Linear tension behavior

@ Acc. to CEB-FIP Model Code [uncracked
concrete]

7 Tension-stiffening with concrete [residual) tensile strength =
[Quast Method]

fctm |

0,9 fetm |

Eetl Eu=15.10"4

Stress-strain diagrams for tension area of concrete
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The concrete tensile strength can, inter alia, be considered as per CEB-FIP Model Code 90:1993. Until
the tensile strengfh of concrete fum is reached, the program assumes the distribution for recching the

crack strain of 0.15 %o shown in Figure 2.134 @

Ot

fetm fmmmmm e

08fctm [========7

-
>

0,00015 Eet

Stress-strain relation for concrete in the tension area as per CEB-FIP Model Code 90:1993

A|fern0ﬁve|y, you can use the concrete's sﬁffening effect in the tension zone (tension sﬁffening). This

procedure is described in the following chapter.

Material Properties of Concrete
Stress-ghrain diagram for concrete in compression:
@ Parabolic

() Parabolic-rectangular

Stress-ghrain diagram for concrete in tenzsion:
1 without tension strength
() Linear tenzion behavior

1 Acc. to CEB-FIP Model Code [uncracked
concrete]

@ Tension-stiffening with concrete (residual tensile strength
[Quast Method]

far Gs=0MPa

,arctan E¢
\l

Ecrr~1.1074

Stress-strain diagram for Tension-stiffening
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2.8.3.3 Stiffening effect of concrete in tension area

In cracked parts of the reinforced concrete, the tensile forces in the crack are resisted by the
reinforcement alone. Between two cracks, however, tension stresses are transferred to the concrete
through the (displaceable) bond. Thus, the concrete contributes to the resistance of internal tension
forces, which leads to an increased stiffness of the component. This effect refers to the stiffening
contribution of the concrete in tension between the cracks and is also called tension stiffening.

Structural system

_ Primary crack Secondary crack
; 5, ‘ \V #l
/ | A4 44 bbb
Ll " TT TV TP FT7 "

B o f;\ T
|
|

1
1
S nm

Moment distribution I |
t ]
d

|

|

I

T

!

|

|

|

1

R

|
————X

g X

Curvature S

Steel strain

g X P B

)
‘[‘; Ssm 52
51
c t

Concrete strain

:/A

8 I
Shp/\

1

1

T s} (X) \/l

Bond stress

Stress and strain behavior between two primary cracks

The increase of the structural component stiffness due to tension stiffening can be considered in two
ways:

= A residual, constant tension stress, which remains after the crack formation, can be involved in the
concrete's stress-strain diagram.

The residual tension stress is clearly smaller than the tensile strength of the concrete. Alternatively, it is
also possible to intfroduce modified stress-strain relations for the tension zone that consider the
contribution of the concrete in tension between the cracks in the form of a decreasing branch in the
graph after the tensile strength is reached.

= Another approach is o modify the "pure" stress-strain diagram of the reinforcing steel.

In this case, a reduced steel strain &y is applied in the relevant cross-section, with the strain resulting
from &;2 and a reduction term due to the tension stiffening.

To consider tension stiffening, RFF-CONCRETE NL uses the approach of modeling the concrete tensile
strength according to Quast [4] @ . This model is based on a defined stress-strain relation of the
concrete in the fension area (parabola-rectangle diagram). The basic assumptions of Quast's approach
can be summarized as follows:

= full contribution of the concrete to tension until reaching the crack strain € or the calculational
concrete tensile strength ;g

= reduced stiffening contribution of the concrete in the tension zone according to the existing concrete
strain

= no application of tension stiffening after the governing rebar starts yielding

To sum up, this means that the tensile strength fcir used for the calculation is not a fixed value but
relates to the existing strain in the governing steel (tension) fiber. The maximum tensile strength
decreases linearly to zero, starting at the defined crack strain € until reaching the yield strain of the
reinforcing steel in the governing steel fiber. This is achieved by means of the stress-strain relation in the
tension area of the concrete shown in Figure 2.137 @ (parabola-rectangle diagram) and the
determination of a reduction factor VMB (German: Versteifende Mitwirkung des Betons).

www.dlubal.com
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- -4,0
g
— Stress-strain relationship with E
VMB = 1,0 (for &g < egy) =2 -3.0
== Stress-strain relationship with 21 20
VMB =04 (for g5 > g¢y) o !
[
- 1.0
0.5 0,3 Ecr 0,1
L 1 : L G,O 1
1
Strain ! vy
__________ :—.'_’,-’ - 1,0
0
' - 2,0
]
'
' I 3.0
"""" 'fct.cal
—4,0

Stress-strain relation of concrete in the tension area with reduction factor VMB = 0.4

The stress-strain relation in the tension zone can be described with the following equations:

»
Il

.= VMB - [fm : (1 - (1 -

VMB - f o

0
Il

—e)npR)} foro<e<e,

cr

for e > e, (constant distribution)

The curvature of the parabola in the first section can be controlled by the exponent npr. The exponent
should be adjusted in such a way that the transition from the compression zone to the tension zone is
preferably achieved with the same modulus of elasticity.

A N — .

_________________________ S

uncracked —»  reduction with factor YMB  — reduction to zero,

Stress conditions for increasing effect of tension stiffening

if yielding of reinforce-
ment is reached

To determine the reduction factor VMB, the strain at the most tensioned steel fiber is used. The position
of the reference point is shown in Figure 2.139 3.
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Reduction coefficient depending on the
steel strain in the governing steel fiber

et r ciR
A

Stress-strain relationship of concrete in tension

(o2
»

f ciRex

¥

ct

Determining the residual tensile strength for tension stiffening according to Quast [4] @ .

The reduction parameter VMB decreases with increasing steel strain. In the diagram for the factor VMB
(see Figure 2.140 @), it is evident that the factor VMB is reduced to zero exactly at the point when the
yielding of the reinforcement starts.

1.0 4 —Distribution with n = 1.0
I
: —a—Distribution with n = 1.0
Zo0s | =09
E [ S Ew -]
[ I @ = =
=] =] | A -
" = | P w £
= 0.6 ;! n o B T 9
= _i ] = .3
= @ = T 0o [
S =2, *E S g 2
.58  $3% 2%
soe| B2 E3E £?
& 52 o2 o9
Q
I
0.2 i EQ
; ‘g 9
: o E
0.0 . *

Ecr Concrete strain for steel fiber £

Reduction factor VMB

The distribution for the reduction factor VMB in state Il (¢ > &) can be controlled by means of the
exponent nyme. According to Pleiffer [5] @, the values nyme = 1 (linear) to nymp = 2 (parabola) are
experiential values for structural elements subjected to bending. In his model, Quast [6] @ uses the
exponent nymp = 1(linear), thus achieving good concordance when recalculating column tests.
According to Pfeiffer [5] @, it is possible to describe pure tension tests with acceptable concordance by
using nymg = 2.

The assumption of a parabola-rectangle diagram for the cracked concrete tension zone can be
regarded as a calculation aid. At first glance, there are great differences compared to the
experimentally determined stress-strain diagrams on the tension side of the pure concrete.

www.dlubal.com
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fﬁ ---------------------- ;
i Model for tension stiffening
lot, Model |
2 |
@ Experimental
&5 b g—&Line

/ Eer  Ecr, Model Strain

Comparison of model and laboratory test

The given stresses in the reinforced concrete cross-section in bending show that the parabola-rectangle
diagram is indeed better suited to describe the mean of the strains and stresses.

In a bending beam, a concrete body forms between two cracks. It acts as a sort of wall into which
tension forces are gradually reintroduced by the reinforcement. This results in a very irregular
distribution of stress and strain. On average, however, we can create a plane of strain with a
parabola-rectangle distribution with which it is possible to consider the mean curvature.

—D:H—;—T A4—— half crack distance ——

| X
L ONL____————"F = y. _ '7
Gf = Y P e

mean strain state and
stress distribution
in the cross-section

crack gradual introduction oftension forces in the

concrete, reduction ofthe steel stress,
increase of the concrete compression zone

Existing state of stress when subjected to bending

Quast suggests the following calculation value for the tension strength fir and the crack strain g for
his model.

The calculational value for the tensile strength foir is thus smaller than specified by the Eurocode. This is
due to the description of the stress-strain relation and the determination of the reduction parameter
VMB, in which the assumed tension stress and the resulting tension force are only slowly reduced after
exceeding the tension strain. For a strain of 2 - &, there is also an acting tension stress of about

0.95 - fir. Thus, in case of bending, the reduction of the stiffness can be predicted well. In case of
pure tension, the values for f;r mentioned above are too low. According to Pleiffer [5] @, the values
from EC 2 should be applied for the calculation value of the tensile strength.

The values for fr = 1/20 - fem recommended by Quast [6] @ can be reached by applying 60 % of
the tensile strengths given in EC 2. On the one hand, the cracking of the cross-section is predicted too
early when applying fcir = 0.6 - feim. On the other hand, this already takes into account a reduction of
the tensile strength under permanent load (about 70 %) or a temporarily higher load (e.g. the
shortterm application of the rare action combination) that results in a damaged tension zone.
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The individual calculation values for the concrete's tension zone can be described as follows:

for = 0.60 " fi calculational tensile strength
f ratio, auxiliary factor
cm
n= f
ct,standard
e, calculational crack strain
aR | p
€, exponent for general parabola (see Equation 2.93 @)
Npp=1.1"E_ =2
cm

2.8.3.4 Reinforcing steel

For the serviceability limit state design, the program calculates with the mean strengths of the materials.
The mean reinforcing steel strengths were published by the JCSS in the Probabilistic Model Code. The
code specifies the mean value of the reinforcing steel's yield strength with fym = 1.1 - fi4.

RF-CONCRETE NL uses a bilinear distribution for the stress-strain relation of the reinforcing steel.

US
_Jlftm-k*fym
Fym : R . |
|
|
|
|
|
arctan £, |
|
|
£, £

Stress-strain relation of reinforcing steel

The user can choose whether the plastic branch of the graph is horizontal or increases up to fim. The
settings are specified in the Settings for Nonlinear Calculation dialog box (see Figure 3.12 ®@). To
open this dialog box, click the button shown on the left that is available in the Serviceability Limit State
tab of window 1.1 General Data.

| www.dlubal.com
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2.8.4 Creep and Shrinkage

2.8.4.1 Considering creep

Creep describes the time-dependent deformation of the concrete with loading within a particular
period of time. The essential influence values are similar to those of shrinkage (see chapter 2.8.4.2 @).
Additionally, the so-called "creep-producing stress" has a considerable effect on the creep
deformations.

Attention must be poid to the load duration, the time of load opp|ic0ﬁon, as well as the extent of the
loading. Creep is taken into account by the creep coefficient @(t,to) at the point of time t.

In RF-CONCRETE Surfaces, the specifications for determining the creep coefficient are set in window
1.3 Surfaces. In it, you can specify the concrete's age at the considered point of time and at the
beginning of loading, the relative air humidity, as well as the type of cement. Based on these
specifications, the program determines the creep coefficient ¢.

Settings for the check of serviceability limit state - Surface No. 1-13,15-17 19-44

Cresping | Shrinkage I D eformation Analysis I Crack Wwidth Contral I Stress Eheck|

Creeping Parameters
Calculation time: Concrete age at beginning of loading
@ Infirite to: 285 [Days]

Bt 25500 -
Fielative air humidity

Kind of cement: RH: B0 [E]
*) Slow-hardening cement (S) : CEM 325N

@ Mormal-hardening cement (M) : CEM 325 R, CEM 425N

) Fast-hardening cement (R] : CEM 425 R, CEM 525 M, CEM 525 R

[ User-defined creep coefficient

o 1.88623 | [

Set inputs for surface Mo:

1131517,19-44 S| @A

Window 1.3 Surfaces, Creeping tab

We now will briefly look at the determination of the creep coefficient ¢ according to EN 1992-1-1,
clause 3.1.4. Using the following equations requires the creep-producing stress 6. of the acting
permanent load to not exceed the following value.

5.<0.45 - f

where

feki cylinder compressive strength of the concrete at the point of time when the
creep-producing stress is applied

Oc

_/

Creep-producing stress o,
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Under the assumption of a linear creep behavior (o < 0.45 - fekj), the concrete's creep can be
determined through a reduction of the concrete's modulus of elasticity.

E

cm

E = —_—
el 1.0+ / (t,ty)

where
Ecm mean modulus of elasticity according to EN 1992-1-1, Table 3.1
¢ (tto) creep coefficient
t age of concrete at relevant point of time in days
to age of concrete when load application starts in days

According to EN 1992-1-1, clause 3.1.4, the creep coefficient ¢lt,t0) at the analyzed point of time t
can be calculated as follows.

f (t’to) =l b(fcm)' b(to) ' b(t’to)

where
_ R
i < 00 |,
R 0.10-¢h, | °
RH relative humidity [%]
2 A, effective component thickness [mm] (for surfaces: ho = h)
ho = U A cross-section area
u cross-section perimeter
_(35)\%7 adjustment factor
4= ( Cm) fem mean value of cylinder compressive strength
35 \02 adjustment factor
==(r)
cm
16.8 coefficient for considering the concrete compressive strength
bl =
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1 coefficient for considering the age of concrete
M= o1v o

O.eff

9 a
tO.eff=t0[1+ 12-| 20.5-d
L 2+ 7]
bty [ t -1, ]0'3 coefficient for considering the load duration
tt)=|——"
0 b+t —t,
t age of concrete at relevant point of time in days

age of concrete when load application starts in days

b,= 1.5 [1+ (0.012 - RH)®]?- h  + 250 - a, <1500 - a,

RH relative humidity [%]
h, effective component thickness [mm]
_ (35\% adjustment factor
“= (%)
cm

The influence of the type of cement on the concrete's creep coefficient can be taken into account by
modifying the load application age to with the following equation:

9 a
=t . |1+ ———| > 0.
ty to,T ( 2+ (tO,T)Lz) > 0.5

where
to=tr effective age of concrete when load application starts while taking
the influence of temperature into account
a exponent depending on type of cement:

-1 : slow-hardening cements (S) (32,5)
0 : normal- or rapid-hardening cements (N} (32,5 R; 42,5)
1 : rapid-hardening, high-strength cements (R) (42,5 R; 52,5)
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Considering creep in the calculation

If the strains at the point of time t = O as well as at a later point of time t are known, it is possible to
determine the creep coefficient ¢ for a calculational consideration in the model.

This equation is rearranged to the strain at the point of time t. Thus, we get the following relation, which
is valid for uniform stresses (cf. Equation 2.96 @ ):

et=et=0.(/t+1)

For stresses higher than approximately 0.4 - f, the strains increase disproportionately, resulting in the
loss of the linearly assumed reference.

The calculation in RF-CONCRETE NL uses a common solution that is reasonable for construction
purposes. The stress-strain diagram of the concrete is distorted by the factor (1 + ¢).

oc [N/mm2]
-30 without creep
__________________________ Concrete properties
] eol= -2.100 %o
solu= -3400 %o
" fo= 2800 Nfmm?2
! Ecm= 24900 MN/mm2
" Crefep with creep H o= 25
-10 4 !
5 E I

.
11 12 13
e[

Distortion of the stress-strain relation for determining the creep effect

When taking creep into account, uniform creep-producing stresses are assumed during the period of
load application, as can be seen in Figure 2.146 B. Because of neglected stress redistributions, the
deformation is slightly overestimated due to this assumption. The stress reduction without a change in
strain (relaxation) is only taken into account to a limited degree in this model. If we assume a linear
elastic behavior, a proportionality could be presumed and the horizontal distortion would also reflect
the relaxation at a ratio of (1 + ). This correlation, however, is lost for the nonlinear stress-strain
relationship.

Thus, it becomes clear that this procedure must be understood as an approximation. Therefore, a
reduction of the stresses due to relaxation as well as nonlinear creep cannot or can only be
approximately represented.

Dlubal
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2.8.4.2 Taking shrinkage into account

Shrinkage describes a time-dependent change of the volume without the effect of external loads or
temperature. This manual will not go into details regarding shrinkage problems and their individual
types (drying shrinkage, autogenous shrinkage, plastic shrinkage, and carbonation shrinkage).

Significant influence values of shrinkage are relative humidity, effective thickness of structural
components, aggregate, concrete strength, water-cement ratio, temperature, as well as the type and
duration of curing. The shrinkage—de’rermining value is the total shrinkoge strain ¢ at the considered
point of time t.

According to EN 1992-1-1, clause 3.1.4, the total shrinkage strain € is composed of the components
for drying shrinkage .4 and autogenous shrinkage &
€s = ecd + eca

cs

[7]@ Eq.(3.8)

The component from drying shrinkage ¢ 4 is determined as follows.
eft) = by (tty) Ky, ey

[7]@ Eq. (3.9)

where

) (t-t)
by (tity) = (t-t)+0.4" \/h_g

(718 Eq.(3.10)
t age of concrete at relevant point of time in days
ts age of concrete when shrinkage starts in days
2-A effective component thickness [mm] (for surfaces: ho = h)
h, = 0 A cross-section area
U cross-section perimeter
kh coefficient according to [4] @ Table 3.3 depending on the effective
cross-section thickness hg
€cd,0 basic value according to [4] @ Table 3.2 or Annex B, Eq. (B.11):

~ r e V1 e
6,40 = 0.85" [(220 + 110 - a,,) " exp | —ay, J 1076 - by,

Ods1, Olds2 factors for considering the type of cement (see Table 2.3 @)
fem mean cylinder compressive strength of concrete in [N/mm?]
fcmo =10 N/mm2
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RH

bRH = 1.55" |:1 - (RH

)]

RH relative humidity of environment [%]

RHo 100 %

Cement Class Property Ods1 Ods2
32,5N S slow-hardening 3 0.13
32,5R; 42,5R N normal-hardening 4 0.12
42,5R; 52,5 N/R R rapid-hardening 6 0.11

Factors 0ds1 and 452 depending on the type of cement

The autogenous shrinkage strain ¢, is determined as follows.

eft) = b(t) - e, ()

where

Bas (t) =1- e-OAZ‘/'—

€ca (00) = 2.5 + (fek- 10) = 10

tin days

[7]® Eq. (3.11)

[7]® Eq. (3.12)

[7]® Eq. (3.13)

Taking shrinkage in RF-CONCRETE NL into account (while considering the

reinforcement)

The data for the shrinkage strain is entered in window 1.3 Surfaces. In it, you can specify the age of
concrete at the relevant point of time and at the beginning of shrinkage, the relative air humidity, and
the type of cement. Based on these specifications, RFCONCRETE NL determines the shrinkage strain

Ecs.

Settings for the check of serviceability limit state - Surface No. 1-13,15-17,15-44

Cieeping | Shrinkage | Deformation &nalpsis I Crack "width Contiol | Stress Check

Shrinkage Parameters
Congzidered age of concrete:
@ Infinite

@t 25500 -

Age of concrete at beginning of shrinkage
| [Davs]

ts:

Kind of cement:

(@ Momal-hardening c

1-12.15-17.19-44

() Slowrhardering cement [5) : CEM 325N

ement (M) : CEM 32.5 R, CEM 425N

(71 Fast-hardening cement () : CEM 425 R, CEM 525N, CEM 525 R

[ User defined shrinkage
zes (1, ts): -0.000 [

Set inpuits for surface Mo:

All

Relative air humidity
RH: 805 [%]

Congider:

Diying shrinkage

Autogenous shiinkage

Window 1.3 Surfaces, Shrinkage tab
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The shrinkage strain & (1) can also be specified manually, independent of standards.

The shrinkage strain is only applied to the concrete layers; the reinforcement layers remain
unconsidered. Thus, there is a difference from the classical temperature loading, which also affects the
reinforcement layers. Therefore, the model for shrinkage used in REFCONCRETE NL considers the
restraint of the shrinkage strain & that is exerted by the reinforcement or the cross-section curvature for
an unsymmetrical reinforcement. The resulting loads from the shrinkage strain are automatically
applied to the surfaces as virtual loads and calculated. Depending on the structural system, the
shrinkage strain results in additional stresses (statically indeterminate system) or additional
deformations (statically determinate system). For shrinkage, RFF-CONCRETE NL therefore considers the
influence of the structural boundary conditions in different ways.

The loads resulting from shrinkage are automatically assigned to the loading for serviceability defined
in window 1.1 General Data and are therefore included in the nonlinear calculation.

The shrinkage depends on the correct distribution of the stiffness in the cross-section. Therefore, the
consideration of tension stiffening (residual tensile strength of concrete according to Quast) as well as
a small value for damping are recommended for the concrete's tension zone.

The 1D model shown in Figure 2.148 @ illustrates how shrinkage is considered in the program.

Ecin>FEco>E.3 € '_)é €sh
f‘:c'.l- 1'( 1
M
}-c'.z- -'1'c.2
X

r
Deformation, under
consideration of !
Eea Ava the forces acting in :
) ) the reinforcement

z  J e Application of the forces
to the total cross-section,

including reinforcement
€ = &sh

= Ec1Ac16n

A =

Y

s = Ee2Ac2€:n M=% Fz;

F
o N N B gy ==t

Fy = E:3Ac 36

Y

Y

Def&rmation, under
Integration of the forces consideration of the forces
acting in the reinforcement

1D example for shrinkage

As a simplification, four layers are considered: The dark orange layers represent the concrete with little
damage, the light orange layers the more heavily damaged concrete. The blue layer corresponds to
the reinforcement. Each concrete layer is characterized by the actual modulus of elasticity E.; and
each cross-sectional area by A. . The reinforcement is characterized by the actual modulus of elasticity
E; and the cross-sectional area A;. Each layer is described by means of the coordinate z;.
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Considering shrinkage as an external load

Shrinkage strain can also be applied as an external load in RFEM: In the New Surface Load dialog
box of RFEM, you can open the Generate Surface Load Due to Shrinkage dialog box by clicking the
button shown on the left.

-

New Surface Load

[S5C)

() Rotary motior,..

Load Distribution

Mo. 0On Surfaces No.

1 1

Load Type Load Direction

() Farce Local

_ telated to true area:
() Temperature

@ Awial strain

() Precamber

Global

|| related to tue area:

@ Unifarm Glabal
@ Linear related to projected
- X area:
() Limear in ¥
) Linear iny'
() Linear inZ
Load Magnitude
Mode Mo, Magnitude
1 5| = 0000335 [
1 8 = [ El]u
1 %) « [ EMu
e
Comment

Load Type 'Sxial strain’
Load Distrioution ‘Uniform

sl
YL

wF
i
ZF

Posttive by Extension

-

Generate Surface Load Due to Shrinkage

[S5c)

According to Standard

() DIN 10451

@ EM 1992-1-1:2004-12 [Eurocode 2]
Consider

Dirying shrinkage

Autogenous shrinkage

Shrinkage Parameters

Considered age of concrete k:
Maotional size of surface h:

Mean compressive strength Femt

Type of cement CType &

Relative humidity RH:

Age of concrete at beginning of
shrinkage 5!

Calculated shrinkage Eeslh bs) !

Schematic Drawing of Time Depending

Autogenous and Drying Shrinkage

Concrete Strength
Normal

8 RH - 65
= = == High
_ 659
- = -
S | Drying
182505 [Days] < 7 Shrinkage
< 5 7 r o Without
018012 [ml L ’ - Moisture
28012 KN/em?] g 1/~ Reesse
€
i ’ r
7 I Autogenous
500015 [%] / || Shrinkage
‘ " I : A4
285 [Daws] 1y
ts t
000033 [ AgenConon

Duration of Drying t-t,

Generate Surface Load Due to Shrinkage RFEM dialog box

In this dialog box, you can enter the parameters for determining the shrinkage strain. To transfer the
determined shrinkage value as a load magnitude into the initial dialog box, New Surface Load, click
[OK]. The load type is automatically set to Axial strain. Please note that the shrinkage strain acts on the
entire cross-section and that possible restraints or cross-section curvatures are not taken into account by

the reinforcement.
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oK ] [ Cancel

3.1

Input Data [

When you start the add-on module, a new window appears. A navigator that manages the available
module windows is displayed on the left. The drop-down list above the navigator contains the design
cases (see chapter 8.1 @).

The design-relevant data can be defined in several input windows. When you open RF-CONCRETE
Surfaces for the first time, the following parameters are imported automatically:

load cases, load combinations, and result combinations
= materials

= surfaces

internal forces (in background, if calculated)

To open a window, click the corresponding entry in the navigator. Use the buttons shown on the left to
set the previous or next window. You can also use the function keys [F2] (forwards) and [F3]
(backwards) to go through the windows.

To save the entered data, click [OK]. RF-CONCRETE Surfaces closes and you return to the main
program. To exit the add-on module without saving the data, click [Cancel].

General Data

In window 1.1 General Data, you can specify the design standard and the actions. The tabs manage
the load cases, load combinations, and result combinations for the ultimate and serviceability limit state
designs.

7 RF-CONCRETE Surfaces - [Model] X
File Settings Help
CA1 -Reinforced concrete desi | 1.1 General Data
eutlaia Design Acc. to Standard / NA
:
. Materigls [ = 1992-1-1:2004a 2014 ]
(=) Reinforcement FIS95:2005 =l
1-Ceilngs
2-Wals Ultimate Limit State  Serviceabilty Limit State  Details m
Existing Load Cases / Combinations Selected for Design I
& Seff-weight RC1 | ULS (STR/GEQ)- Pem | Persistent and Transie m
Traffic load :
Imperfection towards +7
Shrinkage U
Co1 | 1.35G +Imp >
Bl Co2 | 1.35G + 1.5QC + Imp z
SCh CO3 [G+lmp = (7]
SCh CO4 |G+QC+imp o @
B RC2 |SLS-Chemdlenisic e U v
w t
€ a
Reinforced concrete
design of surfaces
(plates, walls, shells)
Al 3) ~ (3| |Ba IR
Comment
Selecting entries by using buttons or by double-dick -—
D [H]| [ Calculaton Chedk Detal... Nat. Annex Graphics Cancel

Window 1.1 General Data
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Design Acc. to Standard / NA

EEEN 1992-1-1:2004/A1:2014 [+
© EN 1992-1-1:2004/A1:2014

[ DIN 1045-1:2008-08

[ DIN 1045: 1988-07

=5 ACI 318-19

=5 ACI 318-14

5 ACI 318-11

I+l C5A A23.3-19

1+0 CSA A23.3-14 (R2015)

3 51 262:2013

3 51 262:2017

Bl GB 50010-2010

Design Acc. to Standard / NA

Design Acc. to Standard / NA

[EREN 1992-1-1:2004/A 1:2014 |
B

Standard and National Annex for reinforced concrete design

Standard

You can specify the standard according to which you want to perform the ultimate and serviceability
limit state design. The following standards for reinforced concrete are available in the list:

EN 1992-1-1:2004/A1:2014 European Union
DIN 1045-1:2008-08 Germany
DIN 1045:1988-07 Germany
ACI 318-19 USA

ACI 318-14 USA

ACI 318-11 USA

CSA A23.3-19 Canada
CSA A23.3-14 (R2015) Canada
SIA 262:2013 Switzerland
SIA 262:2017 Switzerland
GB 50010-2010 China

You can purchase each standard separately.

You can use the button to hide and display old standards in the list. They are marked in red.

National Annex

For the design according to the Eurocode (EN 1992-1-1:2004/A1:2014), you have to specify the
National Annex whose parameters apply for the checks.

www.dlubal.com
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mm BDS:2011 Bulgaria

ZIZBs:2005 United Kingdom

[ CSM: 2016 Czech Republic
CY5:2009 Cyprus

¥ DIN: 2015 Germany

E=DK:2013 Denmark

B LST:2011 Lithuania

- V52014 Latvia

E=EMS:2010 Malaysia

¥ EnBN:2010 Belgium

o MENM:2016 Metherlands

I INF:2016 France

ER MP:2010 Portugal

B NS: 2008 Morway

m PM: 2010 Poland

o= SFS5: 2007 Finland

[ SingaporeS: 2008 Singapore

m SIST: 2006 Slovenia

0 NSR:2008 Romania

o ST 2008 Slovakia

L= SvenskS:2008  Sweden

I TKP: 2009 Belarus

= UNE:2013 Spain

JUNIL:2007 Italy
o ONORM: 2018 Austria

National Annexes for EN 1992-1-1

Click the [Edit] button to view the preset parameters (see Figure 3.4 @). You can also access the

Parameters of National Annex dialog box with the [Nat. Annex] button that is available in every input
window.
Parameters of National Annex - BS EN 1992-1-1:2004/MA: 2005 x
Standard Reinforced Concrete (EN 1992-1-1)
Original Annex:
:= 2. Basis of design HE
e E12.4.2.4 Partial Factors for Matenals
Partial factor of concrete at the ultimate limit state (persistent. transient) Te 1.500
Description: Partial factor of steel at the ultimate limit state (persistent, transient) Ts 1.150
Partial factor of concrete at the ultimate limit state (accidental) To 1200
Partial factor of steel at the ultimate limit state (accidental) Ts 1.000
Partial factor of concrete at the serviceability limit state To 1.000
Partial factor of steel at the serviceability limit state Ts 1.000
= 3. Materials
3.1 Concrete
Madmum valug of strength class of concrete Cmax C30/105
Factor considering long term actions on compressive strength oee 0.850
Factor considering long term actions on tensile strength ot 1.000
[3.2 Reinforcing Steel
Maximum Value of Yield Strength Fyx 600.00 | N/mm2
Factor for calculation of the design value for imit elongation of steel Kudi 0.500

3 6. Uttimate Limit States (LLS)
E16.2.2 Members Not Requiring Design Shear Reinforcement

Factor ko for calculation of the design value for shear resistance ko 0.180
Factor k 1 for calculation of the design value for shear resistance ks 0.150
Factor k2 for calculation of the design value for shear resistance 2] 0.035
[E16.2.3 Members Requiring Design Shear Reinforcement
Min Angle of Compression Strut S min 21801 [*
Max Angle of Compression Strut Bmax 45.000 | ©
Angle of Compression Strut
[ Reduction Factor for Concrete Cracked in Shear
Reduction Factor k 1 for Concrete Cracked in Shear k1 0.600
Reduction Factor k2 for Concrete Cracked in Shear 2 250.000
Factor for considering stress condition in compression chord oow 1.000
7. Serviceability Limit State (SLS) w
Note:
@] o] |7 OB |03 €] (el Cancel

Parameters of National Annex dialog box

In this dialog box, you can find all design-relevant coefficients specified in the National Annexes. They
are listed by the Eurocode's clause numbers.

If other specifications apply for partial safety factors, reduction factors, compression strut angles, etc.,
you can adjust the parameters. To do this, first click the [New] button to create a copy of the current
National Annex. In this user-defined Annex, you can then change the parameters.
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All (8) ~| g B2

LC  Load Cases (4)
CO Load Combinations {4)
€0 Load Combinations - Generated (4)
RC  Result Combinations {1}
RC  Result Combinations - Generated (1)
Load and Result Combinations (5)
Load and Result Combinations - Generated (5)
Permanent (1)
CO LS {STR/GEQ) - Permanent { transient - Eq. 6.10 (2)
RC LS (STR/GEQ]) - Permanent [ transient - Eg. 6.10 {0)
IEX3 Imposed - Category C: congregation areas (1)
=N Other (1)
SCh CO SLS - Characteristic {2)
SCh RC 5LS - Characteristic (1)
MM Imperfection (1)

Comment

Comment
Ultirmate limit state according to Britizh MA -

User-defined comment

In this text box, you can enter a user-defined note to describe the current design case, for example.

3.1.1 Ultimate Limit State

Ultimate Limit State  Serviceability Limit State  Details

Existing Load Cases / Combinations Selected for Design

RC1 | ULS (STR/GEO)- Perm | Persistent and Transie
EAE LC2 | Traffic load

&M LC3 Imperfection towards +Y
| 0o e’} Shrinkage

co1 1.35G + Imp

C02 | 1.35G = 1.5QiC = Imp
SCh CO3 |G+lmp >
SCh CO4 | G+GiC+Imp

SEn CO5 G+ Imp

SFrl CO6 G +0.7GiC + Imp

ScCh RC2 5L5 - Characteristic

SFF RC3  :5LS - Frequent | IS

[ w@ MIEIEE av | |83

Window 1.1 General Data, Ultimate Limit State tab

Existing Load Cases / Combinations

This column lists all load cases, load combinations, and result combinations that have been defined in

RFEM.

Click [# | to transfer selected entries into the Selected for Design list on the right. You can also
double-click the items to transfer them. To transfer the entire list to the right, click .

Selecting several load cases is possible by clicking them one by one while pressing the [Cirl] key, as is
common in Windows applications. This allows you to transfer several load cases at once.

If a load case is marked in red, like LC3 in Figure 3.6 @, it cannot be calculated: It indicates a load

case without load data or a load case containing imperfections. When you transfer it, a corresponding
warning appears.

Below the list, several filter options are available. They help you to assign the entries sorted by load
cases, load combinations, or action categories. The buttons have the following functions:

Selects all load cases in the list.
EE Inverts the selection of load cases.

Buttons in Ultimate Limit State tab

www.dlubal.com
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Selected for Design

The column on the right lists the load cases, load combinations, and result combinations selected for
the design. To remove selected items from the list, click [ 2 | or double-click the entries. To empty the

entire list, click .

You can assign the load cases, load combinations, and result combinations to the following design
situations:

= Persistent and Transient
= Accidental

This classification controls the partial safety factors yc and v according to EN 1992-1-1, Table 2.1
(see Figure 3.4 @ and Figure 3.44@).

You can change the design situation by using the list that you can access by clicking = at the end of the
input field.

Selected for Design

RCT | ULS (STR/GEO) - Pem
Persistent and Transient
Accidental

Assigning the design situation

Just like before, a multiple selection is possible by keeping the [Ctrl] key pressed, thus allowing you to
change several items at once.

The analysis of an enveloping max/min result combination is faster than the analysis of all load cases
and load combinations indiscriminately selected for the design. However, when analyzing a result

combination, it is difficult to discern the influence that the included actions have (see also chapter
4.1m).

3.1.2 Serviceability Limit State

The serviceability limit state design depends on the results of the ultimate limit state design. Therefore, it
is not possible to perform the serviceability limit state design alone.

Ultimate Limit State  Serviceability Limit State  Details

Existing Load Cases / Combinations Selected for Design
=l LC1 Self-weight 5Ch RC2 5LS - Characteristic Quasipemmanent
| i C o] Traffic load SEE RC3 SLS - Frequent Frequent

&M LC3 Imperfection towards +Y
| 0o e’} Shrinkage

co1 1.35G + Imp

COZ | 135G +15QiC = Imp s
SCh CO3 G+ Imp

SCh CO4 G +QiC + Imp

SEn CO5 G+ Imp -
SFrl CO6 |G +0.7GiC +Imp -
RC1  EULS (STR/GEQ) - Permanent / transient - Eq. 6. { | <

| All (11) v|[2s] [2a CAET

Options
Method of check: (®) Analytical... =
(O Nonlinear. ..

Window 1.1 General Data, Serviceability Limit State tab
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Existing Load Cases / Combinations

This section lists all load cases, load combinations, and result combinations that have been defined in
RFEM.

Normally, the actions and partial safety factors that are relevant for the serviceability limit state (SLS)
design are different from the ones for the ultimate limit state. The corresponding combinations can be
created in RFEM.

Selected for Design

Load cases, load combinations, and result combinations can be added or removed as described in
chapter 3.1.1 @,

For EN 1992-1-1, you can assign different limit values for the deflection to the individual load cases,
load combinations, and result combinations. The following design situations are available:

= Characteristic with direct load

= Characteristic with imposed deformation
= Frequent

= Quasi-permanent

You can change the design situation by using the list that can be accessed by clicking the =l button at
the end of the input field.

Selected for Design
SCh RC2 SLS - Characteristic Quasipemmanent

Frequers

Characteristic with direct load EMN 1550 £.5.3(2) a)
Ct istic with imposed defi ion EN 1990 6.5.3(2) a)
Frequent EN 1350 6.5.3(2) b)

EN 1390 6.5.3(2) c)

Assigning the design situation

With the [Details] button, you can access settings for the individual design situations (see chapter
4.1.2@).

Method of check

The two option buttons allow you to configure whether you want to perform the serviceability limit state
designs according fo the analytical or nonlinear method.

Both methods are described on the following pages.

| www.dlubal.com
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Method of check: (®) Analytical... &
(O Nonlinear. ..

3.1.2.1 Analytical method of check

The Analytical method is preset for the check. This method uses the equations given by the standards
for reinforced concrete. This method is described in chapter 2.6 @ of the manual.

Click the button to open a dialog box for checking and, if necessary, adjusting the design

parameters.

Settings for Analytical Method of Serviceability Limit State Design *

Method Classification Criterion
(®) By assuming an identical deformation ratio of the longitudinal []5et normal forces to zero and design the surface exdusively

reinforcement as a plate if the following is valid for all design points of this

surface:

(O By dassifying the structural element as a plate or wall and

using the flowchart from A 2.8(3) or A 2.9(2) according to

EMV 1992-1-1:1991 Nx Ny Ny

and and ——
b-h b-h b-h

By taking into account the deformation ratio of the

longitudinal reinforcement £ 2,90 5| [N/mmZ]
Design of []5et bending moments to zero and design the surface

exdusively as a wall if the following is valid for all design

Cracks points of this surface:
Concrete stresses
Steel stresses 6-mx and &-my 8 My
[ beflection with RF-CONCRETE Deflect b-h2 b-h2 b-h2

Consider: Creeping < 2.90 12| [N/mm2]

Shrinkage
Tension stiffening

Determination of Lengitudinal Reinforcement
[Increase the required longitudinal reinforcement

automatically for serviceability limit state design

Find the most economical reinforcement for crack )

width design

D| 0] |B Cancel

Settings for Analytical Method of Serviceability Limit State Design dialog box

Method

This dialog section allows you to control which strain ratio of the reinforcement directions is applied for
the serviceability limit state design.

With By assuming an identical deformation ratio of the longitudinal reinforcement, the program
assumes the same strain ratio of the provided reinforcement: All rebars are subjected to the same strain
in the individual reinforcement directions. This approach is a fast and exact procedure. The selection of
the compression strut inclination plays a significant role in this. This method is based on a purely
geometrical division (see chapter 2.6 B ). It is applicable if the provided reinforcement more or less
corresponds to the required reinforcement.

The By classifying the structural element as a plate or wall option provides a simplified solution that you
can use for a non-rotated, orthogonal reinforcement mesh: For each design point, the program checks
if the tensile stresses from axial forces or bending moments do not exceed a certain stress. The limit
value of the stress is defined in the Classification Criterion section. It is used to control whether the
surface is designed as a plate (axial forces are set to zero) or a wall (moments are set to zero).

By neglecting small internal force components, it is possible to use the flowchart from ENV 1992-1-1,
Annex A 2.8 or 2.9. The design internal forces correspond to the values shown in RFEM Table 4.16
(see RFEM manual, chapter 8.16).
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Should the classification criterion for a design point of the surface not be fulfilled, an error message will
appear during the calculation.

The By taking into account the deformation ratio of the longitudinal reinforcement option is only
enabled for 2D model types (see Figure 2.1 @). This method considers the effective strain ratios due to
the selected reinforcement and takes them into account for the serviceability limit state design.

Design of

In this dialog section, you can specify whether to analyze stresses and/or cracks in the design. You
must select at least one of the check boxes.

If you select Cracks, it is possible to check the minimum reinforcements as min, the limit diameters lim d,
the maximum crack spacings max si, and the crack widths wi. The settings for the individual checks can
be specified in window 1.3 Surfaces (see chapter 3.3 @).

The analysis of the stresses can be differentiated with regards to the Concrete stresses 6. and Steel
stresses Os.

Furthermore, it is possible to calculate the Deflection with RF-CONCRETE Deflect, taking creeping,
shrinkage, and tension sfiffening into account (see chapter 2.7 @). To do so, you need a license of the
add-on module RF-CONCRETE Deflect.

Determination of Longitudinal Reinforcement

The Increase the required longitudinal reinforcement automatically check box allows you to control if
the longitudinal reinforcement is to be dimensioned to fulfill the serviceability limit state designs. If this
check box is clear, only the specifications entered in the Longitudinal Reinforcement tab of window 1.4
(see chapter 3.4.3 @) are used: basic reinforcement, required reinforcement from ultimate limit state
design, or basic reinforcement with provided additional reinforcement.

Dimensioning the reinforcement for the serviceability limit state design occurs by increasing the
reinforcement iteratively. As the initial value for the iteration, the program uses the required ULS
reinforcement to resist the given characteristic load. The dimensioning of the reinforcement has no result
if the rebar spacing s| of the applied reinforcement reaches the rebar diameter dy. In this case, the
result windows indicate that the respective point cannot be designed.

In the design according to EN 1992-1-1, it is possible to Find the most economical reinforcement for
crack width design. Click the [Info] button to display information about this option (see Figure 3.113).
The Information dialog box describes when the check of crack width can be considered as being
fulfilled. Moreover, clause 7.2 of EN 1992-1-1 describes the conditions under which the stresses

should be limited.

This means that not all design ratios shown in window 3.1 have to be less than 1 in order for the
serviceability limit state design to be fulfilled!

Information *

The chedk of orack width according to 7.3
is considered to be fulfilled if it is perfformed

a) By direct calculation according to 7.3.4
or
b} Without direct calculation according to 7.3.3 by chedking
the minimum reinforcement As,min according to 7.3.2 and simultanecusly
- Limit diameter of reinforcement lim ds
or
- Maximum permissible member spacing of reinforcement lim 5.

The most economical reinforcement for oradk width limitation is found if
one of the above stated oriteria is fulfilled.

Note:

The direct limitation and the combinaticn of direct and indirect limitaticn of
the oradk width in both reinforcement directions g1 and g2 include also

a direct limitation in resulting direction wkres. The indirect limitation in both
reinforcement directions g1 and g2 does not include the direct limitation in
the resulting direction.

Information dialog box for determining the most economical reinforcement

www.dlubal.com
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Dimensioning the reinforcement with regards to the concrete and steel stress, the limit diameter, and the
maximum bar spacing is done separately for each reinforcement direction. However, if the resulting
crack width wy res is governing to fulfill the crack width check, the reinforcement amount is increased
equally for each direction.

Check criteria that do not have to be fulfilled for economical reasons are indicated by message 236)
in the result windows of the serviceability check: "The check of the reinforcing layers does not need to
be fulfilled for economical reasons". The check of crack width that is governing for the most
economical reinforcement is marked by message 235): "The check restricts increase of reinforcement
for economical reasons". This message applies to the designs for lim ds, lim s, and wi, but not for as min.

If the Find the most economical reinforcement for crack width design check box is selected, you cannot
specify a user-defined additional reinforcement for the SLS design in the Longitudinal Reinforcement tab
of window 1.4 Reinforcement.

Classification Criterion

This dialog section (see Figure 3.10 @) is only available for 3D model types. The check boxes allow
you to control if small normal forces and/or bending moments may be neglected in order to design
surfaces as pure plates (upper box selected) or walls (lower box selected) in an idealized way. As the
limit value, the mean value of the axial tensile strength fom is respectively preset with 2.9 N/mm? of
concrete C30/37: Itis assumed that the tensile strength of concrete compensates for a crack formation
due to minor tensile stresses, which is why they can be neglected.

If you have selected the classification as a plate or wall in the Method dialog section, you have to
select at least one of the two check boxes.

[ 142 |
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Method of check: ) Analytical ..

@ Monlinear...

3.1.2.2 Nonlinear method of check

In order to perform a design according to the Nonlinear method, a license of the RF-CONCRETE NL

add-on module is required. This method is described in chapter 2.8 @. The program performs a

physical and geometrical nonlinear calculation.

The nonlinear design method acts on the assumption of an interaction between model and loading,

requiring a clear distribution of internal forces. Therefore, only load cases and load combinations can

be analyzed, but result combinations (RC) cannot. In a result combination, two values are available for

each FE node — maximum and minimum.

The internal forces for the nonlinear design are generally determined according to the second-order

analysis.

Click the [E] button to open a dialog box for checking and, if necessary, adjusting the design

parameters. This dialog box is divided into the Options and Material Properties tabs.

Options

Settings for Monlinear Calculation

Options  Material Properties

Options Settings for teration Process
Design of: Maximum number of iterations per load _
Deformation increment: 200 = |32,
Crack widths Mumber of layers in a finite =
M element: 10 <
[ Conerete stresses
Damping of stiffness change within one
Steel stresses iteration step: 0 %]
Consider:
Creeping
Shrinkage a
Export of Nonlinear Stiffness
[]5ave the nonlinear stiffness of the defined design
load(s) for use in RFEM

Individual

Consistent for reference load:

IEMR.C2 - 55 - Characteristic
?| B Cancel

Settings for Nonlinear Calculation dialog box, Options tab
.
Options

This dialog section allows you to control which serviceability limit state designs you want to carry out:
deformation, crack widths, as well as concrete and steel stresses. You must select at least one of the

four check boxes.

You can also decide if the influence of creeping and shrinkage should be considered in the nonlinear

calculation.

Detailed settings for the individual checks as well as for creep and shrinkage are specified in window

1.3 Surfaces (see chapter 3.3.2@).

www.dlubal.com
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Export of Nonlinear Stiffness

The Save the nonlinear stiffness check box allows you to control if the nonlinearly determined stiffnesses
are also available for a calculation in RFEM.

The stiffnesses can by exported Individually for each designed load case. In the Load Cases and
Combinations dialog box of RFEM, you can then assign the according stiffness from RE-CONCRETE
Surfaces to each of these load cases. RFEM allocates the load cases automatically. If you select
Consistent for reference load, specify the governing load case in the drop-down list below. In RFEM,
you can then assign the stiffness that results from these loads to all load cases that are defined.

The consideration of nonlinear stiffnesses in RFEM is described in chapter 7.3.1.3 of the RFEM manual.

Settings for lteration Process

The settings in this dialog section influence the process of the nonlinear design method. You can find
more information in chapter 2.8.2.4 @

When modifying the precision of iterations, make sure that the Maximum number of iterations is higher
than the point in the calculation process from which the deformation criterion is additionally taken into
account. Click the [Details] button to open the Calculation Parameters dialog box of RFEM. In it, you
can adjust the precision of the convergence criteria for the nonlinear calculation.

In the nonlinear calculation, the surface is divided into so-called layers (see chapter 2.8.2.1 @). The
recommended number of layers is 10.

Furthermore, you can influence the convergence behavior with Damping: Damping controls the
magnitude of the stiffness change in the subsequent calculation steps. For example, if you specify a
damping of 50 %, the change of the stiffness between step 2 and 3 can at most be 50 % of the
stiffness change between step 1 and step 2.

Material Properties

. ~
Settings for Nenlinear Calculation &J

M aterial Properties

Material Properties of Reinforcing Steel Material Properties of Concrete

The mean steg! s_trengths uzed in the_ calculation are based Stress-ghrain diagram for concrete in compression:
on thx=T Probablll_stlc: Model Code published by the JCSS ® Parabolic
technical committee.
() Parabolic-rectangular
Use steel strengths up to ultimate tensile strengths
Stress-ghrain diagram for concrete in tenzsion:
1 without tension strength
() Linear tenzion behavior

1 Acc. to CEB-FIP Model Code [uncracked

concrete]
@ Tension-stiffening with concrete (residual tensile strength =
[Quast Method]
far Gs=0MPa

,arctan E¢
\l

Ecrr~1.1074

Ok ] [ Cancel

Settings for Nonlinear Calculation dialog box, Material Properties tab
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Material Properties of Reinforcing Steel

The check box allows you to control if the calculation in the plastic zone of the reinforcing steel's stress-

strain diagram is carried out with a rising or a horizontal graph (see chapter 2.8.3.4 @).

Material Properties of Concrete

In this dialog section, you can specify the stress-strain relations of the concrete in compression and in
tension. A parabolic diagram for compression and tension stiffening for concrete tensile stresses is

preset.

For Tension stiffening (consideration of the stiffening effect of concrete in the tension zone), you can
specify the parameters used to apply the concrete tensile strength between the cracks in a separate

dialog box. To open it, click the [Edit] button.

Effective Tensile Strength

Adjustment factor for
tensile strength fet,R: 0805 |x fetm

Reduction Parameter VMB Stress-Strain Disgram in Tension

VME o [Without Reduction of Parameter VMB)

1.00

>
0.0001 0.00275 0.0001

Tension-5tiffening with Concrete Tensile Strength @
Material Concrete - Calculation Parameters
Material Standard | Factorv | Exponent | Exponent
No. Concrete Strength Class Values |fe/fetR | nPR NVME
1 Concrete C30/37 2184 2m 1.00
I Concrete C35/45 O ] 2240 1.87 1.00

Tension-Stiffening with Concrete Tensile Strength dialog box

Modifications of the parameters are immediately displayed graphically in the diagrams.

The approach of Tension Stiffening is described in chapter 2.8.3.3 @.

www.dlubal.com
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3.1.3 Details

This tab appears when load cases have been selected for the serviceability limit state design and the
standard EN 1992-1-1 is set.

[ Uitimate Limit State | Serviceabilty Limit State | Detais |

Detailz for Serviceability
A B C

Load Case / Combination Pemanent Factor
No. Description Load ket
(IS Scff-weight and superstructure - abutment | 0.400
LC3 | Active earth pressure, earth load, load on road ] 0.600
LC4 | Earth pressure/load from traffic, locomotive - abut ] 0.600
LC5 | Earth pressure/load from traffic, locomotive - bridg ] 0.600
LCY | Mosing force, abutment wall (west) ] 0.600
LCB | Mosing force, abutment wall (east) ] 0.600
LC20 | Seff-weight of superstructure ] 0.600
LC21 | Full load, locomotive - abutment ] 0.600
LC22 | Full load, locomotive - bridge ] 0.600
LC23 | Wind from west ] 0.600
LC24 | Wind from east ] 0.600
LC25 | Nosing force in +Y a 0.600
LC26 | Nosing force in -Y ] 0.600
LC27 | Displacement resistance in +X a 0.600
LC28 | Displacement resistance in -X ] 0.600
LC29 | Bearings replacement ] 0.600
RC13 | Stability 0.338

Window 1.1 General Data, Details tab

In the crack width design, the program calculates the differences in the mean strains of concrete and
reinforcing steel (see chapter 2.6.4.12 @ ). According to EN 1992-1-1, 7.3.4 (2), Eq. (7.9), the load
duration factor ks must be specified for this.

Load Case / Combination Description

This column lists all load cases, load combinations, and result combinations that have been selected for
design in the Serviceability Limit State tab. For load and result combinations, the included load cases
are shown as well.

Permanent Load

This column indicates the load cases that are to be applied as permanent loads. If an entry is marked
(selected check box), the factor k; is automatically set to 0.4 in the next column.

Factor k;
The load duration factor k; is used to consider the load duration. The factor ki is 0.4 for long-term load

actions and 0.6 for shortterm actions.

For load and result combinations, the mean is formed from the k; values of the load cases contained in

the CO or RC.

F900)- K, L0)

k, =

égi (LC)
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3.2

Concrete Strength Class
Concrete C30/37 .

Concrete C16/20
Concrete C20/25
Concrete C25/30 =
Concrete C35/45
Concrete C40/50
Concrete C45/55
Concrete C50/60

Concrete C12/15 -

Concrete C55/67 -

Materials

The window is divided into two parts. The upper section lists the concrete classes and steel grades
relevant for the design. All materials of the concrete category used for surfaces in RFEM are preset. In
the Material Properties section, the properties of the current material, i.e. the material whose table row
is selected in the upper section, are displayed.

1.2 Materials
A =
Material Material Description
Mo. Concrete Strength Class Reirforcing Steel Comment
I Concrete C30/37 -] B 5005 (&)
3 | Concrete C40/50 B 500 5 (A)

Material Properties

Concrete Cad/37

Characteristic Cylinder Compressive Strength
5 % Fractile of Axial Tensile Strength
[ Characteristic for Nonlinear Calculations
Mean Secant Modulus of Elasticity
Mean Cylinder Compressive Strength
Mean Axial Tensile Strength
Ultimate Strain for Pure Compression
Uttimate: Strain at Failure
Shear Modulus
Poisson’s Ratio
[E Characteristic Strains for Parabolic-Rectangular Diagram

Ultimate Strain for Pure Compression
Uttimate: Strain at Failure
Parabola Exponent

Specific Weight

= Reinforcing Steel: B 500 5 (4)

Modulus of Elasticity

Yield Stress Mean Value

Characteristic Yield Stress

Tensile Strength Mean Value

Characteristic Tensile Strength

Limiting Strain

Window 1.2 Materials

Fex
Fotk0.05

Fem
Fetm

Es
Fym
Fyke
Fim
Fic

30.00
200

33000.00
38.00
250
-2.200
-3.500
13750.00
0.200

-2.000
-3.500
2000
2500

200000.00
550.00
500.00
55125
52500
25.000

kN/m3

N/mmZ2
N/mmZ2
N/mm?2
N/mm?2
N/mm?2
Fe

cConcrete stress-strain curve for
section design

Ecy Ecau

Reinforcement stress-strain curve for
section design

fekecal

feiecal /s

The table only lists materials that are used in the design. Invalid materials are highlighted in red,

modified materials appear blue in color.

Chapter 4.3 of the RFEM manual describes the material properties used for determining the internal
forces. The properties of the materials needed for the design are stored in the global material library as
well. These values are preset for the Concrete Strength Class and the Reinforcing Steel.

To adjust the units and decimal places of the properties and stresses, select Settings — Units and

Decimal Places in the menu (see chapter 8.2 @).

Material Description

Concrete Strength Class

The concrete materials used in RFEM are preset; materials that are not relevant are hidden. The
sfrengfh class can be modified at any time: click the material in column A, which activates the field.
Then, click the =l button or press the [F7] key to open the list of the strength classes.

The list contains only strength classes that correspond to the design concept of the selected standard.

After the transfer, the design-relevant Material Properties are updated.

As a matter of principle, the material properties cannot be edited in RF-CONCRETE Surfaces.
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Reinforcing Steel

|B500S (A)

B 550 5 (A)
B 550 M ()
B 550 5 (B)
B 550 M (B)

B 500 5 (A)

B 500 M (A)
B 5005 (B)
B 500 M (B)
B 5005 (C)
B 500 M (C)

A

Reinforcing Steel

In this column, the program presets a steel grade that corresponds to the design concept of the

selected standard.

As with the concrete strength class, you can select a different reinforcing steel in the drop-down list:
Click the material in column B to activate the field. Then, click the I button or press the [F7] key to
open the list of the reinforcing steels.

As with the concrete strength classes, the list only contains steel grades that are relevant for the

selected standard.

After the transfer, the Material Properties are updated.

Material Library

Many materials are stored in a database. To open the [Library], click the button shown on the left,
which is available for the concrete strength classes and reinforcing steels at the end of the column.

-

Material Library

Fitter
Material category group:

M Concrate

Material category:

[ Concrate

Standard group:
BEEN

Standard:
B EN 1952-1-1:2004/4C: 201

Include invalid... =

]

Favorites only...

Material Properties
E Main Properties

Material to Select

M aterial Description
[ Concrete C12415
[ Conerete C16/20
[ Conerete C20/25
[ Conerete C25/30

[ Concrete C35/45
[ Conerete C40/50
[ Concrete C45/55
[ Conerete C50/60
[ Concrete C55/67
[ Concrete CBO/7S
[ Conerete C70/85
[ Concrete C80/95
[ Concrete C304105

Standard

B EM 1992-1-1:2004/AC:2010
B EM 1992-1-1:2004/AC:2010
B EM 1992-1-1:2004/AC:2010
B EM 1992-1-1:2004/AC:2010

Concrete C30/37

I EN 1992-1-1:2004/4C:2010
I EN 1992-1-1:2004/4C:2010
I EN 1992-1-1:2004/4C:2010
B EN 1932-1-1:200444C:2010
I EN 1992-1-1:2004/4C:2010
I EN 1992-1-1:2004/4C:2010
I EN 1992-1-1:2004/4C:2010
I EN 1992-1-1:2004/4C:2010 ™
I EN 1992-1-1:2004/4C:2010

kN/em2
kN/em2

kN/m?
1/K

leN/em2

EN 1992-1-1:2004/AC:2010

m

®

-

m

3.70 | kN/cm2
3.80 | kN/cm2
0.29 | kN/cm?2
0.20 | kN/cm2
0.38 | kN/cm2
3300.00 | kNsfem2

Modulus of Blasticity E
Shear Modulus G
Poisson’s Ratio v
Specific Weight T
Coeflicient of Thermal Expansion o

[ Additional Properties
C istic Cylinder Ci Strength Fok
Characteristic Cube Compressive Strength Feuk
Mean Cylinder Compressive Strength fem
Mean Axial Tensile Strength Fotm
5% Fractile of Awxial Tensile Strength Fetk0.08
95% Fractile of fxial Tensile Strength Fetic0.98
Mean Secant Modulus of Elasticity Ecm
Uttimate Strain for Pure Compression £c1
Uttimate: Strain at Failure Eclu
Parabola Exponent n
Uttimate Strain for Pure Compression &2

Ok

] [ Cancel

Material Library dialog box

In the Filter section, the standard-relevant materials are set as a preselection, thus excluding all other
categories or standards. You can select the desired concrete strength class or steel grade from the
Material to Select list; the properties can be reviewed in the lower section.

Click [OK] or press [ ] to transfer the selected material to window 1.2 of RE-CONCRETE Surfaces.

Chapter 4.3 of the RFEM manual describes how to filter, add, or reorganize materials.

[ 150 ]

www.dlubal.com



n Input Data RF-CONCRETE Surfaces - Manual

3.3 Surfaces

This window manages the surfaces that are relevant for the design.

The makeup of the window depends on the settings in window 1.1 General Data: If you only design
the ultimate limit state, the table merely lists the surfaces with their thicknesses. If you have selected load
cases for the serviceability limit state design (see Figure 3.8 @), you can enter specific seftings here.
They differ depending on the selected method of check.

The buttons have the following functions:

Button Function

Only shows surfaces assigned to a reinforcement group in window 1.4
Reinforcement (see chapter 3.4 @)

Allows you to go to the RFEM work window to change the view

Allows you to select a surface in the RFEM work window

Buttons in window 1.3 Surfaces

3.3.1 Analytical Method

Method of check: @ Analytical... |F The analytical method for the serviceability limit state design is described in detail in chapter 2.6 @.

(O Nonlinear. ..
If you use RF-CONCRETE Deflect, this window provides additional tabs and columns. They are
described in chapter 3.3.2 @ Nonlinear Method.

1.3 Surfaces
B [ ¢ [ b [ E ] F [ G | H T R L
Surface | Material Thickness Gomax | foteffwk | foteff As,min | Wiz (top) | Wi+ (bottom) Effects due to Restrai
No No Type dfom] | [NAmm2] | [N/mm2] | [NAmm?] [mm] [mm] Apply ke[l | MNotes Comment
[T Constant 2000 -12.00 350 3.50 0.300 0.300 var.| 6) |csiingsiab
2 1 Constant 2000, 1350 290 230 0.300 0.300 var.| 6)
3 1 Constant 2000 -13.50 250 250 0.300 0.300 var. 6)
4 1 Constant 2000 -13.50 250 2590 0.300 0.300 Var. 6) rear wall
5 1 Constant 2000 -1350 250 250 0.300 0.300 var.| 6) shell
v ®|%
Settings for the check of serviceability limit state - Surface No. 1-3
Stress Check  Limit of Crack Widths
Design of Crack Width Control Minimum Reinforcement for Effects Due to Restraint
Limit value of allowable crack width wi max As,min for effects due to restraint
O limit values ace. to 7.3.1(5) Stress distribution within the section prior to cracking
®) User-defined | Depending on the defined load ]
Wiz {top) © 0.300 (% [mm] a Direction of reinforcement due to restraint =
W2 [battom) - 9.300 5 fmer] [ crack formation in the first 28 days
Design without direct crack width calculation acc. to 7.3.3 =
Calculation of limit diameter lim ds o
Caloulation of maximum member spacing lim si
Design with direct crack width calculation acc. to 7.3.4
Use upper bound for sr, max acc. Eq. (7.14)
Effective concrete tensile strength at time of cracking — for eff wk = 1000 F5 * form
Setinput for surface No.:
[13 [[% Owm o 0] [0

Window 1.3 Surfaces for analytical check method, Limit of Crack Widths tab
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Material No.

The numbers of the materials are displayed according to window 1.2 Materials for each surface.

Thickness

Type

You can design constant and linearly variable thickness types. For orthotropic properties, the designs
are limited to the ultimate limit state.

d

This column shows the surface thicknesses defined RFEM. The values can be changed for the design.

If the surface thicknesses are modified, the internal forces of RFEM, which result from the stiffnesses of
the RFEM surface thicknesses, are used for the design. In a statically indeterminate system, the surface
thicknesses modified in RF-CONCRETE Surfaces must also be adjusted in RFEM: In this way, the
distribution of internal forces is correctly considered in the design.

The other column descriptions depend on the settings in the tabs below. These tabs can be controlled
in the Settings dialog box (see Figure 3.10 @) where you can specify whether you want to design
stresses and/or cracks.

The values in the columns are taken from the entries in the tabs below. These specifications apply to all
surfaces by default. It is also possible to only assign the current settings to specific surfaces: Clear the
All check box. Then, enter the numbers of the relevant surfaces or select them graphically in the RFEM
work window with %] . With [#] you assign the current settings to these surfaces. However, the
assignment is only applicable for the active tab, for example Stress Check.

The following two parameters need to be defined in the Stress Check tab (see Figure 3.19 @).

Oc,max

This column shows the value of the maximum (negative) concrete stress for limiting the concrete
compressive stresses (see chapter 2.6.4.7 B ). According to EN 1992-1-1, the following applies to

= quasi-permanent action combinations, if serviceability, ultimate limit state, or durability are
considerably affected by creeping:

6. £0.45 - fe 7.2 (3)

= rare (= characteristic) action combinations in exposure classes XD 1 to XD3, XF1 to XF4, XS1 to XS3:

6c <0.60 - o 7.2 (2)

Os, max

This value represents the maximum reinforcing steel stress for limiting the reinforcement's tensile stresses
(see chapter 2.6.4.8 @ ). According to EN 1992-1-1, the following applies to

= rare action combinations:

o, <0.80 - i 7.2 (5)

= pure effects due to restraint:

6, < 1.00 - 7.2 (5)

The remaining parameters have to be defined in the Limit of Crack Widths tab (see Figure 3.18 @).
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fet,eff, wi

The value of the effective concrete tensile strength is required for the check of crack width according to
EN 1992-1-1, clause 7.3.4 (see chapter 2.6.4.12 @).

fct,eff,As,min

This column manages the concrete's effective tensile strength that is to be applied for the determination
of the minimum reinforcement to resist restraint according to EN 1992-1-1, clause 7.3.2 (see chapter
2.6.4.9 @). The concrete tensile strength depends on the time of the initial crack formation.

Wk,-z (top) / Wk, +z (bottom)

These parameters are the allowable crack widths at the top and bottom sides of the surfaces (see
chapter 2.6.4.12@).

Effects due to Restraint

If there are effects due to restraint, they must be considered when determining the minimum
reinforcement for limiting the crack width (see chapter 2.6.4.9 @).

In the Limit of Crack Widths tab, you can use the [Edit] button to specify the minimum reinforcement to
resist effects due to restraint (see Figure 2.97 @).

Apply

In column | or with the check box in the Limitation of Crack Widths tab, you can configure if there are
effects due to restraint.

Type

In the Limitation of Crack Widths tab, you can specify whether there are internal or external effects due
to restraint. This influences the factor k for considering nonlinearly distributed concrete tensile stresses
(see Equation 2.71 @).

ke

This factor takes account of the stress distribution in the tension zone (see Equation 2.71 @).

Notes

This column shows remarks in the form of footnotes described in detail in the status bar.

Comment

These input fields can be used to enter user-defined comments.
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.
3.3.2 Nonlinear Method
Method of check: () Analical.. Performing a design according to the Nonlinear method requires a license of the add-on module
© Nonlinear... RF-CONCRETE NL. This method for the serviceability limit state design is described in detail in chapter
28m@.
1.3 Surfaces
B = D E [ F & [ H | T N | L
Surface | Material Thickness Creep Cocfficient| Shrinkage Uzmax | Wk.z top) | Wiz (bottom} | Gemax | Osmax
Mo. No Type d [mm] o[ gcs [] [mm] [mm) [mm) [MNmmZ] | [N/mm2] | Notes Comment
Constant 200.0 191530 0.00036 14000 0300 0300 1300 400.00 ceiling slab
2 1 Constant 200.0 241855 -0.00038 24.000 0.300 0.300 -1350 | 400.00
3 1 Constant 2000 241855 -0.00038 16.000 0.300 0.300 -1350 | 400.00
4 1 Constant 2000 241855 -0.00038 16.000 0.300 0.300 -13.50 |  400.00 rear wall
5 1 Constant 200.0 2.41855 -0.00038 16.000 0.300 0.300 -1350 | 400.00 shell
v @[S
Settings for the check of serviceabilty limit state - Surface No. 1-3
Creeping Shrinkage Deformation Analysie  Crack Width Control  Stress Check
Limitation of Concrete Compressive Stress Limitation of Steel Stress
Limitation type: Limitation type:
(@] According the design situation with k 1%f e and ka*fk Q According the design situation with k3*f.k and k4*fyk
acc. to EN 1992-1-1, NDP(7.2) acc. to EN 1992-1-1, NDP(7.2)
® o=k o 0.45 [& ® o fyk w: 0.80 (5
To,manx -18.00 N/imm*2 Tz,max 400.00 Nimm"2
Setinput for surface No.:
[13 % Owm ¥ 0B e

Window 1.3 Surfaces for nonlinear check method, Stress Check tab

The following columns are described in the previous chapter 3.3.1 @

Material

Thickness

" Wk, z{top) / Wk +z(bottom)
" GOc,max

" Os,max

\ For orthotropic surfaces, no serviceability limit state design according to the nonlinear method is
¢ possible.

The values in the columns D through J are controlled in the tabs below. The settings specified in them
are applied to all surfaces by default. It is also possible to only assign the current settings to specific
surfaces: Clear the All check box. Then, enter the numbers of the relevant surfaces or use to select
them graphically. With you can assign the current settings to these surfaces.

The assignment is only applicable for the active tab, for example Stress Check.

Creep Coefficient ¢

The parameters for creep must be defined in the Creeping tab (see Figure 2.144 @). Based on these
conditions, the program determines the creep coefficient ¢. For the effective component thickness ho,
the program applies the surface thickness d.

Determining the creep coefficient is described in chapter 2.8.4.1 3.
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Shrinkage &

This column shows the shrinkage strain. The relevant parameters are defined in the Shrinkage tab (see
Figure 2.147 @). Based on these conditions, the program determines the shrinkage strain &c,. For the
effective component thickness ho, the program applies the surface thickness d.

Determining the shrinkage strain is described in chapter 2.8.4.2 @. If you do not wish to apply any
shrinkage strain to a surface, set a user-defined shrinkage strain of zero in the Shrinkage tab and then
assign it to the surface.

For pure plates that are defined as the model type 2D - XY (uz/¢x/®y), shrinkage cannot be
considered: There are only degrees of freedom for bending.
Uz, max

This value represents the maximum allowable deformation that must be observed in the design of the
serviceability limit state. The design criteria are defined in the Deformation Analysis tab.

1.3 Surfaces
B [ ¢ | D [ E [ F [ 6 [ W | 1 [ 4 [ K | L

Surface | Material Thickness Creep Coefficient| Shrinkage | uzmax | Wk (tep) | Whz (bottom) | Ocmin Ts,max

No. No. Type d [mm] e[ eos [ [mm] [mm] [mm] [N/mmZ] | [N/mmZ] | Motes Comment
[ 1 ] Constant 200.0 1.91590 -0.00036 14.000 0.300 0.300 -18.00 400.00 Ceiling slab

2 1 Constant 2000 241855 |  -0.00038 24.000 0.300 0.300 -13.50 400.00

3 1 Constant 2000 241855 -0.00038 16.000 0.300 0.300 -1350 400.00

4 1 Constant 2000 241855 -0.00038 16.000 0.300 0.300 -1350 400.00 Rear wall

5 1 Constant 2000 241855 -0.00038 16.000 0.300 0.300 -1350 400.00 Shell

Settings for the check of serviceability limit state - Surface Mo. 1-3

Cresping | Shrinkage | Deformation Analysis | Crack Wwidth Control I Stress Check

Check Criteria
Limit Related to
@ Minirum bordsr line @ Undeformed systern

uzmax: Lmin{ 2505 () Displaced parallel surface at point of minimal node

defarmation

() Maxirum border line () Deformed user-defined reference plane 4

Uzmax: Lmax#
() User-defined relative

Uzmax: Ldet ! : Ldet: [m] Y
() User-defined absolute

Uz.max TR0 | [mm]
Set inputs for suface No:
=

' (&] D V] (08 (0E)

Window 1.3 Surfaces, Deformation Analysis tab

Limit

The serviceability for "common structures", for example according to EN 1992-1-1, clause 7.4, is
ensured if the deflection in the quasi-permanent action combination does not exceed the following limit
values.

Common case: _ -

Hema = 250
Structural elements for which excessive £ s
deformations can result in subsequent damages: U, max = 500
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The Minimum border line, Maximum border line, and User-defined relative options determine which
effective length left is applied. For the two border line options, the program applies the smallest or
largest border line of the respective surface.

Minimurm

. Border Line L, —.
|
N4 I\\ >4 L
\Maximum
Border Line L,

m Maximum and minimum border line for determining uzmax

When you choose the User-defined relative option, you can enter the length directly or select it
graphically between any two points in the RFEM model with . In addition, you must define a
divisor by which the lengths are divided for all three options.

It is also possible to specify the allowable maximum deformation uzmax as User-defined absolute.

Related to

The deformation design criterion uses the deflection of a surface — the vertical deformation relative to
the straight line connecting the points of support. The Deformation Analysis tab (see Figure 3.20 @)
provides three options for calculating the local deformation vy jocal applied in the design.

+ Undeformed system: The deformation is related to the initial structure.

+ Displaced parallel surface: This option is recommended for an elastic support of the
surface. The deformation uzjocal is related to a virtual
reference surface that is displaced parallel to the undeformed
system. The displacement vector of the reference surface is as
long as the minimal nodal deformation within the surface.

Displaced Parallel Surface
at Point of Minimum 4~ Undeformed Surface
Mode Deformation / J
'_F-!f{- - Yy wrin
u:.n'lu_
uI!TIEﬂ' e

Yy rrax fi=n

Deformed Surfane—/

m Displaced parallel surface (displacement vector: minimal nodal deformation vz min)

[ 156 ]

www.dlubal.com



n Input Data ¥ RF-CONCRETE Surfaces - Manual

+ Deformed reference plane: If the support deformations of a surface differ considerably
from each other, you can define an inclined reference plane
for the deformation ujocal that is to be designed. This plane
must be defined by three points of the undeformed system.
The program determines the deformation of the three
definition points, places the reference plane in these displaced
points, and then calculates the local deformation uz ocal-

Paint 1
of User-Defined Paint 2 Paint 3
Reference Plans f User-Defined
Undeformed Surface of User-Defined 7
- X Reference Flane REfEI'EI'IGE:“SI‘IE
§

4

\— Deformed

L' Deﬁ Ed \_UIM,HEH
sEr- n
Reference Plana Deformed Surface

m Displaced user-defined reference plane
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3.4

—_ =
=] (] &
A4

Reinforcement

This window consists of five tabs where all settings for the reinforcement are specified. Since the
surfaces to be designed often require different specifications, you can define so-called "reinforcement
groups" in each RF-CONCRETE Surfaces case. Each reinforcement group manages the reinforcement
parameters that apply to particular surfaces.

C&1 - Reinforced concrete desi + | 1.4 Reinforcement

Input Data

Reinforcement Group Applied to

General Data

M aterials Mo, D escription; Surfaces:
Surfaces 3 +| Floorsiab | . ..% i 5 [

= Reinforcement E

1 - Ceilings -

L2 walls Fieinforcement Fiatios | Reinforcement Lapout | Longitudinal Feinforcement | BS EN 199211 | Design Method

= 3 - Floor slab Seftings

Minirum secondary
reinforcement; 200001 [%]

Basic minimum
reinforcement; 0,000 [%]

Mirimum tersion -
reinfarcement 0005 %]

Mikirun compression

reinforcement: 000 [%]

Maximum reinforcement
percentage: 40015 [%]

Mirirnum shear reinfor-
cement percentage: 0,000 [%]

Window 1.4 Reinforcement with three reinforcement groups

Reinforcement Group

To create a new reinforcement group, click the button in the Reinforcement Group section. The
number is automatically assigned. A user-defined Description helps you to overlook all reinforcement
groups available in the design case.

To select the desired reinforcement group, use the No. list or click the entries in the navigator.

With the [%] button, you can remove the selected reinforcement group from the design case without
any further warning. Surfaces that were contained in such a reinforcement group are therefore not
designed. To design them, they must be assigned to a new or existing reinforcement group.

Applied to Surfaces

This section allows you to specify the surfaces that the parameters of the current reinforcement group
apply to. By default, All surfaces are preset. If the corresponding check box is selected, you cannot
create another reinforcement group because a surface cannot be designed according to different rules
(this is only possible in "design cases", see chapter 8.1 B ). The All check box must therefore be
cleared to use several reinforcement groups.

In the input field, you can enter the numbers of the surfaces that the reinforcement parameters in the
tabs below apply to; you can also select them graphically in the RFEM work window with . Only

surface numbers that have not yet been assigned to other reinforcement groups can be entered in the
input field.
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3.4.1 Reinforcement Ratios

Reinforcement R atios | Reinforcement Layout I Longitudinal Reinforcement | BS EN 1992-1-1 | Design Method

Settings

Minimum secondary
reinfarcement: 2000 [%]

Basic minimum
reinfarcement: 0.00- [%]

Minimurn tension -
reinforcement: 0,00 [%]

Minimum compression

reinforcement: 0.00+
I awirum reinforcement -
percentage: 4001 [%]

Minirum shear reinfor- -
cement percentage: 0.00- [%]

Window 1.4 Reinforcement, Reinforcement Ratios tab

In this tab, you can define the minimum and maximum reinforcements in percentages. The Minimum
secondary reinforcement refers to the largest longitudinal reinforcement to be applied. All additional
reinforcement ratios refer to the cross-sectional area of a surface stripe with a width of 1 meter.

Examples for minimum and maximum reinforcements can be found in chapter 2.3.7 @, chapter
2.4.5®, and chapter 2.5.8 3.
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3.4.2 Reinforcement Layout

Reinforcement Ratios | Reinforcement Lavout | |ongitudinal Reinforcement I BS EM 1992-1-1 | Design Method

Number of Reinforcement Directions Refer Concrete Cover to
Top[-z2]: 2 (@ Centroid of reinforcement
Bottom [+2] : 2 (0 Edge

Concrete Cover for Reinforcement

[7] Accarding to Standard... =

Basic Reinforcement Additional Reinforcement

d1 dz di dz
Topl2): 3405 41.01 [mm] 3005 40,0 [mm]
Eattom [+z] : 3405 1.0 [mm] 300 4000 [mm]

Reinforcement Directions Related to Local Axis x of FE-Element for Results

] 9z
Tap[2): 0.0004% 30.000% 11
Battam [+2): 0.0004% 30.000% ]

Window 1.4 Reinforcement, Reinforcement Layout tab

This tab manages the geometric specifications for the reinforcement.

Number of Reinforcement Directions

The reinforcement mesh can be defined with two or three reinforcement directions for each surface
2 ;

side.
3

For serviceability limit state designs, only a reinforcement mesh with two directions is allowed.

The definition of the "top" and "bottom" surface side is described below in the Concrete Cover for
Reinforcement section.

Refer Concrete Cover to

You can refer the concrete covers that you can specify in the Concrete Cover for Reinforcement section
to the reinforcement's Centroid or Edge distance.

] —
Centroid Edge

Reference of concrete cover

When you select the Edge option in a pure ultimate limit state design, you have to specify the Bar
diameter D.
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alj& Colors in Graphics According to
..... O standard

..... Ol Material

..... O Cross-Section

..... O Member Type

..... O Member Hinge

..... O Surface Type - Geometry
..... O Surface Type - Stiffness
..... O Surface Thickness

..... V- surtace S

..... O Solid Type

..... O Visibility

Concrete Cover for Reinforcement

You need to specify the concrete covers of the Basic Reinforcement and, if necessary, the Additional
Reinforcement for both sides of the surface. The dimensions represent either the centroids d of the
individual layers or the reinforcements' edge distances cnom in the direction @1. The reinforcement
directions must be defined in the dialog section below.

The "top" and the "bottom" surface side is defined as follows: The bottom surface is defined in the
direction of the positive local surface axis z, the top surface accordingly in the direction of the negative
local z-axis.

The RFEM graphic shows the xyz coordinate systems of the surfaces once you move the pointer across
a surface. You can also use the shortcut menu of a surface (by right-<clicking it) to display or hide the
axes.

Edit Surface...

Delete Surface

FE Mesh Refinement 3

Extrude 3

Reverse Local Axis System

Split Surface...
2 | Centroid and Info...

Move/Copy...
™ | Rotate...

Mirrar...

Local Axis Systems on/off L\\,
\ A . Display Properties...
. %
o / Visibility by Selected Objects

T Visibility by Hiding Selected Objects

RFEM shortcut menu of a surface

To display the surface sides in different colors, select Colors in Graphics According to — +/- z Surface
Side in the Display navigator (see figure on the left).

You can change the orientation of the local z-axis of a surface by using the Reverse Local Axis System
option in the shortcut menu (see Figure 3.28 @ ). This way you can, for example, unify the orientation of
walls in order to unambiguously assign the top and bottom reinforcement sides for vertical surfaces.

The model types "wall" - 2D - XZ (ux/uz/@v) or "diaphragm" - 2D - XY (ux/uy/9z) are models that are
exclusively subjected to compression or tension in the component plane. In such a case, it is not
possible to create different reinforcement meshes for each surface side so that the input possibilities are
limited to uniform concrete covers on both sides.

If you select the According to Standard check box, the [Edit] button becomes available. Use this button
to open the dialog box shown in Figure 3.29 @.
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e )
X0

E
xc2

X3

Xc4

XD1/X51

XD2/X52

XD3/XS3

Exposure classes

Concrete Cover acc. to Standard EN 1992-1-1

dsz (bottom) l dz {tog) ]

Parameters for Defintion of Concrete Cover

Exposure Clazs acc. to 4.4.1.2 (5]
Abrasion Clasz acc. to 4.4.1.2[13)
Design Working Life acc. to 4.4.1.2(5] Table 4.3M

Concrete cast acc. to 4.4.1.3 (4]

Marimurn diameter of reinforcement

Minirum cover due to
Bond requirement acc. to 4.4.1.2 (3]
Enviromental conditions acc. to 4.4.1.2 [5)
Additive zafety element acc. to 4.4.1.2[E]
Reduction of minimurm cover for use of

[ stainless steel ace. to 4.4.1.2(7)

[ additional pratection ace. ta 4.4.1.2 (8]

Minimum concrete cover acc. to 4.4.1.2 (2]
[ User-defined allawance far deviation acc. to 4.4.1.3
Mominal cover of reinforcement ace. to 4.4.1.1

Minimum cover of reinforcement

[ Air entrainment of mare than 4% ace. to 4.4.1.2 (5] Nate 2.

ds:

Cmin,b
Cmin,dur -

A dur,y:

Acdur,st

A dur,add :

Cmin :
Al dey
dnom :

v min ©

[ Special quality cantral of the concrete production ace. ta 4.4.1.2(5) Table 4.3
[ Maminal maximum aggregate size greater than 32 mm acc. to 4.4.1.2 (3] Table 4.2

[ |1
[No |
[50 ‘rears '] [
[cast-in-place concrete v] [-]
Direction Direction
o1 9z
7.00 7.00) [rmm]
7.00 7.00) [rmm]
10.00 10,00 [mm]
0.00 0.00] [mm]
0.004 0005 [mm]
0.004 0.00 [mm]
10.00 10.00] [rm]
0005 10005 )
23.80 2350 [mm]
23.80 30.50) [mm]
(] 3 ][ Cancel

Concrete Cover acc. to Standard dialog box

In the upper section, you can define the parameters (exposure class, abrasion class, efc.) according to

the standard. Based on these parameters, RF-CONCRETE Surfaces determines the required concrete
covers.

You can specify the parameters separately for each surface side in the two dialog tabs.
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E,Eﬁ FE Mesh

- 1E On Members

..... [C]E@ On Member Results
=-[#]E On Surfaces

(- [Z]E FE Axis Systems xy,z
[#]E Indexes
-@ E For Input Data
-C)EA For Results
..... []E@ On Surface Results
[-[JE@ In Solids

f-[]EH Mesh Quality

Reinforcement Directions Related to Local Axis x

The reinforcement directions @ are related to the local x-axes of the finite elements. In the Edit Surface
dialog box of RFEM, you can check and, if necessary, adjust the axis system of the surfaces for the

results output.

Edit Surface

(S

| General I Support / Eccentricity I FE Mesh | Releases | Integrated | Pes |Grid |

Surface No.

1

Aues for Results

Direction

@ |dentical to axes for input

() Angular ratation to axes for input

D) dwiz (@ w  Direct to point:
" x BN

7 Awes parallel to global
coordinate spstem XY2

() Axes parallel to user-defined
coordinate spstem:

Global w2

Axes for Results
ldentical to Axes for Input

@ & @E [ &

oK | [ Cancel

Edit Surface RFEM dialog box, Axes and Axes for Results tabs

For curved surfaces, it is recommended to check the axes of the finite elements graphically: In the
Display navigator of RFEM, select FE Mesh — On Surfaces — FE Axis Systems x, y, z, — Indexes.

The reinforcement directions have to be specified for each layer by means of the angles ¢. Only
positive angles are allowed. They respectively represent the clockwise rotation of the reinforcement
direction in relation to the corresponding x-axis.

For the model types "wall" - 2D - XZ (ux/uz/@y) or "diaphragm" - 2D - XY (ux/uy/®z), it is not possible
to create different reinforcement meshes for each side of the surface. Thus, the input options are limited
to uniform reinforcement directions on both surface sides.

www.dlubal.com
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3.4.3 Longitudinal Reinforcement

Reinforcement Ratios  Reinforcement Layout  Longitudinal Reinforcement  BS EN 1992-1-1  Design Method

Provided Basic Reinforcement

[Juse required reinforcement for design of

serviceability
Reinforcement Area Diameter
ast asz ds1 dsz
Top (-2) : | 2.57 | 2.57 14 [om fm] 7.00 5] | 7.00 5 [mm]
Bottom (+2) : | 5.24 | 5.24 |4 [em? /m) 10.00 3] | 10,00 [ [mm]
@ | (2|1
Additional Reinforcement for Serviceability State Design
Approach of: Additional reinforcement layout ~ e
Reinforcement Area Diameter
ast asz ds1 dsz
Top (2) : 2 [em2im] 000 3 [ 10,00 B frm)
Bottom (+2) : 2 [em? fm] 000 3 [ 10,00 B frm)
@ | |22 |

Longitudinal Reinforcement for Check of Shear Resistance
(O Apply required longitudinal reinforcement

(®) Apply the greater value resulting from either the required or provided reinforcement
{basic and add. reinforcement) per reinforcement direction

(O Automatically increase required longitudinal reinforcement to avoid
shear reinforcement

Window 1.4 Reinforcement, Longitudinal Reinforcement tab for serviceability limit state design

The sections in the tab depend on the designs selected in window 1.1 General Data: A pure ultimate
limit state design does not require any specific reinforcement settings. You only need to decide which
longitudinal reinforcement you want to use for the shear force check. For serviceability limit state
designs, however, you must specify reinforcement areas.

For more information on the reinforcement specifications in the serviceability limit state design, see
chapter 2.6.3 3.
Provided Basic Reinforcement

For each surface side and each reinforcement direction, you can define a basic reinforcement that
applies to all surfaces of the reinforcement group. To do so, enter the Reinforcement Area and the
Diameter that is relevant for the serviceability limit state design in the input fields.

If the user-defined basic reinforcement exceeds the required reinforcement, no additional reinforcement
is needed. However, it is inefficient to apply large constant basic reinforcements to surfaces.

RF-CONCRETE Surfaces provides databases for rebars and mesh reinforcements that facilitate entering
the reinforcement areas. To access these libraries, use the two buttons shown on the left.

[ 16a |
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2 Rebars
Import Reinforcement Area Due to Rebar @

Rebar Parameters. Export

Dretermination of: Location: Top [-2]

() Rebar diameter [ Bottam [+2]
b: 10.0005] {mm] Aszign reinforcement [7] as q

to: &

() Rebar spacing 3.2
a 150,00 [mm]

@ Reinforcement area
as 5245 [em? /m]

@ [ aK J [ Cancel

Import Reinforcement Area Due to Rebar dialog box

The three options in the Rebar Parameters section are interactive. Normally, the program calculates the
reinforcement area from the rebar diameter and the rebar spacing.

The Export section allows you to control which input fields of the Longitudinal Reinforcement tab the
determined reinforcement areas are imported into. The location and reinforcement direction can be
specifically defined (or sweepingly, by selecting all check boxes).

Mesh reinforcements

@ Import Reinforcement Area from Mesh Reinforcement Library *
Product Range Number Export
United States w 6 = " Location: Top (-z)
X6 - W2.0xW2,
| Bottom (+

e 66 - W2.9X 2.9 ottom (+2)
e hssign longitudnal O as s
Sheets et - WL W14 reinforcement to: ®

44 - W2.0xW2.0 as2

x4 - W2.9xW2.9

44 - W4, 0xW4.0
Mesh Reinforcement Properties 526 - W1.4xW1.4
{ Entire Cross-5ection of Longitudinal Bars Perm | 35 longit 0.59 | cmZ/m
Entire Cross-Section of Transverse Bars Perm s, transv 0.59 | cmZ/m
Longitudinal Bar Diameter, Inner Area ds L1 3.40 | mm
Transverse Bar Diameter ds.o 3.40 | mm
Distance of Longitudinal Bars aL 152.40 | mm
Distance of Transverse Bars ag 152.40 | mm
Mesh Length L 45750 [m
Mesh Width M 2135 (m
Weight of Each Mesh Gmesh 100.11 | kg
Weight per m2 G 1.02 | kg/m2

?| & G 2] X @] @[3 Cancel

Import Reinforcement Area from Mesh Reinforcement Library dialog box

United States v First, select the Product Range from the drop-down list shown on the left. Then, define the mesh Type
g:;ngz (et and select the relevant Number in the section on the right. In the section below, you can check the

Germany - 1997-01-01 Mesh Reinforcement Properties.
Austria - 2002-01-01

Czech Rep.
Metherlands

The Export section allows you to control which input fields of the Longitudinal Reinforcement tab the
determined reinforcement areas are imported into. The location and reinforcement direction can be
specifically defined (or sweepingly, by selecting all check boxes).
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Additional reinforcement layout -

Required additional reinforcement

Additional rein nent layout
Uszer-defined additional reinforcement

Use required reinforcement for design of serviceability
The ideal way to perform the serviceability limit state design would be the following:

= determine the required reinforcement exclusively with the loading of the Ultimate Limit State tab

= create a reinforcement drawing including mesh reinforcements and rebars on the basis of the
colored result diagrams

= if necessary, use the reinforcement drawing to divide the surfaces into smaller surfaces that have the
same provided reinforcement area in each reinforcement direction

= define the provided reinforcement areq, rebar spacing, and rebar diameter for each of these
surfaces in RF-CONCRETE Surfaces

= calculate once again with the loads of the Serviceability Limit State tab

This procedure is cumbersome and contrary fo the convention stating that you can determine the
reinforcement and perform the serviceability limit state designs at the same time by using the
button.

Hence, you can select the Use required reinforcement for design of serviceability check box to quickly
use a provided reinforcement for the individual surfaces: The program uses the required reinforcement
from the ultimate limit state design as the applied reinforcement. You only need to specify the rebar
diameter.

Automatic layout of Additional Reinforcement for Serviceability
Limit State Design

Additional reinforcement is needed in areas where the statically required reinforcement exceeds the
basic reinforcement. Use the drop-down list in this dialog section to specify which additional
reinforcement should be used for the serviceability limit state design.

If you select the Required additional reinforcement option, the actual A req distribution is used as the
additional reinforcement in the SLS design.

The Additional reinforcement layout is determined as the difference between the greatest statically
required reinforcement of all surfaces in the reinforcement group and the defined basic reinforcement:

as,additiona] = max as,req - as,basic

Click the button to open a dialog box that illustrates the selected additional reinforcement (see
Figure 3.34@).

To dimension the additional reinforcement, you only need to specify the rebar diameter.

The reinforcement area can also be specified with User-defined additional reinforcement. Just like in the
Provided Basic Reinforcement section, the program provides libraries for rebars and mesh
reinforcements.
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(Obtained by Calculstion)

Il} Basic Reinforcement and Layed out Additional Reinforcement

s ™
Information M
Used it for the Serviceability State Design
1} Basic and A
Provided Basic Reinforcement
Required Reinforcement
User-Defined Amount e
Hzrezin o " [Obtsined by Calculstion)
e
PN o S = S|
‘\';&*1 .
Required Reinforcement Used Reinforcement

for the SLS-Design

is esfi from the dif between the max. required

Layed out

it and defined rei it per reil group

Provided Basic Reinforcement B .
{User-Defined Amaount) .+~ Required Reinforcement
" {Obtained by Calculation)

I | |

L : ] 1

A,

Ay reqemic

's,proadd Ay g

Layed out Provided
Additional Reinforcement
(Cover up Reinforcement Peaks)

Ill) Basic Reinforcement and User-Defined Additional Reinforcement

T
L
T Cd

i
s

Used Reinforcement
for the SLS-Design

Provided Basic Reinforcement
{User-Defined Amaount)

A,

's,provadd

User-Defined Provided
Additional Reinforcement

T
' L

Used Reinforcement
for the SLS-Design

Manual

Applying additional reinforcement

definition of reinforcement areas

Details

Options  Serviceabiity ~Reinforcement
Definttion of Provided Additional Reinforcement
(O Automatic arrangement according to the specifications in Table 1.4

(® Manual definition of the reinforcement areas

*

D| |om

2 f% CE Cancel

Activating manual definition of reinforcement areas in Details dialog box

As an dlternative to the automatic geometric layout of the additional reinforcement for the serviceability
limit state design, the areas covered by the additional reinforcement can also be defined manually.

To activate this option, click the [Details] button to open the Details dialog box. Then, select the
Manual definition of the reinforcement areas in the Reinforcement tab.

www.dlubal.com

[ 167 ]



n Input Data RF-CONCRETE Surfaces - Manual

In the Longitudinal Reinforcement tab, the Provided Additional Reinforcement dialog section then
appears instead of the Additional Reinforcement for Serviceability State Design section.

Reinforcement Ratios  Reinforcement Layout  Longitudinal Reinforcement  BS EN 1992-1-1  Design Method

Provided Basic Reinforcement

Reinforcement Area Diameter
ast asz ds1 dsz

Top (-2) : | 257 13 | 257 [ om2m] | 7.00 5] | 7.00 [ [mm]
Bottom (+2) : | 524 3] | 524 [ emzm] [ w003 [ 10,00 B from)

@ | (2|1
Provided Additional Reinforcement
Surface reinforcement & =
Rectangular reinforcement % | =
[]Polygonal reinforcement * | | =
[ Circular reinforcement L

@

Longitudinal Reinforcement for Check of Shear Resistance
(O Apply required longitudinal reinforcement
(®) Apply the greater value resulting from either the required or provided reinforcement

{basic and add. reinforcement) per reinforcement direction

(O Automatically increase required longitudinal reinforcement to avoid
shear reinforcement

Window 1.4 Reinforcement, Longitudinal Reinforcement tab

The sections in the tab depend on the designs selected in window 1.1 General Data: A pure ultimate
limit state design does not require any specific reinforcement settings. You only need to configure
which longitudinal reinforcement you want to use for the shear force check. For the serviceability limit
state designs, however, you must specify reinforcement areas.

For more information on reinforcement specifications for the serviceability limit state design, see
chapter 2.6.3 3.

The functions are described for a rectangular reinforcement as an example. The explanations
analogously apply to surface, polygonal, and circular reinforcements.

Click the [Apply free rectangular reinforcement] button to open the New Rectangular Reinforcement
dialog box (see Figure 3.37 @) where you can define the properties and the position of the free
reinforcement.

In the On Surfaces No. dialog section, you can enter the surfaces that the reinforcement should be
used for. If the All in RG check box is selected, the new free reinforcement is used for all surfaces of the
current reinforcement group.

The Projection Plane section determines which plane the reinforcement is applied on.

The Type of Reinforcement is either a mesh or rebar reinforcement. You can select the mesh
reinforcements in a library (see Figure 3.33 @), which is opened with the button. For the rebar
reinforcement, you can use the button to determine the reinforcement area using rebar diameter,
rebar spacing, and reinforcement surface (see Figure 3.32 @).

The Layout of Reinforcement section controls the arrangement of the reinforcement. For this, specify the
surface side and the direction of the reinforcement or mesh main reinforcement. The concrete cover of
the additional reinforcement is taken from the settings in the Reinforcement Layout tab; it cannot be
changed here.
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MNew Rectangular Reinforcement *
No. On Surfaces No.
[t || [2 | % [’ Halinrs
Projection Plane Layout of Reinforcement
(®) XY Plane Top (-z)
(O ¥z Plane [Bottom (+2)
() %Z Plane
Type of Reinforcement Direction of reinforcement &:

Mumber: Q3354 | |

(O Rrebar Concrete cover:
Diameter: =] Ctop {2): 25.00] 7 [[mm]
Bar spacing: = from) =2 Chattom (+2F < |[mm]

Reinforcement Position

¥ [m] ¥ [m]
L 0.000 [ | 0.000 |3
z 2000 3] 20002

a7 a3 o

Comment

?| @& ] [ Cancel
M New Rectangular Reinforcement dialog box

The Reinforcement Position - the region of the reinforcement - is defined by the coordinates of two
points. They can be entered directly or selected with the | % | button in the work window. You can also

draw a rectangular window, either with by selecting two corner points or with by using the
rectangle's center point.

Note the following when defining the reinforcement position: The free reinforcement is considered in
¢ the finite element if the rectangle includes the element's center.

If two reinforcement surfaces lie on top of one another, the values in the concerned elements are

added.
Provided Additional Reinforcement After defining the reinforcement, the button is enabled in the Provided Additional Reinforcement
[surface reinforcement | & section of the tab (see Figure 3.36 @ ). It opens a table where you can edit the reinforcement.
Rectangular reinforcement | s
[JPolygon reinforcement | & | 7 Rectangular Reinforcement o X
i i i | [P B C D [ E[ F TG H ] J K L M ]
D Calagen Fr=pert = | = On Surface Reinforcement Posttion Type of Defintion of | Conc. Covers | Direction | Reinf. Area
Mo. Location | Projection | X1 [m] | Y4 [m] | Xz Im] | Yz [m] | Reinforcement | Reinforcement d [em] a1 as [emZ/m] Comment
11.12 2] Top () xr 7.738| -5.082| 6451 -3.452 | Mesh Q257A 3.00/4.00 0/90| 257/257
2 11.12 Bottom {+z) Xr 7738|5082 | 6451 -3452 | Mesh Q257A 300/400 0/90| 257/257
3 Allin Reinf. Group Top -z} XY 0.681| 0.100| 3569 1.561 | Mesh Q257A 3.00/4.00 0/90| 257/257
4 Allin Reinf. Group Bottom {+z) xr 0681 0100| 3569| 1561 Mesh Q257A 3.00/4.00 0/90| 257/257
5 Allin Reinf. Group Top -z} XY 5.190 | -5.188 | 1.458 | -3.273 | Rebar d8;3=125mm 3.00 1] 4.02
[3 Allin Reinf. Group Bottom {+z) xr 5190 | -5.188 | 1.458 | -3.273 | Rebar dBa=125mm 300 0 4.02
7| Alin Reinf. Group Top (2) XY | 5130| 51288 1458 3273 | Rebar 48.3=125mm 300 0 402
[ Allin Reinf. Group Bottom {+z) xr 5190 | -5.188 | 1.458 | -3.273 | Rebar dBa=125mm 300 0 4.02
'\:ﬁ :tl = D% x 2‘ \P & _$ _DK Cancel

Gy Rectangular Reinforcement table
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The buttons in this table have the following functions:

Button Function

Creates a new free reinforcemenf area

(@

Allows you to edit the selected reinforcement

=

Moves or copies the selected reinforcement

EY

Deletes the selected reinforcement

Lt
—

Sorts the table entries by position

&7

Opens the Reinforcement Filter dialog box (see Figure 3.39 @)

Switches to the RFEM work window for changing the view

&

Turns the synchronization on and off in the graphic (see Figure 3.40 @)

Buttons in Rectangular Reinforcement table

Click the [Filter] button to open the dialog box shown in Figure 3.39 @. It allows you to filter the table
by surface numbers, reinforcement locations, and types of reinforcement. You can get a better
overview by hiding particular properties.

Reinforcement Filter *
Fitter
Surfaces: | Allin Reinf, Group ‘.‘\1
[Location: Top (-z)
Type of reinforcement: Mesh e
D Cancel

Reinforcement Filter dialog box

If the [Synchronization] is enabled after the calculation, the graphic only shows the reinforcement
areas that are selected in the table. This display is also available for several areas if the row numbers
are marked by pressing the [Ctrl] key.
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B Rectangular Reinforcement [m] X
] [ [T T E T F 1 G H [ | [ J [ K 1 L [ M
On Surface Reinforcement Postion Type of Defintion of | Conc. Covers | Direction | Reinf. Area
No Mo. Location | Projection | X1 [m] | Y1 [m] | X2 [m] | Y2 [m] | Reinforcement | Reinforcement d [cm] 21 as [em2/m] Commert
1 11.12 Top (2} XY 7.738| -5.082 | 6451/ -3.452 | Mesh Q257A 300/400| 0/90| 257/25]
2 (Bottom (iz) XY 7738 5082 6451 3492 Mesh  G257A___ 3am0/400  0/9%0 257/257 |
3 | Alin Reinf. Group Top (2} X 0.681| 0.100| 3569 | 1567 Mesh Q2577 300/400| 0/90| 257/257
4 | Allin Reinf. Group Euﬂnm ) xr 0.681| 0.100| 3563 | 1561 Mesh Q257A SDD/JDD D/‘B‘D 257/257
5 | Allin Reinf. Group Top (2} XY 5190 | -5.188 | 1458 | -3.273 | Rebar d8:3=125mm
—-n—
7| Alin Reinf. Group Top ) xr 5.190 | -5.188 | 1458 | -3.273 | Rebar d8:3=125mm
8 Allin Reinf. Group Bottom (+z) Xr 51590 | -5.188 | 1.458| -3273 | Rebar d8;a=125mm 3 DD D 4 DZ
D] [ = e [X] #][F Cancel

Selection synchronization with selection of two reinforcement areas

After the calculation, the Reinforcement Covering item appears in the Results navigator. With the two
options of this item, you can evaluate how the required reinforcement is covered by the additional
reinforcement.

Project Mavigator - Results x

- [E]== Longitudinal Reinforcement
- [B] == Required Reinforcement
Provided Reinforcement

j==f Feinforcement Covering
Mot Covered Reinforcement

= Asreq/ Asprov

Selected reinforcement for 5L5 check
Show Reinforcement Direction
851z top)

352z (top)

----- — 3s1.+z {bottom)

""" 0= as2+4z {bottom)

o[BI 1M1 Shear Reinforcement

0 (0] =] Design Internal Forces

0 (0] =] Serviceability Limit State Design
]D Values on Surfaces

ﬁData ﬂDisplay ,ﬂ\c’iews  Results

[E
[E
[E
£

Results navigator for selection of Reinforcement Covering

When the Not Covered Reinforcement option is set, only the areas where a reinforcement i still
needed are highlighted in the graphic.

With the display of A req / Asprov, any missing or provided reinforcement is quantified via color
coding.

www.dlubal.com
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Panel X

A-s,req [ A-s,prov
as, 14 (bottorn [-]

EASENS

Project Navigator - Results

= [B] == Longitudinal Reinforcement
m-E= Required Reinforcement
(- [B] == Provided Reinforcement
- [B] = Reinforcement Covering
(O = Mot Covered Reinforcement

A

Max : 99.9
Min : 0.0

- [W] =2 Show Reinforcement Direction
O a5tz ftop) RF-CONCRETE Surfaces
O 852z frop)
- @ I as1,.+z (bottom)
(O I as2.+z [bottom)
o[BI Shear Reinforcement T —
- [B][#] Design Internal Forces H
0 (1] =] Serviceability Limit State Design
- D Values on Surfaces

Qjpata [EfDisplay #fviews € Results

m Display of ratio of required reinforcement to provided reinforcement

(=]
s

£
[E
[E
£

Longitudinal Reinforcement for Check of Shear Resistance

The following options allow you to control which longitudinal reinforcement is applied for the shear
force design without shear reinforcement.

Longitudinal Reinforcement for Check of Shear Resistance
() Apply required longitudinal reinforcement

@ Apply the areater value resulting from either the required or provided reinforcement [basic
and add. reinforcement] per reinforcement direction

() Automatically increase required longitudinal reinforcement to avoid
shear reinforcement

LT Longitudinal reinforcement for check of shear resistance

= Apply required longitudinal reinforcement

The check of the shear resistance is carried out with the transformed provided tension reinforcement in
the direction of the principal shear force (see chapter 2.4.4.1 @).

= the greater value resulting from either the required or provided reinforcement
Apply the g I lting ither the required or provided reinf

For the check of the shear force resistance, either the statically required or the user-defined longitudinal
reinforcement is used (see chapter 2.4.4.1 @).

= Automatically increase required longitudinal reinforcement to avoid shear reinforcement

If the required longitudinal reinforcement is not sufficient for the shear force resistance, the longitudinal
reinforcement is increased in the main shear force direction until the shear force design is fulfilled
without shear reinforcement (see chapter 2.4.4.1 3.
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3.4.4 Standard

The parameters in this tab depend on the standard selected in window 1.1 General Data. You have to

set standard-specific reinforcement data, hereafter described for EN 1992-1-1.

At the bottom of the tab, the [Default] button is available. You can use it to save the current entries for

the standard as new default seftings.

Reinforcement Ratios  Reinforcement Layout  Longitudinal Reinforcement  BS EN 1992-1-1  Design Method

Minimum Reinforcement

Minimum longitudinal reinforcement for plates =
acc. to 9.3.1

[ Minimum longitudinal reinforcement for walls
acc. to 9.6

i

Minimum shear reinforcement acc. to 9.3.2

Shear Reinforcement

Variable indination of concrete struts acc. to 6.2.3
{MA-parameter)

- Minimum: 21.801 5 A
- Maximum: 45.000 15| [

Factors

Partial factors for concrete and reinforcement acc. to 2.4.2.4

{(MA parameter)

Persistent and Accidental Serviceability
Transient
To: | 150 3 | 1203 | 2

1s: | Lis [ | 100 3 |

Reduction factors for consideration of long-term effects acc. to

3.1.6 (NA parameter)

Persistent and Accidental Serviceability
Transient
e | 0.85 [ | 0.85 [ | :
ot :
Various

Meutral axis depth limitation according to 5.6.3(2)

Window 1.4 Reinforcement, BS EN 1992-1-1 tab

Minimum Reinforcement

This section allows you to control which provisions of the standard regarding the minimum

reinforcements are to be considered in the design (see chapter 2.3.7 @).

For plates and walls, use the button to open more dialog boxes where you can set the directions of
the minimum and main compression reinforcement.

Plates

Settings for Min. Reinforcement for Ductile Properties

S

Direction of Minimum Reinforcement

[&z.min on top surface [-z) or bottom surface [+2]]

() Define

Top [-z] reinforcement direction:

Bottom [+2] reinforcement direction:

@ Reinforcement direction with the main tenzsion force in the conzsidered element

1 Reinforcement direction with the main tension force in the comesponding
reinforcement surface [4:3,min on top surface [-z] and bottom surface [+2])

(0] 8 ] [ Cancel

Settings for Min. Reinforcement for Ductile Properties dialog box
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According to EN 1992-1-1, clause 9.3.1, the minimum reinforcement for ensuring a ductile structural
component behavior is to be placed in the main span direction of the plate. As the main span direction
cannot be found automatically when determining the reinforcement element by element, you can
control the reinforcement direction you want to consider the minimum reinforcement in by using the
following options:

= Reinforcement direction with the main tension force in the considered element

The minimum reinforcement is only considered in the reinforcement direction with the greatest tension
force from all reinforcement directions of top surface (-z) and bottom surface (+z): The minimum
reinforcement is only placed in one direction and on one side of the plate.

= Reinforcement direction with the main tension force in the corresponding reinforcement surface

For each reinforcement surface, the program searches for the reinforcement direction with the greatest
tension force. The minimum reinforcement is then determined on each surface for these directions.

= Define

The reinforcement direction in which you want to apply the minimum reinforcement can be specified
manually.

Walls

Settings for Min. Reinforcement for Walls [&J

Direction of Main Compression Reinforcement

@ Reinforcement direction with the main compression force

* Defined in reinforcement direction:

Motice:

Consider the minimum and maximum reinforcement in the direction
of the main compression reinforcement [i.e. vertical] acc. to 9.6.2
and in the subgidiary direction [i.e. horizontal] acc. to 9.6.3.

2

)
=)

[ (0] 8 ] I Cancel

Settings for Min. Reinforcement for Walls dialog box

You can specify the direction of the main compression reinforcement for determining the minimum
longitudinal reinforcement for walls in the direction of the main compression force or as Defined.

Shear Reinforcement

The two input fields define the allowable zone for the inclination of concrete struts 8. The angles are
preset according to EN 1992-1-1, clause 6.2.3. You can adjust them, if necessary, but they must not lie
outside the allowed limits.

Factors

The upper input fields control the Partial factors for concrete . and for reinforcing steel ys in the
design. The values according to EN 1992-1-1, Table 2.1 are preset for the different design situations.

The Reduction factors . and ot take account of longterm effects on the concrete's compressive or
tensile strength. These coefficients are governed in EN 1992-1-1, clause 3.1.6 (1) and 3.1.6 (2).
Various

With the check box, you can specify a Neutral axis depth limitation according to EN 1992-1-1,
clause 5.6.3 (2). In this case, the maximum ratio is x4 / d = 0.45 for concrete up to strength class
C50/60 and x4 / d = 0.35 for concrete starting from strength class C55/67.
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3.4.5 Design Method

| Reinforcement Ratios I Reinforcement Layaut I Longitudinal Reinforcement | BS EM 1992-1-1 | Design Method

Design Internal Forces

) No optimization of design internal forces
[Recommended for parts loaded mostly by pressure)

@ Optimization of design internal forces
[Recommended for parts loaded mostly by bending or tension]

Window 1.4 Reinforcement, Design Method tab

When determining the required reinforcement, the principal internal forces are transformed into design
forces (in the direction of the reinforcements) and into a developing concrete compression strut force.
The sizes of the design forces depend on the presumed angle of the concrete compression strut that
braces the reinforcement mesh.

In the load situations "tension-tension" and "tension-compression" (see Figure 2.18 @), the design force
may become negative in a reinforcement direction for a certain compression strut inclination, which
means that compressive forces would occur for the tension reinforcement. By optimizing the design
internal forces, the program modifies the direction of the concrete compression strut until the negative
design force becomes zero.

During the Optimization of the internal forces, the program therefore cmo|yzes which inclination ong|e
of the concrete compression strut leads to the most favorable design result. The design moments are
determined iteratively with adjusted inclination angles in order to find the energetically smallest solution
with the least required reinforcement. The optimization process is described by example in chapter
2418,

For concrete components subjected to compression such as walls, the optimization may lead to non-
designable situations due to failure of the concrete compression strut. The optimization is therefore not
recommended for the load situations "compression-compression".
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Calculation

4.1

Calculation r

In RF-CONCRETE Surfaces, the [Calculation] is carried out with the internal forces from RFEM. If no
results are available in RFEM vyet, the program automatically starts the calculation of the internal forces.

Details

The Details dialog box manages global settings for the analysis approaches. You can open it with the
[Details] button that is available in every input window.

4.1.1 Options

Details *

Options  Serviceability Reinforcement

Analysis Method for Result Combinations

(O Enumeration Methad
All loads are enumerated and analyzed
(time-consuming for many load cases)

(O Envelope Methad

Only combination possibilities of maxmin basic stresses will be analyzed
(®) Mixed Method

Use Enumeration Method if

less than 20 5| variants of internal forces

Otherwise apply the Envelope Method

Internal Forces Diagram Used for Design
Apply the averaged internal forces in the defined average region for the ULS
calculation and for the analytic method of SLS calculation.

[ Apply the internal forces without the rib compenents for the ULS calculation and for
the analytic method of 5L5 calculation

D E@J 3| (0B fE Cancel

Details dialog box, Options tab

Analysis Method for Result Combinations

This section controls the way the design internal forces of result combinations are included in the
calculation. This specification also applies when there are several load cases or load combinations to
be analyzed in the design case. The Mixed Method is preset: Before the design is carried out, the
program finds out if the Enumeration Method or the Envelope Method needs less computing time.

Enumeration Method

Each load case and load combination selected in window 1.1 General Data is designed individually.
A reinforcement envelope is calculated from the results. For result combinations, 16 calculations are
performed for the RFEM extreme values of the basic internal forces max/min my, max/min ny,
max/min my, max/min ny, max/min myy, max/min nyy, max/min vy, and max/min vy.

The enumeration method is precise because every combination is calculated separately and the
enveloping reinforcement is determined afterwards. However, it is disadvantageous that the number of
the analyzed combinations increases exponentially with the number of load cases as the program
proceeds from row to row. If there are 50 selected load combinations, for example, there will also be
50 reinforcement designs. However, the designs cover all possible variants (constellations).
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Envelope Method

From the load cases, load combinations, and result combinations selected in window 1.1 General
Data, the module calculates an internal forces envelope. 16 extreme value variants are analyzed. The
difference from the output of extreme values of RFEM result combinations is the following: The add-on
module also analyzes extreme value states of the basic stresses that are not only based on the
maximum basic internal forces but also on their interaction (for example my + myy). With this envelope
from 16 variants of extreme values, the determination of the reinforcement is started. Hence, 16
calculation runs are carried out to determine the reinforcement. Even if there is a larger number of load
cases, load combinations, or result combinations, the computing time is still adequate.

Since an envelope of internal forces is calculated with 16 extreme values, the most unfavorable
variants may potentially not be considered, unlike when load cases are computed row by row.
Combinations with load cases whose action directions are orthogonal are regarded as critical. In this
case, a control calculation according to the enumeration method is recommended.

Mixed Method

Before the design is carried out, it is analyzed how many designs with the load cases, load
combinations, and result combinations selected in window 1.1 General Data have to be performed
per limit state. As mentioned in the Enumeration Method section, each LC or CO is designed
separately. For one RC, 16 calculations are required for the extreme value variants of the basic
internal forces. If you select one result combination and five load combinations for the design, for
example, you get 16 + 5 = 21 calculation runs. As this number is larger than the default of 20 variants
of internal forces, the design is carried out with the Envelope Method.

In the input field, you can specify the upper limit of the variants that are designed according to the
precise enumeration method.

The Mixed Method is a compromise between precision of results and computation time.

Internal Forces Diagram Used for Design

Apply the averaged internal forces

For the design, the module normally uses the RFEM internal forces that are averaged surface by
surface: RF-CONCRETE Surfaces transforms the moments and axial forces in the directions of the
longitudinal reinforcement and then performs the designs (see chapter 2.5.1 @).

If the check box in this section is selected, the design is carried out with the internal forces available in
the average regions of RFEM.

Project Navigator - Data x _____,__.----"'"'_\
ETS RFEM
(-4#] Average regions

f-- ) Model Data

--|_J Load Cases and Combinations

O O e O B

-0 Sections \
g+ ] Average Regions
@ 1: square \ //f’f
@ 2 circle \ —

----- _J Printout Reports \ —
- Guide Objects N

(-] Add-on Modules
[#-|_) Stand-Alone Programs

ﬁData EDisplay ,ZjViews

H

H--|_J Loads ol 5
H--|_J Results \ )
)

]

i}

Il
[

Average regions in RFEM

The average regions are described in chapter 9.7.3 of the RFEM manual.
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By means of the averaged results, you can reduce singularities and consider local redistribution effects
in the model.

Panel x

Required Reinforcement
5,12 (top) [om? /m]
15.81
14.42
13.03
1164
10.25
8.86
747
6.08
469
3.30
191
0.52

Max : 15.81
Min : 0.52

RF-CONCRETE Surfaces

B

-

Top reinforcement for unaveraged internal forces (left) and average regions (right)

Apply the internal forces without the rib components

In RFEM, you can model a T-beam by using a surface and an eccentrically connected member of the
type rib. The internal forces of the T-beam from surface component and member are determined as rib
internal forces by integration of the surface internal forces.

The check box allows you to control whether the surface internal forces assigned to the rib are
considered in the surface design. The design with the rib component is preset.

Project Navigator - Display
[F152 Model
04 Loads
17 Results
[ Result Values
[ Title Info
M Max/Min Info
[E[F Deformation
[ Members
[ Surfaces
[E[F solids
[E[E Type of Display
[ Ribs - Effective Contribution on Surface/Member
[ ©On Members Addition of Surface Components
I On Surfaces Subtraction of Rib Components

IQData (2 Display AViews © Results

Project Navigator - Display
[F152 Model
04 Loads
[ Results
[ Result Values
M7 Title Info
M Max/Min Info
[E[F peformation
[ Members
[ surfaces
[ solids
[E[E Type of Display
[ Ribs - Effective Contribution on Surface/Member
[ ©n Members Addition of Surface Components
[“I[F On Surfaces Subtraction of Rib Components

Panel

Basic Internal Forces

m; [k
866
712
557
403
248
094
061
215
37
524
479
833

Max : 866
Min @ -833

@ 4

IQData (2 Display. AViews © Results

Surface internal forces with rib component (above) and without rib component (below)

Panel

Basic Internal Forces
e [RNm]
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4.1.2 Serviceability

Details *
Options  Serviceability Reinforcement
Design Situation Settings for Serviceability Limit State Checks
Load combination Checks
kifor | ka¥ok | katTyx | kaTyx | wk ul
Characteristic with direct load a O a O
Characteristic with imposed deformation ] O a O
Frequent a a O O O
Quasi-Permanent ] O O
g NCAN
@] || [ [0 |08 Cancel

Details dialog box, Serviceability tab

Design Situation Settings for Serviceability Limit State Checks

The table allows you to control which serviceability limit state checks are performed in the individual
design situations. Thus, it is possible to calculate different limit values per design situation directly in one
concrete case. For example, with the settings in Figure 4.7 @, the crack widths wi are only analyzed
with loads of the design situations Frequent and Quasi-Permanent.

Click the [Info] button to display information about the requirements that the limit values of the
serviceability limit state design are based on.

Information *

Reguirements for limit values of the servicesbility limit state

Limitation of conorete stress o¢ by value k1™fu:
by fulfilling the oriterion it can be assumed that longitudinal
orads will be aveided (acc to 7.2 (2))

Limitation of conorete stress ¢ by value k3 fo:
by fulfilling the oriterion linear oreep can be considered
{ace. to 7.2 (3})

Limitaticn of steel stress o5 by value k3*fi:
by fulfilling the oritericn it can be assumed that unacceptable
oracking or deformations due to direct loads will be avoided
{ace. to 7.2(5))

Limitaticn of steel stress o5 by value ki
by fulfilling the oritericn it can be assumed that unacceptable

oradking or i duetoi i will be avoided
{ace. to 7.2(5))
of load i ) for crack control

)
i3
is determined acc. to 7.3.1(5).

Information dialog box

Use the [Select or Clear All for Selected Line] button to quickly activate or suppress all checks for a
cerfain design situation.

Click the [Reset to Default Values of the Standard] button to restore the standard's default
specifications.
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4.1.3 Reinforcement

Details *

Options  Serviceabiity ~Reinforcement

Definttion of Provided Additional Reinforcement
(®) Automatic arrangement according to the specifications in Table 1.4

(O Manual definition of the reinforcement areas

D E@J 3| (0B fE Cancel

Details dialog box, Reinforcement tab

The Automatic arrangement according to the specifications in Table 1.4 is preset for the additional
reinforcement. This means that the rebars and mesh reinforcements are arranged with the parameters
of the Longitudinal Reinforcement tab to fulfill the serviceability limit state design.

As an alternative, a Manual definition of the reinforcement areas is possible. When the check box is
selected, the Longitudinal Reinforcement tab in window 1.4 is adjusted accordingly (see Figure
3.36@).

The manual definition of reinforcement areas is described in chapter 3.4.3 3.

a2 Check

Before you start the calculation, it is recommended to check if the input data is correct. The [Check]
button is available in every input window of RF-CONCRETE Surfaces.

The program checks if the data required for the design is complete and if the references of the data
sets are defined sensibly. If the program does not detect any input errors, the following message is
displayed.

RF-CONCRETE

. Surfaces
Information MNo.
493

Flauszibility check OK!

Plausibility check
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43  Starting the Calculation

You can start the [Calculation] in every input window of RF-CONCRETE Surfaces by clicking the

corresponding button.

RF-CONCRETE Surfaces searches for the results of the load cases, load combinations, and result
combinations to be designed. If they cannot be found, the RFEM calculation for determining the
design—re|ev0nt internal forces starts first.

You can also start the calculation in the RFEM user interface: The To Calculate dialog box (menu item
Calculate — To Calculate) lists the design cases of the add-on modules such as load cases or load
combinations.

To Calculate Ié

Load Cases / Combinations / Module Cases | Result Tables |

Mot Calculated Selected for Calculation

No. Description ‘ No. Description -
LC1 Seff-weight and finishes CA1 RF-CONCRETE Surfaces - Reinforced concrete design
LC2 | Treffic load
BT LC3 | Imperfection towards +Y
IR LC4 Shrinkage
Co1 1.351C1 +LC3

RC1 ULS (STR/GEQ) - Permanert /transiert - Eg. 6.10

m
F)

][]

Lol

Al -

To Calculate dialog box

Addon Modues [ x] If the design cases of RFF-CONCRETE Surfaces are missing in the Not Calculated list, select All or

Al Add-on Modules in the drop-down list below.
LC  Load Cases

€O Load Combinations

RC_ Result Combinations To transfer the selected RF-CONCRETE Surfaces cases to the list on the right, use . Then, click [OK]
I Add-on Modules .
—eeaas to start the calculation.

(& A design case can also be calculated directly by means of the list in the toolbar: Set the
RF-CONCRETE Surfaces case and then click the [Show Results] button.

Add-on Modules  Window  Help

“§ RF-CONCRETE Surfaces CAL -Reinforc ~ @ = @ 17| @0 | 6 gy @ & 25 & 55|59 G
G- F-IERBY- GRADS ;ShowResultsF‘«l' B-1@-irT=

Direct calculation of an RF-CONCRETE Surfaces design case in RFEM

You can subsequently observe the calculation process in a dialog box.
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5 Results on

Window 2.1 Required Reinforcement Total is displayed immediately after the calculation.

RF-CONCRETE Surfaces - [Model] e
File Settings Help
CAT - Reinforced cancrele desi, v | 2.1 Required Reinforcement Total
nputhaty A T R R I v | E [ F [ & [ #u ] 0 | K
i General Data Suface | Point Point-Coordinates [m] Required Basic Addtional Reinforcement
- Materials Ne Ho X Y z Symbol Reinforcement Reinforcement|  Required Provided Unit Note
- Suifaces 9500 6.000 2500 | 3212 (tep) 767 257 5.10 5.10 | cm/m
5 Reinforcement 9500 6.000 0.000 | 3522 (top) 706 257 449 449 | amZ/m
JRCeing 9500 6000 0.000 351 fcemom) 14.04 257 1147 1147 | em/m
2 5000 3890 0.000 25 womom 17.84 524 12560 1260 [am?/m
esits 7000] 2738 0000 asw 3515 - - -|em2/mz
51 Fequired Rirforcemernt
- Total
- by Surtace:
| byPoint
55 Gerviceabilly Checks
- Total
by Sutace
by Faint
@ In FE nodes ) In gid points Reduired isinforcement for: | LILS Pl (o
e

Result window

The ultimate limit state designs are sorted in the result windows 2.1 through 2.3 according to various
criteria.

Windows 3.1 to 3.3 provide information about the serviceability limit state designs.

You can directly select a window by clicking its entry in the navigator. Use the buttons shown on the
left to set the previous or next window. You can also use the function keys [F2 ] and [F3] to go through
the windows.

© In FE nodes © In grid paints At the bottom of the tables, there are two radio buttons. They control whether the results data is shown
In FE nodes or In grid points. The results of the FE nodes are determined directly by the analysis core
and the grid point results by interpolation of the FE node results.

Click [OK] to save the results. RF-CONCRETE Surfaces closes and you return to the main program.

This chapter presents the result windows in order. Evaluating and checking the results is described in
chapter 6@

[ 1e2 |
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5.1

@ In FE nodes ) In grid pointz

Required Reinforcement Total

The maximum reinforcement areas of all analyzed surfaces are output, which are determined from the
internal forces of the selected load cases, load combinations, and result combinations for the ultimate
limit state design.

2.1 Required Reinforcement Total

B | c [ b ] E [ F [ G [ H [ I [ 4 T K
Suface | Poirt Point-Coordinates [m] Required Basic Addttional Reinforcement
Ne. No X Y = Symbol Reinforcement |Reinforcement|  Required Provided Uit Note
[ minse | 9500 6.000 2500 | 5.1,z {tog} 767 257 510 510|em2/m
1 M3 9500 6.000 0.000 | as.2.< (top) 706 257 449 449|em2/m
5 M3 9.500 6.000 0.000 | 3s.1.+z (bottom) 1404 257 11.47 11.47 em?/m
1 M162 5.000 3.890 0.000 | 85.2.+2 (bottom) 17.84 5.24 1260 1260 emZ/m
1 M212 7.000 2238 0.000 | 35w 35.15 - - -|em2/m2
@ In FE nodes B In gid points Reduired reinforcement for: | LS Pl [uF

Window 2.1 Required Reinforcement Total

Surface No.

This column shows the numbers of the surfaces where the governing points are located.

Point No.

In these FE nodes or grid points, the greatest required reinforcement for each position and direction
has been determined. The type of the reinforcement is indicated in column E, Symbol.

The FE mesh nodes M are generated automatically. In contrast to this, the grid points G can be
controlled in RFEM, since user-defined result grids are possible for surfaces. The function is described in
chapter 8.13 of the RFEM manual.

Point-Coordinates X/Y/Z

The three columns show the coordinates of the respective governing FE nodes or grid points.

Symbol

Column E indicates the type of the reinforcement. For the four (or six) longitudinal reinforcements, it
respectively shows the direction (1, 2, and possibly 3) and the surface side (top and bottom).

The reinforcement directions were specified in window 1.4 Reinforcement in the Reinforcement Layout
tab (see chapter 3.4.2 @).

The top reinforcement is located on the surface side in the direction of the negative local surface
axis z (-z), the bottom reinforcement accordingly in the direction of the positive z-axis (+z). Figure
3.28 @ shows the axis systems of the surfaces.

The shear reinforcement is designated as asy.

www.dlubal.com



RF-CONCRETE Surfaces - Manual

Additional

reinforcement layout -

Required additional reinforcement

4 1onal
U zer-defirn

reinft nt lapout
ed additional reinforcement

Messages...

Required Reinforcement

This column displays the reinforcement areas that are required for the ultimate limit state design.

Basic Reinforcement

This column shows the user-defined basic reinforcement specified in the Longitudinal Reinforcement tab
of window 1.4 Reinforcement (see chapter 3.4.3 @ ).

Additional Reinforcement

If you only perform the ultimate limit state design, the Required column displays the difference between
the required reinforcement (column F) and the provided basic reinforcement (column G).

If the serviceability limit state designs have also been performed, you can see the reinforcement areas
that are required to fulfill the serviceability limit state designs with the specifications in the Longitudinal
Reinforcement tab of window 1.4 Reinforcement (see chapter 3.4.3 @). The Provided column shows
the reinforcement that is available as additional reinforcement for the serviceability limit state design
according to the specifications in the Longitudinal Reinforcement tab of window 1.4 Reinforcement.

Note

The final column indicates non-designable situations or notes referring to design issues. The numbers
are clarified in the status bar.

The button shown on the left allows you to view all [Messages] of the current design case. A dialog
box with an overview appears.

- ~
Error Messages or Notes &J
Used Error Meszages or Notes
17] To cover the reinforcement in the transition region, the provided additional reinforcement for as,1,< (tog) is applied. -
18] To cover the reinforcement in the transition region, the provided additional reinforcement for =2, < (tog) is applied.
200 To cover the reinforcement in the transition region, the provided additional reinforcement for as,1,+2 (bottom) is applied. £
21] To cover the reinforcement in the transition region, the provided additional reinforcement for as,2 +2 (bottom) is applied.
'l 1 +
\ J

Error Messages or Notes dialog box

The buttons of window 2.1 are explained in chapter 6 @.

[ 18s |
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5.2

Required Reinforcement by Surface

2.2 Required Reinforcement by Surface

B [ Cc [ D E F G H [ ] J K
Poirt-Coordinates [m] Required Basic Additional Reinforcement
X Y Zz Symbol Reinforcement Reinforcement|  Required Provided Unit Note
6.000 6.000 0.000 | @12 {top) 572 257 315 3.15 | cm?/m
9.500 6.000 0.000 | @s.2.2 {1op) 7.06 257 449 443 | cm?/m
5110 4.000 0.000 | as.1.4z {bottom) 10.69 524 545 545 | em2/m
5.000 3.890 0.000 | @s.2.+z {bottom) 1784 524 1260 1260 | cm/m
7.000 2238 0.000 | asw 35.15 - - -|em2/m2
9.926 5.785 0.000 | @12 {1op) 572 257 315 315 | cm?/m
9.926 5.785 0.000 | 35,2, {1op) 654 257 397 449 | cm2/m
9.500 6.000 0.000 | as,1,4z {bottom) 2.00 5.24 0.00 0.00 | cm2/m
9.500 4.500 0.000 | 25,24z (bottom) 245 5.24 0.00 0.00 | cm2/m
9.500 £.000 0.000 | asw 1366 - - - [cm2/m2
3 M10 0.000 2500 2.000 | as,1,z (top) 251 257 0.00 0.00 | cm2/m
M743 0.000 3.000 0.000 | as.2.z (top) 359 257 1.02 251 | cm/m
M717 0.000 0.000 0.500 | as,1,4z {bottom) 253 257 0.00 0.00 | cm2/m
M717 0.000 0.000 0.500 | as.2 .4z {bottom) 0.88 257 0.00 0.00 | cm2/m
M1 0.000 0.000 0.000 | asw 0.00 - - -|em2/m2
4 M17 9.500 0.000 4.000 | as,1,z (top) 251 257 0.00 0.00 | cm2/m
M4 9.500 0.000 0.000 | as.2.z (top) 548 257 251 251 | cm2/m
Ma21 9.500 0.000 0.500 | as,1,42 (bottom) 384 257 127 11.47 | em2/m
Ma73 8.500 0.000 3.500 | as.2.42 (bottom) 251 257 0.00 0.00 | cm2/m
M1 0.000 0.000 0.000 | asw 0.00 - - - [cm2/m2
5 M1054 9.500 £.000 2500 | as,1,z (top) 767 257 5.10 5.10 | em2/m
Ma21 9.500 0.000 0.500 | 352,z (top) 338 257 081 291 | em2/m
M3 9.500 £.000 0.000 | 25,14z (bottom) 14.04 257 1147 11.47 | em2/m
M3 5.500 £.000 0.000 | as.2,+z (bottom) 3.96 257 133 1.39 | emZ/m
M3 5.500 £.000 0.000 | a=w 878 - - - | em2/m2
n FE nodes ) In grid paints Required reinforcement for | LS -

m Window 2.2 Required Reinforcement by Surface

This window lists the maximum reinforcement areas that are required for each of the designed surfaces.
The columns are explained in chapter 5.1 @
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5.3

@ In FE nodes () In grid paints

Required Reinforcement by Point

2.3 Required Reinforcement by Point

B [ _C [ D E F G H | 1 J K -
Poirt-Coordinates [m] Required Basic Additional Reinforcement D
X Y Zz Symbol Reinforcement Reinforcement|  Required Provided Unit Note
0.000 0.000 0.000 | 25,12 top) 1.00 257 0.00 315|emZm  [17)
3s.2.2 (top) 200 257 0.00 449 | cm2/m 18)
@s.1.42 {bottom) 2.00 524 0.00 0.00 | em2/m
@s.2.42 (bottom) 293 524 0.00 0.00 [ em2/m
asw 0.00 - - -|em2/m2
N1z (top) 27337 - - - | kN/m
N2,z tog) 28473 - - - kN/m
11,4z {bottom) 13.115 - - - | kN/m
N2,4z {bottom) 13.752 - - - | kN/m
VEd 46.858 - - - | kN/m
Vrde 102.652 - - - | kN/m
VRd,mazx 627427 - - - | kN/m
Vrds 0.000 - - - | kN/m
Theta 21.801 - - -7
1 M2 0.000 £.000 0.000 | 32,12 ftog) 253 257 0.36 3.15 | cmi/m
85,22 (top) 2.00 257 0.00 0.00 | cm2/m
as,1,42 (bottom) 296 5.24 0.00 0.00 | cm2/m
85,242 (bottom) 2.00 5.24 0.00 0.00 | cm2/m
asw 0.00 - - - | cm2/m2
N1,z (top) 40.556 - - - | kN/m
N2,z (top) 35.016 - - - | kN/m
n1,4z (bottom) 70656 - - - | kN/m
N34z (bottom) 56,699 - - - | kN/m
VEa 62.876 s B - kN/m
VRd.o 93.442 s B - kN/m
VRd.max 919,695 s B - kN/m
VRds 0.000 s B - kN/m
Theta 45.000 - - =|[F
1 M3 5.500 6.000 0.000 | as,1.z (top) 3.75 2.57 1.18 3.15 | em2/m
35,2,z (top) 7.06 257 449 443 | em2/m
as,1,42 (bottom) 497 5.24 0.00 0.00 | em2/m
as.2.4z (bottom) 2.00 5.24 0.00 0.00 [ cm2/m
asw 0.00 - - -[em2/m2
N1z (tog) 170.250 - - - | kM/m ~
@ In FE nodes ) In grid points FRequired reinforcement for. | LS 7

m Window 2.3 Required Reinforcement By Point

This result window lists the maximum reinforcement areas for all FE nodes / grid points of each surface.
The columns are explained in chapter 5.1 @

In addition to the longitudinal and shear reinforcements, the table displays design-relevant values of the
actions and resistances. For EN 1992-1-1, these are the following:

Symbol Meaning

Nz (top) Axial or membrane force for designing the reinforcement in the first
reinforcement direction at the surface's top side

N2,z (top) Axial or membrane force for designing the reinforcement in the second

reinforcement direction at the surface's top side

N1,+z(bottom)

Like n1,z(top), but for surface bottom

N2, +z{bottom) Like n2,z(top), but for surface bottom
M1, z(top) Only for model type 2D - XY (uz/@x/@y): moment for designing the
m2,z(top) reinforcement in the first or second reinforcement direction at the surface's top

side

M1, z(bottom)
M2,.z(bottom)

Like M1, z(top) / M2,z{top), but for surface bottom

Ved

Design value of applied shear force

[ 186 |

www.dlubal.com




RF-CONCRETE Surfaces - Manual

3.4

VRd,c Shear force resistance without shear reinforcement
VRd,qu Shear force resistance of concrete compression strut
VRd,s Shear force resistance of shear reinforcement

Theta Inclination angle of concrete compression strut

Output values in window 2.3 for EN 1992-1-1

The search function that you can access with the button shown on the left allows you to quickly find FE

nodes and grid points (see Figure 6.7 @ ).

Serviceability Design Total

The upper part of the window provides a summary of the governing serviceability limit state designs.
The lower part displays the intermediate results of the current FE node or grid point (of the entry

selected above) including all design-relevant parameters. You can expand the chapters with [ and

reduce them with [ .

3.1 Serviceability Design Total

B | c | D | _E [ F G H | | J [ K
Surface | Point Poirt-Coordinates [m] Design
Ma. No X Y z Loading | Symbol | Bdst. Value | Limit Value LUnit Ratio Note
[ 5 | 9.500 6.000 0000 RCZ |dc 498 -13.50 | Néfmm2 037
5 M3 5.500 6.000 0000 RCZ |os 32285 400.00 | N/mm?2 0.81
1 M1 0.000 0.000 0.000| RCZ | asmin 335 385 |om2/m 1.16 | 207)
5 M3 5.500 6.000 0000 RC2 |limds 10.0 9.9 | mm 102 | 211)
5 M3 5.500 6.000 0000 RC2 |lmsi 0.095 0.096 |m 099
5 M3 5.500 6.000 0000 RCZ Wk 0.282 0.300 | mm 0.95
@ In FE nodes ) In grid paints Ma 1161 @& @ r r
Intermediate Results - Surface No. 5 - FE Mesh Point No. 3
iE Check Concrete Compressive Stress -
(= Bottom surface (+z)
Concrete cracks. Longitudinal reinforcement is activated
= Concrete compressive stress in stnut direction on opposite | Ge, strut -1.53 | NAmm2
Goveming Stnt Force Mpressure +z -160.68 | kNm/m
Area of Concrete Ac 1050.00 [ em2
E Top suface ()
Concrete does not crack on this side
[ Determination of concrete compressive stress in particular reinforcement directions
(= Bottom surface (+z) L
Concrete Compressive Stress in Direction 1 T vz, &1 0.00 | N/mm2 3
Concrete Compressive Stress in Direction 2 G 42 &2 0.00 | N/mm2
(A Top surface (2}
Concrete Compressive Stress in Direction 1 Gez.@1 -4.98 | N/mm2
Concrete Compressive Stress in Direction 2 Go,z.02 0.00 | N/mm2
Maximum Concrete Compressive Stress max Tc -4.98 | N/mm2
[ Allowable Concrete Compressive Stress
Parameter in National Annex kz 0.450
Charactenistic Concrete Compressive Strength fex 30.00 | N/mm2
Allowable Concrete Compressive Stress pem dc -13.50 | N/mm2
I Check
Maximum Concrete Compressive Stress max Tc -4.98 | N/mm2 -

Window 3.1 Serviceability Design Total

Figure 5.6 @ shows the result window of an analytical serviceability limit state check. Chapter 5.7 @
describes the result windows that appear affer a nonlinear serviceability limit state calculation has been
carried out.

The method of check is defined in the Serviceability Limit State tab of window 1.1 General Data (see
Figure 3.8 @ ).
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@ In FE nodes

() In grid paints

Surface No.

This column shows the numbers of the surfaces where the governing points are located.

Point No.

These FE nodes or grid points provide the maximum ratios for the required checks. The type of check is
specified in column F, Symbol.

The FE mesh nodes M are generated automatically. The grid points G can be controlled in RFEM (see
chapter 8.12 of the RFEM manual).

Point-Coordinates X/Y/Z

The three columns show the coordinates of the governing FE nodes or grid points.

Loading

Column E displays the load cases, load combinations, and result combinations whose internal forces
lead to the greatest ratio in the respective serviceability limit state design.

Symbol

Column F shows the type of the serviceability limit state design. In the analytical method, up to six
design types are displayed. They are described in chapter 2.6.4 @ by means of an example.

The symbols have the following meaning:

Type Design SLS

Cc Limitation of concrete compressive stress ( — chapter 2.6.4.7 @) according to
specifications in window 1.3 Surfaces (see Figure 3.19 @)

Os Limitation of reinforcing steel stress [ — chapter 2.6.4.8 @) according to
specifications in window 1.3 Surfaces (see Figure 3.18 @)

s, min Minimum reinforcement for crack width limitation ( — chapter 2.6.4.9 @) according
to specifications in window 1.3 Surfaces (see Figure 2.97 @)

lim ds Limitation of rebar diameter ( — chapter 2.6.4.10 ) according to specifications in
window 1.4 Reinforcement (see Figure 3.31 @)

lim s| Limitation of rebar spacing ( — chapter 2.6.4.11 @) according to specifications in
window 1.4 Reinforcement (see Figure 3.31 @)

Wk Limitation of crack width ( — chapter 2.6.4.12 @) according to specifications in
window 1.3 Surfaces (see Figure 3.18 @)

Serviceability limit state designs according to analytical method

Existing Value

This column displays the values that are governing among all examined surfaces for the serviceability
limit state designs.
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Max:

Messages...

5.5

Limit Value

The limit values are determined from the standard specifications and the load situation. The
determination of limit values is described in chapter 2.6.4 @.

Ratio

Column J shows the ratio of existing value (column G) to limit value (column H). Ratios greater than 1
mean that the design is not fulfilled. The length of the colored bar depicts the respective design ratio

graphically.

For the serviceability limit state design, not all check types have to be fulfilled (see explanation in

Figure 3.11@).

Note

The final column indicates non-designable situations or notes referring to design issues. The numbers

are clarified in the status bar.

The button shown on the left allows you to view all [Messages] of the current design case. A dialog
box with an overview appears (see Figure 5.3 @).

The buttons are described in chapter 6 3.

Serviceability Design by Surface

3.2 Serviceability Design by Surface

~

mn

B [ Cc [ 0 [ € [ F [ & [ ® T T [ J ] K
Suface | Poirt Poirt-Coordinates [m] Design
Ne. No X Y Zz Loading = Symbol | Exist. Value | Limit Value Unit Ratio Mote
M195 7000 3890 0000 RC2 [6c 357 -13.50 | N/mmZ 027
M162 5.000 3.890 0000, RCZ |os 32260 400.00 | N/mm?2 0.81
M1 0.000 0.000 0000| RCZ |as.min 335 3.85|emZ/m 1.16 | 207)
M162 5.000 3.890 0000 RC2 |limds 93] 9.9 | mm 0.95
ME 5.000 4.000 0000 RC2 |lmsi 0110 0117 |m 094
M162 5.000 3.890 0000 RCZ Wk 0241 0.300 | mm 0.81
2 M3 5.500 6.000 0000 RCZ |oc -259 -13.50 | N/mm2 020
M3 9.500 6.000 0000 RC2 |os 0.00 400.00 | N/mm2 0.00 | 226)
M3 9.500 6.000 0.000| RCZ |acmin 3.35 3.85 | om2/m 1.16 | 207) 208)
M3 9.500 6.000 0.000| RCZ |limds 88 0.0 | mm 0.00 | 226) A
(@) In FE nodes () In grid points bl 1161 & 4 &
Intermediate Results - Surface No. 1 - FE Mesh Point No. 195
i Determination of minimum reinforcement
[ Bottom surface (+z)
Minimum Reirforcement into Direction 1 s, min.+z.1 3.85|em&m
Minimum Reinforcement into Direction 2 3s.min.+z.2 4,16 | emZ/m
= Top surface (2)
Minimum Reinforcement into Direction 1 @s,min,z 1 404 [ emZm
Minimum Reinforcement into Direction 2 @s,min-z? 3597 | em¥/m
B Check
Minimum Reirforcement at the Bottom (+2) Surface in Direct | @s, min +z.1 385 | em¥/m
Existing Reinforcement at the Bottom {+z) Surface in Directit | @s exist +z.1 335 | em¥/m
Criterion of Check Criterion 1.150

Window 3.2 Serviceability Design by Surface

This window lists the maximum ratios of each designed surface that are obtained for the serviceability
limit state designs. The columns are explained in chapter 5.4 @.
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56  Serviceability Design by Point

3.3 Serviceability Design by Point

A B [ c [ D E I G | H [ 1 [ J K o
Suface | Poirt Poirt-Coordinates [m] Design D
Ne. No X Y Zz Loading = Symbol | Exist. Value | Limit Value Unit Ratio Mote
1 ME 5.000 4.000 0000 RCZ |oc -214 -13.50 | N/mm2 016
AC2 |os 31826 400.00 | N/mm? 0.80
AC2 | a@s.min 335 385 | cm2/m 1.16 | 209) 210
RCZ |lmds 953 10.1 | mm 092
RCZ | lms) 0.110 0117 [m 094
RC2 wk 0.237 0.300 | mm 079
M7 7.000 4.000 0000 RCZ |oc -200 -13.50 | N/mm?2 0.15
RCZ |as 31873 400.00 | N/mm2 0.80
RCZ  asmin 335 3.85 | cm2/m 1.16 | 208) 210)
RCZ limds 953} 10.1 | mm

BREE

1 FE nodes © I gid paints Mas 1161 @ 1)

Intermediate Results - Surface No. 1 - FE Mesh Point Mo. 6
[ Determination of calculated value of crack width

[ Bottom surface (+z) Ratio 0.783
Calculated Value of Crack Width into Reinforcement Direction 1 Wktz.g1 0.237 | mm
Calculated Value of Crack Width into Reinforcement Direction 2 Wktz.92 0.236 | mm
Crack width into the resulting difference in the main strain Wk4z.re5 0.233 'mm

(A Top surface (2} Ratio 0.000
Concrete does not crack on this side

I Check
Crack Width at the Bottom (+2) Surface in Dirsction 1 Wz, @1 0237 | mm
Maximum allowable crack width at the bottom (+2) suface acc. to userinput | Wi +z limit 0.300 | mm
Crterion of Check Criterion 0.789

L8 Window 3.3 Serviceability Design by Point

© InFE nodss © In grid paints This result window lists the maximum ratios for all FE nodes / grid points of each surface. The columns
are explained in chapter 5.4 @.

The search function that you can access with the button shown on the left allows you to quickly find FE
nodes and grid points (see Figure 6.7 @ ).
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5.7

Nonlinear Calculation Total

The upper part of the window provides a summary of the governing serviceability limit state designs.
The lower part displays the intermediate results of the current FE node or grid point (of the entry
selected above) including all design-relevant parameters. You can expand the chapters with [ and

reduce them with [=] .

3.1 Monlinear Calculation Total

B [ ¢ [ o [ e [ F [ & [ ® [ 1 [ J | K
Surface | Poirt Poirt-Coordinates [m] Design
Mo. No X Y F4 Loading = Symbol | BExst. Value | Limit Value Unit Ratio Note
B mis4 | 5.000 3228 0000 CO4 |uzocal 34547 35.000 | mm 059
4 Ma31 4723 0.000 0271| CO4  wk 0.155 0.300 | mm 0.52
1 M& 5.000 4.000 0000 CO4 |oc -10.14 -13.50 | N/mm2 0.76
1 Mi62 5.000 3.890 0000 CO4 |os 302.64 400.00 | N/mm2 0.76
@ I FE nodes () In grid paints Max: 091 @ (5] || oy
Intermediate Results - Surface No. 1 - FE Mesh Point Mo. 154
HE]Y 1
[ Global deformations
Total deformation u 34.940 | mm
In Xdirection ux -0.447 | mm
In *¥-direction uy 0.718 | mm
In Z-direction uz 34.930 | mm

[ Local deformations

Deformation refemred to the displaced parallel suface at the point of minimum nodal deformation

In z-direction Uz jocal 34.547 | mm
Basic Intemal Forces - Nonlinear
[ Crack width calculation
Top surface (z) Ratio 0.000
[ Bottom surface (+z) Ratio 0.210
Maximum allowable crack width at the bottom (+z)t | w mas, +z,limit 0.300 | mm
[ Crack width in principal direction | W, |.+2 (botton 0.063 | mm
Depth of cracks huw.l.+z (botton 120.602 | mm
Distance of cracks Sr.l.max.+z (b £8.049 | mm
[# Crack width in principal direction 1l W Il +2 (botto 0.000 | mm

Stress calculation

Window 3.1 Nonlinear Calculation Total

Figure 5.9 @ shows the result window of a nonlinear serviceability limit state design. The method of
check is defined in the Serviceability tab of window 1.1 General Data (see Figure 3.8 @).

The columns are described in chapter 5.4 @.

The symbols signify the following designs:

Symbol Design SLS

Uz local Deformation in cracked state ( — chapter 2.8.2.4 @) according to specifications
in window 1.3 Surfaces

Wk Limitation of crack width ( — chapter 2.6.4.12 @) according to specifications in
window 1.3 Surfaces (see Figure 3.18 @)

oc Limitation of concrete compressive stress [ — chapter 2.6.4.7 @) according to
specifications in window 1.3 Surfaces (see Figure 3.19 @)

Os Limitation of reinforcing steel stress ( — chapter 2.6.4.8 @) according to
specifications in window 1.3 Surfaces (see Figure 3.18 @)

Serviceability limit state designs according to the nonlinear method

www.dlubal.com
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5.8

@ In FE nodes () In grid paints

The deformations, crack widths, and stresses represent the results in cracked sections (state 1).

The crack widths wy for the intermediate results refer to the reinforcement directions. For example, the
value for wi |, z(1op) represents the crack width for the first reinforcement direction at the top side of the
surface; the crack runs perpendicular to reinforcement direction 1.

Nonlinear Calculation by Surface

3.2 Meonlinear Calculation by Surface

B [ C [ D E F G | H T 1T 3 K -
Suface | Poirt Poirt-Coordinates [m] Design il
Na No X Y F4 Loading = Symbol | Exst. Value | Limit Value Unit Ratio Mote
1 M154 5.000 3226 0.000| CO4 |uzocal 34547 35.000 | mm 055 =
m2g 1.000 6.000 0.000| CO4 |wk 013 0.300 | mm 044
M& 5.000 4.000 0.000| CO4 |oc -10.14 -13.50 | N/mm2 0.76
M162 5.000 3.890 0.000| CO4 |os 30264 400.00 | N/mm2 0.76
2 Ma1 9.500 3.000 0000 CO4 |uzocal 11.044 60.000 | mm 0.19
M&77 9.876 5.378 0.000| CO4 |wk 0.108 0.300 | mm 036
M677 9.876 5.378 0000| CO4 oo -5.49 -13.50 | N/mm2 041
M705 10.884 4.020 0000| CO4 |os 96.73 400.00 | N/mm2 025
3 Ma03 0.000 3.987 1.005| CO4  |uziocal -1.452 40.000 | mm 0.04
M778 0.000 3483 0513| CO4 |wk 0.042 0.300 | mm 0.14 -

(@ In FE nodes ) In grid paints M ’WF [ o T E

Intermediate Results - Surface No. 1 - FE Mesh Point No. 28
Deformations
Basic Intemal Forces - Nonlinear

[ Crack width calculation
(A Top surface (2} Ratio 0.002
Mapdimum allowable crack width at the top {-z) surfz | w mase, -z, limit 0.300 | mm
[ Crack width in principal direction | Wk, |,z {top) 0.000 | mm
Depth of cracks huw,l,-z {top) 0.000 | mm
Distance of cracks Sr,l,max, -z {tof 0.000 | mm
Crack width in principal direction Il W, II,Z {top) 0.001 | mm
[ Bottom surface (+z) Ratio 0.435
Mapimum allowable crack width at the bottom (+2) ¢ | w mase, +zlimit 0.300 | mm
[ Crack width in principal direction | Wi, |,+2 (botton 0.131 | mm
Depth of cracks huw,l,+z (botton 141.886 | mm
Distance of cracks Sr,l,max,+z {be 178.740 | mm
[H Crack width in principal direction 1l Wi 11,42 (botte 0.000 | mm
Stress calculation

m Window 3.2 Nonlinear Calculation by Surface

This window lists the maximum ratios of each designed surface that are determined in the serviceability
limit state designs. The columns are described in chapter 5.4 @ and chapter 5.7 @.
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5.9

Nonlinear Calculation by Point

3.3 Nenlinear Calculation by Point
B | C [ D E F G | H 1 J K -
Suface | Poirt Poirt-Coordinates [m] Design
Ne. No X Y Zz Loading = Symbol | Exist. Value | Limit Value Unit Ratio Mote —
1 M153 4.801 2999 0.000| CO4 |Uzocsl 32.851 35.000 | mm
Co4  wk 0.058 0.300 | mm
ﬁ o4 e 580 -1350 | Nmm?
Co4  |os 17942 400 .00 | N/mm?2
1 M154 5.000 3226 0000 CO4 |Uzocal 34547 35.000 | mm
Co4  |wk 0.063 0.300 | mm
Co4  |oc 775 -13.50 | N/mm2
C04 |os 204.50 400.00 | N/mm2
1 M155 4.849 3241 0000, CO4 |uzjocal 33618 35.000 | mm
CO4  |wk 0.061 0.300 | mm

n FE nodes

() In grid points

Intermediate Results - Surface No. 1 - FE Mesh Point Mo.

M ’W'? =]

153

Deformations

Basic Intemal Forces - Nonlinear

Crack width calculation
[ Stress calculation
[ Concrete
(A Top surface (2}
[ Stress in principal direction | Te,l 2 (top) -6.80 | N/mm2
Strain in principal direction | &c,1, {top) 0704 | %
[ Stress in principal direction 1| Tc. |l (top) 1.24 | N/mm?2
Strain in principal direction || &c, 11,z (top) 0.036 | %
= Bottom surface (+z)
[ Stress in principal direction | Tc,|,+z {bottor cracked | N/mm?2
Strain in principal direction | &c,],+2 (bottom 1487 | %
[ Stress in principal direction 1| Tc, |l +2 (bottor -0.21 | N/mm?
Strain in principal direction || eIl +2 (botton 0.023 | %

Reinforcement

BREE

m Window 3.3 Nonlinear Calculation by Point

This result window lists the maximum ratios for all FE nodes / grid points of each surface. The columns

are described in chapter 5.4 @ and chapter 5.7 3.

The search function that you can access with the button shown on the left allows you to quickly find FE
nodes and grid points (see Figure 6.7 @ ).
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Result Evaluat

ion [0

You can evaluate the design results in different ways. The buttons below the upper table can help you

with this.

3.2 Serviceability Design by Surface

B [ ¢ [ D [ F [ F [ & T H T T T T 7 K | -
Surface |  Poirt Point-Coordinates [m] Design
Ho. No X Y F4 Loading | Symbol | Bdst. Value | Limit Value Unit Ratio Mote L
[ M135 7.000 3.890 0000 RC2 [ac 357 -13.50 | N/mm2 027 1
M52 5.000 3890  0000] RCZ o= 32260 400,00 | N/mmZ 081 =
M1 0.000 0000]  0000| RCZ |asmn 335 385 | em?/m 116 | 207)
M6z 5000 3890  0000| RC2 |imds 93 99 |mm 095
ME 5.000 4000 0000| RCZ |[imsi 0.110 0117 |m 094
M162 5.000 3890 0000 RCZ |wk 0.241 0.300 | mm 081
2 M3 9500 6000  0000] RCZ oo 259 1350 | N/mm2 0.20
M3 9500 6000  0000] RC2 |os 0.00 400,00 | N/mm2 0.00 | 226)
M3 9500 6000 0000| RC2 |asmm 3.35 3.85 | cmZ/m 1.16 | 207) 208)
M3 9500 6000  0000] RC2 |imds 88 0.0 mm 0.00 [ 226) -
@ InFE nodes ) In grid paints bl aw: 1161 @ | . 7
Buttons for result evaluation
The buttons have the following functions:
Button Description Function

Details

Opens the Design Details dialog box
— chapter 6.1 @

2l Sort Results

Sorts the results by maximum ratios (column J) or
maximum values (column G)
— chapter 6.3 @

Filter Opens the Filter Points dialog box for selecting FE nodes
or grid points according to specific criteria
— chapter 6.3 @

Designable Hides rows with non-designable situations

Results

Exceeding Only displays rows with a ratio greater than 1 (design

not fulfilled)

Find

Opens the Find Point dialog box to search for a specific
result row
— chapter 6.3 @

% Select Surface Allows you to graphically select a surface to show its
results in the table
2 Print Prints the intermediate results of the current FE node or

grid point into the printout report

Show Color

Bars

Displays or hides the colored relation scales in the result
windows

[ 10a ]
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Type of check:  as 2 +z (bottom) :

as,1,z (top)
as,2,2 (top)
as,1,+2 (bottom)

dsw

View Mode

Jumps to the RFEM work window to change the view

Buttons in the result windows

Design Details

Click the [Info] button, which is available in all result windows, to view the design details of the
selected FE node or grid point, i.e. the point whose table row the cursor is placed in.

B 7 Design Details

) fom

Surface No. 1

Grid Point No. G171 | X: 5.000, Y: 4.000, Z: 0.000 m

Design Report

emal Forces of Linear Statics
rincipal Intemal Forces

esign Intemal Forces
Concrete Strut

Shear Design
= Statically Required Longtudinal Reinforcement
[ Bottom surface (+z)
Hinto Reinforcement Direction 1
Minto Reinforcement Direction 2
Top suface (-z)
=] Minimum Reinforcement
[E Minimum Longitudinal Reinforcement
Minimum Reirforcement Ratio
[ Bottom suface (+z)
Main longitudinal reinforcement with tension of this side
Minimum Longitudinal Reinforcement into Direction 1
Minimum Longitudinal Reirforcement into Direction 2
Top surface (-z)
Minimum Cross Reirforcement
[ Minimum Reirforcement
Bottom suface (2z)
Top suface (-z)
[ Check Maxdmum Reinforcement Ratio
Reinforcement to be used
[® Analysis Method for Reinforcement Envelope

Required Longitudinal Reinforcement Due to Design Membrane Forces

8= stat sz 531 [ em2/m
as,stat+z,2 9.66 |em2/m

as.max+z 9.66 | cmZ/m
as,min longi,+2,1 0.00 | em2/m
as,min longi,+2,2 3.87 |em2/m

Type of check: 3= .2.+2 (ottom) -

Design Details dialog box for ultimate limit state design

The design details are listed in a tree structure. You can expand the chapters with [#] and close them
with E]. The buttons shown on the left allow you to [Close] and [Open] the sub-chapters in the

directory tree.

In the graphic on the right, the location of the point is shown in the model.

The following details are output in the ultimate limit state design (see chapter 2.5 @ ):

= Design Report

Internal Forces of Linear Statics

Principal Internal Forces

Design Internal Forces

= Concrete Strut

= Shear Design

= Minimum Reinforcement

Required Longitudinal Reinforcement

Statically Required Longitudinal Reinforcement

Check of Maximum Reinforcement Ratio

www.dlubal.com
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Type of check:  og i

Oz
s, min
lim ds=
lirm 1
Wk

= Reinforcement to be used
= Analysis Method for Reinforcement Envelope

The design details depend on the selected Type of check. Use the list at the bottom of the dialog box to
select the displayed results.

In the serviceability limit state design, numerous intermediate results are shown in the lower part of the
windows (see Figure 5.6 @ ). Click the button to view a detailed list of the design details available
for the current point. This option is only available for results according to the analytical method.

B 7 Design Details e
Surface No. 1 FE Mesh Point No. M135 | X: 7.000, Y. 3.290, Z: 0.000 m
Intemal Forces of Linear Statics
Principal Intemal Forces
Check if intemal forces cause cracks
Design Intemal Forces
Required Longitudinal Reinforcement Due to Design Membrane Forces
[# Check Edsting Longitudinal Reinforcemert
Design Intemal Forces in Serviceability Limit State
Check Concrate Compressive Stress
[=] Determination of concrete compressive stress in particular reinforcement directions

Bottom surface (+z)
[ Top suface (-z)
Concrete Compressive Stress in Direction 1 ez, @1 0.00 | N/mm?2
[ Concrete Compressive Stress in Direction 2 Gcz &2 -357 | N/mm?2
Final Design Membrane Force nsend, 2,52 -148.104 | kN/m
[l Optimum Cross-Sectional Area Aizo2 414.42 | om?
Depth of the Concrete Compression Zone Kz.@2 394 | mm
Width of the Element buw 1000.0 | mm
Ratio of Madulus of Elasticity e 6061
Existing Reinforcement in Direction 2 as exist 2.2 3.35 |em2/m
Maximum Concrete Compressive Stress max G -357 | N/mm?2
Allowable Concrete Compressive Stress
= Check
Maximum Concrete Compressive Stress max o -3.57 | N/mm2
Allowable Concrete Compressive Stress pem o -13.50 | N/mm?2
Criterion of Check Criterion 0.265
E Analysis Method for Reinforcement Envelope
Type of check:  oc -

Design Details dialog box for serviceability limit state design

All the design details that are relevant for each type of check are displayed in a tree structure. Use the
list at the bottom of the dialog box to control the displayed results.

Method of check Type of

check

Analytical Gc — see Table 5.2 3@
Os

ds,min

lim ds

lim s|

Wk

Click [ 2 | to go to the previous FE node or grid point, or use [ * | to set the next point.
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6.2 Results on RFEM Model

You can also evaluate the design results in the RFEM work window.

RFEM background graphic and view mode

The RFEM work window in the background helps in finding the location of an FE node or grid point in
the model: An arrow in the background graphic indicates the point selected in the result window of
RF-CONCRETE Surfaces; the surface is highlighted in the selection color.

RF-CONCRETE Surfaces - [Model] =

File Settings Help

C41 - Reinforced concrete desi v | 2.1 Required Reinforcement Total

inpuipats B | ¢ [ o ] E [_F 1 6 [ #H [ 1 [ J ] K
- General Data Surface | Point Point-Coordinates [m] Required Basic ‘Additional Reinforcement
Materials No Ho X Y z Symbol |Reinforcement Reinforcement| Requied | Provided Unit Note
Surfaces 9.500 6.000 2.500 | a1z ftog) 7.6 257 459 4.59 | em?2/m
= Reinfarcement 9500 6.000 0.000 | as.22 op) 682 0.00 682 6.82 | cmZ/m
[r=1 (=TI 9500 6000 0,000 | as,1,:2 (bottom) 1404 257 1147 11.47 | emZ/m
1o 2-Whalls 5000 4000]  0.000 852z tottom) 1664 257 1407 1407 emZ/m
Results 7000 2238 0000 |asw 28 - - - em2/m?

1 Requited Reinforcement
- Total

p Surface

L. by Point

Surface and current FE node highlighted in the RFEM model

If you cannot improve the display by moving the REF-CONCRETE Surfaces window, click the [Jump to
graphic] button to activate the view mode: The program hides the window so that you can adjust the
view in the RFEM work window. The view mode provides the functions of the View menu, such as

You are in the view mode. zooming, moving, or rotating the view. The marking arrow remains visible.

Eadd To return to RF-CONCRETE Surfaces, click [Back].
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%

Reinforcement direction

RF-COMCRETE Surfaces CAL - Ceilings | =

LC1 - Self-weight and finishes
LC2 - Traffic load

CO1 - Design values for reinforced concrete
RF-CONCRETE Surfaces CA1 - Ceiling

RF-CONCRETE Surfaces CA2- Walls

B

RFEM work window

You can also check the reinforcements and design ratios graphically on the RFEM model: Click the
[Graphics] button to exit the design module. The work window of RFEM now displays all design results
such as the internal forces of a load case.

Results navigator

The Results navigator is adjusted to the RFFCONCRETE Surfaces module: You can graphically display
the results of the longitudinal reinforcements for each reinforcement direction and layer, the shear
reinforcement, the design internal forces, or the ratios and detailed results of the serviceability limit state
designs.

g@ RFEM 5.01.0034 (64bit) - [Model*] =2

BN File Edit View Insert Calculste Results Tools Table Options Add-on Modules Window Help = x

2996826 v 43R @E S |E|X] % re-CoNCRETE surfaces ca1 -Reinfore ~ @ > @ 17| &2 6 g g au«;-@a\mggﬁlg-}
Y KU RS A -FE B9 -t B Y - SGA0S I RAER - 4-iTw Lod

Project Navigator - Results | Required Reinforcement a-5 2 +2 (hottom) [cm”2/m]
= [E= Longitudinal Reinforcement RF-CONCRETE Surfaces CA1 - Reinforced concrete design

(=) [5] == Required Reinforcement

+- (@ = Required Reinforcement Panel x
. (= Req. Additional Reinforcement Fequited Reinfarcement
[E] =2 Provided Reinforcement &5.2,+2 [bottom) [cm? /m]
(O == Prov. Basic Reinforcement 1664
(O == Prov. Additional Reinforcement 1512
i.. O = Prov. Total Reinforcement 1361
O == Used reinforcement for check of LS. 1210
[¥] = Show Reinforcement Direction 1059
[¥] = Show Results 907
O= a-s1,-z(top) 756
O a-52 -z (top) 605
)= a-51,+z (bottom) 454
- © = [EPREEE a
[E]0H Shear Reinforcement Ll
O a-sw o
O V-Rd,c
© I V-Rd,max m* : Tﬁg;
O V-Rd,s
Ol Theta
O vt/ VR
©m V-Ed / V-Rd,max
[E1{=] Design Intemal Forces
~O[E n,z(top)
~O[E n-2,z(top)
- O n-1,+z (bottom)
O [# n-2,+z (bottom)
O v-id
[E1{=] Serviceability Limit State Design
B Values on Surfaces
EQData [=/Display A Views © Results Max a-5,2 47 (bottom): 16 64, Min -5 2 +2 (bottom): 0.00 cm*2in

[SNAP GRID [CARTES [DSNAP [GLINES [DXF |

RFEM work window with Results navigator for RFF-CONCRETE Surfaces

Analogous to the display of internal forces, the [Show Results] button shows or hides the display of the
design results.

Since the RFEM tables serve no function for the evaluation of the design results, they can be hidden.
You can set the design cases in the list of the RFEM menu bar.

Panel

The color panel with the usual control options is available for the evaluation. The functions are
described in chapter 3.4.6 of the RFEM manual. In the second tab, you can set the Display Factors for

the reinforcements, internal forces, or design ratios. The third tab of the panel allows you to display the
results of selected surfaces (see chapter 9.9.3 of the RFEM manual).
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RF-COMCRETE Surfaces

Values on surfaces

You can use all options provided by RFEM to display the result values of the reinforcements and design
ratios on the surfaces. These functions are described in chapter 9.4 of the RFEM manual. The following
figure shows the Boftom (+z) Reinforcement group that must be placed in addition to the basic
reinforcement. The values are respectively applied in reinforcement direction 1 and 2.

’@ RFEM 5.01.0030 (64bit) - [Model*] (=] & [
(E® File Edit View Insert Calculste Results Tools Table Options Add-onModules Window Help Eenster  Hilfe o x
DEIILEESE o2 FQQEE [EIE| 2 RF-CONREE Surtaces Al -Reinfore = 4 > £ 5[] &y 3 iy B RSB Ry D
(G- M-l F ke PR - B-9-0@- -t EREBY- BEATS RAER-B- G-ine | LoD

Project Navigator - Results X || Isobands: Req. Additional Reinfarcement a-s 2 +z (bottom) [om”2in]

‘alues: a-5,1 +2 (hottom) [cm"2in]; a-5,2,+z (bottom) [cm*24n], a-s,3,+2 (bottom) [om*2im]
RF-CONCRETE Surfaces CA1 - Reinforced cancrete design

- [E]== Longitudinal Reinforcement
(- [i] == Required Reinforcement
L. © = Required Reinforcement
- 0= = | Req Acditional Reinforcement
[E] = Provided Reinforcement 5.2 +2 [bottom] [om2./m]
(= Used reinforcement for check of SLS T
Show Reinforcement Direction 1253
Show Results

. Q= a-s1,z (top)
O= a-s2,-z(top)
O = a-s1,+z (bottom)
@) = a-s.2,+z (bottom)
[E] 1 Shear Reinfarcement
[H][=] Design Internal Forces
[E][=] Serviceability Limit State Design
-1 Values on Surfaces
- OB a-s,2,+z (bottom)
e Groups
.. O Top () Reinforcement.
L. @[ Bottom (+2) Reinforcement
OFE Specific
O Notes Only
B8 Max/min Values
BB On grid and user-defined points
(OB On FE mesh points
][ Names
k- Notes
Numbering

w. ][ Transparent

=5
=1
2

o

S o = =
@ i i =
= k3 £ [N

&
@

BEEEBHBHHA

i
B

e
L4

I
257
[2c2]
[51]
=
os3)
]

o]
=

[0

x|

IQData [ Display A Views © Results Max a-5,2,+2 thottom); 14.09, in a-5,2,+2 thottomy: 0.00 cm*2im
i osn I I & | | ] |
|SNAP GRID ||

I I et 1 1 I 1 )

L J

L) Bottom (+2) Reinforcement group for required additional reinforcement

You can transfer the graphics of the design results into the printout report (see chapter 7.2 @ ).

To return to the add-on module, click the [RF-CONCRETE Surfaces] panel button.
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6.3

Filter for Results

The result windows of RF-CONCRETE Surfaces allow you to select the results according to various
criteria. In addition, you can use the filter options described in chapter 9.9 of the RFEM manual in
order to evaluate the design results graphically.

The options provided by the Visibilities (see RFEM manual, chapter 9.9.1) can also be used for
RF-CONCRETE Surfaces in order to filter the surfaces for the evaluation.

You can also use the Sections in the RFEM model or create new ones (see RFEM manual, chapter
9.6.1), which allow you to selectively evaluate the results. By using the smoothing function, you can
redistribute the reinforcement peaks that stem from singularities.

Finding points

The result windows 2.2 and 2.3 (reinforcement), as well as 3.2 and 3.3 (serviceability) provide a
search function for FE nodes and grid points. Click the button shown on the left (see Figure 6.1 @) to
open the following dialog box.

Find Point *
Object No.
Surface: )
FE Mesh Point No. 62 ~
» Cancel

Find Point dialog box

First, enter the number of the surface manually or click [ % | to select it graphically. Then you can enter
the number of the grid point or FE node or select it in the list.

After clicking [OK], the result row of this point is set in the current window.

Sorting results

By default, the windows 3.1 and 3.2 show the results arranged by the maximum design ratios: The
decisive factor for this is table column J.

You can also sort the results by the existing values available in column G. The greatest ratio of the
deformation, for example, does not necessarily have to be the maximum deformation because the limit
values can be defined differently for each surface. You can use the [2}] button to switch between the
two types of arrangement.

Filtering points

The button shown on the left is available in the result windows 2.2 and 2.3 (reinforcement), as well as
3.2 and 3.3 (serviceability). It opens the following dialog box.

Filter Points &J

Surface No. Points
1 14 =
2 Goveming
User-Defined

All Designable Points
All Non-designable Points
Al

[ (] 3 ][ Cancel ]

Filter Points dialog box
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Surface No.
1
R

|E

In the Surface No. column, you can enter the the desired surface number or select it graphically in the
RFEM work window. To access this function, click into the input field and use the L1 button.

The Points column provides several filter criteria. In addition to all designable or non-designable points,
you can select only the points that are Governing: These points provide the largest reinforcement areas
or ratios for the respective types of check. Point numbers can also be User-Defined.

Showing only designable or non-designable results

The two buttons shown on the left allow you to only display designable results or failed designs in the
windows. Thus you can, for example, hide failed designs due to singularities or more closely analyze
the causes of design problems.

Filtering results in the work window

The reinforcements and design ratios can be used as filter criteria in the RFEM work window, which
can be accessed with the [Graphics] button. For this, the panel must be displayed. Should it not be
active, it can be displayed by selecting

View — Control Panel

in the RFEM menu or by using the corresponding toolbar button.

The panel is described in chapter 3.4.6 of the RFEM manual. You can set the filter settings for the
results in the first panel tab (color spectrum).

Panel x

Fequired Reinforcement
a-%,2 +2 [bottom] [cmé Am)

Max : 14.09
Min : 0.00

RF-COMCRETE Surfaces

Ex 4

Filtering the additional reinforcement with an adjusted color spectrum

As shown in the figure above, you can set the panel's value scale to only display reinforcements larger
than 1.00 cm?/m. The color scale is set in such a way that a color range covers 1.00 cm?/m and that
the maximum value of 8.00 cm?/m suppresses effects of singularifies.

The following chapter 6.4 @ explains how you can adjust the color and value spectra to the diameters
and spacings of the rebars.

To display the grid point or FE node values in the graphics, the usual control functions of RFEM are
available. They are described in chapter 9.4 of the RFEM manual.

www.dlubal.com
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Filtering surfaces in the work window

In the Filter tab of the control panel, you can specify the numbers of selected surfaces to display their
filtered results. This function is described in chapter 9.9.3 of the RFEM manual.

Reouired Reinforcement a-5,2, +z (hottom) [om®2dm]
RF-COMCRETE Surfaces CA1 - Reinforced concrete design

Panel

Show diagrams for surface
nurmbers:

1-7.10,32-35.58

1-7.10.32-35.58

CIEY

—
(=]
s

G0 Surface filter for reinforcement of floor slab and ceilings

In contrast to the visibility function, the model is displayed completely in the graphic. Figure 6.10 @
shows the reinforcement of the horizontal surfaces of a building. The remaining surfaces are shown in
the model but are displayed without reinforcements.
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6.4

Configuring the Panel

The reinforcement results can be graphically displayed as isobands or isolines. By default, a
twelve-colored value spectrum between the minimum and maximum value is used. You can also adjust
this value spectrum with regard to the definition of the reinforcement in order to prepare the graphical
results for a reinforcement drawing, for example.

To adjust the panel, double-click one of the colors. Alternatively, you can use the [ button in the
panel: In the subsequent Options dialog box, you can also click the button to access the dialog
box for changing the ranges of colors and values.

In the Edit Isoband Value and Color Spectra dialog box, you can click the [ button again to open
the Edit Value Spectrum with Reinforcement Definition dialog box.

1
Edit Isoband Value and Color Spectra M

= Value Spectrum
1

M Default
I m Isobands 5 el

m
I 127215 X
‘H] 18/ Color Spectrum
Edit Value Spectrum with Reinforcement Definiticn u
Reinforcement Area Using Diameter and Distance of Rebars
Rebars Additional Rebars
Diameter Distance Diameter Distance Reinforcement Area
o [mm] [mm] [mm] [mm] [em? /m]
M wopf] |  =2smE]R] 3] 4] | S [ 2meeE]
[ woEl][ el 3 4] | ] [ 2545R]
[ woBp][ w208k 3] 4] | S [ e
[ woil][  3:ssEh 3] 4] | S [ 2036
[ woBl][  #sEh 3] 4] | ] [ s
[ woEp][ seih 5] 4] | S [ 2R
[ woEp][ emsEh] 3] A | S [ 2wER
[ woEp][ 7R 3 A | ] [ 0asE]
[ woip][ weuB)h] 5] A | ] 7831
[ woBl] [ s430BR] 3 A | ] 5091]
[ woip][ w2k 3] A | ] 2541]
1

@] &Y (X] [ok ][ caneel

m Edit Isoband Value and Color Spectra and Edit Value Spectrum with Reinforcement Definition dialog boxes

This dialog box determines the reinforcement area per meter from the Diameter and the Distance of the
rebars. In the Additional Rebars columns, you can assign additional rebar diameters and distances
(see Figure 6.12 @ ). With them, you can set user-defined reinforcement specifications, which can be
used for a reinforcement drawing.
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Edit Iscline Value and Color Spectra

Value Spectrum

1333

Ll

Empty
Fill
|

Edit Value Spectrum with Reinforcement Definiticn

Reinforcement Area Using Diameter and Distance of Rebars

Rebars Additional Rebars

Diameter Distance Diameter Distance Reinforcement Area

o [mm] [mm] [mm] [mm] [emd 2m]
[ 00| [ 2000 @[ 2000 [ 2000 [ 1wep]]
[ woofp] [ 0mp]] @[ weopl] [ 2000p)] [ 1388E]]
[ o] [ e0omp] @[ 20REf] [ 200002 | 95812
[ woo] [ 200)] @[ woE]] [ 2000 | 78510}
[ woof] [ 200p)] @] onofsf] | oooffp] | 3:3E]

@] &) (]

[ ok [ cance |

G Ay Edit Value Spectrum with Reinforcement Definition dialog box with rebar diameters and distances

Click [OK] to import the reinforcement areas that result from the defined rebar diameters and rebar
distances into the Edit Isoband Value and Color Spectra dialog box.

In the panel, the diameters of the rebars appear, along with the related distances that are to be

provided for the individual value ranges.

> T = |

Panel x
1 Required Reinforcement
a8.2+2 [tap) [em? /m]
9.E2

10-200 + 20-200

10-200 = 16-200

10-200 = 12-200

10-200 = 10-200

10-200 = 0-0

Max 30.54

Min 0.00

RF-COMCRETE Surfaces

Ea 4

G KTy Graphic and panel with user-defined reinforcement areas
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7.1

Printout mN

Printout Report

Like in RFEM, you can generate a printout report for the data of the RF-CONCRETE Surfaces add-on
module where graphics and descriptions can be added. The selection in the printout report determines
the design module's data included in the final printout.

The printout report is described in the RFEM manual. Chapter 10.1.3.5 Selecting data of add-on
modules explains how to prepare the input and output data of add-on modules for the printout.

A special selection option is available for the intermediate results of the serviceability limit state designs
performed according to the analytical method. In the Points column, you can select all designable or
non-designable points or just the Governing points: These points provide the greatest reinforcement
areas or design ratios. Point numbers can also be User-Defined.

Printout Report Selection - PR1 I&
TR e Global Selection | Input Data I Reinforcement | SLS - Analtical Methad |
RFEM
F-CONCRETE Sufaces! ——
3.1 Crack Width Limit Tatal Mo, Selection (e.0. 1-5.200
3.2 Crack Width Limit by Surface Surfaces [AI\
[12.3 Crack ‘width Limit by Paint Al
3.4 Crack Width Limit by Paint - Intermediate Results
Mo, Selection (2.0, M1-5.MEGIGT.G]
Surface No Foints
1 Goverming b
Goveming k
User-Defined
All Designable Points
All Non-designable Points
Error messages or notes Al
[7] Shaw anly designable points in Table 31 and 3.2
Display
[ Cover sheet. o
Contents
Inta pictures

Printout Report Selection dialog box, SLS - Analytical Method tab

For large structural systems with numerous design cases, it is recommended to split the data into several
printout reports for a clear overview.
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72  Graphic Printout

In RFEM, you can transfer every image shown in the work window into the printout report or send it
directly to a printer. Thus, you can also prepare the reinforcements and design ratios shown on the
RFEM model for the printout.

Printing graphics is described in chapter 10.2 of the RFEM manual.

Analyses on the RFEM model
To print the current graphic of the design ratios, select

File — Print Graphic

in the menu or use the corresponding toolbar button.

£9 RFEM 5.01.0039 (64bit) - [Model*]

E File Edit View Insert (Calculate Results Tools
D299& |'
“ Y Y B

Print Graphic button in RFEM toolbar

The following dialog box opens.

Graphic Printout *

General Options Color Scale  Factors  Border and Stretch Factors

Graphic Picture Window To Print Graphic Scale

(O Directly to a printer... = (® Current only () As screen view

(® To a printout report: PRZ:F ~ More... = (® Window filling

(O To the Clipboard (O Mass prirt... = OToscale 1: 5

() To 3D PDF

Graphic Picture Size and Rotation Options

Use full page width Show results for selected xdocation in result
diagram

O Use full page height [] Lock graphic picture {without update)

(® Height: 66 = [% of page]

Rotation: 0 171

Show printout report on [0K]

Header of Graphic Picture

|Basic Intemal Forces m<subsx</sub>, Support Reactions

D Cancel

Graphic Printout dialog box, General tab

This dialog box is described in chapter 10.2 of the the RFEM manual.

You can use the drag-and-drop function as usual to move a graphic to another position within the
printout report.
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Remove from Printout Report To retroactively adjust a graphic in the printout report, right-click the corresponding entry in the report
Start with New Page navigator. The Properties option in the shortcut menu once more opens the Grctphic Printout dio|og box
— where you can adjust the settings.

Properties...

e l} Graphic Printout *

General Options  Color Scale  Factors  Border and Stretch Factors

Script Symbols Frame
(O Proportional (® Proportional (® Nore
(® Constart (O Constart O Framed

Factor: 15 Factor: 15 [ Title bo... =

Print Quality Color
(® Standard {max 1000 x 1000 pixsls) () Grayscale
(O Maximurm {max 5000 x 5000 pixels) (O Texts and lines in black
(O User-defined (® All colored
1000 =
@ Cancel

Graphic Printout dialog box, Options tab
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RF-COMCRETE Surfaces CAL - Ceilings | =

LC1 - Self-weight and finishes
LC2 - Traffic load

CO1 - Design values for reinforced concrete
RF-CONCRETE Surfaces CA1 - Ceiling

RF-CONCRETE Surfaces CA2- Walls

General Functions 0

This chapter describes useful menu functions and presents export options for the designs.

Design Cases

Design cases allow you to group surfaces for the designs or analyze variants (e.g. modified materials
or reinforcement specifications, nonlinear analysis).

Analyzing a surface in different design cases is no problem.

The design cases of RFCONCRETE Surfaces can also be accessed in RFEM by using the load case list
in the toolbar.

Creating a new design case

To create a new design case in RFF-CONCRETE Surfaces, use the menu item

File — New Case.

The following dialog box appears.

New RF-CONCRETE Surfaces Case ==
No. Description
2 Design acc. to British MA -

(0] 3 ] [ Cancel

New RF-CONCRETE Surfaces Case dialog box

In this dialog box, you can enter an unassigned No. for the new design case. A Description makes the
selection in the load case list easier.

After clicking [OK], the RF-CONCRETE Surfaces window 1.1 General Data opens where you can
enter the design data.

Renaming a design case

To change the description of a design case in RF-CONCRETE Surfaces, select the menu option

File — Rename Case.

The following dialog box appears.

Rename RF-CONCRETE Surfaces Case ==
No. Description
2 Mew description -

(] 3 ] [ Cancel

Rename RF-CONCRETE Surfaces Case dialog box

In this dialog box, you can specify a different Description as well as a different No. for the design case.
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Copying a design case
To copy the input data of the current design case in RFCONCRETE Surfaces, use the menu item

File — Copy Case.
The following dialog box appears.

Copy RF-CONCRETE Surfaces Case =

Copy from Case

CAZ - Mew description v]

New Case

Mo.: Drescription:

3 Monlinear analysiz [SL5) -

[ (] 8 ] [ Cancel

Copy RF-CONCRETE Surfaces Case dialog box

Define the No. and, if necessary, a Description for the new case.

Deleting a design case
To delete a design case in RF-CONCRETE Surfaces, use the menu option

File — Delete Case.

The following dialog box appears.

- 1
Delete Cases @

Available Cases

Mo. Description

1 Reinforced concrete design
2 Mew description

Monlinear ar

(] 3 ] [ Cancel

Delete Cases dialog box

You can select the design case in the Available Cases list. To delete the selected case, click [OK].

www.dlubal.com
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8.2 Units and Decimal Places

The units and decimal places for RFEM and the add-on modules are managed together. In
RF-CONCRETE Surfaces, you can open the dialog box for adjusting the units with the menu item

Settings — Units and Decimal Places.

The dialog box familiar from RFEM appears. RFF-CONCRETE Surfaces is preset in the Program /
Module list.

Units and Decimal Places @
Program / Module RF-CONCRETE Surfaces

- RFEM i
. RF-STEEL Sufaces [ | | MPutiOutputData InputiOutput Data

.. RF-5TEEL Members Linit Dec. places Linit Dec. places

- RF-STEEL EC3 Lengths: = Deformations: 25
- RF-STEEL AISC <
. RF-STEELIS Stresses: N/mm™2 25

||

= Crack widths:

- RF-STEEL SIA Mesh reinforcement areas: [cm™2/m v
- RF-STEEL BS
. RF-STEEL GE Shear reinforcement areas: |em"2/m”™2 *
- RF-STEELCS
- RF-STEEL AS
.. RF-STEEL 5P Forces / lengths: kMN/m hd
- RF-STEEL NTC-DF
- RF-ALUMINILM

.. RF-KAPPA Section properties:
- RF-LTB

- RF-FE-LTB

- RF-EL-PL

- RF-C-TO-T

- PLATE-BUCKLING

- CRANEWAY

- RF-CONCRETE Memk»

- RF-CONCRETE Columi

- RF-PUNCH

- RF-TIMBER Pro

- RF-TIMBER AWC

- RF-TIMBER

- RX-TIMBER i

oK

m

Output Data
= Rotations:

=
=
4

Forces:

: Ratios:

Moments / lengths: lkNm/m - $ Dimensionless:

L T O R R R
Al

LR ]
4

$ Angles:

[ Cancel

Units and Decimal Places dialog box

The settings can be saved as a user profile and reused in other models. These functions are described
in chapter 11.1.3 of the RFEM manual.
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8.3

Exporting the Results

The results of RFFCONCRETE Surfaces can also be used in other programs.

Clipboard

You can copy cells selected in the result windows to the clipboard with [Ctrl]+[C] and subsequently
insert them with [Ctrl]+[V] into a word processing program, for example. The headers of the table
columns are not transferred.

Printout report

The data of RF-CONCRETE Surfaces can be printed into the printout report (see chapter 7.1 @) where
they can be exported with the menu item

File — Export to RTF.

This function is described in chapter 10.1.11 of the RFEM manual.

Excel

RF-CONCRETE Surfaces allows you to directly export data to MS Excel or into the CSV format. You
can access this function by selecting the menu option

File — Export Tables.

The following export dialog box opens.

Export of Tables *
Table Parameters Application
With table header (® Microsoft Excel
[ only marked rows (O csv file format

Transfer Parameters

[JExport table to active workbook
Export table to active worksheet
Rewrite existing worksheet

Selected Tables

(® Active table [C]Export hidden columns
(O all tables [CExport tables with details
Input tables

Result tables

2 Cancel

Export of Tables dialog box

When the selection is complete, click [OK] to start the export. Excel is started automatically, meaning
you do not need to open the program first.
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-
PN B AR R Excel table for RF-CONCRETE Surfaces.xlsx - Microsoft Excel

[E=NIEN )

Home Insert Page Layout Formulas Data Review View Add-Ins @ 0 (=
=1 } Calibri -8 - Text - [B} conditional Formatting - =Inset~ X ~ % [ﬁ
Ba- A B3 9o, » | [GEFormatasTable - 5% Delete = | (3]~
Paste wr Sort & Find &
7 S| - Y6 8 (5 Cell styles ~ fElFormat ~ | 2~ Filter~ Select~
Clipboard & Font (] Alignment (7] Mumber [F] Styles Cells Editing
Al - F | Surface v
A B c D E F G H 1 J K L I
1 | surface Point Point-Coordinates [m] Required Basic Additional Reinforcement [
2 | No No. X ¥ z Symbol | Reinforcement Reinforcement|  Required Provided Unit Note
3 1 M20 6,000 5,000 0,000(3, ; ;g 5,24 0,00 5,24 5,60(cm’/m
a4 M2 9,500 6000 0,000|3,, .0y £,72 0,00 £,73 &,73|cm’/m
5 M163 5,110 4,000  0,000(8,: . pomm 9,77 2,57 7,20 7,20 |cm’/m
6 M& 5,000 4,000  0,000(8, 5. pozem 16,66 2,57 14,09 14,08 [cm’/m
7 Miss 6,330 4,000 0,000|a,, 21,12 - - -|em?fm?
8 2 ME73 9,926 5,785  0,000(a,, .50 5,60 0,00 5,60 5,60[cm’/m
9 ME7E 9,926 5,785  0,000(8,; .6y 6,36 0,00 5,36 6,73 |cm’/m
10 M3 5,500 5,000 0,0003, 1w premem) 0,79 2,57 0,00 0,00(cm’/m
11 M74 3,500 4,500 0,000|3, ; . poceem) 2,61 2,57 0,04 14,08 |cm’/m
12 M3 9,500 6,000| 0,000|a,, 0,00 E - -[em?jm*
13| 3 M1 0,000 0,000]  0,000]a,; . 50 2,00 2,57 0,00 0,00|cm’/m =
14 M748 0,000 3,000 0,000 |3, 2. 152 3,71 2,57 1,14 2,91|cm’/m
15 M717 0,000 0,000  0,500(8,; . pcme 2,55 2,57 0,00 0,00 [cm’/m
16 Mz 0,000 6,000 [Xes] R —— 2,00 2,57 0,00 0,00(cm’/m
17 M1 0,000 0,000 0,000|a,, 0,00 - - -|em?)
18 4 M4 3,500 0,000 0,0003, ;. op 2,27 2,57 0,00 0,00(cm’/m
19 M110 &,206 0,000  0,000(3, 1.0 5,48 2,57 2,51 2,91 |cm’jm
20 M221 9,500 0,000 0,500|3, ; . oz 3,50 2,57 1,33 11,42 |cm’/m
21 M 3,500 0,000 10,0003, 2 4 premem) 2,00 2,57 0,00 0,00(cm’/m
22 M1 0,000 0,000 0,000 a.., 0,00 - - -|em?f
23 5 M1054 9,500 6,000 2,500 |8, 5 0t 7,11 2,57 4,54 4,54 (cm’/m
24 Ma21 5,500 0,000 0,500, 2, gy 3,42 2,57 0,85 2,91|cm’/m
25 M2 9,500 6000  0,000(a,, . pescm 13,99 2,57 11,42 11,42 [em’/m
26 M3 9,500 6,000  0,000(3, ;. pescm 3,57 2,57 1,40 1,40|cm®/m I
27 M3 5,500 5,000 0,000|a,, 8,76 - - ~|emfm -
M 4 » M| 2.2 Required Reinforcement by 5 %2 [l il | » ]
Ready | 0% (o——0—()
A

L5

G4 Resultin Excel

CAD applications

The reinforcement areas determined in RF-CONCRETE Surfaces can also be used in CAD applications.

RFEM provides interfaces with the following programs:

= Glaser (format * fem)
= Strakon (format *.cfe)

Nemetschek (FEM format for Allplan *.asf)
= Engineering Structural Format (format *.esf)

You can access the export function with the RFEM menu item

File — Export.

The Export dialog box opens where you can select the appropriate interface (see Figure 8.8 @ ). This

dialog box is described in chapter 12.5.2 of the RFEM manual.
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Export

Format  Detail Settings  Results
Formats for Frameworks
(C)DSTV Format - Members product interface for
steel constructions (*.stp)
{e.q. for Bocad, Frilo ESK/RS, Cadwork)
(C)Bentley ProStructures (*.stp)
() Tekla Structures (*.stp)
(O Intergraph (*.stp)
(O) Advance Steel (%stp)
(O) Cadwork up to version 18 (*.stp)
Ocsf2 (=stp)
Formats for Spreadsheets
(O Microsoft Excel (*.xs)
OpenOffice.org Calc (*.0ds)
()Csv (B.csv)
Formats for Cutting Patterns

ASCII Format - Cutting Patterns
Graphics of patterns into
ASCII file DXF (*.dxf)

General Formats for CAD Programs

(C) ASCII Format - Model
Graphics of model into ASCII file DXF (*.dxf)

(C) ASCII Format - Results
Isolines/Isobands of current results into ASCII file
DXF (%.dxf)

(O Industry Foundation Classes - IFC (*.ifc) 2x3
(StructuralAnalysisview,
e.g. for SoFistk, InfoGraph)

(C) Bentley ISM (*.ism.dgn, *.dan)

() SDNF Format
Steel detailing neutral file (*.dat)

ﬂurmats for Reinforcement CAD Programs \
(C) Glaser Format (*.fem) *

(O) Strakon (=.cfe) *

(@) Nemetschek Format
FEM Format into Nemetschek Allplan (*.asf) *

(C) Engineering Structural Format (*.esf)
(e.q. CADKON)

* These can only be exported when the add-on

K module ‘RF-COMCRETE Surfaces' is available. j

Direct Exports.

() Tekla Structures

() Autodesk AutoCAD
({from vers, 2010)

() Autodesk AutoCAD

Structural Detailing
(from vers. 2010)

Cancel

Export RFEM dialog box, Format tab

Depending on the interface, there can be additional tabs with settings for contro”ing the export of the

reinforcements.

Detail Settings | Results - Glaser (fam)

Customers conversion file for materials:

Customers conversion file for cross-sections:

>:\Users'Public’Documents'Diubal\lmport Export\Conversion File_Material b

[ Do plausibility check after import
[ Do plausibility check before export

C:\Users'PublictDocuments'Diubalmport Export\ConversionFile_CrossSect

zau

Switch

[T Export only selected objects coordinates Mimor
Note: KX (&}
Forcing Z-ais direction, changing coordinates mapping

and mimoring affects the local system of topology and load Y | [
cases, and may lead to unwanted results. 757 [

Use only if necessary.

Export RFEM dialog box, Detail Settings tab for Nemetschek format

Format Detail Settings Results

Export surfaces MNo.: 12

G| Ows

Export RFEM dialog box, Results tab for Nemetschek format

After clicking [OK], another dialog box for the Selection of the relevant results appears.
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Selection

RF-COMNCRETE Surfaces1 - Reinforced concrete design

Exports results in
(® Grid points
(O Finite element nodes
Longitudinal reinforcement
(® Required reinforcement
(O Required additional reinforcement

Ultimate Limit State (ULS)
Serviceability Limit State (5LS)
Governing of ULS [ 5LS

Provided reinforcement

(O Provided basic reinforcement

(O Provided additional reinforcement

(O Provided total reinforcement

[ shear reinforcement

@

Cancel

Selection RFEM dialog box
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