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Introduction

1.1. Professional training

This course will explain the nonlinear and stability calculations in SCIA Engineer. Most of the modules
necessary for this calculation are included in the Professional edition

For some options a concept edition is sufficient or for other options an expert edition or an extra module is
required. This will always be indicated in the corresponding paragraph.

1.2. Introduction to nonlinear and stability

In the first part of this course, stability calculations will be introduced. Such a calculation determines the
elastic critical buckling load of a structure. This analysis can be used to calculate the buckling length of a part
of the structure or to determine whether a 2" order analysis should be carried out.

In the second part, the course will explain how to introduce different nonlinear behaviours in a structure. First
the 2" and 3" order calculation methods are explained and integrated with Eurocode 3. Next the local
nonlinearities are examined including tension-only members, pressure-only supports, cable analysis, friction
supports, etc. and finally concluded with physical nonlinearities.

Then, a small chapter will explain the integration of these nonlinear behaviours into the stability calculation.

The final chapter provides some common failure messages which occur during a nonlinear analysis. This
chapter points out the most likely causes of singularities and convergence failures.

BV —2021/11/19 5



Advanced Concept Training — Nonlinear & Stability

Stability Calculations

A stability calculation calculates the global buckling mode (eigenmode) of a structure under the given
loading. In addition, the ratio between the buckling load and the applied load is given.

Stability calculations are used to obtain an insight into the buckling mechanisms of a structure, to calculate
the buckling length of a member for use in the Steel Code Check, to verify if 2" Order calculations are
required, ...

2.1 Stability Combinations

For a stability calculation, the principle of superposition does not hold. Every combination of loads will require
a separate calculation. The combinations have to be assembled before starting the calculation. In SCIA
Engineer, this is done by defining stability combinations

Stability combinations 0 X

bk

{)‘«“' Stability member data

Stability combinations

3‘!_! 5’@%@“ Input v i
31 Mame 51

52 4 Contents of combination

=3 LC1 - Self Weight [-] 1,35

54 LC2 - Self Weight Cladding [] 1.35

55 LC3 - Maintemance [-] 1.50

LC4 - Spow [-] Q73
3DWnd10 - 180, + CPE, - CPI [] 0.90

Mew from limear combinations Mew Insert Edit Delete Close

It is also possible to import the linear combinations as stability combinations. Choose the option New from
linear combinations , select the desired combinations and click on close. The selected combinations will be
added as stability combinations.

2.2 Linear Stability

During a linear stability calculation, the following assumptions are used:
e Physical linearity.
» The elements are taken as ideally straight and have no imperfections.
* The loads are guided to the mesh nodes, it is mandatory to refine the finite element mesh in order to
obtain precise results.
e The loading is static.
e The critical load coefficient is, per mode, the same for the entire structure.
» Between the mesh nodes, the axial forces and moments are taken as constant.

6 BV —2021/11/19



The equilibrium equation can be written as follows:
[Kg —Kg]-u=F

The symbol u depicts the displacements and F is the force matrix.

As specified in the theory of the Timoshenko method, the stiffness K is divided in the elastic stiffness Ke and
the geometrical stiffness Ks. The geometrical stiffness reflects the effect of axial forces in beams and slabs.

The basic assumption is that the elements of the matrix K¢ are linear functions of the axial forces in the
members. This means that the matrix Ke corresponding to a A multiple of axial forces in the structure is the
Ath multiple of the original matrix K.

The aim of the buckling calculation is to find such a multiple A for which the structure loses stability. Such a
state happens when the following equation has a non-zero solution:
[KE_)\KG] u=20

In other words, such a value for A should be found for which the determinant of the total stiffness matrix is
equal to zero:

Similar to the natural vibration analysis, the subspace iteration method is used to solve this eigenmode
problem. As for a dynamic analysis, the result is a series of critical load coefficients A with corresponding
eigenmodes.

2.3 Manual calculation of K ¢

The principle of a stability calculation and the meaning of the matrix K¢ will be explained with a simple
example.

Suppose the next situation:

R
Rigid Bar
<— N
I’(E
SR
| L |

This beam with length L has a pinned support at the left and a flexible spring support at the right with rigidity:
Ke.

Two point loads are inputted on the beam: a vertical R and a compression force N.
Standard analysis says that R and N are independent (in the non-deformed configuration) and the stiffness
relationship is:

Ke-r=R

With r the vertical translation of the right point of the beam.

BV —2021/11/19 7
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But, if the structure is allowed to deform, we can calculate equilibrium in the deformed configuration as
shown below:

R

Summing moments about the pinned end we get:
R-L+N-r=S-L

The equation for the response of the spring is:
Ke-r=S

Substituting S we get:
R-L+N-r=(Ke-r)-L

Dividing by L:
R+ N K
—r=Ke'r
L
And grouping terms we have:
N
R=Ke——-)'r
e =)
This can further be re-written if we define the geometric stiffness as:
N
Ke =—
L
giving the final form as:
R=(KE—Kac) r

Or:
[KE—Kg]-u=F

When the normal force N is multiplied with a factor a. so that the total rigidity becomes zero:
ocr- N 0

Ke —

The structure will buckle and become “unstable”.
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2.4 Performing the calculation & examples

To perform a Stability calculation, the stability functionality must be activated.
Project data >

Basicdata Functionality Actions UnitSet Protection
| GENERAL DETAILED.
Property modifiers 4 Subsoil
Model modifiers Pad foundation check
Parametric input 4  Steel
Climatic loads Fire resistance checks
Mabile loads Steel connections
Dimaenisg Scaffolding
Stability E TDoF 2nd order analysis for LTB
Nom Girders with sinusoidal webs
Structural model

IFC properties
Prestressing
Bridge design
Excel checks
Substitution beam

OK LCancel

. =1 Critical load coefficient
The A values can be found under the capt|0n| I S e e

The number of critical coefficients to be calculated per stability combination can be specified in the solver
settings , as well as the solver method to be used in the calculation. Lanczos is chosen by default, because
it gives fast and good results, but in some cases it will fail to find the solution. In these cases you can try the
other, slightly slower, methods to obtain a result.

B Solver setup *

Mame SolverSetupi
Specify load cases for linear calculation
Specify combinations for nonlinear calculation
4  Advanced solver settings
P General
I MNonlinearity
B Initial stress
4 Stability
Type of eigen value solver Lanczos L4
Mumber of buckling modes ﬂ

B Sail

Wg‘ (=3 n OK Cancel

BV —2021/11/19



Advanced Concept Training — Nonlinear & Stability

Notes:

10

The first eigenmode is usually the most important and corresponds to the lowest critical load
coefficient. A possible collapse of the structure usually happens for this first mode.

The structure becomes unstable for the chosen combination when the loading reaches a value equal
to the current loading multiplied with the critical load factor.

A critical load factor smaller than 1 signifies that the structure is unstable for the given loading.

Since the calculation searches for eigen values which are close to zero, the calculated A values can
be both positive or negative.

A negative critical load factor signifies a tensile load. The loading must thus be inversed for buckling
to occur (which can for example be the case with wind loads).

The eigenmodes (buckling shapes) are dimensionless. Only the relative values of the deformations
are of importance, the absolute values have no meaning.

For shell elements the axial force is not considered in one direction only. The shell element can be in
compression in one direction and simultaneously in tension in the perpendicular direction.
Consequently, the element tends to buckle in one direction but is being ‘stiffened’ in the other
direction. This is the reason for significant post-critical bearing capacity of such structures.

It is important to keep in mind that a Stability Calculation only examines the theoretical buckling
behaviour of the structure. It is thus still required to perform a Steel Code Check to take into account
Lateral Torsional Buckling, Section Checks, Combined Axial Force and Bending,...

BV - 2021/11/19



Example: Buckling_Frame.esa

A stability analysis is performed on a steel frame. The first three buckling modes are calculated and the
buckling loads are compared to the analytical results from ref.[25] to obtain a benchmark for the stability
calculation of SCIA Engineer.

Y LA
(N
E:W( A A

To obtain precise results, the number of 1D elements is refined in the mesh settings .
B Mesh setup *

Mame MeshSetupi
I Average number of 1D mesh elements on straight 10 members 20 l
Average size of 10 mesh element on curved 10 members [m] 1.

Average size of 20 mesh element [m] 1,000
Connect members/nodes

F Advanced mesh settings

In the solver setup the number of critical values can be specified. In addition, the shear force
deformation is neglected to have a good comparison with the analytical results.
B Solver setup X

Name SolverSetupi ~

Specify load cases for linear calculation

I Meglect shear force deformation Ay, Az »> A) I
v

Mumber of sections on average member 10

4  Advanced solver settings

4 General

Warning when maximal translation is greater than [mm] 1000,0
Warning when maximal rotation is greater than [mrad] 100.0
Coefficient for reinforcement 1
Print time in Calculation Pratocal
E  Initial stress
4 Stability

Type of eigen value solver Subspace iteration v
I Mumber of buckling modes 3 I v
= E oK Cancel

After executing a stability calculation, the following critical load coefficients are obtained:

Critical load coefficients

Stability combination : S1
1 2,22
2 2,89
3 3,54

BV —2021/11/19
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The corresponding buckling modes can be shown under 3D deformations for the stability combination

Buckling mode 1 — Critical load factor A = 2,22

L !

Buckling mode 2 — Critical load factor A = 2,89

8
&N
Buckling mode 3 — Critical load factor A = 3,54
! H
Y 4
¥« 1

The loading F on each column is 100 kN so the critical buckling load Ncr can be calculated as:

Ny =A-F
This gives the following results which can be compared to the analytical calculation:
Buckling Mode 1 222 kN 221.5kN
Buckling Mode 2 289 kN 289.6 kN
Buckling Mode 3 354 kN 353.8 kN

12 BV - 2021/11/19



Example: Buckling_Arch.esa

When calculating for example an arched steel bridge, one of the required parameters for a steel code check
is the buckling length of the arch. Using a stability calculation, the buckling factor of any member can be
obtained.

As an example, a steel parabolic arch is modelled with two fixed end points. The arch has a horizontal length
of 10m, height 2m and is loaded by a vertical line load of 30 kN/m.

The shear force deformation is neglected to have a good comparison with analytical results. Using an
average mesh size on curved 1D members  of 0,1m, a stability calculation vyields a critical load factor of
0,46.

B Mesh setup *
Mame MeshSetupi
Average number of 10 mesh elements on straight 10 members 1
I Average size of 1D mesh element on curved 10 members [m] 0,100 l
Average size on-D mesh element [m] 0,100
Connect members/nodes

> Advanced mesh settings

@3‘ [~ ﬂ 0K Cancel

Critical load coefficients

Stability combination :
1 0,46
2 0,77
3 1,30
< 1,82

The first buckling mode has the following shape:

BV —2021/11/19 13
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This result can be checked using an analytical formula from Ref.[27]. The critical line load for a fixed-fixed
arch with height 20% of the support distance is given as:

EI
P = 10325

With:  E = Modulus of Young = 210000 N/mm?
| = Moment of inertia = 666666,67 mm?*
L = Distance between supports = 10000 mm

= Po = 14,448 kN/m

The loading P on the structure was 30 kN/m so the critical load coefficient can be calculated as:

Por 14,448 kN/m
A=F=—— T 0,48
P 30 kN/m

This result corresponds to the result of SCIA Engineer.
Using the critical load coefficient, the buckling load of the arch can be calculated. The minimal normal force

N under the given loading is 195,82 kN. The minimal is used since this will give a conservative result for the
buckling length.

—195.82 kN

The buckling load Ncr can then be calculated as:
N, =A+N =0,46-195,82 =90,0772 kN

Applying Euler’s formula, the buckling factor k can be calculated:

N = m?-E-1
cr — (k . S)z
> k= 1 [m*El
S Ner
In which s specifies the arch length of 10,982m
The parameters can now be inputted:
K = 1 |m*-E-I _ 1 e - 210000N/mm2 - 666666,67mm* ~0.36
s N,  10982mm 90077,2N -

This buckling factor can now be inputted in the buckling data of the arch so it can be used for a steel code
check.

This example illustrates the use of a stability calculation for a simple arch. The same procedure can now be
applied to more complex structures like arched bridges, truss beams, concrete buildings,...

14 BV - 2021/11/19



Example: Buckling_Arch_FEM.esa

To illustrate the use of stability in finite element calculations, the arched bridge of the previous example is
modelled as a shell element.

Using an average mesh size of 2D elements of 0,1m, a stability calculation yields the following critical
load factor:

Critical load coefficients

Stability combination : S1
1 0,47
2 0,79
3 1,37
4 192

The corresponding buckling mode can be shown by viewing the 3D deformations

The result corresponds to the analytical solution shown in the previous example.

BV —2021/11/19 15
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Example: Buckling_Arbitrary Profile.esa

In this example, the buckling load for a composed column is calculated. The column has a variable section
consisting of two different cross-sections.
The critical buckling load is compared with the analytical result from Ref.[6].

>

/N
The loading is taken as 1 kN so the critical load coefficient equals the critical buckling load. To obtain a

correct comparison with the analytical calculation, the shear force deformation is neglected:
B Solver setup x

Name SolverSetupi ~

Specify load cases for linear calculation

I Meglect shear force deformation Ay, Az »> A) l
v

Mumber of sections on average member 10

4  Advanced solver settings
4 General

Warning when maximal translation is greater than [mm] 1000,0
Warning when maximal rotation is greater than [mrad] 100.0
Coefficient for reinforcement 1
Print time in Calculation Pratocal
4 Initial stress

Initial stress
4 Stability
Type of eigen value solver Subspace iteration v v
~ ~
| oK Cancel

16 BV —2021/11/19



The formula for the buckling load of a member with arbitrary cross-section is given in Ref.[6], pp.114 by
formula (2-48):
_ m- E : 12

cr
12

With m a parameter depending on the length of the different sections and the ratio l1/l2. This parameter is
specified in table 2-10 of Ref.[6].

I1 8.356 10" mm*
I 4,190 108 mm*
a 4'm

| 10 m

all 0.4

11/12 0.2

m 4.22

Pecr 3713 kN

A stability calculation  gives the following result:
Critical load coefficients

Stability combination : S1
1 3706,75
2 8758,02
3 29795,28
4 44526,39

This result corresponds to the analytical solution.
The corresponding buckling mode has the following shape:

=

E

1000.0 £

omd

-

z

200.0 =]
800.0
700.0
§00.0
500.0
400.0
300.0
200.0
100.0
0.0
0.0

Note: the buckling shapes can be animated through New Animation Window

anim SHOW ME
¥8d New animation window 0 =
M %‘
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3.1 Type of Nonlinearity

The nonlinear behaviour of structures can be categorised in three different groups:
* Geometrical nonlinearity : the displacements are dependent on the strains in a nonlinear way.
« Physical nonlinearity : the stresses are dependent on the strains in a nonlinear way.
e Local nonlinearity :the geometry or the boundary conditions of the structure change during the
solving of the equations.

These three types of nonlinearities will be examined in detail in the following chapters.
For a complete overview and theoretical background, reference is made to [1], [2], [3], [4], [5] and [6].

To be able to use nonlinearities in SCIA Engineer this functionality should be enabled in the Project data
dialogue:
Functionality Loads Combinations UnitSet: Protection

— | GEMERAL DETAILED
Property modifiers |4 Nonlinearity

Model modifiers Beam local nonlinearity
Barametric input Support nonlinearity/basic soil spring
Climatic loads Initial imperfections
Maobile loads Geometrical nonlinearity
g Dynamics General plasticity
Lo bilid CEb'E‘S
Monlinearity B Friction suppart/Soil spring

flf SRS a |4 Steel
= IFC properties Plastic hinge analysis
Fr Prestressing Fire resistance checks
Excel chedks Steel connections
Substitution beam Scaffolding

L e W Sl T S

And in the right column the necessary nonlinearity should be activated.

3.2 Nonlinear Combinations

During a linear analysis, the principle of superposition is valid: the load cases are calculated and the
combinations are composed after the calculation.

For a nonlinear analysis, this principle is not valid anymore. The combinations have to be assembled before
starting the calculation. In SCIA Engineer, this is done by defining nonlinear combinations

7 08
§; Nonlinear combinations 0 53
L)_: Nonlinear functions

18 BV —2021/11/19



A nonlinear combination is defined as a list of load cases where each load case has a specified coefficient.

B " Monlinear combinations *
Aia BB 92 & A v 7
MNC1 Mame MNC1

MNC2 Drescription

NC3 Solver index (D)

MNC4 Type Ultimate v
MC5 4+ Contents of combination

NCE LC1 - Self weight [] 1.35

NC7 LC2 - Self Weight Cladding [] 1.35

MNC3 LC3 - Maintenance [-] 1.50

NC9 LC4 - Snow [-] 0.75

NC10 30Wnd10 - 180, + CPE, - CPI [] 0,90

MC11 Bow imperfection None

NC12 Global imperfection None

NC13

MNC14

NC15

NC16

NC17

NC18

Mew from combination New Insert Edit Delete Close

The type of the combination, Ultimate or Serviceability , will determine what type of code check (ULS or
SLS) can be performed for the specified combination.

It is important to keep in mind that as each combination requires its own calculation, no sub-combinations
can be generated for a nonlinear calculation. This means that the options ‘envelope’ or code combinations
are not available. It is however possible to generate all the required nonlinear combinations based on the

existing combinations for the linear calculation. This can be done using the New from combination button.

h
140
“Hl*
s
w5
e
15
v

&h Make selection k *

MNC1
NC2Z

Type of combination Limear b

Hzed filter

MNC5 |4 Conte

Available Selected
NC7 LC2 -

NC10 30Wnd

R

<4

Manlinear combinations: o

'é & Create class

OK Cancel

BV —2021/11/19

19



Advanced Concept Training — Nonlinear & Stability

In this window we first need to specify the type of combination to import, linear, or an envelope or Eurocode
combination. The difference between both is that a linear combination will only create one nonlinear
combination, but the other types could generate multiple combinations. The number of nonlinear
combinations that will be generated for the selection is displayed on the bottom left.

When choosing for the envelope type, the filter option becomes available. This option can be very interesting
when a big amount of combinations are being generated. A lot of combinations that each require a separate
calculation can lead to very long calculation times. To limit this, the filter offers the following options:

Make selection >
Type of combination Envelope hd
Used filter All A
All dangerous
Most dangerous
Available Selected
co2 o
Co3
=
=
<
3
I Monlinear combinations: 142 I
Create class
QK Cancel

All = the number of nonlinear combinations equal the number of linear combinations in the envelope

combination

All dangerous = a dangerous combination is one that creates an extreme effect in some member in
the structure. That extreme effect can be an internal force or stresses in the extreme fibers of the
section. Linear results will be used in order to estimate which members are getting these extreme
effects. These are however based on linear results, so be careful as these aren’t necessarily all the
dangerous ones in terms of the nonlinear calculation.
Most dangerous = it is possible to specify how many dangerous combinations are considered. This
can be useful when you want to run a quick analysis with a lower amount of dangerous
combinations. However, the safer option is to use the filter for all dangerous combinations and the

safest is to use all.

1 6 linear analysis
I VA=

2 7 consulting

3 8

4 9

5 10

Envelope
combination

Linear
c01/1 combinator
C01/2 .
€01/3
€01/4 i";t:‘
co1/s
€01/6
c01/7
c01/8
01/9
c01/10
co1/11
c01/12
 »

FE dangen{us dangero'us frequency MosEdangetois
combi combi on FE
1 co1/4 Cc01/1 1% co1/4
2 co1/4 | wepl|  cO1/4 6x > C01/7
3 €01/1 €01/7 3x C0i/1__ |
4 €01/7
5 01/4
6 €01/4
7 c01/4
8 co01/4
) c01/7
10 C01/7
All 12 |co1/1, CO1/2, ... CO1/12
All dangerous <= 3 C01/1, C01/4, C01/7
Most dangerous = 2 2 co1/4, co1/7 —

20
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Notes:

The combinations defined as linear combinations can be imported as nonlinear combinations. It is
however important to keep in mind that during a nonlinear calculation no combinations are
generated. This implies for example that code specific combinations must first be exploded to linear
combinations. These linear combinations can then be imported as nonlinear combinations.

This method makes sure that the code coefficients and relations between the load cases are
correctly taken into account for the nonlinear calculation.

To view the extreme results for the nonlinear calculation, the nonlinear combinations can be grouped
within a result class.

The amount of nonlinear combinations is limited to 1000.

3.3 Calculation methods & settings

In the solver settings, different methods can be found for the execution of the calculation method as well as
different settings for the calculation.

B Solver setup X

Mame SolverSetup1 ~
Specify load cases for linear calculation
Specify combinations for nonlinear calculation
4  Advanced solver settings
I General
4  Nonlinearity
Method of calculation Picard

Mumber of increments | Newton-Raphson
Modified Newton-Raphso

Maximum iterations Picard
Salver precision ratio | Picard and Newton Raphso

Solver robustness ratio 1

4 Initial stress
Initial stress
4 Stability
Type of eigen value solver Lanczos v

Mumber of buckling modes 4

Wg‘ @ & OK Cancel

3.3.1 Solver settings

In a nonlinear calculation, it is no longer possible to compute a solution for the structure in one single step.
Instead the calculation will be an iterative procedure. In each iteration the software will make a guess at the
solution and then evaluate if this guess is accurate enough to considerate as a solution. If not, another
iteration will be calculated until the required accuracy is reached and the guess is accepted as the final
solution. How the guesses are made depends on the chosen calculation method, which will be explained
over this chapter. First, let us discuss the other solver options:

Number of increments : For the sake of robustness or accuracy it can sometimes be advisable to
apply the loading in smaller steps (or load increments) instead of all at once. If a higher number than
1 is entered here the load will be divided into steps, and an equilibrium will be searched for the first
load step before adding on the next piece of loading, until the entire load is added and the final
solution is reached.

Maximum iterations : As mentioned before, the solver will iterate until the required accuracy is
reached and only then stop its calculation. However it may be that the loading diagram has no
solution, or that the chosen calculation method is not adequate and will need a huge amount of
iterations before ever reaching a solution. To prevent being stuck in extremely long calculations you
can limit the maximum number of iterations here.

Solver precision ratio : This parameter controls how the solver decides if the result of an iteration is
accurate enough to stop the calculation. The convergence criterium is the following, with i the results
of the current iteration and i-1 the result of the previous iteration:

2 2 2 2 2 2

Z(“x,i " Uy i T uz,i) = Z(u.\:i—l T Uy i-1 T “z,i—l)
Y(uZ; + uf,ll- + uZ;

A coefficient value higher than 1 means that the tolerances will be smaller, hence the calculation will

be more accurate. A coefficient value lower than 1 means that the tolerances will be larger, hence
the convergence will be achieved more easily. In some case of heavy nonlinearity (e.g. cable or

< 0,005/ (solver precision ratio]
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membrane structures), it might be necessary to use less strict convergence criteria (e.g. ratio = 0.1)
to allow for proper convergence of the analysis. Note that even with a ratio = 0.1, the convergence
criteria remain very tight.

» Solver robustness ratio : This parameter affects the damping (speed of change) of the stiffness and
internal forces of nonlinear hinges, supports, members. It is not possible to exactly describe it,
because it is always a little different in different cases and types. It influences the convergence of
nonlinear calculation with local nonlinearities on 1D members, hinges and with nonlinear surface
support independently on selected method of calculation. A high value of this parameter ensures a
more stable but slower convergence of the calculation. It can help in case of sensitive nonlinear
analysis where convergence is problematic. A more detailed explanation can be found in the final
chapter of this manual.

3.3.2 Picard

The default calculation method is the Picard method. It uses a secant line to predict possible solutions for an
equilibrium. It is quite fast for basic nonlinearities (f.e. tension only elements, pressure only supports) and
uses only one force increment. The method is very robust, but a bit slower than the other options. It is a good
alternative for when the Newton-Raphson method fails.

Picard

A

>
d

d) d()

For big calculations it can be interesting to combine the methods and use the Picard method for its
robustness in the first few iterations, but increase the speed by using Newton-Raphson in the following
iterations. This can be done by choosing ‘Picard and Newton-Raphson’ and then inputting how many
iterations should first be performed using Picard:

B Solver setup X

Mumber of sections on average member 10 -
Warning when maximal translation is greater than [mm] 1000,0
Warning when maximal rotation is greater than [mrad] 100,0
Coefficient for reinforcement

Print time in Calculation Protocol

=

4  Nonlinearity
Method of calculation Picard and Newton | v
Mumber of increments 1
Maximum iterations of Picard method 1
Maximum iterations 50
Salver precision ratio 1
Solver robustness ratio 1
4 Initial stress
Initial stress
4 Stability

Type of eigen value solver Lanczos v

@3‘ = & OK Cancel
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3.3.3 Newton-Raphson

The Newton-Raphson method makes its guesses for the equilibrium solution by computing the stiffness
matrix of the structure in each step. This means that the iterations themselves will be slower, but the guesses
will be much better. Therefore, it will require just a few iterations to find equilibrium. This method is robust for
most of problems, but may fail in the vicinity of inflection points in the loading diagram. It can provide a
solution even for extremely large deformations. The accuracy of the method can be increased through
refinement of the finite element mesh or by increasing the number of increments. For good results this
method requires at least 4 subdivisions per 1D member.

If a structure has large rotations, care should be taken to not exceed 5° of rotation per load increment.

In some specific cases a high number of increments may solve even problems that tend to a singular
solution which is typical for the analysis of post-critical states.

Newton-Raphson

A Ky

exXt F———— e e e -
¥ ( | rl2) ] |
|
|
|
|
|
|

L fint

oV

3.3.4 Modified Newton-Raphson

This method is very similar to the Newton-Raphson method, with the only difference that the stiffness of the
structure is only computed in the first iteration. The same stiffness is then used for all the other iterations,
making them faster but less efficient than their non-modified version. This method can be especially
interesting for very large structures, where computing the stiffness matrix in every step would lead to very
high calculation times. It can also prove to be more robust in passing inflection points in the loading diagram.
It also requires at least 4 subdivisions per 1D member.

Modified Newton-Raphson

f/

oV

do g
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The options described here for the geometrical nonlinearities are also possible with a Concept edition . So
the Professional edition is not required for this chapter, except for the stability calculation (and the calculation
of acr as explained in the first chapter).

For geometrical nonlinearities, the nonlinear behaviour is caused by the magnitude of the deformations.
Take for example a simple beam: during a linear analysis, the relative deformation of the end nodes, in the
direction of the beam axis is dependent on the strain of the beam. Due to a curvature of the beam, the
distance between the end nodes is changed. This implicates that the total strain is now not solely dependent
on the displacement.

This relation can now be looked upon for different cases:
a) Small displacements, small rotations and small strains;
b) Large displacements, large rotations and small strains;

c) Large displacements, large rotations and large strains;

In SCIA Engineer, methods a) and b) have been implemented for the analysis of geometrical nonlinear
structures. Method c) with large strains is less common in structural applications (for example rubber) and
not present in SCIA Engineer.

Method a) will be calculated with a 2" order calculation method, like Timoshenko; method b) with a 3" order
method. An explanation about the methods and their workings is given at the end of this chapter. A 1st order
method is used when geometrical nonlinearities are not taken into account.

To activate the Geometrical Nonlinearity, the functionality Nonlinearity > Geometrical nonlinearity = must be
activated.

Project data >

Basicdata Functionality Actions. Unit Set  Protection

| GEMERAL DETAILED
Property modifiers 4 Nonlinearity
Model modifiers Beam local nonlinearity
Parametric input Support nonlinearity/basic soil spring
Climatic loads Initial imperfections
Mabile loads Geometrical nonlinearity fﬁ
Dynamics General plasticity
Stahility Cables
Monlinearity ﬂ Friction support/Soil spring
Structural model 4  Subsoil
IFC properties Pad foundation check
Prestressing 4  Steel
Eridge design Plastic hinge analysis
Excel checks Fire resistance checks
Substitution beam Steel connections
Scaffolding

TDoF 2rd order analysis for LTB

Girders with sinusoidal webs

oK LCancel
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4.1. Overview

Global analysis aims at determining the distribution of the internal forces and moments and the
corresponding displacements in a structure subjected to a specified loading.

The first important distinction that can be made between the methods of analysis is the one that separates
elastic and plastic methods. Plastic analysis is subjected to some restrictions.

Another important distinction is between the methods, which make allowance for, and those, which neglect
the effects of the actual, displaced configuration of the structure. They are referred to respectively as
second-order theory and first-order theory based methods.

The second-order theory can be adopted in all cases, while first-order theory may be used only when the
displacement effects on the structural behavior are negligible.

The second-order effects are made up of a local or member second-order effects, referred to as the P-6
effect, and a global second-order effect, referred to as the P-A effect.

P

H_'L'F"T H

B

* |

L
|
/7L7 * A
M(x) = Hx Mx)=Hx+P§+Pa x/L
M(L) = HL Mh)=HL+Pa
First Order Theary Secand Order Theary

On the next page an overview of the global analysis following the EN 1993-1-1, chapter 5, will be given:

» Allthe rules in this overview are given in the EN 1993-1-1 art. 5. For each step the rule will be
indicated. The first rule (Ccr > 10) will be explained in EN 1993-1-1 art. 5.2.1(3).

» In this overview 3 paths are defined:

o Path 1: In this path a first order calculation will be executed

o Path 2: In this path a second order calculation will be executed with global (and bow)
imperfections.

o Path 3: In this path a second order calculation will be executed with the buckling
shape of the construction as imperfection.

* The calculation will become more precise when choosing for a higher path.

» The lower paths will result in a faster calculation, because a first order calculation can be executed
without iterations, but this first-order theory may be used only when the displacement effects on the
structural behavior are negligible.

* Inthe next paragraphs the rules in this overview will be explained.

To take into account all nonlinearities in the model, nonlinear load combinations are made.
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Structural Frame Stability

52.1(3)

oy =10

ves No 522(3)b 522(3)a 53.2(11)

Global Imperfection ¢

5.3.2(6)

N Y
[ >3 |52 ° Neg > 25% N R Ner
Q (member)

|

& if ginall
required members

1% Order Analysis 2" Order Analysis
Y
Increase sway
effects with: No / Members Y
1 D with ey
1
1-——
aCI’
5.2.2(3)c 5.2.2(7)b
Ip based on aglobal I, taken equal to L
buckling mode
Stability Check in plane
5.2.2(7)a
Stability Check out of plane + LTB Check

Section Check
With:
*  No elastic critical buckling mode.
e L member system length
e b buckling length

Path 1a specifies the so called Equivalent Column Method. In step 1b and 2a “Ir may be taken equal to L".
This is according to EC-EN so you don’t have to calculate the buckling factor =1.
In further analysis a buckling factor smaller than 1 may be justified.
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4.2. Alpha critical

The calculation of alpha critical is done by a stability calculation in SCIA Engineer.

According to the EN 1993-1-1, 15t Order analysis may be used for a structure, if the increase of the relevant
internal forces or moments or any other change of structural behaviour caused by deformations can be
neglected. This condition may be assumed to be fulfilled, if the following criterion is satisfied:

F . .
A = — = 10 for elastic analysis
F

Ed
With:
*  Oer factor by which the design loading has to be increased to cause elastic instability in a global
mode
*  Fea design loading on the structure
e Fer elastic critical buckling load for global instability, based on initial elastic stiffnesses

If acr has a value lower then 10, a 2" Order calculation needs to be executed. Depending on the type of
analysis, both Global and Local imperfections need to be considered.

EN1993-1-1 prescribes that 2" order effects and imperfections may be accounted for both by the global
analysis or partially by the global analysis and partially through individual stability checks of members.

The calculation of Alpha critical and also Path 3 from the diagram of the previous paragraph will be explained
in the chapter “Stability”.

Example: Imperfections2D.esa

The diagram is now illustrated on a steel frame including a global imperfection. This benchmark project is
examined in detail in references [19] and [22].

A stability calculation for the frame gives a critical load factor acr of 13,17 > 10
This indicates that 2" order effects are negligible and a 1t order analysis may be used for the structure.
Path 1a can thus be followed and a 1%t order calculation is executed.

A steel code check gives the following results:

— 7
A
>

When Path 2a is followed, using a global imperfection and a 2" order calculation according to
Timoshenko , the steel code check shows the following:
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8 O
- |

N
I
= X

It can be seen that the results are practically the same which is as expected since the acris larger than 10.

The input of imperfections and execution of a stability calculation will be regarded in detail further in this

course.

4.3. Imperfections

When performing a nonlinear calculation, it is possible to input initial geometrical imperfections: initial
deformations and curvatures. These imperfections take into account the fact that the structure is for example
a bit inclined instead of perfectly vertical or that the members are not completely straight.

To input geometrical imperfections, the functionality Nonlinearity > Initial imperfections

must be activated.

Project data

Basic data

Functionality Actions Unit Set  Protection

GEMERAL

Property modifiers
Model modifiers
Parametric input

Climatic loads
Maobile loads
Dhynamics
Stability

Monlinearity &

Structural model
IFC properties
Prestressing
Bridge design
Excel checks

Substitution beam

[ 1

DETAILED
4  Monlinearity
Beam local nonlinearity

Support nonlinearity/basic soil spring

Initial imperfections &4

Geometrical nonlinearity
General plasticity
Cables
Friction support/Soil spring

4 Subsoil
Pad foundation check

4  Steel

Plastic hinge analysis
Fire resistance checks
Steel connections
Scaffolding
TDoF 2nd order analysis for [TE
Girders with sinusoidal webs

DK

X
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For each nonlinear combination, the imperfections can then be set.

B " Monlinear combinations >
Aia BB 2= & A v i
MC1 Mame MNC1

MNC2 Description

MC3 Solver index (D)

MNC4 Type Ultimate W
M5 4 Contents of combination

MCE LC1 - Self Weight [] 1.35

MCT LC2 - Self Weight Cladding [-] 1.35

MC3 LC3 - Maintenance [-] 1.50

MCO LC4 - Snow [] 075

MNC10 3DWnd10 - 180, + CPE, - CPI [] 0.90

MC11 Bow imperfection Mone b
MNC12 Global imperfection MNone L]
NCT3 None |
NC14 Inclination functions

MC15 Deform. from loadcase

NC1E Buckling shape

MC17

MC18

Mew from combination Iew Insert Edit Delete Close

Difference is made between Global imperfections (Initial deformations) and Bow Imperfections
(Curvatures).

4.3.1. Global frame imperfection ¢

The nodal coordinates define the geometry of the structure. Using initial deformations as global
imperfections, additional displacements (in X and Y direction) can be inputted. These displacements will thus
alter the geometry.

The structure itself can therefore be modelled as straight; the inclination is given by the global imperfection.

The global imperfection can be set in the following ways:
* Simple Inclination
» Deformation from Load case
* Inclination Functions
* Buckling Shape

Simple Inclination

The imperfection is defined as a simple inclination. The inclination is defined in mm per m height of the
structure. More specifically a horizontal displacement is given in the global X and/or Y direction which has a
linear relation to the height (global Z direction).

Deformation from Load case

The imperfection is defined by the displacements of a specified load case. This option can be used to take
into account for example the imperfections due to the self-weight. Especially for slender beams this can be
important.
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Inclination Functions

The imperfection is defined by a deformation-to-height curve, similar to the Simple Inclination. The curve can
then be assigned to an appropriate nonlinear combination.
These inclination functions are entered through Initial deformations

Ini a '::3::'
[ Initial deformations a =

[ Definition of UCS bv 2 points

When the type is set to Manual input , the function can be inputted by specifying the height and the
horizontal displacement.

Initial deformation X
MAME
Function X
TYPE
Manual input v
12 12
10]
g
6 Pos[m] Deforfmm]
1 0,000 0.0
2 5,000 25,0
4 3 10,000 80,0
4 12,000 110
* 0,000 0.0
2]
0
T &8 ¥ 0w o o M
OK Cancel

The type Factor allows a factor to be inputted at each height. In the definition of a nonlinear combination, a
manually inputted function can then be multiplied by this factor function.

30 BV - 2021/11/19



When choosing EN 1993-1-1 art. 5.3.2(3), the inclination function is calculated according to the code. As
shown during the 2" Order calculations, Eurocode 3 ref.[26] defines the global imperfection the following

way:
1
ﬁ' Oh * Oy

With:

© oy =buti<a <10

¢ am= [05(1+2)

e h The height of the structure in meters

e m The number of columns in a row including only those columns which carry a vertical load Neq

not less than 50% of the average value of the vertical load per column in the plane

considered.

Initial deformation

NAME

Function X
TYPE

EN1993-1-1art.532(3) v
BASIC IMPERFECTION VALUE : 1/

1/ 200

HEIGHT OF STRUCTURE :

20 m

NUMBER OF COLUMNS PER PLANE :
4

OK Cancel
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These parameters can be inputted after which the imperfection is automatically calculated:

B 7 Initial deformations *®
Al ek 9> & - ~ v i
Function X

Mame Function X
Type EN 1993-1-1art. 5.3.2(3) v
Basic imperfection value : 1/ [- 200,00
Height of structure : [m] 20,000

Mumber of columns per plane 4

@ ; 0,00263500
oyt [ 0.67
Rt [ 0.79
MNew Insert Edit Delete Close

An inclination function is defined independent of an axis. This means that the same function can be used to
define the displacement in X in function of Z, or Y in function of Z, or X in function of Y, ... All of this, as well
as the sign, can be defined in the nonlinear combinations.

B Monlinear combinations K
B @B v & A v i

Mame MNC1X

i\JCZ)C Description

NC3 X Solver index (1)

MNC4 X Type Ultimate ¥

MNC5 X 4 Contents of combination

MNCE X LC1 - Self Weight [] 1.35

MNCT X LC2 - Weight Cladding [] 1.35

MNC3 X Bow imperfection According to buckling data b

MNC9 X Global imperfection Inclination functions v

MC10 X 4 dx inclination functions

MC11 X Z Def X ¥

MNC12X Factor None v

NC13 X Sense + b

MC14 X Y None ¥

NC15Y 4 dy inclination functions

MNC16Y Z None ¥

MNCI1TY ¥ None ¥

MNC13Y 4 dz inclination functions

NC19Y ¥ MNone

MNC20Y ¥ None

Mew from combination Mew Insert Edit Delete Close

The axis in big letters (X, Y, Z) are the axis that will be inclined. The small letter axis (dx, dy, dz) is the
direction of this inclination. Generally you will only use dx-Z to incline the vertical axis in the x-direction and
dy- Z to incline the vertical axis in the y-direction.

The Sense option allows the imperfection to be applied in the positive or negative direction (according to the
chosen global direction). This way, a nonlinear combination can for example be copied, where the original
has a positive sense and the copy a negative sense to take into account both possibilities.

Instead of the Sense, the Factor function can be applied as specified above. The values of the factor
function will be multiplied with the values of the defined inclination function.
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Buckling Shape

As an alternative to global and local imperfections, paragraph 5.3.2(11) of Eurocode 3 Ref.[26] allows the
use of a buckling shape as a unique imperfection. For this option the Professional or Expert edition is

necessary.

To input geometrical imperfections, the functionality Nonlinearity > Initial imperfections

be activated.

and Stability must

Project data

Basic data

Functionality

GEMERAL

Actions. UnitSet  Protection

Property modifiers
Model modifiers
Parametric input

Climatic loads
IMabile loads
Dynamics
Stability B2
Monlinearity £4
Structural modet
IFC properties
Prestressing
Eridge design
Excel checks
Substitution beam

DETAILED
4  Nonlinearity
Beam local nonlinearity
Support nonlinearity/basic sail spring
Initial imperfections
Geometrical nonlinearity
General plasticity
Cables
Friction support/Sail spring
4 Subsoil
Pad foundation check
4 Steel
Plastic hinge analysis
Fire resistance checks
Steel connections
Scaffolding
TDoF 2nd order analysis for LTE
Girders with sinusoidal webs

CK

]

LCancel

Since the buckling shape is dimensionless, Eurocode gives the formula to calculate the amplitude ninit of the
imperfection. In Ref.[28] examples are given to illustrate this method. In this reference, the amplitude is given

as follows:
Ninit =€ "7 7 .- N
init 0 E- Iy Mermax cr
12X
eg=0a-(A—0,2) —Rk._YML {5r 1 > (.2
0 ( ) Ngrk 1—)(-(X)2
With:
e A= [Nk
NCI‘
e imperfection factor for the relevant buckling curve.
* X reduction factor for the relevant buckling curve, depending on the relevant cross-section.
*  Nrk characteristic resistance to normal force of the critical cross-section, i.e. Npirk.
*  Ner elastic critical buckling load.
* Mgk characteristic moment resistance of the critical cross-section, i.e. Melrk Or Melrk as relevant.
* N shape of the elastic critical buckling mode.
. n:r max Maximal second derivative of the elastic critical buckling mode.
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The value of ninit can then be entered in the field Max deformation .

B " Monlinear combinations )4
AiagBBE == & v
INCT Name NC1

Description

Solver index (1)
Type Uktimate ¥
4 Contents of combination
LC? - Load 119476 kM [] 1,00
Bow imperfection MNone
Global imperfection Buckling shape
Stability 51
Eigen shape 1
Max deformation [mm] 57

Mew Imsert Edit Delete Close

4.3.2. Initial bow imperfectione o

During a linear calculation, the members are taken to be ideally straight. Using bow imperfections, a local
curvature can be defined for each element. A normal force in a member will thus lead to additional moments.
These additional moments shall only be taken into account for members with compressive forces.

To obtain correct results using bow imperfections, it is required to refine the number of 1D mesh elements .

The local imperfection can be set in the following ways:
e simple curvature;
» according to buckling data.

SCIA Engineer will automatically apply the curvature in the following way, which is in most cases the de-
favourable sense:

After the first iteration step, the deflection in the middle determines the sign of the initial bow imperfection. If
there is no deflection the alternating pattern is used and the beam will deform with a sinusoidal form through
its nodes.

Simple Curvature

Using this option, a curvature can manually be inputted. This curvature will be used for all members in the
project. This method is quite convenient when the same type of cross-section (buckling curve) is used
throughout the project like for example scaffolds, framework,...
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According to Buckling Data

A bow imperfection according to buckling data allows you to specify different curvatures for each used
buckling data. In the System lengths and buckling settings  properties of a member, the bow imperfection
can be set, first for the span y-y and then for z-z.

B Systemn lengths and buckling settings =] X

lolg][2]r =& A

Settings Results

Mame BC146

Buckling span Deflection span
Lsvy ] Deflectionz = R
(SEs e v ] penedony- —_
yz= zz ¥
o= zz ¥

= Active buckling constraints
4 Span settings

Buckling length factors Settings per span for y-y axis
ky factar Calculate ¥ Sway y-y
1 @
Sway y-y Custom N

Member imperfection in 2nd order analysis

Bow imperfectionely  EN 1993-1-1 Table
Mo bow imperfection
EN 1983-1-1 Table 5.1 — elastic
EN 1993-1-1 Table 5.1 — plastic
EN 1993-1-1 Table 3.1 — elastic — if required
EN 1993-1-1 Table 5.1 - plastic - if required
Manual input of bow imperfection

¢ Advanced seHtings

Save Cancel

By default the bow imperfection is set to ‘From setup . In this case the member will follow the default setting
from the steel setup:

B Steel setup X

(= Standard EN Name Standard EN
(- Steel 2 Shegl

* Member check I Member check EN 1993-1-1

: E:Tdrf:z:::: P Fire resistance EN 1993-1-2

- Plated structural elements P Cold Formed EN 1993-1-3

i I Plated structural elements EN 1993-1-5

ng defaults P Limit slenderness EN 50341-1
deflection ched 4

Buckling defaults

..... Autdesigr 4  Buckling systems relation

s 48 14 ¥
yE v
It z v

4 pefiection systems relation
In plane deflection [defz) y¥ ¥
Out of plane deflection (defy) z= 2
ky factor Calculate v
kz factor Calculate o
Saistatlaad.snplization 0 sheatcenias x

4 Bow imperfections

Bow imperfection ely No bow imperfection A

No bow imperfection

EN 1993-1-1 Table 5.1 - elastic
EN 1993-1-1 Table 5.1 - plastic
EM 1993-1-1 Table 5.1 - elastic - if required k
EN 1993-1-1 Table 5.1 - plastic — if required
Manual input of bow imperfection

—_
iéﬁr&me:!ﬁ%m!-%j TRBIe 5.1

| Description: Setting to define local bow imperfactions on the member.
| Application: Local bow imperfections are used in the context of 2nd order analysis, When applied extra bending
| moments are induced along the member,

Load default non-MA parameters || Load default MA parameters Cancel

Bow imperfection ez

> SLS deflection check
I Autodesign
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As seen during the 2" Order calculations, Eurocode 3 Ref.[26] defines the initial bow imperfection using the

following table:

hN Buckling curve | elastic analysis | plastic analysis
acc. to Table 6.1 g/ L g/ L
ag 1/350 1/300
a 1/300 1/250
b 1/250 1/200
0 c 1/200 1/150
d 1/150 1/100

Where L is the member length.

When the options EN 1993-1-1 Table 5.1 elastic/plastic are chosen, SCIA Engineer will check the buckling
curve of the member and will apply the specified imperfection automatically on the member. This
imperfection is always applied which corresponds to Path 2c of the diagram seen during the 2" Order

calculations.

The options EN 1993-1-1 Table 5.1 elastic/plastic

—if required will apply the imperfection only if the normal

force Ned in @ member is higher than 25% of the member’s critical buckling load Ncr as specified in Eurocode.

This corresponds to Path 2b of the diagram.

When selecting Manual input of Bow Imperfection

tab System lengths and buckling settings.

, the imperfection can manually be inputted using the

7 System lengths and buckling settings

iole|[2]F = =g A m

Settings Results

Name BC136

Buckling span
. vy

z3= T ¥
=N

OoB= z1 ¥

Deflection span
Deflectionz =

Deflectiony =

[m] x

LA

zz ¥

> Active buckling constraints

4 Span setlings

Buckling length factars
ky factar

Sway y-y

Settings per span for ki

Sway y-y

0.y fmm]
1000

Calculate

1 E

Custom v

Member imperfection in 2nd order analysis

Bow imperfection ey

> Advanced settings

Manual input o bo A

From setup
Mo bow imperfection

EN 1993-1-1 Table 5.1 - elastic

EN 1993-1-1 Table 5.1 - plastic

EN 1993-1-1 Table 5.1 - elastic - if required
EN 1993-11 Table 5.1 _ plastic — if required

Manual input of bow imperfection

Save Cancel

This way, the imperfection can be manually inputted for each member. This is in contrast to the Simple
Curvature where the same bow imperfection is applied to all members.

When using bow imperfections it is important to set correct reference lengths for buckling since these lengths

will be used to calculate the imperfection.
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Example: Imperfection_Manual.esa

In this project, the principle of a bow imperfection is illustrated for a simple beam.

The beam is modelled once as ideally straight (B1). Next the beam is modelled as curved with a deflection at
midpoint of 200mm (B2). In the third case, the beam is taken as straight and a bow imperfection of 200mm is
manually set through the Buckling Data (B3).

B1

F1/-5.00

B2
s = F3/-500

B3

F2 / —5.00

The tab System lengths and buckling settings of B3 shows the following:

Seltings Results

Mame BC2
Buckling span Deflection span
. ¥y Deflectionz = vy Y
rz= TZ ¥ Deflectiony = zz ¥
yI= Iz
OB= zz
I Active buckling constraints
4 Span sellings
Buckling length factors Settings per span for y-y axis
ky factor Calculate d Sway y-y &0,y [mm]
- 3 - 200,0
",‘ = F Swizy vy Custom ¥
Member imperfection in 2nd order analysis

Bow imperfection e0y Manual input of bo ¥

> Advanced settings

[ 1% Y YNV

Save Cancel

The three beams are loaded by a normal force of 5 kN. Those with a deflection of 200 mm, are expected to
have a moment of 1 kNm in the middle of the beam.
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The moment diagram after a nonlinear calculation shows the following:

B1

R
>

B3

|
1,00 kNm \

As expected, the beam B1 does not produce a bending moment. Both the curved beam and the beam with
imperfection yield the 1 kNm.

This example shows that the bow imperfection corresponds to a curved calculation model.

Example: Imperfection_Self Weight.esa

A tube on two supports is loaded by its self-weight and a compression load of 20 kN.
The tube is manufactured in S235, has a cross-section RO 48,3 x 3,2 and length 5m.
A linear calculation results in a bending moment of 0,109 kNm:

™

L

0,109 kNm

This moment is caused entirely by the self-weight of the tube:

Area: 453 mm? = 0,000453 m?

Volumetric mass: 7850 kg/m3

Length: 5m

Loading caused by the self-weight: 7850 kg/m3 x 0,000453 m2 x 9,81 m/s2 = 34,88 N/m
=0,03488 kN/m

Moment caused by the self-weight: (0,03488 kN/m x 5m x 5m) / 8 = 0,109 kNm
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The self-weight causes a deformation of 11,659 mm

M~
1y
7

—11,659 mm

Due to the fact that the self-weight causes this deformation, the compression force of 20 kN will lead to an

additional moment.

To see this effect in detail, a nonlinear analysis is carried out which takes into account the deflection
caused by the self-weight. The deformation of the self-weight can thus be set as a global imperfection

B Monlinear combinations

i s BB < & A

iNC Mame

Description

Solver index
Type
+ Contents of combination
LCT - Self Weight []
LC2 - Compression Force 20 kM [
Bow imperfection
Global imperfection
Load case

MNew from combination New Insert Edit Delete

* Y

MNC1

)]
Ultimate

1,00

1,00

MNone

Deform. from loadcase
LC1

*

£

Close

The nonlinear calculation results in a moment of 0,342 kNm
~J

L

0,342 kNm

This value can be calculated as follows:

* Imperfection due to the self-weight: 11,659mm = 0,011659m

e Compression force: 20 kN
* Additional Moment: 20 kN x 0,011659m = 0,23318 kNm
* Moment caused by the self-weight: 0,109 kNm

e - Total moment: 0,109 kNm + 0,23318 kNm = 0,342 kNm

It is clear that taking into account the deflection of the self-weight has a large influence on the results. In this

example, the bending moment increases with more than 200%. Especially for slender beams the

imperfection due to self-weight can be important.
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4.3.3. Example Global + Bow imperfection

In this chapter a general example of the global and bow imperfections in SCIA Engineer.

Example: Steel Depot.esa

To illustrate the use of imperfections, both sway imperfections and bow imperfections are inputted on the
columns of a steel depot.

The structure has the following layout:

The diagonals have been inputted as tension only members.
Inclination functions  are defined according to the code so the initial sway is calculated automatically:

B Initial deformations >
AiaemE o= & @FE A v i
iDef X
Def ¥

Mame Def X

Type EM 1993-1-1 art. 5.3.2(3) v
Basic imperfection value : 1/ [- 200,00
Height of structure : [m] 6,000
Mumber of columns per plane 10

@ 0,00302800
oy [ 0,82
[/ | 0,74
MNew Insert Edit Close
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The system lengths and buckling groups  of the columns is edited to specify bow imperfections EN 1993-
1-1 Table 5.1:

B 7 Systern lengths and buckling groups >

i BB = & - & v

&5 Column MName Column S
Mumber of parts 1
Description
Memberis) material Steel, other
ky factor Factor
kz factor Factor
Point of load application In shear center
MEE Calculated
Bow imperfection ely EN 1993-1-1 Table 5.1 - elastic
Bow imperfection e0z EN 1993-1-1 Table 5.1 - elastic
+ 5LS deflection Timits

Deflection limit definition From setup v

<« << <« < <

4 In plane deflection {def z)
Total loads [-] 2000
Variable loads [] 360.0 W

Yy ZZ

28
p 4

MNew Insert Edit Delete Close

Since global and local imperfections are used for the columns, a buckling check needs not to be executed
conform Path 2¢ of the diagram seen during the 2" order calculations. To take this into account in SCIA
Engineer, the buckling factors can be manually set to a low value so buckling will not be normative.

The Fundamental ULS combination according to Eurocode can then be imported as nonlinear combinations.
The bow imperfection is set according to buckling data  and the global imperfections are set through the
inclination functions

Since sway imperfections need to be considered in one direction at a time, the nonlinear combinations are
taken once with the sway in X-direction and once with the sway in Y-direction.
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B Monlinear combinations >
Aia BB < = & a v i
INCT X Mame MC1X

NC2 X Description

MNC3 X Salver index (1)

MC4 X Type Ultimate ¥
MNCS X + Contents of combination

MNCE X LC1 - Self Weight [-] 1.35

NCT X LC2 - Weight Cladding [-] 1.35

MNC3E X Bow imperfection According to buckling data k4
NC9 X Global imperfection  Inclination functions v
MNC10 X 4 dx inclination functions

MNC11X Z Def X ¥
MNC12 X Factor Mone ¥
MNC13 X Sense + b
MNC14 X Y Mone v
NC15Y 4 dy inclination functions

NC16 Y Z Mone v
MNCITY ¥ MNone v
NC13 Y 4 dz inclination functions

MNC19Y ¥ MNone

MNC20Y Y Mone

NC21Y J

Mew from combination MNew Insert Edit Delete Close

If required, this number of combinations can de doubled to change the sense of the sway imperfections.

To obtain correct results for the bow imperfections, the finite element mesh is refined.

B " Mesh setup

4  Advanced mesh settings

4  General mesh settings

I 1D elements

®H @ |

Mame MeshSetupi
Average number of 1D mesh elements on straight 10 members 5
Average size of 1D mesh element on curved 1D members [m] 1,000
Average size of 2D mesh element [m] 1,000
Connect members/nodes

Minimal distance between definition point and line [m] 0.001
Definition of mesh element size for panels Automatic w
Average size of panel element [m] 1,000
Elastic mesh

OK ‘Cancel

A 2" Order calculation can then be carried out using Timoshenko’s method

42
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The Steel Code check for the mid columns yields the following result.

Since both global and local imperfections have been inputted, only the section check and the lateral torsional
buckling check are relevant. In this example, member B22 produces the largest check on the compression
and bending check.

4.4. Calculation methods for geometrical nonlineari ty

4.4.1. 2" order: Timoshenko

For 2™ order calculations SCIA Engineer uses the so called Timoshenko method (Th.I.O) which is based
on the exact Timoshenko solution for members with known normal force. It is a 2" order theory with
equilibrium on the deformed structure which assumes small displacements, small rotations and small strains.

When the normal force in a member is smaller than the critical buckling load, this method is very solid. The
axial force is assumed constant during the deformation. Therefore, the method is applicable when the normal
forces (or membrane forces) do not alter substantially after the first iteration. This is true mainly for frames,
buildings, etc. for which the method is the most effective option.

The influence of the normal force on the bending stiffness and the additional moments caused by the lateral
displacements of the structure (the P-A effect) are taken into account in this method.

The difference between 1st, 2nd and 3 order calculation is nicely illustrated in the picture below.

5
§

I"
/
[}
X J l. M= H.x
! Il. M=H.x+Fy
]
‘M, . Mr=H.(x-w) +Fy
L S

1st order - Solution without geometric nonlinearity.
2nd order - Exact solution of differential equations, suitable for most cases of nonlinear behaviour of buildings (DEFAULT)
3rd order - lterative solution suitable mostly for models with membranes and cables.
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If the members of the structure are not in contact with subsoil and do not form ribs of shells, the finite
element mesh of the members must not be refined.

The method needs only two steps, which leads to a great efficiency. In the first step, the axial forces are
solved. In the second step, the determined axial forces are used for Timoshenko’s exact solution. Further
iterations are only needed if other nonlinearities are present in the structure. The original solution was
generalised in SCIA Engineer to allow taking into account shear deformations.

The applied technique is the so called ‘total force method’ or ‘substitution method'. In each iteration step, the

total stiffness of the structure is adapted and the structure is re-calculated until convergence. This technique
is illustrated in the following diagram.

)

Calculate Kg

Caculate Kg

SolveK.u=F

No

Convergence
inu?

Yes

=N

In this figure, the stiffness K is divided in the elastic stiffness Ke and the geometrical stiffness Kg. The
geometrical stiffness reflects the effect of axial forces in beams and slabs. The symbol u depicts the
displacements and F is the force matrix.

The criterion for convergence is defined as follows:
2 2 2 2 2 2
Z(ux,i + Uy + uz,i) - Z(ux,i—l + Uy i1 + uz,i—1)
2 2 2
Z(ux,i + uy,i + uz,i

< 0,005/(precision ratio)

With:
°*  Ux,i displacement in direction x for iteration i.
Uy, displacement in direction y for iteration i.
* Uz displacement in direction z for iteration i.
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The diagram is illustrated on the following figure.

FA

ul u2 w3l v4us u’

The choice of the Timoshenko Method and the maximal amount of iterations can be specified through

Calculation, Mesh > Solver Setup.

B Solver setup

Mame SolverSetup1
Specify load cases for linear calculation
Specify combinations for nonlinear calculation
4  Advanced solver settings
I General
4  Nonlinearity
Geometrical nonlinearity 2nd order (Timosher v
Method of calculation Picard
Mumber of increments 1
Maximum iterations 50
Solver precision ratio 1
Solver robustness ratio 1
4 |Initial stress
Initial stress

1st order - Solution without geometric nonlinearity.
2nd order - Exact solution of differential equations, suitable for most cases of nonlinear behaviour of buildings (DERAULT].
3rd order - lterative solution suitable mostly for models with membranes and cables.

m’; = & oK Cancel

*

~

Example: Timoshenko.esa

In this benchmark example, a frame is calculated both in 1st and 2" Order using the Timoshenko method.

The influence of the 2" Order effects is seen to be significant.

The results are compared with the results from reference [7] ‘Stahl im Hochbau’ p256.

Stahl im Hochbau SCIA Engineer
M21 602.2 (227.1) kNm 605.97 (227.08 ) kKNm
M32 506.0 (224.9 ) kNm 503.38 (224.86 ) KNm
M34 779.9 (343.0) kNm 771.54 (342.92 ) kKNm

The results between brackets are those for the first order analysis.

BV —2021/11/19
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The Moment-diagram for the 1%t Order analysis shows the following:

—224.86

253.67

[

A significant increase of the moments is seen for the 2" Order analysis :

—503,38

9

60

4.4.2 3rd order

For 39 order calculations several methods are available. Each of those iterative processes have been
explained in chapter 3.3. They can be selected in the solver settings, after selecting a 3 order calculation.

4  Monlinearity

Geometrical nonlinearity 3 rd order (large deformation) v

Method of calculation Picard and Newton Raphson A

Mumber of increments | Newton-Raphson

Maximum iterations of Picard methc M.odlfmd Newton-Raphson
Picard

Maximum iterations Y- P L TH =LA

The exact process will now be explained for the Newton-Raphson method (Th.III.O), which is based on the
Newton-Raphson method for the solution of nonlinear equations.

This method is a more general applicable method which is very solid for most types of problems. It can be

used for very large deformations and rotations; however, as specified the limitation of small strains is still
applicable.
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Mathematically, the method is based on a step-by-step augmentation of the load. This incremental method is

illustrated on the following diagram:
Start

Choose AF
Up = 0
Fo=0

A 4

F=Fo+AF

<&
<
A 4

Determine Kt at Fy

A 4

SolveKt. Au=F Up=u
Determine Fq

! 5

u=up+Au

No

Convergence
inu?

The following figure shows this process graphically.
FA

it. 1 it. 2

4

delta F
/

§

Fo

>
u

—
Lu0 | deltau |~

In this figure, the tangential stiffness Ky is used. The symbol u depicts the displacements and F is the force

matrix.
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The original Newton-Raphson method changes the tangential stiffness in each iteration. There are also
adapted procedures which keep the stiffness constant in certain zones during for example one increment.
SCIA Engineer uses the original method.

As a limitation, the rotation achieved in one increment should not exceed 5°.

The accuracy of the method can be increased through refinement of the finite element mesh and by
increasing the number of increments. By default, when the Newton-Raphson method is used, the number of
1D elements is set to 4 and the Number of increments is set to 5.

In some cases, a high number of increments may even solve problems that tend to a singular solution which
is typical for the analysis of post-critical states. However, in most cases, such a state is characterized by
extreme deformations, which is not interesting for design purposes.

The choice of the Newton-Raphson Method, the amount of increments and the maximal amount of iterations
can be specified through Calculation, Mesh > Solver Setup.

B Solver setup X

Specify combinations for nonlinear calculation A
4 Advanced solver settings
I General
4 Nonlinearity
Geometrical nonlinearity 3rd order (large defo v
Method of calculation Newton-Raphson v
Mumber of increments 5
Maximum iterations 50
Solver precision ratio 1
Solver robustness ratio 1
4 Initial stress

Initial stress

4 Soil
4 Soilin
Step for soilfwater pressure [m] 0,500
50il combination None .
&g =" n oK Cancel

As specified, the Newton-Raphson method can be applied in nearly all cases. It may, however fail in the
vicinity of inflexion points of the loading diagram. To avoid this, a specific method has been implemented in
SCIA Engineer: the Modified Newton-Raphson method.

This method follows the same principles as the default method but will automatically refine the number of
increments when a critical point is reached. This method is used for the nonlinear Stability calculation and
will be looked upon in Chapter 6.

In general, for a primary calculation the Timoshenko method is used since it provides a quicker solution than

Newton-Raphson due to the fact Timoshenko does not use increments. When Timoshenko does not provide
a solution, Newton-Raphson can be applied.
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Example: N R_Beam.esa

This project is used to illustrate the capability of the Newton-Raphson method regarding large deformations
and large rotations.
The structure consists of a cantilever beam which is loaded by a moment at the free end. The rotation at the
free end is given by:
M-L
?TE

When ¢ = 21, the beam will form a complete circle. The moment required for this rotation is:
2n-E-1

21 L

The member considered has a length of 10m and a cross-section type IPE200. The parameters in this case
are:

+ E =210000 N/mm?

* L =10000 mm

+ 1=1.943107 mm4

This leads to a moment M2r=2563,73 kNm.

Since the rotation in one increment is limited to 5°, about 80 increments are needed. To obtain precise
results, a dense mesh is required.

A calculation using Newton-Raphson with 80 increments and 40 mesh elements for the beam gives the
following results:

Displacement of nodes
Nonlinear calculation, Extreme : Global

Selection: All
Nonlinear combinations : NC1
Node Case Ux Uy 174 Fix Fiy 374
mmn mmn mn [llllad] [lll?d] [I'I'Iad]
N2 NC1 -9999,4 0,0 -0,4 0,0] 6283,5 0,0
N1 NC1 0,0 0,0 0,0 0,0 0,0 0,0
N3 NC1 -5000,0 0,0] -3183,9 0,0] 31416 0,0
The displacement of nodes shows the following for fiy :

Ly

M)

g

™

Lo

|
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Example: N R_Membrane.esa
This project illustrates the (positive) influence of the membrane forces on the results.

A steel plate is loaded by a surface load, perpendicular to the member system-plane. A 1%t Order calculation

gives the following deformations:
Uy [mm]

834.7
75.0
70.0
85.0
60.0
55.0
50.0
45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

5.0

0.0

A 3™ Order calculation using Newton-Raphson will take into account the development of membrane forces
in the plate. These tensile membrane forces will have a positive effect on the stiffness on the plate and will
thus reduce the deformations.

The results are showed below.

Uy [mm]
16.7
15.0
14.0
13.0
12.0
11.0
10.0

5.0

2.0

7.0
6.0

5.0

4.0

3.0
2.0

1.0

0.0
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Remark: as explained before, Timoshenko is not valid for high deformations. So for this example,
Timoshenko would lead to incorrect results and this method does not take into account (positive) influence of
the membrane forces on the results. The deformations calculated with Timoshenko are the following:

| Uy

53.2
&4.0
78.0
72.0
66.0
80.0
54.0
45.0
42.0
35.0
30.0
24.0
18.0
12.0

6.0

0.0
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Local Nonlinearity

The local nonlinearities can be defined for 1D members, connections between 1D members, 2D members
and supports.

The following types have been implemented in SCIA Engineer:
* Beam local nonlinearity;
* Beam local nonlinearity including initial stress;
¢ Nonlinear member connections;
e Support nonlinearity;
* Pressure only elements;
» 2D membrane elements.

5.1. Beam Local Nonlinearity — also available inth e concept edition

The options described in this chapter are also possible with a Concept edition . So the Professional edition
is not required for this chapter.

To input local nonlinearities for 1D members, the functionality Nonlinearity > Beam local nonlinearity = must
be activated.

Project data >

Basic data Funclionality Actions UnitSet Protection

L GENERAL. DETRRLED:
Property modifiers 4  Nonlinearity
Model modifiers Beam local nonlinearity
Parametric input Support nonlinearity/basic soil spring
Climatic loads Initial imperfections
Maobile loads Geometrical honlinearity
Cynamics General plasticity
Stahility Cables
Monlinearity Friction support/Soil spring
Structural model 4 Subsoil
IFC properties Pad foundation check
Prestressing 4 Steel
Bridge design Plastic hinge analysis
Excel checks Fire resistance checks
Substitution beam Steel connections
Scaffolding

TDoF 2nd order analysis for LTB
Girders with sinusoidal webs

oK Cancel
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After activating the functionality you can introduce 1D nonlinearities.

NonlinearityffT5
LL Nonlinearity 10 0
L T [E
B Beam nonlinearity it
It " MName BNTS

a)

L g

Pl

o

The following types are available:
Pressure only;
Tension only;

Limit force;

Gap element;
Initial stress.

{ a} Tension-only 10 members
| b Press-only 10 members
€} Limit compression force combined with loss of stability

| d} Limit compression force combined with plastic behavior

| &) Limit tension force combined with fragile filure

| i Limit tension force combined with plastic behavior

1@y Gap - no tension - modelling e.g. the instant vihen a 10 member
| bears against a support
| h) Gap - no compression - modelling £.g. a free rope

i i) Gap - connected in both directions - e.g.a scaffold pipe

All those options are explained with examples in the chapters below.

5.1.1 Members defined as Pressure only / Tension on

ly

Pressure only: the member is only active under pressure (i.e. strut, ...)

Tension only: the member is only active under tension (i.e. anchor, diagonal, ...)

oK Cancel

When using this type of beam nonlinearity, it can happen that numerically a very small pressure/tensile force
remains in the member, mostly due to the self-weight. This value will always be negligible compared to the
other force components in the member.

BV —2021/11/19
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Example: Tension_Only.esa

A 3™ order calculation is executed using Newton Raphson , including global imperfections.

The diagonals are designated as ‘Tension-only ' members.

The normal forces for a linear analysis show that extreme compression results are obtained in the

diagonals. This will inevitably lead to failure due to buckling.

The normal forces for the nonlinear analysis shows that diagonals are now only subjected to tension thus

buckling will not occur anymore. Only very small compression forces will appear in the diagonals.

e
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Notes:

« It's important to keep in mind that ‘Tension only ’ does not change anything for shear forces and
moments. The only component which cannot occur is compression, but the member can still be
subjected to bending, torsion, ...

To specify that a member can only be subjected to normal forces, the FEM type of the member can
be set to axial force only.

_ ~ MEMBER (1) 3
PAL3E:

Name B211

I

Layer Standard » 5=

Type general (0)
Analysis model  Standard

FEMtype [EEIEIRGIEEEDIN

standard

axial force only
Alpha [deg] 1

Cross-section

Member system-lin... Centre ~~

When using this, you must be absolutely sure that bending effects cannot occur in reality!
Also beware that no hinges should be added on members with axial force only, as these degrees of
freedom are already free and this will lead to an instability in the calculation.

* The Calculation protocol for the Nonlinear calculation shows extra information concerning the
applied nonlinearities, number of iterations per combination, ...

BV —2021/11/19

Calculation protocol
Nonlinear calculation

Number of 2D elements 0

Maximum iterations 50
Number of increments 5
Type of nonlinearity 11. order

local nonlinearities
Newton-Raphson

Method (II. order)

No. of combination Start End No. of iterations
NC1 16.08.201808:25 ]16.08.201808:25 |5
NC2 16.08.201808:25 |16.08.201808:25 |4
NC3 16.08.201808:25 |16.08.201808:25 |4
NC4 16.08.201808:25 |16.08.201808:25 |5
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Example: Mechanism.esa

When using beam nonlinearities, it is important to make sure that not too many elements are eliminated.
A common error is the creation of a mechanism due to the fact too many elements have been designated
tension only/pressure only and thus no solution can be found. This principle is illustrated in the following

project.

A steel frame has been modelled with hinged connections between the elements. The diagonals have been
specified as Tension only .

Due to for example a roof load, both diagonals are subjected to compression. This is not possible for
Tension only members so both members are eliminated causing a global instability of the frame. This can
be overcome by using the modified Newton-Raphson or by inputting a very small horizontal force.

5.1.2 Members with Limit Force

A member with limit force acts in the structure until a specified limit is reached after which the member will be
eliminated from the calculation or yields plastically.

L

BEAM NONLINEARITY (1) (A

Name 51
Type Limit force v
Direction Limit compression
Limittype Buckling ( results zero )

Marginal force [kN] -30,00

The Direction is used to specify in which zone the limit acts: the tension zone or the compression zone.
When the limit is reached, it can be specified in the Type field how the member should act. The member can
be eliminated from the structure (Buckling ) or the member can stay in the structure but with the limit force as
maximal axial force (Plastic yielding ).

The limit itself is defined in the field Marginal Force . A negative value must be specified for a compression
limit and a positive value for a tension limit.
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Example: Limit_Force.esa

In this project, a frame is modelled in which one diagonal has a compression limit  of -30 kN.

For the left frame, the type |s set to Buckling , for the right framga h\e type is set to/\PIastic yielding .

— 7 ]
( { ) t ) { )
\ \ / \ /

q/?)@ (L?)o)
/{(j /Gj
% | %
g % e} T
X

In the left frame, the diagonal has buckled so the tensile force in the remaining diagonal is augmented. In the
right frame, the diagonal stays in the structure but yields plastically and thus acts at the limit force of -30 kN.

The deformed structure for the nonlinear analysis shows the following:

&

Due to the fact one diagonal has buckled in the left frame, larger horizontal deformations occur.
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5.1.3 Members with gaps

There are various connection and support conditions used in a real structure. It may happen that a beam is
not attached rigidly to the structure but "starts its action" only after some initial change of its length. The
beam thus has to have a certain translation in its local x-direction before it becomes active. This behaviour

can be inputted using gap elements.
L

A\ N

Name
Type
Direction

Displacement [mm]

Paosition

BEAM NONLINEARITY (1) (A

51

Gap -

Both directions
10,00

Begin »

The Type field is used to specify if the member is active only in compression, only in tension or in both

directions.

The value of the translation can be inputted in the displacement field. The gap can be defined at the
beginning or at the end of the beam using the position field.

Gap members in tension only can for example be used to model a rope: the rope can only work in tension
but becomes active only after a certain translation. Gap members in both directions are frequently used in

scaffolding structures.

58
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5.2. Beam Local Nonlinearity including Initial Stre  ss

To input local nonlinearities for 1D members, including initial stresses, following functionalities must be
activated:

* Nonlinearity;

» Nonlinearity > Beam local nonlinearity;

* Nonlinearity > Geometrical nonlinearity;

+ Cables.

The Initial stress functionality is a standard functionality of SCIA Engineer, it is hidden and always enabled
by default.

Project data >

Basicdata Functionality Loads Combinations UnitSet Protection

| GENERAL DETAILED.
Property modifiers 4  Nonlinearity
Model modifiers Beam local nonlinearity ﬂ
Parametric input Support nonlinearity/basic soil sprinc
Climatic loads Initial imperfections
Mobile loads Geometrical nonlinearity
Dynamics General plasticity
Stahility Cables
Monlinearity m Friction support/Sail spring
Structural model 4 Steel
IFC properties Plastic hinge analysis
Prestressing Fire resistance checks
Excel checks Steel connections
Substitution beam Scaffolding
TOoF 2nd order analysis for LTE

oK Cancel

Then introduce a beam nonlinearity on your member.

B ' Beam nonlinearity X

a] H b) W Name 53
T/ Type Limit force -
” i Direction | Press only
* Tension only
TYPE | Limit force
Marginal force [kMN]|Gap
Cable
Ha u Initial stress_
c) ? / d)
1 & u ¥ T,
EY W
e) f)
Hy; KT
1, o
H )
g h) ;
| a} Tension-only 1D members
i | b} Press-only 1D members
= = u, | € Limit compression force combined with loss of stability
¥ | dy Limit compression force combined with plastic behavior
&) Limit tension force combined with fragile filure
i fiLimit tension force combined with plastic behavior
T H { 9} Gap - no tension - modelling £.0. the instant whena 10 member
l} | bears against a support
/ | i Gap - no compression - modelling &.g.  free rope
-n | )Gap - connected in bath directions - .. a scaffold pipe
7 |
v,
il / oK Cancel

Two extra types are now available:
*  Members with Initial Stress;
e Cable Elements.
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5.2.1 Members with Initial Stress

Tensile forces in elements augment the stiffness of the structure. Compression forces reduce the stiffness.
Adding initial stresses into the structure can therefore influence the stiffnesses and resulting deformations
greatly. They are especially useful for cables, which will be looked at in the next part.

Initial stress in SCIA is regarded as follows:
» The element in question is taken from the structure.
» The initial stress is put on the element through the defined axial force.
e The element is put back into the structure.

It is clear that when the element is inserted into the structure, the initial stress will partly be given to other
members thus the inputted force will not stay entirely in the member in question. This is why the internal
forces in the results will be different from the inputted starting values.

Notes:
» A positive axial force signifies a tensile force; a negative axial force signifies a compression force.
« Initial Stress is mostly used in conjunction with a 24 Order analysis.

There are two ways to enter initial stresses into a model. The first why is by adding the nonlinear data ‘initial
stress’ or a cable with initial stress values into the model, and then choosing for the option Stress from
member nonlinear data in the solver setup , together with Initial stress .

The second option is the Stress from load case option. Here you can select a load case and the internal
forces caused by this load case will be used as the initial state for the calculation.

Initial stresses (both from load case or member data) are also used for the modal analysis, making it possible
to introduce some part of nonlinear behavior in dynamic analysis. This is very useful to account for 2" order
and pre-tensioning effects on cables.

B Solver setup *
Mame SolverSetupi
Specify load cases for linear calculation
Specify combinations for nonlinear calculation
4  Advanced solver settings
P General
£.Nonlincaity
4 Initial stress
Initial stress
Stress from member nonlinearity data
Stress from load case p1 v ..
B sail
Wg‘ @& OK Cancel

In theory, when using correctly defined values of the cross-section properties (surface A, moment of inertia |,
modulus of Young E), a beam nonlinearity with Initial Stress can also be used to model straight cables with
large pre-stress forces. Both Timoshenko and Newton-Raphson methods can be applied in this case.

In general however, for cables the use of the specific cable element is advised in conjunction with the
Newton-Raphson method.
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Example: Initial_Stress.esa

In this project, a simple frame is modelled. The diagonal has a RD30 section and is given an Initial Stress by
means of a tensile force of 500 kN.

[ 1

In the left frame, the initial stress will immediately be distributed to the column. In the right frame, the extra
support will prohibit this.

A nonlinear analysis , taking into account the initial stress gives the following results for the normal forces:

,:;JQJ

Oy
<
’C}ﬂj

0,304

(N
ILi§ﬁ1 | -0.30

As specified, in the left frame, the initial stress is immediately distributed to the rest of the structure so the

tensile force of 500 kN is not found entirely in the diagonal. In the right frame, the force cannot be distributed
due to the support so the 500 kN stays in the diagonal.

This principle is even more clear when looking at the deformed mesh for the nonlinear analysis :

/
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5.2.2 Cable Elements — Not available in the Profess ional edition

Since SCIA Engineer version 21.1, cables are fully supported in the 64bit version in the default post-
processing environment. For cable analysis the module sens.03 is necessary. This module is included in the
Expert and Ultimate edition.

A cable element is an element without bending stiffness (ly and 1z 00). During the solving of the equations
this behavior is taken into account, so only axial forces (in tension only) will occur and you will obtain zero
values for the internal forces Mx, My, Mz, Vy and V. The displacements (in the intermediate nodes) have thus
been calculated without bending stiffness.

The cable type is a special type of a beam nonlinearity, which can be applied on 1D members in a model.
You will need to create nonlinear combinations to take into account this nonlinear property during the
analysis. A geometrical nonlinear analysis should be executed by calculating with a 3" order analysis with
the Newton-Raphson calculation method.

Theoretical background

A curve formed by a hanging cable is called a "Catenary". With relatively small bending (height - sag roughly
10% of its length) the curve can be approximated by a parabola (this approach was implemented previously
in the 32bit version of SCIA Engineer in the post-processing environment ‘v16 and older’), but such
approximation however becomes imprecise with greater sag / length ratio (and for different heights of the begin
and end nodes of the cable).

The catenary curve is linearly approximated into a polyline. The approximation points (nodes) are calculated
from the catenary equation defined by two edge points of the beam and its parameter a, which is defined as a
quotient (normal force / cable weight per unit length). The normal force is defined via the nonlinearity
parameters and the cable weight per unit length is calculated from the cross-section and material parameters.
Formula of the general catenary equation:

x —k
y=a-cosh( " )+c

Parameters k and c¢ represent the horizontal and vertical shifts of the curve, respectively.
The relation between catenary length s, vertical span of two definition points v and their horizontal span H is:

H
\Jst—v?i= 2-a-sinh(—)
2a

You have full control of the catenary curve approximation precision. A general curvature approach has been
utilized. Using the curvature (parameter defining how much the curve bends at the given point) the radius of
the circles (of the same curvature as the curve in the touching point) is calculated. Concept of the
approximation error is graphically described in the figure below:

The detailed background (including formula to calculate the value of sag) can be found on our help-pages:
https://help.scia.net/webhelplatest/en/#analysis/nonlinear_analysis/cables/cable.htm
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Modelling

In order to apply the cable nonlinearity to 1D elements, the functionalities Nonlinearity and Cables should be
turned on in the Functionality tab of the Project settings dialog. When the Cables functionality is turned on,
automatically the functionality Geometrical nonlinearity is turned on as well.

You can assign the nonlinearity 1D for a 1D member via Input Panel > workstation Structure > category
Boundary conditions > Nonlinearity 1D:

INPUT PANEL
Structure ~~

Boundary conditions .~

QI

All tags ~~

NoNLNERTY 10 b d e phil#
| 4lo= =0 o0

Following parameters are available for the type cable:

B Beam nonlinearity =
=] Name BN1
'_/ '/_ /— Type Cable =
_l// ij/ Normal force [kN] 30..000
. | Self weight [0 yes
ﬁ| Pn [kN/m] 0.000

Direction of load -Z v
Approximation error [m] 0.010
Maximum sag [m] ©-000

| l’ OK '::; Cancel :‘
e Normal force [kN]: value of the pre-stressing axial force (positive)
e Self-weight: determines, whether the cable is subjected to self-weight
*  Pn[kN/m]: specifies the value of the additional load (so other than self-weight)
» Direction of load: specifies the load direction (Pn and self-weight)

e Approximation error [m]:determines the maximal allowed distance between point on the analytically
defined catenary curve and the projection of this point (in the direction of
load) on the linearly approximated polyline of the cable.

*  Maximum sag [m] automatically calculated value, it is the maximal distance (in the direction of
load) between a node of the catenary curve and its projection on the straight
line connecting both ends of the cable
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Alternation of these parameters automatically causes the geometry change of the catenary curve. The
geometry is also automatically altered after the coordinate change of the begin or the end node of the cable.
If there are more cables attached to each other, e.g. through the internal nodes, these mutual connections are

preserved after the geometry alternation of the cable member and the relative positions of the internal nodes
within the cable length remain the same.

Analysis

The average number of 1D mesh elements on straight 1D members (linear approximation between the nodes
of the catenary curve) needs to be at least 4 (in the mesh setup).

A nonlinear combination needs to be defined, and the geometrically nonlinear analysis calculated. Large
deformations needs to be considered (3" order), along with the Newton-Raphson method of calculation (to
be defined in the solver setup). If there are problems with convergence, increase the values of Number of
increments, or Maximum iterations. Additionally, the Solver precision ratio or Solver robustness ratio
might be altered to have an influence on the convergence criteria as well.

B 7 FE analysis »
i A
Calculations Mesh setup
Imam}er of 10 mesh elements on straizht1 4 ]

Linear analysis

Average size of 1D mesh element on curved 10 mer 0.200
Load cases: 1

2 Nonli lysi Average size of 2D mesh element[m] 1.000
onlinear analysis

Nonlinear combinations: 1 Connect members/nodes [

Setup for connection of structural entities
Other processes

P Advanced mesh settings
Test input of data 4 Solver setup

Specify load cases for linear calculation
Saveipoisctafieranslysis Specify combinations for nonlinear calculation
4 Advanced solver settings

B General

4 Nonlinearity
Geometrical nonlinearity 3rd order (large deformation) v
Method of calculation Newton-Raphson w
Number of increments 3
Maximum iterations 20

Solver precision ratio 1

Solver robustness ratic 1

B Initial stress
Stability
4 Soil

v

Calculate
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Results

In order to see the real scale of the results (the default scale is exaggerated artificially since the biggest value
is scaled to 1 m), it is necessary to set the real ratio and the multiplier equal to 1 within the Scale settings:

i o Mo inliin] |5 | B B
Scaleadddata 1 '._
Scaleresultdata 1 ».—

| += Scale settings I
B Scales X
=i a2 B A vy
Current Mame Current ~
< Data
Scale type Automatic ratio v
Multiplier 1
4 Loads

Point loads [kN] 1.000
Line loads [kN/m] 1.500
Surface loads [kN/ 2.000
Temperature [K] 10.00
Translation [m] 0.010
Masses [kg] 1000.00
User defined AddDa 1

4 Result
I Scale type Real ratio v I
Multiplier 1
Reaction [kN] 5.000
I Deformation [1:x] 1 I

Internal forces [kN] 5.600
Stress [MPa] 20.0
Contact stress [MPa] 20.0
Unity check results 1
Other results 10

4 Swmbale
New Insert Edit Close

Notes:
« The input of the cable element only defines the initial shape / sag. Afterwards the cable can be
loaded by real loads. The normal force after calculation will therefore be different to the inputted
initial normal force N.
» Adding a cable into the model will adapt the mesh also for the linear calculations. This means that
the linear calculation may become unstable when a cable is added, and a nonlinear calculation
becomes necessary to obtain results.
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Example: Chandelier.esa

To illustrate the application of cables, a chandelier is modelled. A circular ring hangs with cables to one
support at the top. These cables have a normal force of 1 kN and self-weight activated. The cables are also

connected with each other by other cables with the same properties.

INPUT PANEL

& All workstations
== Allcategories
& nitags

EERDM a7
& 844 %pb

# o+ Lo 00D AN
W K orxor o2 o [T

va|

BEAM NONLINEARITY (1) [A]

%
Name BN3
Type Cable v/
Nermal force [kN]  1.00
Self weight @~
Pn [kN/m]  0.00
Direction of load  -Z
Approximation error {m] 0,010

Maximum sag [m]

| ¥ ILLUSTRATION GROUP

6%\
= %

We consider a nonlinear combination NC1 which contains the self-weight of the structure and three points
loads of 1 kN. In the 3D displacements we notice that the load straightens the curved elements:
g fal
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In the cables, the only non-zero values of internal forces are for the normal forces N (tension). On the right
picture we can see that there are no bending forces present in the cables:
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Example: Spire.esa

Another application of cables is a spire. The mast is supported by several cables which have a prestress
force of 5 kN and self-weight activated.

NS

SEFFFFFIIN,

N,

SESFFIIISSN,

INN NSNS NSNS S SIS NINN

The 3D displacement for nonlinear combination NC1 (which includes a horizontal wind load) for example

shows the following:

R R T A T A ARSI A A S S SRRSO

TSN,
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5.3. Nonlinear Member Connections

When inputting hinges on beam elements, it is possible to input a nonlinear function for each degree of
freedom (ux, uy, uz, fix, fiy, fiz). The function can signify the relation between moment and rotation or force
and displacement.

® | Hinge on beam x
Mame H38
Position Begin w
ux Rigid v
uy Rigid v
uz Rigid v
fix Rigid v
fiy MNonlinear v
StIff - fiy [kNm/mrad] 3.9149e+01
Fun - fiy Node: N2-[B3] ¥ o
fiz Rigid »
L]
OK Cancel

When using nonlinear functions, it is very important to input a relevant linear stiffness. This value is used for
the linear calculation, and during the first iteration of the nonlinear calculation.

The nonlinear functions can be entered in this menu:

e
bt D

I_Z Nonlinear functions

Monlinear fu

— —
B ' Monlinear functions >
A eBE o> G @EE A v 7
iMode : M2-[B3]
M [kNm]
20358 |

Mame Node: N2-[B3]
Type Rotation

Positive end Free

BEERE] b 1]
T

-1 1318

LLLLLL)

=

Megative end Free ¥ T T

fi [mrad]

(R
777
AAEEA0

4 Impulse
1 [mrad,kMm] -23,3120 f -203,59
2 [mrad kMm] -7.7707 / -203,59 135 s
3 [mrad kMm] -1.7318 / -135,59
4 [mrad kMNm] 0,0000 /0,00 |-203 50
5 [mrad,kMm] 1.7318 f 135,59
& [mrad kMm] 7.7707 / 203,59
7 [mrad,kNm] 23,3120 f 203,59

Create new function New Insert Edit Close

For member connections, the nonlinear functions can be defined for translation or rotation. When defining a
function, it is very important to check the signs of the function values. The defining magnitudes for nonlinear
rotation functions are the internal forces, for nonlinear translation functions the displacements.

This implies that these functions are inputted in the first and third quadrant.
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One must also make sure that the function does not contain any vertical parts, as this would lead to
problems in the calculation with multiple possible solutions for one value. When entering a vertical part, the
following message will be displayed:

SCIA Engineer X

| It is not possible to set the vertical part of functions. There
4 must be at least a minimal difference in the stiffness

In older versions of SCIA engineer it was possible to introduce vertical parts. Therefore, when opening an old
project, it is possible that it contains such a function. In this case an error message will appear when running
the calculation:

SCIA Engineer X

Following problems were encountered during processing of
the command:
Error: The calculation has been aborted because the project
contains unsupported waveform of a nonlinear function(s)
NLF1, NLF2.
Please correct the waveform in Nonlinear function dialog.

For the end of the function, it is possible to select one of three options:

» Free: When the maximal force is reached, it stays at that value and the deformation will rise
uncontrolled.

» Fixed: When the maximal deformation is reached, it stays at that value and the force component will
rise.

» Flexible: The relation between force component and deformation is linear.

SCIA Engineer also allows creating a new function from the already defined functions to provide an easy
input of complex functions.
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Example: Connection.esa

In this example, an industrial hall is calculated using algorithms to calculate the moment-rotation diagram for
bolted and welded beam-to-column connections. SCIA Engineer allows the calculation of these diagrams
and the automatic application of the diagram as a nonlinear spring function for member connections. For the
theoretical background, reference is made to the “Advanced Training Steel” and ref. [13].

The geometry of the structure is shown in the following figure:

The structure is calculated in 2" Order using Timoshenko’s Method. The diagonals have been set as
Tension-only .

In node N2 a bolted beam-to-column connection is modelled:

7
E:m B30 + I var (PE400,370)] |
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The Moment-Rotation diagram is calculated by SCIA Engineer using the algorithm of the EN 1993-1-8.

kNm
250.0000

200.0000

130.0000

100.0000

30.0000, /

=
=
=
=
=

mrad

0.0000
20000
4,000
6.0000
R2.0000
10,0000
12,0000
14,0000
16,0000

Together with the calculated diagram, automatically a nonlinear function is created:

B’ Monlinear functions >

A eBE o= G FEE A vV

iNode : N2-[B3]

Mame MNode: N2-[B3]
Type Rotation
Positive end Free

-233120

1T
A NRETE
(1L

Megative end Free T T E ﬁ [Il]l’ad]
4 Impulse ,,:
1 [mrad,kNm] -23,3120/ -203,59
2 [mrad kNm] -7.7707 / -203,59
3 [mrad ,kNm] -1,7318 f -135,59
4 [mrad kNm] 0.0000 /0,00
5 [mrad,kMNm] 1,7318f 135,59
6 [mrad kNm] T.7707 / 203,59
7 [mrad kNm] 23,3120 7 203,59
Create new function MNew Insert Edit Close
The function characterizes both tension-on-top and tension-at-bottom.
This function can then be assigned to the hinge defined in node N2:
Name H37
Position  Begin -~
ux  Rigid ~
uy Rigid
uz Rigid
fix Rigid
fiy Monlinear
Stiff - fiy [kNm/mrad] 39,15
Fun-fiy MNode : N2-[B3] *~ =
fiz Rigid
Member
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5.4. Support Nonlinearity

SCIA Engineer allows the following types of nonlinear supports:
» Tension only / Pressure only supports;
* Nonlinear springs for supports;
e Friction supports.

5.4.1. Tension only / Pressure only Supports

To input nonlinearities for supports, the functionality Nonlinearity > Support nonlinearity/basic soil spri

must be activated.

Project data
Basicdata Functionality Actions UnitSet Protection
GEMERAL DETAILED
Property modifiers 4  Nonlinearity
Model modifiers Beam local nonlinearity
Parametric input support nonlinearity/basic soil spring &3
Climatic loads Initial imperfections
Mobile loads Geometrical nonlinearity
Dynamics General plasticity
Stability Cables
Monlinearity ] Friction support/Soil spring
Structural model 4 Subsoil
IFC properties Pad foundation check
Prestressing 4 Steel
Bridge design Plastic hinge analysis
Excel checks Fire resistance checks
Substitution beam Steel connections
Scaffolding
TDoF 2nd order analysis for [TB
Girders with sinusoidal webs
OK LCancel

*

Supports with tension can be automatically eliminated. This is mostly used for slabs on subsoil, column

bases of for example scaffoldings, struts, ...

The following types of supports can be eliminated if tension occurs:
* Nodal Support;
* Line Support;
* Subsaoil.

For nodal supports or line supports it is possible to specify a translation degree of freedom as Rigid

pressure only or Flexible pressure only

Subsoils are always regarded as pressure only for a nonlinear calculation, if the functionality Support

nonlinearity/Soil spring s ticked on.

B Supportin node

Mame 5n3
Type Standard
Angle [deg]
Constraint Custom
¥ Free
Z Free

Z Ry Free
" |rigid
Default size [m] Flexible
)‘(// \ﬁy 4 Geometry Rigid press only

; Rigid tension only
VST | Eayible press only
@ Flexible tension on

OK

Cancel
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Example: Subsoil.esa

In this example, a slab on subsoil is calculated. The slab is loaded by a point force in the middle.
The deformation for the linear analysis shows the following:

E
E
E
55 .i
4.3 3
44
4.0
3.6
3.2
2.8
24
2.0
1.6
1.2
0.8
0.0
Especially in the corners, tensile contact stresses are expected:
e
= | = &
£
= RESULTS (1) (A
10862.810 o
5000.000 Name 2D contact stresses
£000,000 w SELECTION
7000.000 Type of selection  All ~~
000,000 Filter  No
2000000 w RESULT CASE
oK, Typeofload Load cases -
3000.000
Loadcase load1
2000.000
1000.000 Location  Innodes avg.
-631.853 System  LCS mesh element’
Extreme Global

Values 07
Standard result (V)
Results on sections () )
Resultsonedges () )
» TABLE SETUP
 ERRORS, WARNINGS AND NOTES SET...
Show Information ... (@2
Showerrors  All
Show warnings  All
Show notes  None
Showtablewithex... ()
ACTIONS 3%
Refresh

Drawing setup 20

Preview

bR pad Rt ¥

A nonlinear analysis , taking into account the pressure-only characteristic of the subsoil shows the following
deformation:

Utgtd [mm ]
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As can be seen, the slab will rise at the corners so no more tensile contact stresses are obtained:

oz [Pa]

11558.380
10000.000
9000.000
$8000.000
7000.000
6000.000
5000.000
4000.000
3000.000
2000.000
1000.000
0.000

The pressure stresses in the middle have increased which is expected when the slab can rise at the corners.

Notes:

* When using subsoil, it is important to adequately refine the mesh in order to produce precise results.
» When calculating following the Winkler theory, the Pasternak values (C2) must be set to zero.

5.4.2 Nonlinear Springs for Supports

As seen for nonlinear member connections, it is also possible to use nonlinear functions for supports. For
each degree of freedom (X, Y, Z, Rx, Ry, Rz) a nonlinear function can be inputted. The function can signify
the relation between moment and rotation or force and displacement.

B Supportin node X

Mame Sn3
Type Standard 3
Angle [deg]
Constraint Custom
¥ Free v
Z Nonlinear
Z Stiffness Z [N/mm] 6.2800e+02
FunctionZ NLF1 v ..

)‘(/,/ \*Ey Ry Free v

Default size [m] 0,200
@ 4 Geometry

System GCS w

OK Cancel

When using nonlinear functions, it is very important to input a relevant linear stiffness. This value is used
during the first iteration of the nonlinear calculation (and during a linear calculation).

The definition of the nonlinear functions is exactly the same as seen with nonlinear member connections.

In addition to nodal supports, a nonlinear function can also be used for a subsoil under a plate.
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Example: Support_Function.esa

In this example, the use of a nonlinear function for a support is illustrated. A simple beam on two supports is
modelled.

The translation Z of both supports has been defined as a nonlinear function:

B Menlinear functions *

AlheBE o= & wEd o v 7

iNLF1

Mame NLF1
Type Translation
Positive end Rigid v
Megative end Rigid v
4 Impulse
1 [mm,N] -100,0000 / -1328,
2 [mm,N] -0,0001 / -628,000
3 [mm,N] 0,0000 / 0,0000
4 [mm,N] 0,0001 / 628,0000 1225 000c
5 [mm,N] 100,0000 / 1328,0(

-100.0000

u [mm]

Create new function New Insert Edit Close

The beam is loaded by a point force at one end. The value of the point force is taken as 1kN and 1.4kN.

A nonlinear analysis shows the following deformation for the load of 1kN:

F2/-140

]

7

53,1 mm

This value can manually be approximated as follows:
—100 mm

Ui = 328N+ 628N

. (—1000 N + 628 N) = —53,14 mm

For the load of 1.4 kN, the fixed end of the function is reached thus the maximal deformation of 100 mm is
obtained:

F2/-140

]

ot

—100,0 mm
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Example: Pallet_Racking.esa

In this example, the calculation of a pallet racking system is shown according to ref. [9] Eurocode ENV 1993-
1-1 and ref. [10] FEM 10.0.02. This last reference gives field test methods which allow the definition of
moment-rotation diagrams for beam-to-column connections and column supports.

The beam-to-column connections and column supports can be defined by means of nonlinear functions.
i ‘\\\\\\ \ 4

T /%/ e //i// ’
/ ~— AN
/. N\
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— i
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TN /
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,// T %
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[ 0.4 T e
/ =i / =N
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sl /64 /
@1,/% /
q [
© L
g
The following nonlinear spring is defined for the column supports:
B Menlinear functions *
A eBi o> & wEE ~ v V7
EFunctionL ]
Function 2, M [kNIll]
press anly -
tension only I
soil press only
Mame Function 1.
Type Rotation £
Positive end Free ::
L 1
Megative end Free T o ﬁ [I'Eid]
4 Impulse §
1 [rad kNm] -0,0096 / -1,67
2 [rad,kMm] 0,0000 / 0,00
3 [rad kNm] 0,0096 / 1,67
Create new function New Insert Edit Close

The beam-to-column connections are defined by the following nonlinear characteristic:

B Nonlinear functions

AL E

Function 1.

*

v & @EE oA

EFunction 2

Mame Function 2. ~
Type Rotation

Positive end

Free

Free ﬁ [I'Eid]

Megative end

004531

4 Impulse

1 [rad kNm]
2 [rad kMNm]
3 [rad kNm]
4 [rad kMNm]
5 [rad kNm]
& [rad kNm]
7 [rad kNm]

Create new functio

-0,0493 / -3,71
-0,0373 / -3.37
-0,0241 / -2,68
-0,0144 / 1,72
-0,0037 / 0,00
0,0000 / 0,00
0,0037 / 0,00

n New

v

Insert

Edit

Close
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Example: Culvert.esa

This project illustrates the use of nonlinear functions to model for example the soil under a culvert.

The culvert has the following shape:

2

Nonlinear supports have been defined with appropriate functions to model the behaviour of the soil:

éX Eﬂiiiiiiiiiiiiiiiﬁiﬁiiiﬁiiiiiiiiiiﬁif

B Nonlinear functions

AiaeBE = 5

Function 3.
Function 4.
Function 5.
Function &.
EFunction Ih

Mame Function 7.
Type Translation
Positive end Rigid v
Megative end Rigid v
4 Impulse
1 [m,MN] -2,0000 / -21,2000
2 [m,MN] 0,0000 / 0,0000
3 [m,MN] 0,5000/ 0,0010

Create new function New Insert

& =

=2.0000

9 .0000

Edit

00,5000

Close

A nonlinear analysis gives the following deformation pattern for combination NC2:
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5.4.3 Friction Supports

Friction supports can be used to model the fact that a reaction component is dependent on another
component. The horizontal component is for example dependent on the vertical component. When the
friction force is surpassed, the support slips through resulting in large deformations.

To input friction supports, both the functionalities Nonlinearity > Support nonlinearity/Basic soil spri ng

and Friction support/Soil spring

must be activated.

Project data X

Basicdata Functionality Actions UnitSet Protection

GEMNERAL DETAILED

Property modifiers
Model modifiers
Parametric input

Climatic loads
Mobile loads
Dynamics
Stability

Monlinearity [~

Structural model
IFC properties
Prestressing
Bridge design
Excel checks
Substitution beam

4  Nonlinearity
Beam local nonlinearity
Support nonlinearity/basic soil spring £
Initial imperfections
Geometrical nonlinearity
General plasticity
Cables
Friction support/Soil spring '
4 Subsoil
Pad foundation check
4 Steel
Plastic hinge analysis
Fire resistance checks
Steel connections
Scaffolding
TDoF 2nd order analysis for [TB
Girders with sinusoidal webs

OK Cancel

When entering a nodal support, the option Friction can be chosen for the translational degrees of freedom

X, Y, 2).

® | Support in node

fRZ
Z
X A Y
Rx & @\AEY

Name Sn28
Type Standard M
Angle [deg]
Constraint Custom v
X Friction v
From reaction ¥ P

C flex X [kN/m]
z

mju X lyz
vI¥Y+Z |
Z Rigid v
Rx Free v
Ry Free ¥
Rz Free ¥

Py efoile S Feol AR

OK Cancel

The option From Reaction is used to specify which force component causes the friction force.

X, Y, Z:

XY, XZ,YZ:
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The final limit force can be calculated from the reaction in a specified direction. If a
support in the X-direction is being defined, it can be said that the friction force
should be determined from the reaction calculated in either the Y or Z direction. The
friction force is calculated from the following formula:

mylR

The final limit force can be calculated as a compound friction. Only one of the stated
options is offered for each direction. E.g. if a support in the X-direction is being
defined, it can be said that the friction force should be determined from the reactions
calculated in the Y and Z direction. The friction force is calculated from the following
formula:

mju, O/R? + R?
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X+Y, X+Z, Y+Z: The same as above applies here. A different procedure is however used to
calculate the limit force. E.qg. for a friction support in the X-direction the following
formula is employed:

my R +my R
In these formulas, mju specifies the coefficient of friction.

In the field C flex, the stiffness of the support can be inputted.

Notes:
»  Friction can be inputted in one or two directions. It is not possible to define friction in all three
directions since otherwise the "thrust" cannot be determined.
e When simple friction (X, Y, Z) is defined in two directions, the option Independent is available. This
specifies that the friction in one direction is independent on the friction in the other direction.
e Composed friction (e.g. YZ or Y+Z) can be specified only in one direction.

Friction supports can be used for several types of structures. Nearly every support which isn’t rigidly
connected to the surface on which it stands is subjected to friction. Examples include base jacks of
scaffolding structures, supports on an inclined surface, pipes in boreholes,...

Example: Scaffolding.esa

This project illustrates the use of friction supports for a scaffolding structure. The scaffold has the following
geometry:

The base jacks are inputted as friction supports. Since a base jack, by default, is not connected to the
surface, the Z-direction is defined as rigid Pressure-only . Both horizontal degrees of freedom X and Y are
defined as Friction , dependent on the reaction Z.
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SUPPORT IN NODE (1) Q

w |1l §o

Mame Sn9
Type Standard -
Angle [deg]
Constraint  Custom N
X Friction ~~
From reaction Z v~
Cflex X [kN/m] 1000,00
mjuX 0,20
¥  Friction v
From reaction Z v~
C flex ¥ [kN/m] 1000,00
mjuY 0,20
Z  Rigid press only
Independent friction () )
Rx Free »~
Ry Free v
Rz Free
Defaultsize [m] 0,20
Node
~ GEOMETRY
System  GCS v
| b ILLUSTRATION GROUP
When large wind loads are taken into account, for example due to netting, large horizontal reaction forces
are expected in the base jacks. When these reactions surpass the friction force, the support slips through.

After a nonlinear analysis of the scaffold, the deformed mesh for combination NC4 shows the following:

In the middle base jacks, the friction force is clearly surpassed and thus the supports slip through. To avoid
this, the reaction in Z-direction must be augmented thus extra dead weight like ballast will be required or the
base jacks must be fixed to avoid slipping.

Note: the functionality Nonlinear Line Support defines a specific type of soil spring developed for the Pipfas
project (Buried Pipe Design).
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5.5 2D Elements

5.5.1 2D Membrane Elements — Not in Professional Ed ition

This option is implemented in module sens.03 and included in the Expert edition. So with the Professional
edition the option of Membrane elements as described in this chapter, will not be possible.

Membrane elements are defined as shell elements which have no flexural stiffness and no axial compression
stiffness. Membrane elements can thus be used to model canvas, nets, etc. that are subjected to axial
tension.

To obtain realistic results, a 2" order calculation needs to be executed using the Newton-Raphson method.
To input 2D membrane elements, the functionalities Nonlinearity > Geometrical nonlinearity  and

Membrane Elements must be activated.
Project data x

Basicdata Functionality Actions UnitSet Protection

GEMERAL DETAILED
Property modifiers 4  Nonlinearity ~
Model modifiers Beam local nonlinearity
Parametric input Support nonlinearity/basic soil spr
Climatic loads Initial imperfections
Maobile loads Geometrical nonlinearity E";‘f
Dynamics General plasticity
Stability Compression-only 20 members
nonlinearity 2 Cables
Structural model Friction support/Soil spring
IFC properties Membrane elements 4
Prestressing 4 Subsoil
Bridge design Soil interaction
Excel checks Pad foundation check
Substitution beam 4 Steel
Plastic hinge analysis

Fire resistance checks
Steel connections
Scaffolding

TN Tt o e e Ml VD

OK Cancel

When defining the 2D element, the option Membrane must be chosen as FEM nonlinear model.

7 2D member X
MName S2
Element type Standard v
Element behaviour Standard FEM
Type plate (111) v
| ial Textile
I =L Material i ; v
.z  — J— T FEM model Isotropic v
FEM nonlinear model Membrane A
ez - -~ Thickness type (NONE
~ - - Thickness [mm]
z - LCS type Standard v

Swap orientation no
LCS angle [deg] 0,00
Layer Layer! L.

oK Cancel

Notes:
* Membrane elements can only be modelled in a General XYZ environment.
» Due to the fact the flexural rigidity is zero, no ribs, orthotropic parameters or physical nonlinear data
can be inputted on a membrane element.
» Since a membrane element has no axial compression stiffness, no concrete calculation can be
performed on this type of element.
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Example: Membrane.esa

For this example, the 32bit version of SCIA Engineer is needed. In this project, a textile canvas is modelled.
At the four corners of the canvas, steel cables are attached. Two cables are subjected to a tensile force of
50KkN in horizontal direction.

Since the canvas has an initial position 0,5m lower than the endpoint of the cables, the canvas will first be
pulled straight.

Since both cable and membrane elements are used, a 3" order nonlinear analysis is executed using the
Newton-Raphson method.

The deformed mesh for the nonlinear analysis shows that the canvas has been pulled straight:
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When the scale of the results is augmented, the typical deformation of the membrane element can clearly be
seen:

+

[ |
11 -
S5 %
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In the same way, n2 can be shown:

n2 [kN/m]

81.58

T2.00 ]
B85.00

60.00 +—
54.00 +—
48.00 +—
42.00 +—
36.00

30.00 ]
2400 +—
18.00
12.00

6.00
-3.83

The results show the 29 order effect: due to the tensile forces in one direction, the canvas obtains a stiffness
which results in compression membrane forces.

5.5.2. Pressure only

To input pressure only for 2D elements, the functionality Nonlinearity and Compression - only 2D

members must be activated.

Project data

Basic data  Functicnality

GEMERAL

Actions  Unit Set  Protection

Property modifiers
Model modifiers
Parametric input

Climatic loads
Mobile loads
Dynamics
Stability

nonlinearity &4

Structural model
IFC properties
Prestressing
Bridge design
Excel checks
Substitution beam

DETAILED
4  Nonlinearity
Beam local nonlinearity
Support nonlinearity/basic soil sprinc
Initial imperfections
Geometrical nonlinearity

General plasticity

Compression-only 2D members | v

Cables
Friction support/Soil spring
Membrane elements
4 Subsoil

Soil interaction
Pad foundation check

4 Concrete
Code dependent defiection
1D physical nonlinearity

2D physical nonlinearity

OK

Cancel

With this option, tension in 2D elements can be automatically eliminated. This is mostly used for masonry

elements.
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Example: PressureOnly.esa

This project illustrates the use of pressure only elements.
In this project two 2D-elements are modelled. The first one is modelled as an isotropic element with no
nonlinearity, the second one is a pressure only element:

|
FEEREE RN

N7

e il S i ot 2 ol s ol i R (R S g i R ol e i il il el o A R

' = 2D MEMBER (1) (A = 2D MEMBER (1) [
¥ 8 KA & A E g As
Mame 51 Mame S2
Layer Layerl :_.—: Layer Layerl o__.—:
Element type Standard -~ Elementtype Standard
Element behaviour L Element behaviour
Type plate (111} ~ Type plate (111)
Shape Shape
Material C30/37 v i Material C30/37 =
FEMmodel Isotropic v FEM model Isotropic v
FEM nonlinear model none % W FEM nonlinear model Press only %
Thickness type  constant Thicknesstype constant
Thickness [mm] 200,00 Thickness [mm] 200,00
Member system-plane at  Centre Member system-plane at  Centre .
Eccentricity z [mm] 0,00 Eccentricity z [mm] 0,00
LCS type  Standard ~~ LCStype  Standard
Swap orientation @ Swap orientation {':D
LCS angle [deg] 0,00 = LCS angle[deg] 0,00 =

When calculating those elements, for every mesh element a certain orthotropy will be inserted. At the first
iteration step all the pressure only elements, will be calculated as an isotropic element. After the first
calculation, SCIA Engineer will input another stiffness on all elements in tension. So a certain orthotropy will
be created. With this stiffness the tension capacity of this element will decrease. After adapting the
orthotropic parameters a new calculation will be performed. After this second iteration step again the
elements in tension will get another stiffness. This process will be repeated until equilibrium is reached.
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The difference between the isotropic and orthotropic elements can be clearly view looking at the principal
normal force n1 for these members:

97.14
60,00
40.00
20,00
0.00
-20,00
-40.00
-60.00
-30.00
-102.43

-100.00
1 [kNm ]

o
[
&)
[
|

#

-100,00
—100.,00

ir

In these results the real pressure of this element is visible for the right element. Looking at the trajectories of
this normal force, the trajectory of the pressure force will be even more visible:

2 g S 2 {m [kN/m] -
o =] = =1 86.04
g g g g
1 1 1 1 20.00
50.00
‘ F . 40.00
r (L | Pt 101y ‘ ‘r [ X} I"[’!rul ro\I\‘rl r|r‘ 20.00
[l R ] T S
Ay i x EEEN X ] b 0.00
B8 b ) L XS 14 A X
! ! 11 7 e -20.00
- ¥ /‘ %ﬂ% S il i /) N 5 -40.00
{a” i \\b % ::_-‘* 13 ?::\‘\ ki T I
AR = i 50.00
N ERS -80.00
1 ES
1+ 1]
-I—-‘-——H SRR
3 o 3 (14 E [} H -598.97
- [+ 44} : 14 : | #:-3
b1 (11 T 11 B
5
AL i
ERssns e 3
] _*\\ ey ﬁ’r )
T T '
WS NI I
| W |
H} #J - i
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Physical Nonlinearity

When the stresses are dependent on the strains in a nonlinear way, the nonlinearity is called a physical
nonlinearity.

In SCIA Engineer, the following types of physical nonlinearities have been implemented:
» Plastic hinges for Steel Structures
» Physical nonlinear analysis for Concrete Structures
e General plastic analysis for 2D elements

6.1 Plastic Hinges for Steel Structures

This functionality handles the plastic behaviour of 1D elements. When a normal linear calculation is
performed and limit stress is achieved in any part of the structure, the dimension of critical elements must be
increased. If however, plastic hinges are taken into account, the achievement of limit stress causes the
formation of plastic hinges at appropriate joints and the calculation can continue with another iteration step.
The stress is redistributed to other parts of the structure and better utilization of overall load bearing capacity
of the structure is obtained.

The material behaves linear elastic until the plastic limit is reached after which it behaves fully plastic. The o-
¢ diagram thus has the same shape as the Moment-Curvature diagram:

A

M

Mp

=~

The full plastic moment is given as My, the curvature as k.

In SCIA Engineer, a plastic moment can only occur in a mesh node . This implies that the mesh needs to be
refined if a plastic hinge is expected to occur at another location than the member ends.

The reduction of the plastic moment has been implemented according to the following codes: EC3, DIN
18800 and NEN 6770.

There is off course a risk when taking plastic hinges into account. If a hinge is added to the structure, the
statically indeterminateness is reduced. If other hinges are added, it may happen that the structure becomes
a mechanism. This would lead to a collapse of the structure and the (nonlinear) calculation is stopped.

On the other hand, plastic hinges can be used to calculate the plastic reliability margin of the structure. The
applied load can be increased little by little (e.g. by increasing the load case coefficients in a combination)
until the structure collapses. This approach can be used to determine the maximum load multiple that the
structure can sustain.
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To take into account plastic hinges for steel structures, the functionality Steel > Plastic Hinge analysis

be activated.

Project data

Basicdata Functiomality Loads UnitSet Protection
| GENERAL
Property modifiers
Model modifiers
Parametric input
Climatic loads
Maobile loads
Dynamics
Stability
Monlinearity
Structural model
IFC properties
Prestressing
Bridge design
Excel checks
Substitution beam

pid

DETAILED
4 Nonlinearity
Beam local nonlinearity
Support nonlinearity/basic soil spring
Initial imperfections
Geometrical nonlinearity

General plasticity

Cables
Friction support/Soil spring
4 Subsoil
Pad foundation check
4  Steel

Plaztic hinge analysis ﬁ
Fire resistance checks
Steel connections
Scaffolding
TDoF 2nd order analysis for LTB

Girders with sinusoidal webs

CK Cancel

must

The choice of code which needs to be applied can be specified through Menu bar > Tools > Calculation &
Mesh > Solver settings. The no code option simply follows the EC-EN logic.

B Solver setup

4  Nonlinearity

4 Initial stress

4 Soil

4 Sailin

HN @ E

It is not possible to choose on what members or in which nodes plastic hinges can be formed. If the

Coefficient for reinforcement 1 ~
Print time in Calculation Protocol

Method of calculation Picard v
Mumber of increments 1

Maximum iterations 50

Solver precision ratio 1
Solver robustness ratio 1

Plastic hinge code EC -

No code
Initial stress [y
NEN

Step for soil/water pressure [m] 0,500
S0il combination None w
Maximum soil interaction iterations 10
Clx [MMN/m~3] 1,0000e-01
Cly [MN/m+3] 1,0000e-01
Clz [MMN/m#3] 1,0000e+01
C2x [MMN/m] 5,0000e+00 v

OK Cancel

functionality is activated, a plastic hinge will form wherever the moment resistance is exceeded regardless of

the element’s plastic capacity.
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Example: Plastic_Hinges.esa

In this project, a continuous beam is considered. The beam has a cross-section type IPE 300 and is

fabricated in S235.

According to Eurocode 3, the plastic moment resistance around the y-axis is given by:

- e Reduced plastic bending Reduced plastic bending Reduced plastic bending 7

s T for high normal force for high shear force for high normal force and high shear force
Wiy f, 1-n

vy lwy,pl,}?d = # iwy,N,Rd = A/[y,p!f,Rd * T 050 My v Rd = My,p!,Rd * (]- - Pz} My N V.Rd = My,N,Rri! * (1 - Pz)
Wz, 2

zz lwz._pl,Rd = o Y Mz,E\-',Rd = .Af;,pg,gd * [1 — (T;[]‘T:) ] Mz v Rd = Mzpl Rd * (1 - p'u} MZ,N:‘V,RFE = Mz,:"-",:%l * (1 - Pg;)

For the beam (no normal or high shear force present) considered this gives the following:

fy = 235 N/mmz2

Whpiy = 6.28 105 mms3
ymo = 1.0

= Mpl,y,d =

Wolyly — 147 59 kNm
YMo

A linear analysis shows the following moment-diagram:

52 KNm

-178.5

F\\

101.39kNm ‘

A nonlinear analysis

y\

—

N

taking into account plastic hinges gives the following result:

-147.59 KNm

4

90

113.76 kNm

\

B

‘
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When the load is increased further, another plastic hinge will form in the middle of a span thus creating a
mechanism. The nonlinear calculation will stop and a singularity message will be given:

The stiffness matrix is singular!
! The structure is unstable. Instability found
in FE-node No. N2, direction phi_Y, increment 1.

OK

The animation window shows the expected scene, where an additional plastic hinge in the middle of the
span leads to a mechanism:

6.2 Physical Nonlinear analysis for Concrete Struct  ures

This topic is regarded in detail in the course “Advanced Training Concrete”.

6.3 General Plastic analysis

This functionality handles the plastic behaviour of any 2D members (plates, walls and shells). Four different
criteria have been implemented to determine when the plastic behaviour is initiated: Von Mises, Tresca,
Mohr-Coulomb and Drucker-Prager.

The plastic behaviour of materials may be combined with other types of nonlinearities in SCIA Engineer. It
can be activated in the material setup, after selecting the right functionalities.

Note: general plasticity behaviour is not applied to 1D members. The 1D members that are present in the
model will be considered as elastic.

6.3.1 Yield criteria

To determine whether the material should start behaving plastically, we first need to know if the yield
strength has been reached. In SCIA Engineer, 4 different yield criteria have been implemented. Two for
symmetrical, ductile materials (steel, aluminium,...): Tresca and Von Mises, and two for materials with
different behaviour in compression and tension (concrete, masonry,...): Mohr-Coulomb and Drucker-Prager.

Tresca

The Tresca criterion is also known as the maximum shear stress theory (MSST) and the Tresca—Guest (TG)
criterion. In terms of the principal stresses the Tresca criterion is expressed as:

%max(]al — 0'21, l0'2 — 0'3|’ |03 - 01]) - Ssy - %SU

Where Sy is the yield strength in shear, and Sy is the tensile yield strength.
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On the picture below there is the Tresca—Guest yield surface in the three-dimensional space of principal
stresses. It is a prism of six sides and having infinite length. This means that the material remains elastic
when all three principal stresses are roughly equivalent (a hydrostatic pressure), no matter how much it is
compressed or stretched. However, when one of the principal stresses becomes smaller (or larger) than the
others the material is subject to shearing. In such situations, if the shear stress reaches the yield limit then
the material enters the plastic domain.

Von Mises

This criterion suggests that the yielding of materials begins when the second deviatoric stress invariant J2
reaches a critical value. For this reason, it is sometimes called the J2-plasticity or J2 flow theory. It is part of
plasticity theory that applies best to ductile materials, such as metals. Prior to yield, material response is
assumed to be elastic.

In materials science and engineering the von Mises yield criterion can be also formulated in terms of the von
Mises stress or equivalent tensile stress, ok, a scalar stress value that can be computed from the Cauchy
stress tensor. In this case, a material is said to start yielding when its von Mises stress reaches a critical
value known as the yield strength, oy. The von Mises stress is used to predict yielding of materials under any
loading condition from results of simple uniaxial tensile tests. The von Mises stress satisfies the property that
two stress states with equal distortion energy have equal von Mises stress.

The Von Mises stress is expressed as:

1
O = \/E [(011 — 022)% + (022 — 033)% + (033 — 011) + 6 - (07, + 053 + 03,)]

Because the von Mises yield criterion is independent of the first stress invariant, 11, it is applicable for the
analysis of plastic deformation for ductile materials such as metals, as the onset of yield for these materials
does not depend on the hydrostatic component of the stress tensor, just like the Tresca criterion.

01

Von Mises &
Yield Surface z -
6"

7, _ Hydrostati
1 ~ - ——Hydrostatic
N\ o Axis

Tresca
Yield Surface

03

m-plane
(Deviatoric Plane)

oy +o02+03=0

02
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Drucker-Prager

The Drucker-Prager yield criterion is similar to the von Mises yield criterion, with provisions for handling
materials with differing tensile and compressive yield strengths. This criterion is most often used for concrete
where both normal and shear stresses can determine failure. The Drucker—Prager yield criterion may be
expressed as:

2 2 2
(m_l) (o1 + 03 + 03)+ m \/(01 = *(02'03) S Sye

2 2 2

Where m = % with Syc and Syt the uniaxial yield stresses in compression and tension respectively.
yt

If both are equal the formula reduces to von Mises.

The image shows the Drucker—Prager yield surface in the three-dimensional space of principal stresses. It is
a regular cone.

Mohr-Coulomb

The Mohr-Coulomb yield is similar to the Tresca criterion, with additional provisions for materials with
different tensile and compressive yield strengths. This model is often used to model concrete, soil or granular

materials. The Mohr—Coulomb yield criterion may be expressed as:
m-—1

Tmax(|01 —oy| + K(oy + 03), |01 — o3| + K(0y + 03), |02 — 03| + K (02 + 03)) = Sye
m-—1

S.
Where m= ZXand K = —
Syt m+1

The parameters Syc and Syt are the yield (failure) stresses of the material in uniaxial compression and
tension, respectively. The formula reduces to the Tresca criterion if Syc = Syt.

On the picture there is Mohr—Coulomb yield surface in the three-dimensional space of principal stresses. It is
a conical prism and determines the inclination angle of conical surface.
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6.3.2 Finite element model

Drilling rotations at each node is used for in-plane loading. This means that element has six degrees of
freedom at each node and is therefore compatible with other types of elements (beam/solid elements).

Within the element area the Gauss 2x2 quadrature points are used. Each of these Gauss quadrature points

is realized by nine Gauss-Lobatto quadrature points throughout the thickness, so the four-node element has
2x2x9=36 quadrature points in total.

(a) (b) (c)
3 /0/4 2
/ o o 3
2 1@l '
2 K/ VL. e )
(- Pz @ 6

Ol K NN);
© 0

Uy /L’ Py ° 7

.
) ) Yy i 9

Uy

Due to these Gauss-Lobatto points the element can handle bending loading with high accuracy. In all of
these points the nonlinear model is computed independently using the plane stress formulation. Linear
transversal shear stiffness is assumed.

6.3.1 Material properties
Figure C.2 from EN 1993-1-5 is used for the material behaviour:

Madel
Tk TA
hT
with
yielding
platean a)
tan-'(E)
€
1 tan(E/10000)
(or similarly small value)
ah [ 1
£t tan"(E/100) 1
with
strain- c)
hardening
tan(E) -
=
1r frue SEress-strain curve
2 stress-strain curve from iests

The different models are:
a) elastic-plastic without strain hardening
b) elastic-plastic with a nominal plateau slope
c) elastic-plastic with linear strain hardening

d) true stress-strain curve modified from the test results as follows:
o, =oc(l+¢€)

frue
g . =ln (l +€)
In SCIA Engineer, a), b) and c) are implemented.

frue
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6.3.4 General plasticity in SCIA Engineer

General plasticity is a specific type of nonlinearity in SCIA Engineer. This means that General plasticity

sub-functionality of the nonlinear analysis.

Project data

Basicdata Functicnality Actions UnitSet Protection
GENERAL
Property modifiers
Model modifiers
Pararnetric input
Climatic loads
Mobile loads
Dynamics
Stability
Monlinearity ,-V
Structural model
IFC properties
Prestressing
Eridge design

Excel checks

Substitution beam

4

4

4

*

DETAILED
MNonlinearity
Beam local nonlinearity
Support nonlinearity/basic soil <
Initial imperfections
Geometrical nonlinearity
General plasticity :jf'
Compression-only 20 members
Cables
Friction support/Soil spring
Membrane elements
Subseil
Soil interaction
Pad foundation check
Steel
Plastic hinge analysis

Fire resistance checks

OK Cancel

is a

The nonlinearity of materials is defined directly in the material library. See the property group Material

behaviour for nonlinear analysis

B Materials

= BB
5235 |
5275
5355

a2 0 fAm A

|+ Code independent
Material type Steel

Thermal expansion [m/mK] 0,00

Poisson coeff. 0,3

Independent G modulus
Log. decrement (non-uniform damping only) 2,15

Thermal expansion (for fire resistance) [m/mK] 0,00

Price per unit [€/kg] 1,00
+ Material behaviour for nonlinear analysis
Material behaviour Elast

| a

EC3

MNew Insert Edit

Name 5235

Unit mass [kg/m*3] 7850,
E modulus [MPa] 2,1000e+05

*

Q

G modulus [MPa] 8,0769e+04

Cotour I

Specific heat [J/gk] 6,0000e-01
Thermal conductivity [W/mK] 4,5000e+01

ic

s

Ultimate strength [MPa] 360,0
Yield strensth [MPal 235.0

Close

L

By default, all materials in the library are set as elastic. This means, that the selected material will behave
elastically during a nonlinear analysis. The plastic properties of materials are generic, code independent in
SCIA Engineer and are therefore available for any material, regardless of the selected design code.

Plasticity can be enabled by selecting a type of plastic behaviour. For steel, we can use Isotropic elasto-
plastic von Mises . It corresponds to a bilinear stress-strain relationship, identical in tension and compression.

The plastic branch may have a slope (hardening modulus) or n
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The stress-strain relationship is automatically generated from 3 parameters: Young's modulus (elastic part),
yield stress for uniaxial tension and, optionally, hardening modulus (slope of the plastic branch).

hardening modulus
with hardening

L — Tesssssnsssnnnssnnnssss Without hardening

E modulus

» strain

Only the tension part of the diagram is defined, as it is related to a plastification condition in general 3D
stress state in principal stress directions. Some plastification models allow for a different yield stress in
compression, which is defined separately. There is no limit (ultimate) strain value for the analysis.

When the actual strain value in the structure exceeds the defined diagram, the diagram is extrapolated,
tangent to the last defined segment of the stress-strain relationship. The reason for that is, that the analysis
would then fail and it would be impossible to find where the problem is located in the structure. It is therefore
preferable, that the analysis continues and that you check the obtain strain values after the analysis.

last defined segment
of plastic branch

stress

»
>

-ll_l--‘---'

——y L A

extrap'olated
branch

.......................... elastic branch

» strain

The following parameters define the nonlinear behaviour of the material in the material library:
B Materials <
FEERFE «a2 O S@EB a v Y

Skl Material type Steel ~

5275
5355

Thermal expansion [m/mK] 2,00

Unj /m"3] 7850,0
I E modulus [MPa] 2,1000e+05 I

Poisson coeff. 0,3

Independent G medulus

G modulus [MPa] 3,0769e+04

Log. decrement (nen-uniform damping only) 9,15

Cotour I

Thermal expansion (for fire resistance] [m/mK] 2,00
Specific heat [J/gK] €,0000e-01
Thermal conductivity [W/mK] 4,5000e+01

B e

4+ Material behaviour for nonlinear analysis

Material behaviour Isotropic elasto-plastic, von Mises v
Note ductile materials (metal, steel, aluminium)
Input type Elasto-plastic v

Yield stress in uniaxial tension [MPa] 235,0

4 EC3
Liltimate strensth [MPal 360.0
New Insert Edit Close
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* E modulus : Young’s modulus of the material which defines the slope of the elastic part of the
stress-strain diagram
» Material behaviour: t he type of material behaviour for the nonlinear analysis has to be selected
o Elastic
o0 Isotropic elasto-plastic, Tresca (ductile materials such as metal, steel, aluminium)
o Isotropic elasto-plastic, von Mises (ductile materials such as metal, steel, aluminium)
o0 Isotropic elasto-plastic, Drucker-Prager (materials with difference in compressive en
tensile strength such as concrete and soil)
o Isotropic elasto-plastic, Mohr-Coulomb (materials with difference in compressive en
tensile strength such as concrete and soil)
* Inputtype: d efines the definition of the plastic branch of the stress-strain diagram
o Elasto-plastic: In the plastic domain, the stress remains constant when the strain
increases
o Elasto-plastic with hardening: In the plastic domain, the stress increases with the strain
» Yield strength: e lastic limit for plastification due to shear
» Hardening modulus: s lope of the plastic branch of the stress-strain diagram

Note: Various types of nonlinearity may be combined in the same project. However it is not possible to
cumulate several types of nonlinearity on the same 2D member. The property FEM nonlinear model will
behave as follows, when combined with a plastic material:
» Plastic material and 2D press-only behaviour: the press-only behaviour will be ignored and the
2D member will behave as plastic.
» Plastic material and membrane behaviour: the plastic behaviour will be ignored and the 2D
member will behave as an elastic membrane element.

When starting the analysis, a warning message will be displayed giving the same information about
functionality conflicts.

6.3.5 Checking strains

When using general plasticity, the stresses in the material will be topped off at the yield strength (or a bit
higher if strain hardening is used). To check if the structure is stable, we will therefore need to check
something different than the stresses.

A first indicator is of course if the nonlinear calculation can find a solution. If the stiffness matrix becomes
singular when considering general plasticity, the plastic deformations could be so big that the structure
becomes a mechanism and no solution is found. The structure cannot hold the loads.

If the calculation succeeds, the check needs to be done on the amount of plastic strain. It can be displayed
in the results for 2D stresses, when changing the type of values to basic (in local axis) or principal (in
principal axis) plastic strain.

Type of values ; |
Values || Basic stress
Principal stress
Membrane stress
Results on sections | Basic total strain

Principal total st...
Results on edges

Basic plastic strain
Principal plastic strain Principal I-:}asﬁc
» B 2

Standard result
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Example: Plastic_Plate_Stresses.esa

In this project, 3 vertical walls of different steel materials are loaded each time by the same vertical surface
load of 242.90 kN/m2. The value of the load is high enough to make sure that the Von Mises stresses in
every wall are higher than the allowed yield strength fy of the steel materials.

A linear analysis shows the following results for the Von Mises stresses:
\iigE+ [MPa]
426.2

400.0

426,2 MPa

426,2 MPa

426,2 MPa

As expected, the Von Mises stresses for every wall are exactly the same and are higher than the yield
strength fy.

For every used material, the following properties for the nonlinear analysis are inserted:
7 Materials b4

HEEGFE a2 O SAmB A v Y

5235 Material type Steel e
5275
5355

Thermal expansion [m/mK] 0,00
Unit mass [kg/m"3] 7850,0
E modulus [MPa] 2,1000e+05
Poisson coeff. 0,3
Independent G modulus
G modulus [MPa] 8,0769e+04
Log. decrement (non-uniform damping only) 0,15
colour I
Thermal expansion (for fire resistance) [m/mK] 0,00
Specific heat [J/gK] 6,0000e-01
Thermal conductivity [W/mK] 4,5000e+01
Price per unit [€/kg] 1,00
4 Material behaviour for nonlinear analysis
Material behavicur |sotropic elasto-plastic, von Mises v
Note ductile materials (metal, steel, aluminium)
Input type Elasto-plastic v
Yield stress in uniaxial tension [MPa] 235,0
+ EC3

Ultimate strensth [MPa1 360.0 hd
New Insert Edit Close
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The nonlinear analysis shows the following results for the Von Mises stresses:
sigE+ [MPa]
3 353.1

3200
2800
2400
2000
160.0
1200

Example: Beam_Column_Connection.esa

The functionality General Plasticity can also be used to model steel connections using finite elements to
perform a plastic stress check.

In this example, a bolted column-beam connection is modelled using 2D finite elements in SCIA Engineer.
That way the plastic stresses can be calculated by performing a nonlinear analysis.

Elastic results for (linear) combination CO2: Plastic results for nonlinear combination NC2:
\iigE+ [MPa] @B [MPa]
5064 235.0
480.0
210.0
420.0
180.0

360.0

150.0

1200
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Nonlinear Stability

In this final chapter we will combine both the stability and nonlinear effects into a nonlinear stability
calculation.

As specified in the assumptions of the first paragraph: a stability calculation is by default a linear process.
nonlinearities like friction supports, pressure only supports... are not taken into account. Specifically for this
purpose, SCIA Engineer provides the use of a nonlinear stability calculation. This type of calculation has the
following additions to the linear stability calculation:

* Local nonlinearities are taken into account

» 3rd order effects are taken into account using the Modified Newton-Raphson algorithm.

Modified Newton-Raphson follows the same principles as the default method but will automatically refine the
number of increments when a critical point is reached and will only update its stiffness matrix every N
iterations. This method can therefore give precise results for post-critical states.

SCIA Engineer will perform a 3™ order calculation taking into account local nonlinearities. After this
calculation, the resulting deformed structure is used for a Stability calculation. As a result, the critical load
factor of the structure is obtained for the structure including nonlinearities.

To activate the nonlinear stability calculation, the functionalities Stability and Nonlinearity > geometrical
nonlinearity must be activated.

Project data >

Basic data Functionality Actions UnitSet Protection

| GENERAL DETAILED
Property modifiers 4 Monlinearity o
Model modifiers Eeam local nonlinearity
Parametric input Support nonlinearity/basic soil 5

Climatic loads Initial imperfections

Mobile loads Geometrical nonlinearity
Dynamics General plasticity
Stability 5 Cables
MNonlinearity ﬂ Friction support/Sail spring

Structural model
IFC properties
Prestressing
Bridge design
Excel checks

Substitution beam

4 Subsoil
Pad foundation check
4 Steel
Plastic hinge analysis
Fire resistance checks

Steel connections

Scaffolding
7DoF 2nd erder analysis for LTB ]
OK Cancel

In addition, support and/or beam local nonlinearities can also be activated.

100
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The choice of the 3 order theory, the amount of increments and the maximal amount of iterations can be

specified in the solver settings.

B Solver setup

4 Nonlinearity

4 Initial stress

4 Stability

Warning when maximal rotation is greater than [mrad] 100,0000 6
Coefficient for reinforcement 1

Print time in Calculation Protocol

Geometrical nonlinearity 3rdorder (large de v
Method of calculation Mewton-Raphson v

Number of increments 5

Maximum iterations 50

Solver precision ratio 1

Solver robustness ratio 1

Initial stress

Type of eigen value solver Subspace iteratior v

Number of buckling modes 1 v

‘ A high value of robustness ratio improves the stability of the convergence of nonlinear analysis, but it also slows down the process.

' o g OK Cancel

Since the nonlinear stability calculation automatically implies the modified Newton-Raphson method for the
solver, this method cannot be adapted in the settings. The option is available for the sake of choosing a

method for the normal nonlinear calculation.

Since the modified Newton-Raphson method also uses load increments, it is important to set a right amount
of increments. Therefore it is advised to choose for the Newton-Raphson method, so you can input the

number of increments.

The nonlinear stability calculation can then be selected in the calculation window:

B FE analysis

Calculations

Linear analysis
Load cases: 2

Monlinear analysis
Menlinear combinations: 1

Linear stability
Buckling modes: 1

[¢] Nonlinear stability

Buckling modes: 1
Other processes

Test input of data

Save project after analysis

Calculate

4 Mesh setup
Average number of 10 mesh elements: 3
Average size of 10 mesh element on cu 1
Average size of 2D mesh element [m] 1
Connect members/nodes
F Advanced mesh settings
4 Solver setup
Specify load cases for linear calculatior
Specify combinations for nonlinear cal
P Advanced solver settings
4 Deve setup
Run FEM Seolver manager
Nexis compatibility
Nexis results
3D mesh test
Breakpeint before calculation
Delete results before calculation
Skip check for unsupported entities
Last calculated result version ('default’ 21.0.0029.64
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Example: Stability Falsework.esa

In this example, a stability analysis is carried out on a large falsework structure measuring 15m x 15m x 12m.
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All diagonals of the structure have been given a gap of 1mm.

SPCOT Gap

7

The structure is loaded by its self-weight, formwork and concrete for a total loading of +/- 18.000 tonnes.

First a linear stability calculation is carried out to evaluate the critical load factor. The number of 1D
elements is set to 5 to obtain good results without severely augmenting the calculation time.

The following result is obtained:
Critical load coefficients

Stability combination : S1
1 [2,06

The critical load factor is smaller than 10 which indicates that the structure is susceptible to 2" order effects.
Therefore a 2" order calculation is carried out using Timoshenko . The number of increments is set to 5 and
the maximal number of iterations is set to 50.
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The 2" order calculation leads to the following message:
|

Calculation Monlinear

o

[m] [deg]

FE-Calculation &4 - Warning >

The stiffness matrix is singular!
The structure is unstable, Instability found
in FE-node Mo. K258, direction X, increment 1.

[] Stop after this nonlinear combination Nao. 1.

! Redraw araph Show Data Table...

Breal Pauze

This implies that the 2" order calculation does not converge to a result but leads to instability. The question
now rises as to what causes this instability.

This is the point where the nonlinear stability calculation comes in. During the linear stability calculation, the
gap elements on the diagonals of the structure were not taken into account. A nonlinear stability calculation
takes into account both 2™ order effects and the gap elements.

The nonlinear stability calculation gives the following result:

Critical load coefficients

Stability combination : S1
1 [0,20

This result gives a very important conclusion: the structure including all gap elements is not capable of
supporting the loading. Only 20% of the loading can be supported before instability occurs. This is the
reason why the 2" order calculation does not pass.

When local nonlinearities are used, it is mandatory to execute a nonlinear stability calculation to draw correct
conclusions concerning the global buckling of the structure.
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7. Troubleshooting

In this final Chapter, some common failure messages are given which can occur during a nonlinear analysis.

7.1 Singularity

Singularity problems occur frequently during a nonlinear calculation. Messages of the following type are
generated by SCIA Engineer:

FE-Calculation 64 - Warning X

The stiffness matrix is singular! )
The structure is unstable. Instability found /1, Calculation aborted.
in FE-node No. N2, direction X, increment 1., .

The singularity can be checked by running the check of singularities:

Animaticn O *

i E'il_" . Frames per second : 100 Mode of calculation : | Linear w |
Plav time (sl : 1
g =

C[ose

The cause of these messages can be the following:

104

The structure is a mechanism: check supports, hinges, unconnected members, .

The structure becomes a mechanism by eliminating elements (members, supports )
Examples include tension only diagonals which are all eliminated, a subsoil (only compression)
which comes entirely under tension, ...

The structure becomes unstable due to the creation of plastic hinges.

The entire structure or part of it buckles. In the stiffness matrix this implies that KG > KE

The instability is caused due to small section properties of manually inputted cross-sections. In
many cases, the torsional resistance It is too small.

As explained in the theory, the Timoshenko method is not suitable when the normal force in a
member is larger than its critical buckling load. In this case, Newton-Raphson should be applied.
To find out which cross-section causes this problem, the sections can be modified alternately
until the 2nd Order calculation passes.
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7.2 Convergence

If, during a nonlinear analysis the criterion of convergence is not met, messages of the following type are
generated by SCIA Engineer:

FE-Calculation 64 - Warning X

The calculation did not converged, but the results could be
applicable. To achieve more precise results increase the
number of iterations or increments.

The cause of these messages can be the following:

« Too few iterations have been specified in the Solver Setup.

e The structure is close to instability.

» Cyclic elimination of members or supports: the elements are eliminated during an iteration and
are re-instated during the following iteration.

» To examine this in detail, the calculation can be executed for e.g. three iterations: take iteration
i-1, i and i+1 and compare the results.
In these results, there will be a difference in one member (for example in one iteration the
member is in tension, in the following iteration it is in compression).

» If the nonlinear stability calculation does not converge, make sure 2nd order (Geometrical
Nonlinearity) is activated as functionality.
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7.3 Solver robustness ratio

A typical use case for using the robustness ratio is a nonlinear calculation is stuck in some oscillation around
the solution value, for instance:

Calculstion Monlinear

F KT

[mm] [deg]

V

0 40 80

In such a case we would need to “stabilize” the convergence. This can be achieved by slowing down, or
dampening the convergence. Let's assume the following:
» iteration 1 gives solution value S1
* initeration 2, the nonlinear process (e.g. NR) gives solution value S2
« normally, we would just take S2 and continue to the next iteration, but if the values start
oscillating wildly, it will not converge
» Instead, we don't take S2 as result of the iteration, but some value in between, using the
robustness ratio to determine how much of S1 is used in the new solution. An example of this
(but NOT the formula used in SCIA Engineer) would be:

1 1
SZzESZ-I_(l_E)Sl

Where R is the robustness ratio. If R=1 it will return standard, non-damped convergence. The higher the
value, the more of S1 will be in the solution, the slower the convergence, but the more stable the calculation
will be. The actual formula in SCIA is far more complex, but the principle remains the same.
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