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Abstract: Machine-induced vibrations represent, for several reasons, a crucial design issue for
industrial buildings. At the early design stage, special attention is thus required for the static and
dynamic performance assessment of the load-bearing members, given that they should optimally
withstand ordinary design loads but also potentially severe machinery operations. The knowledge
and reliable description of the input vibration source is a key step, similarly to a reliable description
of the structural system, to verify. However, such a kind of detailing is often unavailable and results
in a series of simplified calculation assumptions. In this paper, a case-study eyewear factory built
in 2019 is investigated. Its layout takes the form of a two-story, two-span (2 × 14.6 m) precast
concrete frame (poor customer/designer communication on the final equipment resulted in various
non-isolated computer numerical control (CNC) vertical machines mounted on the inter-story floor,
that started to suffer from pronounced resonance issues. Following past experience, this paper
investigates the validity of a coupled experimental–numerical method that could be used for
efficient assessment predictive studies. Based on on-site experiments with Micro Electro-Mechanical
Systems (MEMS) accelerometers mounted on the floor and on the machine (spindle included),
the most unfavorable machine-induced vibration sources and operational conditions are first
characterized. The experimental outcomes are thus used to derive a synthetized signal that is
integrated in efficient one-bay finite element (FE) numerical model of the floor, in which the
machine–structure interaction can be taken into account. The predictability of marked resonance
issues is thus emphasized, with a focus on potential and possible limits of FE methods characterized
by an increasing level of detailing and computational cost.

Keywords: vibration serviceability; non-isolated computer numerical control (CNC) machines; precast
concrete inter-story floor; on-site dynamic experiments; finite element (FE) numerical modeling

1. Introduction

1.1. Research Topic

The vibration serviceability assessment of civil engineering facilities represents a challenging
issue for the design of both new structures and existing systems to retrofit [1]. Often, however,
such a verification stage is not assessed with careful consideration. In some other cases, the lack
of reliable design criteria or reference input data in support of designers make this step even more
uncertain. Numerical methods and tools, in this regard, can notoriously offer strong support to
designers. A multitude of combinations of loads can be efficiently assessed at the early design stage of
buildings and infrastructural systems, so as to prevent potential unfavorable operational conditions.
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Industrial buildings, in particular, can be extremely vulnerable to vibrations, especially in presence
of heavy machines, or even a combination of heavy machines and unsafe design choices. As such,
dedicated studies and calculation methods are generally required for them [2,3], and various research
studies can also be found in the literature, for several industrial applications [3–6]. In the specific case of
industrial floors and severe machine-induced vibrations, the knowledge of the input vibration source
and the machinery characterization, as well as its dynamic interaction with the primary structure,
represent key influencing parameter for an accurate machine–structure coupled analysis.

From a mechanical point of view, it is obvious that vibrating machines should be mounted on the
ground floor, on a rigid foundation system [7,8], in the same way that a multitude of configurations
of technical interest can be found in the literature, depending on the factory production. A turbine
generator foundation was optimized in the cross-section of the load-bearing members in [9], under the
effects of rotating machinery dynamic loads. Finite element (FE) numerical analyses and analytical
studies are carried out based on a simplified description of the machinery features. The soil interaction
with the machinery foundation was numerically explored in [10]. To study the influence of a rigid
concrete foundation on the dynamic characteristics of a number of different heavy-duty CNC machines
and different soil properties, an enhanced multibody transfer matrix system approach was presented
in [11]. A numerical and analytical investigation is dedicated in [12] to the calculation of natural
frequencies for machineries on soft foundations. It was proved that the both the size of the contact area
between given machine feet and the foundation, as well as the stiffness of the foundation, can markedly
modify the calculated frequencies. Besides, the extensive study in [12] (and others) lack experimental
feedback, especially in terms of machinery features and characterization.

In the last few decades, several research studies have been focused on the experimental analysis
of machines, especially for maintenance and manufacturing purposes [13,14]. The laboratory studies
presented in [15] show that CNC machinery operations can be efficiently captured (in terms of induced
signal magnitude and frequency content, under various working programs) with the support of an
accelerometer mounted on the moving spindle. The experimental analysis in [15], however, is limited
to the frequency analysis of the spindle movements and the substructure is disregarded. A similar
study, based on vibration-meter acquisitions, is used in [16] for machinery diagnostics purposes.
The experimental analysis presented in [17] shows that a single micro electro-mechanical systems
(MEMS) sensor installed on a CNC machine can be efficiently used for monitoring activities, and thus
for optimized production and maintenance goals. In [18], an active control system is proposed to
minimize the machine-induced vibrations.

In general, it is thus recognized that field experimental monitoring activities for machineries
can support their optimal serviceability. Once the machine–structure interaction needs also to be
assessed, however, a series of additional, multiple influencing parameters should be properly taken
into account for design calculations [19,20]. From a practical point of view, this requirement is often not
satisfied, for several motivations (i.e., uncertainties on material properties, damping terms, foundation
system detailing, machinery working programs, etc.). As such, a combination of unfavorable choices
could result in discomfort for the occupants, but also unsafe operational conditions for the mounted
machines [21,22], noise [23], or structural troubles that should be prevented. When this design step is not
properly assessed, even major efforts should be needed for retrofit and mitigation interventions [24–26],
with the support of various monitoring techniques [27–29].

1.2. Research Methods

This paper investigates the potential of an improved coupled experimental–numerical approach
for predictive vibration serviceability studies, by taking into account a case-study industrial building
realized in Italy, to host an eyewear factory. The production of optical glasses is based on various
CNC vertical machinery centers, as shown in Figure 1. At the time of the structural design, the poor
communication between the customer and the designer about the final operational layout of the
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building equipment resulted in a number of non-isolated machines mounted on the inter-story floor,
with consequent severe resonance issues and management troubles.
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Figure 1. General view of the floor object of investigation, with evidence of CNC machines
and equipment.

Based on those past events, an experimental, analytical, and finite element (FE) numerical
investigation was carried out, as presented in this paper. The goal of this study is to assess the vibration
issues of the primary structure (with a focus on its long-span inter-story floor), and to emphasize the
reliability of various calculation tools for the machine–structure interaction analysis, in support of
predictive studies that should be always carried out at the preliminary stage of the structural design
process. As a reference, for comparative purposes, conventional recommendations for the analysis of
floor vibrations are taken into account [2].

More in detail, a coupled experimental–numerical approach is presented and validated in this
paper, with the support of a progressively increasing grade of modeling detailing for the structure,
but also of dedicated experimental acquisitions with MEMS accelerometers. The validity of an efficient
one-bay FE model of the inter-story floor, calibrated to the available experimental feedback, is discussed
in this paper. Differing from past literature studies on machine-induced vibrations on rigid foundation
systems (i.e., [9–12]), or focused on the machinery characterization only (i.e., [15–17]), the attention of
the experimental analysis is in fact focused both on the movable components of the machines and on
the corresponding response of the primary structure. Based on a dedicated experimental program,
the final result takes the form of a synthetized signal for the CNC machine that can be used for refined
numerical analyses of the primary system. Moreover, on the side of the primary structure, the refined
calibration of other relevant FE input parameters (such as material properties and damping) can
be further exploited from the available experimental data, with remarkable improvement of the FE
dynamic predictions, compared to conventional assumptions [2].

To this aim, the reference methods and design prescriptions are first summarized in Section 2.
Section 3 briefly describes the structural system object of study, while in Section 4 the attention
is focused on the experimental characterization of the machinery activity, with the derivation of
synthetized signals. Once the experimental analysis is extended to the floor (Section 5), the refined
dynamic investigation is further supported by an efficient one-bay FE numerical model [30] that
is used to predict the natural frequencies of the system (linear frequency analyses), as well as the
expected dynamic amplification effects (DAF) due to the working machines (steady-state analyses
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with synthetized machinery signal). As shown, once the primary structure and the input vibration
source are accurately described in their key features, the final result takes the form of a reliable coupled
experimental–numerical design procedure that should be used to prevent unfavorable operational
conditions. In doing so, the efficiency and possible limits of FE numerical assemblies characterized by
a progressively increasing degree of accuracy (and thus computational cost) are also emphasized for
the examined industrial floor.

2. State-of-Art on Machine-Induced Floor Vibrations

2.1. Mathematical Problem

For civil engineering applications, the prediction (and control, or mitigation) of unfavorable
vibration phenomena is implicitly related to the serviceability checks that should be generally carried
out at the early design stage. Both in the case of new or existing structures, it is necessary to dynamically
characterize the load-bearing structure to verify, as well as to describe in detail any source of vibrations
that could affect its behavior under operational conditions. In the case of inter-story floors, their
vibration response mainly depends on a combination of masses, stiffness properties and damping of
structural members, services, etc. As such, knowledge is required for their (i) geometry, (ii) boundary
conditions, (iii) characteristics of the materials in use (and in particular their modulus of elasticity (MoE)),
as well as for the calibration of (iv) any source of damping, and (v) the distribution and magnitude of
permanent loads (self-weight and superimposed dead loads) plus the accidental loads. When these
floors are expected to carry heavy equipment, the machine–structure interaction should focus also
on (vi) the magnitude and distribution of superimposed masses, but also (vii) the features of the
vibration sources (magnitude, frequency content, etc.), given that they can be both responsible of severe
modifications in the dynamic equilibrium and parameters of the empty floors [9–12]. Major effects due
to unfavorable resonance effects could in fact significantly affect the workers’ comfort, but also the
integrity of the structural members. Moreover, machine-induced vibrations could transmit for long
distances, thus to a huge number of load-bearing components.

According to literature [31], at the early design stage, all the above influencing parameters can
be efficiently taken into account using simplified analytical methods and two-degree of freedom
(2-DOF) calculations, or even more refined FE numerical analyses, with an increasingly computational
effort in terms of modeling details and/or cost of simulations (i.e., frequency, transient or time history
analyses), see for example [9–12].

Based on Figure 2a, the machine–structure interaction can be described in the form of two
governing equations for the displacement of both the bodies under the imposed machine-induced
force FEQ [31] 

u1 =
(K1+K2−M2ω

2)
(K1−M1ω2)(K1+K2−M2ω2)−K2

1
FEQsin(ωt)

u2 = −K1
(K1−M1ω2)(K1+K2−M2ω2)−K2

1
FEQsin(ωt)

(1)

where FEQsin(wt) is the effect of the operating machinery tool, while ω represents the two possible
frequency values at which the 2-DOF system would resonate, depending on the involved mass (M1, M2),
stiffness (K1, K2) and damping (C1, C2) contributions. As such, a simple approach to estimate the
resonance frequencies and the transmissibility magnitude for the machine-induced effects to the floor
is given by

T =

∣∣∣∣∣∣∣ −K1K2

(K1 −M1ω2)(K1 + K2 −M2ω2) −K2
1

∣∣∣∣∣∣∣ (2)

When the machine is rigidly restrained on the floor (K1→∞), the mathematical model in Figure 2a
reduces to a single DOF that transfers all the vibration source and machinery power to the structure.
Depending on the damping and frequency properties of the involved systems, see Figure 2b,
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the machine–structure frequency ratio should be possibly limited to a maximum of 0.5, or to a value
higher than 1.3, in order to minimize the dynamic amplification phenomena.
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To properly assess such a dynamic issue, knowledge is thus basically required on the side of
the machine (i.e., for its reliable characterization under operating or non-operating conditions) but
also on the side of the floor/structure object of study, that should be properly described. In this case,
the efficiency maximization of FE tools should be supported by reliable schematization approaches.
Large floors under static loads (i.e., Figure 3) are for example commonly analyzed on the base of a given
efficient width beff that captures the behavior of the structure. Among others, one of its conventional
definitions takes the form of

beff = 2Ly
4

√
D11

D22
≤

2
3

Lx (3)

with Lx, Ly the dimensions in Figure 3 and D11, D22 the bending stiffnesses (per unit of width) in the x,
y directions respectively (with x denoting the girders direction and y the joists).

The research study summarized in [32] proved that the analysis of limited regions for flexible floors
(under walking conditions) can affect the corresponding dynamic estimates, and thus the correctness
of FE simulations, especially with regard to the expected magnitude of resonance phenomena
(i.e., dynamic amplification factor, DAF [31]) and the contribution of the torsional rigidity of the floor,
Dt (when relevant).

A series of design recommendations was thus provided in [32], to prevent possible
unreliable dynamic numerical predictions. A similar effect can be expected also for floors under
machine-induced vibrations.
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Depending on the detailing of joists, girders, and slab, in this regard, the structural behavior of
a given floor takes the form of a variably stiffened plate [33–36]. When the dynamic behavior of the
floor in Figure 3 is mostly governed by a ‘joist panel model’ vibration (i.e., with a fundamental natural
frequency that is close to the frequency of the joists in bending about their major axis), Equation (3) can
be taken into account for preliminary estimates, thus operating on a beff × Ly equivalent module.

However, in the presence of adjacent bays, Equation (3) should be properly adapted and integrated
with additional terms (with up to a 100% increase), in order to include the participation of a more
extended floor region in the fundamental vibration mode of the system [37]. Depending on the
structural concept and detailing of the floor, a possible ‘girder panel mode’ (i.e., governed by the
vibration response of the girders) could be also relevant. Finally, when a ‘combined’ fundamental
vibration mode is expected for the floor object of study, its sensitivity to the flexibility of the supporting
joists and girders should be further taken into account.

2.2. Reference Design Stantards

Besides the availability of several tools, the topic is not well addressed by the available design
standards for structures, and thus even underrated by structural designers. For example, the general
recommendation of the existing Eurocodes is to supply lower limits for the natural fundamental
frequency of floors, depending on their prevailing constructional material [38]. Such a requirement,
however, is still limited to human comfort assessment, and does not apply to floors with working
machines. The Italian NTC2018 standard [39,40], in this regard, takes inspiration from [38] and
recommends that—in case of floors with a fundamental vibration frequency lower or equal than
5 Hz—“specific calculation methods” should be adopted to avoid vibration issues for the comfort
of occupants. Such an approach follows the basic assumption that humans are mostly sensitive to
vibrations in the range of 4−8 Hz [41]. Accordingly, appropriate countermeasures should be taken for
the design.

In the case of industrial floors with machines, major issues for structural designers can derive from
the lack of any kind of detailing about the machine–structure interaction assessment (i.e., Figure 2).
Sometimes, the structural designer is aware of the final destination of the building (i.e., equipment
features and final layout). Moreover, it is possible that the machinery manufacturers do not provide
detailed input data about the machinery activities, and thus the consequent quantification of the
vibration source. Finally, it is recognized that simplified calculation methods are not able to capture
the real dynamic phenomena of machine-induced vibrations.

The UNI9916 standard [42], in this regard, focuses on the susceptibility of structures to experience
any damage due to vibrations, based on the limitation of the velocity peak that is expected under
operational conditions. The recommended limits are derived and adapted from [43]. For industrial
floors with a fundamental natural frequency not higher than 10 Hz, the velocity peak is limited to
a maximum of 20 mm/s for short-term vibrations, see Figure 4.
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3. Case-Study Building

3.1. Design Concept

The examined factory is located in Northern Italy and has been constructed during 2019. All the
load-bearing components are designed in accordance with the National regulations for seismic-resistant
structures [39,40].

The two-story, two-span, precast concrete is characterized by 13 m of elevation, with plan
dimensions of Lx = 67.1 × Ly = 30.8 m and an aspect ratio α = Lx/Ly = 2.17 (Figure 5). The grid of beams
and columns schematized in Figure 5 detects 6 × 2 adjacent bays (with lx = 11 × ly = 14.9 m, α = 0.74,
for each one of them). Based on earlier observations and client requirements, the research study was
focused on the single-span region in evidence. The structural concept, more in detail, includes a series
of plinth-restrained, square columns (80 × 80 cm the cross-section) and prestressed, precast beams,
that are used in the x direction to support the inter-story floor (+8 m from the foundation) and the
wing-shaped members of the roof (+13 m from the foundation). All the beams have cross-section
features that agree with Figure 5b, and cover a total span of 10.25 m, with 0.2 m the width of cantilever
supports that are offered by the columns.

3.2. Inter-Story Floor

The floor schematized in Figure 5a consists of a series of adjacent, unconnected double tee modular
units and a continuous, cast-in-situ concrete slab on their top, that ensures the structural continuity and
a certain flexural/torsional rigidity for the diaphragm. Depending on their final position, the double
tee elements have cross-section features that agree with Figure 6. The nominal height is set in h = 0.8 m,
while the width B is generally equal to 2.34 m, 2.50 m or 2.55 m. The distance of the webs (b = 1.3 m)
and the thickness of the top cap (hcap = 0.05 m) are kept fix.

The double tee elements are characterized by high slenderness, given that they are simply
supported over a total span L = 14.62 m (with 14.22 m the actual bending span, due to the presence
of restraints). The width-to-span aspect ratio of a single module is thus calculated in the order of
α = 0.18. The end supports are realized in the form of tee beams (type #1 and #2, according to
Figure 5b), that offer a continuous 0.2 m wide base restraint to the webs. Along the span, see Figure 6b,
these elements are characterized by an initial upward bow (u0 = 0.04 m= L/365 its maximum amplitude
at the mid-span section). According to the initial bow of the precast elements, the cast-in-situ concrete
slab has a nominal thickness hslab comprised between 0.11 m (at mid-span) and 0.15 m (in the region of
the end supports). The total mass of a typical modular unit is thus calculated in (with top slab included)

Mmodule = MTT + Mslab = 14.6 + 11.3 ≈ 25.9ton (4)
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Figure 6. Reference modular unit for the inter-story floor under investigation: (a) transversal
cross-section and (b) plan/side views of a single module (nominal dimensions in m).

The geometrical and inertial properties for the double tee section in Figure 6, as well as for the
slab and the supporting beams is summarized in Table 1.

The second moments are referred to the element, where Imax and Imin are calculated for each
section, while A is the cross-section and It the moment of inertia.

Table 1. Reference section properties.

Element
Section Parameter

A (m2) Imax (m4) Imin (m4) It (m4)

Slab (max, B = 2.5 m) 0.373 0.1953 0.0070 0.0027
Slab (min, B = 2.5 m) 0.275 0.1432 0.0027 0.0010

Double tee module (B = 2.5 m) 0.392 0.1578 0.0254 0.0017
Beam #1 0.076 0.0645 0.0182 0.0373
Beam #2 0.061 0.0943 0.0326 0.0507

3.3. Materials

As usual, the steel reinforcement detailing for the load-bearing members of interest was disregarded
in this study. On the other side, the nominal material properties for the concrete mixtures were derived
from the available technical documentation, see Table 2.

Table 2. Reference mechanical properties for the concrete types in use (nominal and experimental values)

Mix Element
Nominal Experimental (avg.)

Grade Ecm (MPa) f ck (MPa) Ecm (MPa)

Cast-in-situ concrete Continuous slab C25/30 31,476 53.3 37,893

Precast concrete Columns, beams,
double tee floor modular units C50/67 38,214 76.1 41,674

At the time of the building construction, however, the compressive tests carried out on a total of
32 concrete cubes resulted in a relatively higher mean compressive resistance f cm for both the concrete
types (up to +20% and +9% for the cast-in-situ and precast respectively, compared to their nominal
grade in Table 2), and thus in a relevant modification of the actual static MoE values, given that [39]

Ecm = 2200
3

√
fcm

10
(5)
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with f ck the characteristic compressive strength given by

fcm = fck + 8 (6)

3.4. CNC Machines

The floor region object of study is composed of five modular units (with B = var) and hosts
three non-isolated machines. The plan dimensions are schematized in Figure 7, with evidence of the
OKUMA footprint and layout.

The equipment, more in detail, includes an OKUMA - GENOS M560-V-e vertical machinery
tool [44] with total mass MOKUMA = 7700 kg (and Mspindle = 400 kg for the movable components)
that roughly corresponds to ≈Mmodule/3 (with Mmodule given by Equation (1), with B = 2.38 m).
Additional superimposed permanent loads are represented by MATSUURA [45] and BRIDGEPORT [46]
machines (their weights being 4500 kg and 2700 kg) and their equipment (≈150 kg / machine).
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Figure 7. Plan view of the CNC machines on the floor region object of study (nominal dimensions
in m), with details of the OKUMA machinery center.

4. Experimental Investigation

A series of on-site dynamic experiments was carried out on the inter-story floor in October 2019,
to assess its dynamic performance under the working CNC machines. The experimental investigation
and research study herein presented took advantage of some marked vibration issues that the factory
have revealed in its early stage activity. In total, accordingly, a set of 12 machinery/floor measurements
were acquired from different configurations (i.e., by varying the reference machine, the assigned
working process, the layout of instruments for the measurement of accelerations). Based also on the
customer feedback, the majority of research efforts of the on-site tests was finally focused on the
OKUMA machinery center and on the floor region directly affected by its activities.

4.1. OKUMA Machinery Center

At the time of building construction and equipment, eight rigid supports consisting of foundation
washers with a base diameter of 120 mm were used to mount the OKUMA center on the floor (Figure 8a).
Under the typical operational conditions for the factory object of study, the spindle and the movable
components in Figure 8b can be subjected to tri-axial displacements and cyclic accelerations that are
directly transferred to the supporting floor, and thus should be properly accounted for the detailing
and assessment of the primary load-bearing components. Certainly, such a kind of feedback about
the machinery features and activity represents a key input parameter for structural designers. On the
other side, like in the case-study herein described, this can be hard to characterize, and in some cases,
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basic nominal features are only available. According to some specifications by the manufacturer [44],
for example, the spindle motor has a nominal power of 22 kW. Depending on the working process,
it can be set to operate in the range of frequencies from 1 Hz to 250 Hz, with an allowable vertical
travel of 460 mm (vertical (Z) direction), or 560 mm and 1050 mm in the horizontal (X, Y) directions.
During the experimental program, careful attention was thus paid to capture and characterize the input
vibration source of major interest for structural diagnostic purposes. Besides the availability of different
monitoring techniques (i.e., [27–29]), such a goal was achieved with the support of a digital MEMS
tri-axial accelerometer (ADXL355 type [47]) that was mounted on the movable spindle components
in Figure 8b (mp#1 control point). The sampling rate of the accelerometer was set in 500 Hz, and the
typical experimental record was characterized by a minimum duration of 2 min of machinery activity,
for each test repetition. A number of 17 acceleration records was collected for the vertical machinery
operations. Additional feedback was made possible by coupled video-tracking acquisition techniques
(Figure 8c [48]). Such a series of experimental records was properly combined by simultaneous
acceleration acquisitions on at the base of the OKUMA machine, as well as on the floor (see Section 4.2).
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Figure 8. OKUMA machinery center: (a) detail of the typical base restraint (foundation washer) and
(b) its spindle (in evidence, the mp#1 accelerometer), with (c) example of video-tracking acquisition of
the vertical displacements.

More in detail, four different working programs of the OKUMA center (W#n) were examined,
see Table 3. The acceleration histories corresponding to three of them (W#1, W#2, W#3) are shown
in Figure 9. To facilitate the quantitative comparison of these records, a limited interval of machine
activity (0.2 s) is emphasized. Basically, the W#1-to-W#3 acceleration histories were found associated
to limited acceleration peaks, in the order of 0.6 m/s2, 1.38 m/s2 and 1.6 m/s2) respectively. A variable
frequency content was also observed for them, corresponding to 125 Hz, 250 Hz, and 165 Hz for W#1,
W#2 and W#3. In terms of human perception, no discomfort was highlighted for these programs.

Table 3. Experimental investigation of the OKUMA machine (vertical acceleration programs, mp#1 sensor).

Spindle Analysis (mp#1 Sensor)

W#n Records Acceleration Peak (m/s2) Frequency (Hz)

1 3 0.6 125
2 3 1.38 250
3 3 1.6 165
4 9 4.95 0.9
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floor and the factory as a whole was in fact detected in the W#4 process, whose acceleration history 
is shown in Figure 11a. Compared to Figure 9, as shown, the W#4 process typically resulted in 
acceleration peaks in the order of 5 m/s2, with a frequency of 0.9 Hz. Given the severity of these 
accelerations and the general discomfort for the building occupants, moreover, the W#4 experimental 
characterization was based on acceleration records based on a limited number of cycles for each test 
repetition (eight in total). Figure 11b shows the synthetized signal that was experimentally derived 
to describe a possible continuous activity of the OKUMA. 

Figure 9. Experimental records of the spindle vertical acceleration from three different working
activities of the OKUMA machinery center (mp#1): (a) W#1, (b) W#2, and (c) W#3.

From the detailed analysis of each process, more in detail, some irregularities were occasionally
observed for the W#3 program. This resulted in severe acceleration peaks that are proposed in Figure 10.
In any case, their frequency content and number of repetitions was associated to secondary effects for
the primary structure.
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Figure 10. W#3 process for the OKUMA machinery center (mp#1): (a) experimental record of the
spindle vertical acceleration, with (b) detail view.

Among the available programs of the OKUMA center, the worst condition for the inter-story floor
and the factory as a whole was in fact detected in the W#4 process, whose acceleration history is shown
in Figure 11a. Compared to Figure 9, as shown, the W#4 process typically resulted in acceleration peaks
in the order of 5 m/s2, with a frequency of 0.9 Hz. Given the severity of these accelerations and the
general discomfort for the building occupants, moreover, the W#4 experimental characterization was
based on acceleration records based on a limited number of cycles for each test repetition (eight in total).
Figure 11b shows the synthetized signal that was experimentally derived to describe a possible
continuous activity of the OKUMA.
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Figure 11. W#4 process for the OKUMA machinery center (mp#1): (a) experimental record of the
spindle vertical acceleration (single cycle) and (b) derivation of the corresponding synthetized signal
for a continuous activity.

4.2. Analysis of the Inter-Story Floor

In parallel to the machine testing described in Section 4.1, additional experimental records were
collected on the inter-story floor, with an additional tri-axial MEMS accelerometer (ADXL355 type)
that was variably positioned at the base of the OKUMA machine (mp#2), as well as on the floor (s#n).
A detailed setup of instruments is shown in Figure 12.
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Figure 12. Reference setup for the field dynamic experiments: (a) plan view, with dimensions in m;
(b) detail of mp#2 (base of the machine frame); and (c) global view of the examined floor region
(in evidence with red circles, the position of sensors s#4, s#5, and mp#2).
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In doing so, a multitude of setup configurations were separately explored. Some of the sensor
positions in Figure 12a were used for noise measurements only (i.e., s#1, s#2, and s#3). Based also on
Section 4.1, for the research purposes of this paper, a major attention was spent for the W#4 program
in Figure 11. Table 4 summarizes the setup configurations that were used for the FE assessment and
validation of the coupled experimental–numerical procedure. The selected field experimental records,
as shown, were further assessed towards the acceleration measurements of the so-called W#0 program.
In that case, the effects of a single in-place jump by a technician in position s#4 (with all the machines
at rest) were separately analyzed.

Table 4. Experimental investigation of the floor under the OKUMA activity (vertical acceleration
programs, various acquisition sensors)

W#n
Floor Analysis

Sensor Records Acceleration Peak (m/s2)

0 * s#4 5 0.26
4 mp#2 3 0.52
4 s#4 3 0.28
4 s#5 3 0.21

* = in-place jump of a technician in position s#4 (with all the machines at rest).

From the collected experimental measurements, the time-acceleration and the corresponding
power spectral density (PSD) functions were thus investigated.

Figure 13 shows the typical floor response under the W#0 condition. From Figure 13b, it is possible
to detect the two low fundamental natural frequencies of the floor, in the order of f 1,exp = 7.4 Hz and
f 2,exp = 9.4 Hz respectively. Higher vibration frequencies can be also perceived in the range from
≈12 Hz to ≈40 Hz.
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Figure 13. Experimental records for the inter-story floor region with the OKUMA at rest (W#0).
Measured (a) vertical acceleration and (b) corresponding power spectral density (PSD). In evidence,
a selection of 5 s of acquisition (data from sensor s#4).

In terms of quantification of the resonance effects due to the OKUMA; however, the attention
was focused both on the magnitude of vibrations and their transmissibility to the primary structure.
This was made possible by the availability of sensors for the acquisition of accelerations on the machine
(base of the machine frame, mp#2) and also in different regions of the floor (especially s#4 and s#5,
according to Table 4).

Compared to the mp#2 records on the machinery frame, for example, a rather good correlation
was generally found with the content of the s#5 and s#4 records on the slab, as also expected due to
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the presence of rigid foundation restraints. Figure 14, however, shows the progressive increase of
the measured PSD magnitude for the W#4 program, as far as the sensors’ location moves from the
OKUMA center towards the mid-span region of the floor. The low natural frequencies in this case
are even more pronounced than in Figure 13, due to the imposed vibrations. As far as the OKUMA
machine operates as in W#4, compared to W#0, more pronounced resonance effects can be perceived
in the form of a ×100 PSD amplitude increase for the records in Figure 14, compared to Figure 13b.
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Figure 14. Experimental PSD for the examined floor region (W#4), as obtained from (a) mp#2 (base of
the machine frame), (b) s#5 (floor), and (c) s#4 records (floor mid-span). In evidence, a selection of 5 s
of acquisition.

The maximum resonance effects, in this regard, were generally measured in the mid-span region
of the slab, rather than in the machinery region. The corresponding vertical accelerations are proposed
in Figure 15, with evidence of 5 s of acquisitions for the W#4 process. For the s#4 control point
in Figure 15, the effects of continuous machinery cycles can be perceived in vertical acceleration peaks
in the order of 0.26 m/s2.
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Figure 15. Experimental acceleration for the examined floor region (W#4), as obtained from s#4 records
(floor mid-span). In evidence, a selection of 5 s of acquisition.

4.3. Damping

As a further attempt of interpretation of the experimental results, finally, the available records
were used to calculated the damping parameter ξ for the floor object of study. The total damping
contribution, as known, results from a combination of structural damping (i.e., materials) but is also
affected by finishing and equipment details, as well as foundation and soil parameters. According to [2],
for open-plan concrete floors, the minimum conventional damping should be taken into account in the
order of ξ = 2−3%. In this paper, the logarithmic decrement method was applied to the collected



Actuators 2020, 9, 87 16 of 26

experimental time histories. The total damping term was indirectly estimated in an average value of
ξexp ≈ 7.5% (and a maximum of ξexp ≈ 9%) for the floor under the W#4 program (s#4 data). A close
correlation was found with the measured damping in s#4, with the machines at rest (W#0 setup).
Close to the OKUMA footprint, finally, the calculated damping resulted in a mean ξexp ≈ 4–5% value
(W#4, s#5 control point).

5. Numerical Analysis

The analysis was carried out in ABAQUS [30], based on a geometrically simplified but accurate
FE model, that was earlier validated to capture the vibration response of the inter-story floor. Based on
preliminary sensitivity analyses on full-size FE floor assemblies with different levels of detailing and
computational cost, the selected region in Figure 5 was only described, with appropriate boundaries.
Most of the results summarized in the following sections are thus referred to the so-labeled ‘one-bay’
numerical model of the structure (lx × ly its size), that was preliminary validated in its basic input
features, under static loading conditions.

5.1. Description of Floor and Machines

S4R shell elements were used for the double tee modules (Figure 16). In the case of the webs,
0.1 m high shell elements with average thickness were used (Figure 16a), while the slab was described
with S4R elements and offset (Figure 16b). A variable shell thickness was used along the span (0.2 m
long segments), to account for the nominal geometry of the slab. The upward bow of precast modules
was disregarded, and a distributed tie constraint was used between the precast and cast-in-situ shell
elements (Figure 16a,b).

Actuators 2020, 9, x FOR PEER REVIEW 16 of 27 

 

experimental time histories. The total damping term was indirectly estimated in an average value of 
ξexp ≈ 7.5% (and a maximum of ξexp ≈ 9%) for the floor under the W#4 program (s#4 data). A close 
correlation was found with the measured damping in s#4, with the machines at rest (W#0 setup). 
Close to the OKUMA footprint, finally, the calculated damping resulted in a mean ξexp ≈ 4–5% value 
(W#4, s#5 control point). 

5. Numerical Analysis 

The analysis was carried out in ABAQUS [30], based on a geometrically simplified but accurate 
FE model, that was earlier validated to capture the vibration response of the inter-story floor. Based 
on preliminary sensitivity analyses on full-size FE floor assemblies with different levels of detailing 
and computational cost, the selected region in Figure 5 was only described, with appropriate 
boundaries. Most of the results summarized in the following sections are thus referred to the so-
labeled ‘one-bay’ numerical model of the structure (lx × ly its size), that was preliminary validated in 
its basic input features, under static loading conditions. 

5.1. Description of Floor and Machines 

S4R shell elements were used for the double tee modules (Figure 16). In the case of the webs, 0.1 
m high shell elements with average thickness were used (Figure 16a), while the slab was described 
with S4R elements and offset (Figure 16b). A variable shell thickness was used along the span (0.2 m 
long segments), to account for the nominal geometry of the slab. The upward bow of precast modules 
was disregarded, and a distributed tie constraint was used between the precast and cast-in-situ shell 
elements (Figure 16a,b). 

 
 

(a) (b) 

 

(c) 

Figure 16. Modeling approach for the FE model of the inter-story floor region (ABAQUS, one-bay
FE model): (a) cross-section and (b) side view details for a modular unit, with (c) final assembly
(dimensions in m).



Actuators 2020, 9, 87 17 of 26

The floor region of interest was thus assembled through adjacent precast modules and a continuous
slab, but also including the supporting beams and columns (Figure 16c). Three dimensional (3D) solid
brick elements were used for them, to account for their geometry (and thus restraint effect for the floor).
The final FE assembly resulted in 15,000 elements and 145,000 degrees of freedom (DOFs). Each precast
web was thus locally restrained to the beams (‘shell-to-solid’ constraint). Additional boundaries were
defined along the edges of the slab, due to continuity. Finally, two linear constitutive laws were used for
the concrete materials in use, with mean nominal values for the dynamic MoE. According to technical
documents of literature (i.e., [2]), its value was calculated as

Ecm,dyn ≈ 1.1Ecm (7)

Regarding the machines, a mixed modeling approach was taken into account for the OKUMA or
for the MATSUURA and BRIDGEPORT centers respectively. A series of distributed masses was first
used to reproduce the actual position of all the supported weights (i.e., based on the m lumped terms
in Figure 12, that were distributed over the footprint of each machine). In the case of the OKUMA
machine only, see the detail in Figure 16c, an additional lumped mass Mspindle was used to account for
the spindle movements. The experimental history of machinery accelerations (i.e., Figures 9 and 11)
was assigned to the Mspindle lumped mass, and thus transferred to the floor. In doing so, a special
attention was paid for the schematization of the machinery effects. A rigid link was first introduced to
connect Mspindle with the floor. To this aim, an intermediate ‘RP’ node in Figure 16c was positioned
in the center of mass of the OKUMA footprint. This RP was set as reference node for an additional
‘coupling’ kinematic constraint, that was used to connect the RP node (and thus Mspindle) to a set of four
base rigid links, that were used to schematically describe the OKUMA foundation restraints (washers)
in Figure 8a and to transfer the machine acceleration to the slab.

Such a series of FE modeling assumptions, in accordance with Figure 2a, was chosen to maximize
the computational efficiency of the FE models, but at the same time to reproduce the presence of rigid
restraints (K1 =∞) for the undamped OKUMA machine (C1 = 0). On the other side, the inter-story
floor was numerically described with detailed geometrical and mechanical properties, so as to capture
its stiffness K2, mass M2, and damping C2. Following Section 4.3, all the dissipative capacities were
lumped on the floor slab (uniform modal damping).

5.2. Static Analysis

A preliminary static analysis was carried out to assess the bending response of the one-bay model
under the effects of a static peak force derived from the OKUMA activities. As far as FOKUMA is in fact
calculated from the acceleration peaks in Figures 9 and 11 and the available mass contributions for the
machine, the corresponding mid-span deflection can be calculated with the available tools.

At first, assuming that the OKUMA is mounted on the middle axis of the hosting module
(B = 2.38 m), the deflection is the same of a simply supported composite beam (double tee + slab),
with a, b the distance of the force introduction from the ends

ustat
max =

1
3

FOKUMAa2b2

(EI)comply
(8)

with (EI)comp the bending stiffness of the composite resisting section, as obtained from Table 1.
Both Equation (8) and the corresponding numerical analysis resulted in a maximum static deflection
in the order of 0.029 mm (W#4 process).

For the OKUMA machine in the actual position, otherwise, the static deformed shape was found
to agree with Figure 17, and to achieve a maximum deflection of 0.026 mm (W#4), that reduced to less
than 0.01 mm for the other low-amplitude programs (W#1-to-W#3).
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thus involving a torsional deformation for the supporting modular units. As also expected, anyway, 
both the FE vibration shapes in Figure 18 were found associated to global bending deformations of a 
unidirectionally stiffened plate (‘joist panel mode’) with flexible girders, for the floor as a whole. 
Accordingly, the early stage of the research study was spent for the reliability analysis of the FE 
approach herein proposed, that was finally preferred to a full-size FE model of the floor for both its 
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Figure 17. Deflection of the floor under the equivalent static force peak of the OKUMA machine
(ABAQUS, one-bay FE model, W#4, legend values in m, scale factor: ×50,000).

5.3. Natural Frequency Results

A linear ‘frequency’ analysis was carried out on the floor region with a series of masses distributed
as in Figure 12 (machines at rest). Based on the available experimental feedback (Section 4), the attention
was focused on the two first vibration modes of the system.

According to the test observations, the analysis was in fact intended to capture all the relevant
structural phenomena in the range up to 10 Hz, so that they could be assessed towards the few
available experimental data. The so-collected shapes are proposed in Figure 18, with evidence of the
corresponding natural frequencies.
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Worth of interest in Figure 18 is especially the second mode in the range of ≈9.4 Hz, given that it is
characterized by large vertical deformations in the region of the OKUMA machinery center, and thus
involving a torsional deformation for the supporting modular units. As also expected, anyway,
both the FE vibration shapes in Figure 18 were found associated to global bending deformations of
a unidirectionally stiffened plate (‘joist panel mode’) with flexible girders, for the floor as a whole.
Accordingly, the early stage of the research study was spent for the reliability analysis of the FE
approach herein proposed, that was finally preferred to a full-size FE model of the floor for both its
computational efficiency and accuracy. At the same time, it is also recognized that the FE model
in Figure 16 can capture the plate vibrations of the selected floor region only, while it could unavoidably
lose additional relevant vibration frequencies for the entire floor in Figure 5.

In this regard, the FE investigation for the one-bay model was further assessed towards the
experimental frequencies but also towards different numerical models of the structure, having a different
level of accuracy and computational cost. In Table 5, in this regard, some of so-collected numerical
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outcomes are reported, where the mode order n is referred to the experimental predictions for the floor
region of interest.

Based on the schematic drawing in Figure 6, the fundamental natural frequency is first roughly
estimated for a single concrete module (with B = 2.38 m, for the module hosting the OKUMA).
Following classical literature formulations, it is in fact assumed that the vibration response of the
beam-like modular unit can be described as [31]

∂2

∂x2 EI(x)
(
∂2u(x, t)
∂x2

)
+ ρA

∂2u(x, t)
∂t2 = 0 (9)

and thus (simply supported end sections)

f1,an =
π

2L2

√
EI
ρA

(10)

with u(x,t) the vertical displacement, at a given abscissa x (0 ≤ x ≤ L) and time instant t; while E and ρ
in Equation (10) denote the MoE and density of concrete, I is the second moment of area and A the
cross-section for the schematic drawing in Figure 6a (with ρ = 2500 kg/m3). As far the slab in the top is
fully disregarded (in the same way of the supported CNC machines and equipment), and the mean
dynamic MoE is derived from Equation (7), Equation (10) would result in a fundamental frequency
f 1,an = 7.79 Hz that roughly capture the experimental prediction from Figure 18.

On the other side, given the 5% of scatter for the prediction from Equation (10) and the experimental
frequency f 1,exp of the floor, the same model still suggests a prevailing ‘joist panel mode’ for the
structure object of study. Moreover, the same prediction f 1,an is still lower than 10 Hz (Figure 4) and
thus would suggest the need of dedicated early-stage design considerations.

Additional comparative frequency estimates are thus proposed in Table 5, as obtained from FE
models characterized by a progressive increase of their accuracy and computational cost. The first
and simplest FE model, herein labeled as ‘one-module’ (B × ly its size), is representative of a single
double tee module (B = 2.38 m), with the top slab and the supported OKUMA + equipment masses.
The major limit of the ‘one-module’ model is that the adjacent modules are disregarded, in the same
way of the flexibility of the end restraints. Ideal simply supports are in fact used to restraint the webs,
in place of the actual precast beams.

As a further elaboration of the ‘one-bay’ model, finally, the ‘2 × 2-bay’ model in Table 5 is still
numerically described and assembled with the same approach described in Figure 16, but includes
a wide region of floor (2lx × 2ly its size) and the slab continuity in both the x and y directions,
thus resulting in 62,000 elements and 390,000 DOFs.

Table 5. Comparison of natural vibration frequencies for the inter-story floor with non-operating CNC
machines, based on different modeling approaches

FE model

Experimental Analytical
(Equation (10)) 1-Module One-Bay 2 × 2-Bay

n f (Hz) f (Hz) f (Hz) f (Hz) f (Hz)

1 7.40 7.79 7.39 7.37 7.38
- - - - - 7.61
- - - - - 8.17
2 9.40 - - 9.41 9.42

As far as the complexity and detailing of the FE assembly increases, the rather close correlation for
the fundamental mode predictions can be noticed in Table 5. On the other side, a number of additional
vibration modes can be also noticed for the 2 × 2-bay model, given that the stiffened plate bending
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deformation of the floor as a whole can separately affect single bays of the diaphragm. In this research
study, for example, it was proved that the intermediate frequencies in Table 5 are still associated
with global bending deformations for the examined inter-story floor, but with negligible vertical
displacements for the region object of study. The vibration shapes in Figure 19, finally, further confirm
the good correlation of the one-bay and 2 × 2-bay models, with regard to the floor region of interest.
As such, the one-bay assembly was still found reliable for the purpose of this investigation.

Worth noting in Figure 19a,b is the good correlation of the first two numerical frequencies with
the experimental derivations. The frequency scatter was calculated in less than 0.5% for them. On the
other side, given the lack of multiple simultaneous accelerometers on the floor, the FE validation was
still limited to the lowest frequency estimates, rather than the corresponding normalized modal shapes.
In Figure 19c, finally, two intermediate numerical vibration modes are also proposed, with evidence of
mostly null deformations for the floor region object of study.

Moreover, the FE analysis further confirmed the marked effects due to both the magnitude and
position of the non-operating machines. Focusing on the first and second experimental modes only,
for example, the total masses of the non-operating machines for the FE assemblies in Figures 18 and 19
were found responsible of a −6.5% frequency decrease (with f 1,empty = 7.81 Hz and f 2,empty = 9.98 Hz
for the empty floor, based on the one-bay model predictions), thus resulting in even more pronounced
serviceability issues (i.e., increased flexibility, and thus sensitivity to vibrations).
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6. Coupled Experimental–Numerical Vibration Assessment

Linear steady state dynamics (SSD) analyses were carried out on the one-bay FE assembly of
Figure 16, with the operative OKUMA machine. While the numerical study was extended to all the
available W#n working programs, the attention was focused on the W#4 condition. Based on the
schematic approach of Figure 16c, the SSD analysis was thus set in the range of 1−10 Hz, including the
input vibration modes of Figure 18 as a reference.

6.1. Experimental Configuration

First, the SSD analysis was carried out on the one-bay assembly under the W#4 setup, that was
found critical for the real structure. Later on, the working programs W#1, W#2, and W#3 were also
taken into account, for comparative numerical purposes. The same solving approach was considered,
while the input spindle acceleration history was described as in Figure 9 or Figure 11 for each process.
In doing so, the dynamic MoE of concrete was estimated from the available experimental properties
(Table 2). In the same way, a total damping ξexp = 9% was taken into account for the analyses, based on
the experimental feedback (Section 4.3).

Major FE outcomes and selected SSD results are proposed in Figures 20 and 21. More in detail,
the estimated SSD acceleration an velocity of the floor are shown in Figure 20 as a function of the
frequency of the system, with a focus on the s#1 and s#4 numerical estimates, compared to the s#4
experimental peak (Table 4). The confirmation that the structure suffers for marked resonance issues
in the w#4 setup is worth noting, as it can be noticed in Figure 20a for the range of the examined f 1−f 2

natural frequencies. Moreover, the s#4 control point and the second mode of vibration of the structure
were usually found to be associated with more pronounced dynamic effects (i.e., acceleration peaks),
compared to the central s#1 point, as an effect of the machine-induced vibrations and the related
torsional deformations of the deck.

For the FE model under the experimental setup, see Figure 20a, the acceleration peak for the floor
was calculated in the order of ≈0.3 m/s2. For the same W#4 loading scheme, moreover, non-null vertical
acceleration records were numerically predicted for the control points s#2 and s#3, as a direct effect of
the intrinsic flexibility of the supporting precast beams, thus confirming the potential (compared to
ideal rigid boundaries) of refined FE models for vibration assessment purposes.
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Figure 20. SSD analysis of the inter-story floor region with the working OKUMA (ABAQUS, one-bay
FE model, W#4). Evolution of (a) vertical acceleration peaks in the s#1 and s#4 control points,
with (b) comparison of absolute acceleration peaks experimental configuration (synthetized signal,
experimental dynamic MoE for concrete and ξexp = 9%).

Figure 20b shows the experimental and FE numerical acceleration peaks from the same SSD
analysis, as far as the s#4, s#5, and mp#2 control point are taken into account. It is possible to see
a rather close correlation of measurements on the side of the floor, while the rigid link-based mechanical
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system in of Figure 16 tends to underestimate the corresponding experimental measurement, due to
the lack of detailing on the side of machinery components.

The refined structural FE model of the floor was used for additional comparative studies and
vibration serviceability analyses. In this regard, Figure 21 shows that the velocity peaks for the W#2
program (in the frequency domain) are remarkably lower than the limit value of 20 mm/s recommended
in [42].
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Figure 21. SSD analysis of the inter-story floor region with the working OKUMA (ABAQUS, one-bay
FE model, W#2). Evolution of vertical velocity peaks in the s#1 and s#4 control points. Experimental
configuration (synthetized signal, experimental dynamic MoE for concrete and ξexp = 9%).

The velocity peak for the floor under the W#4 process (Figure 22), in this regard, was numerically
predicted in ≈6−7 mm/s, thus still far away from the reference limit of 20 mm/s (and thus
ensuring possible structural damage for the floor) but remarkably higher, compared to the other
W#n configurations.

Finally, Figure 22c shows the maximum dynamic deflection for the FE model under the various
working programs. Compared to the static deflection of the floor (Section 5.2), these dynamic estimates
resulted in a DAF in the order of +3.1 for the W#4 process, or DAF = +1.6 for the low-amplitude
W#1-to-W#3 programs). It is interesting to notice that no discomfort was claimed by the client and by
the factory workers, while most of the issues were confirmed to derive from the W#4 activities.

Actuators 2020, 9, x FOR PEER REVIEW 22 of 27 

 

Figure 20b shows the experimental and FE numerical acceleration peaks from the same SSD 
analysis, as far as the s#4, s#5, and mp#2 control point are taken into account. It is possible to see a 
rather close correlation of measurements on the side of the floor, while the rigid link-based 
mechanical system in of Figure 16 tends to underestimate the corresponding experimental 
measurement, due to the lack of detailing on the side of machinery components. 

The refined structural FE model of the floor was used for additional comparative studies and 
vibration serviceability analyses. In this regard, Figure 21 shows that the velocity peaks for the W#2 
program (in the frequency domain) are remarkably lower than the limit value of 20 mm/s 
recommended in [42]. 

 
Figure 21. SSD analysis of the inter-story floor region with the working OKUMA (ABAQUS, one-bay 
FE model, W#2). Evolution of vertical velocity peaks in the s#1 and s#4 control points. Experimental 
configuration (synthetized signal, experimental dynamic MoE for concrete and ξexp = 9%). 

The velocity peak for the floor under the W#4 process (Figure 22), in this regard, was numerically 
predicted in ≈6−7 mm/s, thus still far away from the reference limit of 20 mm/s (and thus ensuring 
possible structural damage for the floor) but remarkably higher, compared to the other W#n 
configurations. 

Finally, Figure 22c shows the maximum dynamic deflection for the FE model under the various 
working programs. Compared to the static deflection of the floor (Section 5.2), these dynamic 
estimates resulted in a DAF in the order of +3.1 for the W#4 process, or DAF = +1.6 for the low-
amplitude W#1-to-W#3 programs). It is interesting to notice that no discomfort was claimed by the 
client and by the factory workers, while most of the issues were confirmed to derive from the W#4 
activities. 

   

(a) (b) (c) 

6 8 10 12
Frequency  (Hz)

-2

-1

0

1

2

s#1
s#4

exp=9%

W#2

Figure 22. SSD analysis of the inter-story floor region with the working OKUMA (ABAQUS, one-bay
FE model): (a) vertical acceleration, (b) velocity, and (c) displacement peaks in the s#1 and s#4 control
points. Experimental configuration (synthetized signal, experimental dynamic MoE for concrete and
experimental damping ξexp = 9%).
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6.2. Design Configuration

In conclusion, the attention was still focused on the analysis of resonance effects of the one-bay
model, but under a typical design configuration (i.e., by taking into account the nominal material
properties, as well as the conventional damping of the structure). The dynamic effects are collected
in Figure 23, for all the available working processes of the OKUMA center.

Compared to Section 6.1, such a series of FE estimates represents the numerical feedback in support
of the early design stage of the factory, and thus an important outcome that suggests the predictivity of
possible vibration issues. The dynamic MoE of concrete, in this regard, was found to slightly affect
the corresponding SSD predictions and absolute peaks. On the other side, the maximum sensitivity
of FE predictions derived from the reference modal damping of the system. An example is shown
in Figure 24 for the W#4 process only, where the ‘experimental’ and ‘design’ modeling assumptions for
the floor are compared. As also emphasized in Section 6.1 for the dynamic response for the W#1-to-W#3
programs, the corresponding ‘design’ scenarios resulted in relatively low peaks. In contrary, the W#4
estimates were found to roughly approach the reference velocity limit of 20 mm/s for structural damage
prevention, thus representing a potential early warning for the overall design process. From the vertical
displacements in Figure 23c, more in detail, the corresponding DAF was calculated in a mean value of
+2.8 for the W#1-to-W#3 conditions, and up to +6.2 for the W#4 program.
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7. Conclusions

The prediction of machine-induced vibrations, as known, is a key step for the early design stage of
industrial buildings and infrastructures. Similarly, the machine–structure interaction is a demanding
aspect that requires computationally efficient but reliable computational tools. However, the description
of the vibration source (i.e., machine-induced signal), as well as the calibration of the available structural
models and details, can be both uncertain. In common practice, the vibration serviceability of flexible
load-bearing structures is generally assessed with the support of simplified models and conventional
input features, especially in terms of machinery characterization, materials stiffness, and damping.

In this paper, a coupled experimental–numerical approach was presented and validated for the
vibration serviceability assessment of machine-induced vibrations. To this aim, a case-study eyewear
factory was investigated, with a focus on the vibration issues of its inter-story floor, where several
non-isolated CNC machines were mounted. The factory was built in Italy 2019, but started to suffer
for marked resonance issues, due to the lack of communication between the client and the structural
designer, hence resulting in the presence of heavy non-isolated machinery centers mounted on its
flexible, long-span inter-story floor. In the last years, several research projects have been dedicated to
the analysis of machines on rigid foundations, as well as to the experimental monitoring of machinery
components, for maintenance and optimal productivity purposes. Besides, most of the available
studies are focused on separate aspects only (i.e., structural or mechanical for the machines), as well as
on specific case-study issues.

The attention of the research study herein presented was thus first focused on the experimental
characterization of the machinery activities (i.e., movable components) under various working programs
of technical interest. A single MEMS accelerometer was used to capture and properly describe (with the
derivation of a synthetized signal) the actual input vibration source. In parallel, the experimental
investigation was also extended to the inter-story floor, giving evidence of the transmissibility of
machine-induced vibrations. The available experimental feedback was used to integrate and validate
a reliable and computationally efficient one-bay finite element (FE) model of the structure. The latter,
as shown, can represent an efficient tool for floors that are characterized by a ‘joist panel’ vibration
(i.e., with a fundamental natural frequency that is close to the frequency of the joists in bending about
their major axis). Based on the comparative studies summarized in the paper, the potential of coupled
experimental–numerical predictive studies was thus emphasized, giving evidence of the feasible
prevention (or possible mitigation) of severe troubles due to machine-induced vibrations.
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