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Abstract

Nonstructural elements and contents often constitute a large fraction of the economic invest-
ment in ordinary buildings. In case of seismic events, damage to nonstructural elements not 
only contributes to the overall direct material costs but can also significantly impact the indi-
rect costs. The latter are especially affected by earthquake-induced damage if production and 
business flows depend on proper functioning of such nonstructural components, since conse-
quent downtime costs turn out to be very high. Within this framework, server racks' perfor-
mance under seismic loading is of interest in the present work. The economic relevance of these 
nonstructural components requires the implementation of proper design solutions so that their
performance under earthquakes can fulfill specific requirements. In this perspective, including
isolation devices between server racks and building floors is deemed effective for enhancing
the stability of the protected equipment, preserving the computer components' integrity and,
minimizing downtime losses. Hence, the present work is meant to optimize a hybrid isolation 
system for server racks. Specifically, the hybrid isolation device designed for such application 
combines at least two elastomeric isolators and three sliders, and it is intended for the seismic 
protection of server racks characterized by different configurations. The objective function is 
formulated to minimize the accelerations transmitted to server racks and manufacturing cost. 

Keywords: Constrained optimization – Cost minimization – Nonstructural elements – Opti-
mum structural design – Server rack – Seismic isolation
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1 INTRODUCTION

Nonstructural elements and contents contribute to large part of the initial economic invest-
ments in typical buildings, but they often undergo disproportional damage due to seismic ac-
tions even if the structure in which they are placed exhibits satisfactory performances [1]. Apart 
from contributing directly to final material costs after an earthquake, damage to contents housed 
in most buildings can cause inestimable losses (in case of objects of historical value) or the 
interruption of production/business flows (when damage occur in industrial equipments, com-
puter servers, etc.) along with extremely high downtime costs. For example, the economic cost 
due to the five-days of downtime for a single data center following the 1989 Loma Prieta earth-
quake or the 1994 Northridge and 1995 Kobe seismic events amounted to 5%-10% of the entire 
rebuilding cost [2]. In this regards, it is opportune to point out that many building contents –
such as computer servers or museum artifacts – are acceleration-sensitive, i.e., they are espe-
cially vulnerable to damage when subject to high accelerations [3]. In this perspective, there 
has been growing interest about the use of seismic isolators at the floor level because, in most 
cases, this can cope efficiently with the need of protecting acceleration-sensitive building equip-
ments under earthquake, provided that the building structure is properly designed against seis-
mic loads. In fact, it is recognized that seismic isolation of server racks would improve business 
resiliency at a low cost as compared to downtime losses [4].

Within this framework, the present paper proposes a novel design procedure in order to op-
timize a hybrid isolation system for server racks combining at least two elastomeric isolators 
and three sliders. The objective function is selected to minimize the accelerations transmitted 
to the servers placed in the racks as well as the material cost of the isolation system. Design 
variables include number, compound, and geometric dimensions of the elastomeric elements
and slider position. The final optimization problem is then solved using a suitable variant of the 
differential evolution algorithm [5] to handle the design constraints. The search for the optimal 
hybrid isolation system is carried out in two phases. The first phase is concerned with the iden-
tification of the optimal device to be deployed on all floors of a given building. The standardized 
optimal design is addressed next in the second phase, in which the design procedure is extended 
to determine which isolation device is best suited for all floors of the building stock under in-
vestigation. The sliders optimal topology is also investigated parallel to that in such a way to 
minimize the overturning moment. This final design phase is motivated by the fact that stand-
ardization and generalization of an industrial device during the development stage are crucial 
to reduce engineering and production costs. As a matter of fact, they allow to circumvent the 
redesign phase should any design condition changes and to reduce the costs related to the ac-
ceptance tests required in the development stage. Hence, it means no waste of any other devices 
except the installed ones, thereby saving materials and overall unitary industrial costs.

2 OVERVIEW ABOUT COMMON PRACTICES IN DATA CENTER DESIGN

Most of the world's largest data centers are housed within dedicated one-story buildings, 
which usually host some offices serving as technical or control rooms. Medium to large data 
centers are often located within the upper floor of a commercial building. The position of small 
data centers can vary considerably in terms of, both, building type and location within the host 
structure. Standard models exist for large data centers placement only, whereas they lack for 
small to medium-large ones [6].

The distribution of racks in the data center varies significantly, regardless of the size. The 
most common racks configuration in large data centers is based on rows of racks installed side-
by-side with alternating cold aisles and hot aisles [7]. Generally, the rows of racks are placed 
back-to-back, and all the holes through the rack are blocked off to create barriers that reduce 
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recirculation and divide hot aisles from cold aisles efficiently [8]. In some cases, hot aisles or 
cold aisles between two rows of racks are covered with a modular system of cooling contain-
ment. This choice reduces the energy cost and concentrates the refrigerated airflow on the rack 
when the server room is vast or the inter-floor space is large enough compared to the vertical 
dimension of the racks [9].

Figure 1 – Most common server racks configurations: a) single rack; b) row of racks; c) rows of racks with cov-
ered aisle.

The aisle containment system is composed of a series of light aluminum frames that do not
have a structural function. Generally, these systems are scalable, and thus there is no a fixed 
number of racks that compose the covered aisle. Server rooms can host multiple rows of racks 
and multiple covered aisles. 

Data center density is usually measured in terms of W/m2 or W/rack, which represent the 
electric power consumed per square meter and the electric power consumed per rack, respec-
tively. It means that a low-density data center is characterized by a configuration that consumes
few Watts per square meter of the server room. If a data center employs this configuration, then 
the rows are commonly composed of sparsely populated racks or spaced full single racks [10].

As reported in many guidelines, scalability brings added value to the data center. The scala-
bility requirement implies that the data center can be conceived and built according to a low-
density architecture able to meet current needs and to expand for fulfilling higher future de-
mands that require the postponed installation of further infrastructures such as UPS systems, 
air conditioners, and other racks [10]. This means that the data center layout can eventually 
evolve during its lifetime, with the possible exception of large and predefined configurations.

It is anticipated that this study addresses the seismic protection of a single rack, whereas the 
remaining configurations will be considered in future works. The configuration consisting of a 
single rack device is the most flexible one and facilitates later installations when data center
scaling is needed. Some available commercial proposals for server rack seismic isolation are 
intendend for a single item. They are generally modular systems, which means that it is possible 
to isolate more racks in a row by combining more devices [11–19]. Many other commercial 
devices propose total raised floor isolation [13,19,20]. Another solution adopted to achieve 
server rack seismic protection is obtained through the direct introduction of damping to the 
rack's steel structure or in the raised floor [21,22]. The main guidelines and codes that refer to 
electronic equipments installed in earthquake-prone areas suggest the use of a cabinet rack that 
has passed a codified seismic test, usually named "seismic rack" [23–30]. On the other hand, to 
make a non-conforming cabinet resistant against seismic actions, the installation of a "seismic 
kit" composed of steel braces is common. Both solutions are meant to enhance the rack re-
sistance and stiffness. Furthermore, technical codes in force indicate that racks in seismic areas
have to be anchored to the floor by fasteners together with shear keys. Although these specifi-
cations already existed during the 2010 Chile earthquake, the lack of fasteners and shear keys 

a b c
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was common in both new and old buildings [31]. It is worthy highlight that code requirements 
that target at increasing the system stiffness to reduce the drift generally lead to an increment 
of the acceleration demands in the electronic components of the racks, thereby amplifying the 
potential risk of interrupting the business continuity.

3 ANALYSIS OF ELASTOMERIC ISOLATORS

Design rules provided by EN 15129 [32] and EN 1337-3 [33] for seismic actions and static 
conditions, respectively, are the constraints of the optimization procedure.

The use of slender elastomeric elements is required to ensure a suitable level of isolation for 
light nonstructural elements. This condition turns out to be very binding for axial loads, since 
it makes elastomeric elements vulnerable to buckling phenomena. In order to overcome this 
issue, a hybrid isolation system is adopted, which combines elastomers with at least three sliders 
that aims at absorbing the axial load. Thanks to these features, elastomeric elements integrity
under seismic loads is governed primarily by shear deformability limits. In operating conditions,
the racks positioned inside the building are protected against horizontal environmental actions, 
such as wind. Therefore, only an accidental rotation equal to 0.03 rad and a horizontal force 
equal to 1 kN are considered during the optimization procedure to account for anthropic inter-
ferences. According to EN 15129, the design shear strain εq,E due to earthquake-imposed design 
displacement dbd is given by:

,
bd

q E
q

d
T

, (1)

where Tq is the total thickness of the active elastomer during shear. The design shear strain 
calculated using Eq. (1) has to be compared with the maximum shear strain equal to 2.5.

4 SEISMIC ACTION

The floor response spectrum method is a convenient way to find the nonstructural element 
acceleration on the floor during an optimization procedure because it is less computationally
expensive than a time history analysis [34]. The Italian building code (NTC18) floor spectrum 
formulation [35] is here employed, which demonstrated a good agreement with the Newmark 
response spectrum derived from a compatible time history analysis. 

According to NTC18, the seismic demand on nonstructural elements can be determined by 
applying a horizontal force aF defined as follows:

( )a a
a

a

S WF
q

, (2)

where Fa is the horizontal seismic force applied in the center of mass of the nonstructural ele-
ment, Sa is the maximum dimensionless acceleration, Wa is the weight of the element, and qa is 
the quality factor. The following relationship is adopted to determine the acceleration at the jth
floor of the structure corresponding to the ith mode:

( )ij ij i i iS S T , (3)

where Si(Ti) is the ordinate of the spectrum relative to the ith mode. Herein, Γi is the modal 
participation factor, which is defined by the relationship:

T
i

i T
i i

M
M

, (4)
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where τ is the drag vector, φi is the ith normalized modal shape, and M is the mass matrix.
A ground spectrum for a high seismic risk zone with ag=0.26g is considered in the present 

work (Figure 2a). Additionally, it is assumed that the building containing the racks has to un-
dergo slight damage levels or to behave elastically; otherwise, business continuity would be 
jeopardized in any case. Therefore, the design of the isolation system will not rely on the duc-
tility reserve that the structure would provide by adopting a unit quality factor.

Figure 2 – Reference ground spectrum (left) and floor spectra for a 4-story building (right).

The floor spectra for ten buildings with an increasing number of floors were generated ac-
cordingly. As an example, the floor spectra for a 4-story building are shown in Figure 2b. All
buildings have a concrete frame structure and 5 m × 5 m square floor plan with an inter-floor 
height equal to 3.5 m. The first frame is replicated to obtain all buildings (Figure 3).

Figure 3 – Stock of buildings under consideration. 

5 OPTIMIZATION PROCEDURE

The optimization problem is formulated, taking into account both, integrity of the isolated 
servers and system cost-effectiveness. Within the present work, the elastomeric isolator's be-
havior and the seismic actions are evaluated through an iterative search considering the me-
chanical characteristics of the elastomeric compound and the floor response spectra for each 
floor. The elastomer's lateral stiffness was calibrated by considering the damping related to the 
shear deformation calculated through the floor spectral displacement until convergence. The 
optimization procedure is divided into two phases. In the first phase, the optimum isolation 
system is identified separately for the ten buildings under consideration (Figure 4). Thus, for 
each candidate solution generated by the differential evolution algorithm, the iterative proce-
dure required to identify the isolation system's properties was conducted for each floor of the 
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considered building. In the second phase, all ten buildings are examined simultaneously in the 
attempt to determine the optimal isolator that complies with all constraints on all floors of all 
buildings. In this case, the isolator properties were identified for all floors of the ten buildings 
for each generation. The design variables in the optimization problem are diameter of the elas-
tomeric isolators, rubber height, type of compound, and number of isolators. From these quan-
tities, it is thus possible to derive number of rubber layers and number of steel layers for the 
isolator. The algorithm employs primary and derived design variables in order to calculate the 
material cost of the isolation system. The problem constraints are defined in compliance with 
the design rules in EN 1337-3 and EN 15129. Furthermore, the maximum acceleration at the 
top of the rack is required to be less than 0.20g, whereas the isolation system period is forced 
to be larger than 1 s. The limitation about the maximum acceleration transmitted to the servers 
by the rack is necessary to ensure that the hard disks would remain operational during seismic 
events. 

Figure 4 –Workflow of the optimization procedure for a single building

A special (μ+λ)-constrained differential evolution algorithm is adopted to solve the optimi-
zation problem. This algorithm uses a robust nature-inspired strategy that focuses on finding 
the best solution iteratively by checking a set of candidate solutions [36,37]. The objective 
function of the optimization problem ObjF is formulated as follows:

max
Mat Fixed

c Acc
Fixed

C CObjF Acc
C

(5)

where CMat is the material cost of the isolation system, CFix are the fixed costs, AccMax is the 
maximum acceleration recorded on the floors of each building. The two terms included in the
objective function are weighted using two user-defined coefficients (i.e., γC and γAcc). The con-
strained differential evolution algorithm's iterative strategy runs until the maximum number of 
fitness evaluations is reached. Meanwhile, the sliders position is optimized to reduce the over-
turning moment due to the seismic action. The only design variable is the position of the sliders 
as related to the dimensions of each individual rack. In this case, the optimum design is formu-
lated as a single-objective constrained optimization problem, and the ObjF f (xi) is calculated 
as follows:
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v

St

O

abMObjF
M

(6)

where Mstab is the stabilizing moment, and Mov is the overturning moment under seismic action.
6 RESULTS

Figure 5a shows the results for all the analyses performed in the first design phase by over-
laying the trends in the devices' geometric dimensions with the maximum acceleration values 
recorded for each building. Figure 5b illustrates the maximum acceleration among all floors of 
each building, and compare them to the acceleration of a floor-fixed rack. All results are listed 
in Table 1. A fundamental period equal to 0.33 s is considered for the non-isolated seismic rack
[38]. The numerical value of the weights are γC=3 and γAcc=0.30 [1/g]. The optimal number of
elastomeric devices was found equal to 2 for all cases (it corresponds to the lower bound).

Figure 5 – Results of the optimization performed in the first phase (left) and comparison between maximum ac-
celeration on the isolated rack and that of a fixed-floor rack (right).

Number 
of floors

Isolator
diameter

[mm]

Total rubber 
thickness 

[mm]

Cost of 
isolation 
system

[€]

Objective 
function

Max seismic 
displacement 

[mm]

Max acceleration 
isolated rack

[g]

1 37 40 288 1.29 77 0.1354
2 37 40 288 1.29 77 0.1354
3 37 40 288 1.29 77 0.1354
4 33 50 301 1.31 96 0.1083
5 32 60 313 1.36 115 0.1054
6 33 60 313 1.36 115 0.1094
7 35 60 313 1.38 115 0.1253
8 31 70 326 1.40 135 0.0981
9 34 70 326 1.42 135 0.1184
10 30 80 338 1.45 154 0.0930

Table 1 – Results of the optimization procedure in the first design phase.

The second phase of the optimization procedure is performed by assuming the same varia-
bles and constraints already employed in the first phase. The results are listed in Table 2.

Finally, the search for the sliders optimal position has been performed alongside the elasto-
meric elements sizing optimization. The search space area is limited to a single rack size equal 
to 800 mm × 1000 mm. The minimum number of sliders required for an equilibrium configu-
ration is three. In this study, the 4-slider scheme is also investigated.
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Isolator 
diameter

[mm]

Total rubber 
thickness 

[mm]

Cost of 
isolation 
system

[€]

Objective 
function

Max 
seismic 

displacement 
[mm]

Max acceleration 
isolated rack

[g]

30 80 338 1.45 154 0.0930
Table 2 – Results of the optimization procedure in the second design phase.

Figure 6 shows all feasible positions generated by the differential evolution algorithm during 
the optimization process in case of 4 sliders (color intensity indicates the age of the sliders' 
candidate positions during the optimization procedure, which means that lighter dots indicate 
earlier generations than darker ones). The final results for both the 4-sliders and 3-sliders prob-
lems are shown in Figure 7.

a) b)

c) d)

Figure 6 – Position of the sliders during the optimization procedure (the color gradient indicates the position dur-
ing the evolutionary search): a) position of slider number 1; b) position of slider number 2; c) position of slider 

number 3; d) position of slider number 4.
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Figure 7 – Optimal positions of the sliders in case of 3 (left) or 4 (right) devices.

7 CONCLUSIONS 

This paper has explored the application of the constrained differential evolution algorithm 
for the optimum and standardized design of a hybrid seismic isolation device for a server rack. 
The device is designed in compliance with EN 15129 and EN 1337-3. Size of the elastomeric 
devices and positions of the sliders have been optimized.

The sizing optimization of elastomeric devices allow to draw the following general conclu-
sions:

the most important seismic demand parameter for the integrity of the elastomeric
isolators is the lateral seismic displacement, which increases as the number of floors
grows up and ultimately governs the total height of the device;
the isolator diameter is almost constant for all buildings under consideration and is
close to the lower bound of the search space;
the optimum design of the isolation system performed taking into account all build-
ings simultaneously leads to the same results carried out considering the tallest build-
ing only, which therefore rules the whole design because of the largest value of the
seismic demand.

As regards the sliders position, an intuitive layout is obtained for the configuration consisting 
of 4 devices, whereas the optimal arrangement for 3 devices is less predictable.

The optimization of the isolation system has been here performed through a constrained 
differential evolution algorithm. This numerical technique was able to reduce the total compu-
tational time and to provide a better solution as compared to a parametric analysis-aided ap-
proach. Therefore, the constrained differential evolution algorithm proved to be suitable for this 
optimization problem.

The design procedure herein proposed will be further extended in future works so as to ena-
ble the optimization of the other racks configurations typically encountered in data centers.
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