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Abstract: Machine-induced vibrations and their control represent, for several reasons, a crucial
design issue for buildings, and especially for industrial facilities. A special attention is required, at
the early design stage, for the structural and dynamic performance assessment of the load-bearing
members, given that they should be optimally withstand potentially severe machinery operations.
To this aim, however, the knowledge of theinput vibration sourceis crucial. This paper investigates
a case-study eyewear factory built in Italy during 2019 and characterized by various non-isolated
CNC vertical machinery centers mounted on theinter-story floor. Accordingly, the structure started
to suffer for pronounced resonanceissues. Following the past experience, this paper reports on the
efficiency of a coupled experimental-numerical method for generalized predictive and
characterization studies. The advantage is that the machinery features are derived from on-site
experiments on the equipment, as well as on the floor. The experimental outcomes are then assessed
and integrated with thesupport of FE numerical simulations, toexplore theresonance performance
of the floor. The predictability of marked resonance issues is thus analyzed, with respect to the
reference performanceindicators.

Keywords: Vibrations;non-isolated CNC machines; inter-story floor; dynamic experiments; MEMS
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1. Introduction

1.1. Motivation

For civil engineering applications, the early prediction (and control, or mitigation) of
unfavourable vibration phenomena is implicitly related to the serviceability checks that should be
conventionally carried out at the preliminary stage of the structural design process. In doing so, the
load-bearingstructureto verify mustbe properly characterized in the dynamic parameters. However,
the expected source of vibration needs further detailing. In the case of inter-story floors, their
vibration response mainly depends on a combination of masses, stiffness properties and damping of
structural members, equipment and services, etc. As such, knowledge is required for their (i)
geometry, (ii) boundary conditions, (iii) characteristics of the materials in use (and in particular the
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—structureinteraction should
focus alsoon (vi) the magnitude and distribution of superimposed masses, but also (vii) the features
of the vibration sources (magnitude, frequency content, etc.), given that they are both responsible of
severemodifications in the dynamic equilibrium and parametersof empty floors [9-12]. Major effects
due to unfavourableresonanceeffects 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.
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This paper investigates the potential ofanimproved coupled experimental-numerical approach
for predictive vibration serviceability studies of industrial buildings with heavy CNC machines. To
this aim, a case-study industrial buildingin Italy, hosting an eyewear factory, is taken into account.
The extended discussion of test methods and analysis procedures is further reportedin [13]. More in
detail, a coupled experimental-numerical approachis presented and validated in this paper, with the
support of a refined modeling detailing for the structure [14], but also of dedicated experimental
acquisitions with MEMS accelerometers [15]. Generally speaking, the use of sensors for machinery
diagnostics and early prevention is established sinceyears [16], see Figure 1.
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Figure 1. Vibration monitoring for machines: (a) typical setup and (b) schematic representation of
machine life cycle assessment (adapted from [16]).

Various research studies have been also dedicated to the vibrational characterization of specific
machinery tools. Differing from past literature studies that have been focused on machine-induced
vibrations on rigid foundation systems (i.e., [9-12]), or on the machinery characterization only [17-
19], however, the attention of the experimental and FE numerical analysis reported in this paper is in
fact dedicated to the movable components of the machines and on the correspondingresponse of the
primary structure. 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
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.

1.2. Reference 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 [20]. Such a requirement,
however, is still limited to human comfort assessment, and does not apply to floors with working
machines. The NTC2018 standard [21,22], in this regard, recommends that —in case of floors with a
fundamental vibration frequency lower or equal than5 Hz —“specific calculation methods” should
be adopted to avoid vibration issues for the comfort of occupants.

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.
Sometimes, the structural designer is aware of the final destination of the building (i.e., equipment
features and final layout). Moreover, itis possible that the machinery manufacturers donot 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 [23], 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. 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 (Figure 2).
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Figure 2. Reference velocity peak limits to prevent structural damage in industrial buildings
exposed to short-term vibrations.

2. Experimental and numerical study

2.2. Case-study building

The production of optical glasses is based on various non-isolated CNC vertical machinery
centers, as shown in Figure 3, that were mounted on the inter-story floor, with consequent severe
resonanceissues and management troubles for the factory.

The two-story, two-span, precast concretebuildingis in fact characterized by 13 m of elevation,
with plan dimensions Lx = 67.1 x Ly = 30.8 m. The grid of beams and columns defines 6 x 2 adjacent
bays (Ix =11 x Iy =14.9 m, for each one of them). The inter-story floor object of study is supported by
plinth-restrained, square columns (80 x 80 c¢cm their cross-section) and primary precast beams
(spanning in the x direction) at 8 m from the foundation. These beams cover a total span of 10.25 m,
with 0.2 m thewidth of cantilever supports that are offered by the columns.

The inter-story floor 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. The double tee elements have cross-section
features that agree with Figure 3(b). The nominal height is h = 0.8 m, while the width B is equal to
2.34 m,2.50 m or 2.55 m. The distanceof the webs (b = 1.3 m) and the thickness of the top cap (hecap =
0.05m) areindeed kept fix. The double tee elements are characterized by high slenderness, given that
they are simply supported over L=14.62 m of span.
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Figure 3. Reference modularunit for the inter-story floor under investigation: (a) general view, with
evidence of CNC machines and equipment, and (b) transversal cross-section (dimensions in m).

2.2. CNC machines

The selected floor region object of study is composed of five modular units (Figure 4) and hosts
threenon-isolated machines. The schematic plan view of Figure 4 shows their footprint and layout.

The equipment, more in detail, includes an OKUMA - GENOS M560-V-evertical machinery tool
[24] with total mass Moxuma =7700 kg (and Mspindle =400 kg for the movable components) that roughly
corresponds to =1/3 the mass of the supporting module. Additional superimposed permanent loads
are represented by MATSUURA [25] and BRIDGEPORT [26] machines (4500 kg and 2700 kg
respectively)and the corresponding equipment (=150 kg / machine).
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Figure 4. Plan view of the floor re gion of study (dimensions in m), with details of the CNC machines.

2.3. Experimental methods

A series of on-site dynamic experiments was carried out on theinter-story floor region in Figure
4, toexplore its dynamic performance under the working CNC machines. In total, 12 machinery/floor
measurements were acquired from different configurations (by varying the reference machine, the
assigned working process, the layout of instruments for the measurement of accelerations). Major
outcomes are discussed in Section 3 and [13].

2.4. Finite Element numerical model

An extended numerical analysiswas carried out in ABAQUS/Standard, based on a geometrically
simplified but accurate FE model, that was validated to capture the vibrational response of the inter-
story floor [13]. The selected floor region in Figure 4 was thus described, at the local level, with
appropriate boundaries and kinematic constraints. S4R shell elements were used for the double tee
modules (Figure 5). In the case of the webs, 0.1m high shell elements with average thickness were



used, whiletheslab was described with S4R elements and offset. A variableshell thickness was used
along the span (0.2m long segments), toaccount for the slab geometry. A distributed “tie” constraint
was used between the precast and cast-in-situ shell elements. The floor region was thus assembled
through adjacent precast modules and a continuous slab, but also including the supporting beams
and columns (Figures 5 and 6). 3D solid elements were used for them, to account for their restraint
effect on the floor. Each precast web was thus locally connected to the beams with a shell-to-solid
constraint. Additional boundaries were defined along the slab edges, due to continuity.
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Figure 5. Modelling of the modular elements: (a) cross-section (example for B= 2.5m) and (b) side
view, with (c) final layout of the assembled floor re gion (plan view). All dimensions inm.

Regarding the machines schematized in Figure 5(c), a mixed approach was taken into account.
A series of distributed masses was firstused toreproduce the actual position of the sustained weights.
In the case of the OKUMA machine, see Figure 6, an additional lumped term (Mspindie) with a rigid
link was used for the spindle movements.

In this manner, the analysis was focused both on the prediction of the natural vibration modes
of the floor (that can be affected by the masses of the machines at rest), as well as on the additional
dynamic effects deriving from the operative OKUMA center. The input acceleration was hence
derived from MEMS acquisitions on the machine.
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Figure 6. Layout of the FE model for the area of investigation of the inter-story floor
(ABAQUS/Standard).

3. Discussion of results

3.1. CNC machinery center and inter-story floor measurements

Under the typical operational conditions for the eyewear factory object of study, the spindle in
Figure 7(a) was found subjected to cyclic vertical displacements and accelerations that are directly
transferred to the supporting floor (non-isolated base restraints). During the field experiments,
careful attention was thus paid to capture the key features of the input vibrational source. Such a goal
was achieved with thesupport ofa digital tri-axial accelerometers (ADXL355 ty pe) that was mounted
on the moving spindle. Among the various working programs of the OKUMA machine, the worst
operational condition was taken into account for the analysis of the inter-story floor, and thus for the
validation of the coupled experimental-numerical procedure. The corresponding acceleration-time
history is shownin Figure 7(b).
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Figure 7. Experimental outcomes: (a) detail of the OKUMA moving spindle, with (b) derivation of the
synthetized signal (single cycle) and (c) corresponding vertical acceleration of the floor (s#4) under
the worst operational condition.

In parallel, additional experimental records were collected for the inter-story floor, with a digital
tri-axial accelerometer (ADXL355 type) that was variably positioned on the floor region object of
study (s#n labels in Figure 5(c)), under the effects of the working OKUMA. An example is proposed
in Figure 7(c), with evidence of the first five seconds of measurements, as obtained from the sensor
s#4. The vertical acceleration peak was measured in 0.26m/s2 From the post-processing stage of test
measurements, moreover, the first two fundamental vibration frequencies of the floor were detected
in the order of fiexp = 7.4Hz and f2exp = 9.4Hz.

3.2. Validation of the coupled experimenta-numerical procedure



A linear “frequency” analysis was first carried out on the floor with the sustained masses only
of the CNC machines at rest. Thelower fundamental modes are proposed in Figure 8 and are typically
associated, as also expected, toa global platebending deformation of thewholeinter -story floor. This
is also confirmed by the validation of the one-bay FE model towards a more extended and
geometrically complex FE model of the same structure[13].

Worth of interest from Figure 8 is the good correlation of the numerically predicted frequencies
with the experimental derived frequencies of the floor (with fiep = 7.4 Hz and foep = 9.4 Hz
respectively). Moreover, from the FE analysis of the structure with the CNCmachines at rest, the total
machinery mass was found responsibleof a -6% variation for the calculated lower frequencies (with
fiempty =7.81 Hz and f2empty = 9.98 Hz).

f1=7.37Hz f2=9.41Hz

Figure 8. Numerical derivation of the fundamental vibration modes of the floor with CNC machines
atrest(ABAQUS/Standard).

The conventional Steady State Dynamics (SSD) analysis was successively carried out on the FE
model of Figure 6, under the W#4 cyclic input vibrations.In doing so, a total damping &xp = 9% was
taken into account for the analyses, based on the experimental feedback [13].

Major FE outcomes and selected SSD results are proposed in Figure 9. More in detail, the
estimated SSD acceleration an velocity of the floor are shown in Figure 9(a) 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. The confirmation that the structure suffers for marked resonance issues in the
W #4 setup can benoticed in Figure 9(a) for therange of the examined natural frequencies of the floor.
Moreover, thes#4 control point and the second mode of vibration of the structure wereusually found
tobe associated with more pronounced dynamic effects, compared to the central s#1 point, as aresult
of the machine-induced vibrations and therelated torsional deformations of the deck.

Figure 9(b) 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 Figure 5 tends to underestimate the corresponding experimental measurement,
due to thelack of detailing on the side of machinery components. In this regard, it is important to
remind that the goal is to assess the effects of input machinery vibrations on the primary structure -
and that the coupled procedure properly captures — rather than the local characterization of the
machinery components. Further operational conditions and influencing parameters are hence
discussed in [13].
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Figure 9. SSD analysis of the inter-story floor region with the working OKUMA (ABAQUS/Standard,
one-bay FEmodel, W #4). Evolution of (a) vertical acceleration peaks in the s#1 and s#4 control points,
with (b) comparison of absolute acceleration peaks for the W#4 experimental configuration (55D
analysesbased on the OKUMA synthetized signal).

3.3. Vibration serviceability assessment

The refined structural FE model of the floor was used for additional comparative studies and
vibration serviceability analyses [13]. In this regard, Figure 10 shows the acceleration, velocity and
displacement peaks for the W#4 program, as a function of the FE input parameters for concrete (MoE)
and damping. As known, the availability of reliable FE estimates represents a strategic feedback in
support of the early design stage of buildings (and thus a crucial input for the original design of the
case-study factory), and thus an important outcome that suggests the predictivity of possible
vibration issues. Figure 10 gives evidence (for the W#4 process) of “experimental” and “design”
modeling assumptions for the investigated floor. Worth of interest the remarkable scatter of the
collected numerical predictions, as a function of the input parameters. The “design” W#4 velocity
estimates, morein detail, werefound 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 of the floor, see Figure 10(c), the corresponding DAF was
calculated up to +6.2 for the W#4 program, thus representing another early warning parameter to
account in preliminary design decisions.
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Figure 10. SSD analysis of the inter-story floor region with the working OKUMA (ABAQUS/Standard,
one-bay FEmodel, W#4): (a) vertical acceleration, (b) velocity, and (c) displacement peaks in the s#1
and s#4 control points, as a function of the dynamic MoE of concrete (nominal vs. experimental) and
damping (nominalvs. experimental).

5. Conclusions



The prediction of machine-induced vibrationsis a key step for the early design stage. However,
thedescription of the vibration source, as well as thereliability of theavailable structural models, can
be challenging. In this paper, a case-study eyewear factory was investigated, with a focus on the
vibration issues of its floor, where non-isolated CNC machines were mounted. An experimental
characterization of the machinery activity was presented. The reliable FE analysis of the floor was
thus carried out with realistic input excitations. The good match of field and numerical predictions
confirmed the added value of coupled experimental-numerical predictive studies, so as to prevent
(or mitigate) possible machine-induced vibrational issues.
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The following abbre viations are used in this manuscript:

CNC: computer numerical control

DAF: dynamic amplification factor

FE: finite element

MEMS: micro electro-mechanical systems
MoE: modulus of elasticity
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