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Abstract: This paper shows current trends in testing and numerical analysis of dynamic loading in
relation to a real frame foundation for a turbogenerator set. The analysis of the machine’s founda-
tions, which are subjected to static and dynamic loads, is a complex problem combining the issues of
geotechnics, structural engineering, and vibration theory. The authors present a case study of the
assessment of the foundation’s technical condition. The main objective of this study is to perform
and compare experimental and numerical dynamic analysis which includes the measurement of the
acceleration, speed, and amplitude of the natural vibrations of the foundation during the operational
speed of the turbogenerator. In addition, auxiliary material tests were carried out to fully diagnose
the foundation and obtain the material properties required for the numerical analysis. They included
both destructive and non-destructive of concrete strength, the evaluation of the degree of its carbon-
ation, and the scanning of the reinforcement distribution. The research presented in the paper is
intended to facilitate the preparation of appropriate data for the design of the foundation renovation
and strengthening.

Keywords: machine foundations; FEM static and dynamic analysis; concrete testing; modelling
structural elements

1. Introduction

The foundations of turbine sets are, in most cases, reinforced concrete supporting
structures. The turbine sets consist of a synchronous generator that produces electricity, and
a steam or gas turbine in which the enthalpy of the medium is transformed into mechanical
energy of rotary motion [1]. In Poland, turbine sets are the most common energy sets that
operate with the combustion of coal dust. The newer structures are gas or gas steam sets
with a heat recovery steam generator. In such cases, the structure of the turbo set can be a
multi-shaft and multi-body structure supported by metal foundation plates attached to a
concrete foundation.

The shape of the foundation structure is mainly the result of the technical solution
of the turbine set [2]. Foundations for turbine sets can be divided into two main types,
depending on the shape of the structure: block foundations and frame foundations.

The block foundations are made up of a single-body reinforced concrete structure with
numerous cutouts, which is placed on the ground or on piles. The basic feature of block
foundations is their high stiffness, which allows them to be classified as non-deformable
structures that are placed on elastic subsoil.

A variation of block foundations are:

• open box foundations,
• or closed box foundations.

The second type are frame foundations that consist of an upper plate or upper grate,
columns or walls, and a raft plate set on the ground or on piles. The base raft plate, with
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a thickness selected to ensure the adequate stiffness and non-deformation of the entire
foundation structure, is also intended to create conditions for the full restraint of the
columns in the frame part. In frame foundations, vibrations are the result of the elasticity
of the structure itself and, moreover, of the ground elasticity on which the bottom raft plate
is placed.

Frame foundations are the basic type of supporting structure for high-speed machines
that give lower inertia forces than reciprocating machines.

The main source of the dynamic forces in a turbine generator set are interactions
that are related to the occurrence of vibrations with the frequency of the first and second
harmonics and also those caused by its normal operation.

The loads from the turbine set to the foundation structure are transferred through the
foundation bolts that fasten its individual parts. These bolts are screwed onto the recessed
parts to the top plate of the foundation.

Foundations for turbine sets work mainly under dynamic load, and therefore high-
quality materials with an appropriate strength and durability should be used for their
construction. Due to the nature of the load and the need to maintain a rigid and homoge-
neous concrete structure with the same material properties, it is very important to ensure
the homogeneity of the concrete in the entire foundation [3].

There are many scientific problems concerning the dynamics of foundations for turbine
sets, which not only concern the structure itself, its geometric shape, material parameters,
and boundary and initial conditions, but also those issues related to the identification of
the place, value, and precise characteristics of the dynamic forces that originate from the
rotating parts of the turbine set acting on the foundation structure [4,5]. The dynamic
properties that characterise machines are the frequencies and forms of natural vibrations.
In each rotor bearing (in the turbine and generator), the harmonic forces in the direction
perpendicular to the longitudinal axis of rotation can be defined as:

Fi(t) = Pi sin(ωt), (1)

Pi = mieω2, (2)

where:

mi—the proportional part of the rotating mass supported by the i-th bearing,
e—the eccentricity of the mass,
ω = 2π f —the cyclic frequency of the turbogenerator’s operation,
f —the operating frequency (f 0 = 50 Hz at the nominal speed of the turbine).

The harmonic analysis of the foundation is performed for frequencies in the range of
0.8 f 0 ≤ f ≤ 1.2 f 0 between 40 and 60 Hz [6].

Diagnostics of the structure of foundations for a turbogenerator (Figure 1) is one of
the most complicated [7–9]. It includes tests, calculations, and analyses that take into
account the actual state of the structure and the occurring loads and operational factors,
and which also require the adoption of an adequate model that shows the behaviour of the
structure [10,11]. Therefore, structural diagnostics often require the use of the most modern
research methods, as well as complex variants of analytical methods that use elaborate
computer simulations [12–16]. The main objective of this study is to perform and compare
experimental and numerical dynamic analysis which includes the measurement of the
acceleration, speed, and amplitude of the natural vibrations of the foundation during the
operational speed of the turbogenerator. In addition, verification of resonance conditions
and weather vibration magnitude must satisfy code limits. Results of the experimental
tests in situ enable one to design foundation structure strengthening and update structural
models for numerical analysis. The research presented in the paper is intended to facilitate
the preparation of appropriate data for the design of the renovation and strengthening of
the foundation.
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Figure 1. General view of a turbogenerator.

2. Materials and Methods

The authors analysed the existing turbogenerator foundation for a combined heat and
power plant. The following experimental dynamic tests were used to verify the resonance
conditions and magnitude of vibrations:

- measurement of the acceleration, speed, and natural vibration amplitude of the foun-
dation during the normal operation of the turbogenerator.

In addition, the following material tests were carried out to fully diagnose the founda-
tion and obtain the material properties required for the numerical analysis:

- destructive tests of cores cut from the structure in order to assess the compressive
strength of concrete;

- investigations concerning the homogeneity of strength characteristics, and the estima-
tion of the concrete’s strength grade on the basis of sclerometer tests [17,18];

- measurements of the extent and intensity of the carbonation process of the subsurface
concrete layer conducted on the cut cores using the rainbow test [19,20];

- localisation of the concrete’s reinforcement and the determination of its arrangement,
its diameters, and the thickness of the concrete’s cover using a non-destructive elec-
tromagnetic method [21], followed by the comparison of the obtained results with
archival documentation. Figure 2 shows a general flow chart of the analysis performed.

The experimental tests were carried out with direct access to the structure and the
use of test equipment that met all the necessary technical requirements for this type of
measurement. After the experimental analysis of the foundation, the next step of research
was numerical modelling with parametric study. It included its structure, which was
considered as a reinforced concrete frame system founded on the ground through the
raft plate. Dynamic numerical analysis was carried out using AxisVM X6 software. The
calculation of the natural frequencies and the appropriate mode shapes is the basis for
determining the dynamic parameters of the foundation. The numerical determination of
the eigenfrequencies and the form of vibrations of the foundation TG is quite difficult in this
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case and, therefore, was verified by experimental measurements. Results of experimental
analysis were utilised for creating a numerical model.
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Figure 2. Flow chart of the analysis performed.

3. Dynamic Actions—A Literature Review

Dynamic actions are additional loads on the foundation that must be taken into account
in strength calculations. In the dynamic analysis of the foundation, the natural frequencies
are determined (there should be a 20% difference compared to the operating frequency of
the machine [22]) to check the possibility of the occurrence of resonance. It is also checked
if the vibration amplitude resulting from the operation of the turbogenerator is within
the acceptable standard limits. In addition, the calculations include the determination
of stresses in various structural elements of the foundation (columns, beams, top plate,
and base raft plate in the case of a frame foundation) and the checking of their load-
bearing capacity.

The scientific literature contains many research results that concern a wide spectrum of
machine foundation analysis. The main purpose of the research is to identify the dynamic
parameters that are extremely important in the diagnosis of this type of structure. Among
the various analyses available in the literature, the following can be distinguished:

- research on the interaction between the foundation and the soil with the deter-
mination of the displacements and internal forces of the foundation using three-
dimensional viscoelastic boundary elements for the model of the upper plate of the
frame foundation [23];

- estimating the foundation parameters in the event of failure, using the inherent unbal-
ance of the rotor and developments in modelling for improved balancing [24–26];

- simulation analysis for asynchronous operation capacity of the turbogenerator under
excitation loss [27];

- study of the superposition of vibrations and analysis of ground sensitivity [16];
- numerical analysis with the use of FEM programs (ANSYS, SAP, STAAD) in order to

carry out a modal analysis to determine the frequency and amplitude of the vibrations
of the foundation [28–30];

- studies of the effects of seismic interactions and the structural configuration for the
natural vibrational frequencies of the structures and seismic resistance estimation of
existing turbogenerator foundation by a non-linear static method [31,32];

- field tests of frame foundations in terms of settlement and resistance to temperature
load [33];

- an investigation of the influence of the supporting structure on the dynamics of the
rotor system [34]
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- an investigation of stiffness, damping value, natural frequencies, and vibration mode
shapes by modelling the soil–foundation system using the FEM [35–39];

- tests of the damping coefficient conducted on the basis of the analysis of the measuring
signal using the wavelet transform [40,41];

- analysis of multi-criteria optimisation with regards to the foundations for the turbo-
generators [42,43];

- dynamic analysis of a thin and narrow turbogenerator foundation on piles with differ-
entiation of frequency, shear wave velocity, and mode shape [44] and determination
procedure of load-bearing capacity [45];

- the estimation of multiple fault parameters of a fully assembled turbogenerator system
based on the least squares technique requires forced response information [46].

4. Case Study—A Foundation for a Turbogenerator in a Combined Heat and
Power Plant

This paper analyses an existing foundation for a turbogenerator directly coupled to
a steam turbine with a rotational speed of 3000 rpm. The turbine is an axial single body
and has four vents and two steam outlets for heaters. Steam from the first vent is taken
for technological and heating purposes, and from the remaining three, it is directed to
low-pressure regenerative exchangers. The turbine set is supported by three bearings, one
of which is the load bearing.

The analysed foundation is a reinforced concrete frame structure that consists of a raft
plate, columns, and a top plate, as shown in Figure 3. The raft plate of the foundation is
set directly on the ground. The part of the reinforced concrete frame of the foundation is
supported on this plate. The top plate is supported by three pairs of columns. The basic
thickness of the top plate in the generator section is 2.50 m. All columns have cross-sectional
dimensions equal to 1000 mm × 1000 mm.
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To diagnose the foundation (Figure 4), dynamic and material and numerical analyses
using the results of the experimental tests were carried out.
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4.1. Dynamic Experimental Test

Dynamic tests were performed with impulse forced vibration of the foundation struc-
ture to determine the basic foundation parameters.

Measurement of the Amplitude of Foundation Forced Vibrations

At the level of the floor slab, the measurements of vibrations at the operating speed
of the turbine set were conducted in eight points of the foundation’s top plate using a
piezoelectric accelerometer (Figure 5). As a result of the research, the following root mean
square (RMS) values of the acceleration of vibrations, the velocity of vibrations, and the
displacement of the foundation are presented in Table 1. Figure 6 illustrates the frequencies
of forced vibrations determined on the basis of the measurements. The measured values of
the average displacement amplitudes are between 1 and 5 µm, which is much lower than
the permissible amplitude for the foundations of turbogenerators.
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Table 1. Results of the vibration acceleration measurement, vibration velocity, and foundation
displacement (average value).

Measurement
No.

Amplitude Spectrum RMS
m/s2

Amplitude Spectrum RMS
mm/s

Amplitude Spectrum RMS
mm

X Y Z X Y Z X Y Z
1 0.027–24 0.08 0.061 0.18 0.57 0.4 0.002 0.046 0.003
2 0.016–25 0.0058 0.05 0.11–12 0.032 0.4 0.002 0.0024 0.005
3 0.014–32 0.019 0.003 0.11 0.10 0.09 0.002 0.002 0.005
4 0.014–50 0.063 0.03 0.05 0.085 0.095 0.001 0.005 0.002
5 0.006–50 0.003 0.006 0.04 0.025 0.02 0.002 0.001 0.001
6 0.0022–18 0.0045 0.016 0.03 0.03 0.09 0.002 0.002 0.005
7 0.038–50 0.025–23 0.04 0.11 0.16 0.25–25 0.004 0.002 0.004
8 0.017–22 0.022 0.35–17 0.12 0.15 0.33–18 0.002 0.001 0.003
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Figure 6. Forced vibration frequency diagram for individual measurements points.

4.2. Auxiliary Material Experimental Tests
4.2.1. Assessment of the Compressive Strength of Concrete

The compressive strength of concrete was determined on the basis of core samples
φ × h = 100 × 100 mm that were cut from the elements of the tested structure, as shown
in Figure 7. The measurement site was previously scanned with a reinforcement detector
to avoid cutting the rebars when drilling the core samples. The test was carried out
with a BOSCH drilling set in accordance with the procedures specified in standards EN
12504:1:2009 and EN 12390-3:2009.
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Figure 7. The control drilling samples cut from the tested fragments of the foundation structure.
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The sampled drillings were compressed in a testing machine. The strength grade of
the concrete was determined on the basis of the results of the destructive tests of the core
samples (Table 2). It was determined in relation to standard EN 13791:2019-12.

Table 2. Summary of concrete the results of compressive strength tests.

Localisation Measurement Point Drilling Diameter
[mm]

Compressive Strength
[MPa]

Foundation

O1 (F1) 100 34.00
O2 (F2) 100 34.60
O3 (F3) 100 43.20
O4 (F4) 100 37.50
O5 (F5) 100 32.20
O6 (F6) 100 29.50
O7 (F7) 100 34.40

As a result of the calculations, the following were obtained:

- the average value of the concrete’s compressive strength fm(n),is = 35.06 MPa,
- the minimum value of the concrete’s compressive strength fis,lowest = 29.5 MPa,
- standard deviation sR = 4.34.

According to the standard EN 13791:2019-12, it was assumed that the characteristic
strength of concrete in the tested elements is the lower of the following two values:

fck,is,cube = fm(n),is − kn ∗ s or fck,is,cube = fis,lowest + M (3)

where:

fck,is,cube—characteristic compressive strength of the concrete in the structure, which corre-
sponds to the strength of the concrete determined on cubic samples with a side length of
150 mm;
fm(n),is—the average value of the concrete’s compressive strength in the structure obtained
from n measurement results;
fis,lowest—the lowest of the determined values of the compressive strength of the concrete
in the structure;
kn—coefficient that depends on the number of samples n = 7, k = 2.

After the calculation, the following was obtained:

fck,is,cube = 35.06 − 2 × 4.34 = 26.38 MPa (4)

or
fck,is,cube = 29.5 + 4 = 33.50 MPa (5)

Based on the results of the tests obtained, it can be assumed that the value of the
characteristic strength of the concrete tested in the foundation structure is not higher than
26.38 MPa and, according to the EN 13791:2019-12 standard, it is assumed that its strength
grade corresponds to the archival documentation.

4.2.2. Sclerometer Test of Concrete

Concrete homogeneity tests were carried out using a Schmidt “N” sclerometer ac-
cording to the procedures specified in the standard PN-EN 12504-2:2021-12. Measurement
locations were assumed in the following foundation elements: a horizontal longitudinal
beam, an outer column, and a middle column. The results of the sclerometer measurements
presented in Tables 3 and 4 were correlated at the drilling sites. Sclerometer measurements
were used to assess the quality of the concrete on the basis of the homogeneity of its
strength properties.

Lav = ∑ Li /n = 48.22 MPa (6)
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sL =

√
∑(Li − Lav)

2

n − 1
= 2.06 MPa (7)

nL =
sL
Lav

·100% = 4.28% (8)

Table 3. Summary of sclerometer test results for the horizontal beam.

Site
Angle Readings Li Li − Lav (Li − Lav)2
[Deg]

1 90 45 44 47 47 44 44 46 46 47 45.6 −2.67 7.11
2 90 52 52 49 49 51 50 49 49 49 50 1.78 3.16
3 90 48 47 47 48 47 48 48 49 49 47.9 −0.33 0.11
4 90 50 52 52 49 49 50 52 52 52 50.9 2.67 7.11
5 90 44 44 46 46 48 46 47 48 48 46.3 −1.89 3.57
6 90 48 49 50 49 48 48 48 49 49 48.7 0.44 0.2

n = 6—number of readings.

Table 4. Summary of sclerometer test results for the middle column.

Site
Angle Readings Li Li − Lav (Li − Lav)2
[Deg]

1 90 51 51 50 52 50 50 51 50 52 50.8 −1.35 1.83
2 90 52 52 52 50 51 52 52 50 52 51.4 −0.69 0.47
3 90 51 52 54 54 52 54 52 52 52 52.6 0.43 0.18
4 90 54 52 54 54 52 53 53 54 52 53.1 0.98 0.96
5 90 54 54 52 52 52 52 54 53 53 52.9 0.76 0.58
6 90 52 52 52 52 54 51 52 51 52 52 −0.13 0.02

n = 6—number of readings.

The following equation was adopted as the hypothetical regression equation:

Rav = Lav·(0.0356 ∗ Lav ∗
(( nL

100

)2
+ 1
)
− 0.795 +

6.4
Lav

= 51.00 MPa (9)

sR = Lav·
( nL

100
)
·
√

0.00254·L2
av·(
( nL

100
)2

+ 2)− 0.1134·Lav + 0.633 = 5.45 MPa (10)

nR =
sR
Rr

·100% = 10.69% (11)

Rmin = Rr − 1.64·sR = 42.06 MPa (12)

Correction coefficients that depend on the concrete age α = 0.6 and the dry air state
β = 1 were adopted in the analysis.

RG
b = α·β·Rmin = 25.24 MPa (13)

Lav = ∑ Li /n = 52.13 MPa (14)

sL =

√
∑(Li − Lav)

2

n − 1
= 0.90 MPa (15)

nL =
sL
Lav

·100% = 1.72% (16)

The following equation was adopted as the hypothetical regression equation:

Rav = Lav·(0.0356 ∗ Lav ∗
(( nL

100

)2
+ 1
)
− 0.795 +

6.4
Lav

= 61.73 MPa (17)
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sR = Lav·
( nL

100
)
·
√

0.00254·L2
av·(
( nL

100
)2

+ 2)− 0.1134·Lav + 0.633 = 2.62 MPa (18)

nR =
sR
Rr

·100% = 4.25% (19)

Rmin = Rr − 1.64·sR = 57.43 MPa (20)

The analysis adopted correction coefficients that depend on the concrete age α = 0.6
and the dry air state β = 1. Finally, the guaranteed concrete strength is:

RG
b = α·β·Rmin = 34.46 MPa (21)

Based on the sclerometer tests, the concrete strength grade in the horizontal beams
was estimated as C20/25 and in the columns as C25/C30. Finally, concrete was adopted
for the entire structure according to the C20/C25 class. It is one class weaker than was
assumed in the archival project.

4.2.3. Measurement of the Intensity of the Carbonation Process of the Subsurface
Concrete Layer

Under the influence of the carbon dioxide contained in the atmosphere (CO2), and the
moisture in the pores of the concrete, the subsurface concrete layer undergoes a gradual
process of carbonation. The carbonation front gradually moves deeper into the concrete,
with the main reaction in this process being the reaction of carbon dioxide with calcium
hydroxide. As a result of this reaction, calcium carbonate (CaCO3) is formed. This lowers
the reaction of the concrete, which in turn leads to a gradual loss of the protective properties
of the concrete against steel. The pH of fresh concrete is 11.8–12.6. It is assumed that a
decrease in the concrete’s pH to about 10.0–11.8 causes the loss of stability of the protective
passive layer on the steel. Within the performed research, the scope and intensity of
the carbonation process were assessed using the rainbow test. This test allows the pH
distribution profile to be determined within the range of 5.0–13.0 (with gradation every
two pH degrees). Measurement involved spraying the surface of the fresh fracture of the
tested element with the indicator and then determining the pH distribution based on the
colour table, as shown in Figure 8. The tests were carried out according to the procedures
specified in the standard PN-EN 12390-12:2020-06.
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Measurement of the carbonation intensity was carried out on four drilling core samples
from the foundation columns and beams, as shown in Figure 9. No carbonation was found
in these samples. The main reinforcement bars have a cover of 2.5–3.0 cm. No corrosion
was found in the uncovering of the main reinforcement (made of Ø32 bars) in either the
beams or columns.

4.2.4. Investigation of the Thickness of the Concrete’s Cover and the Location and
Diameter of the Reinforcement

Measurements were carried out in a non-destructive manner with the use of spe-
cialised Hilti Ferroscan instruments that are intended for locating the reinforcing bars
and for measuring the thickness of the concrete’s cover [47]. The measurements used the
electromagnetic method of excitation of currents in the reinforcement. The instruments



Materials 2023, 16, 1421 11 of 20

automatically calculate the cover thickness as the smallest distance between the bar side
and the concrete surface for a given bar diameter. The electromagnetic method is a research
method that uses the phenomenon of induction of a current in an electric circuit that is
caused by the electromagnetic field of the circuit being disturbed. Testings of reinforced
concrete structures with the use of the electromagnetic method involve successive scanning
of concrete surfaces with a measuring probe to locate the reinforcing bars, followed by the
determination of their diameter and thickness. Before measuring the thickness of the cover,
the diameters of the reference bars, determined on the basis of the technical documentation
or during a micro-uncovering, are entered into the device. The tests were carried out at
six foundation measurement sites (S26–S31) on an area of 60 cm × 60 cm, as shown in
Figures 10 and 11.
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The scanning of the reinforcing bars confirmed that their actual distribution is similar
to that presented in the technical documentation. On the basis of the performed uncover-
ings, it was found, in the case of the columns and beams, that the main reinforcement is
consistent with the archival documentation, has a diameter of 32, is made of 18G2 steel,
and that the stirrup spacing in the beams is equal to 20 cm.
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4.3. Numerical Analysis of the Foundation

On the basis of the experimental tests and the archival technical documentation, a
numerical analysis was performed using the FEM, as shown in Figure 12. The analysis
involved the verification of the conditions of the ultimate and serviceability limit states
of the foundation, and the performing of tests of forced vibrations. Dynamic numerical
analysis was carried out using AxisVM software. The permanent load was defined as the
self-weight of the foundation’s structure and the weight of the turbine set. In the numerical
model, it was modelled as a concentrated mass that is connected, using rigid elements,
to the turbine set’s fastening points in the foundation, as can be seen in Figure 13. The
analysis assumed an elastic ground, the characteristics of which were determined on the
basis of archival research.

The self-weight was determined on the basis of the foundation’s dimensions, while
the weight of the turbine set was assumed according to the technical documentation. For a
generator with a stator, the weight is 169.5 t, and for a turbine, it is 66.7 t.
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4.3.1. Analysis of the Amplitude of the Foundation’s Vibration

In the dynamic calculations, the load from misalignment of the rotating parts of the
turbogenerator, i.e., the stator rotor and the turbine rotor, was taken into account. This load
is assumed based on the equation:

Fs = Mw·g·n·0.2 (22)
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where:

MW—the mass of the rotating part: stator rotor: 30,150 kg, turbine rotor 17,000 kg,
g—acceleration due to gravity,
n = 1.2.
Finally assumed:
Fs,stator = 70.96 kN,
Fs,rotor = 40.34 kN.

On the basis of the technical documentation, it was assumed that the foundation raft
plate is set on subsoil that consists of gravel mix with the degree of compaction ID = 0.5.
Therefore, the following elasticity coefficients of the subsoil were adopted for foundations
with an area greater than 50 m2:

Cz = 50 MPa/m,

Cx = Cy = 0.7·Cz = 35 MPa/m.

The calculated natural frequencies of the foundation do not indicate the presence of
a resonance state with any mode shape, as shown in Figure 14. The natural frequencies
obtained, which are closest to the frequency of the reactive force, are the frequencies for
the 26 and 27 mode shapes (44.01 Hz, 56.23 Hz). The exciting forces were applied at
the places where the rotor and stator are fastened. For the load scheme adopted in this
way, the forced vibration amplitudes were calculated for individual values of transient
resonances. The amplitude of the vertical forced vibrations of the top foundation plate,
both at the operating rotational speed of the machine and during transient resonances,
does not exceed 9 µm (Figure 15). This is much lower than the permissible vibration
amplitude for turbogenerator foundations, which is 20 µm [48]. The calculated theoretical
vibration amplitude of the foundation corresponds well with the actual measured vibration
amplitude of the foundation during normal operation of the turbogenerator, which is equal
to 3 µm (the measured vibration amplitude was classified as not degrading the foundation).
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Figure 14. Calculation results of the foundation’s natural frequency obtained by AxisVM software:
(a) amplitude of foundation displacement for 26 mode shapes of frequency (44.01 Hz); (b) amplitude
of foundation displacement for 27 mode shapes of frequency (56.23 Hz).
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Figure 15. Maximum amplitude of foundation displacement for forced vertical vibrations obtained
by the AxisVM software.

4.3.2. Analysis of the Load-Bearing Capacity of the Foundation

The EN 1991-3 standard was used to calculate the dynamic forces caused by rotation.
The interaction effect which results from the excitation of the machine with the rotating
masses and the dynamic behaviour of the structure can be expressed by an equivalent static
force defined as:

Feg = Fs·ϕM, (23)

where:

Fs—the centrifugal force of the rotating part equal to 111.3 kN,
ϕM—the dynamic coefficient which depends on the ratio of the natural frequency ne to the
frequency of the excitation forces ns:

ϕM =

[(
1 − n2

s
n2

e

)2

+

(
2ςns

ne

)2
]

,0.5 (24)

where:

ζ—the damping coefficient, ns = 50 Hz—frequency of the exciting force.

According to [24], for turbogenerators on RC frame foundations, the damping coeffi-
cient is defined as:

ζ = ∆/2π, (25)

where:

∆—the logarithmic damping decrement of the foundation, which is equal to approx. 0.4 for
RC frame foundations.
After inserting ne = 44.01 Hz,
ϕM1 = 3.1.
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After inserting ne = 56.23 Hz,
ϕM2 = 4.2.
Finally, the following was assumed:
ϕM = 4.2.

According to [24], the computational value of the forces, which replaces the impact of
dynamic loads on the foundation, is obtained from the following formula:

Pd = ϕM µ γ Pc (26)

where:

ϕM—dynamic coefficient (as above),
µ—fatigue factor equal to 2,
γ—calculation factor equal to 5.

The centrifugal force of a rotating part Fs = 111.3 kN.
For the purposes of the calculations, this force was divided into the force from the

stator rotor and the turbine rotor:

Fs,stator = 70.96 kN, adjusted to the value of 71.0 kN,
Fs,turbine = 40.34 kN, adjusted to a value of 40.3 kN.

The design value is as follows:

Fs,stator,eq = 4.2 · 2 · 5 · 71 = 2982 kN,
Fs,turbine,eq = 4.2 · 2 · 5 · 40.3 = 1693 kN.

The forces determined in this way were loaded on the turbogenerator’s foundation.
Additionally, the exceptional moment derived from the start up and stop run up loads was
considered in the calculations. According to the EN 1991-3 standard, for this moment, the
equivalent static moment can be calculated in the following way:

Mk, eq = 1.7 Mk, max, (27)

where:

Mk,max—the peak value of the moment derived from the start up and stop run up loads
according to the archival documentation:

Mk, max = Fzw · a, (28)

where:

Fzw = 876.3 kN—start up and stop run up load,
a = 3.69 m (spacing of fastening bolts),
Mk,max = 3233.55 kNm,
Mk,eq = 1.7·3233.55 = 5497.03 kNm.

For such loads, the required main reinforcement was calculated, as can be seen in
Figures 16 and 17. The obtained values of the reinforcement area do not exceed the value of
the reinforcement applied in the foundation, that is, min. 5 × φ 32 per 1 m = 4020 mm2/m.
The execution of the numerical calculations of the natural frequencies and mode shapes
of the foundation construction was possible thanks to the research and measurements
conducted. The theoretical vibration amplitude of the foundation is greater than that
measured during normal operation of the turbogenerator; however, both are lower than
the permissible value. The calculated values of the stresses in the concrete and reinforcing
bars are lower than the permissible values.
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5. Discussion

The performed dynamic analyses show the great possibilities of using the FEM in
the diagnostic process of foundation structures for turbogenerators. Due to the enormous
cost of such objects, the use of FEM allows one to accurately verify the entire structure
not only for the dynamic behaviour of the object but also for the structural strength and
resistance to earthquake-type excitations. The complexity of such an object requires a
very accurate reconstruction of the whole structure, together with taking into account
the correct material parameters and dynamic characteristics. Therefore, the creation of a
proper numerical model required conducting experimental dynamic and material tests of
the foundation. The results of the experimental tests, especially in situ, enable the design
of the existing foundation structure strengthening for future performance and update
the initial foundation structural model for final numerical analysis. It can be stated that
numerical analysis allows for better recognition of foundation properties, dynamic damping
characteristics, fatigue, rheological changes, corrosion, and the degree of efficiency due to
exploitation. The research presented in this paper was based on a limited amount of data.
This problem, which affects the effectiveness of numerical analysis, can be solved in the
future by using artificial neural networks. The ANN represents an artificial system based on
mathematical models similar to biological nervous systems and is capable of intelligently
processing simulated information. Currently, ANNs are used for the diagnostics and
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monitoring of shafts in turbines [49]. The benefits of the use of neural networks can
exceed many times the work required for diagnostics of the foundation for turbogenerators
implemented to date.

6. Conclusions

The turbine set has a value that is on average 20 times higher than the cost of its
foundation. The foundation, together with the turbine set and the adjacent devices, must
ensure safe use in continuous operation conditions, where the turbine set shaft rotates
at 3000/3600 rpm (which corresponds to a frequency of 50/60 Hz). During operation,
the dynamic condition of the turbine set usually deteriorates as a result of the ongoing
wear and tear processes. Changes in harmonic values in the analysis of the vibrations’
spectrum (e.g., fast Fourier transformation) affect the harmonically variable load in both
the horizontal and vertical directions. The main design goal for a machine’s foundation
is to limit its movement to amplitudes that do not endanger the proper operation of the
machine. In the case of high-speed machines, it is desirable to design the foundation to be
low tuned, with the value of the vertical natural frequency below the operating speed of
the machine.

The article presents the dynamic analysis and diagnostics of reinforced concrete
foundations for machines, which are very important in terms of ensuring the proper
safety, reliability, and durability of these very expensive machines. The design of a frame
foundation for a turbogenerator is the most difficult task when compared to designing any
other foundation. There are many parameters that influence the foundation’s response.
The rigidity of the frame structure plays a key role. The individual vibration characteristics
of individual elements, such as columns and beams, are very important in determining the
behaviour of the foundation [50].

A real foundation of a turbogenerator in a CHP plant is presented as the case study.
The dynamic analytical and experimental analysis method presented in the paper turned
out to be a good tool to verify the foundation structure, making it possible to perform a
sensitivity analysis of the impact of changes in various parameters. A numerical analysis
(AxisVM software) was carried out using experimental data in which the bearing capacity
of the foundation was determined and the natural frequencies and maximum amplitude
were checked. In the analysis process, the auxiliary material tests were also very important.
The experimental material tests performed were related to the strength of the concrete and
the identification of reinforcement. The numerical analysis was positively verified using
experimental tests. Comparison of analytical and experimental results allows optimising
the calculation model of the foundation structure, as well as determining the dynamic
parameters of the existing foundation structure. It also enables the behaviour of the
foundation after reconstruction and strengthening of its structure, as well as the damage
or remaining service time to be determined. A key factor in the successful design of the
foundation of a turbogenerator is a precise engineering analysis of the foundation response
to dynamic loads caused by the machine operation.
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11. Benčat, J.; Tomko, M.; Lukač, M. Dynamic analysis of the turbo—Generator foundation structure. MATEC Web Conf. 2020,
310, 00035.

12. Qi, H.; Renpeng, C.; Yunmin, C. Optimization Design of Foundations of Large Steam Turbine-Generator Sets. J. Power Eng. 2007,
27, 327–331.

13. Hongxia, L.; Xu, F.; Minjie, W. Dynamic characteristics analysis and optimization for stream turbine generator foundation. Chin. J.
Appl. Mech. 2018, 35, 178–184.

14. Bendat, J.S.; Piersol, A.G. Engineering Applications of Correlation and Spectral Analysis, 2nd ed.; Wiley: Hoboken, NJ, USA, 2013;
p. 472.

15. Tang, M.; Wenqi, E.; Zeng, C. Analysis of Mechanical Properties of Turbogenerator Foundation Based on ANSYS. In Lecture
Notes in Civil Engineering, Proceedings of the International Conference on Green Building, Civil Engineering and Smart City; Springer:
Singapore, 2022; pp. 926–933.

16. Wang, B.; Cao, D.; Yang, Y.; Xu, C.; Qian, H. Numerical Analysis and Optimization on Dynamic Performance of Large Turbo
Generator Frame Foundation. Appl. Mech. Mater. 2012, 166–169, 720–724. [CrossRef]

17. Kowalski, R.; Wróblewska, J. Application of a sclerometer to the preliminary assessment of concrete quality in structures after fire.
Arch. Civ. Eng. 2018, 64, 171–186.

18. Jedidi, M. Evaluation of the concrete quality using destructive and non-destructive tests. MOJ Civ. Eng. 2018, 4, 219–223.
19. Rathinarajan, S.; Pillai, R. Carbonation rate and service life of reinforced concrete systems with mineral admixtures and

special cements. In Proceedings of the CORCON, Mumbai, India, 17–20 September 2017; pp. 1–8. Available online:
https://www.researchgate.net/publication/324137411_Carbonation_rate_and_service_life_of_reinforced_concrete_systems_
with_mineral_admixtures_and_special_cements (accessed on 15 December 2020).

20. Czarnecki, L.P. Prediction of the reinforced concrete structure durability under the risk of carbonation and chloride aggression.
Bull. Pol. Acad. Sci. 2013, 61, 173–181.

21. Hüblova, S.; Cikrle, P.; Karel, O.; Kocab, D. Experimental measurement of the diameter and cover depth of steel reinforcement
using an electromagnetic concrete cover meter. In Proceedings of the XXV International Conference and Meeting of Departments,
Zuberec, Slovakia, 29–31 May 2019; Volume 549, pp. 1–7. [CrossRef]

22. Puttatt, J. Dynamic Analysis of Turbo-generator Machine Foundations. J. Civ. Eng. Environ. Technol. 2014, 1, 30–35.
23. Fang, M.; Wang, T.; Li, H. Dynamic behavior of turbine foundation considering full interaction among facility, structure and soil.

In Proceedings of the 15th World Conference on Earthquake Engineering, Lisbon, Portugal, 24–28 September 2012; Volume 23,
pp. 18256–18265.

24. Smart, M.G.; Friswell, M.I.; Lees, A.W. Estimating turbogenerator foundation parameters: Model selection and regularization.
Proc. R. Soc. A Math. Phys. Eng. Sci. 2008, 456, 1583–1607.

25. Sinha, J.K.; Friswell, M.I.; Lees, A.W. The Identification of the Unbalance and the Foundation Model of a Flexible Rotating
Machine from a Single Run-Down. Mech. Syst. Signal Process. 2002, 16, 255–271. [CrossRef]

26. Chen, P.Y.P.; Feng, N.; Hu, W. Recent Developments in Turbomachinery Modeling for Improved Balancing and Vibration
Response Analysis. J. Eng. Gas Turbines Power 2005, 127, 646–653.

https://we.pb.edu.pl/keeie/wp-content/uploads/sites/7/2020/09/as-me-synchro_budowa.pdf
https://www.dnibetonu.com/wp-content/pdfs/2014/Krasowski_Walkowiak.pdf
https://www.iec.co.il/engprojects/Documents/Dynamicanalysisandstructuraldesignofturbinegeneratorfoundations.pdf
https://www.iec.co.il/engprojects/Documents/Dynamicanalysisandstructuraldesignofturbinegeneratorfoundations.pdf
https://www.researchgate.net/publication/282646878_MACHINE_FOUNDATION_MONITORING/link/561523ad08ae4ce3cc651fdb/download
https://www.researchgate.net/publication/282646878_MACHINE_FOUNDATION_MONITORING/link/561523ad08ae4ce3cc651fdb/download
http://www.jofamericanscience.org/journals/am-sci/am140418/01_33542jas140418_1_7.pdf
http://doi.org/10.4028/www.scientific.net/AMM.166-169.720
https://www.researchgate.net/publication/324137411_Carbonation_rate_and_service_life_of_reinforced_concrete_systems_with_mineral_admixtures_and_special_cements
https://www.researchgate.net/publication/324137411_Carbonation_rate_and_service_life_of_reinforced_concrete_systems_with_mineral_admixtures_and_special_cements
http://doi.org/10.1088/1757-899X/549/1/012011
http://doi.org/10.1006/mssp.2001.1387


Materials 2023, 16, 1421 20 of 20

27. Jin-Yao, H.; Yan-Ping, L.; Jing, C.; Hao, H. Simulation analysis for asynchronous operation capacity of turbogenerator under
excitation-loss. In Proceedings of the 6th International Forum on Strategic Technology, Harbin, China, 22–24 August 2011;
Volume 1, pp. 529–532. [CrossRef]

28. Musiał, M. Models for Calculating Dynamic Characteristics of Frame Foundation Under the Turbine Set. Tech. Trans. Civ. Eng.
2016, 2016, 133–144.

29. Jayarajan, P.; Kouzer, K.M. Dynamic Analysis of Turbogenerator Machine Foundations. J. Civ. Eng. Environ. Technol. 2014, 1, 30–35.
Available online: https://www.researchgate.net/profile/Jayarajan_Puttatt/publication/334732195_Dynamic_Analysis_of_
Turbo-generator_Machine_Foundations/links/5d3dce9e4585153e59294379/Dynamic-Analysis-of-Turbo-generator-Machine-
Foundations.pdf (accessed on 10 November 2020).

30. Naik, M.; Tande, S.N. Analysis and Design of Steam Turbine Generator Building with R.C.C. Deck. Int. J. Innov. Res. Sci. Eng.
Technol. 2016, 5, 5633–5641. Available online: https://www.ijirset.com/upload/2016/april/73_6_Analysis.pdf (accessed on
10 January 2021).

31. Thakare, A.U.; Rangari, S.M. Effect of Seismic Parameters on Analysis of Turbo-Generator Foundation. Int. J. Eng. Res. Technol.
2015, 4, 393–398. Available online: https://www.ijert.org/research/effect-of-seismic-parameters-on-analysis-of-turbo-generator-
foundation-IJERTV4IS050554.pdf (accessed on 15 December 2020).

32. Baesler, H.; Cruz, E.; Enriquez, P. Improving Seismic Performance of Modular Turbo-Generator Equipment. In Proceedings of the
8th US National Conference on Earthquake Engineering, San Francisco, CA, USA, 18–22 April 2006; pp. 9275–9285. Available
online: http://toc.proceedings.com/05301webtoc.pdf (accessed on 10 December 2022).

33. Barkan, D.D. Dynamics of Bases and Foundations; McGraw-Hill: New York, NY, USA, 1962; p. 478.
34. Cavalca, K.L.; Cavalcante, P.; Okabe, E. An investigation on the influence of the supporting structure on the dynamics of the rotor

system. Mech. Syst. Signal Process. 2005, 19, 157–174. [CrossRef]
35. Jiang, P. Modal Analysis for Steam Turbine/Generator Machine Table-Top Foundation. In Proceedings of the Structures Congress

ASCE, Orlando, FL, USA, 12–15 May 2010; pp. 2684–2691. Available online: https://vdocuments.mx/ping-jiang-modal-analysis-
for-steam-turbine-generator-machine-table-top-foundation.html (accessed on 10 December 2020).

36. Novak, M. Dynamic Stifness and Damping of Piles. Can. Geotech. J. 1974, 11, 574–598.
37. Song, S.H.; Lee, S.S. Finite Element Steady-State Vibration Analysis Considering Frequency- Dependent Soil-Pile Interaction.

Appl. Sci. 2019, 9, 5371.
38. Roesset, J.M. Stiffness and Damping Coefficients of Foundations. In Proceedings of the APEC Session on Dynamic Response of

Pile Foundation: Analytical Aspects, New York, NY, USA, 30 October 1980; pp. 1–10.
39. Adel, M.; Alzeni, Y.; Ghalab, A. Structural Dynamic Behavior of Turbo Generator Foundation Connected with Passive Supple-

mental Damping Devices. Int. Res. J. Innov. Eng. Technol. 2019, 3, 42–52.
40. Kim, H.; Melhem, H. Damage detection of structures by wavelet analysis. Eng. Struct. 2004, 26, 347–362.
41. Hans, S.; Ibraime, E.; Pernost, S.; Boutin, C.; Lamarque, C.H. Damping Identification in MDOF systems via a wavelet logarithmic

decrement—Part II: Study of a civil engineering building. J. Sound Vib. 2000, 253, 375–403.
42. Jun, Y.; Jing, L.; Youqiang, H. Research on techniques for optimizing design of 1000 MW turbo-generator foundation. Eng. J.

Wuhan Univ. 2009, 42, 474–477.
43. Zhaojun, L.; Zheng, L.; Xicheng, W. A parallel multi-objective optimization method for turbine foundation. J. Dalian Univ. Technol.

2015, 55, 229–235.
44. Virdi, K.S.; Matthews, R.; Clarke, L.; Garas, F. Abnormal Loading on Structures—Chapter: Dynamic Analysis of a Narrow Turbogenerator

Foundation on Piles; Taylor & Francis Group: Oxfordshire, UK, 2000; p. 12.
45. Taranov, V.G.; Shvetz, N.S.; Shvetz, V.B. Some problems of the founding of the powerful turbogenerator sets. In Proceedings

of the 16th International Conference on Soil Mechanics and Geotechnical Engineering, Osaka, Japan, 12–16 September 2005;
pp. 1567–1570.

46. Lal, M. Multiple Fault Parameter Estimation of a Fully Assembled Turbogenerator System. Arch. Mech. Eng. 2018, LXV, 233–252.
47. Ebensperger, L.; Donoso, J.P. New methodology for assessment of reinforced concrete structures with non-destructive testing.

Rev. Ing. Constr. 2021, 36, 233–250.
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