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Abstract.

This work aims to understand and study how structures behave when being subjected to
vibrating equipments, these vibrations last for a long period of time (maybe decades) and this is
what is called a steady-state vibration according to dynamics literature. The steady-state analysis
underwent several checks such as the amplitude, velocity, acceleration, and most importantly the
check of resonance phenomenon in accordance with the codes ACI 351 "Report on foundations for
dynamic equipment" and ISO 1940 "Balance quality requirement of rigid rotors». Comparative
analysis also was done between Global and discretized models to simplify and reduce analyzing
time and found that using a discretized model is more efficient in matter of time consumption, and
also, checked the importance of locations of the machine on the found results which turned out to
be very important and always lead to reduce the cost of the support of the machines, All these
analyses were done using the software SAP2000.

Keywords: Vibrations, Dynamic, Steady state analysis, resonance, SAP2000.

Defining the location of the machinery on the support is very important, and always lead to reduce
the cost of the support.



Résumé

Ce travail a pour but de comprendre et d’étudier le comportement des structures lorsqu'elles
sont soumises a des équipements vibrants, ces vibrations restent a long terme (peut-étre des
décennies) et c'est ce qu'on appelle une vibration en régime permanent selon la littérature de la
dynamique. L'analyse en régime permanent subi plusieurs vérifications telles que I'amplitude, la
vitesse, I'accélération, et surtout la vérification du phénomene de résonance conformément aux
codes ACI 351 "Rapport sur les fondations des équipements dynamiques" et ISO 1940 "Exigence
de qualité d'équilibre des rotors rigides » Une analyse comparative a également été effectuée entre
le modéle global et discrétisé pour simplifier et réduire le temps d'analyse et trouvé que I'utilisation
d'un modéle discrétisé est plus efficace en termes de consommation de temps, également vérifié
I'importance des emplacements de la machine sur les résultats trouvés ce qui s'est avéré tres
important et conduit toujours a réduire le co(t du support de la machine ,Toutes ces analyses ont
été effectuées a l'aide du logiciel SAP2000.

Mots clés : Vibrations, Dynamique, 1’analyse en régime permanent, résonance, SAP2000.
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General introduction

The industry is a fundamental activity in the economy of any country, and it’s responsible for the
processing and the transformation of natural products (raw materials) into other finished and
semi-finished products.

Every industrial warehouse contains several equipment and machines, those machines are
multipurpose and can be used to (perform, operating like cutting, sanding, drilling...etc.), all those
machines fall into three major types of machines: rotating machines, reciprocating machines,
impact machines, each one of them has its own system and own motion, therefore, they have

different effects on the structure or the support element that carries on the equipment of machines.

Heavy machinery with reciprocating, impacting, or rotating masses requires a support system that
can resist dynamic forces and the resulting vibrations. When excessive, such vibrations may be

detrimental to the machinery, its support system, and operating personal subjected to them.

The steady state analysis is a very common type of analysis used to analyze and calculate the
different parameters of vibrating machine that can be generated, such as amplitude, velocity, and

accelerations.

This dissertation topic was chosen to show the effect of a blower (special fan) which belong to
the rotating machine types, on the structural support and try to design its appropriate supporting

system to avoid several problems like unallowed amplitudes or even resonance.

The first chapter gives a theoretical background about the basics of structural dynamics, passing
by explaining what vibrations are, and giving some terminology for better understanding of the
next chapters. Afterwards, it talks about single and multi-degree of freedoms, then shows the
difference between transient and steady state response, the end of the chapter goes into more

detail and focuses on the undamped steady state response.

The second chapter includes the warehouse and mezzanine design, where the Blower fan is
placed. The design of the warehouse with all its parts (action design / members design /
connections design) is not the main interest, but it’s necessary to check that the structure is well
connected, the load path is respected and make sure that results in the next chapter are correctly

calculated, especially when it comes to amplitudes and velocities.



In the 3rd chapter a case study is treated, starting with an introduction to steady state analysis, and
then the most used codes and references in the field and present a small definition of these codes
such as (the ACI 351.3R/ ISO 1940/DIN 4024.1/ IS 2974.3) among this code the ACI 351 R3-
2018 is used to accomplish this work, the next section presents the machine characteristics and
calculates the unbalanced loads generated by the blower fan. At the end of the chapter a two types
of finite element models are done (global model and discretized model) and check the resonance
phenomenon with all cases that could appear in the case study, at the end of the section a
comparative analysis of the best location of the blower is done to see how the choice of the

location influences the amplitude and the velocity calculations.

At the end, this dissertation is concluded with a general conclusion and recommendations for

future students who want to carry on this work and develop it.



|.  Literature review /
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Chapter 1.: Literature review / Theoretical framework

1.1  The concept of vibration:

.1.1 Definition:

Vibration, periodic back-and-forth motion of the particles of an elastic body, commonly
resulting when almost any physical system is displaced from its equilibrium condition and
allowed to respond to the forces that tend to restore equilibrium, in another word, it is a time
dependent displacement of a particle (system) with respect to its equilibrium position.

Figure I-1 Representation of a simple pendulum

1.1.2 Vibration categories:
Vibrations fall into two categories: free and forced.

a) Free vibration:

A structural system, when disturbed from its position of equilibrium and released, oscillates
about its mean position of equilibrium. This state of vibration of the structure without any external
excitation force is termed as free vibration.

b) Forced vibration:

A structural system, when subjected to time dependent excitation force, is set to motion. This
state of vibration of the structure is termed as forced vibration.

1.1.3 Terminology:
s The Amplitude:

The amplitude is the maximum displacement from the equilibrium position of an object
oscillating around the equilibrium position due to its dynamic mass.



https://www.merriam-webster.com/dictionary/equilibrium
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Mean position (or) Extreme point
Extreme equilibrium A
point |« N
1
L
(0)
A!

Figure 1-2 Representation of the amplitude

+« Simple Harmonic Motion:

Motion of particle with time that moves around a circle with uniform angular velocity.
Trigonometric functions can be used to represent such motion like a sinusoidal function.

% Theperiod T :

The required time for a motion to be repeated or to complete a full cycle.

% Circular frequency of a system w:

The circular frequency is the angular displacement of a particle (system) in a time interval.

Position at
timer =t + Ar

. w

Position
H o
Av ® ttimet

Figure 1-3 Graph of the circuler frequency

% Frequency:

It is the number of cycles per unit time. Frequency and time period are inversely proportional to
each other. A vibratory motion can have either a very high frequency or a very low frequency.
Frequency can be expressed either as angular (circular) frequency () or as oscillatory frequency
(f). o is expressed in radians per second and f is expressed in cycles per second or Hertz

e
2
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++ Resonance:

This phenomenon occurs mostly for forced vibration systems, and it’s a vibration of a system when
the frequency of external force is equal to the natural frequency of the system. The amplitude of
vibration at resonance becomes excessive. During resonance, with minimum input, there will be a
maximum output. Hence, both displacement and the stresses in the vibrating body become very
high.

% Damping:

Property which makes the vibration diminishes in amplitude “energy dissipation mechanism’’, for
most cases, the viscous damping (linear) is usually used to catch the governing responses of an
excitation.

Damping sources: Repeated straining, friction at joints, temperature due to strain,

Sound energy, damping devices.

% Degrees of Freedom:

The number of independent displacements required to define the displaced positions of all the
masses relative to their original position is called the number of degrees of freedom (DOFs).

«* Mode of Vibration:

In a system undergoing vibration, a mode of vibration is a characteristic pattern assumed by the
system in which the motion of every particle is simple harmonic with the same frequency. Two or
more modes may exist concurrently in a multi-degree freedom system.
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1.2 Single degree of freedom (free vibration):

A structure is said to be undergoing free vibration when it is disturbed from its static equilibrium
position and then allowed to vibrate without any external dynamic excitation.

1.2.1 Undamped free vibration:
The differential equation of the undamped simple oscillator in free motion is:

mu + ku =0
this homogenous differential equation has mathematical solution and its general solution is:
u(t) = Acos wt + Bsinwt

where A and B are constants of integration determined from initial conditions of the displacement
u, and of the velocity .

where:

A=y,

B=1,/w

o =./k/m is the natural frequency in rad / sec
f = o/2m s the natural frequency in Hz

T=1/f is the natural period in seconds

R 1] e

()
7] C

o

Amplitude, e,

Figure 1-4 Free vibration of a system without damping




Chapter 1.: Literature review / Theoretical framework

1.2.2 Damped free vibration:

Real structures dissipate energy while undergoing vibratory motion. The most common and
practical method for considering this dissipation of energy is to assume that it is due to viscous
damping forces.

These forces are assumed to be proportional to the magnitude of the velocity but acting in the
direction opposite to the motion. The factor of proportionality is called the viscous damping
coefficient. It is expedient to express this coefficient as a fraction of the critical damping in the
system (§ = c¢/c.-). The critical damping may be defined as the least value of the damping
coefficient for which the system will not oscillate when disturbed initially, but it will simply return
to the equilibrium position.

The homogenous differential equation (with constant coefficient type) of motion for the free
vibration of a damped single degree-of-freedom system is given by:

mi+Cu+ku=0

The analytical expression for the solution of this equation depends on the magnitude of the damping
ratio. Three cases are possible:

1. Critically damped system (§ = 1).
2. Overdamped system (§ > 1).
3. Underdamped system (§ < 1).

For the underdamped system (& < 1), the solution of the differential equation of motion may be
written as:

g+ upéw

u(t) = e$°t(uy cos wpt + sin wpt)

in which
o =./k/m isthe undamped frequency

od=my/1 — &2 is the damped frequency

& =c/ ce is the damping ratio

Cer = 2Vkm is the critical damping 1 -

Critically damped, £ =1
Cwerdamped, { =2

and up and 119 are,

T RN

%
ﬂ<

respectively, the initial

displacement and velocity. Undesdamped. £ = 0.1
ndordamyped., L =1k

Figure I-5 Free vibration of underdamped, critically damped, and overdamped systems.

e
5
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1.3  Multi-degree of freedom (M.D.O.F):

1.3.1 Equations of motion for undamped linear systems with M.D.O.F:

We always express the equations of motion for a system with many degrees of freedom in a
standard form. The two degree of freedom system shown in the picture can be used as an
example. We won’t go through the calculation in detail here, but here is the final answer:

ul u2
i- — =
d?u, d ky k
ml? + (k1 + kz)ul - kzuz =0 m; _‘dwl_ m;
d“u —
mzﬁ—k2u1+(k2+k3)u2=0 LU

Figure 1-6 The two degree of freedom system

To solve vibration problems, we always write the equations of motion in matrix form. For an
undamped system, the matrix equation of motion always looks like this

2

M ku=0
dt2 u=

where u is a vector of the variables describing the motion, M is called the ‘mass matrix’ and K is
called the ‘Stiffness matrix’ for the system. For the two spring-mass example, the equation of
motion can be written in matrix form as:

S = S e Sl | g BT

For a system with two masses (or more generally, two degrees of freedom), M and K are 2x2
matrices. For a system with n degrees of freedom, they are nxn matrices.

The spring-mass system is linear. A nonlinear system has more complicated equations of motion,
but these can always be arranged into the standard matrix form by assuming that the displacement
of the system is small, and linearizing the equation of motion. For example, the full nonlinear
equations of motion for the double pendulum shown in the figure are:

Figure 1-7 Double pendulum system
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(my + mz)L19'1+m2L29'22 sin(8, — 6,)+m,L,6, cos(6; — 0,) + (m; —m,)gsinf;=0
m,L,6, + myL,6; cos(0; — 0,) — mleélz sin(6,;—0,) + m,gsinf, =0

Here, a single dot over a variable represents a time derivative, and a double dot represents a second
time derivative (i.e., acceleration). These equations look horrible, but if we assume that if 9, , 6,
, and their time derivatives are all small, so that terms involving squares, or products, of these

variables can all be neglected, that, and recall that cosx = 1 and sinx = x for small x, the
equations simplify to:
(m1 + mz)L191 + mszez + (m1 + mz)g91 = O

mszéz + mleél + nggz = 0
Or, in matrix form:

[(ml +my)Ly msz]d_z [91] n [(ml +my)g O ] [91] _ [0]
myLy myL,1dt? |6, 0 m,g]116, 0

1.3.2 Natural frequencies and mode shapes for undamped linear systems with
M.D.O.F:

First, let’s review the definition of natural frequencies and mode shapes. Recall that we can set a
system vibrating by displacing it slightly from its static equilibrium position, and then releasing
it. Ingeneral, the resulting motion will not be harmonic. However, there are certain special initial
displacements that will cause harmonic vibrations. These special initial deflections are called mode
shapes, and the corresponding frequencies of vibration are called natural frequencies.

M

The natural frequencies of a vibrating system are its most important property. It is helpful to have
a simple way to calculate them.

Fortunately, calculating natural frequencies turns out to be quite easy (at least on a
computer). Recall that the general form of the equation of motion for a vibrating system is

M d*u + K 0

_— u =

dt?

where u is a time dependent vector that describes the motion, and M and K are mass and stiffness
matrices. Since we are interested in finding harmonic solutions for u, we can simply assume that

the solution has the form Usin wt, and substitute into the equation of motion:

—MXw?sinwt + KXsinwt =0 = KX = w*MX

The vectors u and scalars A that satisfy a matrix equation of the form KX = AMX are called
‘generalized eigenvectors’ and ‘generalized eigenvalues’ of the equation. It is impossible to find
exact formulas for A and u for a large matrix (formulas exist for up to 5x5 matrices, but they are so
messy), but MATLAB or other numerical programs has built-in functions that will compute
generalized eigenvectors and eigenvalues given numerical values for M and K.

e
7
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The special values of A satisfying KX = AMX are related to the natural frequencies by w; = \/Z
The special vectors X are the ‘Mode shapes’ of the system. These are the special initial
displacements that will cause the mass to vibrate harmonically.

1.3.3 Free vibration of undamped linear systems with many degrees of freedom:

As an example, consider a system with n identical masses with mass m, connected by springs with
stiffness k, as shown in the picture. Suppose that at time t=0 the masses are displaced from their
static equilibrium position by distances ui, Uz.... Uy and have initial speeds vi, vz...vn, We would

like to calculate the motion of each mass ui(t), uz(t)...un(t) as a function of time.
Xy x

— —
k k k
|_V\N‘—m—~.W—M‘\N\”—‘
L & > ] [+ »]

Figure 1-8 Two degree of freedom system

It is convenient to represent the initial displacement and velocity as n dimensional vectors u and v,
as u = [Uu1, Uz....un] and v = [vq, Vo...vn] In addition, we must calculate the natural frequencies w;
and mode shapes X;, i=1..n for the system.

The motion can then be calculated using the following formula:

n
u(t) = ZAiXi cosw;t + B;X;sinw;t
i=1

where:

v-Xj
w; XX

Ai= i Bi:

Here, the dot represents an n dimensional dot product
This expression tells us that the general vibration of the
system consists of a sum of all the vibration modes, (which 0 FAAF AV A A

all vibrate at their own discrete frequencies). You can control

M

how big the contribution is from each mode by starting the 0 5 10
system with different initial conditions. The mode <+« ,

shapes X; have the curious property that the dot product of § .

two different mode shapes is always zero (X;.X,= & °© AN N

0,X;.X3=0,etc.)— 4 . . . .
so you can see that initial displacements u happen to be the . ® & = =
same as a mode shape, the vibration will be harmonic. fime

Figure 1-9 The motion of a system with 6 masses

Disp

The figure on the right animates the motion of a system with 6 masses, which is set in motion by
displacing the leftmost mass and releasing it. The graph shows the displacement of the leftmost
mass as a function of time.
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1.4 Transient and steady state response to harmonic excitation:

1.4.1 Harmonic vibration of undamped systems:

P(t) = Pocos(wt)

The harmonic force is <Er
P(t) = Posin(wt)

where: Po = the amplitude

w = forcing frequency
T = forci iod = In
= forcing period = —

The equation of motion of this undamped system due to harmonic vibrations is:
mi + ku = Pgsinot

for this equation we have two solutions (a particular solution and a complementary solution):

o the particular solution is: up(t)
o and the complementary solution is: uc(t) = A cos w,t + B sin w,t

after imposing the initial conditions, we can determine the constants A and B and the final solution
will be:

_ Uy  Po_ w/wn ] .
u(t) = ug cos wyt + o "k T-tw/wz] SR wpt

fransient

Do 1 .
+——————=sinwt
k1- (w/wn)z
steady state
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look at detail:

As we find the steady state response is equal to: x(t) = %% sin wt
1

And the steady state amplitude is x0 = 2
in this formulation : ’;C—O represent the static response (xst = %)

S0, the static response is multiplied by another factor <—(1w )2 )
1_ —_

wn
here we can find 3 cases:

1/ if that factor is greater than 1 that means — the dynamic response will be greater than the
static response.

2/ and if that factor is less than 1 that means — the dynamic response will have an amplitude
even less than the static response.

3/ and if that factor is equal to 1 that means — the dynamic or the steady state response will be
equal to the static response.

In the Figure 1-10 we can see in detail how this factor will vary with the value of ratio frequency

G

[ a7

_"T' Il I
0 l 2 3

Frequency ratio ao,

Figure 1-10 The Frequency ratio diagram for the undamped system
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1.4.2 Harmonic vibration of damped systems:

The equation of motion of this damped system due to harmonic vibrations is:
mii + Cu + ku = Posinwt

as we already solved in the undamped system, we will use the initial conditions to solve this
equation.

and also, we will find that we have two solutions (a particular solution and a complementary
solution):

e the particular solutionis:  uy(t) = C cos w,t + D sin w,t

where:
Po 1_(0%1)2
- w 2 2 w 2
=) 26 (2)
D= Do —2¢w/wy

k w \21% w \12
-G | 26 G2)]
e and the complementary solution is:
ue(t) = e ~$@nt (A coswpt + B sinwpt)

with A=u,

Uo _ Po_ ®f/0n
wWn k 1-(w/wp)?
Wp = Wy 1- 52

The complete solution is: u(t) = e ~$®nt (A cos wpt + B sinwpt) + C cos w,t + D sinw,t

24 Total Response

Steady-state Response

I
.
-~

0

rr[r:-.-r[rrx J

0 0.5 1 1.5
HT

(B

Figure 1-11 Response of damped system to harmonic force

11
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1.5 undamped steady state response and resonance:

As we already seen in the previous chapter the equation of motion of undamped system due to a
harmonic vibration is:

mU + ku = Pgsinot
and their solution is:

10 N Jem, .
i) = w(0)cos w,t + u _ & sin d, !
Lt k1l —lwfw)

fransient

Po 1 .
— ———————— SInay
k1 —(w/w, )

steady state

but we will focus just on the steady state solution which is: x(t) = 22 sin wt

kK, _(w)?

1-()
The steady-state dynamic response, a sinusoidal oscillation at the forcing frequency, may be
expressed as:

1 .
x(t) = (ust)oﬁsmwt
1—(X£
wn
5
_I_-
_1'_
3 |
2 g
|
T
it
Ak

0 I 2 3

Frequency ratio ey,

Figure 1-12 The Frequency ratio diagram for the undamped system

Ignoring the dynamic effects signified by the acceleration term gives the static deformation
(indicated by the subscript “st”) at each instant:

12
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ug(t) = % sin wt

The maximum value of the static deformation is:

p
(use)o = ?0

which may be interpreted as the static deformation due to the amplitude P, of the force; for

brevity we will refer to (ug:), as the static deformation. The factor in brackets —(1w )2 as been
1_ —_

plotted in Figure 1-13 against w/w,,, the ratio of the forcing frequency to the natural frequency. For

wlw, <lorwlorw> w, this factor is negative, indicating that u(t) and p(t) have opposing

algebraic signs (i.e., when the force acts to the right, the system would be displaced to the left). The

displacement is said to be out of phase relative to the applied force.

To describe this notion of phase mathematically, the equation is rewritten in terms of the amplitude
U, of the vibratory displacement u(t) and phase angle ¢:

u(t) = u, sin(wt — @) = (Us)o Ry sin(wt — ¢)

Where
R, = Y%  _ 1 d &= {0" w < wy,
d = (usdo |1_(wi)2| and ¢ = 180° w > Wy

For w < w,, ¢ = 0°, implying that the displacement varies as sin(wt), in phase with the applied
force.

For w > w,, ¢ = 180°, indicating that the displacement varies as sin(wt), out of phase relative
to the force.

This phase angle is shown in Figure 1-13 as a function of the frequency ratio w/w,.

The deformation (or displacement) response factor Ry is the ratio of the amplitude u, of

the dynamic (or vibratory) deformation to the static deformation (u;)..Figure I-13, which shows
Rq plotted as a function of the frequency ratio w/w,, , permits several observations: If w/w,, is small
(i.e., the force is “slowly varying”), Rq is only slightly larger than 1 and the amplitude of the
dynamic deformation is essentially the same as the static deformation. If w/w, > V2 (ie., o is

higher than w,v2), Ry <1 and the dynamic deformation amplitude is less than the static
deformation.

As wlw,, increases beyond v2 , R¢ becomes smaller and approaches zero as w/w,, —o,

implying that the vibratory deformation due to a “rapidly varying” force is very small. If w/w, is
close to 1 (i.e., o is close to w,), R4 is many times larger than 1, implying that the deformation
amplitude is much larger than the static deformation.

13



Chapter 1.: Literature review / Theoretical framework

5
3
=
|
:E:
g 3
=
5 2
E
';._."': \
{} 1 1 1 1
)
- L8 -
g %
0° - - - -
0 | 2 3

Frequency ratio /iy

Figure 1-13 Deformation response factor and phase

The resonant frequency is defined as the forcing frequency at which Ry is maximum. For an
undamped system the resonant frequency is w, and Rq is unbounded at this frequency. The
vibratory deformation does not become unbounded immediately, however, but gradually, as we
demonstrate next.

If w = wy, the solution given is no longer valid. In this case the choice of

the function Csin(wt)for a particular solution fails because it is also a part of the complementary
solution. The particular solution now is:

Uy (t) = —s—;wntcos wpt W =wy,

and the complete solution for at-rest initial conditions, u(0)= "u(0)=0, is :

u(t) = —%%(wntcos wpt — sinwy,t)
Or
u(t 1 2wt 27t . 2mt
© =—=(=—cos— —sin—)
(ust)o 2Ty Tn Tn

14
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This result is plotted in Figure 1-14, which shows that the time taken to complete one cycle of
vibration is Tn. The local maxima of u(t), which occur at t=(j—1/2)T,, are z(j—1/2) (ust)o—jzl, 2,

3, .. .— and the local minima, which occur att = jTn, are —7j(us:)o—j =1, 2,3, .. .. Ineach cycle
the deformation amplitude increases by :

TTPo
k

| Uj+1 | - | Uj |: (ust)o [7l'(j+l)—7lj]=

The deformation amplitude grows indefinitely, but it becomes infinite only after an infinitely long
time.

This is an academic result and should be interpreted appropriately for real structures. As
the deformation continues to increase, at some point in time the system would fail if it is brittle. On
the other hand, the system would yield if it is ductile, its stiffness would decrease, and its “natural
frequency” would no longer be equal to the forcing frequency, and Figure 1-14 would no longer be
valid.

30 R

20

10

0

wi b g,

-10

=20

30 - o

t/T,

Figure I-14 Response of undamped system to sinusoidal force of frequency w = wn;
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1.6 Conclusion:

In this chapter we started from giving a theoretical background about the basics of structural
dynamics, passing by explaining what vibrations are, and giving some terminology for better
understanding of the next chapters. Afterwards, it talks about single and multi-degree of
freedoms, then shows the difference between transient and steady state response, the end of the
chapter goes into more detail and focuses on the undamped steady state response.

16
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Chapter 2:

Steel Frame Design

11.1 Introduction:

The work study herein is industrial steel warehouse with a mezzanine floor, Located at
Benchaben-Boufarik, Blida, a region considered as a high seismic activity area (I11) according to
Algerian seismic code (RPA 99 modify 2003).

Information
Structural system
Number of storeys

Floor heights

Building Length
Building Width
Bay spacing
Pitch angel
Wind Zone
Seismic zone
Snow zone

Figure 11-1 warehouse’s location using Google MAPS.

Table 2.1 Basic information

Description

Steel warehouse with a mezzanine floor

one story + mezzanine floor

Eave height:9m

Ridge height ( clear height) : 10,75 m

Mezzanine floor height : 4,9 m

54 m

27,2m
6m

7,25 degree (in the left side ) / 7,40 degree ( in the right side )
1(26 m/s)

111

B

altitud (above sealeve 68 m

B ———————————————
18
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Chapter 2:
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Figure 11-2 3D view of the structure.
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Figure 11-3 2D view of the gable wall by TEKLA
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Steel Frame Design

11.3.1 Wind load (W1/W?2):

Table 11-1 Wind zone.

Zone

qref (N/mz)

375

Table 11-2 Terrain category

Category Kt

Zo(m)

Zmin(m)

i 0.215

0.3

5

0.61

Table 11-3 Topography coefficient

Site Ct
Flat site 1
Table 11-4 Roughness coefficient Cr
For : Zmin = Z = 200 m For : Z < Zmin
Cr
Gable wall 0,77 0,60
side wall 0,73 0,60
Roof 0,77 0,60

Table 11-5 Turbulence intensity Iv

For : Z > Zmin

For : Z = Zmin

v
Gable wall 0,28 0,36
Side wall 0,29 0,36
Roof 0,28 0,36

Table 11-6 Exposure Coefficient Ce

Ce

Gable wall 1,75
Paroi vertical longpan 1,64
Roof 1,75

Table 11-7 Peak velocity pressure gp (N/m2)

gp [N/m"2)
Gable wall 656,29
Side wall 613,23
Roof 656,29

20
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For The Direction V1:

1. External pressure coefficient Cpe :
Plan
. d 4 e=b o 21,
x whichewver is smaller
: b: crasswing dimension
| Elevationfore <d
N
wind \‘" 0 E b /\\
>
/i' | 5 \ .
wind < A B C
I
7
B2
, AN— Elevation— - - -t

Figure 11-4 Key for vertical walls

b 54 m
271 L]
9 m

& = min[b,2h]
e | 18 m

d>e Qirst l:as)

d=e second cas

Table 11-8 Cpe coefficient and areas for the side wall zone(Direction V1)

ef5 3,6
(4/5)e 144 82,8
d-e 9,2 -1 -0,3 -0,5 0,8 -0,3
Cpe=Cpell

21
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and for the roof :
upwind face /downwind face
VT 1T
F
upwind face ”‘I | |
wind
d ind face
n
6= 0" ownwi |
a>0 =Q° G| H J I b

eld4 :[ F
x

Pitch angle postive
—sjei10  le—sle/10
Figure 11-5 Key for flat roofs

b 54 m
d 27,2 m
h 10,75 m
e =min[b,2h]

e | 21,5 m

¥

Table 11-9 Cpe coefficient and areas for the roof zone(Direction V1)

ef5 43
(4/5)e 172 618,300
efd 5,375 Cpe=Cpeld
/10 2,15 -1,20 -0,60 0,20
-0,60
a 7.41 0,00 0,00 -0,60
-0,30 -0,30 -0,40 -1,00
0,20 0,20 0,00 0,00

/

-1,104 -0,528 -0,552 -0,696
0,048 0,048 0,552 0,152
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Steel Frame Design

2. Internal pressure coefficient Cpi:

Because we don’t have enough information about the openings in our structure, we can use
this note from the Eurocod 1 part 1.4 (wind actions) <« Where it is not possible, or not
considered justified, to estimate u for a particular case then Cy; should be taken as the more
oneros of +0,2 and -0,3 >.

3. Aerodynamic pressure W:

Side wall

for Cpi=0,2

e = 1,1 m (the spacing between the Girts)

Table 11-10 Aerodynamic pressure value for the side wall in the direction V1

Zones Arealm?®) | gp(N/m?) Cpe Cpi W(N/m?) W*e (KN/ m )
A 32,4 613,230 -1,000 0,200 -735,876 -0,81
B 128,6 613,230 -0,800 0,200 -613,230 -0,67
C 82,8 613,230 -0,500 0,200 -429,261 -0,47
D 488 613,230 0,800 0,200 357,938 0,40
E 486 613,230 -0,300 0,200 -306,615 -0,34
for Cpi=-0,3
Zones Arae(m?®) | qp(N/m?) Cpe Cpi W(N/m?) W*e (KN/m )
A 32,4 613,230 -1,000 -0,300 -429,261 -0,47
B 1296 613,230 -0,800 -0,300 -306,615 -0,34
C B2,8B 613,230 -0,500 -0,300 -122,646 -0,13
D 486 613,230 0,800 -0,300 674,553 0,74
E 486 613,230 -0,300 -0,300 0,000 0,00
Roof e = 1,2 m (the spacing between the Purlins)
Table 11-11 Aerodynamic pressure value for the roof in the direction V1
for Cpi=0,2
Zones gp(N/m?) | Surf(m2) cpel-) Cpel+) Cpi WIN/m?) |[W(N/m?) We'(kN/m)
F 656,288 11,556 -1,452 0,048 0,2000 | -1084,454 | -99,625 -1,30
G 656,288 92 988 -1,104 0,048 0,2000 -855,538 |-99,625 -1,03
H 656,288 498,15 -0,528 0,048 0,2000 -477,581 | -99,625 -0,57
I 656,288 498,15 -0,552 / 0,2000 -493 398 / -0,59
] 656,288 116,1 -0,696 0,152 0,2000 -588,297 |-31,633 -0,71
for Cpi=-0,3
Zones gp(N/m?) | Surf{m2) Cpel-) Cpel+) Cpi WIN/m?) |WI[N/m?)| w*e'(kn/ m)
F 656,288 11,556 -1,452 0,048 -0,3000 -756,310 | 228,520 -0,91
G 656,288 92988 -1,104 0,048 -0,3000 -527,393 |228,520 -0,63
H 656,288 498,15 -0,528 0,048 -0,3000 -149,437 (228520 -0,18
I 656,288 498,15 -0,552 / -0,3000 -165,253 / -0,20
] 656,288 116,1 -0,696 0,152 -0,3000 -260,153 |296,511 -0,31
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For The Direction V2:

1. External pressure coefficient Cpe :

For the side wall:

e=b or 2h,
whichever is smalier

b: crosswind dimension

Elevation fore<d

| |

wind | 5 B c h

Y o o o o

" e e ’l
— — w —
re'QI 4A5e F

- — d

Figure 11-6 Key for vertical walls

b 27,2 m
54
h 10,75 m
e = min[h,2h]
e | 213 m
dre First ca
d=e second cas

Table 11-12 Cpe coefficient and areas for the side wall zone(Direction V2)

ef5 43
(4/5)e 17,2 349 375
d-e 32,5 -1 -0.8 -0,5 0.8 -0.3
Cpe=CpelD
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k2 X 3

el | F
_1_ H |

\ o
wind I ﬂgge b
——pr 0 =90 or trough
/ ¢
H |
el4 I F ?
s
je—sje/10
| el2 |

(c) wind direction 8= 90°
Figure 11-7 Key for flat roofs

b 27,2 m

d 54 i

h 10,75 m
e = min[b,2h]

e | 215 m

Table 11-13 Cpe coefficient and areas for the roof zone(Direction V2)

ef5 43
(a/5)e 17,2
e/d 5,375
e/10 2,15
a 7,41
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2. Internal pressure coefficient Cpi

For the Cpi we will take the same values as the first direction ( Cpi = 0,2/ Cpi =-0,3)

3. Aerodynamic pressure W:

Side wall

Table 11-14 Aerodynamic pressure value for the side wall in the direction V2

e = 1,1 m (the spacing between the Girts)

Fones Arealm?® | gpl(N/m2) Cpe Cpi WIN/m®) W (KN/m)
A 45,225 656,288 -1,000 0,200 -787,545 -0,87
B 1849 656,288 -0,800 0,200 -656,288 -0,72
C 349 375 656,255 0,500 0,200 -459 402 -0,51
D 292 4 656,255 0,800 0,200 3893773 0,43
E 292 .4 656,288 -0,300 0,200 -328,144 -0,36

Zones Arealmn2) | gp(N/m2) Cpe Cpi WM/ m?) W*e (KN,/m)
A 45,225 656,288 -1,000 -0,300 -459,402 -0,51
B 1849 656,288 -0,800 -0,300 -328,144 -0,36
C 349 375 656,255 0,500 -0,300 -131, 258 -0,14
D 2924 656,288 0,800 -0,300 721,917 0,79
E 292 .4 656,288 -0,300 -0,300 O, D0 0,00

Roof e = 1,2 m (the spacing between the Purlins)

Table 11-15 Aerodynamic pressure value for the roof in the direction V2
for Cpi=0,2

Zones Area(m?) gp(N/m?) Cpe Cpi W(N/m?) |w*e'(kN/m )
F 11,556 656,288 -1,330 0,200 -1 004,018 -1,20
G 36,980 656,288 -1,300 0,200 -984 433 -1,18
H 292,400 656,288 -0,624 0,200 -540,847 -0,65
I 1176,400 656,288 -0,524 0,200 -475,218 -0,57

for Cpi=-0,3

Zones Area(m®) | qp(N/m2) Cpe Cpi W(N/m?®) |W*e'(kN/m )
F 11,556 656,288 -1,330 -0,300 -675,873 -0,81
G 36,980 656,288 -1,300 -0,300 -656,288 -0,79
H 292,400 656,288 -0,624 -0,300 -212,703 -0,26
I 1176,400 656,288 -0,524 -0,300 -147,074 -0,18
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e The results for the wind loading:

For the first direction:

Side wall Roof
Table 11-16 The wind loading on the side wall for V1 Table 11-17 The wind loading on the roof for V1
Zones W1(KN/m ) Zones W1(KN/m)
A -0,47 F -1,30
B -0,34 G -1,03
C -0,13 H -0,57
D 0,74 | -0,59
E 0,00 ] -0,71
And for the second direction:
Side wall Roof
Table 11-18 The wind loading on the side wall for V2 Table 11-19 The wind loading on the roof for V2
Zones W2(KN/m ) Zones W2(KN/m)
A a2 F -1,20
B 0,36 G 118
C -0,14 H -
D 0,79 :
| -0,57
E 0,00

11.3.2 Snow Load (Sn):
Snow loads n roofs shall be determined as follows:

Sn=(puxSy) Xe

where:
[V is the snow load shape coefficient. ©=0.8 (for 0°<a <30°)
Sk : is the characteristic value of snow load on the ground
Sk = %HOHO for the zone B

For H= 68 m ( altitude above the sea level ) = S, = 0,127 = 0,13 Kn/ m?

e= 1,2 m (the spacing between the Purlins)

$n =0,13x 0,8 x 1,2 =0,125 Kn/m
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11.3.3 Dead Load (DL):

Steel self-weight is taken by SAP2000.

We will increase the Dead load by 20% because there’s several elements they’re not considered
in the self-weight of structure.

Dead Load = self-weight (SAP2000)x 1,2

11.3.4 Super Dead Load (SDL):
A super dead load is the weight of the cladding (for the roof and the wall)

For the roof cladding we are using TL 75 which he has 0,14 Kn/m?
And for the wall cladding we are using LL40 with 0,11 Kn/m?

After we multiplied the panels weight with the spacing (e = 1,2 for the roof and e = 1,1 for the
wall) we will find the following results:

SDL(Roof) = 0,202 Kn/m
SDL (wall) = 0.121 Kn/m
11.3.5 Live Loads (LL):

LL = qi X e

qy : is the recommanded value for roofs that are not accessible except for
maintenance and repair, (its equal to 0,4 kn/m?).

e = 1,2 m (the spacing between the Purlins )
LL=04x1,2
LL =0,48 Kn/m

11.3.6 Seismic Loads (Ex/EY):

In structural engineering it’s a common knowledge that earthquakes have a negligible effect on
warehouses due to its light weight, but this isn’t the case in all structures, that’s why we need to
check this in our case study.

To do this we will follow 4 steps:

» Calculate the base shear force with the equivalent static method.
» Calculate the base shear force with the modal response spectrum method.

e
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» Comparing the calculate force of the static equivalent method multiply by 0,8 with the
base shear force of the modal response spectrum method (from the SAP2000), and
choose the max between them.

» Comparing the seismic load with the wind load and check who has the major effect on
our structure.

11.3.6.1 The base shear force of static method (Vstat):

The height of our structure is 10,75m with single story and we are in a Seismic zone 111 and a use
group 2, According to The RPA the conditions of application of the static equivalent method are
verified and we can apply it on our case.

AXDXQxXW
stat = R

where:

= A =0,25 (Zone acceleration factor)

= R =4 (Structural behavior factor, depends on the structure’s bracing system)

= Q=1,2 (Quality factor)

= W = 3004 KN (The weight of the structure obtained from the SAP2000)

= Dx=Dy=25n for0<T<T2 where: Tx=0,297 /Ty=0,186/T,.=0,5/1n=1,08

(D: Dynamic amplification factor. This factor is a function of the site category, the

[1992]

damping correction factor “n”, and the fundamental period of the structure “T”.)

VXstar = VYstar = 608,3 KN

11.3.6.2 The base shear force of response spectrum (Vdym):

The most common procedure to define the seismic force is by using a response spectrum.
Every structure can be represented as a multi-oscillator system, the response of the structure to a
dynamic acceleration is a function of the damping factor (¢) and the natural frequency (). If we
evaluate the maximum response in function of the period “T” of a given accelerogram, we obtain
a graph named “response spectrum”. The seismic force is represented by the following response
spectrum:
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Figure 11-8 Graphical Representation of the response spectrum

After using an application to obtain the spectrum responses and add these resultants the SAP2000
program we can acquire the shear forces resultant at the base of the structure due to the seismic
jolts:

Fx Fy
Ex max 87.893 1.345
Ey max 1.345 265.022
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Vedyn = /sz + F? = 87.90 KN

Vyayn = |FZ + E? = 265.03 KN

:

11.3.6.3 Comparing Vstat and Vdym:

Virar = 6083 KN = 0,8 * Vgor = 486,65 KN
0.8Vystar = 486,65 KN > Vi gy = 87.90 KN
0.8V, stac = 486,65 KN > V4 = 265.03 KN

As we can see the base shear force of the static equivalent method is bigger than the base shear
force of the response spectrum method in both directions, therefore this base shear force of the
static equivalent method will represent the seismic loads.

11.3.6.4 Comparing the seismic loads with wind loads:
The wind loads on the base of the structure are:

Fx Fy Fz
w1 0.0001 312.787 | -782.511
W2 -150.179 -1.801 -750.491

&
I
<3

+ F? = 84271 KN

2 =765.37 KN

RS
I
)
+
o

W,

842.71 KN > V, gqr = 486,65 KN

W, = 76537 KN > Vy gar = 486,65 KN

As we can see the wind is the major load in the both directions (x, y), that means it’s the
governing load who will affect on our warehouse.

Therefore, the seismic loads will have a negligible effect of the structure.
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I1.4 Load Combination:

Depending on the load type, the following combinations can be distinguished:

Table 11-20 The Combinations for ULS and SLS( The new combination from the CNEREP)

ComboType ComboName CaseName ScaleFactor
uLs
1.35DL+1.35SDL+1.5LL DEAD 1.35
LL 1.5
SDL 1.35
1.35DL+1.35SDL+1.55n DEAD 1.35
Sn 1.5
SDL 1.35
1.35G+1.35SDL+1.5W1 DEAD 1.35
W1 1.5
SDL 1.35
1.35DL+1.35SDL+1.5W2 DEAD 1.35
W2 1.5
SDL 1.35
DL+SDL+1.5W1 DEAD 1
W1 1.5
SDL 1
DL+SDL+1.5W2 DEAD 1
W2 1.5
SDL 1
1.35DL+1.35SDL+1.5LL+0.9Sn+0.9W1 DEAD 1.35
SDL 1.35
LL 1.5
Sn 0.9
W1 0.9
1.35DL+1.35SDL+1.5LL+0.9Sn DEAD 1.35
SDL 1.35
LL 1.5
Sn 0.9
1.35DL+1.35SDL+1.5LL+0.9Sn+0.9W2 DEAD 1.35
SDL 1.35
LL 1.5
Sn 0.9
w2 0.9
1.35DL+1.35SDL+1.55n+0.9W1+1.05LL DEAD 1.35
SDL 1.35
Sn 1.5
w1 0.9
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LL 1.05
1.35DL+1.35SDL+1.55n+0.9W2+1.05LL DEAD 135
SDL 1.35
Sn 1.5
W2 0.9
LL 1.05
1.35DL+1.355DL+1.55n+1.05LL DEAD 1.35
SDL 1.35
Sn 1.5
LL 1.05
1.35DL+1.355DL+1.5W1+1.05LL DEAD 1.35
SDL 1.35
w1 1.5
LL 1.05
1.35DL+1.355DL+1.5W2+1.05LL DEAD 1.35
SDL 1.35
W2 15
LL 1.05
1.35DL+1.355DL+1.5W1+0.95n+1.05LL DEAD 1.35
SDL 1.35
w1 15
Sn 0.9
LL 1.05
1.35DL+1.35SDL+1.5W2+0.9S5n+1.05LL DEAD 1.35
SDL 1.35
W2 1.5
Sn 0.9
LL 1.05
SLS
DL+SDL+LL DEAD 1
LL 1
SDL 1
DL+SDL+Sn DEAD 1
Sn 1
SDL 1
DL+SDL+W1 DEAD 1
w1 1
SDL 1
DL+SDL+W2 DEAD 1
w2 1
SDL 1
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11.5 Members design check:

Herein in this table you can find the final section for all the members after all deisgn checks was
done using the software SAP2000

Table 11-21 the design sections

Members Final sections
Colums HEA 340
Mein beam (Rafter) IPE 450
Wind colums IPE 220
Girts UPN 140
Purlins IPE 160
Roof bracing 2L 90*9/10/
Wall bracing 2UPN 100/10/
Eave purlins HEA 100
Mezzanine Colums IPE 270
Mezzanine Beams IPE 300
Mezzanine Joist IPE 180

Figure 11-9 a 3D model show us that all that structural members check have passed:

0.9
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Figure 11-9 Design of structural in 3D view (DCR Ration < 1.0, All Passed).

11.6 Connection’s design:

The design of all the connections was done by the software Robot Structural Analysis
Professional 2019.

11.6.1 Design of fixed beam-to-column connection:

W Autodesk Robot Structural Analysis Professional 2019 OK
Design of fixed beam-to-column connection
Ratio

NF EN 1993-1-8:2005/NA:2007/AC:2009 0,94
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¢ ¢ o o o
e & o o @
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*

General
Connection no®: 1
Connection name: Frame knee
Geometry
Column
Section HEA 340
_ R _ Thickness of the flange of
o= -90 [Deg] Inclination angle te = 17 [mm] column section
he = 330 [mm] Height of column section re =27 [mm] Radius of column section fillet
btc =300 [mm ] Width of column section Ac = 133.47[cm?] (C::(;:)usrz-nsectlonal area of a
tuc =10[mm]  Thickness of the web of column sectionlhe = 27693.10 [cm?] Moron' Of Inertia of the column
Material:: ACIER E28
fyc = 275,00 [MPa] Resistance
Beam

Section: IPE 450

a= 7.2 [Deg] Inclination angle

ho = 450 [mm] Height of beam section

br= 190 [mm] Width of beam section

two= 9 [mm] Thickness of the web of beam section
th= 15 [mm] Thickness of the flange of beam section
n= 21 [mm] Radius of beam section fillet

n= 21 [mm] Radius of beam section fillet

A, = 98.82 [cm?] Cross-sectional area of a beam

ko= 33742.90 [cm4] Moment of inertia of the beam section
Material:  ACIER E28

fyo = 275.00 [MPa] Resistance

Bolts

The shear plane passes through the UNTHREADED portion of the bolt.
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d= 20 [mm] Bolt diameter
Class= HR 10.9 Bolt class
Fra=  176.40 [kN] Tensile resistance of a bolt
Nh = 2 Number of bolt columns
ny = 8 Number of bolt rows
hi= 90 [mm] Distance between first bolt and upper edge of front plate
Horizontal spacing ei= 120 [mm]
Vertical spacing pi = 80;80;80;80;110;90;90 [mm]
Plate Lower stiffener
hp = 789 [mm] Plate height tra =15 mm Plate width
bp = 190 [mm] Plate width hda =315 mm Flange thickness
tp = 20 [mm] Plate thickness twa =10 mm Plate height
Wd =190 mm Plate width la=1000 mm Web thickness
o=24,0 Plate length
Material : ACIER E24
fyp = 235,00 [MPa] Resistance

Column stiffener

Upper Lower

hsu = 297 [mm] Stiffener height hsa =297 [mm] Stiffener height
bsu =145 [mm] Stiffener width bsa =145 [mm] Stiffener width

thu =10 [mm] Stiffener thickness tha =10 [mm] Stiffener thickness

Material: ACIER E24
fysu =235.00 [MPa] Resistance

Plate strengthening column web

Typ: unilateral

ha = 400 [mm] Plate length

Wa = 200 [mm] Plate width

ta= 10 [mm] Plate thickness

Material: ACIER E24

fya = 235.00 [MPa] Resistance

Fillet welds

aw= 7 [mm] Web weld afd = 7 [mm] Horizontal weld
ar= 8 [mm]  Flange weld ap1 = 1 [mm] Horizontal weld
as= 7 [mm] Stiffener weld apz= 1 [mm] Vertical weld
Loads

Serviceability limit state

Case: Manual calculations.

Mb1,Edser = =423 .07 [kN*m] Bending moment in the right beam
Vbiedser = —110.15[KN]  Shear force in the right beam
Nb1Edser = -94.20 [kN] Axial force in the right beam
Ultimate limit state

Case: Manual calculations.

Mb1ed =—-423.07 [kN*m] Bending moment in the right beam
Vb1,ed = =110.15[kN] Shear force in the right beam
Nbi,ed = —94.20 [kN] Axial force in the right beam

37



Chapter 2: Steel Frame Design

Fillet welds

aw= 7 [mm] Web weld am = 7 [mm] Horizontal weld
Mc1,ed =423.06 [kN*m] Bending moment in the lower column

Vered = —78.42 [kN] Shear force in the lower column

Nec1,ed = —119.61 [kN] Axial force in the lower column

Results

Beam resistances

Vb1,ed / Vebrd < 1,0 0,08 < 1,00 verified (0,08)

Column resistances

Vwp,ed / Vwp,rd < 1,0 0,70 < 1,00 verified (0,70)
Geometrical parameters of a connection

EFFECTIVE LENGTHS AND PARAMETERS - COLUMN FLANGE

Nr m Mx e ex p letfep  letfnc  leff1 lett2  leffep,g leffncg leffig  leffi2g
1 34 - 90 - 90 211 258 211 258 196 179 179 179
2 34 - 90 - 90 211 247 211 247 180 90 90 90
3 34 - 90 - 100 211 247 211 247 200 100 100 100
4 34 - 90 - 95 211 247 211 247 190 95 95 95
5 34 - 90 - 80 211 247 211 247 160 80 80 80
6 34 - 90 - 80 211 247 211 247 160 80 80 80
7 34 - 90 - 80 211 247 211 247 160 80 80 80
8 34 - 90 - 80 211 255 211 255 186 171 171 171
EFFECTIVE LENGTHS AND PARAMETERS - FRONT PLATE
Nr m Mmx e ex p lettep  letfne  leff1 lett2  leff,ep,g leffncg leffig  leffi2g
1 47 - 35 - 90 298 244 244 244 239 173 173 173
2 47 - 35 - 90 298 233 233 233 180 90 90 90
3 47 - 35 - 100 298 233 233 233 200 100 100 100
4 47 - 35 - 95 298 233 233 233 190 95 95 95

Connection resistance for compression

Nb1gd / Njra < 1,0 0,05 < 1,00 verified (0,05)
Connection resistance for bending

Mb1,ed / Mjrd < 1,0 0,94 < 1,00 verified (0,94)
Connection resistance for shear
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Vb1,ed / Vjrd < 1,0 0,06 < 1,00 verified

Bolt arrangement check due to slip in prestressed connection

ks = 1,00 Coefficient for calculation of Fsrd
p= 0,50 Friction coefficient
Fpc= 171,50 [kN] Slippage resistance of a bolt

VsjRd,ser = Ks Nh nv p Fpc / yms
Vsjrdser =1247,27 [KN]  Slippage resistance of a connection

Vb1,edser / Vsird < 1,0 0,09 < 1,00 verified
Weld resistance

V[ 1mad + 3*(timad)] < ful (Bu*ymz2) 199,55 < 365,00 verified
V[o12 + 3*(112+12)] < ful(Bw*ym2) 181,79 < 365,00 Verified
o1 < 0.9*fulym2 99,77 < 262,80 verified

Connection stiffness

STIFFNESSES OF BOLT ROWS

Nr hj ks ka ks Keit,j Keit, hj
Sum 37.50

1 683 4 19 12 2 12.54

2 5093 2 10 6 1 6.43

3 503 2 11 7 1 5.95

4 393 2 10 6 1 4.45

5 313 2 8 5 1 3.07

6 233 2 8 5 1 2.29

7 153 2 8 5 1 1.50

8 73 4 18 11 2 1.28

Weakest component:

COLUMN WEB PANEL - SHEAR

Connection conforms to the code Ratio 0.94

11.6.2 Design of fixed beam-to-beam connection:

@ Autodesk Robot Structural Analysis Professional 2019
Design of fixed beam-to-beam connection

NF EN 1993-1-8:2005/NA:2007/AC:2009

(0,06)

(3.9.1]
[3.9.1]
[3.9.1]

[3.9.1]
[3.9]

(0,09)

(0,55)
(0,50)
(0,38)

Kett,j hj
1891.74
855.70
380.94
298.82
174.85
96.05
53.18
22.90
9.30

2

Ratio
0,67
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General

Connection no.: 2
Connection name:: Beam-Beam
Geometry

Left side Beam

Section:: IPE 450

o= -172,8 [Deg] Inclination angle

hpl = 450 [mm] Height of beam section

bol = 190 [mm] Width of beam section

twol = 9 [mm] Thickness of the web of beam section
trol = 15 [mm] Thickness of the flange of beam section
Mol = 21 [mm] Radius of beam section fillet

Al = 98,82 [cm?] Cross-sectional area of a beam

It = 33742,90 [cm* Moment of inertia of the beam section
Material: ACIER E28

fyo = 275,00 [MPa] Resistance

Right side Beam

Section: IPE 450

o= =-7,4 [Deg] Inclination angle

hor = 450 [mm] Height of beam section

bror = 190 [mm] Width of beam section

twor = 9 [mm] Thickness of the web of beam section
tror = 15 [mm] Thickness of the flange of beam section
Mor = 21 [mm] Radius of beam section fillet

Abr = 98,82 [cm? Cross-sectional area of a beam
Ikor=33742,90 [cm* Moment of inertia of the beam section
Material: ACIER E28

fyb: 275,00 [MPa]
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Bolts

The shear plane passes through the UNTHREADED portion of the bolt.
d= 20 [mm] Bolt diameter

Class= HR 10.9 Bolt class

Fra =  176.40 [kN] Tensile resistance of a bolt

nh = 2 Number of bolt columns

ny = 5 Number of bolt rows

hi = 80 [mm] Distance between first bolt and upper edge of front plate
Horizontal spacing ei= 70 [mm]

Vertical spacing pi = 110;110;110;120 [mm]

Plate

hpr = 624 [mm] Plate height
bpr = 190 [mm] Plate width

tor = 20 [mm] Plate thickness
Material: ACIER E24
fypr = 235.00 [MPa] Resistance

Lower stiffener

wrga = 190 [mm] Plate width

trra = 15 [mm] Flange thickness
hra = 150 [mm] Plate height
twa= 9 [mm] Web thickness
Ira = 500 [mm] Plate length

ad = 9.9 [Deg] Inclination angle
Material: ACIER E28

fybu =275.00 [MPa] Resistance
Fillet welds

aw = 7 [mm] Web weld

ar= 8 [mm] Flange weld

amd = 7 [mm] Horizontal weld
Loads

Serviceability limit state
Case: Manual calculations.

Mb1,edser =257 .30 [kN*m] Bending moment in the right beam
Vbiedser = 6.21  [kN] Shear force in the right beam
Nbiedser = 86.82 [kN] Axial force in the right beam
Ultimate limit state

Case: Manual calculations.

Mbred = 257.30 [kN*m] Bending moment in the right beam

Vb1,Ed = 6.21 [kKN]  Shear force in the right beam
Nbiea = 86.82  [kN]  Axial force in the right beam
Results

Beam resistances

TENSION
Vb1,ed / Vebrd < 1,0 0,01 < 1,00 verified (0,01)
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Geometrical parameters of a connection

EFFECTIVE LENGTHS AND PARAMETERS - FRONT PLATE

Nr m Mx e ex p |eff,cp |eff,nc |eff,1 |eff,2 |eff,cp,g |eff,nc,g |eff,1,g |eff,2.g
1 22 - 60 - 110 141 164 141 164 180 137 137 137
2 22 - 60 - 110 141 165 141 165 220 110 110 110
3 22 - 60 - 110 141 165 141 165 220 110 110 110
4 22 - 60 - 115 141 165 141 165 230 115 115 115
5 22 - 60 - 120 141 165 141 165 190 142 142 142

Connection resistance for tension

Nb1,ed / Njrd < 1,0 0,05 < 1,00 verified (0,05)

Connection resistance for bending

SUMMARY TABLE OF FORCES

Nr hj Ftj,rd Ft.fc,Rd Ftwe,Rd Ft.ep,Rd Ft.wb,Rd Ft,rd Bp.rd

1 526 349,46 - - 349,46 363,50 352,80 660,49
2 416 273,23 - - 349,56 363,50 352,80 660,49
3 306 200,99 - - 349,56 363,50 352,80 660,49
4 196 128,75 - - 349,56 363,50 352,80 660,49
5 76 27,26 - - 349,56 363,50 352,80 660,49
Mbz1,ed / Mjrd < 1,0 0,67 < 1,00 verified (0,67)

Connection resistance for shear

SUMMARY TABLE OF FORCES

Nr Ftj,rd,N Ftj d N Ftj,rd.m Ftj,ed.m Fij,ed Fvird

1 352,80 17,36 349,46 232,73 250,10 143,30

2 352,80 17,36 273,23 181,96 199,32 173,14

3 352,80 17,36 200,99 133,85 151,22 201,41

4 352,80 17,36 128,75 85,75 103,11 229,68

5 352,80 17,36 27,26 18,15 35,52 269,41
Voied / Vird < 1,0 0,01 < 1,00 verified (0,01)

Bolt arrangement check due to slip in prestressed connection

ks = 1,00 Coefficient for calculation of FsRrad [3.9.1]
p= 0,50 Friction coefficient [3.9.1]
Fpc= 171,50 [kN] Slippage resistance of a bolt [3.9.1]
Vb1,Ed,ser / Vsjrd < 1,0 0,01 < 1,00 verified (0,01)

Weld resistance

Vloimad + 3*(timax)] < ful (Bw*ymz) 173,85 < 365,00 verified (0,48)
\[o12 + 3*(t2+112)] £ ful (Bw*ym2) 154,08 < 365,00 verified (0,42)
o1 < 0.9%ulym2 86,92 < 262,80 verified (0,33)

Connection stiffness

STIFFNESSES OF BOLT ROWS

e
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Nr hj ks ka ks Keftj Keft,j hj ket hj?

Sum 85,46 3310,81
1 526 0 0 88 6 30,10 1583,71
2 416 0 0 71 6 23,07 959, 86
3 306 0 0 71 6 16,97 519,41
4 196 0 0 74 6 10,95 214,01
5 76 0 e 90 6 4,37 33,22

Weakest component:

BEAM WEB OR BRACKET FLANGE - COMPRESSION
Nj,rd = Min (Nt,rd , Nv Nh Ftrd , Nv Nh Bp,Rd)

Njrd = 1764.00[kN] Connection resistance for tension [6.2]
Nb1.ed / Njrd < 1,0 0,05 < 1,00 verified (0,05)
Remarks

The thickness of bracket web is less than the thickness of beamweb 9 [mm] < 9 [mm]

Connection conforms to the code Ratio 0.67
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11.6.3 Pinned column base design:

Autodesk Robot Structural Analysis Professional 2019 N
@ Pinned column base design
Eurocode 3: NF EN 1993-1-8:2005/NA:2007/AC:2009 + Ratio
CEB Design Guide: Design of fastenings in concrete 012

R 20 N
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General

Connection no.: 3

Connection name: Pinned column base

Geometry

Column

Section: IPE 220

Lc = 5.00 [m] Column length

o= 0.0 [Deg] Inclination angle

he = 220  [mm]  Height of column section

bt = 110 [mm]  Width of column section

twe = 6 [mm]  Thickness of the web of column section
te = 9 [mm] Thickness of the flange of column section
fe = 12 [mm] Radius of column section fillet

Ac = 33.37 [ecm?]  Cross-sectional area of a column

lyc = 2771.84 [cm*  Moment of inertia of the column section
Material: ACIER E28

fyc = 275.00 [MPa] Resistance

fuc = 405.00 [MPa] Yield strength of a material

Column base

lpa = 420 [mm] Length

bpd = 350  [mm] Width

tpd = 25 [mm] Thickness
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Material: ACIER E24

fypd = 235.00 [MPa] Resistance

fupa = 365.00 [MPa] Yield strength of a material
Anchorage

The shear plane passes through the UNTHREADED portion of the bolt.
Class = 8.8 Anchor class

fyp = 550.00 [MPa] Yield strength of the anchor material
fub = 800.00 [MPa] Tensile strength of the anchor material
d= 20 [mm] Bolt diameter

As = 2.45 [cm?] Effective section area of a bolt

Ay = 3.14 [cm? Area of bolt section

n= 2 Number of bolt rows

ev = 150 [mm] Vertical spacing

Anchor dimensions

L= 120 [mm]

L2 = 260 [mm]

Ls = 120 [mm]

Anchor plate

Ip = 100 [mm] Length

bp = 100  [mm] Width

tp = 10 [mm] Thickness

Material: ACIER E24

fy = 235.00 [MPa] Resistance

Washer

lwa = 0 [mm] Length

bwd = 0 [mm] Width

twd = 1 [mm] Thickness

Material factors

Mo = 1.00 Partial safety factor
M2 = 1.25 Partial safety factor
yc = 1.50 Partial safety factor

Spread footing

L= 600 [mm] Spread footing length

B= 600 [mm] Spread footing width

H= 700 [mm] Spread footing height

Concrete

Class BETON25

fox = 25.00 [MPa] Characteristic resistance for compression
Grout layer

tg = 0 [mm] Thickness of leveling layer (grout)

fowg= 12.00 [MPa] Characteristic resistance for compression

Cia= 0.30 Coeff. of friction between the base plate and concrete
Welds

ap= 7 [mm] Footing plate of the column base

Loads

Case: Manual calculations.

Njea = -30.79 [kN] Axial force
Viedy= -9.92 [kN] Shear force

e
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Njea= -30.79 [kN] Axial force
VjEdz = 0.34 [kN] Shear force

Resultats

Compression zone

COMPRESSION OF CONCRETE

Connection capacity check

Njed / Njrd < 1,0 (6.24) 0.02 < 1.00
Cisaillement

SHEAR CHECK

VjRrdy = ne*min(F1vbRrdy, F2ub,Rd, Fv,Rd,cp, Fv,Rdcy) + FiRd
Vijrdy = 32.23 [kN] Connection resistance for shear
Vijedy / Virdy < 1,0 0.31 < 1.00
VjRrdz = ne*min(F1vb,Rd,z, F2b,Rd, Fv,Rd,cp, Fv,Rdc,z) + FfRd
Vijrdz= 41.81 [kN] Connection resistance for shear
Vijedz !/ Vjrdz < 1,0 0.01 < 1.00
Vikedy / Virdy + Vjgdz / Virdz < 1,0 0.32 < 1.00

Welds between the column and the base plate

o1/ (0.9%ulymz2)) < 1.0 (4.1) 0,01 < 1,00
V(o212 + 3.0 (tyn? + 112)) / (ful (Bw*ym2))) < 1.0 (4.1) 0,02 < 1,00
V(o12 + 3.0 (a2 + 112)) / (ful (Bw*ym2))) < 1.0 (4.1)0, 02 < 1,00
Weakest component:

FONDATION — Edge failure

Connection conforms to the code
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vérifié
vérifié
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(0.31)

CEB[9.3.1]
(0.01)
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(0,01)
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11.6.4 Fixed column base design :

¥ Autodesk Robot Structural Analysis Professional 2019
-4 Fixed column base design

Ratio
Eurocode 3: NF EN 1993-1-8:2005/NA:2007/AC:2009 0,97
f
-0—0
- - B
1 I ks (NP
T
— s
_".
1
1
= |
:I 3 S 0l
—t
General
Connection no.: 4
Connection name: Fixed column base
Geometry
Column
Section: HEA 340
Lc = 9.00 [m] Column length
o= 0.0 [Deg] Inclination angle
he = 330  [mm] Height of column section
bic = 300  [mm]  Width of column section
twe = 10 [mm] Thickness of the web of column section
te = 16 [mm] Thickness of the flange of column section
re = 27 [mm]  Radius of column section fillet
Ac = 133.47 [ecm?] Cross-sectional area of a column
lye= 27693.10 [cm%  Moment of inertia of the column section
Material: ACIER E28
fyc = 275.00 [MPa] Resistance
fuc = 405.00 [MPa] Yield strength of a material
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Column base

lpa = 800 [mm] Length

bpa = 600 [mm] Width

tod = 25 [mm] Thickness

Material: ACIER E24

fypa =235.00 [MPa] Resistance

fupa =365.00 [MPa] Yield strength of a material
Anchorage

The shear plane passes through the UNTHREADED portion of the bolt.
Classe = 8.8 Anchor class

fyb = 550,00 [MPa] Yield strength of the anchor material
fub = 800,00 [MPa] Tensile strength of the anchor material
d= 24 [mm] Bolt diameter

As = 3.53 [cm?] Effective section area of a bolt

Ar= 452  [cm? Area of bolt section

nH = 3 Number of bolt columns

nv = 4 Number of bolt rows

Horizontal spacing exsi = 230 [mm]
Vertical spacing evi = 185;110 [mm]
Anchor dimensions

L1= 120 [mm]

L2 = 260  [mm]

Lz = 120 [mm]

Anchor plate Washer
Ip = 100 [mm] Ip =
bp= 100 [mm] by =
tp = 10 [mm] tp =
Material: ACIER E24

fy= 235.00 [MPa] Resistance

Stiffener

Is = 800 [mm] Length

Ws = 600 [mm] Width

hs = 300 [mm] Height

ts = 10 [mm] Thickness

di= 20 [mm] Cut

dz2 = 20 [mm] Cut

Material factors

Ymo = 1.00 Partial safety factor

YMm2 = 1.25 Partial safety factor

yc = 1.50 Partial safety factor

Spread footing

L= 900 [mm] Spread footing length

B= 900 [mm] Spread footing width

H= 600 [mm] Spread footing height

Concrete

Class BETON25

fek = 25.00 [MPa] Characteristic resistance for compression
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Grout layer

tg = 0 [mm] Thickness of leveling layer (grout)

fekg = 12.00 [MPa] Characteristic resistance for compression

Ciga= 0.30 Coeff. of friction between the base plate and concrete
Welds

ap= 7 [mm] Footing plate of the column base

as = 4  [mm] Stiffeners

Loads

Case: Manual calculations.

Njed = -163.32[kN] Axial force
VjEedy = -78.00 [kN] Shear force
Vjedz=0.01 [kN] Shear force
Mjedy =-280.83 [kN*m] Bending moment
Mjedz =0.09  [kN*m]Bending moment

Results

Connection capacity check

Njed / Njrd < 1,0 (6.24) 0,02 < 1,00 verified
Mijgdy / Mjray < 1,0 (6.23) 0,94 < 1,00 verified
MijEdz / Mjrdz < 1,0 (6.23) 0,02 < 1,00 verified
Mikedy / Mjrdy + MjEdz / MjRrd,z < 1,0 0,97 < 1,00 verified
Shear

Vijedy ! Virdy < 1,0 0,09 < 1,00 verified
Vjedz !/ Virdz < 1,0 0,00 < 1,00 verified
Viedy ! Virdy *+ Vjedz / Virdz < 1,0 0,09 < 1,00 verified
Stiffener check

Trapezoid plate parallel to the column web

max (og, T/ (0.58), 6z ) / (fyp/ymo) < 1.0 (6.1) 0,44 < 1,00 verified
Stiffener perpendicular to the web (along the extension of the column flanges)
max (og, t / (0.58), 6z ) / (fyp/ymo) < 1.0 (6.1) 0,26 < 1,00 verified

Welds between the column and the base plate

o1 (0.9*ufym2)) < 1.0 (4.1) 0,14 < 1,00 verified
V(c12 + 3.0 (tyi2 + 112)) / (ful (Bwym2))) < 1.0 (4.1) 0,21 < 1,00 verified
V(c12 + 3.0 (ta? + 112)) / (ful (Bw*ym2))) < 1.0 (4.1)0, 18 < 1,00 verified

Vertical welds of stiffeners

Trapezoid plate parallel to the column web

max (o1, T * V3, o2) / (ful(Bw*ym2)) < 1.0 (4.1)0, 64 < 1,00 verified
Stiffener perpendicular to the web (along the extension of the column flanges)
max (o., ™ * V3, 62) / (ful(Bw*ymz)) < 1.0 (4.1) 0,34 < 1,00 verified

Transversal welds of stiffeners

Trapezoid plate parallel to the column web
max (oL, T * V3, 62) / (ful(Bw*ymz)) < 1.0 (4.1) 0,60 < 1,00 verified
Stiffener perpendicular to the web (along the extension of the column flanges)

(0,02)
(0,94)
(0,02)
(0,97)

(0,09)
(0,00)
(0,09)

(0,44)

(0,26)

(0,14)
(0,21)
(0,18)

(0,64)

(0,34)

(0,60)

e
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max (o1, T * V3, 62) / (ful(Bw*ymz)) < 1.0 (4.1) 0,49 < 1,00
Connection stiffness

Bending moment M;edy

Sjiniy= 36172.45 [kN*m] Initial rotational stiffness
Sirigy = 193851.70 [kN*m] Stiffness of a rigid connection
Sj,ini,y < Sj,rig,y SEMI-RIGID

Bending moment M;jedz

Sjiniz = 522452.98 [kN*m] Initial rotational stiffness
Sirigz = 52052.00 [kN*m] Stiffness of a rigid connection
Sj,ini,z > Sj,rig,z RIGID

Weakest Componant:

BASE PLATE - BENDING
BASE PLATE - BENDING
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verified (0,49)

[Table 6.12]
[5.2.2.5]
[5.2.2.5.(2)]

[6.3.1.(4)]
[5.2.2.5]
[5.2.2.5.(2)]

Ratio 0, 97
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I1.7 Conclusion:

In this chapter, we have provided the general principles and design consideration for determining
the loads acting on the studied structure (Dead load, live loads, snow load, wind load....ect).

The results found have been used for the dimensioning of the elements of the structure (purlin,
column, ...), And after the necessary checks of all the elements using SAP2000 we were able to
determine all the final sections for all the members that will withstand the acting forces.

The design of all the connections also was done and checked.
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I1l. Steady state analysis
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I11.1 Introduction:

Heavy machinery with reciprocating, impacting, or rotating masses requires a support system that
can resist dynamic forces and the resulting vibrations. When excessive, such vibrations may be
detrimental to the machinery, its support system, and operating personal subjected to them.

Therefore, it’s very important to study and analyze this type of vibrations and check the strength
of the system under this kind of excitation, that’s why in this chapter we will go through some
verifications and see how our structure will behave.

To do so, the steady state analysis is the fitting analysis that will help us to achieve that,
fortunately the SAP2000 will make it easy for us to analyze these steady state vibrations

In the next sections we will start by presenting all the codes that are related to our analysis and
what is the use of each one, then we are going to see how the vibrations of the blower will affect
on the structure and what are the characteristics of our blower, next will jump into the finite
element model using the SAP2000 and we will try many models with changing different factors
(like the material of the slab or the location of the blower...etc.) and see how this will affect on
the results

At the end we will interpret all these results and make a conclusion.

1.2 Codes and References:

Codes suggest guidelines and limitations in the design of a structure, to design our support system
that will carry out the dynamic responses will work with some industrial codes.

In this section we will present those codes and references:

111.2.1 _ACI 351.3R:
Full name: ACI 351.3R Report on Foundations for Dynamic Equipment.

Number of pages: 60 pages in vO4 and 80 pages in v18
Number of chapters: 6 chapters in v04 and 10 chapters in v18.

Description: This report presents to industry practitioners the various design criteria and methods
and procedures of analysis, design, and construction applied to foundations for dynamic
equipment.

Why we chose this code?

This code gives us all the dynamic loads that are occur during the operation of the machine and
allow us to calculate them and check them.
111.2.1.1 Contents:

111.2.1.1.1Types of Vibrating Machines: (chapter 2 in the code)
Based on type of motion, the machines are broadly classified as:

e Rotating Machines.
e Reciprocating Machines.

e Impact Type Machines.

53



Chapter 3: Steady state analysis

a) Rotating Machines (centrifugal machines):

This category includes gas turbines, steam turbines, and other expanders; turbo pumps and
compressors; fans; motors; and centrifuges. These machines are characterized by the motion of
rotating components.

Unbalanced forces in rotating machines are created when the mass centroid of the rotating
component does not coincide with the center of rotation . This dynamic force is a function of the
mass of the rotating component, speed of rotation, and the magnitude of the eccentricity of offset.
The offset or eccentricity should be minor under manufactured conditions when the machine is
well balanced, clean, and without wear or erosion. Changes in alignment, operation near
resonance, turbine blade loss, and other malfunctions or undesirable conditions can greatly
increase the force applied to its bearings by the rotor.

> Shaft

rotation

Unbalanced Shaft (center of rotation)

mass

Inertia force
Center

of mass

Figure 111-1 Rotating machine diagram.

b) Reciprocating Machines:

For reciprocating machinery, such as compressors or diesel engines, a piston moving in a cylinder
interacts with a gas through the kinematics of a slider crank mechanism driven by, or driving, a
rotating crankshaft. Individual inertia forces from each cylinder are inherently unbalanced with
dominant frequencies at one and two times the rotational frequency

The unbalanced forces and moments generated by reciprocating machines with more than one
piston are dependent on the crank arrangement. The optimum crank arrangement that minimizes
loading is generally not possible because the mechanical design will be optimized to satisfy the
operating requirements. This leads to piston/cylinder assemblies and crank arrangements that do
not completely counter-oppose; therefore, unbalanced loads occur, which should be resisted by
the foundation.

Individual cylinder fluid forces act outward on the cylinder head and inward on the crankshaft
(Fig. 3.2.2). For a rigid cylinder and frame, these forces are internally balanced in the machine,
but deformations of large machines can cause a significant portion of the forces to be transmitted
to the mounts and into the foundation. Particularly on large reciprocating compressors with
horizontal cylinders, it is inappropriate and unconservative to assume the compressor frame and
cylinder are sufficiently stiff to internally balance all forces. Such an assumption has led to many
inadequate mounts for reciprocating machines.
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Primary force
/ Cylinder head

Primary and
-
Rotation secondary

Crankshaft force

Figure 111-0-2 Reciprocating machine diagram.
c) Impact Type Machines:

Equipment, such as forging hammers and some metal-forming presses, operate with regulated
impacts or shocks between different parts of the equipment. This shock loading is often
transmitted to the foundation system of the equipment and can propagate into the surroundings
and is a factor in the design of the foundation.

Closed die forging hammers typically operate by dropping a weight (ram) onto hot metal, forcing
it into a predefined shape. While the intent is to use this impact energy to form and shape the
material, there is significant energy transmission, particularly late in the forming process. During
these final blows, the material being forged is cooling and less shaping takes place. Thus, pre
impact Kinetic energy of the ram converts to post-impact kinetic energy of the entire forging
hammer. As the entire hammer moves downward, it becomes a simple dynamic mass oscillating
on its supporting medium. This system should be well damped so that the oscillations decay
sufficiently before the next blow. Timing of the blows commonly range from 40 to 100 blows per
minute. The ram weights vary from a few hundred pounds to 35,000 pounds (16 tons). Impact
velocities in the range of 25 ft./s (7.6 rn/s) are common. Open die hammers operate in a similar
fashion but are often of two-piece construction with a separate hammer frame and anvil.

Forging presses perform a similar manufacturing function as forging hammers but are commonly
mechanically or hydraulically driven. These presses form the material low velocities but with
greater forces. The mechanical driven system generates horizontal dynamic forces that the
engineer should consider in the design of the support system. Rocking stability of this
construction is important.

Mechanical metal forming presses operate by squeezing and shearing metal between two dies.
Because this equipment can vary greatly in size, weight, speed, and operation, forces and design
criteria used for the foundation design can vary greatly. Speeds can vary from 30 to 1 800 strokes
per minute. Dynamic forces from the press develop from two sources: the mechanical imbalance
of the moving parts in the equipment and the response of the press frame as the material is
sheared (snap-through forces). Imbalances in the mechanics of the equipment can occur both
horizontally and vertically. Generally, high-speed equipment is well balanced. Low-speed
equipment is often not balanced because the inertia forces at low speeds are small. The dynamic
forces generated by all of these presses can be significant as they are transmitted into the
foundation and propagate into the subgrade.

As we have seen in this section there is 3 types of vibrating machines, but in this case study our
Blower Fan is classify as a rotating machine that’s why in the next sections we will focus just on
the rotor machines and their effect.

e
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111.2.1.1.2 Design loads (chapter 4 in the code):

The loads on the machines may be both static and dynamic.

» Static loads are principally a function of the weights of the machine and all its auxiliary
equipment.

» Dynamic loads, which occur during the operation of the machine, result from forces
generated by unbalance, inertia of moving parts, or both, and by the flow of fluids and
gases for some machines. The magnitude of dynamic loads varies as a function of time;
and primarily depends upon the machine's operating speed and the type, size, weight, and
arrangement (position) of moving parts within the machine casing.

e Unbalanced load:

as we already seen in the definition of the rotating machines unbalanced forces in rotating
machines are created when the mass centroid of the rotating component does not coincide with
the center of rotation. This dynamic force is a function of the mass of the rotating component,
speed of rotation, and the magnitude of the eccentricity of offset.

When the mass unbalance (eccentricity) is known or stated by the manufacturer, the resulting
dynamic force amplitude is:

Fo = myeno2S;/1000N ... [ ACI351 art3.2.2.1a]

Where:

F, : Dynamic force amplitude (zero-to-peak), (N);

m, . Rotating mass, (kg);

enm - Mass eccentricity, (mm)

wo - Circular operating frequency of the machine, (rad/s)

S . Service factor, used to account for increased unbalance during the service life of
the machine, generally greater than or equal to 2.

Many rotating machines are balanced to an initial balance quality Q either in accordance with the
manufacturer's procedures or as specified by the purchaser. ISO 1940-1 (which we are going to
talk about in next section) define balance quality in terms of a constant e,,,w, . Typical balance
quality grade examples are shown in Table 111-0-1.

To meet these criteria, a rotor intended for faster speeds should be better balanced than one
operating at a slower speed. The dynamic force amplitude can be rewritten as:

Fo = m,QS;/1000 N
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Table 111-0-1 Balance quality grades for selected groups of representative rigid rotors

Balance quality | Product of e,
guide in./s (mm/s) Rotor types—general examples
G1600 63 (1600) Crankshaft/drives of rigidly mounted, large, two-cycle engines
G630 25 (630) Crankshaft/drives of rigidly mounted, large, four-cycle engines
G250 10 (250) Crankshaft/drives of rigidly mounted, fast, four-cylinder diesel engines
G100 4 (100 Crankshaft/drives of fast diesel engines with six or more cylinders
G40 1.6(40) Crankshaft/drives of elastically mounted, fast four-cycle engines (gasoline or diesel) with six or more cylinders
Gl6 06(16) Parts of crushing machines; drive shafts (propeller shafts, cardan shafts) with special requirements; crankshaft/
' drives of engines with six or more cylinders under special requirements
Parts of process plant machines; centrifuge drums, paper machinery rolls, print rolls; fans; flywheels; pump
G6.3 0.25(6.3) impellers; machine tool and general machinery parts; medium and large electric armatures (of electric motors
having at least 3-1/4 in. [80 mm)] shaft height) without special requirement
G5 01(25) Gas and steam turbines, including marie main turbines; rigid turbo-generator rotors; turbo-compressors;
' o machine tool drives; medium and large electric armatures with special requirements; turbine driven pumps
Gl 0.04(1) Grinding machine drives
G4 0.015(0.4) Spindles, discs, and armatures of precision grinders

For resonance check the code give some hints about the interval of safety the engineer must take
in consideration to avoid resonance, for the ACI 351 R3-2018, and according to article 6.5.1, it is
recommended to take 20% to 30% of safety margin, which means that the engineer has to keep
the eigenvalues (natural frequencies) far from the forcing frequencies by a factor of 0.8 to 1.2
more or less.

111.2.2 1SO 1940:

Full name: The International Standards Organization, ISO, published Standard 1940/1 “Balance
Quality Requirements of Rigid Rotors». Which has been adopted by the American National
Standards Institute, ANSI, as S2.19-1975, "Balance Quality Requirements of Rotating Rigid
Bodies." It has also been adopted by BRITISH Standards as BS 6861: Part 1 and by GERMAN
Standards as VDI 2060.

Description: International Standard SO 1940/1 is a widely accepted reference for selecting rigid
rotor balance quality. This paper is presented as a tutorial and user's reference of the standard and
its practical applications.

A simplified method is shown for determining permissible residual unbalance for various rotor
classifications. Emphasis is given to allocating permissible residual unbalance to appropriate
correction planes for rotor configurations.
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The importance of the code is to help engineers to check the amplitudes determined by the steady
state analysis of any equipment, and compare it to the required limits of the code regarding to the
needed balance quality.

Use the Figure 111-0-3 graph to determine the permissible residual specific unbalance value eper

(The maximum displacement limit) for the rotor's maximum operating speed and the selected Q
(the balance quality guide)
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Figure 111-0-3 Maximum permissible residual unbalance, eper (From 1SO 1940/1)
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111.2.3 Other codes:
Besides the ACI 351.3R and 1SO 1940.1 there are many other codes that can be used as well for
the steady state vibrations analysis.

Even though we are not going to work with those codes in our case study, but we would also
present them briefly for their importance in this domain.

111.2.3.1 DIN 4024.1.:
Full name: DIN 4024 Part 1 Machine foundations; flexible structures that support machines with
rotating elements.

Description: This standard specifies requirements for steel or reinforced concrete structures that
support mechanical system. Such mechanical systems are understood to be machinery with
mainly rotating elements, the foundations of which are capable of generating flexural vibration in
at least one plane.

The requirements specified in this code are intended to prevent the static and dynamic loads from
transmitting unacceptable vibration to the environment or causing damage to the machinery and
its foundation. This standard establishes criteria for determining vibration behavior, deals with
design action-effects, and covers principles of construction based on experience to date with
machine foundations.

Contents
Page Face
1 Scope and field of application ................... 2 523 Simplified representation ....................
53 Naturalvibralon ...........ccccciiiiicnnianns

g . c:,'r_:;':::ﬂ """"""""""""""""""" i 531 HNatural frequencies and modes of vibration ..

S T i i e e ToRERARERRSSRERERRSmROmmBARS 532 Assessment of vibration behaviour on the basis of
22 Typasolfvibmation .........cccvvvcncccnccnncnns 2 sl viaiisn
23 Damping .....ocvvvrivmerrinncnncsscsaransnssns 2 , Lo et crorrrrnrrane
24 Action-effects ........coiiiiiiiiiiiiiiiiiiiinns 3 :_: 1 "'":;;3:_:':;1 VFRNOR GUS 0 IADMRROR .. v voeene
gg H::ﬁ:ﬂ; """"""""""""""""""""" g 542 Forced vibration ........c.ccccencasnasnncanns

: W .- R 543 Natural modes of vibration ..................
27 Typesoffoundalion .....cccccccvcccvsccsnsnans 3 544 Equivalent-load method .....................
3 Materialsandground ...........c.covvenemnee---- 3 55 Analysis of transient vibration .........cc0veeen
31 Reinforced concrele ...........ccccvcvvnnnnnss 2 551 General ........o.0oiiaiiiiaiiaiaiiaianienas
L1 4 552 Short-circuil .......c00ceees T —————
83 GOl ..ossvsensssnisnsrssnssssssarssnsnsnans 4 56 Loads on the foundation and ground ..........
4 Loads LR P PP P P P TP 4 & Furtherdesigneritera .. .......................
4.1 Machinery .........cociiiiiiiiiiiiiiiiaaiia, 4 g1 Designaction-efMects .. ... .........cooeveeens
AN BRI o ncnonncnn s B 4 B2 Reinforced concrete foundations . ... ... ...
412 Staticloads ..., 4 g3 Steelfoundatlions ..............ccoeeeceeianas
413 Dynamiclo@ds ........ccccvvrrmnmnnnranarssas 4 B4 Grownd ... .......iiiiiiiiiiiiieiiiiiiianana
4.2 Foundation ........ccceccsnscisasnsacnssasenss 4 )
421 Permanentloads .................cooeciaaae. 4 7 Detalling .................... ceesssasssiansaans
429 IMposed IOAES .. ...t enn 4 7.1 Reinforced concrete foundations ..............
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Figure 111-0-4 The table of content shows most treated topics in this German code

111.2.3.2 1S 2974.3.1992(reaffirmed 2006):
Full name: Indian Standard; Design and Construction of Machine Foundations - Code of Practice
Part 3 Foundations for Rotary Type Machines (Medium and High Frequency).

Description: This code is primarily meant for designing framed type foundations for turbo-
generators machinery. However, the provisions of this code may be used suitably for other
machine foundations of similar types, for example, foundations of turbo-compressors, boiler feed
pumps, etc.

111.3 Machine Parameters for our case:

After describing the meaning of the steady state analysis and giving some codes that govern this
kind of vibrating behavior, and also speaking about most renown types of vibrating machines, we
have chosen the type of rotating machines for our study, and most precisely a blower fan, next the
equipment is well presented in order to use its vibrating parameters in our analysis

111.3.1 Presentation of the Blower fan:
Also called: centrifugal fans, the type of this Blower fan is rotating machine

A blower fan or centrifugal fan is a type of fan commonly used to power ventilation systems in
environments that would otherwise have a low standing air quality either due to limited oxygen or
the presence of harmful gases or particulates. These fans are sometimes called “squirrel cage
fans” because they are composed of a series of overlapping blades grouped in a manner that make
the fans look somewhat like hamster wheels.

Centrifugal fans work by drawing air toward the center of the fan and then discharging it at a
predictable 90-degree angle from the direction of air intake. They have a relatively low cost to
operate, can effectively move air within a variety of airflow conditions, and operate quietly.
Because of these properties, they are commonly used to move air throughout ventilation systems,
or they are oriented on top of chimneys for the purpose of driving hot, stale, or dirty air out of a
workspace and ejecting it into the surrounding environment.

e

Figure 111-0-5 Blower fan from the new-york company technical file
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111.3.2 Characteristics of the blower:

From the technical file of our Blower fan there is many size for the machine, to study the
behavior of the structure we will analyze for two different sizes of the machine, for the size 144
and for Size 364.

Table 111-0-2 The circural forcing frequnecy for different size of machines

Size Wheel Max Safe Speed AH wheel
Max Speed (RPM) | Service Speed (RPM) Weight (ibs)

144 4605 4605 25

174 3930 3745 33

194 3425 3115 55

224 2900 2635 72

264 2510 2280 91

294 2195 1995 123
334 2035 1790 189
364 1840 1620 229

111.3.3 Loads calculation:
As we already mentioned in design loads of the ACI 351.3R there are two types of loads:

111.3.3.1 Static loads:
The static load of our machine represents the weight of the Blower Fan and all its auxiliary
equipment.

From the technical file of the Blower the weight of the hole machine is:

Table 111-0-3 The static loads of the machine for differenet sizes

i
Size Fan Weightslibs) | o o0C =
machine({Kn)
144 130 0o
J6d 1170 52

111.3.3.2 Dynamic loads:
During the operation of the Blower Fan (which is consider as a rotating machine) an unbalanced
load is produced.

e The unbalanced load:

_ mrQSf
™ 1000

61



Chapter 3: Steady state analysis

The calculation of the unbalanced load will be for the Blower Fan Type AH size 144 and for the
type AH size 364, and each size of them will have two values: one for the maximum frequency
and the other one for the service frequency (for the life of the machine).

a. Fan type AH size 144:

» For the max value of w,

m, = 25ibs = 111,206 N
mm m
Q=63—=63%x10"3 —
s s

wo = 4605 RPM = 482,234 rad/s

o 111,206 X 6,3 X 1073 x 482,234 X 2
o~ 1000

Fy=0,676 KN

» For the service value of w,
wo = 3980 RPM = 416,785 rad/s
Fo=0,584 KN

b. Fan type AH size 364:

» For max value of w,
m, = 229 ibs = 1018,643 N
wo = 1840 RPM = 192,684 rad/s

_1018,643 X 6,3 X 192,684 X 2
o 1000

Fo=2,47 KN

» For service value of w,

wo = 1620 RPM = 169,645 rad/s

- 1018,643 X 6,3 X 169,645 X 2
o~ 1000

Fo=2,18 KN

e
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Table 111-0-4 The unbalance load for both types of machine

. The Unbalanced load {Kn)

for the max for the service
144 0,676 0,584
364 2,47 215

I11.4 The finite Element model (using SAP2000):

SAP2000 provides an option that allows us to easily assign steady-state harmonic forcing
function over a range of frequency to elements or structures, this allows vibration analysis to be
performed for structures subjected loads resulting from oscillating equipment.

Our machine is placed on the top of the mezzanine (the choice of the exact placement of the
machine on the mezzanine will be discussed in detail in the next sections).

Modeling the equipment on the mezzanine will lead to some dynamic misinterpretation,
especially when it comes to mass participation ratios, the more the participation of the modes of
the vibrating equipment are considerable, the more important these modes are, which means, we
need to check with the participating modes of the equipment in the global behavior of the
structure, if the mass participation ratio of these modes is negligible (less than 5%), then, we can
discretize the structure supporting the equipment and check its governing modes with their real
mass participation ratio and compare them to the forcing frequencies, so next we’ll analyze two
kind of models, global model and discretized model.

Figure 111-0-6 3D view of the mezzanine
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111.4.1 Global Model:

After we input all the data of the steady state analysis in the software (steady state functions —
load patterns — load cases — Assign joint forces) and then run the analysis, we could finally
extract the results of our analysis.

But first, the mass participating ratio of the governing modes must be analyzed, and then we can
reach for the check of the resonance

To do so, we need to check if there’s a considerable participation mass ratio for the equipment
supporting structure, then we need to check the interval safety (this interval is presenting
frequencies which will may generate the risk of resonance as it’s specified in the ACI 351.3R
(Art.6.5.1) ; “+20% of the operating frequency at minimum.”

Type of the Operating Operating Operating
machine ferquency (Hz) | ferquency (Hz) * 0,8 | ferquency (Hz) * 1,2

AH 144 (Max) 76.75 92.10

AH 144 (Service) 66.33 53.07

AH 364 (Max) 30.67 36.80

AH 364 (service) 27.00 21.60
e For the machine type AH 144: 53.07 < risk of resonance <92.10
o For the machine type AH 364: 21.60 < risk of resonance < 36.80
Steady state function for AH 144 max: Steady state function for AH 144 service:
] steady State Function Definition E steady State Function Definition

Function Name |Staedy state AH 144 Max | Function Name Staedy state AH 144 service
Define Function Define Function
Frequency Walue Freguency Value
76.75 0.675 Madify 66.3333 0.584 Modify
Delete: Delete
Freguency Units Freguency Units
® Hz O RPM ® Hz O RPM
Function Graph Function Graph
]
Display Graph (59638 , 0.0525) Display Graph (33.8433 , 0.298)
Cancel Cancel
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Figure 111-7 Steady state function for AH 144 max

service

Steady state function for AH 364 max:

Figure 111-8 Steady state function for AH 144

Steady state function for AH 364 service:

Function Name |Staedy state AH 354 Max |
Define Function
Freguency Value
0. 0.
30.6657 247
Freguency Unitz
® Hz O RPM
Function Graph
B
=
=
o
-
o
Dizplay Graph (262148 , 2.1123)
Cancel

E Steady State Function Definition

Function Name

Define Function
Freguency

Value

0. 0.
o. |

27,

2176

Function Graph

|Staedy state AH 354 service

Freguency Units

@Hz

O RPM

N

Display Graph

(92063 , 0.742)

Cancel

Figure 111-9 Steady state function for AH 364 max

Figure 111-10 Steady state function for AH 364 service

111.4.1.1 Mass participating ratios in the global model:

Table 111-0-5 Mass participating ratios in the global model for the machine type AH 144

For the machine type AH 144:

number | Frequency | Participating number | Frequency | Participating number | Frequency | Participating
of modes | Cyc/sec | Mass Ratios of modes Mass Ratios of modes Mass Ratios
uz Cyc/sec uz Cyc/sec uz
292 53.468 0.00139 347 65.902 0.0004 402 79.158 0.00003753
293 53.545 0.00114 348 66.548 0.00013 403 79.318 0.00005938
294 53.697 0.00691 349 66.822 0.00001919 404 79.355 0.000004874
295 53.853 0.00018 350 66.935 0.00001052 405 79.397 0.00001775
296 54.136 0.00014 351 67.015 0.00016 406 79.717 0.00265
297 54.424 0.00015 352 67.215 0.00012 407 79.850 0.00009036
298 54.854 0.00079 353 67.351 0.00031 408 80.069 0.00005427
299 55.075 0.00887 354 67.668 0.00026 409 80.929 0.000001677
300 55.106 0.0007 355 67.749 0.00002769 410 81.310 0.0041
301 55.326 0.00088 356 67.933 0.00056 411 81.816 0.00072
302 55.922 0.00334 357 68.575 0.00015 412 81.998 0.00128
303 56.386 0.0000922 358 68.823 0.00452 413 82.460 0.00005072
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304 56.496 0.00012 359 69.021 0.00006864 414 82.604 0.00089
305 56.531 0.00075 360 69.284 0.00532 415 83.030 | 0.000007764
306 56.592 0.00004265 361 69.516 0.00055 416 83.516 0.00038
307 56.661 | 0.000003664 362 69.567 0.00718 417 83.786 0.0148
308 56.749 0.00004668 363 69.567 0.00167 418 84.073 0.00077
309 56.906 0.00367 364 69.890 0.00675 419 84.943 0.00056
310 57.053 0.00063 365 70.294 0.00001258 420 85.093 0.0003
311 57.216 0.00579 366 70.497 3.91E-08 421 85.280 0.00033
312 57.288 0.00005832 367 71.031 0.0001 422 85.712 0.00213
313 57.420 0.00022 368 71.387 0.00009624 423 85.732 | 0.000005051
314 57.874 0.00013 369 71.629 0.00007649 424 86.114 0.0096
315 58.045 0.00031 370 72.508 0.00025 425 86.213 0.0483
316 58.384 0.00059 371 72.849 0.00016 426 86.222 0.00001595
317 58.428 0.0002 372 73.102 0.00353 427 86.237 0.00757
318 58.502 0.00011 373 73.111 0.00004896 428 86.252 0.00001491
319 58.555 0.00004478 374 73.111 0.00702 429 86.520 0.00019
320 59.008 0.00019 375 73.614 0.00006824 430 86.618 0.0005
321 59.126 0.00003068 376 73.887 6.283E-10 431 86.944 0.00083
322 59.307 0.00016 377 74.413 0.00003501 432 87.836 0.00019
323 59.387 0.0002 378 74.788 0.0000455 433 88.010 0.00007552
324 59.695 | 0.000007782 379 75.621 0.00006221 434 88.216 0.00015
325 59.745 0.00002488 380 75.753 0.00001194 435 88.343 0.00016
326 59.880 0.00003253 381 75.927 0.0013 436 88.482 0.00002723
327 60.230 0.00009075 382 76.069 0.00014 437 89.111 4.378E-07
328 60.338 0.00018 383 76.156 0.00025 438 89.118 1.066E-07
329 60.450 0.00002061 384 76.243 | 0.000004666 439 89.161 0.0000135
330 60.914 0.00002471 385 76.360 0.00106 440 89.179 0.00015
331 61.005 | 0.000007957 386 76.448 0.00073 441 89.241 0.00024
332 61.070 0.00264 387 76.501 0.0000092 442 89.408 0.005
333 61.586 0.00018 388 76.561 | 0.000006774 443 89.710 0.0023
334 61.957 0.00003711 389 76.609 0.00007958 444 89.941 0.00019
335 62.082 0.00168 390 76.641 0.00163 445 90.159 0.00004381
336 62.427 0.00014 391 77.070 0.00037 446 90.582 0.00032
337 63.270 7.417E-07 392 77.300 0.00004897 447 90.751 0.00037
338 63.571 0.00007508 393 77.307 0.00002357 448 90.986 0.00005874
339 63.642 | 0.000002434 394 77.315 | 0.000006554 449 91.397 0.00008881
340 63.709 0.00001002 395 77.327 |0.000008284 450 91.565 0.00042
341 63.956 0.00001824 396 77.592 0.00202 451 91.646 0.00004435
342 64.259 0.00053 397 78.126 0.00069 452 91.764 0.00006612
343 64.538 0.00005406 398 78.268 0.00008101 453 91.818 0.00007496
344 64.807 0.00039 399 78.729 0.00018 454 91.921 0.00024
345 64.887 0.00018 400 79.003 0.00029 455 92.029 | 0.000003449
346 65.465 0.00002114 401 79.136 0.00059
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e For the machine type AH 364:

Table 111-0-6Mass participating ratios in the global model for the machine type AH 364

e Results interpretation (for the two types of machines):

Number | Frequency | Participating Number | Frequency | Participating Number | Frequency | Participating
of modes | Cyc/sec | Mass Ratios of modes | Cyc/sec | Mass Ratios of modes | Cyc/sec | Mass Ratios
uz uz uz

143 21.816 0.04302 171 28.805 0.00006868 199 34.080 5.14E-08
144 22.074 0.0003 172 28.925 0.00998 200 34.247 7.54E-10
145 22.746 0.000007549 173 29.239 0.00034 201 34.588 0.000002312
146 22.848 0.00023 174 29.955 1.05E-07 202 34.743 0.00002439
147 23.118 0.00014 175 30.302 0.00001667 203 34.798 0.00029
148 23.321 0.000001039 176 30.706 4.38E-07 204 34.869 0.0000155
149 23.696 0.00001485 177 30.881 0.00006041 205 34.987 0.00000181
150 23.851 0.00168 178 30.961 0.000003833 206 35.040 0.000001878
151 23.984 0.00004 179 30.978 4.06E-08 207 35.087 0.00021
152 24.275 0.00003393 180 30.996 2.35E-07 208 35.194 0.00131
153 24.304 0.00004715 181 31.038 0.000002778 209 35.256 0.00612
154 24.403 0.00001929 182 31.094 0.000002171 210 35.304 0.00353
155 24.757 2.85E-07 183 31.472 0.00077 211 35.371 0.00252
156 24.891 | 0.000004839 184 31.619 0.00028 212 35.411 0.00264
157 24.923 | 0.000005087 185 31.819 0.00012 213 35.494 0.00185
158 25.235 | 0.000005604 186 31.998 0.01265 214 35.589 0.00083
159 25.445 0.00002592 187 32.101 0.00189 215 35.602 0.00073
160 25.562 | 0.000009278 188 32.465 0.00005821 216 35.778 0.00323
161 25.736 0.0013 189 32.520 0.00025 217 35.902 0.00043
162 25.759 0.0451 190 32.602 0.000001171 218 35.923 0.0004
163 25.856 8.24E-07 191 33.016 0.00000112 219 35.971 0.0017
164 26.614 0.000000047 192 33.133 0.00001779 220 36.100 0.00013
165 26.811 0.00003036 193 33.208 0.000001385 221 36.137 0.00004197
166 27.207 0.01186 194 33.282 0.00002439 222 36.324 0.000001611
167 27.419 0.00714 195 33.529 0.00002411 223 36.393 0.00002419
168 27.554 0.04561 196 33.598 7.72E-07 224 36.437 0.00016
169 28.279 0.00268 197 33.642 0.00038 225 36.655 0.00001945
170 28.368 0.00003509 198 33.958 | 0.000001502

As we can notice from our results, the mass participation ratio for the global modes governing the

vibrating equipment behavior, are very small ( less than 5% ) for the ranging modes in the interval of the

resonance.

This means that our analysis problem it’s not consider as global problem, in another word we are
dealing with a local problem and a discretized model will be better for describing the real behavior of
the vibrating equipment (the blower).

111.4.2 Discretized Model:

After we realized that the global model it’s not the fitting model for our analysis, we will move
on to a discretized model (local model).
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A discretized model represents a model of the support elements that will carry on our machine
equipment, in our case (and before studying the exact placement of the machine) we will suppose
that our machine equipment will be on the midspan of a joist.

Figure 111-0-7 3D view of the descritzed model of a joist
The interval of safety will be the same as specified in the global model:

e For the machine type AH 144:
e For the machine type AH 364:

53.07 < risk of resonance < 92.10
21.60 < risk of resonance < 36.80

111.4.2.1 Mass participating ratios in the discretized model:
e For the machine type AH 144

Table 111 -0-7 Mass participating ratios for AH 144

Number | Frequency | Participating | Participating | Participating
of modes | Cyc/sec | Mass Ratios | Mass Ratios | Mass Ratios
X Y Z
1 2.864 0

0 1
0 0
3 241.435 1 0

e For the machine type AH 364:

_—

Table 111-0-8 Mass participating ratios for AH 364

Number | Frequency | Participating | Participating | Participating
of modes | Cyc/sec | Mass Ratios | Mass Ratios | Mass Ratios
X Y z

1

1.393

0

1
0
0 0

In this discretized model we have just 3 modes, and from our results we can notice that there’s

a large participating mass in the second mode, but fortunately the frequency of this mass is out of
the range of resonance’s risk, that means that there’s no risk of resonance in our case but this does
not mean that the amplitudes resulting from the machine vibration are acceptable too.

0
0
3 117.445 1

e Results interpretation:
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Note:

These results and conclusions are just for the given location of the machine equipment, but in the
next section after choosing the perfect location of the machine equipment we will re-check the
resonance risk as well as the acceptable amplitudes.

111.4.3 Best Location for the Blower:

According to the 1SO-1940, the calculation of the amplitudes, velocities and accelerations must
be check with the allowable values that we can determine from the figure ..(for the amplitude)
and from the table...(for the velocity).
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Figure 111-0-3 Maximum permissible residual unbalance, eper (From 1SO 1940/1)

Using the graph in figure Figure 111-0-3 and the table Table 111-0-1 allowed us to extract the
following limitations:

Table 111-0-9 The permissible amplitude and velocity

Circular operating frequency The permissible The permissible
Of the machine in RPM amplitude in um velocity in mm/s
For AH 144 4605 14 0.25
For AH 364 1840 35 0.25
the steady

state analysis it’s very powerful analytic tool to check the calculated amplitude and the velocities
of the machinery and compare it with those given by the code.

This amplitude and velocity are related directly to stiffness and the mass of the support system, to
change and increase the stiffness we have two methods:
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1) Increase the section of the supporting element.
2) Chose the right and the prefect placement of machine equipment.

the 2" method is both more economical and practical, therefore in this section we will try to put
our blower on different locations and see how the amplitude and velocity will change, and finally
choosing the safest and the most economical placement.

thus, we will place our blower on a number of joints as follow:

1.

Nookowd

On the joint 9 (in the midspan of closest joist to the wall)

On the joint 7 (in the midspan of the middle joist of the panel)
On the joint 421 (the first beam’s joint closes the wall)

On the joint 419 (the 2" beam’s joint closes the wall)

On the joint 417 (the 3 beam’s joint closes the wall)

On the joint 415 (the 4" beam’s joint closes the wall)

On the joint 321 (above the central column)

Figure 111-0-8 2D of the mezzanine shows the selected joints

Note:

All the comparative results and graphs are for the machine type AH 144.

For the machine type 364 we will suffice with a table contains all the results.
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111.4.3.1 On the Joint 9 (in the midspan of closest joist to the wall):

File

Velocity Uz

FREQUENCY L

x10 -3
10,

-G

IIIIIIlIIllFIIIII1IIIIIIIIIIIII‘IIIIIIIIIIIIIIIIII

8 16 24 32, 40, 48, 56, 64, T2, 80,

B Display Plot Function Traces (Staedt state AH 144 Max) >
File -
Displacement Uz
x10 -3 FREQUENCY Legend
0.5
0,25
o, .
in m
0.25 1 .
| in m
05 o
£
0.75 E
-1
1.25
-1.5
1.75 (15,08, -1,806E-03 )
IIIlIIIIIIIIIIIIIII IIIIIIlIIIIIIIIIIII e
8 16 24 32, 40, 48 56, 64, 72, 80,
Figure 111-9 The displacement diagram on the joint 9
B Display Plot Function Traces (Staedt state AH 144 Service) =

egend
in
m/s

(18,97 , -7 449E-02 )

Figure 111-10 The velocity diagram on the joint 9
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111.4.3.2 On the Joint 7 (in the midspan of the middle joist of the panel):

B Display Plot Function Traces (Staedt state AH 144 Service) X

File

Displacement Uz

xig -3 FREQUENCY Legend
0.5
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0.1

—— ' ' [ ' inm
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Figure 111-11 The displacement diagram on the joint 7
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Figure 111-12 The velocity diagram on the joint 7
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111.4.3.3 On the Joint 421 (the first beam’s joint closes the wall):

Steady state analysis

E‘] Display Plot Function Traces (Staedt state AH 144 Service)
File
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Figure 111-13 The displacement diagram on the joint 421
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Figure 111-14 The velocity diagram on the joint 421
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111.4.3.4 On the joint 419 (the 2" beam’s joint closes the wall):

E‘] Display Plot Function Traces (Staedt state AH 134 Service) >
File
IDiiplacerrl:nt I..lzI
xin B FREQUENCY Legend
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Figure 111-15 The displacement diagram on the joint 419
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Figure 111-16 The velocity diagram on the joint 419
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111.4.3.5 On the joint 417 (the 3" beam’s joint closes the wall):

B Display Plot Function Traces (Staedt state AH 144 Service) g
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Figure 111-17 The displacement diagram on the joint 417
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Figure 111-0-18 The velocity diagram on the joint 417
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111.4.3.6 On the joint 415 (the 4" beam’s joint closes the wall):
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Figure 111-19 The displacement diagram on the joint 415
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Figure 111-20 The velocity diagram on the joint 421
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111.4.3.7 On the joint 321 (above the central column):
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Figure 111-21 The displacement diagram on the joint 321
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Figure 111-22 The velocity diagram on the joint 321

7



Chapter 3: Steady state analysis

111.4.3.8 Final results for both machines:

Loaction The amplitude | The permissible | The amplitude The velocity | The permissible | The velocity
in pum amplitude in um check inmm/s velocity in mm/s check

joint9 1755 84.68
Machine joint 7 1762 152.5

type joint 421 7.66 3.81
AH joint 419 74.95 14 31.18 25
144 joint 417 103.4 27.04
joint 415 60.74 3171

joint 321 6.66 0.33

joint9 1792 6.13

Machine joint 7 1709 5.48
type joint 421 98.15 25.31
AH joint 419 296.8 35 122.9 25
364 joint 417 441.8 151.7
joint 415 419.5 60.91

joint 321 50.15 1.91

Table 111-10 The final result for both machines

111.4.3.9 Results interpretation:

» For the machine type AH 144 :

As seen in Table 5.1 we have tried to put the Blower fan loads on many joints (locations) to check
the amplitude and velocity on each one of them.

For the joints 9 and 7 (the midspan of the joist) the value of the amplitude was very large
comparing with the permissible amplitude, and this is due to their low stiffness.

For the joints 419,417 and 415 (the three middle joints of a beam) we had a better result but
unfortunately, it’s still larger than allowable amplitude.

For the joints 421 and 321 (the closest beam’s joint to the wall and the joint that is above the
central column of the mezzanine in order) the results were perfect for both the amplitude and
velocity, actually the joint 321 give us a better result but for process and execution purposes it’s
not recommended to put the Blower fan far from the cladding wall.

therefore, for the machine type AH 144 the best location choice will fall on the joint 421.
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Chapter 3: Steady state analysis

» For the machine type AH 364:

As seen in the same table 5.1 we had a different result, and for all the joints the amplitude
was larger than admissible amplitude and this is due to the important unbalanced load
generated by the blower type AH 364.

For this specific problem there are many solutions we can apply to solve this problem
such as:

- Increasing the section of the support element(the beam in our case study)
- Put a damping system under the machine to dissipate the energy of the vibrations.
- Reinforcing the support element by a stiffener or a haunch.

For our case we tried to increase the section of the beam (for the joint 421 which consider
the best location from the previous results) and after trying many sections we get the
permissible amplitude and velocity at IPE 750.
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Conclusion

As a conclusion, it could be summarized under these points:

» High speed machines must be checked and analyzed according to current codes such, as ACI
351 or others.

» The steady state analysis represents a powerful tool to analyze and study machine vibrations
to determine the allowable amplitudes as well as velocities.

»  Sometimes working with a global model for steady state analysis will lead to time
consuming analyzing task, that’s why the discretized model is more efficient in matter of time
consumption and both methods gave same results (with approximate accuracy).

»  Defining the location of the machinery on the support is very important, and always lead to
reduce the cost of the support.

» Big machinery always needs an appropriate support to avoid collapse, stiffness is an
important parameter when it comes to under-tuned vibrating system.



Recommendations

At the end we recommend for the future student to go further in the study and try to touch more
complicated cases and try to apply the steady state analysis in other fields:

» As we have already seen there’s other types of machines with another type of motion,
that means they will have different effect on the structure, therefore, we recommend
students to study different machine types like reciprocating machines or impact
machines.

» Inour case study all the interactions were between the support structural elements and the
machine, and that’s because our Blower fan was placed on the mezzanine floor but in
other cases the machine’s equipment can be placed on the foundations and this type is
called machine foundation and in this case there will be an interactions between the
machine, the foundation and the soil, and this is a very recommended case to study.
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