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Abstract. As a kind of base excitation, shaking table is often used to test the dynamic
characteristics of structures. However, the prediction of response to base excitation hasn’t been
solved effectively, which limits the further research on the test and analysis method with
respect to base movement. This article is based on a cantilever beam and focuses on its
response prediction under sinusoidal base excitation. By moment and force equilibrium
equations, an analytical model is built for this cantilever beam, and then a method to predict
dynamic response at base excitation is proposed. Finally, the method is used to solve the
vibration response distributions of the cantilever beam at base excitation. Correctness of this
method is also proved by comparing the result with experimental data.

1. Introduction

Base excitation is an important way to test vibration parameters of a structure. It is widely used
because of stable input energy and being close to real constrained condition [1-4]. Yoshikazu Araki[1]
tested the response of an object placed on a vibration isolator by shaker. Francesco Pellicano[2] tested
the nonlinear parameters of cylindrical shell by shaker with a sine excitation.

However, the analysis of structure under base excitation progressed slowly compared with the
experiment mentioned above. Most scholars generally adopted FEM to analyze the dynamic
characteristics. For example, Liu[5] offered a method that simplified base excitation to distributed force
by means of equivalent loads and create a FEM model to solve the problem. Allahdadian[6] proposed
a topology optimization scheme which was used to reduce the vibration response under the base
excitation by FEM.

Some scholars[7-9] also were devoted to doing theory analysis for the structure under base
excitation. For example, on the basis of neglecting the mass of the beam, a composite structure at the
base exciting was analyzed by Feng[7]. Kocaturk[8] analyzed the response of a viscoelastic support
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cantilever beam under sinusoidal base excitation by analytical method, but ignored the damping of the
beam itself and only considered the damping and stiffness of the support. The analysis results will be
inaccurate if the vibration characteristics of the structure at base excitation are not fully introduced.

Therefore, a detailed analytical analysis of the vibration response of a cantilever beam under the
base excitation was done in this paper. Firstly, the dynamic differential equation of cantilever beam
system was established considered the base excitation and the system damping. Secondly, modal
superposition method was used to solve the equation and the response distributions of cantilever beam
under sinusoidal base excitation were acquired. Finally, the analysis method was demonstrated using a
study case and the validity of the proposed method was verified by the comparison of the analytical
solution and the experimental results.

2. Analytical model of cantilever beam under base excitation

The cantilever beam system under base excitation is shown in figure 1 and is extremely close to that of
a constant section Euler-Bernoulli beam. Set E is the elastic modulus, | is the moment of inertia, m is
the mass of per unit length, A is the cross-section area and | is the length of the beam. The total
displacement of one point on the cantilever beam under the base excitation is defined as:

A(x,1)=y()+o(x,1) (1)

where @(X,t) is the deflection curve, y(t) is the displacement of base. If the base is in sinusoidal
movement, it can be defined as y(t)=Ysin(wt), where @ is the radian frequency and Y is the
displacement amplitude of the base movement.
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Figure 1. Cantilever beam under base excitation

A small segment is taken from the beam and the force analysis is done which are shown in figure 2.
In the figure, V is the shear force on the vertical section, M is the bending moment and c is
velocity damping coefficient.
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() A small segment beam (b) Force analysis on the cross-section
Figure 2. Force analysis
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In this study, two types of distributed viscous damping force are taken into consideration [10]: one

is external damping force which is proportional to velocity and represented as D(t)——c% the

other is internal damping force which is proportional to deformation velocity and expressed as

r r

o =—C a—f where C, is the damping coefficient of deformation velocity and & is strain. The

internal damping force can also produce additional bending moment and shown in figure 3.
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Figure 3. Bending moment produced from the internal damping force

It is assumed that the strain on the cross-section is linear distribution, and then the additional
bending moment produced by the internal damping force can be expressed as:

Mr=J;arsz=!crzt—gsz 2

Where z is the distance between one point and the neutral surface.
From the materials mechanics, the equation between strain and beam deflection can be obtained:

% p(x,1)
o (©)
Substituting equation (3) into equation (2), the additional bending moment becomes:
2 2
M, f [_ 6(p(xt)} dA__ra (xt)j el G(p(zx,t) 4)
ot ox2ot

Then the total bending moment of the small segment is:

2 2
M =g 2 <0(>2<,t) ¢l 0 ¢(2x,t) (5)
OoX ox“ot

From the moment balance of the whole small segment, can yield:

M+ MM de+—{— oAy a’”Xt)}(d) (6)
OX 2 ot

Neglecting the high order item and referring to the equation (5), the equation (6) can be simplified as:

M _ 2 [_EI D%p(x,1) el az(p(x,t)}

7
X ox ox* T oxcot ()
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Further, from the force balance of the whole small segment, can yield:

2
V+8—de—V— ma /1(2<,t)+cai(x,t) dx=0 (8)
OX ot ot

Substituting the expression of A(X,t) shown in equation (1), the equation (8) becomes:

2 2
8_de —Im 0 yz(t) +m 0 (p(i(’t) +C 210 +C a(D(X’t)}dx =0 9)
OX ot ot ot
Further simplification and organization can yield:
2 2
N _ Tkt dp(xt) _aVO) | ) w0

OX ot? ot ot? ot

At last, substituting the expression of V shown in equation (7) into the equation (10) can yield the
movement equation of the small segment under the base excitation and shown as:

4 5 2 2
AL B 0 BN Y N L) W i 1O T T Y
OX ox"ot ot ot ot ot

3. Solution of response distributions of cantilever beam under base excitation
It should be noted from the equation (1), if the deflection curve go(X,t) is known, the vibration
response of any point on the cantilever beam can be determined.

Here, the modal superposition method was adopted to solve the expression of the deflection curve
o(x,1). The every order natural frequency of the beam is set as o, 1=123,---, and the relative
regular modal shape function is Y;(X) , which satisfies orthogonally conditions as follows:

j; mY?(x)dx =1 (12)

Then the deflection curve ¢(x,t) can be expressed by the regular response 7,(t) and the regular
modal shape Y, (x) and shown as:

Px, D=2 Y, (07, (1) (13)

For a cantilever beam, the expression of Y,(X) is:
sinh k1 —sink;l
cosh k| +coskl

Y, (x) =D, | coshk,x —cosk,x— (sinhk,x —sink;x) (14)
Where D, is a parameter related to the excitation level, k; is a parameter related to nature frequency.
Corresponding to the first five order, the values of k, are 1.875/L, 4.694/L, 7.855/L,
10.996/L,14.137/ L respectively.

Substituting equation (13) into equation (11) can yield:
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Z P o Y ()7, (1) + ZC l Y, ()7, (1) + 2 mY, (x)7, (1) + D_cY, ()73, (1)
i=1 i=1 i=1
I 62 v , O
- 2
ot ot
Utilizing the orthogonally conditions, equation (15) is integrated along the longitudinal direction of the
beam and can become:

(15)

ol EIdY(X)Y(x)dX+Z (t)j{ McY(x)}Y(x)dxw.(t)j mY(x)dx=F, (t) ~ (16)

Where F,(t) = [’ {m 53’9) aya(tt)}vi (x)dlx

Assume that the two damping coefficient ¢ and ¢, mentioned above are proportional to mand E ,
and expressas € =am,c, = SE . Then equation (16) can be simplified as:

17 (t)+(a+ﬂa)i2)77i (t)+a)i277i (t): F (t) 17)

- | 8%y oy(t)
Accordingly, E(t)-_[o {m P ta - }Y(X)dx

Furthermore, the i-order modal damping ratio ¢; can be expressed as:

a"’ﬂa’iz _ n P,
20 20 2

g =

(18)

Thus the coefficientar , f# can be determined from the modal damping ratio and nature frequency, the
solution formulas are:
20,0, (sz - é/za)1)

o= 19
0 — o (19)

2(4’20)2 _é/la)l)

2 2
W, —,

p= (20)

Where ¢,,¢,, @, @, can be obtained from the experiment.
Combining equation (17) and equation (18) yields the final equation:

7, (t) + 25, (t) + ol (1) = Fy (1) (21)

The solution of equation (21) can be easily obtained by reference to that of a single-degree-of-freedom
system and shown as:
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!/

7 (1) =e 5 [Msin ot 7, COS Dt 4 jo‘ F (r)e" sina)i’(t—r)dr} (22)
o

@,
Where
o = o 1-¢f (23)
Mo = jol me (X, 0)Y,dx (24)
B = jol mg (X, 0)Y,dx (25)

Finally, the total displacement of the cantilever beam under sinusoidal base excitation is expressed
as:

Alx,t) = y(t)+g0(x,t):y(t)+iYi(x)ni (t) (26)

From the equation (26), the response distributions of cantilever beam under base excitation can be
determined.

4, Study case

4.1. Problem description

In this study, a Ti-6Al-4V beam which is in cantilever state is chosen as study object. The shaking
table is taken as base excitation device and the acceleration sensor of light mass is taken as the
vibration test device. Then the experiment system is constructed and shown in figure 4 and the relative
experimental equipments are listed in table 1 detailedly.

|accelerati0n sensor

cantilever beam

Figure 4. Experiment system
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Table 1. The experimental equipments in the base excitation test.

No. Name
LMS SCADAS mobile front-end
PCB 8206-001 54627 modal hammer
KINGDESIGN EM-1000F shaker
B&K4517 acceleration sensor of light mass
High-performance notebook computers

g B~ W DN -

The material parameters of the beam have already been tested in the related research. The Young’s
modulus is 110.32Gpa, Poisson's ratio is 0.31, and the density is4420kg / m®. The finished dimensions

of the beams are 250mm x 20mm x1.5mm and a 25mm section to be mounted in the clamping device.

4.2. Solution of the response of Cantilever Beam by analytical method

During the analytical analysis, the base excitation is set as displacement harmonic excitation with
frequencies 239 Hz and 510 Hz respectively and the level of base excitation need be set as consistency
with the experiment. Because the level of base excitation is depicted by acceleration in the real
experiment, the acceleration should be converted into the displacement by the formula Y =a/ @,
where a is the acceleration amplitude. In this study, the acceleration excitation amplitudes are set as
0.39,0.89,1.69 respectively. Corresponding to these acceleration amplitudes, the displacement
amplitudes which are used for the analytical analysis are listed in table 2.

Table 2. Displacement excitation amplitude (x107'm) .

Exciting level of shaking table

Exciting frequency

0.3g 0.8g 1.6g
239 13.037 34.767 69.533
510 2.863 7.635 15.270

The damping parameter can be calculated by the modal damping ratios acquired in the subsequent
experiment, and the obtained o is0.518and £ is 3.168x10°%.

The natural frequencies of the cantilever beam are calculated firstly and are listed in table 3.Then
equation (26) is applied to compute the displacement response under base excitation with different
exciting levels and frequencies. Here, two location on the beam are chosen as response testing points
which exist the distances of 0.1m and 0.15m from the clamp area. In order to compare with the
experiment, it is required that the displacement responses obtained by analytical solution be
transformed into the acceleration responses. Figure 5 is an example about the response of x =0.15m
location. In this calculation, the excitation amplitude is 1.6g and excitation frequency is 510Hz.
From the figure 5, the response amplitude can be obtained and the value is 13.05m/32, Similar with
the example, the responses of the beam under different excitation frequency and levels can be
computed for the two locations and the relative calculation results are listed in from table 4 to table 7.
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Table 3. The natural frequencies by analytical calculation and measurement.

No. 1 2 3 4 5
Calculated value A 23.9 149.8 419.6 822.3 1359.2
Measured value B 22.8 145.4 403.5 789.6 1297.4

Difference |A—B|/B 4.82 3.03 3.99 4.14 4.76
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Figure 5. Steady- state response of the cantilever beam

Table 4. Response of the beam when excitation frequency is 239Hz and x=0.1m/ m/s?.

Exciting level 0.3g 0.89 1.69
Calculated value A 1.20 3.19 6.21
Measured value B 1.01 2.68 5.37

Difference |A_ B|/ B (%) 18.81 19.03 15.64

Table 5. Response of the beam when excitation frequency is 510Hz and x=0.1m/ m/s>.

Exciting level 0.3g 0.89 1.69
Calculated value A 2.43 6.25 12.44
Measured value B 2.78 7.43 14.80

Difference |A—B|/ B (%) 12.59 15.88 15.95

Table 6. Response of the beam when excitation frequency is 239Hz and x=0.15m/m/s*.

Exciting level 0.3g 0.8g 1.69
Calculated value A 1.83 5.16 10.21
Measured value B 1.79 4.76 9.55

Difference |A—B|/B (%) 2.24 8.40 6.91
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Table 7. Response of the beam when excitation frequency is 510Hz and x=0.15m/ m/s”.

Exciting level 0.3g 0.8g 1.69
Calculated value A 2.39 6.57 13.05
Measured value B 2.41 6.46 12.90

Difference |A—B|/B (%) 0.83 1.70 1.16

4.3. Response test of the Cantilever Beam.

Corresponding to the analytical analysis, two measuring points are arranged in the cantilever beam.
Firstly, the natural frequencies and modal damping ratios are achieved by the hammer exciting method.
The natural frequencies obtained by experiment are also listed in table 3 and the modal damping ratios
are listed in table 8. Furthermore, the base excitation is done at the frequencies and levels mentioned

in analytical analysis to get the responses of two designated points.

Table 8. The modal damping ratios of the beam obtained by experiment.

1 2 3 4 5
0.393 0.035 0.019 0.013 0.022

Similar with analytical analysis, the response of when the excitation frequency is 510Hz and the
location is X =0.15m also is taken as an example of the experiment and shown in figure 6.

Acceleration
(m/s?)

L L [ [ _J6.00
0. 00 3200. 00

Frequency(Hz)
Figure 6. 3D waterfall chart of the steady-state response of the cantilever beam

From the figure 6, the response amplitude can be obtained and the value is 12.90m/s*which is

almost consistent with the analytic calculation results. The other experiment results are also listed in
from table 4 to table 7.

4.4. The Comparison between Experiment and Analysis
From the comparison in the table 4 to table 7, it can be known that there is only a little difference

between the experiment and analysis. In particular, the response at x = 0.15m , the maximum difference
between the experiment and analysis is smaller than 7% for the different exciting frequencies, which
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can be thought consistent of both. Then, the correctness of the proposed method about the response
analysis of cantilever beam under base excitation is verified. At the location of x=0.1m, the
difference between the analysis and experiment is much bigger than the results of x=0.15m. The
bigger difference may be come from the inaccurate position of vibration pickup point. To verify this
conclusion, the position of vibration pickup point is modified as x=0.096m and analytical
calculation is done again. The relative results are listed in table.9.

Table 9. Response of the beam when excitation frequency is 239Hz.

Exciting level 0.39 0.8¢ 1.69
Calculated value A(x=0.096m) 1.00 2.60 531
Measured value B 1.01 2.68 5.37
Difference |A—B|/ B (%) 0.99 2.99 112

It has been shown in table 9, changing the value of x in the vicinity of x=0.1, the difference
between the calculation results and experiment become smaller. This shows that the difference
between experiment and analytical analysis at the location of x=0.1is indeed from the inaccuracy of
distance.

5. Conclusion
In this paper the response calculation of cantilever beam under the base excitation was studied. On the
basis of considering the characteristic of base excitation and the system damping of cantilever beam,
the movement equation of the cantilever beam was derived by moment and force equilibrium.
Furthermore, the modal superposition method was adopted to solve the vibration response
distributions of the cantilever beam at base excitation. At last, a Ti-6Al-4V beam which is in cantilever
state was chosen as study object and the relevant experiment system was set up. The response
distributions of cantilever beam under base excitation were computed and compared with the
experiment results. The two results are consistent, and then the correctness of the proposed method is
verified.

The proposed method can promote the understanding of dynamics mechanism of structure under
base excitation and provide a reference for the dynamic analysis of similar structure under base
excitation.
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