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1 Analysis calculations

1.1 Finite element calculations

1.1.1 Basics
FEM-Design can perform the following calculations:
* linear static analysis for all structure types,

® static analysis according to second order theory for spatial structures,
global stability analysis-buckling shapes and critical loads for spatial
structures,

¢ dynamic analysis-vibration shapes and eigen frequencies for all structure
types,

® seismic calculation-response spectra method for 3D models,
® non-linear static analysis-supports resisting only compression,

¢ cracking analysis-tracking of the cracking process.

1.1.2 Static analysis
The linear static analysis is the solution of the equation:
Ku=Q
linear, inhomogenous equation system with constant coefficients, which is
derived from the displacement method,
where: K the coefficient matrix of the system, the so called stiffness matrix,

Q matrix of the load vectors, derived from the loads of every load
cases,

u matrix of the displacement of nodes.

Applied Theory and Design - Analysis calculations 7



FEM-Design contains two equationsystem-solvers. One of them is the so called
frontal type, the other is the SKYLINE type solver. Both methods are optimized
for the available memory, and they contain very efficient node numbering opti-
mization for minimizing of on one hand the front width, on the other hand the
band width.

The results of the linear static analysis are always the node displacements, reac-
tion forces and internal forces or stresses of elastic elements.

Note, that an average value is taken for the internal forces of elements in nodes
of region or plate where more elements of the same kind are connected, in order
to avoid discontinuities that does not exist in reality but generated by the finite
element method during the calculation.

1.1.3 2" order analysis

Calculation of structures based on the linear theory mean that the equilibrium
conditions are determined according to the shape of the structure before loading.
In case of larger deformations the results would be more accurate if the change
of structure geometry was taken into consideration.

In case of flexible, elastic structures the approximate solution for this problem is
the second order theory which gives satisfying accurate results for practice. In
this theory the deformations during the loading are only taken into consideration
in the relationship of membrane forces and bending moments. For example, at a
straight bar the normal force influences the bending moments because of the de-
flections perpendicular to the bar, and it modifies of course the deflections. Con-
sequently, the stiffness matrix of the system is a linear function of the normal
internal forces (in case of plane plate, membrane forces):

[K+Kg (N)Ju=Q

where K is the original (linear) stiffness matrix, u is the matrix of the node dis-
placement, Q is the matrix calculated from the loads, and K is the geometrical
stiffness matrix. N in the argument means the distribution of the normal (or
membrane) forces of the structure.
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Since the stiffness is a function of the normal force distribution, the calculation
has to be performed in two steps. First, the normal forces of the elements have to
be calculated by using the K matrix. In the second step K can be determined
according to the previously calculated N, then the modified displacements, in-
ternal forces and stresses can be calculated by the [K + K] matrix.

It is possible, that the N normal force distribution calculated from the loads hap-
pens to result in a singular [K + K] modified coefficient matrix, which means
that the equation system can not be solved. This phenomenon occurs if the load
is larger then the critical load of the system which makes it lose stability.

1.1.4 Stability analysis

At description of second order theory it was pointed out that the resultant stiff-
ness of the system depends on the normal force distribution. In case of linear
elastic structures the geometrical stiffness matrix is a linear function of normal
forces and consequently of loads:

Ke (AN) =21 Kg (N)

The structure loses its loadbearing capability if the normal forces decrease the
stiffness to zero, i.e. the resultant stiffness matrix becomes singular:
det [K + A Kg (N)] =0

It is an eigenvalue calculation problem, and the smallest A eigenvalue is the cri-
tical load parameter.

The calculation has to be performed in two steps. First, the normal forces of the
elements has to be calculated by using the K matrix. In the second step K and
the A parameter can be determined. The critical load is the product of the load
and the A parameter. The above mentioned eigenvalue problem is solved by the
so called Lanczos method in FEM-Design. The results of the calculations are as
many buckling shapes as the user required and the matching A critical load para-
meters.
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1.1.5 Linear dynamic

If the loads acting on a structure vary quickly, the node displacements of the
structure also vary as a function of time. In this case the outer loads-according to
the d’Alambert theorem-should be extended by the distributed inertial forces
which are proportional to the acceleration of the points of the structures. This re-
sults the following basic equation, if the dumping of the structure is ignored:

Ku=Q-Mu"

where: M is the diagonal mass matrix of the structure and u** is the matrix
of the node acceleration (second derivative of the node displace-
ments and rotations).

If the structure is unloaded, i.e. the free oscillation is analysed, all points of a
structure with statically determined supports move periodically, according to the
following equation:

u=Asin (ot)
If Q =0, it results in the following eigenvalue problem:

[K-0?M]A=0

where: o is the eigen angular frequency and A is the matching vibration

shapes, or amplitude distribution. The eigenvalue problem is solved

by the so called Lanczos method in the 3D and by the subspace ite-
ration method in the 2D modules of FEM-Design.

1.1.6 Seismic analysis

1.1.6.1 Introduction

Seismic calculation is a special case of forced vibration calculation, when the
exciting effect is the ground acceleration which is time dependent and of course
not periodical. The response of the structure to the ground acceleration will be a
vibration like motion. The structure gets forces of inertia which is calculated ac-
cording to the Newton’s law (F = m a) and it is proportional to the mass and ac-
celeration. These equivalent forces of course cause internal forces, stresses and
if they are larger than the limit value the structure may collapse.
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From the above explanation we found that originally this is a dynamic phenome-
non when the acceleration and so the inertia forces change in each second. The
interaction of the ground and structure is complicated so in a given time the ac-
celeration of the structure depends on several components:

¢ ground acceleration (the seismic magnitude and its development on time),

* the elasticity of the structure,

* the mass and mass distribution of the structure,

* the connection between the structure and ground, namely soil type.

Another complicated problem is to define exact direction of the ground motion
in the seismic investigation. Generally the ground movement is assumed as an
arbitrary horizontal motion but the vertical motion also may cause problem to
the structure.

Fundamentally the calculation process can be divided into three methods:

Time history

This calculation is carried out as an ordinary forced vibration when the excita-
tion is a time dependent acceleration function. These functions can be registered
or simulated seismograms. Mathematically we always solve the differential
equation system of the vibration by a suitable method (e.g. step-by-step met-
hod). From the results of the equation system (means the displacement of the
structure) the internal forces can be calculated and the design can be performed.

Theoretically the method is exact, but several circumstances strongly constrain
the usage:

* Statistically the number of seismograms are insufficient,
® The calculation is very complicated and the runtime is long.

Because of the above mentioned difficulties, this method is not widespread and
is not implemented in FEM-Design.

Modal analysis

As was mentioned in the above method, the vibrations arising from the seismic
effect are difficult to predict. So the modal analysis assumption starts from the
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investigation of the most unfavorable ground motion directions and the period
time.

Expected value of the maximal accelerations belongs to the individual periods
which are prescribed in the national codes and named as acceleration response
spectrum. The horizontal axis shows the frequency or vibration time of a single
degree mass-spring system and the vertical axis shows the maximum correspon-
ding acceleration. (In the Civil Engineering practice vibration period is used ins-
tead of frequency.)

The results which belong to the different ground motion directions and structu-
ral eigenfrequencies are summarized on the basis of the probability theory,
which assumes that not all the effects appear in the same time. Most frequently
used summation rule is the SRSS (Square Root of Sum of Squares).

Although the modal analysis is the most accepted method all over the world (as
well as in ECB8), it has some disadvantages. Some of them are listed as follows:

® The results which are calculated using the SRSS summation rule are not
simultaneous. For example for a bending moment in a point of the structu-
re we can’t show the simultaneous normal force in the same point, because
the summation is carried out from component to component separately.
Consequence of the summation rule, other calculations (second order app-
lication, stability analysis) are not interpreted,

* Mainly from the application of the statistical method, the graphical results
weakly can be followed compare to the results of statical calculation,

* Inalot of cases greate number of vibration shapes should be calculated to
reach a reasonable results which requires long calculation time.

Despite of all disadvantages of this method, we can expect most trustable results
if the code requirements are fulfilled.

Lateral force method (Equivalent static load method)

The lateral force method partly eliminates the disadvantages of the previous
method with simplification in certain cases. The method postulates that the dis-
placement response of the structure for ground motion can be described with
one (or both x', y* directions) mode shape. While this means generally a simpli-
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fication or approximation, this method is suitable for a part of the structure (EC8
prescribes the condition of application). In this method the mode shape of the
structure is a linear deviation or it is equivalent to the calculated fundamental vi-
bration shape. In the case of linear deviation or mode shape the period also can
be calculated by approximate formula.

The application of this method gives possibility to transform the seismic lateral
forces to simple static loads and it is applicable as follows:
* these loads (seismic load cases) can be combined with other static loads,
® second order and stability analysis can be performed,
® itis also possible to use these loads for hand calculation, so the results can
be checked easily.
This method is usable in FEM-Design with two options if the code permits:

* assumption of linear deviation shape when the period also can be defined
by the user (Static, linear shape),

¢ application of the calculated fundamental vibration shape as the deformed
shape of the structure and its period (Static, mode shape).

Remarks in application of national codes:

* Before releasing the current version of FEM-Design, only the Eurocode
and Norwegian national code contained special description for seismic
calculation. In the other codes FEM-Design supports only the general mo-
dal analysis,

* Most of the countries did not prepare the National Application Document
(NAD) for the universal Eurocode, so the program uses the general pres-
cription,
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¢ Supported national codes and methods:

British Modal analysis
Code independent Modal analysis
Danish Modal analysis
Eurocode (NA:--) EC8-2005 (No NAD, static method, modal analysis)
Eurocode (NA:British) EC8-2005 (No NAD, static method, modal analysis)
Eurocode (NA:German) EC8-2005 (No NAD, static method, modal analysis)
Eurocode (NA:ltalian) EC8-2005 (No NAD, static method, modal analysis)

Finnish (B4:2001) Modal analysis
Finnish (By50:2005) Modal analysis
German Modal analysis
Hungarian Modal analysis
Norwegian NS3491-12 (static method, modal analysis)
Swedish Modal analysis

* Norwegian code differs from Eurocode in a few places, so they are revie-
wed together and the differences are marked separately.

1.1.6.2 Input data

1.1.6.2.1 Dynamic Calculation

(vibration shape and period) and Mass definition

To calculate the seismic effect it is necessary to know the vibration shapes and
corresponding periods, except the static method (lateral force method: linear for-
ce distribution). Therefore a dynamic calculation should be done before perfor-
ming seismic calculation, which gives sufficient vibration shapes of the
structure. To perform the dynamic calculation, it is necessary to define mass
distribution which can be defined in Load tab as concentrated mass or load
case-mass conversion.

) According to EC8 3.2.4(2), mass distribution should be made in
the following way:
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ZGy ™ + ™y i Qi

where: g ;is the combination coefficient for variable action i (see EC8
4.2.4), it shall be computed from the following expression:
Ve i= 0V,

The recommended values for ¢ are listed in EC8 Table 4.2.

The above formula means that mass conversation is made from all dead load
without any factor, also masses in gravity direction temporary loads with redu-
ced value.

1.1.6.2.2 Design spectrum

The program contains EC8 and NS3491-12 predefined design spectra or
— the user can define its own spectra if necessary. The vertical spectrum is
necessary when the vertical affect taken into account.

EC8 design spectrum

The code gives the horizontal and vertical spectra and although the value of va-
riables is prescribed, they can be modified if necessary.

Seismic load x|
Horizontal spectia IVert\caI spectral Dtharsl
Type......... j & 5d[mfsz]
Ground A 'l 0.150, 1.250
ag [mds2] . 0.500
o |00
TB [5]......... 0150
TC[5]......... 0400
TD [g]........ [2.00
. I—W.UU 0.000, 0.533
beta 0.200 el

I Standard Unique | Add to documentation | Cancel

Data of horizontal design spectra:
Type type of spectra, which there are two in the code,
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Ground ground type, which can be A, B, C, D and E,

The above two data specify the values of S, T, T and Ty, which can be found
in EC8, table 3.2 and 3.3.

ay &the deél%;ngg_round §cceleratlon on type

- I gR
is the soil factor,

is the behavior factor, which depends on material and type of
the structure,

beta (B) is the lower bound factor for the horizontal design spectrum.

The S4(T) horizontal design spectrum is based on EC8 3.2.2.5 as follow:

0<T<T, Sq(T) = S[2+T(2'5 2)]
=1=1g d()_ag3TBq 3
2.5
TBSTSTC Sd(T)=agST
25T
T.<T<T, Sa(T)={_ %>7q T
= Pag
2.5T.T,
=a,5———"L
TDST Sd(T)= g q TZ
= Pag

The built-in vertical design spectrum is derived from the horizontal spectrum

using the a,q / 8, multiplicator which can be found in EC8 table 3.4 and descri-
bed in 3.2.2.5(5)-(7).
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Horizontal spectra Vertical spectra | Others |
Type oo, |1 j 5d [mysz]
R |D.BUD 0.0S0, 1.125
0,150, 1,125
5 [0
TE [s] ID.DEUD
TC[5] ID.150
0[] ... [100
[ — ...I"-EIU
0.000, 0,300
0.200
bets ....... I 1.000, 0.169
[s]

Other input parameters (Others tab)

Inthe Others tab, the user should set some parameters that effect the calculation
and results.

Ksi(&) is the viscous damping ratio, expressed as a percentage, gene-
rally 5%. This data is used in modal analysis when the sum-
mation of the effect of the same direction vibration shapes is
carried out by the CQC (Complete Quadratic Combination),
see later.

o is the displacement behavior factor, assumed equal to g unless
otherwise specified.

Foundation levelwhen Static-linear shape is used, the program assumes that
the foundation level is defined on that height. It means the pro-
gram calculates the mass height from that level. In the other
two calculation methods (Static-mode shape and Modal
analysis) base shear force is drawn in that level and it is taken
into consideration in the so called reduced mass calculation
(details in Effective mass setting).

Horizantal spectral Vertical spectra Others |

ksi (damping factor] [2] |5.E|E|
qd [behavior factor for displacements] ... [1.00
Foundation level [m] ...........ooooooieoieririne IU-DDU
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Data of design spectrum about NS3491-12

Seismic load

Harizantal spectra | Vertical spectra | Dthers |

Ksifz] ... [5.00 d [misz]

ko I[l 00~ 0.100, 2.940
0.250, 2.940

ks |

Gamma 1 |1 40 -
ag [m/sZ]...|1 oo
k Lspiss ... ID a00

0.000, 1,176

1,500, 0,450
Tls]

Unigue | Addluducumsnlal\unl aK I Cancel I

The built-in horizontal design spectrum is based on the following formula:
Su(Ti) = Kq Ks 718G Se(Ti) K gpiss
where: Ksi(&) is the declining ratio for the structure, given in %. Usually 5%,
kq is a structure factor, dependent on the type of structure,
ks is a soil factor, dependent on the type of ground,
Gamma 1(y,) is a seismic factor, dependent on the seismic class,

a4 is the maximum ground acceleration, dependent on location and
reference period,

S«(T;) is the acceleration for the period T, in the normalized response
spectra, see below,

Ke spiss IS @ factor dependent on the reference period used.

Vertical design spectrum formula:

Horizontal spectra Vertical spectra | Others

P ey
Svd(Tv,i) = kv"/l ag Se(Tv,i) kf, spiss

where k, is the ratio between horizontal and vertical response spectra,
mostly setto 0,7.
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The normalized response spectrum in Norwegian code is based on four different
formulas, each covering a part of the possible periods from 0 to 4 seconds. Peri-
ods over 4 seconds has to be treated in a different way anyhow, and can therefo-
re be based on a manually written response spectrum.

In FEM-Design, we assume, the spectrum is constant for periods over 4 seconds
and equal to the value of Sy(T = 4).

T
0<T<T;g Se(T) = 1+ (250 = 1)
B
Ty <T<T. S.(T) = 2.5
T
T.<T<Tp S4(T) = z.sn?c
TcTp

where: T is the vibration period, Tg = 0,1sec, T = 0,25sec and T = 1,5sec
n is a factor describing how the swaying declines, calculated as:

J10/(5 +¢)>0,55

Other input parameters (Others tab)

Horizontal spectra | Vertical spectia Oithers |

Foundation lesvel ] .ooovvrvvoeeeeecs oo oe 0.000

In the NS3491-12 code only foundation level should be set.

Design spectra in the other national codes

Except for the above mentioned two codes, the user has in all cases to define the
spectra in table or in a graphical way. In the Others tab only the foundation le-
vel should be set.
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Seismic load

Honizontal specira | Verlical spectra | Others |

i Sfafia |
[s] [m/=2] 5d [mi=2)

0.000 1.000
0200 2500
0.500 2500
0.750 1.000
1.000 0.500
1.500 0.E00
2.000 0.500
3.000 0.400
4.000 0.350

0,053, -0.080 Tls]

[El
Insert I Delete | Save | Load | Faste | ZuumaHl

A to documentation | Cancel

1.1.6.3 Calculation parameters and calculation steps

Calculation input parameters can be set in the Calculation dialog in Analysis/
Seismic analysis in the Setup as can be seen below.

O calculation - - .
SO Anasis | Seismic analysis

-0 Load cases
-] Imperfections Setup. Itis strongly recommended to calculate
-0 Load cambinations Eigen frequencies before you enter

- EI] Masimum of oad gray Seismic ahalysis setup.

-] Stabiliy analysis Seismic analysis can n only after walid
- Eigenhequencies Eigenfrequency caloulation.

-0OF

Selsmic analysis

Remark: Setup for the Seismic calculation can be done at any time, but the
Seismic calculation could be performed only after Eigenfrequency
calculation.

1.1.6.3.1 Calculation methods selection

National codes always provides which Seismic calculation method to be perfor-
med for different structure, where and when it should be performed and what

other effects to be considered (torsional effect, P-A effect). As an example in

No_rwegian code NS3491-12, seismic calculation is not necessar){ if the accele-
ration from the design spectrum is Sy(T,) <0,5 m/s* where T, is the base vibra-

tion period. In EC8 3.2.1 some criteria can be found.
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FEM-Design provides three types of calculation methods in harmony with EC8
and NS3491-12.

H O H &

Skatic, Static, Modal
linear shape mode shape analysis

These three methods really cover two basic concepts:

® Lateral force method, where the base shear force can be distributed in
two ways (Static linear/mode shape),

* Modal response spectrum analysis (Modal analysis).

Lateral force method (in some codes: equivalent static analysis)

EC8 as well NS3491-12 uses this method. The user may not use this method in
other codes.

This method can be used to calculate the seismic effect in horizontal plan, x'
and/or y"* direction. The main point of this method is to calculate base shear for-
ce taking into account the base vibration period and design spectrum in x* or y*
direction which is distributed into those nodes of the structure where there are
nodal masses. The base shear force formula is taken from EC8 4.3.3.2.2(1)P:

Fp=S4(T) ma

where:  Sy(T,) is the value of design spectrum at T, (means the acceleration
of the structure),
T, is the fundamental period of vibration of the building for lateral
motion in the direction considered,

m is the total mass of the building, above the foundation or above
the top of a rigid basement. Remark: the FEM-Design always ta-
kes into account the total mass of the structure including the base-
ment,

A is the correction factor, the value of which is equal to: 0,85 if

T1 <2 T, and the building has more than two storeys, or A = 1,0
otherwise.

From this formula it can be seen that the base shear force is nothing else than
the total seismic force of inertia (from second Newton’s law) which acts bet-
ween the ground and the structure.
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Remarks for NS3491-12:

®* Thereisno i (A=1,0).

* According to the code, if Sy(T;) <0,5 m/s?, seismic analysis can be suspen-
ded, so when the above condition is fulfilled, it is not necessary to incorpora-
te seismic loads in the design.

Distribution of the base shear force can occur in two ways which is described
below.

Linear distribution of horizontal seismic forces (Static, linear shape)

In this method the distribution of base shear force happens according to a simp-
lified fundamental mode shape which is approximated by horizontal displace-
ments that increased linearly along the height (see EC8 4.3.3.2.3(3)). The
seismic action effects shall be determined by applying to the x* or y* direction.
The horizontal forces are:

Fi = Fb i
2 zjm;
where: F, is the seismic base shear force,
F; is the horizontal force acting on the place of m,

z;, z; are the heights of the masses m;, m; above the foundation level.

According to NS3491-12 the distribution formula is:

Zikmi

k
2 zj*my

where: k=1 for T, <0,5 sec
k=2for T, >25 sec

F1=Fb

In the 0,5-2,5 interval the value of the k is interpolated linearly.
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As a matter of fact eigenfrequency calculation is not necessary for this method,
because giving the base period time in X" and y"' direction is enough for the cal-
culation. Practically, eigenfrequency calculation is performed before setting this
data, but these data can be defined using experimental formulas as well. Investi-
gation can be done in X" or y' direction, or both together.

The user may set the calculation direction to be performed by selecting the desi-
red direction. To set the desired x'-y" direction user should give the o angle (o is
the angle between the global x and x'). a.= 0,0 means x'-y" directions coincide
with global x-y directions. More details can be found in Horizontal direction
setting for seismic calculation to set the correct seismic effect direction (o).

Static, linear shape

Y Afaad] IW
Lambda ......cocvvern lmﬂ—
T2 T s 0.663

Some limitations of this method:

* Unusable if the whole foundation is not in the same plane,
¢ Unusable if the horizontal foundation is elastic.

N L

N / \

1]

If any of the above mentioned situations happen, the static, mode shape or mo-
dal analysis should be used.
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Distribution of seismic forces according to fundamental mode shapes
(Static, mode shape)

In this method the distribution of base shear force happens according to the base
vibration shape (see EC8 4.3.3.2.3(2)P). The horizontal forces acting on the pla-
ce of m; are:

where: s;, s; are the horizontal displacements of masses m;, m; in the funda-
mental mode shape.

The following table shows how to select the base vibration shape. The table con-
tains all mode shapes (No.), the vibration time (T(s)) and effective masses of the
mode shapes in x" and y" directions (m,(%0) and m,(%0)). As you can see the ef-
fective masses are given in a relative form to the total or reduced mass of the
structure. The reduced mass means the total mass above the foundation or above
the rigid basement. The value of the effective mass is refered to how the mode
shape respond to a ground motion direction, so the effective mass shows the par-
ticipation weight of the mode shape.

It is recommended to select that mode shape which gives the largest effective
mass as the fundamental mode shape. The method allows to Select one mode
shape in x” or/fand y~ direction(s).

Remark:

The calculation of base shear == =
force is performed according Hethod | Gptos |

to the total mass of the struc-
ture and not the effective
mass, as was introduced ear-
lier in Lateral force method.

Static, mode shape

ﬁ % Aafc] 0000 se | Ao | . mass>
Static, Larbda 1.00
Teekd ]

linear shape
Mo [ Tl [ meel [ mepd H
0341 00 fE
0662 98.4 on ﬂl
039 11 00
0.248 on 278
0168 02 00
0107 on on
0103 00 00
0077 on on

Modal

Wom @ e w  —

analysis 0.050 00 00 x|
Add to documentation oK Cancel
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Modal response spectrum analysis (modal analysis)
This method can be used in all national codes.

The essence of the method is the calculation of the structural response for diffe-
rent ground motions by the sufficient summation of more vibration shapes. Met-
hod gives possibility to take into account full x, y and z direction investigation.
In the table below, more vibration mode shape could be selected in x', y* and z*
directions if necessary. The last row of the table shows that in a given ground
motion direction how large is the sum of the considered effective masses compa-
red to the total or reduced mass of the structure.

According to EC8 4.3.3.3.1(3) and NS3491-12 sum of the effective mass of the
chosen mode shapes - at least in horizontal direction - should reach 90% of total
mass. Additionally every mode shape has to be taken into account which effecti-
ve mass is larger than 5%.

Remarks: If the sum of the effective mass is much smaller than 90%, eigen-
frequency calculation should be done for more shapes in order to
reach 90%.

In vertical direction lots of mode shapes should be ensured to reach
the 90% of total mass; highly recommended to check the national
code whether it is necessary to examine the vertical effect.

The mode shapes which have small effective mass may be neglec-
ted, because their effect in result is very small but the calculation
time increases.

Seismic analysis, setup x|

Methed | otons |

Modal analysis
_E ¥ Alalied) . [D000 Set | puto | EMf mass>
Static, Mo | Tl | metnl | mtl [ me il [FSeea

linear shape 0341 [IEE] 00
0862 [T 03 i‘

ﬁ 0389 11 [T

0248 o 278 00

Static, 0188 nz i} 436

e shoRe 0107 [ [ 0o

@4 @y @S

oo e W =

Summation wle by dirclions:

smss: E, = |3 B3, -

Add to documentation OK. Cancel

According to the EC8 and NS3491-12 the summation rule in the individual di-
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rections can be selected in the lower part of the seismic analysis setup dialog. In
all other codes there is no possibility to choose, the SRSS rule is used for sum-
mation.

According to EC8 4.3.3.3.2, the summation rule possibilities are the following:

Automatic

e Ep= 3N B er By

where: Eg is the seismic action effect under consideration
(force, displacement, etc.),

Eg; is the value of this seismic action effect due to the vibration
mode i,

r;; is the interaction between two vibration periods taking into ac-
count the declining ratio:
882(1+r)r3/2

N = oz ragtra )

andr = Tj / T;
The CQC (Complete Quadratic Combination) summation rule might be adopted
when individual direction, two vibration modes are dependent to each other if
they satisfy the following condition:

T,/T;>09 with T;<T;

FEM-Design always applies the selected rule for the summation except if the
Automatic is highlighted. If the Automatic is selected then the rule selection
procedure is as follows:

* Always three directions (if there where more than one mode shape selected
in that column) is investigated weather all mode shapes are independent
from each other or not.

* If at least one dependent situation exists in a direction, the program automa-
tically uses the CQC rule for all mode shapes in that direction, otherwise
SRSS rule is used.
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1.1.6.3.2 Other setting possibilities

Horizontal direction setting for seismic calculation

Generally codes speak about the seismic calculation in X-Y directions. However
results in these directions give the maximum effect if the mass and elastic pro-
perties of the structure ensure that the calculated mode shapes lay in X-Z or Y-Z
plane. Nevertheless it is not always achieved in practice. To achieve the unfavo-
rable direction, where the results from a ground motion are maximum, the user
can Set the Alpha angle or may get the program suggestion by using Auto but-
ton. The most unfavorable direction can be found when any of the m,, m,. is
zero and the other is maximum in a row. Using Auto button, program gives the
most unfavorable directions, but there are certain restrictions: this directions can
be ensured only for one mode shape. The program selects the row where the ef-
fective mass is the maximum.

As an example, on the left hand side figure you can see a badly adjusted x'-y" di-
rection. Appling Auto button, program arranges the direction for the 73,8% ef-
fective mass and correct it to 98,3%.

¥ Al [deg] ... [0.00 Se | s | % Afa[deg].... 300 5ot
Lambda 1.0 Lambda ........ooooooooe...... [1.00
No [ Tl | mell | il lﬁl Mo | Tl | merm | mwim | ﬂ
1 0954 173 53 SI 1 0954 oo 716

2 0EE2 7ie 245 2 0.663 983 oo

Of course this also can be reached if the user rotates the whole geometry with a
specified angle.

Effective mass setting

FEM-Design always takes into account the entire mass of the structure in the
calculation of base shear force which was mentioned in Lateral force method.
It was also mentioned, EC8 defines the total mass without the basement, this is
called Reduced mass in this manual. The effective masses are generally compa-
red to the Reduced mass, but this is not valid for the massive basement with
elastic foundation. If the above mentioned situation is the case, it might happen
that the sum of the effective masses of a column is larger than 100%. The user
may compare the modal effective masses to the total mass or reduced mass by
pushing the Eff. mass button.
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: In FEM-Design Reduced mass means the difference between the
| Tolnass l total mass of the structure and the basement mass. The basement

mass is the sum of all masses which lay on the foundation level
which can be set in the Others tab of seismic load.

It is uninteresting from the calculation point of view that effective masses are
compared to the total or the reduced mass because these values are given in per-
centage and only gives information about which mode shape is the fundamental
or which shapes are dominant in a given direction.

1.1.6.3.3 Combination rule, rotation and second order effects

According to EC8 4.3.3.5, the combination rule of x', y* and maybe Z direction
effects, namely the seismic calculation of final results (Seismic max.), can be se-
lected from the following two possibilities:

Metbod - Gpicns | The first rule which is called SRSS is implemented
—— : to all the other codes than EC8 and NS3491-12 and
- there is no possibility for rule selection.

E_'+'038 "+'038
X z
£ =max|03E "' E_"+'03E
x ¥ z
03E_"+'03F "+'E
x ¥y z

[ Cansider torsional effect

I Consider second order effect

Torsional effect

According to EC8 4.3.2 the program gives possibility to take into account the
accidental mass distribution of the structure by the calculation of the torsional
effect. This means that from the horizontal seismic forces a Z directional torsio-
nal moment can be calculated according to EC8 4.3.3.3.3 (EC8 4.17 equation)
as follows:

M, =e,; F

ai

where: M, is the torsional moment applied at the m; point about the verti-
cal axis,

e, is the accidental eccentricity of mass i in accordance with ex-
pression (EC8 4.3 formulas) for all relevant directions:

e, =+0,05 L,
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L; is the floor-dimension perpendicular to the direction of seismic
action (L or L.y),

F; is the horizontal force acting on the place of m; in X" or y* direc-
tion, when static method is used. In the modal analysis, this force is
calculated, selecting the mode shape which gives the largest effecti-
ve mass (fundamental shape). Using this mode shape this force is
calculated according to static, mode shape. So, the total mass and
not the effective mass of the structure is taken into account which
belongs to this fundamental mode shape.

The explanation of the floor-dimension (L. ; and L,.;) on the i" storey:

Remarks:
® To calculate the torsional effect, storey(s) should be defined.

® The accidental eccentricity of the masses which are not laid on the storey
will be considered on the nearest storey’s eccentricity.

It was seen that the influence of uncertainties of mass position was modeled by
the rotation effect. According to our experiment using the FE method, when a
plate, a wall and beams are divided into several elements the accidental torsional
effect is not reasonable.
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Second-order effects (P-A effects)

Only EC8 gives a possibility to calculate the second order effect which is done
according to 4.4.2.2(2). The second order effect is ignored if the following con-
dition is fulfilled in all storeys and all horizontal directions:

— Ptotdr

0 <0.10

tot
where: 0 is the interstorey drift sensitivity coefficient,

P, is the total gravity load at and above the storey considered in
the seismic design situation.

Remark:  This total gravity load is calculated back from the nodal masses.

d, is the design interstorey drift, evaluated as the difference of the
average lateral displacements d, (see Displacement calculation) at
the top and bottom of the storey under consideration and calculated
in accordance with EC8 4.3.4,

V. IS the total seismic storey shear force,
h is the interstorey height.

If 0,1 <6<0,2, the second order effectistaken
seismic action effects (the internal and reaction '

forces) by a factor equal to Lol
1/(1-6). |

According to EC8 4.4.2.2(4)P the —4 oy
0 coefficient shall not exceed 0,3. When /

0>0.3, FEM-Design sends a warning mes- 5 I:" - I,‘"
sage and continues the calculation using 1

6=0,0. : [ . ‘L,

The 0,2-0,3 interval is missing in EC8. In

this case FEM-Design sends a warning g
message and continues the calculation

using calculated 6.
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Remark: To calculate the second order effect, storey(s) should be defined.

1.1.6.3.4 Displacementcalculation

The displacement calculation is made according to EC8 4.3.4 using the follo-
wing formula:

ds =0q de

where  d; is the displacement of a point of the structural system induced by
the design seismic action,

gq is the displacement behavior factor, assumed equal to g unless
otherwise specified,

d, is the displacement of the same point of the structural system, as
determined by a linear analysis based on the design response spec-
trum.

FEM-Design uses the above formula only to calculate the summarized and
combined the so called final results displacements. The displacements obtained
from the single shapes and torsional effects won’t be modified.

1.1.6.4 The results of seismic calculation

The seismic results are very similar to statical results with some more items as
follow: equivalent seismic forces and base shear force. The results shown sepa-
rately from mode shapes, torsional effects, sum of the directions (Sum, x'...)
and the final results (Seismic max.). Desired results can be selected from the re-
sult dialog as it is shown below. Among the equivalent load results not only the
nodal forces can be seen but also the base shear force, and in case of torsional
effect the total torsional moment as well.
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Display result f B

Results Equivalent loads
= Analysis

- Eigenfiequencies
- Seismic analysis

Shape, di FiM) =

I
[kN (kNm)]

Displacements
Reactions Torsion, ' 3

Connection forces
Bar intemal forces
Shell intemal forces

Torsiar, y' 21
1.shape, ¥ 27
Sum, %' 27
2 shape. ¥ 5
Sum, y' 53
3shape, @ 12
5.shape, ]
Sum, ' 34
Sefsmic max g8 |

Remarks: Because of the summation rule, the summarized values by direction
and the full combinations give only positive values, namely these
results means the maximum envelope.

Because of the summation rule, none of the displacement compo-
nents in a node and none of the member’s internal forces are not si-
multaneous.

1.1.6.5 Summation of static and seismic effects

The seismic effect’s results can be considered together with static effects in two
ways:

Seismic forces applied as real static forces in load cases,

The final results can be combined with a static load combination or
taking into account in load groups.

1.1.6.5.1 Seismic loads in static load cases

Horizontal seismic forces and torsional effects which where calculated using the
static method according to EC8 or NS3491-12 additionally can be added to the
static load cases. However it is recommended to have the seismic forces in sepa-
rate load case(s) in order not to mix up them with the normal static loads.
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=l Inthe static calculations, load cases
]

No | Neme | Type \:| BT which contain seismic forces beha-
L i __cwea || ve like the other normal static for-
Sz Doty o] ssesdsms || ces, Consequently they can be

Drdinary
+Dead load
+5hrinkage
+5 i ¥, +
+Seismic, swap, %, -
+Seismic, swaw, y, +

+Seismic, sway. y, -

+Seismic, torsional, &, +
+Seismic, torsional, x, -
+Seismic, tarsional, v, +
+5eizmic, torsional, . -

inserted in load combinations and
load groups. If they are inserted in
etz | | the Joad combinations then they
il can take part in the imperfection
e and stability analysis. Of course

there is no possibility to convert the
masses from these load cases. As it can be seen in the table above, these effect
can be taken into account by positive or negative sign as well, because the
seismic effect means vibration between +/- extreme values, but the results are
shown only in positive direction for the sake of simplicity. As it is shown above
all the seismic possible cases can be found in the list but only those cases are va-
lid which were calculated in seismic calculation. The calculated static loads
from seismic effect can be found among the seismic results in the Equivalent
loads.

1.1.6.5.2 Final results of seismic effect (Seismic max.)

in load combination
Final results of seismic effect (Seismic max.) always obtained from the total
summation of all components. These results which actually means extreme +/-

values, can be added to a load combination as a special load case with arbitrary
factor and it can be applied in all codes.

x
No ‘ Name ‘ Typs ‘ Factar | Included load cases lil oK |
1%+ u 1.000 a3 [+Dead lnad) o
1.000 bb (Ordinary] _ G|
QRUNE (S cismic max] Save as default |

The combination of the Seismic max. and the other static loads results is calcu-
lated in a special way.

Because the results of the seismic effect are always positive and individual com-

ponents (e.g. N, M and M, internal forces in bar) are not simultaneous
FEM-Design takes action as follow:
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All components of the seismic results are added to the components of static re-
sults with the sign of static component.

1.1.6.5.3 Final results of seismic effect (Seismic max.)
in load groups

Final results of seismic effect (Seismic max.) can be applied in load groups in
all codes. Using EC8 and NS3491-12 program give possibility to have Seismic
load type beside Permanet, Temporary and Accidental load type. In all other
codes it is recommended to apply the Seismic load type in the Accidenal load
type. The final results of seismic effect take part with +/- sign automatically in
the load group combination.

No | Load group ‘ Included load cases =
1 & [Perm., 0.90,1.10,1.00,1.35) 23 (+Dead load]
2 bb (Temp.,1.35, 0.70, 0,50, 0.30) bb
3 Seizmic [Seismic, 1.00) (S eizmic maw]

1.1.6.6 Useful tips, which method to use?

To answer this question is hard even for experienced engineers. However some
basic concept can be formulated:

Before any decision, always run the Eigenfrequencies calculation. From
this results you will experience how the structure behaves in aspect of
dynamics,

Always check the effective masses, if you calculate the structure for
seismic effect in the first occasion or make changes in the geometry or in
the mass distribution,

If you see that the effective masses shows larger value than 100% com-
pare them to the Total mass and not to the Reduced mass,

If the sum of the selected effective masses is less than the prescribed mi-
nimum (in EC8 this is 90%), calculate more mode shape,

If the sum of effective masses in case of large nhumber mode shapes do-
esn’t approach to the prescribed value use the static, linear shape or sta-
tic, mode shape if the code allow,
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If the building has large importance or it has special geometry try to app-
ly the modal analysis,

If the building is not too high, any of the static methods will give reliable
results avoiding longer run time calculation in eigenfrequenc,

It is not always necessary to analyze the 3D model in all directions, so-
metimes one or two planar model is enough.

1.1.7 Non-linear calculation

1.1.7.1 Uplift calculation
In the Wall and Plate modules of FEM-Design there

is a possibility to define point, line and surface sup- *F

ports resisting only compression. This is a problem ‘T

with material non-linearity which can be solved with +f
the iterative method. In this case the relationship bet- / ‘

ween reaction forces and displacements can be inter-
preted by the following diagram.

The solution implemented in FEM-Design is very simple:

In the first step, when supports also resist tension, it is checked if tension appea-
red in any support. If yes, and the support is defined to resist only compression,
then the linear static analysis is repeated with setting the stiffness values in the
tensioned elements to a very small value. We repeat this procedure until there is
no tensioned support any more.

If the user defines this kind of supports, he has to be aware of the direction (local
coordinate system) of them, furthermore to the fact that the structure can beco-
me kinematically undetermined.

1.1.7.2 Crack analysis in FEM-Design Plate

In FEM-Design a crack analysis technique is applied, where an iteration mecha-
nism is calculating the effect of the cracks.
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As the crack analysis is a non-linear calculation the principle of superposition is
not true. By this fact the crack analysis is not applicable for load groups and the
calculation has to be executed for every single combination.

Generally the iteration is loading the structure in load steps, and modifies the
stiffness of it in every step as more and more cracks occur during the loading
process. The stiffness of the plate will be decreased only in the direction that is
perpendicular to the crack lines, in the direction of the crack lines the stiffness
remains the same as for the unracked state. The key of the calculation is the way
the crack direction is calculated in a certain point. Dr. Ferenc Németh from the
Technical University of Budapest has invented a method for this which is based
on experiments. The cracked stiffness calculation is based on a conventional
cross section modulus calculation of the second crack state which is combined
with a Eurocode like crack distribution calculation (to consider the effect of un-
cracked parts of the plate between two cracks).

The calculation for one combination is performed in the following steps:

® Loading the structure with the loads of the combination and performing a
linear calculation of the internal forces.

® Calculating the moment that cause crack on the structure in every points
of the plate. This value is calculated by the tensional strength (limit
stress) of the plate’s concrete material, the reinforcements are not taken
into account at this point.

¢ Searching for the place where the ratio of the crack moment and the actu-
al (linear) moment has the smallest value. This value will describe the in-
itial level of the load for the iteration. The size of a load step is calculated
by user defined values.

* Inthe first step the initial load acts and is then increased by the calculated
load steps.

* Inevery step is calculated weather the plate is cracked or not in a certain
point (comparing the smallest principal moment to the crack moment of
the plate). If the plate is cracked the direction of the crack is calculated
and the stiffness of the cracked section. The element where the crack oc-
cures then will have reduced stiffhess. In the next load step it will change
the behaviour of the plate as the crack does in the real structure.
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Notes:

When the full load is applied on the structure the calculation is continued
with full load level to consider cracks occurring in the last load step and
to have a stable result. This phase is called final iteration. The final itera-
tion is finished when the differences of the sum of the movements are
less than a certain error percentage between two steps. The initial error
percentage is 1% compared to the previous step, but this value could be
adjusted.

It is possible that the plate is cracked in two direction in the same side.
This is the case when the largest as well as the smallest principal value is
over the crack limit. In this case the stiffness of the plate will be decrea-
sed in both directions (parallel and perpendicular to the crack line).

It also can happen that the plate is cracked on both sides of it, but in this
case the crack lines are nearly perpendicular to each other (depends on
the reinforcement parameters).

During the calculations the direction of the cracks and the stiffness of the
cracked parts are recalculated in every step. This is because the cracks
makes changes in the behaviour of the structure, and depending on this
the moment distribution is changed continuously along the structure. By
numerical reasons the newly calculated directions and stiffnesses are not
applied immediately with their full value but an intermediate value is
used between the previous and the newly calculated values. This well
known technique makes the calculation longer but the chance of success
is increased. This technique is one reason why a final iteration is needed.

As the numerical techniques are mandatory to get correct results and the-
se techniques are affected by the structural conditions and by user defi-
ned values the user should be warned that a certain load step and final
error value which is good for one structure perhaps is not suited for an-
other structure. Smaller load steps means generally more accurate results,
but the price is longer calculation time.

The crack direction calculation is based on the least remaining moments
method. This method suppose that the crack direction will be the same as
the crack when the capacity of the plate is reached. In every investigated
point the moments are increased virtually (multiplied with a certain va-
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lue) until the yield state is reached. The method of Ferenc Németh can
describe the crack line direction on this level.

* The stiffnesses of the cracked sections can be described in the directions
of the reinforcements but the cracks occur in any direction. To calculate
the stiffness perpendicular to the crack lines an average calculation met-
hod invented by Dr. Ferenc Németh is used. The technique is based on
experiments.

* By the limitation of the finite element method the internal force distribu-
tion will not be as smooth as can be seen for un-cracked structures, there
would be small peaks on the border of two elements that have different
crack direction and/or stiffness which is a normal state during crack
analysis.

1.1.8 Finite elements

1.1.8.1 2D plate

The 2D plate element has almost the same properties as the 3D plane shell ele-
ment with one important difference: it is capable only of calculation of bending
effects. The following section contains only the differences.

The element is planar, the plane of the structure is the XY plane, its loads are
perpendicular to its plane. It is capable of calculation of bending and torsional
moments and cross-directional shear forces. Degree of freedom of nodes are 3,
w is the displacement in Z direction, ¢, and ¢, are rotation around X and Y axis,
respectively. Interpolation of the displacement function is quadratic. The ele-
ment with 8 nodes is wellknown in the literature as serendipity element.

At definition of bedding (surface supports) it is possible to set them to resist
only pressure (see non-linear calculation).
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Material of the plate is orthotropic, relationship between strains and stresses are

as follows:
Er 1/E, v, s/E, O 0 0 0| |or
€5 1/E 0 0 0 0 s
Trs| = 1/Gys 0 0 frs
Trz 1/G6, 0 0] |%
sz 1/GSZ 0 Tsz
| Wz L 1/k] | Pz

Since the matrix of the material constants are symmetrical:
Vis / Ver = Er/ Es
The k constant in the last row is the Winkler-type bedding factor.

The element is loadable in the same way as the 3D plane shell element, accor-
ding to common sense.

Results:
* W, 0, ¢, displacementand rotations of nodes,

* M, M, specific bending moments in the global X-Y coordinate sys-
tem,

* My torsional moment,
* T, T, crossdirectional shear forces,
°* F, bedding (support) surface distributed forces.

The extremes of the stresses can be calculated from the above mentioned inter-
nal forces according to the following relationships (t is the thickness of the pla-
te):

0, =6 M,/ c,=6 My/t2

1 =3 T,/ (21), 1,=3 T,/ (21), 1y = 6 My /

1.1.8.2 2D wall

The 2D wall element, (also called disk element) has almost the same properties
as the 3D plane shell element but it is capable only of calculation of the mem-
brane effect. The following section contains only the differences.

Applied Theory and Design - Analysis calculations 39



The element is planar, the plane of the structure is the XY plane, its loads act in
its plane, too. Degree of freedom of the nodes is 2: u and v, displacements in the
X and Y directions. Interpolation of the displacement function is quadratic. The
element with 8 nodes is wellknown in the literature as serendipity element.

The element is capable of calculation on plane stress or plane strain state.

Material of the plate is orthotropic, relationship between strains and stresses are

as follows:
In case of plane stress state:

o

o, =0, E=————

In case of plane strain state:

_l _ E:erszz _ V_s _ Ezvyzvsz
. E,  E? E,  EyE .
r 1 EZVSZVSZ r
1= A
YI‘S s y 1 TI‘S
Gys
Results:

The result of the calculation for a given element in the nodes are as follows:
* oy 0, normal stresses inthe X-Y plane,
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* o normal stress in the Z direction (only in case of plane strain state)
T,  Shearstress,
® 64,6,,65: principal stresses,

oym the so called von Mises stress, which is calculated according to
the following form:

oym = (03~ 01)2 + (03~ 09)2 + (01 - 0)?)/2
The internal forces in the nodes of the connected o —

elements are averaged over every region one by
one.

The sign rule of the internal forces:

1.1.8.3 2D beam

The 2D beam element is a prismatic element with

two nodes and straight axis. It is capable of calculation of beam-grids lying in
the X-Y plane, loaded in Z direction, and in case of bent 2D slab structures for
modelling of stiffening ribs and lintels. The applied (Timoshenko-type) bar ele-
ment has three degrees of freedom: w, the displacement in the global Z direction
and @y, @y rotations. The shear deformations are taken into consideration simi-
larly to the 3D element. Interpolation of the displacement function is implemen-
ted by polinomes of the third degree.

In the case of bent slab structures the element can be eccentric in the global Z di-
rection, as it is represented in the following picture.

In this case the bar element behaves like an

element with inertia increased by the Stei-
L ner part, which gives correct results for the
beam displacement of the slab structure from

engineering point of view. However in this
case the internal forces of the elements are calculated as a 3D bar element.

plate center plane

Cg

The possible loads and the results are appropriately the same as in case of the 3D
beam element.
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1.1.8.4 3D shell

The 3D slab element is an isoparametrical, thick shell element with eight or six
nodes, which can be used for modelling of spatial structures containing parts
with plane centre surfaces. The element is capable of calculation of membrane
(in-plane) and bending (perpendicular to plane) displacements and matching
same time (engaged) internal forces. The number of degree of freedom is six per
node: u, v, w displacements and ¢y, ¢y, ¢ rotations, referring to the X, Y, Z di-
rections of the global coordinate system. Interpolation of displacement functions
is implemented by second order functions. In all elements beside the eight nodes
on the perimeter there is a ninth node in the centre of the element, which is invi-
sible to the user. The interpolation function belonging to the ninth node is the so
called bubble-function, which is zero on the perimeter of the element. It only has
a role in the elimination of numerical problems during the calculations (shear
locking, membrane locking). Applying the thick shell theory makes it possible
to calculate the shear effect more accurately perpendicular to the plane.

As a result of application of shell theory (or more accurately Kirchoff hypothe-
sis referring to displacements) the rotation stiffhess of the structure perpendicu-
lar to the centre plane is zero. It only has effect if the analyzed structure is a
plane slab. In this case the rotation around the normal direction of the plate has
to be fixed in at least one point additional to the statically determined support of
the slab. It is unnecessary, if the structure it self fixes this rotation, i.e. beams or
columns connected to the slab, or the structure contains more connected slabs
with not parallel centre plane. If the whole structure is in one plane, it is more
practical to use wall or plane plate element, because it eliminates the above
mentioned problem, moreover the number of degree of freedom of the structure
is much lesser at the same element division and calculation accuracy. The thick-
ness of the element can vary linearly. The elastic surface bedding is taken into
consideration according to the linear Winkler model, which also allows the bed-
ding factor to vary linearly.

Application of the element requires the usage of three different Descartes coor-
dinate systems. Coordinates of nodes, certain type of loads and node displace-
ments among the results are defined in the global (structural) X, Y, Z system.
The calculated internal forces can be defined in the local (region) x, vy, z system,
where z is the normal direction of the region and finally the r, s, z system defi-
nes the main directions of orthotropy.
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In case of orthotropic material the r, s axes lying in the centre plane define the
material main directions. In this system the relationship between deformations
and stresses is the following (Hook law):

oy [Dn D, 0 0 0] &
o] [P D2 0 0 of&]
Trs| = D; 0 0 | Vrs
T‘rz
Ttz

I
| D, 0 ||¥
l DSJ Ytz
where, since
D11 = Er/(l — Urg Usr) = Er/(1 - Ugr Es/Er )' D22 = Es/(1 - Ugr Es/Er)
D12 = D21 = Uers/(1 - UgrEs/Er)'
D3 = Grs' D4 = Grz: DS = Gsz
The thermal expansions in direction of r, s axes developed by T temperature:
&1 [or 071
=[5 ol
In case of isotropic material two material constants, E and u define the elastic
material property:
Di1 =Dy = E/(1-V?), Dy, = Dyy = VE/(1 —v?),

D3=D4=D5=E/(2+2U)=G, and
A =0 = QA

Loads:

® Gravity (dead) loads, in the downward vertical direction, by default the
global -Z,

* Forces and moments acting on one point, in any point of the structure,

® Linearly varying line load,

® Linearly varying surface load (pressure),

® Thermal load linearly varying align the surface and align the element
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thickness,
® Support motions at the rigid or elastic surface and point supports.

Results:
¢ Displacements and rotations in the global (X, Y, Z) coordinate system,

* Eight internal force and five stress coordinates in the local (x, y, z) coor-
dinate system.

4oz
T,
M|y T
N M s,
v . ] »
£ - N,
M, * N, 7

Calculated internal forces (force and moment referring to unit length):

* MM, bending moments,
* My torsional moment,
* T, T, cross directional shear force,

N, Ny, Ny, membrane forces.

Variation of stress coordinates along the thickness can be calculated from the in-
ternal forces according to the following relationships:

N M N M N M
GX=_X__XZ, Gy=—y——yZ, "[Xy=ﬂ_ XyZ,
t L t 1
T t T, [t
Tw=o|——2%), tu=-2(--12%)
21\ 4 21\ %
I—t3 L
1T 2=%=73

where t is the element thickness.

1.1.8.5 3D beam

The beam element is an element with two nodes which has a straight axis. It is
usable for analysis of spatial trusses and structures containing bars among oth-
ers. The number of degree of freedom is six per node: u, v, w displacements and
Ox, Oy O rotations, referring to the X, Y, Z directions of the global coordinate
system. The applied (Timoshenko) bar theory also makes it possible to take into

Applied Theory and Design - Analysis calculations



consideration the shear deformations. Interpolation of displacement and rotation
functions are implemented by the third order polynomials.

Application of the element requires the usage of four different Descartes coordi-
nate systems. Coordinates of nodes, certain type of loads and node displace-
ments among the results are defined in the global (structural) X, Y, Z system.
The X, Y, z local coordinate system fits to the node, where X is parallel with the
axis of the bar element, and y, z define the plane of the cross-section. The calcu-
lated internal forces can be defined in the X', y*, z' axes, origined from the centre
of gravity, which are parallel with x, y, z, respectively. In the plane of the cross-
section x and h axes, originated from the centre of gravity, define the cross-sec-
tional main directions.

Cross-section of the element is arbitrary but its size and orientation is constant
along one element. Since the node (connection point) and the centre of gravity
can be different in a cross-section, this element is capable of analysis of structu-
res containing bars with eccentric connections.

A typical structure for this case is a ribbed slab. 4+ |

In this case the node of the rib (bar) element is iy :
on the centre plane of the slab but the centre of .

gravity of the bar can differ from it. % ’

Loads: w7

® Gravity (dead) loads, inthe downward .| " Lt
vertical direction, by default the global-Z, \K

- - }"
* Forces and moments acting on one point, \ “

in any point of the structure, :
® Linearly varying line load,

* Thermal load linearly varying align the length and align the cross-sec-
tion,

® Support motions at the rigid or elastic point supports.

Results:
¢ Displacements and rotations in the global (X, Y, Z) coordinate system,

® Six internal forces in the local (x, y', z') coordinate system, with its ori-
gin in the centre of gravity,

* M, M, bending moments,
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* M, torsional moments,
* V,, V,shear forces,
* N, normal force.

1.1.8.6 3D solid

These 3D elements are isoparametric solid elements with 4/10 nodes (Tetra),
6/18 nodes (Wedge) or 8/27 nodes (Brick), which can be used for modeling of
spatial structure. The number of degree of freedom is three per node: u, v, w
displacements. Interpolation of displacement functions is implemented by linear
(4/6/8 node) or second-order (10/18/27 node) function (standard/fine).

The numerical integration method is performed in a full manner for element
stiffness. The element node numbers and the integration schemes are the
following:

4

4 node tetra element, parametric coordinate system, node numbering and
integration point (1 pc)
4

10 node tetra element, parametric coordinate system, node numbering and
integration points (15 pcs)
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6 node wedge element, parametric coordinate system, node numbering and

7

Applied Theory and Design - Analysis calculations

2

16A
PN

D’JYD I

integration points (9 pcs)

12 11
4'&

A
1

4
A

integration points (18 pcs)

17
K"AQA

Ay

15

8

14

18 node wedge element, parametric coordinate system, node numbering and
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8 node brick element, parametric coordinate system, node numbering and
integration points (8 pcs)
8 15

27 node brick, parametric coordinate system, node numbering and integration
points (27 pcs)

Application of the element requires the usage of two different Cartesian
coordinate systems.
* Coordinates of nodes, certain type of loads and nodal displacements among the
results are defined in the global (structural) X, Y, Z system.
* The X, y, z system defines the main directions of orthotropy. In this system the
relationship between deformations and stresses is the following (based on
Hooke’s law):

A=(1- 2Vszszxy “VyVzy = VaxVxz —VxyYyx )
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[ 1-v,,v Vyyg + VgV Vo + ViV 1
o Ex( yz zy) Ex(yx yz ) Ex(zx yX zy) 0 0 0oL
Oy A ) A A

Vyy + VoV —VuV Vo + ViV
oy £ ( xy tVazy xz)) Ey( ;x Xz) Ey( 7y TVxy ) 0 0 0
9z (Vyz +VyyVyz ) (Vyz +VyVyx ) (1-vyv
= xz TVxyVyz yz TVxzVyx xyY yx)
Ty, E, A E, A E, A 0 0 0
Tys 0 Gy, © 0
| Txy 0 0 0 0 G, O
0 0 0 0 Gyy

The connection between the local and global coordinate system is the following:
x| X Ty Tz T3

T-ly|=|Y |iT=|Toy Ty Tog|,where T isthe transformation matrix.
z| |Z Tsr T3z Ta3

The thermal expansions in direction of X, y, z axes developed by AT
temperature:

Ex a, 0 0|1
ey (=] 0 ay 0 [1]4T
& 0 0 o1

In case of isotropic material two material constants, E and v define the elastic
material property:

E(1-v) VE VE 00 0
[o, ] | (1+v)(1-2v) (1+v)(1-2v) (1+v)(1-2v) ey |
oy VE E(1-v) VE 0 0fey
o (1+v)(1-2v) (1+v)(1-2v) (1+v)(1-2v) c

o - VE VE E(1l-v) 00 0 z
tyz (1+v)(1-2v) (1+v)(1-2v) (1+v)(1-2v) Vyz
Txz 0 0 0 G 0 0|7xz
| Txy | 0 0 0 0 G 0 |7rxy
0 0 0 0 0 G

where G = E Ay =0y =0, =0

21+v) XY TR
Loads:

* Gravity (dead) loads, in the downward vertical direction, by default the global -
z
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* Forces acting on one point, in any point of the structure, in global system
* Linearly varying line load, in global system

* Linearly varying surface load (pressure), in global system

* Thermal load linearly varying align the elements

« Shrinkage load, in X, Y, z direction

* Support motions at the rigid or elastic surface and point supports.

Results:
* Displacements in the global (X, Y, Z) coordinate system
* Six stress components in the global (X, Y, Z) coordinate system.

1.1.8.7 Point support

The element is a point-like elastic support element with 6 degrees of freedom,
meant in local coordinate system. In the general case it can be defined by 3-3
stiffnesses against motions and rotations. It is possible to make the element to
resist only compression (see non-linear calculation). In case of infinitely rigid
supports the program modifies the stiffness coefficients in order to avoid nume-
rical problems and substitutes them with proper values for the calculation.

The element can be loaded by support motion but only if it resists both tension
and compression. The results of the elements are line reaction forces and mo-
ments in the local coordinate system of the element.

The reaction forces are positive in case of extension of the spring, and negative
at compression.

1.1.8.8 Line support

Spatial, line aligned, elastic support element with 6 degrees of freedom per no-
de.

The element is isoparametric, has 3 nodes in order to fit the surface elements, al-
ways meant in local coordinate system. The degrees of freedom for a node of the
element: u, v, W, @y, ¢, 9,. There is possibility to make the element resist only
tension (see non-linear calculation). In case of infinitely rigid supports the pro-
gram modifies the stiffness coefficients in order to avoid numerical problems
and substitutes them with proper values for the calculation. The 3D element can
be defined by 3-3 stiffnesses against motion and rotation which are constant
along the given line. In the 2D modules (i.e. Plate, Wall) only the appropriate
stiffnesses can be defined and only they are considered during the calculation.
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For example, in the Wall module only stiffnesses against motion in x and y di-
rections can be defined.

z The element can be loaded by support motion
but only if it resists both tension and compres-
sion. The results of the elements are line reac-
tion forces and moments distributed along the
length of the element according to quadratic
function.

They are always meant in the local coordinate
system of the element. The reaction forces are positive in case of extension of
the spring, and negative at compression.
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1.1.9 Finite element mesh

1.1.9.1 Generate

This sophisticated multi-phased mesh generating tool will consider the defined
minimum division numbers and the average element sizes and will generate the
most balanced mesh. The tool generates a so-called unstructured mesh. After se-
lecting the regions where the mesh will be generated, the tool splits the regions
into sub-regions and performs the multi-phased mesh generation.

The phases of mesh generation are:

* Defining the vertices of the elements.

® Creating a triangle mesh using the vertices.

® Converting the triangle mesh to mixed quadrate-triangle mesh.

® Optimizing the coordinates of the nodes in the mesh (smoothing the mesh).

¢ Setting the middle points of the element sides.

Defining the vertices of the elements

The vertices will be evenly placed to a distance of the average element size from
each other along the lines, which are parallel with the longest edge of the sub-re-
gion and are at the average element size distance from each other.

Creating a triangle mesh using the vertices

The triangles are created using the well-known Delaunay triangulation techni-
que which uses the Voronai domains.

Converting the triangle mesh to mixed quadrate-triangle mesh

The function used to convert the triangle mesh to a mixed quadrate-triangle
mesh is capable of creating the mesh with the globally optimal shape. This in-
volves the solving of a linear programming problem known in the mathematics
as assignment problem. Our mathematicians have developed a new procedure to
find the optimum for the linear programming problem. This problem is similar
to the distribution method procedure.
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Optimizing the co-ordinates of the nodes in the mesh (smoothing the mesh)

The optimization of the mesh is based on Dr. Istvan Kirchner’s new procedure,
which was published in [10]. This procedure places the nodes of the triangle ele-
ments in such a way, that the area of the triangles will be balanced. In achieving
the most balanced area of the triangles an iteration technique is used.

Setting the middle points of the element sides

In the present version the sides of the elements are straight lines. Nodes are pla-
ced in the middle of the element sides.

The automatic mesh generator has some other unique and special automatic fea-
ture. Some of the most important features are:

If the need arises the mesh will automatically be thicker around some local
effects. This is solved by placing new nodes in the critical places. If the ge-
nerator has found a place on the structure, where the mesh needs to be thick-
er, in the third phase of the generation the number of the iterations will be
greater than 1. If the required thickness couldn’t be achieved during the max-
imal iterations, the user will be notified with a warning. In this case, the geo-
metrical structure possibly has some serious geometrical anomalies. The
mesh around the places, where the geometrical anomalies are present will be
very dense.

If the calculated or user-set average element size is too big, than the genera-
tor will automatically recalculate and reduce it with the statistical analysis of
the current mesh. In this case the mesh generator will restart the first phase
of the generation after finishing the second. It is possible for the generator to
execute the reduction of element size as many times as it is needed.

During the mesh generation on the actual sub-region the generator takes into
account the division number of the sub-region borders which belong to an-
other sub-region. If the division number of a border, which belongs to an-
other sub-region too is altered, the generator automatically regenerates the
mesh on the other sub-region too. The visible sign of this automatic recalcu-
lation is that in the progress window the original number of the total sub-re-
gions increases. If the automatic recalculation of the sub-regions is needed
too many times, it may suggest some serious geometrical and statical pro-
blems on the structure. The critical places on the structure are marked by the

Applied Theory and Design - Analysis calculations 53



unusual density of the mesh. In order to minimise the number of the automa-
tic recalculation the generator first resolves the sub-region with the smallest
average element size and than proceeds in increase order.

1.1.9.2 Refine

This tool is used to increase the thickness of the balanced mesh generated auto-
matically by the program. Using the dialog box the user can easily define where
the mesh should be thicker. Because of numerical reasons it is needed to refine
the mesh around the effects, which are in a point or along a line. These effects
are for example point and line supports and loads, the places where there is a
drastically change in the value of a surface load or the borders of two regions
which have different material. It can be useful to refine the mesh along the free
edges of the structure too.

The Refine function basically consists of two phases. In the first phase the user
selects all the elements, which are to be divided. The second phase automatical-
ly splits the selected elements in the suitable way. In this second phase the pro-
gram uses the principles publicised by Dr. Istvan Kirchner in [11]. The dialog
box makes the selection of the elements comfortable for the user.

1.1.9.3 Optimal rebuild

This option rebuilds the mesh according to the global optimum. The nodes are
not moved during the process. In the first phase of the process the program
builds a triangle mesh using the principles of Delaunay triangulation technique
based on the Voronai domains. The second phase converts these triangles to qua-
drates corresponding to the global optimum for the selected regions. During the
converting process the program uses the unique function, which is capable of
creating the global optimum of the mesh. This involves the solving of a linear
programming problem known in the mathematics as assignment problem. Our
mathematicians have developed a new procedure to find the optimum for the li-
near programming problem. This problem is similar to the distribution method
procedure.
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1.1.9.4 Smooth

This option calculates the optimal coordinates for the corner nodes of the ele-
ments. The optimization of the mesh is based on Dr. Istvan Kirchner’s new pro-
cedure, which was published in [10]. This procedure places the nodes of the
triangle elements in such a way, that the area of the triangles will be balanced. In
achieving the most balanced area of the triangles an iteration technique is used.

1.1.10 Load group calculations

The user can define a number of load groups, which can be assigned as perma-
nent, stress, temporary, seismic or accidental. Every load group contains one or
more earlier defined load cases. Depending on the active code, different
partial safety factors could be defined. The program will then automatically
combine and calculate every possible load combination in order to find the
most unfavourable load position for the variable loads.

Load groups defined as permanent will be present in all load combinations and
if a load group contains more then one load case they will never be simultaneou-
sly present.

Note: As the calculation requires the principal of superposition when load
groups are used, it is not possible to use the option Consider cracking as this
requires a non-linear calculation.

The calculation method vary from standard to standard (the Code independent
standard doesn’t support load group calculations):

1.1.10.1 EuroCode (EC2)

Considering all defined load groups the load combinations will be created in the
following way:

1.1.10.1.1 Ultimate limit state

Design situations with only one variable action Q,,
2y Gk + vq Qk’i
ZEy Gy + YQQk’i

Design situations with two or more variable actions Q,;

Sq=A{
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S =1 2y Gy + vo Qi
T8y Gy + yo¥ ng

1.1.10.1.2 Serviceability limit
state

Design situations with only one variable action
Qi

Sy =X Gk *+ Qa
Design situations with two or more variable actions
Qki

Sg=XG+¥YZQy;

In this state the deformations and crack widths will be
calculated.

In the example below the way of producing load combinations is exemplified
for a plate but the method used applies also for walls.

Example:
A plate with four parts:

The load case StruDL_P r5and SoilDL_P acts on the entire plate while the
variable loads Q1_T and Q2_T acts on the respective parts of the plate.

We set the Combination method to “EC0 6.10.ab”.

We define the first two load groups with the hame G-Struct and G-Soil. It
will contain the load case StruDL_P and SoilDL_P, which are defined as
permanent with favourable safety factor 1.00, unfavourable safety factor set to
1,35 and Xi factor to 0.9. Then we define two load groups LG1 and LG2
where we put load cases Q1_T and Q2_T respectively. These groups are all
defined as temporary with the safety factor set to 1,5, the same time factor
(Psi 0) to 0,5 and the other factors (Psi 1 and Psi 2) are 0.0.

The program will now create and analyse the following 27 load
combinations:

1. StruDL_P + SoilDL_P,
2.StruDL_P + SoilDL_P + 1,50 Q2_T,
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3.StruDL_P + SoilDL_P + 1,50 - Q1_T,

4. StruDL_P + SoilDL_P + 1,50 - 0,50 - Q1_T + 1,50 - 0,50 - Q2_T

5. StruDL_P + 1,35 - SoilDL_P + 1,50 - 0,50 - Q1_T + 1,50 - 0,50 - Q2_T
6.1,35- StruDL_P + SoilDL_P + 1,50 - 0,50 - Q1_T + 1,50 - 0,50 - Q2_T

7.1,35 - StruDL_P + 1,35 - SoilDL_P + 1,50 - 0,50 - Q1T + 1,50 - 0,50 -

Q2_T
8. 0,90 - StruDL_P + 0,90 - SoilDL_P
9.0,90 - StruDL_P + 0,90 - SoilDL_P +1,50- Q2_T

10.
11.
12.
13,
14,
15.
16.
17.
18.
19,
20.
21.
22.
23,
24,
25,
26.
.0,90-1,35-StruDL_P + 0,90-1,35-SoilDL_P + 1,50-0,50-Q1_T + 1,50-Q2_T

27

0,90 - StruDL_P + 0,90 - SoilDL_P + 1,50 - Q1_T

0,90 - StruDL_P + 0,90 - SoilDL_P + 1,50 - QL T +1,50-0,50 - Q2. T
0,90- StruDL_P + 0,90- -SoilDL_P + 1,50-0,50-Q1_T +1,50-Q2 T
0,90 StruDL_P + 0,90-1,35-SoilDL_P

0,90 StruDL_P + 0,90-1,35-SoilDL_P + 1,50-Q2_T

0,90 StruDL_P + 0,90-1,35-SoilDL_P + 1,50-Q1_T

0,90 StruDL_P + 0,90-1,35-SoilDL_P + 1,50-Q1_T + 1,50-0,50-Q2_T
0,90 StruDL_P + 0,90-1,35-SoilDL_P + 1,50-0,50-Q1_T + 1,50-Q2_T
0,90-1,35-StruDL._P + 0,90- SoilDL_P

0,90-1,35-StruDL_P + 0,90- SoilDL_P + 1,50-Q2_T
0,90-1,35-StruDL_P + 0,90- SoilDL_P + 1,50-Q1_T
0,90-1,35-StruDL_P + 0,90- SoilDL_P + 1,50-Q1_T + 1,50-0,50-Q2_T
0,90-1,35-StruDL_P + 0,90- SoilDL_P + 1,50-0,50-Q1_T + 1,50-Q2_T
0,90-1,35-StruDL_P + 0,90-1,35-SoilDL_P

0,90-1,35-StruDL_P + 0,90-1,35-SoilDL_P + 1,50-Q2_T
0,90-1,35-StruDL_P + 0,90-1,35-SoilDL_P + 1,50-Q1_T
0,90-1,35-StruDL_P + 0,90-1,35-SoilDL_P + 1,50-Q1_T + 1,50-0,50-Q2_T
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2 Design calculations

2.1 Basics

FEM-Design performs design calculations for reinforced concrete-, steel- and
timber structures according to Eurocode.

2.2 Concrete Design

The following design considers EC2 (standard) and the National Annex (NA)
for Denmark, Finland, Germany, Hungary, Norway, Sweden and United King-
dom.

2.2.1 Design forces

The design forces are the forces that the reinforcements should be designed for
in the reinforcement directions. The term design forces have meaning only in
surface structures like plate, wall or 3D plate. In beam structures the design for-
ces are equivalent to the internal forces. The necessary reinforcement calcula-
tions are based on the design forces.

The way of calculating the design forces is common in all modules and in all
standards.

In FEM-Design the design forces calculation is based on the mechanism of op-
timal reinforcement calculation for skew reinforcements made by M.P. Niel-
sen, Wood-Armer and Dr. Ferenc Németh, see [2]. The following description
will show the way of calculation for moments but the way of the calculation is
the same for normal forces too. Just substitute the m signs with n and you will
have the calculation for normal forces.

For the calculation of the design forces we have given:

* & nreinforcement directions,
* @, Bangle of global x direction and the &, n reinforcement directions,
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m,, my, m, internal forces.

The results will be the design moments: .
* me,m,

In the first step we are taking a &-9 coordinate system £
and transform the internal forces into this system: ]

my +my, m,—my

mg = > + > cos2a + myy,sinZa
my +m, my—m
my = — > y__= 5 Y cos2a — m,ysin2a
m, —my
mg = — Tst(x + m,; cos2a

Now the design forces will be chosen from four basic cases called a), b), &)
and n). The possible design moment pairs of the cases:

a) case:
_ cos® 1 — 2cose
Mg =mg —Mg—————+ Mgg—————
g § 1+ cosg % sing
_ Lo
m, =myg————+ mMgg——
N 91 + cosg ¥ sing
b) case:
_ cos® 1+ 2cos@
My =mg+mMg———— —Mgg—————
1+ cosg sing
1
m, =mg——————m
n 91 — cosg ¥ Sing
g)case:=  __&
_ m?s
my
m, =0
1) case:
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mgmg — mgs

i = mg(sing)? + my(cos@)? — mgysin2¢

From the four cases the one is invalid where:

* the signs are different: m.;*m, <0

* the crack tensor invariant is less than the internal forces invariant:
m* = Mg + M, <my +my =m; +m,

m" = mg + My <my +my =m; +m,

The valid positive pair will be the design moment for bottom reinforcement; the
valid negative pair will be the design moments for the top reinforcement (positi-
ve means positive and zero values; negative means negative and zero values).

So the result will be four values in a certain point: two moment values for each
reinforcement directions. It can sound strange that the reinforcements are used
for both positive and negative moment in one direction at the same time, but if
we are looking at a plate where the m, is positive and the m, is negative and the
reinforcements have an angle of 45 degree to the x direction we could imagine
that the bottom reinforcement bars make equilibrium to the m, and the top rein-
forcement bars make equilibrium to the m,. So a certain reinforcement direction
takes positive and negative loads at the same time.

2.2.2 Shrinkage as load action

In the Plate and 3D Structure modules the shrinkage behaviour of reinforced
concrete slabs can be taken into consideration as load action. The program add
this movement effect (specific rotation) calculated from the formulas written be-
low to the structure as invisible load (one load case must be defined as Shrinka-
ge type, see User’s Guide [1]).

Note: The shrinkage effect has to be used together with applied reinforcement.
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The effect of the shrinkage for the surface reinforcement bars in one direction

(here X) (it is also valid in other bar directions):

.

S

” _,As.top X )
\ ~ | calclulallou plane
L W B T
Sabalaiali e T
AT change of
s.bottom X | centre of gravity
new median lined)
AD 1.00 m K {00a

The specific normal force causing the given shrinkage value (e, [%o] at concrete
materials) in the concrete zone of the section is (here in X direction):
Ny = E. A, g [KN/mM]

The position change of centre of gravity considering reinforcement bars (here
X-direction; see dashed line):
nSg
A + nAg
where: n=E/E_and S;is the statical moment of (here) X-directional bars
around the Y axis of the calculation plane.

Zg =

The moment around the Y axis of the calculation plane from Ny because of the
position change of centre of gravity:

My = Ny z,

The specific rotation (curvature) from My, for 1 meter wide section:
My

ECIY

where: Iy =loy + N lgy - 22 (Ac+ N A)

Ky =
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2.2.3 Design calculations for surface structures

2.2.3.1 Ultimate limit state

Main reinforcement

The design of the slab is performed with respect to the design moments descri-
bed in 2.2.1 above.

In order to minimize cracking in the slab a good way is to reinforce according to
the elastic moments which normally also leads to good reinforcement economy.

The required bending reinforcement is designed according to EC2 3.1.7 where a
rectangular stress distribution as shown below has been assumed.

&3 nfa

Figure 3.5: Rectangular stress distribution

1=0,8 for fy <50 MPa
1=10,8 - (fy - 50)/400 for 50 < fy <90 MPa
and:

n=10 for f, <50 MPa

n=1,0 - (f,, - 50)/200 for 50 < f, <90 MPa

If the current moment is larger than the moment representing balanced design,
compression reinforcement will be provided if allowed by the user otherwise an
error message will be displayed. If the spacing regulations for the reinforcement
are exceeded before adequate moment capacity can be reached a warning mes-
sage will be displayed.

Note, that the required bending reinforcement is at design level primary not af-
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fected of the presence of user defined reinforcement. However, when user defi-
ned applied reinforcement is selected the stiffness will be effected, which in
most cases will influence the moment distribution and thus secondary the requi-
red bending reinforcement.

2.2.3.2 Shear capacity
The shear capacity is calculated according to EC2 6.2.2 and 6.2.3 considering
applied bending reinforcement when the option Checking has been selected,
otherwise the required bending reinforcement according to ch. 2.2.3.1.1. The de-
sign criteria for the shear capacity is:
Vsi < Vra
where: Vg4 is the design shear force;
Vg = Q, which is calculated as Q = (T? + Tyz)o'5
Vg iS the shear capacity.
If the section in which the shear force is acting has an angle with respect to the
reinforcement directions the shear capacity is calculated as:

Vra = (VRd_x2 +Veg A

Rd_y
NAD Germany

Values for tg4:

Grundwerte der Schubspannung Tgy
DAfStb-Ri., Tab. R4 [5.10]; die in EC2, Tab 4.8 angegebenen Werte T4 liegen auf der unsicheren Seite!)

Betonfestigkeit- | 12/15 |16/20 |20/25 |25/30 |30/37 |35/45 |40/50 |45/55 |50/60
sklasse C

Trg in N/mm?2 0,20 0,22 0,24 0,26 0,28 0,30 0,31 0,32 0,33

For German qualities B15-B55 the following applies:
fnoos = 0,25 Py 7

As shear check result is displayed missing capacity Vg4 - Vg1 > 0. When the op-
tion Shear check has been selected a message is displayed at calculation if the
shear capacity is not large enough.
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2.2.3.3 Punching
The punching capacity is calculated according to EC2 6.4.3 - 6.4.5.

2.2.3.3.1 Checking
Punching without shear reinforcement
A concrete compression check on u, is made according to 6.4.5 (6.53).

A concrete shear check on u; is made for a capacity calculated according to
6.4.4 (6.47).

Punching with shear reinforcement
A concrete compression check on u, is made according to 6.4.5 (6.53).
Reinforcement is calculated with regard to critical perimeters uy, Us, ... Upgeins 8C-
cording to 6.4.5 (6.52).
(u; are control perimeters above the reinforced region, distance between
them is Perimeter distance”, defined in the calculation parameter).
A concrete shear check on u,, is made for a capacity calculated according to
6.4.4 (6.47)

(ugy 1s either the first perimeter that does not need reinforcement, or if it is
not found, the perimeter that is k d distance from the outer perimeter of the
reinforcement).

Warnings
A warning message is shown, if reinforcement does not comply with the detai-

ling rulesin 9.4.3.
2.2.3.3.2 Design

1. Check, if reinforcement is needed at all,

2. If reinforcement is needed, it is designed to satisfy the detailing rules in
9.4.3, if possible,

3. Design fails and a warning message is displayed if,
Uoyt 1S Not found within 6 do; distance from the column perimeter.
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Comments, limitations
- openings are not considered when control perimeters are generated.

- the position of the column relative to the plate is considered only in the
generation of control perimeter. It means, (user or program defined) rein-
forcement may be partly out of the plate, but it won't affect the calcula-
tion.

- If ”Calculate B automatically” is set in the calcuation parameter, B is
calculated according to equation 6.4.3 (6.39).

2.2.3.4 Serviceability limit state

Method of solution

The program performs crack- and deflection control for all load combinations
according to EC2 7.3 and 7.4. Two limiting conditions are assumed to exist for
the calculations: Stadium | (the uncracked condition) and Stadium 11 (the fully
cracked condition).

Stadium | Uncracked condition

If the user does not activate the option Cracked section analysis is, the calcula-
tion will be performed with respect to the total stiffness of the slab.

Stadium 11 Fully cracked condition

If the option Cracked section analysis, is activated the program will consider
the decrease in slab stiffness on behalf of cracking. This means an iterative cal-
culation where the slab in the beginning is assumed to be uncracked when the
section forces are calculated. Sections which are not loaded above the level
which would cause the tensile strength of the concrete to be exceeded will be
considered to be uncracked (Stadium 1). Sections which are expected to crack
will behave in a manner intermediate between the uncracked and fully cracked
conditions and an adequate prediction of behaviour used in the program is
shown below.

The stiffness calculation is performed considering the required or the applied re-
inforcement depending on what option has been selected. If applied reinforce-
ment has been selected this is used in all load combinations. If applied
reinforcement is not present or not selected the required reinforcement is used

instead. In the latter case the required reinforcement in every element is calcula-
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ted as the maximum value from all load combinations, which means that all cal-
culations of serviceability limit values are performed with the same
reinforcement.

In the next step a new calculation based on the new stiffness distribution is per-
formed and so on. When the deflection values resulting from two calculations
does not differ more than a defined percentage of the first one or the maximal
number of allowed calculations has been reached the calculation is stopped.

Crack width

Crack width is according to EC2 7.3.4 calculated as:
Wi = St max (Esm = €cm) 1)
where: S, . IS the maximum crack spacing,

&m 1S the mean strain in the reinforcement under the relevant com-
bination of loads, including the effect of imposed deformations and
taking into account the effects of tension stiffening. Only the addi-
tional tensile strain beyond the state of zero strain of the concrete at
the same level is considered,

€m IS the mean strain in the concrete between cracks.

£m - €cm May be calculated from the expression:

f, ff

Os — kt pCt‘:ff (1 + O(epp,eff) o

€&m —&€m = = E =0,6—
s

where: ¢, is the stress in the tension reinforcement assuming a cracked sec-
tion. For pretensioned members, o, may be replaced by Aoy, the stress
variation in prestressing tendons from the state of zero strain of the
concrete at the same level,
a.= is the ratio E / E¢py
Ay and A are as defined in 7.3.2 (3),
& according to Expression (7.5),
ki is a factor dependent on the duration of the load

k.= 0,6 for short term loading
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k; = 0,4 for long term loading.

For long term loads (k; = 0,4):

A, =0,0 (pre or post-tensioned tendons)
Ac,ef‘f:

x4 |

I I v
TTR=0
e e e e e
S50 59 590399 ;

I 1 £, i
Aeat !

- effective tension area, Ac e

=

Slab

Acat

| 1/ 2
. . ‘ - - E
otk L LA S L LIS L L LSS
i %
T A TFTTSATF TS AT Ty - .
+ SIS IR - effective tension area for upper
e | I 3 surface, Aq eff

- effective tension area for lower

Member in tension surface, Ach eff
heet = Min (2,5* (h-d), (h-x)/3,h/2
Sr,max = k3C + kl k2 k4(P/pp,ef'f

=

where: ¢ is the bar diameter. Where a mixture of bar diameters is used in a
section, an equivalent diameter, ¢, should be used. For a section
with n, bars of diameter ¢, and n, bars of diameter ¢,, the follo-
wing expression should be used,

_ nypf +ny03
nyQ; + Ny,

c is the cover to the longitudinal reinforcement,

k, is a coefficient which takes account of the bond properties of the
bonded reinforcement:

k, = 0,8 for high bond bars,

Peq

k, = 1,6 for bars with an effectively plain surface (e.g. prestres-
sing tendons),

k, is a coefficient which takes account of the distribution of strain:
k, = 0,5 for bending,
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k, = 1,0 for pure tension,
k,=(e; + &)/ 2¢;

where ¢, is the greater and ¢, is the lesser tensile strain at the
boundaries of the section considered, assessed on the basis of a

cracked section.
Recommended values of k; = 3,4 and k, = 0,425 are used.

Maximum crack spacing:
Stmax = 1,3 (N - x)

Equivalent quantities perpendicular to crack direction:

® Reinforcementarea:
A = Ag cos?(a — &) + A, cos?*(a — §)

®* Number of bars:

B cos(a — §)A;
T T ee)/a
B cos(a — )4,

"= T etn/4

* Diameter:
_cos(a — Hnp*¢ + cos(a — Mn, e’y
~ cos(a — Ongp & + cos(a —nn,pn

Deflections
The calculations is performed according to EC2 7.4.3.

Stadium I Uncracked condition
Load depended curvature is calculated as:

1/t =M/Egyl,
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where: M is current moment,
I, is Moment of Inertia in Stadium I,
E. .+ is the modulus of elasticity with respect to creep.

The modulus of elasticity is calculated as:

Ec,eff = Ecm / (1 + (P)
where @ is the creep coefficient.

Curvature with respect to shrinkage is considered according to 2.2.2 above.

Stadium 11 Fully cracked condition
Load depended curvature is calculated as:
1/ri=M/Egl,
where:  E ¢ is the modulus of elasticity as shown above,

I, is the moment of Inertia in Stadium 11,
M is current moment.

Curvature with respect to shrinkage is considered according to 2.2.2 above.

Sections which are expected to crack will behave in a manner intermediate bet-
ween the uncracked and fully cracked conditions and an adequate prediction of

this behaviour is given by:
a=Co+(1-0q

where: ais in this case the curvature calculated for the uncracked and fully

cracked conditions,
¢ is a distribution coefficient given by {=1 - (o, / o)
Cis zero for uncracked sections,

B is a coefficient taking account of the influence of the duration of

the loading or of repeated loading on the average strain,

o, is the stress in the tension steel calculated on the basis of a crack-

ed section,

66 Applied Theory and Design - Design calculations



o, IS the stress in the tension steel calculated on the basis of a
cracked section under the loading which will just cause cracking at

the section being considered.

Note that stresses and moment of inertia are calculated with applied reinforce-
ment if it is selected, otherwise with required reinforcement.

224 D

esign calculations for bar structures

2.2.4.1 Material properties

Concrete
Oc
A .
for ,_ ________ -
’i
/o
4
foa ) /.
/
’
’
/
’
)
4
¢ —
0 €es AP N
Figure 3.4: Bi-linear stress-strain relation.

® Ultimate limit states:
Continuous line is used.

¢ Servicibility limit states:
Stage |1 is used (dashed line, without horizontal section).
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Steel

fyd/'Es ‘Sud uk
* Ultimate limit states:
B graph with horizontal line is used.

® Servicibility limit states:
The same as ultimate but without safety factor.

2.2.4.2 Longitudinal reinforcement

Analysis of second order effects with axial load
According to EC2 5.8.

For calculation of 2™ order effect Nominal curvature method (5.8.8) is used.

* |f there is no compression force in the section the eccentricity is equal to
0,0.

* Buckling lengths Iy, and l,, are specified by the user.
® Curvature:
1ir=kky1/rg
where: Kk, is a correction factor depending on axial load,

K, is a factor for taking account of creep,
17 o= Syd / (0,45 ,

d is the effective depth,
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d=(h/2)+i,

where i is the radius of gyration of the total reinforcement area.
I(r = (nu - n) / (nu - nbal) <1

where:
n = Ngq/ (A, fg), relative axial force,

Ngq is the design value of axial force,
n=1+ao,

Npa 1S the value of n at maximum moment resistance; the value
0,4 is used,

0= As fyd / (Ac fcd):
A, is the total area of reinforcement,

A, is the area of concrete cross section,
k¢ =1+ B¢ef >1

where:
¢, is effective creep ratio, defined by the user,
B=0,35+f, /200 - A/ 150,
A is the slenderness ratio.
* 2" order effect is ignored, if:

A< Nim

Mim =20 ABC/n

where: A=1/(1+0,2 ¢),
B=V1+20,
c=07
O is effective creep ratio,

o= Af/ (A fe), mechanical reinforcement ratio,
A, is the total area of longitudinal reinforcement,
n=Ngq/ A, fey), relative normal force,

I'm = Mg / Mg,, moment ratio,

My, My, are the first order en moments |[Mg,| > M.
® Geometric imperfection (5.2 (7) a):
e;=1,/400
* The minimum of all eccentricities (1% order + imperfection + 2" order
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effect): max (20,0; h / 30,0).
* Imperfection and 2" order effect considered in both directions.
® The eccentricity is calculated in four possible positions:

* Stiff direction+, weak direction+

* Stiff -, weak+

*  Stiff+, weak-

* Stiff-, weak-

Torsion

® Necessary longitudinal reinforcement area (Ay):
Teqis the applied design torsion (see Figure 6.11):

- centre-line

- outer edge of effective cross-
section, circumference v,

- cover

Figure 6.11: Notations and definitions

The required cross-sectional area of the longitudinal reinforcement for
torsion XA, may be calculated from:
Ag f, T
72 s yd deote
Uy 2Ak
where: u, is the perimeter of the area A,,
f,q is the design yield stress of the longitudinal reinforcement A,

0 is the angle of compression struts, 6 = 45 deg.
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Considering torsion in calculation of longitudinal bars:

Calculation of torsional capacity by edges, considering all bars placed
in t, strip. The minimum of capacities gives the torsional capacity of

the section.

Utilization for torsion calculated for all bars placed in the strip one by

one.

Area of these bars decreased in the calculation of axial effects (N,

My, Mz) in proportion of utilization (see formula below):

A=A (1 - %) where:

A is area of the bar,
A’ is decreased area used in calculation

ULS checking

(1- g2l aw2)h

or
a- Eaf&ua)hw

Eua 5 0 P
(&) (8ws)
@ - reinforcing steel tension strain limit

- concrete compression strain limit

[C]- concrete pure compression strain limit

Figure 6.1: Possible strain distributions in the ultimate limit state

SLS checking
Crack width calculated according to EC2 7.3.

® Crack width calculated as:
W = sr,malx (ssm - Scm)
where: s, max IS the maximum crack spacing,
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&m 1S the mean strain in the reinforcement under the relevant
combination of loads, including the effect of imposed derforma-
tions and taking into account the effects of tension stiffening.
Only the additional tensile strain beyond the state of zero strain
of the concrete at the same level is considered,

&.m 1S the mean strain in the concrete between cracks.

€m - €.m May be calculated from the expression:
fever
Os — kt cLe (1 + O(epp,eff)
pp,eff Og
= 2 0,6 p——
Es Es

where: g is the tension reinforcement assuming a cracked section,
a, istheratio E;/ E.,
pp,eff = As 1A

c,eff?

€m ~ €cm

A, ¢ 1S calculated as below,

k; is a factor dependent on the duration of the load,

k; = 0,6 for short term loading,

k; = 0,4 for long term loading (always supposed by the program),
A et

=
o

- level of steel centroid

ht‘e‘,[77.7777'/'.r-: l
I R _.a.i...........
heer = min (2,5 (h - d), (h-x)/3,h/2)
Sr,ma1>( = k3 c+ kl I(2 I(4 (P/ pp,eff

- effective tension area, Aqen

where: ¢ is the bar diameter. Where a mixture of bar diameters is used in
a section, an equivalent diameter, ¢, should be used. For a sec-
tion with n, bars of diameter ¢, and n, bars of diameter o,, the
following expression should be used,
_ nipf+ny 3
Peq = n1@1tn2¢2

c is the cover to the longitudinal reinforcement,

k, is a cofficient which takes account of the bond properties of
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the bonded reinforcement:
k; = 0,8 for high bond bars,

k; = 1,6 for bars with an effectively plain surface (e.g. pres-
tressing tendons),

k, is a cofficient which takes account of the distribution of strain:
k, = 0,5 for bending,
k, = 1,0 for pure tension

For cases of eccentric tension or for local areas, intermediate
values of k, should be used which may be calculated from the
relation:

ky=(er +€)/ 2,

where: g; is the greater and ¢, is the lesser tensile strain at the

boundaries of the section considered, assessed on the basis of
a cracked section.

Recommended values of k; = 3,4 and k, = 0,425 are used.
Maximum crack spacing:
Srmax = 1,3 (h - X)

Space between bars

Minimum distance:

The clear distance (horizontal and vertical) between individual parallel
bars or horizontal layers of parallel bars should be not less than the max-
imum of k, bar diameter, (d, + k, mm) or 20 mm where d, is the maxi-
mum size of aggregate.

Maximum distance:

The longitudinal bars should be so arranged that there is at least one bar
at each corner, the others being distributed uniformly around the inner
periphery of the links, with a spacing not greater than 350 mm.
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Lengthening and anchorage
® Because of shear effect (shift rule):
3;= 0,9 max (h, b)
The code prescribes d instead of h, but the difference can be ignored.

* Anchorage:

fba = 2,25y My fog

where: f.4 is design value of concrete tensile strength. Due to the increa-
sing brittleness of higher strength concrete, f . 05 Should be li-
mited here to the value for C60/75, unless it can be verified that
the avarage bond strength increases above this limit,

N, is a coefficient related to the quality of the bond condition and
the position of the bar during concreting:

m =07

n; is related to the bar diameter:

m, = 1,0 for <32 mm,

M, = (132 - ) / 100 for ¢ > 32 mm
l,rqa = (9/4) (5sa/ Toa)

where: oy = fy4 (fully utilized bar supposed),
lg = 0y 0y 05 0y 0g 1y oq >1

b,rqd = "b,min?
o; = 1,0
Ip,min iS the minimum anchorage length if no other limitation is
applied:
°

for anchorages in tension:

Ib,min > max (O:3 Ib,rqd; 10 o, 100 mm),
* for anchorage in compression:

Ib,min > max (0:6 Ib,rqd; 10 o, 100 mm),

Rule given for compression is used.

2.2.4.3 Stirrups

Shear
In Figure 6.5 below the following notations are shown:
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a is the angle between shear reinforcement and beam axis perpendicular to
the shear force (measured positive as shown in Figure 6.5),

0 is the angle between the concrete compression strut and the beam axis per-
pendicular to the shear force,

F.q is the dessign value or the tensile force in the longitudinal reinforcement,
F.q is the design value of the concrete compression force in the direction of
the longitudinal member axis,

b,, is the minimum width between tension and compression chords,

z is the inner lever arm, for a member with constant depth, corresponding to
the bending moment in the element under consideration. In the shear analy-
sis of reinforced concrete without axial force, the approximate value z=0,9d
may normally be used.

. ’/I Fa V(cot 8- cotr)
i T -———
Y%z N M
d l, - z=09d ‘H
v %z v
— : Fis
B s

- compression chord, [B]- struts, [C]- tensile chord, [D] - shear reinforcement
] . '

T

Figure 6.5: Truss model and notation for shear reinforced members

* Member do not require shear reinforcement, if:
The design value for the shear resistance Vg, is given by:

VRd,c = [CRd,c k (100 P fck)1/3 + k1 ch] bW d (6.2.8.)
with a minimum of:
Vrae = (Vimin + Ky ch) b, d (6.2.b)
where: f isin MPa

k=1+ /?SZ.O with d in mm

Asl
=—<0.02
L=y a=
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76

A, is the area of the tensile reinforcement, which extends:

>(l,q +d) beyond the section aonsidered (see Figure 6.3),

b,, is the smallest width of the cross-section in the tensile

area [mm],

Oep = Neg / A; < 0,2 T4 [MPa],

Ngq is the axial force in the cross-section due to loading or pres-

tressing [in N] (Ngq4 > 0 for compression). The influence of impo-
sed deformations on Ng may be ignored,

A is the area of concrete cross section [mm,],

Vrd, 18 [N]
The recommended value for Crq, is 0,18 / v, that for v, is given by the
expression below and that for k; is 0,15.
Vimin = 0,035 k¥2 £, 12

P Vot y O
0,7 o ~ |
o 452 4593 - Ta

LT e g

[A] - section considered

Figure 6.3: Definition of Ay

* Upper limit of shear:
VRdmax = Gew B Z V1 Teq / (COtO + tand) (6.9)
where: A, is the cross-sectional area of the shear reinfocement,
s is the spacing of the stirrups,
f,wa is the design yield strength of the shear reinforcement,
v, is a strength reduction factor for concrete cracked in shear,

oy 1S a coefficient taking account of the state of the stress in the
compression chord.

The recommended value of v, is v (see expression below).
The recommended value of a,, is as follows:
1 for non-prestressed structures,
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_ fck
v=20.6 [1 550
0= 45 deg
z=09d

® Capacity of stirrups:

ASW
Veas = 5 zfywd cot@

where: A, is the cross-sectional area of the shear reinforcement,
s is the spacing of the stirrups,
f,wa is the design yield strength of the shear reinforcement.

Torsion
Teq is the applied design torsion (see Figure 6.11)

- centre-line

- outer edge of effective cross-
section, circumference u,

- cover

Figure 6.11: Notations and definitions used

A, is the area enclosed by the centre-lines of the connecting walls, including

inner hollow areas,

T,; is the torsional shear stress in wall i,

ter; is the effective wall thickness. It may be taken as A/u, but should not be
taken as less than twice the distance between edge and centre of the longitu-
dinal reinforcement. For hollow sections the real thickness is an upper limit,

A is the total area of the cross-section within the outer circumference, inclu-

ding inner hollow areas,

u is the outer circumference of the cross-section,

0 =45 deg,

z, is the side length of wall i defined by the distance between inall

the intersection points with the adjacent walls, calculation

S.
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Member do not require torsional reinforcement, if: (6.29)

Trae = foa ter 2 A <Tgg

Upper limit of torsion:

Tramax = 2 V Oy Teg Ay teri SINO COSO (6.30)
where vand a,, are as above.

Force in stirrups:

TRdmax = 2VQcwfcaAkteriSinOcosd

The shear force Vgq; in a wall i due to torsion is given by:
Vegi = T i Zi

z; is section height used to be able to sum with shear.

Capacity of stirrups:
See Shear.

Shear and torsion

78

Forces in stirrups:
Ve = Vegshean ! 2 + Vegorsion)

No stirrup required:

Tea/ Troe * Veg ! Vrae <1,0 (6.31)
Upper limit of the effects:
TEd / TRd,max + VEd/ VRd,max < 110 (629)

Calculation is done in two directions y* and z' independently.
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2.3 Steel Design

2.3.1 General

The following design considers EC2 (standard) and the National Annex (NA)
for Denmark, Finland, Germany, Hungary, Norway, Sweden and United King-
dom.

With the steel module arbitrary structures in space can be designed with regard
to a 1" order or a 2" order analysis.

In the Code Check all checks prescribed in the codes depending on section ty-
pe, section class and acting section forces are displayed.

2.3.2 Limitations

2.3.2.1 Torsion

Only uniform torsion (St Venant torsion) is considered in the present version.
For thin walled open sections the effect of warping torsion (Vlasov torsion)
could be important and must then be considered separately.

2.3.2.2 Crushing of the web

Crushing of an un stiffened web due to a concentrated force is not checked in the
present version.

2.3.3 Global analysis

2.3.3.1 General
The design can be performed using either:
1" order analysis, using the initial geometry of the structure or,

2" order analysis, taking into account the influence of the deformation of the
structure.
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2.3.3.1.1 Choise between a 1" order or a 2" order analysis

For structures not sensitive to buckling in a sway mode a 1 order analysis is
sufficient. The design for member stability should then be performed with non-
sway buckling lengths.

In many cases it is easy to decide if a structure is sway or non-sway but in other
cases it could be more difficult.

One way to estimate if the non-sway condition is fulfilled is described in EC3
part 1-1 with the following criterion:
g = Fe / Fgg > 10 => Non-sway

where: a,, is the critical parameter meaning the factor by which the design
loading would have to be increased to cause elastic instability in a
global mode,
Fgq is the design loading on the structure,

F. is the elastic critical buckling load for global instability mode
based on initial elastic stiffness.

An imperfection calculation in FEM-Design will display the critical parameters
for the number of buckling shapes required by the user as shown below.

Display result x|

Results ‘ Imperfections
= A_na\ys\s

*- Imperfections

Combination
L1

Factar

2 15,053 0062

3 20.244 0007
Jid|

Critical parameter Ol displayed for the three first buckling shapes with regard to load combination L1.
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As all critical parameters are > 10 a 1" order analysis and a design with non-
sway buckling lengths would be sufficient in this case.

If the criterion above is not fulfilled 2" order effects must be considered but a
1" order analysis could still be used in most cases. This could be done either by
amplifying the 1 order moments or by using sway-mode buckling lengths. In
FEM-Design the latter method should be used.

A full 2" order analysis can be used for steel design in all cases.

2.3.3.2 Structural stability

The calculations with regard to instability will be performed in different ways
depending on the type of analysis.

2.3.3.2.1 1" order theory
For a 1" order design the following apply:

Both the flexural, lateral torsional and torsional buckling are calculated depen-
ding on the slenderness with respect to reduction factors specified in the appro-
priate code. The reduced slenderness for flexural and torsional buckling may be
computed as:

A= [AF /N

The critical normal force for flexural buckling N, will in this case be calculated
using appropriate buckling lengths defined by the user in both directions for all
members.

The critical normal force N, for torsional buckling will be calculated according
to support conditions defined by the user for all members.

The reduced slenderness for lateral torsional buckling may be computed as:
Mr=[W 1Ey/ Mcr]ll2

The critical moment M., will be calculated as buckling of the compressed flange
with regard to a buckling lengdh defined by the user.
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Imperfections

Initial bow imperfections may be neglected as these effects are included in the
formulas for buckling resistance of the members.

For sway mode structures initial sway imperfections has to be considered. This
could be done by changing the geometry before calculation or by defining sys-
tems of equivalent horizontal forces as described below.

2.3.3.2.2 2" order theory

A 2" order calculation produces the critical normal force N, for flexural buck-
ling and a corresponding stability check is not required. The critical normal for-
ce N, for torsional buckling or the critical moment M., are not calculated since
a basic finite element only contains the second order effects of the axial force
and the effect of warping is neglected. The effect of the lateral torsional and tor-
sional buckling will then have to be calculated as for 1th order above.

Imperfections
For all structures initial local bow imperfections should be considered.

As the flexural buckling design is based on the 2" order effects of the bending
moments it is vital that there is a moment distribution in all members. By consi-
dering local bow imperfections this is ensured also for hinged members without
lateral load.

For sway mode structures also initial sway imperfections has to be considered.
This could be done in the conventional way by changing the geometry before
calculation or by defining systems of equivalent horizontal forces as described
in 2.3.3.3.1 below.

In FEM-Design both initial bow imperfections and initial sway imperfections
are considered automatically by using an alternative method presented in

EC3 1-1 as described below in 2.3.3.3.2. The user has to connect each load com-
bination to one of the calculated buckling shapes and the program will then cal-
culate imperfections with regard to this shape. It is up to the user to decide how
many buckling shapes that has to be considered and to which load combinations
these shapes should be connected to receive an adequate result. No design based
on a 2" order analysis for compressed members can be performed without con-
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sidering imperfection for one of the available buckling shapes. Some examples
describing this process are presented in the manual Useful examples.

Note! When performing a 2" order calculation a division of the members in
more than one finite element could strongly influense the result. See chapter
2.3.3.4 for more information.

2.3.3.3 Imperfections for global analysis of frames
The following imperfections should be taken into account:

1. Global imperfections for the structure as a whole.
2. Local imperfections for individual members.

The assumed shape of global imperfections and local imperfections may be deri-
ved from the elastic buckling mode of a structure in the plane of buckling consi-
dered.

Both in and out of plane buckling including torsional buckling with symmetric
and asymmetric buckling shapes should be taken into account in the most unfa-
vourable direction and form.

For frames sensitive to buckling in a sway mode the effect of imperfections
should be allowed for in frame analysis by means of an equivalent imperfection
in the form of an initial sway imperfection and individual bow imperfections of
members.

2.3.3.3.1 Conventional method

® Global initial sway imperfections
This effect could be considered in two ways.
1. By changing the frame geometry before analysis
with the slope as shown below.

The slope ¢ will be calculated according to the rele-
vant code.

2. By defining a system of equivalent horizontal
forces as shown below:
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@ (F1+F2)2
< o <k

@ (F1+F2)/2
< L

Where, in multi-storey beam and column building frames, equivalent forces
are used they should be applied at each floor and roof level.
These initial sway imperfections should apply in all relevant horizontal di-
rections, but need only be considered in one direction at a time.
The possible torsional effects on a structure caused by anti-symmetric sways
at the two opposite faces, should also be considered.

Translational sway

members for flexural buckling

Equivalent horizontal forces introduced for
each member as shown below could consider

this effect.

The value e, considering initial bow as well
as residual stresses is calculated according to

the relevant code.

2.3.3.3.2 Alternative method

Relative initial local bow imperfections of
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As an alternative to the methods described above

for calculating imperfections the shape of the

elastic critical buckling mode n,, of the structure may be applied as a unique
global and local imperfection according to EC3 1-1. This method is used in
FEM-Design when a 2" order analysis together with imperfection for one of
the available buckling shapes is chosen.

The amplitude of this imperfection may be determined from:
Nrk

Codor
*CEM crmax

where:  #;,;imperfection,

#., buckling shape.

Ninit = cr

_ Y
- a(d—0.2) Mg, Yu1
0d 22 Ngi 1 — yA2
where: 1= % is the relative slenderness of the structure

a is the imperfection factor for the relevant buckling curve,

x is reduction factor for the relevant buckling curve depending on
the cross-section and the relevant code,

Mg is the characteristic moment resistance of the critical cross-
section,

Ngyi is the characteristic resistance to axial force of the critical
cross-section,

El 5 max IS the bending moment due to n,, at the critical cross sec-
tion,

Qi = Min (—0 4 )
max

. £
where: oy is calculated from 1% order theory and —

to be cal-

Omax

culated at each cross-section.
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ayx 1S the maximum force amplifier for the axial force configura-
tion Ngq4in members to reach the characteristic resistance Ng, of
the most axially stressed cross section without taking buckling into
account,

a, 1s the minimum force amplifier for the axial force configuration
Ng4 in members to reach the elastic critical buckling.

To be able to perform a design based on a 2" order analysis for compressed
members imperfection for one of the available buckling shapes must be chosen
by the user. It is important to decide which shapes that have to be considered for
the current structure. Some examples are described in the manual Useful ex-
amples.

2.3.3.4 Division of members

When performing a 2" order calculation it is sometimes important to divide the
members into more finite elements to get an accurate result. Some advice about
this will be found below.

Frame type structures

A first calculation without division will show the force distribution in the struc-
ture. All compressed members should then be divided into an even member of
elements e.g. four. It is recomended only to divide members in compression but
as in reality members can be in compression for one loadcase and in tension for
another this is often not possible.

If tensionend members are divided this could result in negative critical factors
but they does not represent physical valid shapes and should be ignored. See
also the manual Useful examples, Example 2.

Truss type structures

To perform a global stability chech the grid members should not be divided but
if local buckling is of interest they should. See the manual Useful examples,
Example 3.

2.3.4 EuroCode (EC3)

2.3.4.1 Classification of cross-sections
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The classification is made according to EN 1993-1-1 5.5-5.6.

A section is classified in section class 1, 2, 3 or 4 depending on the slenderness
of the section, see EN 1993-1-1 5.5.2. Class 1 - The section can reach full plastic
yielding, with sufficient rotation capacity for a plastic analysis.

Class 2 - The section can reach full plastic yielding, but the rotation capacity is
limited.

Class 3 - The section can reach the yield limit without buckling.
Class 4 - Local buckling will occur before the yield limit is reached.

In case of general cross-section the line-topology have to be determined to dec-
ide if the part is internal or outstand.

It can be decided based on the connections, see picture below. ————

Parts between two nodes are internal, all other outstand.

If different parts of a section belongs to different classes the
highest class will be chosen for the section. e——
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2.3.4.2 Axial force capacity
The capacity is calculated according to EN 1993-1-1 6.2.3-6.2.4.

2.3.4.2.1 Tension force

The capacity is calculated as:
Nera = AT, /1o

where: A gross area,

f, design strength,
Ymo Partial factor.

2.3.4.2.2 Compression force

88

Section Class 1,2 and 3

The capacity is calculated as:

Npra = XA fy Iy

where  y is the flexural buckling factor with regard to buckling around y-y

axis and z-z axis respectively, vy, partial factor.

Buckling factor
The buckling factor is calculated as:
(= 11(0+(@*-2%)%%) <0,1
®=0,5[1+a(r-02)+ 2%
A is the slenderness calculated as:
A= (AT, Ny
N, is the elastic critical load for the relevant buckling mode.

The imperfection factor a is related to five groups according to the table
below:

Group a,, 0= 0,13; group a
c a=p0,3f90;t group d(}]a:%jé{t

Flexural buckling
The slenderness parameter A is calculated as:
A= (AT, I Ng)°®

=0,21; group b, a=0,34; group
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N, is the critical load considering flexural buckling around the relevant
axis.
Nt:ry =E Iy (T[/ Lcry)z; Ncrz =E Iz (TE/ Lcrz)2
L., is the buckling length.
Torsional buckling and flexural-torsional buckling

Torsional and flexural-torsional buckling is calculated according to EN
1993-1-16.3.1.4.

The slenderness parameter A is calculated as:

A= (A f, /Ny )*°

where N, = Ng,tr and Ng; < Ng, 7

N.n1r IS the elastic torsional-flexural buckling force,

N, IS the elastic torsional buckling force,

The critical load with regard to torsional buckling is calculated as:
Ngr=1/i,2(Gly +El, (m/Lg)?

G is the shear modulus,

i, is the polar radius of gyration which in this case is i, = ((l, +1,) / A )05
L., is the relevant buckling length,

N1 is the critical load considering flexural-torsional buckling and is
the lowest root to the third grade equation: P,
(N -N ) (N N N%r,TF) (Ncr,T_ Ncr,TF) - (Ncry_ Ncr,TF) Ncr,TF e,/ Ip

cry cr,TF. crz 2 7
(Ner, = Neee) Nerpr” €7 /15" =0
N,y is the critical load with regard to flexural buckling around the y-axis
as described above,

N, is the critical load with regard to flexural buckling around the z-axis
as described above,

N, is the critical load with regard to torsional buckling as described
above,

e, is the distance between the centre of gravity and the shear centre in the
y-direction,

e, is the distance between the centre of gravity and the shear centre in the
z-direction,

The polar radius of gyration is i, = (I, +1,) / A + e+ ¢,%)°°
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2.3.4.3 Bending moment capacity
The capacity is calculated according to EN 1993-1-1 6.2.5 and 6.3.2.4.

The capacity is calculated as:
® Sectionclass 1 and 2
M ra =Wy fy ! Ymo
Myra = K x Wi T, / v (capacity with regard to lateral-torsional buckling)
where: W, is plastic section modulus,
f, is design strength,
Ymo» Y IS partial factors,

kq modification factor accounting for the conservatism of the equi-
valent compression flange method,

y is reduction factor of the equivalent compression flange.

® Lateral-torsional buckling

Lateral torsional buckling is calculated with the simplified assessment
method according to EN 1993-1-1 6.3.2.4, flexural buckling of the com-
pressed flange.

The reduction factor y is calculated as shown above for flexural buckling
of the compressed flange.
® Sectionclass 3
M ra = Wei Ty / Yo
My ra = Kg 2 W fy Y
W, elastic section modulus.

2.3.4.4 Shear capacity
Calculated according EN 1993-1-1 6.2.6, EN 1993-1-55.1-5.3.

The capacity is calculated as:
Voird = A fy 13%° Iy
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Shear area

Solid sections
A, = cross sectional area

Rolled I and H sections, load parallel to web

A =A-2bt+ (t, +2r) t>nh,t,

Rolled channel sections, load parallel to web

A =A-2bt+(t,+0t

Rolled T- section, load parallel to web

A, =09 (A-bt)

Welded I, H and box sections, load parallel to web

A =nZ(hyty)

Welded I, H, channel and box sections, load parallel to flanges
A,=AX(h,t,)

Rolled rectangular hollow sections of uniform thickness:
load parallel to depth A,=Ah /(b +h)

load parallel to width A, = Ab /(b +h)

Circular hollow sections and tubes of uniform thickness
A=2AIx

nistakenas 1,0.

In cases not included above the elastic capacity is calculated as:
teq / (fy 13°° ywo)) <10

Web buckling
Calculated according to EN 1993-1-55.2
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Web buckling is considered if: b,

h,/t,>72¢ln I :
£= (235/1,)° |
n = 1,2 for steel grades up to S460 then=1,0 3

The capacity is calculated as:
Vird = Vowgrd ¥ Vorra <0 hy b/ (3% ) e

Contribution from web:
wa,Rd = Xw fyw hw tw / (30’5 YMl)

The shear buckling factor y,, is calculated as:

Rigid end post Non-rigid end post
Z.<083/p 7 )
083/5< A, <108 083/ 4, 083/ 4,
A, = 108 1.37/00.7+ 4, ) 083/ 7,
o
|
| |
a
Rigid end post Non-rigid end post

The program will understand that the member has a non-rigid end post if no stif-
feners are defined and as a rigid end post if a stiffener is defined at the very end
of the member. For slender webs the capacity can be increased by defining addi-
tional stiffeners as shown below.

No transverse stiffeners defined:
Slenderness parameter A,, = h,, /(86,4 t,, €)

else:

Slenderness parameter A, = h,, /(37,4 t,, £.>°)
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k=534 +4,0(h fa);;alh >1
k=4,0+534 (hJa)*alh,<1

a = largest distance between transverse stiffeners in the member.

a4 ay a,

a=max (al, a2,a3...)

Contribution from flange
When the flange resistance is not completely utilized in resisting the bending

moment (Mgq < M¢rg) the contribution from the flanges are calculated as:

Vitra = br b e/ (€ yma) (1 - (Mgq/ Mf,Rd)z)
bf S 15 € tf

2.3.4.5 Shear and Torsion
The capacity is calculated according to EN 1993-1-16.2.7.

The capacity is calculated as:

I, H-sections or channel sections

VoitRd = [(1-Treq/ (1,25 (fy / 30'5)/ Ymo)l Voird
where:  V, rq is the shear capacity as above.
Hollow sections

Vo TRrd = [(1-treq/ ((fy /30’5) ! Ynmo)] Voird

2.3.4.6 Warping torsion (Vlasov torsion)
Warping torsion is not considered in the present version.
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2.4 Timber Design

2.4.1 General

The following design considers EC5 (standard) and the National Annex (NA)
for Denmark, Finland, Hungary, Norway and Sweden.

With the timber module arbitrary structures in space can be designed with regard
to a 1" order or a 2" order analysis.

In the Code Check all checks prescribed in the codes depending on acting sec-
tion forces displayed.

2.4.2 Global analysis

2.4.2.1 General
The design can be performed using either:
1" order analysis, using the initial geometry of the structure or,

2" order analysis, taking into account the influence of the deformation of the
structure.

2.4.2.2 Structural stability

The calculations with regard to instability will be performed in different ways
depending on the type of analysis.

2.4.2.2.1 1" order theory

For a 1" order design the following apply:

Both the flexural and lateral torsional buckling are calculated depending on the
slenderness with respect to reduction factors specified in the appropriate code.
The reduced slenderness for flexural buckling may be computed as:

A=[AF [ N2
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The critical normal force for flexural buckling N, will in this case be calculated
using appropriate buckling lengths defined by the user in both directions for all
members.

The reduced slenderness for lateral torsional buckling may be computed as:
}\'LT = [W fy / Mcr] 12

The critical moment M., will be calculated according to support conditions and
load levels defined by the user for all members.

Imperfections

Initial bow imperfections may be neglected as these effects are included in the
formulas for buckling resistance of the members.

For sway mode structures initial sway imperfections has to be considered. This
could be done by changing the geometry before calculation or by defining sys-
tems of equivalent horizontal forces as described below.

2.4.2.2.2 2" order theory

A 2" order calculation produces the critical normal force N, for flexural buck-
ling and a corresponding stability check is not required. The critical moment
M., are not calculated since a basic finite element only contains the second or-
der effects of the axial force. The effect of the lateral torsional buckling will then
have to be calculated as for 1th order above.

Imperfections

For all structures initial deformations should be considered. See EN 1995-1-1
5.4.4.

As the flexural buckling design is based on the 2" order effects of the bending
moments it is vital that there is a moment distribution in all members. By consi-
dering initial deformations this is ensured also for hinged members without late-
ral load.
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Note! It is up to the user to ensure that all members have a 1" order moment
distribution so the 2nd order effect and thereby also the buckling effect is consi-
dered.

For sway mode structures also initial sway imperfections has to be considered.
This could be done in the conventional way by changing the geometry before
calculation or by defining systems of equivalent horizontal forces as described
in2.4.2.3.1 below.

Note! When performing a 2" order calculation a division of the members in
more than one finite element could strongly influense the result. It is recomen-
ded to divide members in compression into an even member of elements e.g.
four.

2.4.2.3 Imperfections for global analysis of frames
The following imperfections should be taken into account:

1. Global imperfections for the structure as a whole.

2. Local imperfections for individual members.

2.4.2.3.1 Conventional method

® Global initial sway imperfections
This effect could be considered in two ways.
1. By changing the frame geometry before analysis
with the slope as shown below.

The slope ¢ will be calculated according to the rele-
vant code.

2. By defining a system of equivalent horizontal
forces as shown below:
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@ (F1+F2)2 @ (F1+F2)/2

<« L e
Where, in multi-storey beam and column building frames, equivalent forces
are used they should be applied at each floor and roof level.

These initial sway imperfections should apply in all relevant horizontal di-
rections, but need only be considered in one direction at a time.

The possible torsional effects on a structure caused by anti-symmetric sways
at the two opposite faces, should also be considered.

-

—

Translational sway Rotational sway
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* Relative initial local bow imperfections of Neg Ney
members for flexural buckling ! T

]
Equivalent horizontal forces introduced for § -
each member as shown below could consider =]
this effect. E 8 Neg €0,

o = | BT

The value e, considering initial bow deformation §

is calculated according to EN 1995-1-15.4.4. 2

—>
2 4 Neg€oq
J I B =T
2.4.3 Ultimate limit state 1 1

For a second order linear elastic analysis of a
structure, design values, not adjusted for duration of load, shall be used.

2.4.4 Load duration classes

Actions shall be assigned to one of the load-duration classes given in EN 1995-
1-1 table 2.1.

Examples of load-duration assignment are given in EN 1995-1-1 table 2.2.

2.4.5 Service classes

Structures shall be assigned to one of three service classes according to EN
1995-1-12.3.1.3.

2.4.6 Materials and product properties

2.4.6.1 Load-duration and moisture influences on strength

The influence of load-duration and moisture content on strength is considered
by the modification factor k.4, Se€ EN 1995-1-1 table 3.1.
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2.4.6.2 Load-duration and moisture influences on
deformations

Serviceability Limit State

If the structure consists of members having different time-dependent properties,
the final mean values of modulus of elasticity, shear modulus and slip modulus
are calculated with the following expressions:

Emean,fin = Emean / (1 + kdef)
Gmean,fin = Gmean / (1 + kdef)
Kser,fin = Kser / (1 + kdef)

Ultimate Limit State

The final mean value of modulus of elasticity, shear modulus and slip modulus
are calculated with the following expressions:

Emean,fin = Emean / (1 + lPZ kdef)
Gmean,fin = Gmean / (1 + \PZ kdef)
Kser,fin = Kser / (1 + \PZ kdef)

where:  Kgg is a factor for the evaluation of creep deformation given in
EN 1995-1-1 table 3.2.

Y, is the factor for the quasi-permanent value of the action accor-
ding to EN 1990 table A1.1. For permanent actions ¥, = 1,0.

2.4.7 Verification by the partial factor method

2.4.7.1 Design value of material property
The design value of X, of a strength property shall be calculated as:

X4 = Kmod X/ Ym
where: X, is the characteristic value of a strength property,
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Kmog is @ modification factor taking into account the effect of the
duration of load and moisture content according to EN 1995-1-1 ta-
ble 3.1,

ym IS the partial factor for a material property according to table 2.3
below.

Table 2.3 - Recommended partial factors y,, for material properties and resistan-
ces:

Fundamental combinations:
Solid timber 1.3
Glued laminated timber 1,25
LVL, plywood, OSB, 1,2
Particleboards 1,3
Fibreboards, hard 1,2
Fibreboards, medium 1,3
Fibreboards, MDF 1,3
Fibreboards, soft 1,3
Connections 1,3
Punched metal plate fasteners 1,25

Accidental combinations 1,0

NA Norway

LVL, plywood, OSB v, = 1,3

NA Finland

Solid timber <C35vy,, = 1,4

Solid timber >C35 yy, = 1,25

Glued laminated timber yy, = 1,2

Plywood, OSB, Particleboards, Fibreboards y,, = 1,25

NA Denmark

Solid timber yy, = 1,35 v,

Glued laminated timber yy, = 1,3 v;

LVL, Plywood, OSB, Particleboards, Fibreboards y,, = 1,3 v5
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The factor y; is chosen according to the following:

Inspection level Tightened Normal Relaxed

Y3 0.95 1.0 1.10

The design member stiffness properties shall be calculated as:

Ed = Emean / Tm
Gd = Gmean / Tm

where:  Ep.a, IS the mean value of modulus of elasticity,
Gean 1S the mean value of shear modulus

2.4.8 Material properties
EN 1995-1-1ch. 3

2.4.8.1 Solid Timber

2.4.8.1.1 Strength classes
EN 1995-1-1 3.2, EN 338 5

Table 1 -- Strength classes - Characteristic values:

Poplar and softwood species
Strength properties (in N/mm?)
Bending [ 14 [16 [18 [20 [22 [24 [27 [30 [35 [40 [45 [s0
Tension parallel frox 8 10 1 12 13 14 16 18 21 24 |27 30

Tension perpendicular froox o4 |05 |05 |05 |05 (05 (06 |06 |06 (06 |06 (08

Compression parallel 16 |17 |18 |19 |20 |21 |22 |23 (25 |26 |27 |29

feox

Compression [ 20 |22 |22 |23 |24 |25 |26 |27 |28 (29 |31 |32
pemendicular

ok 17 |18 |20 |22 |24 |25 |28 |30 (34 |38 |38 (38
Shear "'

Stiffness properties (in kN/mm?)

Mean modulus of Eomean | 7 g 9 95 |10 " 1512 13 14 15 18
elasticity parallel

5% modulus of elasticity
parallel Eqos 47 |54 |60 |64 |87 (74 |77 |80 |87 |94 |10,0(107

Mean modulus of Esmen | 023 0,27 0,30 | 0,32 | 0,33 | 0,37 (0,38 | 0,40 | 0,43 | 047 | 0,50 [ 053
elasticity perpendicular
Gruan | 044 |05 | 056|059 |0,83| 069 (072)|075| 081|088 |0,94(1,00
Mean shear modulus

Density (in kg/m%)
Density Pk 290 [ 310 [ 320 [ 330 [ 340 [ 350 [370 [ 380 [ 400 [ 420 [ 440 | 460

Mean density

Pmean

Table 1 -- Strength classes - Charasteristic values:
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Hardwood species

D30]D35|D40|D50‘060ID70

Strength properties (in N/mm®)

Bending fmk 30 |35 |40 [50 (60 |70
Tension parallel frox 18 |21 |24 |30 |36 |42
Tension perpendicular frook 06 |06 |06 |06 |06 |06
Compression parallel feox 23 25 |28 29 |32 |34
Compression {o00k 80 |84 (88 |97 [10,5( 135
perpendicular e

fu 3,0 |34 |38 |46 |53 (60
Shear ”“

Stiffness properties (in kN/mm®)

Mean modulus of Egmean | 10 [ 10 [ 11 14 [17 [20
elasticity parallel

5% modulus of elasticity
paraliel Eaes |80 [87 |94 118143168

Mean modulus of Ewomean | 0,64 0691 0,75( 093 (1,13] 1,33
elasticity perpendicular
Grmean | 0,60 065|0,70| 088 (1,06 125
Mean shear modulus

Density (in kg/m?)

Density Pk 530 | 560 [ 590 [ 650 [700 [ 900

Mean density omean | 640 [ 670 | 700 [ 780 | 840 [ 1080

For rectangular solid timber with a characteristic density p, < 700 kg/m® and
depths in bending or widths in tension less than 150 mm the characteristic valu-
es for f,c and fy o, may be increased by the factor k, given by:

k, =min [ (150 /h )2, 1,3]

where: h is the depth for bending members or width for tension members,
in mm.

2.4.8.2 Glued laminated timber

2.4.8.2.1 Strength classes
EN 1995-1-1 3.3, EN 1194 5

Table 2 -- Strength classes - Charasteristic values:
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Glulam GL 24¢ GL28c [GL32¢ |GL36c
Bending fom 24 28 32 6
Tension froes 14 16,5 19.5 22,5
Frones 0,35 0,4 0,45 0,5
Compression foner 21 24 26,5 29
Fimex 2.4 2,7 2.0 3.3
Shear fr 2,2 2,7 3.2 a8
Mean modulus of - 11 600 12 600 13 700 14 700
elasticity E,. 9400 10200 |11 100 |11 900
- 320 390 420 460
Mean shear moduluis G, 590 720 T80 850
Density P 350 380 410 430

From these tables the following standard classes must be available:

Solid timber: C14, C16, C18, C20, C22, C24, C27, C30, C35, C40, C45, C50,

D30, D35, D40, D50, D60, D70.
Glued laminated timber: GL 24, GL 28, GL 32, GL 36.

Any user defined material will also be possible to define.

As the modulus of elasticity and shear modulus are dependent of each other

either one or the other could be defined by the user for user defied materials.

For rectangular glued laminated timber with depths in bending or widths in ten-
sion less than 600 mm the characteristic values for fm,k and ft,0,k may be in-

creased by the factor kh given by:

k,=min [ (600/h)°*, 1,1]

where: h is the depth for bending members or width for tension members,

in mm.
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3 Section Editor

3.1 Basics

The section editor program is an independent but well-connected part of the
FEM-Design package. This part is for creating, calculating and organizing
cross-sections for the FEM-Design.

The section database can be reached and used from the other parts of the FEM-
Design package (Plate, 3D Frame and 3D Structure modules).

In the section database of the FEM-Design the shape of the sections are defined
by so called regions. A region is a contour formed by lines and arcs and might
have holes in it formed also from arcs and lines. A cross-section could be defi-
ned by more than one region.

The sections in the section database are material independent, however on crea-
tion some material like parameters can be defined and the sections are divided
into groups by the possible usage of the section. For example a solid rectangle
section usually is not a steel section but can be concrete or wooden. An IPE 100
on the right usage is a steel cross-section but nothing in the FEM-Design res-
trains you from using the shape with other materials too. The material-like para-
meters are for example rolled steel; cold worked steel; generic section; and other
similar information (refer to the User’s Guide of the FEM-Design). This infor-
mation is for future use currently but please define correctly at every cross-sec-
tion.

Not just the shape of the cross-section is stored in the section database of the
FEM-Design, but the geometrical parameters too, like area, inertia, section
modulus and so on. The section parameter calculation engine in the section edi-
tor calculates these values.

The calculation of the geometric parameters is a finite element calculation. In
the background of the calculation of the geometrical parameters a suitable finite
element mesh is generated on the same basics that are described in the section
1.1.10.
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The next chapter gives information about the theory of the geometric parameters
calculation.

3.2 Calculation of the geometrical properties

Beam finite elements of arbitrary cross sections are important members of finite
element models for a variety of practical applications. In the effective use of
such elements, at the modelling stage, the user is faced with the time consuming
problem of accurate determination of beam cross sectional properties.

In the analysis of beams, the follo-

-
wing local coordinate systems and /\ /\
notations are used (see Fig. 1): €umin § X

z
* N node of finite element mesh, <
* G centroid, j Cony
»p»
¢ Sshear centre, \ A s o >

. Ig /
® X,Y, z local coordinates, where

I lmax

X is passing through element < G i

nodes,
* X'y, z' central axes, parallel -
. . e . .
to X, y, z (i.e. X" is the beam ax- N e i y
is), Yo
B Fig. 1
® yg Zg coordinates of G cen-
troid, relative to N node,

® vy, Zg coordinates of S shear (torsion) centre, relative to G centroid,
®  maxs Exmins Bymaxs Cymins E1maxs €1mins E2maxs €2min distances of extreme fibres.

The cross sectional properties are related to internal forces, namely tension, ben-
ding, torsion (free or constrained) and shear. The general solution of elastic
beam problems can be found in many textbooks, for example in references [3]
and [4], only the definitions and final results will be presented.
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3.2.1 Tension, bending

The well known formula calculating the normal stress distribution due to tension
and bending:

N [,z — ly,y lyy — ly,z
_ x=xtWh T M7
The cross sectional properties appearing here are:

area:

A= L dA 1)
co-ordinates of centroid:

1 1
Vo =7, ydA, z;=-], zdA @

moment of inertia with respect to centroidal
axes:lly = [, z2dA, I, =[, y* dA, I,,= [, zydA, D=1,—1,-1},

®)
The principal moments of inertia and the angle o of the 1 principal axis are:
o = atan (2 Iy—z) 4
I~1y

I, =1, cos’a+ 1, sin“a- 1, sin*2a,1, = I, sina + I, cos?a- I, sin“2a

Using the principal axes as local coordinate directions, the maximums of ben-
ding stress components are:

_ IMy] _ M|
0-)(,1max - w, '’ GX,ZmaX -
1

Wy
where the sectional properties are the principal section moduli:
Wy =——, W, == (5)
2max 1max

In many tension/compression and bending related problems (eq. eccentric com-
pression, the slenderness calculation) the radius of inertia is used. The defini-
tions of radius of principal inertia are:

i1=\/%' iz=\/% (6)
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3.2.2 Elastic-plastic bending

The normal stress distribution due to simple AL
bending of section, supposing the material is
perfectly elastic-plastic (no strain hardening) is
shown in Fig. 2. The axis & is passing trough the
G centroid, while the line n divides the area into
halves. The g axis of bending is either one of
principal axes or parallel to one of the symmetry oy oy
lines. Fig. 2

(=

A |
Q]

There are two specific moments, M, elastic limit moment when the maximum
stress equals to the oy yield stress,

Ogmax = Oy = W:' M, = GyWE

and the My plastic limit (ultimate) moment:

My = 20,So¢ @)

where: Sy is the static (linear) moment of half area with respect to the axis
&. The elastic-plastic moment capacity is defined as:
My

_ _ 2S0¢
ef—M—e—W—EZLO (8)

3.2.3 Free torsion

Due to a torque M, each section of a straight beam undergoes a rotation about the
point S, here called of torsion centre. In case of free torsion-when the torsio- nal
warping of the cross section is not constrained-the rate of twist is constant.
Assuming homogeneous, elastic material, the shear stress distributions are given as:

My (0@ My /0@
Ty = ——1z]), Ty = —+y

I_t dy T 0z
The cross sectional property is the torsion moment of inertia:
0 a
=1, +1,— [, (zi—ya—j)dA 9)

and the co-ordinates of S torsion centre:
Vs = — (Iz fA z@dA — Iy, fA Y‘pdA) /D,zs = — (Iz fA y@dA — Iy, fA Z‘PdA) /D (10)

The maximum of torsion stresses can be calculated with the W, torsion section
modulus as:
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’ My
Tmax = ( T>2(y + T)Z(z) = W, (11)
max

It follows from the internal equilibrium of linear elasticity and the boundary
conditions that the ¢(y,z) warping function is the solution of the following diffe-
rential equation:

ZZTT-I_O;TT:O’ (%—z)m+(2—f—y)n=0 (1)

where: m and n are the components of outward unit normal vector of sec-
tion contour.

3.24  Constrainedtorsion
If the torsional warping of the cross section of the straight beam is constrained, in

addition to the shear stresses a secondary normal stress distribution appears:

B
Ox = E(‘-P —yzs + zys)

In this equation B(x) is the bimoment and the cross sectional property is the war- ping
parameter defined as:

Ir = [, (@ —yzs +2y5)*dA (12)
For thin walled sections the warping function or the sector area function with
pole S is:

w = (¢ —yzs + zys)

3.2.5 Shear

The beam is free of torsion if the V, and V, shear forces are passing through the S
point. It follows from the Betti’s theorem, that the centre point of torsional ro-
tation of the section and the shear centre are identical. The shear stress distribu-
tions from the v, (y,z) and wy,(y,z) shear stress functions can be calculated as:

L Ve Kow Vo,
Yoo Aody Aoy’ ¥ A0z A oz

In using the finite element method for elastic structures, the stiffness matrix is
derived from the U internal energy. The U, shear contribution of the beam inter-
nal energy per unit length, with shear modulus G, is:
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1 1 (V2 V2 V,V
Us === +12,)dA=—(L+2+12
: ZGL(“Y 2 ﬂm(% 02 ' Py

The cross sectional properties are the shear factors:

_ U1 (lyy—1lyzz _ Yo (Izz—-1yzy
pylzfA 1(yD y )dA, pzlzfA 2( a y )dA,

_ W1 (I2—-1lyzy) + W2 (lyy—ly;z)
pyzlzfA - 2 D2y == dA (13)

Transforming the y, z coordinates into the 1 and 2 principal directions, the shear

factors are the principal shear factors:
P1 =Py, P2 =Pz and P13 =Py, =0
The quantities A; = (A p,) and A, = (A p,) are called by shear areas.
From the condition of internal equilibrium two boundary value problems can be

derived:
ifVy=1landV,=0,

Y, A%y ay aq;
6y21 ?1 =—= (Iyy yzz) — S m +—n=0 (13)
ifVy=0and V,=1,

Yy, 0%y N oy

?j ?ZZ=——(IZ yzy) —rm+—n=0 (14)

where: m and n are the components of outward unit normal vector of
sec- tion contour.

The approximate distribution of shear stress in a thin walled section takes the
form:

To(8) = 25 (5,5, () = 1,5, (5)

1,,5.(5)]

t( )D

where: S, and S, are the static (linear) moment func-
tions: v,
*

P P
Sy(s) = [y P ztds, S,(s) = [P ytds (15)
Using the principal axes as local coordinate directions the

shear stress distribution is:
__V;1S,(s) _ V3S4(s)
() =3oL " e
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3.2.6 Lateral buckling

In the lateral-torsion buckling analysis of non symmetric section columns the
so-called Wagner’s coefficients are used. They are defined as follows:

B, = lf z(y? +z%)dA — 2z, B, = lf y(y? +z2)dA — 2y
y I s’ Z I s
yJa A

Z

Bo=1-Jy 0O +2)dA (16)
In the local system of "1" and "2" principal axes (see Fig.1):
Zl = Byl Z2 = Byv Zo) = Bw (17)

These properties for a double symmetric section are zeros, so they can be termed
as asymmetry properties. If the principal axis "1" is a symmetry line of the sec-
tion than z; equals to zero and same holds for z,.

3.2.7 Finite element method for sections

The (1.), (11.) and (I11.) elliptic boundary value problems can be transformed
into the following energy principles or weak forms:

M, = J, {% :(i—‘;)z + ('Z—‘:)z] - (2—‘;2 + Z—‘:y)} dA = extr (la.)
Y RIS
Y I IR TR MO

These problems can be solved by a 2D finite element method, where the stiff-
ness matrix, derived from the quadratic part of principles, are the same. The
only differences are in the linear parts, which are leading to three different right
hand sides. Using a quadratic (8 or 6 node) isoparametric finite element formu-
lation with one degree of freedom per node, the cross sectional properties can be
calculated. The average element size is calculated automatically and the mesh is
generated automatically too using this average element size. All integrals are
calculated by Gauss quadratures.
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Property Equation
A area 1)
Vo Zg  coordinates of centroid (2)
Ve Zs coordinates of shear (torsion) centre (1), (10)
Iy 1,, 1y,  second moment of inertia 3)
I, 1, principal moments of inertia (4)
a angle of local x and 1> principal direction 4
W,, W, [principal section modulus (5)
W, =1,/e
W,, W,  section modulus y_ v
Y ’ Wz = Iz / eymax
i, iy radius of principal inertia (6)
. . . ) . L . I
iy i, radius of inertia ly = \/;- Iy = J;-
P1y P2 principal shear factors (1), (1), (14)
Pys P21 Py shear factors (1), (1), (13)
I torsion moment of inertia 9)
W, torsion section modulus (12)

I warping parameter (12)
Symaxs Szmax [Maximum of static moments (15)
Simaxs Samax Maximum of principal static moments (15)

Sou Sz Pprincipal static moment of half section )
Cy, G, plastic/elastic moment capacity (8)
2,2, z, Nagner’sparameters (16), (17)
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4 Geotechnical module

More detailed information will be available in the near future.
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