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Abstract. This paper describes the probability and
sensitivity analysis of the concrete frame and paper
machine interaction. On the base of the experimental
results, the calculation FEM model was verified. The
uncertainties of the loads level, the material properties and
other influences following the inaccuracy of the calculated
model and numerical methods were considered in the
approximation method RSM.

hall structure interaction, it was necessary to analyse the
effect of the dynamic interaction by the experimental
measurements of the vibrations of the stool-technologyhall system to eliminate the adverse resonant effects of the
proposed technology on the hall structure. The reconstruction work involved the exchange of part of the technology
in the screen, winding and upstream part of the machine.
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1.

Introduction

The paper presents solutions of the problems that have
arisen after installing a new technology of a higher-end
paper machine into the original factory building. After the
start of the operation, there were problems with the
interaction of the machine with the load-bearing structure,
which threatened both the load-bearing structure and the
impact on the human comfort of the person working in the
hall.

Fig. 1: The section of the hall frame

Due to the problems of interaction between the paper
machine and the existing industrial hall structure, it was
necessary to experimentally measure these effects and to
modify a computational model and analyse the effect of
interaction on the structures and human comfort of the
workers, and to propose of the reconstruction of the
existing structure or design of dampers to maximally
eliminate the effects of machine and structure interaction.

The supporting structure of the hall consists of a
reinforced concrete frame with a masonry walls. The
individual floors of one hall section are reinforced with
monolithic concrete plates with grid beams. The section of
the reinforced concrete columns is 45/70 cm, the frame
modulus is 9-4.5-4.5-6 m in frame plane and 6 m in
perpendicular direction. The machine is placed at level
5.65 m. The bottom/top levels of the columns are at 0.25/18.23 m.

On base of the problems with the paper machine and

The following experimental and numerical analyses
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were carried out based on the need to review the concept
of construction work on the given object:
•

Experimental testing and evaluation of the
dynamic interaction of the interaction system in
all holding states of the paper machine,

•

Numerical Analysis of the Problem of Interaction
with the Present State Given Designed Machine
Parameters.

As part of the numerical analysis, it was necessary to
make a complete dynamic calculation of the spatial
system, a modal analysis considering the interaction of the
substructure-construction-technology [6-21, 28].

2.

Design criteria of the structure
reliability and human comfort

From the point of view of the Eurocode recommendations
[5, 7, 13, 14] and national standards [24, 25], the designer
should assess the effects of machine vibrations on the
following effects:
•

Impact of machine vibrations on building
construction

•

Influence of vibrations on man and on operation
(mechanical, acoustic and optical)

•

Impact of Machine Vibration on Machinery
(manufacturer's
recommendations
and
limitations)

•

Based on the assessment of all impacts, the
following criteria [7] are required:

•

Criteria for the limit state of load-bearing
capacity and instability of structures [5]

•

Physiological criteria [25]

•

Operational performance criteria (manufacturer's
requirements)
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3.

Experimental modal analysis

In order to check the dynamic properties of the structure,
it was necessary to measure the vibration response in the
critical places [2-4, 18, 19]. A measuring system was used,
the basic element of which was the piezoelectric
accelerometer KD 35 and KD 22. Their signal was led to
the integrating RFT 00OLS amplifier and after
amplification to both the Tesla EMM 140 and the TRACE
860SA digital oscilloscope.
Vibration acceleration rates and values were measured
at five locations [4]:
•

on the main beam by the operator at the same site,

•

on the outside of the building,

•

on the floor in the center of the monolithic slab,

•

on the operator's side,

•

on the floor at the control floor,

•

on the floor.

a)

Accelerations at floor in time

In standard [25], the categorization of structures in
terms of criteria for the 1st limit state is made based on
values of effective oscillation velocity depending on the
reliability classes and the significance of the object.
Reinforced concrete structures of industrial buildings are
classified in the resistance class E and the consequention
classes II.
The requirements of the design of the human comfort
and its protection are defined in the standards [25]. The
standards define the criterions of the human comforts from
the point of the interrupted and common vibrations.
The criterions of the quality of the vibration influences
on the human comfort are not defined only in dependency
on the intensity of vibrations but from the point of view of
the functionality of the building rooms and the frequency
and the time of the vibration action to the human. The type
of the diagrams defined in standard [25] is used to the
design of the influence the vibrations on human comfort.

b) Acceleration spectrum at floor
Fig. 2: Evaluation of the experimental acceleration record on the
bottom of cylinder drive motor [4]

From the number of vibration spectra evaluated, it was
possible to see the different frequencies of individual
frequencies from place to location. The dominant eigen
frequencies of the building structure were determined.
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4.

Numerical analysis

Within the numerical analysis of the soil-structuretechnology interaction system, it was necessary to prove
that the stool under the paper machine meets the criteria
set by the manufacturer and, on the other hand, the loadbearing structure can transfer the dynamic load caused by
the technology [1, 6, 11-15, 18, 19, 23, 26-28].
The spatial discretization of the structure was
performed by the one-dimensional elements LINK8 and
BEAM4 and two-dimensional shell elements SHELL43.
Three calcu-lation models were constructed - Fram1,
Fram2 and Fram3 (Fig.3). The Fram1 model responds to
the original design and original load, Fram2 original
design and new load, and Fram3 reinforced construction
and new load. The total calculation model consists of 686
nodes and 1216 elements with six degrees of freedom. The
pillars are fixed on the foundation pad.
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exciting forces, we express the vector of the displacements
and excitation forces as follows
u = u1 + iu 2 eiΩt and

F = F1 + iF2 eiΩt

(2)

where u1 (or u2) is the real (or imaginary) component of
the vector of displacements and F1 (or F2) is the real (or
imaginary) component of the excitation vector of forces.
After we put relationships (2) into (1) we get dynamic
equations (1) in the form of complex equations

( K − Ω M + i ΩC ) ( u
2

1

+ iu 2 ) = F1 + iF2

(3)

The columns of frames are jointed with the pad footing
embedded on the subsoil consisting of a gravel with a
velocity of shear waves vs = 700 m/s. The pad footing has
been modelled by LINK8 weave elements, whose rigidity
and damping characteristics were determined by [6],
where ρ is the specific gravity of the soil, B, L are ground
plan dimensions of the base foot, βx, βz, βψ are coefficients
dependent on the shape of the foot according to [6].

k x = 2(1 +ν )Gβ x BL , k z = β z BL G (1 −ν ) ,

kψ = βψ BL2 G (1 −ν ) , kt = 16GR 3 3 ,

(

)

R = 4 BL B 2 + L2 / 6π ,

(4)

c x = 0,576k x R ρ G , c z = 0,85k z R ρ G ,

[

cψ = 0.3kψ R ρ G (1 + Bψ ) , ct = k t it 1 + 2 I k

(ρ R )]
5

,
where kx, ky, kz are longitudinal stiffness, kψ, kt are
rotational and torsional stiffness, cx, cy, cz are longitudinal
damping, cψ, ct are rotational and torsional damping.
Due to the significant influence of the stiffness of the
soil on the dynamic characteristics of the structure of the
building [1, 11-15, 18], it is advisable to consider three
low-medium-high values, based on the median value and
the values of the lower and upper quantum, assuming the
normal distribution [22]. The upper and lower value kp
defined for normal distribution of the stiffness of the soil
are expressed in the form [7]:
k p = k m .(1 ± u p .k w )
Fig. 3: Calculation frame models - Fram1, 2 and Fram3

The dynamic calculation of the system consisted of:
•

modal analysis

•

dynamic analysis of the response to harmonic
oscillation

 + Cu + Ku = F ( t )
Mu

(1)
where M, C, K are the mass, damping and stiffness
matrices, u, u and u are vectors of nodal acceleration,
velocities and displacements. In the case of harmonic

(5)

where kp is the quotient of the stiffness of the subsoil (for
probability p = 0.05 and p = 0.95), km is the mean stiffness
of the subsoil, kw is the value of the soil stiffness variation
(kw = k at s/km), up is the normalized value of the quotient,
quantity. If you consider 24% of the standard deviation and
the normal distribution, it is a factor of 0.6 / 1 / 1.4 (Low /
Medium / High).
The influence of soil stiffness on the frequency
characteristics of the structure is shown in Tab. 1. Modal
analysis was performed using the Lanczos iteration
method based on Cholean method of factorization of mass
and stiffness matrix. The mode shape for two of the critical
frequencies can be seen in Fig. 4.
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Tab. 1: Comparison of the influence of the soil stiffness to significant
modes
Model

Mode in direct. X/Y/Z

Frame

Soil type

Frequency
[Hz]

F1

L

1.03/1.04/5.05

58.51/58.35/44.82

and

M

1.07/1.05/5.82

23.68/57.58/88.29

F2

H

1.09/1.06/6.2

58.50/57.34/49.56

L

1.15/4.24/6.14

55.01/41.81/46.10

M

1.28/5.21/6.60

34.50/29.32/60.61

H

1.29/6.21/10.35

33.54/26.85/33.34

F3

Relative masses [%]

*) Note - L / M / H- lower / middle / upper stiffness of the soil

By comparing the values of the deciding eigen
frequencies of the structure, the rigidity of the soil
significantly affects the values of the frequencies in the
horizontal direction. There is a jump of decisive
frequencies at the low and medium stiffness of the soil. It
should be noted that the other frequencies are closer to
frequencies than to the original design.

VOLUME: 19 | NUMBER: 1 | 2019 | JUNE

the rotation speed of cylinders to 2.5 Hz. In the range of
1.6 - 2.5 Hz, we find our own frequencies, which have a
small share in the total effective weight of the system. We
have dealt with the direct method of solving the complex
equations of the harmonic load by the oscillation of the
paper machine.

5.

Loads and load combinations

The load and load combination in the case of deterministic
as well as probabilistic assessment of the limit state of load
capacity and serviceability of the structure are considered
according to STN ENV 1991-1 [7] as follows:
A) Deterministic combinations

γ

Gj .inf

Gkj .inf + γ Q .1Qk .1

Gj .sup

Gkj .sup + γ Q.1Qk .1

(6)

j ≥1

γ
j ≥1

B) Probabilistic combinations

g

var

Gkj + qvar Qk

(7)

j ≥1

where Gkj is the characteristic value of constant loads (for
the adverse effect Gkj.inf and the beneficial effect of Gkj.sup),
Qk1 - the characteristic value of the predominant variable
load, γGj - the partial coefficient for permanent load, γQ1 the partial coefficient for variable load 1, gvar , qvar variable coefficients in the form of a standard histogram.
The partial coefficient values in relations (6) and (7) are
considered for the limit state of capacity and usability as
follows [7]:
•
a) The decisive shape of oscillation in X direction

•

6.

limit state of load capacity
(γGj.inf = 0.9; γGj.sup = 1.1; γQ.1 = 1.5)
limit state of serviceability
(γGj.inf = 1.0; γGj.sup = 1.0; γQ.1 = 1.0)

Uncertainties of input parameters

The variability of the vertical stiffness of the soil (Table 2)
is defined by the characteristic kz.k stiffness obtained from
the in-situ measurements and the variable coefficient
of kz.var.
Tab. 2: Probability model of input parameters
Type

b) The decisive shape of oscillation in Y direction
Fig. 4: Principal modes of the original structure

At a paper speed of 450 m/min, the rotation speed of
the 1.6 Hz drying rollers is a state that has existed for 10
years and does not resonate [4]. Increasing the speed of
paper movement to 700 m/min represents an increase in

Quantities

Charact.
values

Variabil.
paramet.

Soil
Stiffness
kz,k
kz.var
Material Modulus
Ek
evar
Load
Dead
Gk
gvar
Live
Qk
qvar
Amplitude
Fk
fvar
Frequency
Frk
frvar
Model Action
Tevar
θE
Resistance
Trvar
θR
*) N - Normal, LN - Lognormal, G - Gama
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Histogram*)

Mean
μ

Dev.
σ

N
LN
N
G
LN
N
N
N

1
1
1
1
1
1
1
1

0.24
0.05
0.10
0.35
0.10
0.10
0.05
0.05
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The stiffness of the structure is determined by the
characteristic value of the Young's Ek module and the
coefficient of variability evar. The load is characterized by
the values Gk, Fk, Fr.k and variable factors gvar, fvar and fr.var
(Tab. 2). The uncertainty of the computational model is
considered by the variable model coefficients and the
variable coefficient of load effect for Gaussian normal
distribution. The probabilistic analysis was performed
under the ANSYS system by the approximate RSM
method using the CCD [14] experimental design method
for 79 simulations. From the results of the probabilistic
analysis models "Fram1" and "Fram2" show, that the
dominant frequency is changing in the direction X (from
0.83 Hz in 1.41 Hz), Y (from 0.83 Hz to 1.37 Hz) and Z
(from 4.19 Hz-7.48 Hz). From the results of the
probabilistic analysis models "Fram1" and "Fram2" show
that the dominant frequency is changing in the direction X
(from 0.83 Hz in 1.41 Hz), Y (since in the case of paved
construction of "Fram3" is the dominant frequency of the
change in the direction of X (from 1.02 HZ-1.68 Hz), Y
(3.86 Hz to 6.63 Hz) and Z (from 4.99 Hz to 8.35 Hz).
These ranges of frequencies can have a significant impact
on the response of harmonic oscillation the paper machine.

7.

Comparison of deterministic and
probabilistic analysis

Comparison of deterministic and probabilistic solution of
the safety and reliability of the design of building is
documented in Table 3. From the table see a comparison
of the horizontal and vertical displacements for the three
calculation models, the structures (Fram1, Fram2 and
Fram3) obtained from the deterministic analysis (for three
variations of the soil stiffness) and from the probabilistic
analysis. The values of maximum displacements,
velocities and acceleration at the level of the foundations
does not exceed the limit values given in the standards
STN 73 0032 and DIN 4150. Maximum vertical
displacements of the structure indicate a possibility of
failures in accordance with the criteria STN 730036
(Tab.1).
Tab. 3: A comparison of the maximum peak of the displacements at top
of frames
Model Analysis
Fram1 Determin.

Direction
*)

H
V
Stochastic
H
V
Fram2 Determin.
H
V
Stochastic
H
V
Fram3 Determin.
H
V
Stochastic
H
V
*) H – horizontal, V - vertical

Displacement [mm]
Probability of exceedance
5%
50%
95%
2.80
3.06
3.29
7.26
8.88
12.72
1.21
4.80
8.42
4.88
8.59
12.31
2.02
2.22
2.85
7.81
9.74
14.63
1.73
2.63
3.52
4.93
9.39
13.85
0.91
0.91
1.02
4.37
5.06
8.08
1.01
1.38
1.76
3.72
5.85
7.98

Dev.
σ
2.19
2.26
0.54
2.72
0.23
1.30

VOLUME: 19 | NUMBER: 1 | 2019 | JUNE

From the point of the human comfort the peak velocity
at floor level were calculated on original and reinforced
frame and compared with the graph No.8 in nomogram of
standard [25]. The limit value is equal 2.7 mm/s for
frequency 2.5 Hz. The peak velocities in the horizontal and
vertical directions were equal vx.peak = 5.65 mm/s >
2.7 mm/s and vz.peak=5.59 mm/s > 2.7 mm/s at original
frame (Frame2). After reinforcement of the frame by
system of the concrete walls the peak velocities in the
horizontal and vertical directions were equal vx.peak =
1.4 mm/s < 2.7 mm/s and vz.peak = 0.44 mm/s < 2.7 mm/s
(Frame3) calculated deterministic. In the case of the
probabilistic analysis the peak velocity for the probability
of exceedance 95% in the horizontal and vertical directions
were equal vx.peak = 2.41 mm/s < 2.7 mm/s and vz.peak =
0.43 mm/s < 2.7 mm/s (Frame3).

8.

Conclusions

The reliability analysis of the safety and reliability of the
hall structure with the paper machine, depending on the
variability of the stiffness of the sub-soil, mechanical
characteristics of materials, and the operation of the
machine, as well as the uncertainty of the model and the
resistance were presented in this paper. The analytical
model was tested by experimental measurement on a real
structure. The methodology of the probabilistic analysis of
the soil-structure-machine interactions was presented on
the practical problem in the paper factory after changing
the technology. After reinforcement of the frame with the
concrete walls, the values of the displacements were
reduced by 30%. The probabilistic analysis gives to the
engineer-designers a more complex information’s about
the interaction of the system soil-structure-machine as
deterministic.

Acknowledgement
The project was performed with the financial support of
the Grant Agency SR (VEGA 1/0265/16).

References
[1] BACHMAN et al., Vibration Problems in Structures,
Practical Guidelines, BVB Berlin, 1997, ISBN 37643-5148-9.
[2] ČAJKA, R., M. KREJSA. Measured Data Processing
in Civil Structure Using the DOProC Method.
Advanced Materials Research. Zurich, Switzerland:
Trans Tech Publications, 2014. Vol. 859, pp. 114-121
(8 p), ISSN 1662-8985, DOI: 10.4028/www.scientific
.net/AMR.859.114.
[3] ČAJKA, R. et al. Experimental soil - concrete plate
interaction test and numerical models, Journal - Key
Engineering Materials, Vol. 577-578, 2014, p. 33-36.
[4] DRŽÍK, M. et al. Harmonize the stool-technologyhall interaction system on a paper machine PM-8 in
SCP Ružomberok, Engineering Buildings, 41 (10),

© 2019 TRANSACTIONS OF VSB - TECHNICAL UNIVERSITY OF OSTRAVA CIVIL ENGINEERING SERIES

26

SECTION BUILDING STRUCTURES & STRUCTURAL MECHANICS

1993, pp.337-341. (in Slovak)
[5] EN 1990, Eurocode – Basis of structural design. CEN
Bruxelles, 2002.
[6] GAZETAS, G. Foundation vibrations, Foundation
Engineering Handbook, (H.Y. Fang, editor), Van
Nostrand Reinhold, New York, 1991.
[7] HANDBOOK 2, Implementation of Eurocodes
Relia-bility Backgrounds. Guide of the basis of
structural reliability and risk engineering related to
Eurocodes. Development of Skills Facilitating
Implementatio of Eurocodes,Proj.CZ/02/B/F/PP134007, 2005, Prague.
[8] KALA, Z. Variance-based sensitivity indices for
stochastic models with correlated inputs, In. AIP
Conference Proc., ICNAAM 2014; Rodos Palace
Hotel Rhodes; Greece; 22 – 28 September 2014;
Volume 1648, DOI: 10.1063/1.491 3077.
[9] KALA, Z. Applications of Global Sensitivity
Analysis Methods in Civil Engineering, In Proc. of
Int. Conference, ESREL 2015, Zürich, 2015, pp.
2541-2545, ISBN 978-1-138-02879-1.
[10] KOTRASOVA, K. et al. The possible causes of damage
to concrete tanks, numerical experiment of fluidstructure-soil interaction. Key Engineering Materials.
Volume 738, 2017, pp. 227-237, ISSN: 10139826,
DOI: 10.4028/ www.scientific.net/KEM. 738.227.
[11] KRÁLIK, J., J. KRÁLIK, jr. Probability and Sensitivity Analysis of Soil-Structure Interaction of HighRise Buildings, Slovak Journal of Civil Engineering,
Slovak University of Technology Bratislava, vol. 3,
2006, pp. 18-32.
[12] KRÁLIK, J. J. KRÁLIK, jr. Seismic Analysis of
Reinforced
Concrete
Frame-Wall
Systems
Considering Ductility Effects in Accordance to
Eurocode. Engineering Structures. Elsevier 2009,
ISSN 0141-0296, Vol. 31, Issue 12, pp. 2865-2872,
December 2009.
[13] KRÁLIK, J. and J. KRÁLIK, jr. Probability and
Sensitivity Analysis of Machine Foundation and Soil
Interaction. Applied and Computational Mechanics.
ZCU Plzen. 2009, 12pp. Vol.3 No.1.
[14] KRÁLIK, J. Reliability Analysis of Structures Using
Stochastic Finite Element Method, Ed. STU
Bratislava, 2009, 143 pp.
[15] KRÁLIK, J. Experimental and Numerical Analysis
of the Vibration Negative Effects on the Humans. In:
8th International Conference, DTDT 2010,
September 22–24, 2010, University of J.E.Purkyne,
ISBN 978-80-7414-270-3, 11 pp., in CD.
[16] KREJSA, M., P. JANAS, and V. KREJSA. Direct
Optimized Probabilistic Calculation, In. Proceedings
of the 3rd European Conference of Systems (ECS
'12), Paris, France, December 2-4, 2012, WSEAS
Press, p. 216-221, ISBN: 978-1-61804-141-8.
[17] KREJSA, M., P. JANAS and V. KREJSA.
PROBCALC An efficient tool for probabilistic calculations. In Advanced Materials Research, 2014, 969,

VOLUME: 19 | NUMBER: 1 | 2019 | JUNE

p. 302-307. ISSN 1022-6680.
[18] MAKOVIČKA, D. and D. MAKOVIČKA, jr. Dynamic structure response excited by technical seismicity
effects, In Advances in Engineering Software, Volume
72, 2014, Pages 128-133, ISSN 0965-9978, doi.org/
10.1016/j.advengsoft.2013.05.003.
[19] MELCER, J. et al. Dynamics of Transport Structures,
ŽU Zilina, 2006, ISBN 978-80-554-1178-1.
[20] NAPRSTEK, J. and O. FISCHER. Non-stationary
random seismic response solved using generalized
correlation method, In. Advances in Earthquake
Engineering, 2, 1995, pp. 269-278.
[21] NÁPRSTEK, J. and S. HRAČOV. Modification of
modal properties of a system with non-proportional
damping due to vibration absorbers and sub-soil
interaction, In. 4th International Conference on
Computational Methods in Structural Dynamics and
Earthquake Engineering, COMPDYN 2013, Pages:
298-315, 2013.
[22] ROSOVSKY, D. V. Structural Reliability. Part of publ.
W. Chen, The Civil Engineering Handbook, 1999,
CRC Press, W.F.Chen Ed., Clenson University, SC.
[23] SUCHARDOVÁ P. and O. SUCHARDA. Management and Modern Aspects of Safety in Civil
Engineering, In: Applied Mechanics and Materials,
Volume 357-360, p. 2876-2880, CEABM 2013;
Jinan; China; 24-26 May 2013, Code 99141.
[24] STN ENV 1998-1-1, Design of structures for earthquake resistance, SUTN Bratislava, 2005. (in Slovak).
[25] STN ISO 2631-1 and 2, Mechanical vibrations and
impacts. Evaluation of the human comfort to the
human body. ÚNMS SR, 1999. (in Slovak)
[26] SÝKORA, M. and M. HOLICKÝ. Assessment of
Uncertainties in Mechanical Models, Applied
Mecha-nics and Materials, 2013, Vol. 378, pp 13-18,
TTP,
Switzerland,
doi:
10.4028/www.scientific.net/AMM. 378.13.
[27] ŠEJNOHA, M., J. ŠEJNOHA, M. KALOUSKOVÁ
and J. ZEMAN. Stochastic analysis of failure of earth
structures, In. Probabilistic Engineering Mechanics,
22(2),
pp.
206-218.
2007,
doi:10.1016/j.probengmech .2006.11.003.
[28] VAŠKOVÁ, J. and R. ČAJKA. Subsoil-structure
interaction solved in different FEM programs, In:
International Conference, SGEM, Volume 17, Issue
32, 2017, Pages 555-562, Albena; Bulgaria; 29 June5 July 2017, Code 130796, ISSN: 13142704, DOI:
10.5593/sgem2017/ 32/S13.072.

About Authors
Juraj KRÁLIK was born in Bratislava, Slovakia. He
received his prof. from STU Bratislava in 2011. His
research interests include applied mechanics.
Juraj KRÁLIK, jr. in Bratislava, Slovakia. He received
his PhD. from STU Bratislava in 2008. His research
interests include applied mechanics.

© 2019 TRANSACTIONS OF VSB - TECHNICAL UNIVERSITY OF OSTRAVA CIVIL ENGINEERING SERIES

27

