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Resumen Ejecutivo

The objective of this practice i2o design a shaking table. This table will be used to
reproduce a seism and apply it on a sma#icale building.

First of all, a concept of shaking table has to be found among the existing ones. This concept
should be the most accurate for our requirementsThen the scale factor of the model to

shake has to be defined. Following this important parameter, the table has to be sized and
several mechanical solutions have to be exhibited.

The research, calculations and mechanical solutions will be exposed andvd®ped in this
report.

In this study, the more critical cases will be taken into account. Then, the chances are the
system will be oversized. The first idea was to build a system with one translation allowed
and providing a thrust around 50kN. As this igust given as a direction for the study, we
will consider all types of shaker anl define the right value of thrust to provide.
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A.

Introduction

The objective of this practice igo design a shaking table. This table will be used to
reproduce a seism and pply it on a smallscale building.

First of all, a concept of shaking table has to be found among the existing ones. This concept
should be themost accurate for our requirements. Then the scale factor of the model to
shake has to be defined. Following this important parameter, the table has to be sized and
several mechanical solutions have to be exhibited.

The research, calculations and mechanitaolutions will be exposed and developed in this
report.

Shaking table systems

Basically, to reproduce a seism, a plate has to be moved by an actuator. This plate has to be
fixed on a device that allows the movement. Tables can shake along three directiaf
translation and create three rotations. There are various types of shaking table but this

could be classified among those two categories:

Figurel. Table fixed on a nemobile support and Figure2. Table supported on actuators and

laterally moved by an actuator moved in various directions

The first system allows one transhktion along a lateral direction;the second oneallows
three translations and threerotations.

Systems can combine theao solutions. The following oneallows three translations.

The conception needs the definition of our need andur means. None complex signal will
be implemented in our study. Therefore, to reduce the complexity and price, we will select
a onetranslation shaking table.

Laboratorio de Dindmica de Estructuras (LABDIN) Péagina 8/36
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Small-scale
model
o Static support
"Horizontal cylinder
Vertical cylinder
Figure3. Three translation system picture Figured. Three translation system scheme

So, the first concept gives a good approach of what is going to be designed. We cdrdd/
this system as follows:

Figureb. Elements composing our shaking table
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C. Prototype and model

C.1 Similitude theory and scale factor

Toreproduce a seism on a model base on a real prototype, scale has to be defined. The first
scale to be defined is the length st& Then the time, acceleration anchass scale can be

defined:

_ Vg

= Un

. 8]

Q==

o

- &

&

Q = %

gg( - dr]

The acceleration scale could be developed as follows:

Vg
A
q]z
The prototype is made of concrete. As the model will be built in a miciooncrete, the
modulus of the material will not be the same. Thus, we have to define a modulus scale.

" _ @
®d=7
G
A common value is given for this scale:
Q= 0.177
The law of ideal similitude implies:
Q=1
Then, equation (5) becomes:
- @
Q= Q- 1
Then:
Q= T

To define the mass scale, the force scale has to be defined:
Q= Qase « _ @iieda
Qasen  @iedn
Considering separately inertia and elastic forces, we have:
~_ Qaseps  QaQy .
QD= = =——=QQ
@Qasen Oy
» _ N 2 N 2 . n 2
@iisda _ »aVa” _ wala”  Qu-g Uy

.QO= “ > — %QZ

s Xy ,“,2 ,“,2 - ' -‘“‘
%mofbr] nr]Ur] ur]Ur] Q] r]Ur]
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Using the two previous relations, we have:
Q Q= Qe
Q = RQ?
The scale of the model will be 1/7.
Then we can deduce the values of the different scales.

Time scale Mass scale

0,378 3,61E+03

Length scale  Modulus scale ‘ Acceleration scale

0,143 0,177 1

Tablel. Scales values

C.2 Prototype and model data

To design the shaking table, we have to know the dimensions and weight of the model that
will be loaded on the table. Here is a list of five prototypes that could lslected.

Building

Prototype Model

Base (mxm) Mass (kg) Base (mxm) Mass (kg)
Ca= 1 (building) 9.6 9.6 902180 1.371 1.371 3258 .89
Ca= 2 (building) 10 10 1835000 1.428 1.428 6628 .47
Cas 3 (portique) 10 05 4000 1.428 0.071 14 .45
Ca= 4 (building) 14 10 1713000 2 143 6187.78
Ca= 5 (building) 8 8 391600 1.142 1.142 1414 56

Table2. Selection of a prototype

With the values of the different scales, we can find the dimension and mass of the model. As
x A Aknbwdwhich one will be finally selected, we should select the most critical case in
terms of dimensions and mass. Case 2 is the best candidate. Case 4 is prohibited in terms of
dimensions. Thus the values we are going to use for the design will be:

Mass d the prototype=1 835 000 kg
Length of theprototype=10m

Mass of the model= 662&kg
Length of the model=142m

C.3 Pre-sizing of the table

The table will be squared.

Arbitrarily, we will let a 1/5 ratio of the length of the table for clearance around the
maximum-sized model.

So, the length of the table will be:
5
U“ IQ “@’gg"?‘»n = —. l“)lQ “@’g& £'CCh

Thus, our table will be 1.8m long. Its thickness has to be optimized to be as low as possible.
Indeed, an oversized thickness table would add uselesseight and more power would be
needed to move it. Before being able to define this thickness, the material of the table has to
be defined.

Laboratorio de Dindmica de Estructuras (LABDIN) Pagina 11/36
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D. Material of the table moving part
D.1  Shaking table requirements

Stiffness and high damping material are needed fahakingtables.

The shaking table applies a spectrum of vibration frequencies f, and amplitude C to the
tested object. The aim is to explore its response.

A big table operating at high frequency dissipates a great deal of power. The primary
objective is tominimize power consumption, but subject to a number of constraints
itemized in the following table.

The aim of this study is to find which material would make the most accurate shaking table.

The table is required to be 8ff but have a high intrinsic damping.

Function Table for vibration test

Constraints Length L, specified

Must be stiff enough to avoid distortion by damping forces

Natural frequencies above maximum operating frequency (to avoid resonance)
High damping to minimize stray vibrations

Objective Minimize power consumption

Free variables Choice of material

Table thickness, t

Table3. Structural requirements

D.2  Optimization coefficient
The displacementX of the table canbe approximatedwith Fourier series asfollows:
®= 0.sin(l 0
Then the speed and acceleration are given as follows:
W= 0] .cos( 9
®= 0] 2.sin( 0

Where:
C is the amplitude of the movement (m)

1 =2."."Q (rd.s-1) with f the frequency (Hz)
The force to bring the acceleration is:

o= 4.

Where:
m is the mass of the table
The power P (Watts) consumed by a dissipative vibrating system with a sinusoidal input is:

Laboratorio de Dindmica de Estructuras (LABDIN) Péagina 12/36
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0 = "0k
This gives the following formula:
a.62] 3
2
The maximum power required is obtained afterderivation of the previous formula:

0=

.sin(2 0

a.627 3
2
In a more general way, if C1 is a coefficient depending on the amplitude of the signal:

06 Go=

04 G= 61.47] 3
4EA Ai DIl EOOAA AT AEEFEAEAT O #p AT A OEA AEOANOGAT A
power lost in shaking the table itselfwe must minimize its massm. We idealize the table as
a square ofgiven length L. Itsthickness t is a free variable.

7 A 1 Tt Alensity of the material of which it is made. Its mass is:

a = 02.0

A simple model of the table and the forces applied on it could be schematized as follows:

L2

A L

Figure6. Schema of the table moving part
Where P is the weighof the model to test, F the force applied to move the table.

The fixation of the model on the table is modelely four points at the extremity of the

table, so that themaost critical caseis reached. Similarly, the force applied to move the table
ismodeleA AU A O1T ENOA &£ OAA bPiI AAAA ET OEA 1 EAATA
any torsion around the vertical axis. A stress is created by the compression and stretching

on the lateral section due to the load F and the inertia of the moving paahd the model

placed on it As the stress only depends on the geometry of the section and the load F, it has

no influence in this optimization. The only stress we should consider is the one created in

the vertical section by the load P.

The thickness influenceghe bendingstiffness of the table. It is important to prevent the
table flexing too much under clamping loads because it determines its lowest natural
vibration frequency. Stiffness is an extensive property of a solid body dependent on the
material and on the shape and boundary conditions.

The bending stiffness, k, is:

1 is the displacementproduced by the force deflection of the table.

Laboratorio de Dindmica de Estructuras (LABDIN) Péagina 13/36
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The deflection of the table section is:
_ O(bn2)3
4807,
IGZ is the second moment of the section:
— (OM2) &3
@& = 12

Then:
0(0M2)® O
~(02)3 2003
.. 200
0= -
0
Thus, for a given stiffness k and length L, the thickness can be expressed by:
L @
= (—)3
°= (35

Inserting this into the equation of the mass, we obtain:

Z
()

|F
Geometrical parameters load parameters material properties

O=wn .47 .

The mass of the table is to minimizeThen, for a given stiffness and minimum vibration

frequency, the selected material should maximize the ratio:

-
. _ 3B
0 = —

The best materials thatmaximize this ratio are magnesium alloys, titanium alloys, Carbon

Fiber Reinforced Plastic, cast irons and zinc alloys.

There are wo further requirements. The first is that the table should have a high
mechanical damping, measured by the loss coefficiegpt Bhe secondis that the material
should no cost too much.

Material Loss I Comment
Al A EEE ] (kg/m3)
Magnesium alloys Upto 2.10E2 1.9 1800 Best combination of properties
Titanium alloys Upto5.10E3 1.0 4600 Good damping but expensive
CFRP Upto4.10E3 3.0 1800 Less damping than Menlloys but possible
Cast irons Upto4.10e3 0.7 7800 Good damping but heavy
Zinc alloys Upto7.10E3 0.7 5500 Less damping than Meplloys but possible

for a small table

Tabled. Accurate material selection

The best compromise is in the choice of a magnesium alloy.

Another solution should bepossible by combining materials, but this will not be considered

in this study.

Laboratorio de Dindmica de Estructuras (LABDIN)
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E.

E.l

Thickness of the table

Now we know thetable should be ofmagnesium, we have to select which one will be used.
Then, with the exact properties, we will be able to launch a structural analysis to define the
thickness of the table.

The thickness is going to be an important value in the selection of the actuatsmce it
changes the mass of the table.

Magnesium properties

First of all, here is aibt of various types of magnesium and their mechanical and physical
properties.

Material Properties
s e
. - Magnesium
Mechanical Properties AZS1D_| AMBOA | AMEOE | AMZ0 | AE4Z | AE4s | As3i | MRI153m [MRIZ300] As21 | AJez
mmate Tensile Strength
(Mpa) 248 247 237 206 237 245 216 250 235 230 227
Yield Strength
(Mpa) 148 123 116 g 134 142 130 170 180 125 138
Elongation
% ub 2 in (51mm}) 7 12 14 16 &-10 10 8 i) 5 16 T
Hardness
Brinall 70 65 60 45 &0 62 72 71 55 61
Elastic Modulus
(Gpa) 45 45 45 45 45 45 45 45 45 45 45
Charpy Impact (unnoiched)
(2] [:] 17 18 18 18 15 <] 6 12 13.3
Fatigue Strength
(Mpa) a7 84 20 &0 72.5 120 110 75
N - Magnesium
Physical Prop
AZ31D | AMEOE | AMS0A | AM20 | AE4Z | AE44 ]| AS31 ] WMRI153M MRI230D] ASZ1 AJ6Z
Density
g/ cm®) 1.81 1.80 1.77 1.75 1.78 1.82 1.78 1.82 1.82 1.76 1.8
mng Range
{(C) 420-588 | 420-615 | 420-620 | 420-638 | 584-828 | 572-820 | 420-630 506-602 525-806 | 420-832 612
Specific Heat
(kikg k) 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.08 1.04 1.02
Coefficient of Thermal
Expansion
fum /' m - k} 26 26 26 28 26.1 26.1 28.1 25.9 25.1 208.1 27.3
Thermal Conductivity
Wim-k) 51 g1 65 84 a4 24 G4 7 84 i7
Electrical Conductivity 1.7
MS/im 6.6 8.1 13.1 11.7 10.8 25
Corrosion Rate
mglcmday 0.033252] 0.07812 | 0.081872) 0.842308] 0.013460| 0.007 0.08 0.1 0.1574 0.04

Figure7. Mechanical properties of various type of magnesium

As the properties of the magnesium of which the table will be made can depend on the
supplier, we are not able to seledhe exacttype of magnesium right now. Thus, to simplify
this study, we will arbitrary select thevaluesof those properties.

Basically, we just need a few ones: the density, the Young Modulus, Bie EOOT 1 6 O OAOQET
the tensile strength (yield and ultimate).

This arbitrary selection is based on the most critical choice. After looking for magnesium

suppliers on internet, the needed mechaical and physical properties have been gathered.

The density value is between 1740 and 1800 kg/m3. Thus, we will take the biggest value.

AEA 9101 ¢c -TAOI 6O EO 1tuv '"0A AT A 0T EOOIT80 OAO
magnesium alloys but the differencevould be too low to be taken into account in our

analysis. Regarding the different alloys, the tensile strength values change a lot.

For example, the supplier Parkway gives those values:

Magnesium| Density | Young Modulus|0 I E OOT d| Tensile strengh, | Tensile strengh,
type kg.m"-3 GPa ield (MPa ultimate (MPa
45 0.35 160 243

AZ91D 1799

Laboratorio de Dindmica de Estructuras (LABDIN) Péagina 15/36
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AM50A 1772 45 0.35 110 200
AM50B 1799 45 0.35 130 220

Table5. Magnesium properties

The International Magnesium association gives thillowing graphs:

Tensile Yield Strength, Die Cast Alloys Ultimate Tensile Strength, Die Cast Alloys

250

N
=1
=1

TYS (MPa)
I~
5]
UTS (MPa)

=1
=1

@
a

801 [0.2% offset. Separately die casttest bars | 1~~~ PR N A
: e X ‘

+ + t t t 1 100 t t t t t T d
-100 -50 1] 50 100 150 200 250, -100 -50 1] 50 100 150 200 250
Temperature (°C) Temperature (°C)

[-AE42 -AM20 -AMBOV -AMBD _ AS21 -AS4l -Az91 ] [-AE42 - AM20 -AMBOV -AMED  AS21  -AS41 -4AZ31 |

Figure8. Magnesium tensile yield strength Figure9. Magnesium ultimate tensile strength

The black vertical straight line represents the condition of a basic test. As it is not posigb
to assume which magnesium alloy is going to be used for our project, we will select quite
low yield and ultimate tensile strength, shows on the two previous graphs with a clear
green curve (AM 20). This gives a value of 100 MPa for yield tensile strehgnd 215 MPa
for ultimate tensile strength.

So here arghe properties of the type ofmagnesiumwe are going to use:

Mechanical Density Young Modulus 01 EOOIT Tensile strength, Tensile strength,
and physical (kg /m3) (GPa) ratio yield (MPa) ultimate (MPa)
property
Value 1800 45 0.35 100 215

Table6. Mechanical and physical properties of the selected magnesium

Now we know the properties of our material, we are able to calculate the thicknes$ the
table moving part.

E.2 Thickness calculation

The table is 1.8mx1.8m.

As explained on the first partthe maximum-sized model is selected to design the table. The
following table reminds the dimensions and mass of this model:

Base(m x m) Mass (kg) Weight (kN)
1.42 1.42 6628.5 65

Table7. Table moving part dimensions and mass

E.2.1 Basic load case

The first analysis is based on the most critical load cadgasically, this means that the total
mass is applied on one point in the middle of the table and the table is supported on two

OOOAECEO 1 ETAO xEEAE AiI180 Allix AT U AACOAA 1
define a first value of the thicknes of the table. Then an optimization of this valushould
be done.
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The two straight lines represent the two guides that will be studiedn chapter G. Those

guides will be placed exactly under the limit of the model, that is to say 1.42m. They are

modeled by hatched lines on the following drawing.

4EEO OAPOAOGAT 6O OEA TEIEO 1T &£# OEA OOAAI A OAOOE
beyond this area.

1.80m

A >

1.42m

1.80m 1.42m

Figurel0. Dimensions of the table service area

As those limit conditions are quite simple, we assume that the area beyond the previous
limit will not be affected by this first load case. Therefore, we will first model the table as a
1.42m length square. For each simulation, the thickness is a variable.

E.2.2 Steps

The software tha is usedis called RDM Le Mans. It allows realizing finite element
calculations. This software uses the plate theory.
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Here is the mesh, with
the applied load in the
center, and fixatiors on
two opposite edges.

After implementing the
material parameters and
defining the load case,
we give a thickness to
the plate and launch the
calculation.

Then, we get the
displacement value and

Figurell. Finite element mesh the maximum Von Mises
stress.

The Von Mises stress
can beplotted as
follows. The stress
values are
represented on a
color scale. The
maximum Von Mises
stress, shown in red,
is located in the
middle of the table,
where the load is
applied. Figurel2. Stress obtained on the table

To get the peak value
of stress and
displacement, we can
plot iso-value lines,
as follows.

Figurel3. Displacement iswaluelines Figurel4. Stress isevaluelines

The calculdion is repeated with different values of thickness.
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E.2.3 Results

To extract a good result, we require a coefficient of security of 3 for the yield strength and 4
for the ultimate strength. The formula of the margin of security is therefore:

5 Yo, = WO ™ & "BQ 1
e TV,

YOQ QY G HQ

4'1’ «e 000G

0 € ¥wa o =

To fulfill the requirement of safety, those coefficients shall be positive.

The results are given on the following table.

Analysis results Ultimate
Thickness Mass table  von Mises Max Maximum
(m) () Stress (Mpa) displacement (mm) MoS
0.06 349.92 42.4 0.254 -0.21 0.27
0.07 408.24 31.14 0.163 0.07 0.73
0.08 466.56 23.85 0.111 0.4 1.25
0.09 524.88 18.84 0.0797 0.77 1.85
0.1 583.2 15.27 0.0595 1.18 2.52
0.11 641.52 12.62 0.0458 1.64 3.26
0.12 699.84 10.61 0.0362 2.14 4.07

Table8. Analysis results and margin of security

As the table shows it, a 0.06m thickness table will not be thi&nough to fulfill the margin of safety

of yield. The following value of 0.07m is a potentially good value since it fulfills both requirements
in terms of margin of safety. The maximum displacement is 0.1mm, which is largely acceptable.
Basically, we couldselect this value of a thickness. But since we should realize other more accurate
simulations and analysis, we should keep a margin of safety in terms of design. The mass of the
0.07m-thick table is around 400kg. As the 0.08nthick table only weights 60kgmore than the
previous one we will select this last value of 0.08mkeeping in mind that it can bedecreasel on a
further optimization.

Laboratorio de Dindmica de Estructuras (LABDIN) Pagina 19/36



Disefio de una mesa vibradora. REPORTE LABDIN 01/10

F. Selection of a linear actuator

F.1  Thrust calculation for a first approximation

The thrust necessary to performa specific move profile is equato the sum of four
componentsof force. These are the force du® acceleration of the massgravity, friction
and eventual goplied forces.

F.1.1 Terms and units

Fapplied

Factualcy

|F friction

0

Fg ravity

Figurel5. Schema of a classical system

Thrust = Total linear force (N) (= Angle of inclination (deg)
Ffriction = Force from friction (N) t = Coefficient of sliding friction
Facceleration = Acceleration force (N)  WLoad = Weight d Load (kg)
Fgravity = Force due to gravity (N) WACctuator = Weight of actuator (kg)
Fapplied = Applied forces (N) a = acceleration peak (m/s2)

F.1.2 Thrust calculation equations for a first approximation

The figure above shows a general case where the fon@xuired by an actuator must be
determined. All of theabove forcesare included, and it is important to notethat all of these
forces can change over time, so thtrust should be calculaked for each section of the move
profile. The worst case thrust and speed requireghould be used to pick the appropriate
actuator.

All of these forces added up must be equal to masmes acceleration

o~ o e WO,
O=ad.0= —= W
Q
GudoGEl  "@NNEON  "OR'weE  "Oq@n= 5 ®
PR ¢ L« R Ry L e s
QUBOCXET = 5 W+ "@NNEEN + "OReE + "OR'Ad

Where:
WO= O E+ 0 CTDOCRET
"ORWEE = .0 ECR I —
"NWaAd= wEX i ©—
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Figurel6. Schema of our horizontal system
In our system,q = Thus,Fgravity is equal to 0.

Fappliedis also equal to 0. The previous equation becomes:
U ¢ L e I g
QUOOGXEl = ) Wt L wEW

For a linear bearingwith rolling parts , a critical and quite bad coefficient of sliding friction
would be about 0.005Factuatorbecomes important when theacceleration force (W:/g)a,
is a significant part of the thrust calculationFor simplicity, we will start by neglecting this
weight, andcalculate the required thrust without it. After selectingan actuator,we will take
into account its mass inertiaand recalculatethrust to check if it still works.

Now, we should extract the acceleratiomnd velocity peaks and the maximum displacement
from a given signal.

Signal definition: small-scaled seismic move

On the previous part, we saw thathe thrust should be calculaed for each section of the
move profile because the forces can change over time. However, in our case, the friction
force and the weight will not change over time. The only force that depends on the move
profile is the acceleration. Therefore, ifve select the peak of acceleration of our signal, we
ensure that the actuator will be powered enough to recreate the whole signal.

The signal to be used should be the most demanding. Here is the record of the seism of
Kobe Takatori. The signal is noiscaked.

Figurel?. Acceleration record of Kobe Takatori seism
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Since the acceleration scale is equal to 1, scaling the signal will only change the values of
time. From the record, we can extract a peak of 6.114 m/s2. This value wik used as the
maximum acceleration to provide on a test.

With the time scale, we can extract the signal the model should be submitted. Then we can
find the maximum speed and displacement of the ground.

Now we should extract the maximum speed. It might natorrespond to the acceleration
peak. The maximum speed is 0.41m/s. This value corresponds to an acceleration of 6.114
m/s2 and a displacement of 0.066m. If we extract the maximum speed corresponding to the
maximum acceleration, we can see that acceleratipeak and speed peak happen during
the same time section.

0.04

0.4

0.03
03 0.02
0.01
— g
m 02 — 0
B m
o L 901 HHHHH
0.1
\H I
IH “M -003

—0.04

||| ‘ ||||| .
1.82 1.504 1.98¢ 2073
st 1904 1980 2073 ]

Figurel8. Speed peak Figurel9. Displacement peak
The first step in analyzing a motiorcontrol application and selecting aractuator is to
determine the required move profile. This move profile isbased on the distance to be
traveled and the amount of time available irwhich to make that move.

If the average velocity of the profilas less than half the maximunvelocity of the actuator,
then triangular profiles can be usedlf not, a trapezoidal profile can be used.

After calculations, the average velocity in this section of time is found equal to 0.262m/s,
which is more than half the maximum velocity. Thus, our profile will be approximatedsaa
trapezoidal move profile.

Velocity Velocity (m/s)
0.3
0.41 m/s o
Vmax. ..............
H cv 03]
0.262m/s
Vavg [ EEREEEEEY AP S EPPPPERRRPR
ace dec
time (sec
— tacc tey tdec — (sec)
g 1904 1989 2073
tiotal 0.0670 s 0.0874s 0.09865 Time (5)

Figure20. Velocity ideal move

Vmax= max.velocity (m/s)
Vavg = avg. velocity (m/s)
tacc = acceleration time (s)
tdec = decelerationtime (s)
tcv = constant velocity time (s)

Figure21. Velocity approximated move

ttotal = total move time (s)
acc = accel (m/s?)
dec = decel (m/s?)
cv = constant vel. (m/s)
stroke = total move distance (m)
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With the velocity approximated move, wewill be able to get the required values to select the right
actuator.

F.3 Motor Torque calculation and real thrust calculation

When selecting an actuator system, it is necessary to determine the required motor torque
to perform the given application. These calculaties can then be compared to the torque
ratings of the given amplifier and motor combination that will be used to control the
AAOOAOI 060 OAI T AEOU AT A pi OEOEIT T 8

The torque is composed by the static torque, the dynamic torquiuring acceleration and
deceleration and the torque due to mass inertia of the electric cylinder.

U = Uiggd * Vazand T U ek

Since the actuator is not oposed to the weight of the load created by the moving part and
the model, there is no static torqueTo select the maximum value of torque, we should find
whether it is at its maximum during acceleration or decelerationThus, we calculate either

value during acceleration and deceleration

. 0.y g0
Ve s (@igadase: Jaam = ~ 5w«
. 0 .Gy 0.-
Ve s (caoae: Yadm =  — 5«
0 _ Q"fm"dx‘x"l .z‘-:d(;,b.Z.“
CTROGEET (CYEEQ CHEE ) 6 Gxo — :
( ) r ¥ T e (Iﬁ@
,L,) _ B _ Qfmm| équmZ"
CEROCET (OO0 CHeE ) 6 cid -
( ) Conion cye:
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Pis the spindle pitch of the actuator. ‘
&4 Is the maximum speed of the actuator :£ 4 ¢y, = Udﬁ“"b

Qrivcici 1S the mass moment of screv inertia of the actuator.
Qriancse: 1S the time section of acceleration extracted from the move profile.
Ooaign cee 1S the time section of deceleration extracted from the move profile.

Then, the maximum torque can bealculated. From this value, the real thrust needed is
calculated as follows:

YO YR0i 0= —2

This value of thrust is the real requirement for the selection of the actuator.

F.4  First approximation to select an actuator
F.4.1 Mathcad implementation and approximate required values

Once all the values and formulas have been implemented aMathcadfile, we get this
minimum requirement, which is given without any margin of safety

Approximate maximum thrust: 44kN
AEEO OAIl OA Ahe kelyht of @ctubitdr foi nOWA A
Maximum Speed: 410mm/s

Maximum Stroke: 66mm
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F.4.2

F.5

BE CAREFULThis is only an approximation of the thrust we should at least reach. Indeed,
we will also have to take into account the inertia of the screwnithe actuator which
increasesthe value of thrust.

Pre-selection of a linear actuator

The supplier SEW EURODRIVE offers actuators that can maybe fit our requirements.

SEW EURODRIVE
Model Nr. Stroke (mm) Max Linear Speed (mm/sec) | Max Force (kN)
CMST1L (KGT) 200 750 17
FT35-2420 (PGT) 200 375 20

Table9. Sew Eurodrive actuator properties

As we can see on this table, the maximum linear speed can only be reached by the CMS71L
(KGT).

The required stroke is reached. But the required thrust cannot be reached with a single
actuator which only gives 17kN. Thus, we shouldse 2 actuators of thesame type to reach
34kN which is still too low for our requirements. Using three actuators will mybe not be a
pertinent solution in terms of static indetermination. Indeed, the third actuator may

interfere in the parallelism of the two others and create a stress in the guidance system. We
can propose to put the accent on a perfect parallelism of thieree actuators but this will

never be obtained. Then, since the displacement and time of our signal are really small, a
small error could interfere in the position and movement of the table and significantly
reduce the accuracy of the movement. But thidsuld be discussed.

We could try to decreae the thrust needed in selectinginother less heavyprototype or by
selecting a less demanding signal of seism. Thelution to limit the mass of the model is
pertinent since we first selected the heavieprototy pe of building. If we have a look at the
different cases in terms of weight on the table section 2, we could select the first solution
which has a similar dimension of base but a weight of 3259kg@hen the calculation should
be redone to check if the actuar fulfills our new requirements.

With this modification, the thickness of the table should be recalculated. However, the mass
of the table does not have a big influence on the global mass ahds on the maximal

thrust. This is whywe can keep the previos value of 8cm, keeping in mind that this value
could be optimized.

But before deciding to reduce our requirements in terms of mass, we should look for other
suppliers and see if our first requirements can be fulfilled by an actuator.

After looking for various suppliers on internet, a solution can be found by the supplier
EXLAR, which can provide various solutions.

Selection of a linear actuator with real required values

Since we have a list of potential actuators, we can implement the right values on the
Mathcad file and get the real requirements. As written beforén applications where the
acceleration force (Wt/g)a, is a significant part of the requiredthrust, the actuatormass
must be considered in the thrust calculationAfter an actuator ischosen the actuator linear
inertia is added to the weight of the load

Laboratorio de Dindmica de Estructuras (LABDIN) Pagina 24/36



Disefio de una mesa vibradora. REPORTE LABDIN 01/10

Here is the list of actuators that fulfill our requirements.

Model Nr. | Stroke Screwlead MaxLinear Torque at Screw Max force Max Rot
(mm) (mm) Speed max force inertia (KN) Speed (rpm)
(mm/s) (N/m) (kg.m2)

305 30 1000 497,1 0,0051 90,8 2000
610 30 1000 497,1 0,0083 90,8 2000
914 30 1000 497,1 0,0113 90,8 2000
1219 30 1000 497,1 0,0142 90,8 2000
305 30 875 998,8 0,0184 178 1750
610 30 875 998,8 0,0279 178 1750
914 30 875 998,8 0,0374 178 1750
1219 30 875 998,8 0,0468 178 1750

TablelO. Exlar actuator properties

As given on EXLAR technical document, an efficiency of 85%gigen for the actuator roller
screw. Afteradding step by step the actuator inertia of each model to our calculation, we
get the following results:

Model Nr | Max force provided by the actuator (kN) ‘ MAX THRUST required (kN)

90,8 61,7
90,8 62,71
90,8 63,66
90,8 64,58
178 65,9
178 68,9
178 71,9
178 74,87

Tablell. Maximum force provided and required for various Exlar actuator

Each of those actuators can bgelected for our problem. The four first solutions allow a
better linear speed, which can suit to a more demanding signal that the one we selected.
The four last ones give a better maximum force. The main others differenca® atroke
values. An FT601230 or FT80-1230 with a stroke length of 305mm is largely enough for
the type of signal we use.

Please note that a motor has to be added to empower the actuator. Since electrical
calculations have to be performed, the best waig to ask EXLAR for the choice of the motor.
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G. Guidance
G.1 Type of contact

Quality is reached with

- An accurate guidance
- A good maximal displacement speed
- Alow intensity of stress

REPORTE LABDIN 01/10

- Reliability
- Volume
-  Cost
Direct Contact With antifriction With rolling parts
elements
Accuracy + - +/ - ++
Wear
Performance -- + - ++
(speed, efficiency)
Friction coefficient --:005upto0.2 + - ++:
(stick slip at low speed) 0.005 up to 0.0005
Intensity of -- + - ++
mechanical stress
Lubrication Necesary Auto -lubrication No
Cost ++ +/ - -
Game Yes Yes No

Tablel2. Type of contact comparison

To simulate the signal of the seism, the most accurate system has to be chosen with a good
performance. To preserve the table material andccuracy of the system, the friction
coefficient has to be decreasedoreover, on the third solution, the wear appears on the

rolling parts, which

are mutable.

To reach the goals of the project, a solution with rolling parts is going to be used.

Now, we ae going to detail the existing solutions.
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G.2 Type of solution allowing a rolling part system
G.2.1 Solution 1 ¢ a dovetail guide

Figure22. Dovetail guide section
It is used to guide mabile truck of machingool
This solution needs aspace for clearance compensation.
For our solution, it would be provided with rolling part connection.

G.2.2 Solution 2 ¢ an open crosshead guide

w%////// I

Peso

/////ﬂ““f/

Figure23. Open crosshead guide section

This solution needs the application of a verticdoad to work. Gravity is often used on this
system.

Various rolling parts can be used.
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CAGE

ROLLING
PARTS

Figure24. Rolling part system
A rolling bearing cage of rolls is shown on the following drawing.

Figure25. Bearing cage detalil
A few pictures of those rolling bearing are given further on this report.

Because parts are rolling, this solution implies the calculation of theeededlength.

Cages speed is two times smaller than truck speed.

L)ZOZ():(X)ZOI(XX}IOJ J

Lk
L = Length of the guide
C = Total length used by the truck
Lk = Total length of the cage
[910:0:0:0:0:0:0:010))
l | L=Lk+C/2
\~ (010002000 ¢ I(DJ
Cr2 li Cr2

Figure26. Calculation of the needed length
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G.2.3 Solution 3

\‘\

Figure27. Solution 3 section
This solution also needs a space for clearance compensation.
For our solution, it would be provided with rolling part connection.
G.2.4 Solution 4 ¢ with rollers

bz

T

Figure28. Section of a system including rollers
This solution transforms a translation movement into a rotating movement of rollers.

Rollers are shown on the following drawing:

Figure29. Roller drawing and section
G.2.5 Solution 5 ¢ with skids

This solution is used for machinetool translation system.
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Figure30. Section of a system including skids
This solution uses skids:

Figure31. Skid drawing and section
It can be used fora biggertranslation length.
This is used for numeric moulding machine tables.
G.2.6 Solution 6 ¢ with bearing drawn cup

Figure32. Solution with bearing drawn cup

This solution needs two rails. The static indeterminacy of this system implies\ery
accurate parallelism of the rails.
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Figure33. Example of bearing systems

G.3 Most accurate solution

NN

Figure34. Open crosshead guidketailedsection

This solution sounds to be accurate to our projectndeed, it might be the cheapest and

easiest one.
&EOOON O[EA iTOTOET ¢ EO 110 Aii bl EAAGAA AAAAGO
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eventual parasite lads. At last, this type of solution is accurate with the parameters of the
project, as a big vertical load is going to be applied, due to the weight of the building.

A solution with skids would also be accurate but it might be more expensive. The guidance
system shown on solution 5 should be simplified, using the weight of the building and
suppressing 4 skids (2 on the picture).

The calculation of the life cycle bearing has to be performed.

The rigidity of the liaison should comply with the most critical bad case (the whole mass
applied in the middle of the table).

At last, lubrication of the system has to be thought to decrease losses of energy.

Laboratorio de Dindmica de Estructuras (LABDIN) Péagina 31/36



Disefio de una mesa vibradora. REPORTE LABDIN 01/10

H. Components list and characteristics

Here is a list of the different elements composing the table, its materiahd characteristics.

The elements that have not been taken into account in this analysis are just suggested.

Element Remarks

Moving part Made of magnesium, dimensions 1.8mx1.8m
Support Probably made of steel

Actuator FT60-1230 or FT80-1230 provided by EXLAR
Actuator motor To be discussed with the supplier

Rail Two elements, 142m length, maybe provided by THK
Fixation Soil - Actuator Maybe steel

Fixation Soil - Support Maybe steel

Fixation Model z Moving part Standard elements, stress analysisecessary

Tablel3. List of the components and characteristics

Here are a few pictures of the rolling bearing and skids provided by THK
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Cross Roller Guide Model VR Ball Guide Model VB

Stoppers of models
V1 to V4 have round
shapes.

Figure35. Cross Roller guide Figure36. Cross Roller guide and Ball Guide

Figure38. LM Roller system

The LM Roller is a compact linear guide
with high load performance and a mallet
type roller able to make infinite circular
motions. This product is optimally
Figure37. LM Roller applicable to machines required for high
positioning accuracy, repeatability and
rigidi ty.

Figure39. Cage roller LM guide Figure40. Skids
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.  Conclusion

In this study, the more critical cases have been taken into account. A lot of points could be
optimized to avoid overdesign, as it has been mentioned all along the report.

The table is composed by a moving parhade of magnesium, a guidance with roll bearinga
support on which it is fixed and an actuator to produce the movemerbgether with a
motor that should be chosen with the supplier If other modifications had to be done, like
selecting a cheaper material for the moving part, calculations on the thickss should also
be performed.

The prototype to be scaled is a 1835000kyeavybuilding, 45m-high with a 20mx10m-

base. Basically, we have a 6630Kgeaw model that is fixed on a 1.8rsquare table and
0.08m-thick. The signal to be simulated has an accelerati peak of 6.114m/s2 with a
maximum speed of 0.41m/s and a stroke of 0.070m. The maximal thrust to be provided by
the actuator should be between 61kN and 75kN, dependiran the actuator linear inertia.
The inertia and efficiency of the motor to be added tthe actuator may be taken into
account to select the most accurate one among the list given on this report. One important
point, if a combination of actuator is preferred for other reasonsuch asthe cost of the
shaking table, is to avoid combining thre@ctuators acting in the same direction. Indeed,
this could create a static indetermination and decrease the accuracy of the shaking table.

Considering the guidance system, the best should be to place tia elements at a 1.42m
distance, so that when theselected model is fixed on it, the four corners of the base are
applied on them and the load is put awpafrom the center of the table.

This study is a base for further research. Optimization has to be done to decrease the cost of
the table. And of courseif the cost was too high, the requirements could be decreased by
selecting a lighter prototype of building or a record of a lower seism.

Figured1. Shaking tableglobal view
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Appendix

Apéndice I. Common magnesium alloys

Here is a list of common magnesium alloys and the main reason they are used.

Alloy Alloying
Designation Additives Uses Reasons for use
9.0 % Al 0.7 - .
AZ91 % Zn 0.13 % | General casting alloy ©00d castabilitygood mechanical
M properties at T<150°C.
Greater toughness and ductility than
AM60 6.0 % Al High pressure die AZ91, slightly lower strength.Often
0.15% Mn casting alloy preferred for automotive structural
applications.
3.0% Al 1.0 Wrought magnesium
AZ31 % Zn 0.2 % 9 g Good extrusion alloy.
products
Mn
. : Rare earth addition improves creep
42 % Zn 1.2 | Specialist casting
ZE41 % RE 0.7 % 7 alloy strength at elevated temperatures.

Pressure tight.

4.9 % Al 1.0 Better creep resistance than AZ91 a
AS41 ‘ % Si "~ | General casting alloy elevated temperatures but lower
° strength.
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