The use of ductile steel fuses for the seismic protection of acceleration sensitive non-
structural components: Numerical and Experimental verification

Athanasia K. Kazantzi
University of Birmingham
a.kazantzi@bham.ac.uk

Ahmed Elkady
University of Southampton
A.Elkady@soton.ac.uk

Dimitrios Vamvatsikos
National Technical University of Athens
divamva@mail.ntua.gr

Dimitrios Lignos
Ecole Polytechnique Fédérale de Lausanne
dimitrios.lignos@epfl.ch

Eduardo Miranda
Stanford University
emiranda@stanford.edu

1. ABSTRACT

Recent seismic events have showcased the vulnerability of non-structural components to
even low- or moderate-intensity earthquakes that occur far more frequently than design-basis
ones. Thus, community-critical buildings, such as hospitals, telecommunication facilities, or
fire stations, often face lengthy functionality disruptions despite having suffered little
structural damage during an earthquake. This paper summarises the numerical, and
corroborating experimental, studies that were undertaken as part of the NSFUSE project at
the University of Bristol’s shake-table facility. The primary focus was to investigate the
concept validity of using ductile steel fuses for protecting acceleration-sensitive non-
structural components in the aftermath of earthquakes. The objective was to offer a reliable
and inexpensive solution, via replaceable sacrificial elements, for the protection of such
components. The experimental program involved a series of planar shake table experiments.
These were conducted using narrow-band floor acceleration input signals that were recorded
in instrumented buildings through the California Strong Motion Instrumentation Program
during three different earthquake events. By changing the mass of the carriage-like test
specimen, as well as the fuse height and its cross section, different component-to-building
period ratios (tuned and slightly detuned cases) along with yield strength levels were
investigated. For each test, the input signals were incrementally scaled, if needed, to induce
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different ductility demands. The tests provided insight into the seismic performance of non-
structural components that are mounted on a structure and the benefits of allowing controlled
yielding to occur in the attachments of non-structural components that are tuned or nearly
tuned to one of the primary modal periods of the supporting structure.

2. INTRODUCTION

Past earthquake events (e.g., 1994 Northridge earthquake) have highlighted that non-
structural components could be particularly vulnerable to seismic-induced damages even in
developed countries, in which the buildings are designed according to modern seismic code
provisions. Notably, non-structural damages have been observed not only under strong
earthquake shakings, with intensities close to the design ones, but also in the aftermath of
moderate or even low seismic events that are likely to affect more than once the primary
structural system during its lifetime. Of much interest to seismic resilience, are those
damages that occur to the non-structural components of the so-called community critical
facilities (e.g., hospitals, fire stations) since, as per the societal demand, the latter should not
only maintain their structural integrity but also remain functional following earthquakes that
could impose structural and non-structural damages to other structures of ordinary
importance.

To this end, lately, the engineering community has shifted its attention on the development
of robust methodologies for the evaluation of the acceleration demands that are imposed to
the non-structural components—located at different floor levels along the height of the
supporting building—during an earthquake. Relatively recent, Kazantzi et al [1], on the basis
of a numerical study that involved floor motions that were recorded during earthquakes on
instrumented buildings in the United States (US), have showcased two important attributes
with reference to the performance of the non-structural components, these being:

(@) The acceleration demands imposed to the non-structural components could be
significantly amplified if the component has its fundamental period at or close to the
supporting building’ predominant modal period (fundamental or any other higher mode),

(b) Allowing for inelasticity to take place either in the support or in the bracing of the non-
structural component could reduce the peak acceleration demands on the component.

Allowing for inelasticity to reduce seismic demands, is a well-known concept in earthquake
engineering that is reflected in modern seismic codes in the capacity design approach. The
extension of such concept to non-structural components was initially introduced by Miranda
et al [2] and further expanded in Kazantzi et al [3]. Interestingly, the latest revised version
of Eurocode 8-Part 4 [4], that is currently under public enquiry, offers three different design
methods for verifying the seismic integrity of non-structural industrial equipment, of which
one exploits the dissipative design concept. Practically speaking, this concept can be
materialised by inserting, in the interface of the non-structural component and the supporting
structural element of the primary structure (usually the slab) steel fuse-like parts in the
element’s anchorage system. Those fuses should be engineered so as at certain levels of
seismic intensity to yield in a ductile manner. A detailed comparison of the three alternative
non-structural element design methodologies of Eurocode 8-Part 4 [4] is offered in Kazantzi
et al [5].



This paper summarises the findings of the NSFUSE experimental study that was undertaken
at the shake-table facility of the University of Bristol during the SERA Project, to investigate
the conceptual validity of using ductile steel fuses for protecting different kind of
acceleration-sensitive non-structural components during earthquakes that are not equipped
with isolators or sustaining seismic forces via sliding or rocking. The fuse concept is of
particular interest to those acceleration-sensitive non-structural components in order to
remain functional and transmit lower forces to the supporting structure during an earthquake
event. The overall objective of this research study was to demonstrate that, by inserting
sacrificial steel fuses in the non-structural anchorage system one can attain an efficient
mechanism for the protection of critical non-structural elements.

3. TEST SPECIMEN

The test specimen featured a carriage-like configuration, as illustrated in Fig. la. The
carriage, that was supposed to simulate a non-structural component, is essentially a Single-
Degree-of-Freedom (SDF) system. The carriage was allowed to move on two rollers. Two
steel plates that acted as fuses were attached at one end of the carriage (see Fig. 1b). The
fuses essentially act as cantilevers to provide resistance to the sliding of the carriage. The
lower fixed end support per each fuse was materialised via one clamp plate (15mm thick)
and a rigid block, that was mounted on the shake table with two M 16 bolts. At the upper end
of each fuse plate, two clamp plates (15mm thick) were employed to attach them via fillet
welds to a plate assembly that was connected, by means of another plate equipped with two
ball joints for nesting two 020 pins per fuse, to the carriage (see Fig. 1a). This configuration
allows for a nearly unrestrained rotation at the top end of the fuses. As such, the flexural
stiffness of the fuses is reduced (and hence the stiffness of the overall configuration) by a
factor of about 4, thereby allowing for a wide range of periods to be captured with relatively
low masses and low fuse plate heights. The instrumentation layout is illustrated in Fig. 2,
and includes a combination of accelerometers, string potentiometers as well as a wireless
displacement tracking system.
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Fig. I (a) Side view of the actual carriage test specimen configuration loaded with steel
plates and (b) generic fuse plate configuration

Having set the test specimen for targeting different vibration periods, the carriage was loaded
with different masses. The period of the test specimen was also further adjusted by



moderately modifying the fuse heights (spanning between 80mm up to 260mm), the
thicknesses (ranging from 5 to 10mm) and the cross sections (i.e., rectangular or bog-bone).
These modifications allowed us to consider different component/building period ratios
(tuned and slightly detuned cases) along with yield strength levels.
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Fig. 2 Instrumentation layout

4. ANALYTICAL PREDICTIONS AND NUMERICAL MODELS

A representative finite element numerical model of the sliding platform test setup was
developed in the commercial software ABAQUS/CAE [6]. The objective of this model
was to provide pre-test predictions of the stiffness and strength of the cantilever steel fuse
plates under cyclic loading. The full model was meshed using 8-node linear hexahedral
elements with reduced integration (C3D8R). All the model plate parts were assigned a
nonlinear material model with combined kinematic/isotropic cyclic hardening;
representative of S355J2 steel grade. The adopted parameters for the material model were
based on the values recommended by de Castro e Sousa et al. [7]. The bolts were assigned
a similar model with parameters representative of high strength steel grade SHV 10.9.
Rigid parts were assigned an elastic material model.

Fig. 3a illustrates the typical deformation profile and the von Mises stress contours of a
ductile steel fuse. Fig. 3b shows the expected nonlinear response of the fuse (lateral force
versus lateral displacement) under symmetric cyclic loading. The simulated responses
were then used to deduce analytical expressions for the plastic strength (Fp) and the elastic
lateral stiffness (Ke), as demonstrated in Fig. 3b. In particular, the following expressions
were developed:

Fp=Z'fy/deff (1)
K, = 3E/3izt4 2)

where, Z is the plastic section modulus of the fuse plate with respect to its weak axis, deft
is the effective depth of the cantilever fuse plate (taken as h+160mm, where h is the clear
height of the fuse plate), E is the Young’s modulus of the steel, li and L; are the cross-
sectional moment of inertia with respect to the weak axis of the plate and length of region
i, respectively. Note that, as per Eq. (2), the elastic stiffness is deduced by breaking down
the deformed cantilever into four regions to compute the equivalent L¥/1 term.
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Fig. 3 Simulated response of the nonlinear steel fuse plate [contour stresses in MPa]

5. TEST SETUP

The earthquake simulator tests featured one-dimensional shaking. For this purpose,
narrow-band floor acceleration input signals were selected, that were recorded in
instrumented buildings through the California Strong Motion Instrumentation Program
during three different earthquake events.

For each test, the input signals were incrementally scaled up or down, to induce different
ductility levels to the steel fuses. The experimental campaign shed light on the benefits of
detuning the non-structural component period from resonance with the period of the
supporting structure by means of a controlled yielding element.

The relative displacements between the test specimen and the shake table were recorded
via three string potentiometers, of which two were attached to the carriage and one was
attached to one of the two fuses connected to the carriage in each test, as well as via a
vision system with three cameras (see Fig. 2). Three three-dimensional accelerometers
measured the achieved acceleration histories of the shake-table. Six additional three-
dimensional accelerometers located in the South-West (SW) and North-East (NE) of the
carriage measured the absolute acceleration demands of the carriage. Furthermore, a strain
gauge was installed in one of the two steel fuses employed in each test to measure the
uniaxial strain demands during earthquake shaking (see Fig. 1b).

The period and damping ratio of a test specimen was inferred by free vibration tests. It
was found that a smartphone on top of each specimen was sufficient to accurately
characterise the dynamic properties of the SDF system.

6. TEST RESULTS

The conducted test series (i.e., in total 45 tests) demonstrated that, the controlled yielding
steel fuse concept to reduce the acceleration demands imposed to the non-structural
components holds and the fuses at all cases were able to develop the intended ductile
yielding mechanism.

Fig. 4 to Fig. 7, present test results undertaken for “Test No1”. Test Nol refers to a series
of shake table experiments utilising Fuse #3 (i.e., a rectangular plate with a thickness of
5mm and a height of 260mm). The input floor motion was the GM93 floor signal, which



corresponds to a floor motion that was recorded during the 1994 Northridge earthquake
event at the roof of a 6-storey commercial building (Station No. 24370). It belongs to a
group of records that were used in prior numerical studies undertaken by three members
of this research team (e.g. [1,3,8]) and it is a characteristic example of a floor motion that
has large acceleration amplifications at periods tuned to a higher vibration mode of the
primary structure. The motion was incrementally scaled utilising four scaling factors,
namely 0.75, 1.00 (unscaled case), 1.20 and 1.40 motion. Fig. 4 presents the elastic floor
acceleration spectrum (for a component damping level equal to Scomp= 1%) for this floor
motion. From this figure it can be inferred that, the computed floor spectrum has two
peaks, the first signifying the tuning to the second mode period (Tcomp= 0.45sec) of the
building and the second to its fundamental period. Notably, for a non-structural component
with a damping level equal to 1% and a vibration period equal to 0.45sec (i.e., equal to the
second mode period of the supporting structure where this floor motion was recorded) the
acceleration demand at the non-structural component reached a value as high as 3g.

The total mass of the carriage (mass of the carriage plus additional masses) to get an SDF
component with a period of vibration equal to 0.45sec was 228kg. This mass resulted in
an actual vibration period for the carriage equal to 0.47sec (very close to the valley on the
right, next to the first spectrum peak, see Fig. 4) and a damping ratio of 3.81%. It should
be noted that the damping ratios measured for other specimens of this experimental
campaign varied between approximately 1% to 5.7%. Although, at least for the time being,
the knowledge level with regards to the non-structural component damping ratios remains
rather incomplete, the considered range is deemed quite representative [8].

3.2
28¢

3 2o4r

T [sec]

comp

Fig. 4 Elastic floor acceleration spectrum for GM93 evaluated for a component damping
level, Beomp = 1%. PCA denotes the Peak Component Acceleration

For the damping ratio that was measured during the free vibration test (Scomp = 3.81%) and
using the acceleration signal that was recorded by the accelerometer located on the table
(in the X-direction), the floor acceleration spectra illustrated in Fig. 5 could be evaluated
for the 0.75/1.00/1.20/1.40-times scaled (Figs. 5a-d) input motions.

Figs. 6a-d illustrate the component acceleration (CA) histories along with the shake-table
achieved floor acceleration (FA) histories for the four scaling factors that were used to
scale up or down the initial floor acceleration motion and consequently induce different
nonlinearity levels to the steel fuses. Referring to Fig. 6a (i.e., scaling factor = 0.75), the
fuse response was nearly elastic, since, the recorded peak component acceleration (PCA



= 1.12g) was approximately equal to the evaluated elastic PCA (see Fig. 5a). Same
findings hold true for the case presented in Fig. 6b (i.e., scaling factor = 1.00). The fuse
experienced modest inelastic response, since the recorded inelastic PCA equals 1.31g and
the elastic PCA at the actual component period (see Fig. 5b) differ by no more than 5%.
For the two aforementioned cases the (inelastic) component acceleration amplification
factor ap, evaluated as the ratio of recorded PCA over the imposed PFA, were found equal
to 3.37 and 3.07, respectively. The steel fuse experienced higher inelastic demands when
the same record was amplified by a factor of 1.20. In this case, the recorded inelastic PCA
equals 1.41g (see Fig. 6¢) and the elastic PCA at the actual component period (see Fig. 5¢)
was approximately equal to 1.65g. By further amplifying the record utilising a factor of
1.40, the recorded inelastic PCA was found equal to 1.45g (see Fig. 6d) whereas the elastic
PCA at the actual component period (see Fig. 5d) was approximately equal to 1.92g. For
the latter two cases the (inelastic) component acceleration amplification factors a, were
found equal to 2.78 and 2.45. In brief, the results demonstrate that the steel fuses reduce
the rate at which the acceleration demands imparted at the component level increase.
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Fig. 5 Elastic floor acceleration spectra for GM93 (Test Nol) evaluated for a component
damping level, fcomp = 3.81% using the acceleration history recorded on the shake-table
for (a) the 0.75-times (b) the 1.0-times (unscaled), (c) the 1.2-times and (b) the 1.4-times
scaled input motion. The blue dashed line depicts the second mode period of the
supporting structure and the red dashed line the actual period of the carriage as
evaluated from the free vibration testing



For the signal scaled up by 40% the evaluated op (=2.45), is the lowest estimated for this
test series. This essentially means that the addition of the yielding fuses to the system
(even for moderate ductility levels as could be inferred from Fig. 7 for all tested
specimens) resulted in the acceleration demands being reduced compared to the
acceleration demands that would have been recorded if the carriage was left to behave
purely elastically. This reduction is clearly manifested as the level of the inelasticity
induced to the fuses is increased, although the benefit from increasing the ductility beyond
certain levels is bounded. Apparently, even for low utilised fuse ductility levels the
reductions attained at the component accelerations are notably high, since the introduction
of the fuses diminishes the resonance effect that characterises the narrow-band floor
spectra; a property that is not usually manifested in ground motion spectra of ordinary
seismic records (i.e., far field records recorded on firm soils). This design strategy is
clearly advantageous and substantially more controlled compared to a design strategy that
relies on the inelastic response of the supporting building for mitigating the floor
accelerations and consequently the accelerations imparted at the components.
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Fig. 6 Floor acceleration (FA) and component acceleration (CA) histories for GM93
(Test Nol) and (a) 0.75, (b) 1.00, (c) 1.20, (d) 1.40 scaling factors

7. CONCLUSIONS

The NSFUSE test series explored the concept of using a simple yielding connector to
reduce acceleration amplifications for non-structural components attached to buildings.
The acquired data and preliminary results suggest that the above concept is promising.
The results demonstrate that the protective design of non-structural components is doable,



subject to the condition that a fuse of certified ductility and strength is provided by the
pertinent manufacturer.
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HHEPIAHYH

[Ipoécpata celGKd YEYOVOTO KATESEIEAY TNV TPOTOTNTO TOV LN OOMK®V GTOXEIOV o€
CEICUOVG HKPNG N Héomg €viaong, ot omoiot cupPaivovv pe oNUOVTIKG HEYOADTEP
ovyvotTNTO amd ekeitvovg mov Bewpovvionl KaTh TO GYESOCUO TOV KOTUOKEL®V. g €K
TOUTOV, KPIGIHEG YL TO KOW®MVIKO GOVOAO KTIPLOKES VLTOSOUEG ouyva Ydvouv 1T
AEITOLPYIKOTNTA TOVG Y10 LEYAAQ XPOVIKA SOGTHHOTO TAPA TO YEYOVOS OTL £XOVV VITOGTEL
povo pkpég dopkés PAaPes. H mapovoa ompocicvon cvvowiler tar apOuntikd o
TEPAUOTIKE ATOTEAECUATO EPEVVNTIKNG £pYAciog mov Olevepyndnke o1o mMAAICIO TOV
npoypappotog NSFUSE ot osiopukn tpanela tov University of Bristol. H épevva
emkevipmOnke ot Oepedvnon ¢ Bewpntikng vmobeong Ott TAAGTIHOL HETOAAIKOL
GUVOEGLOL TOV AEITOLPYOVV MG JKAEIdEG acpaieiag Hmopohv va xpnoioromBodv yia v
TPOGTAGio N SOUIKAOV oTowyEimv evtadmv og emttaydiveels. ATOTEPOG 6TOYOS TG £V AGY®
perétne Nrav va mpotafovv afldmoTo, OKOVOUIKA Kol €0KOAO OVTIKOTAOTAGULO GE
nepintwon PAAPNG oToyeia, Yoo TNV TPOGTAGIO TOV UN SOMIKOV KTIpLokol £E0TAIoH0D. [a
70 AOYO OVTO TPAYULATOTOMONKE [io GEPA TEPAUATOV GE GEICUIKN TpAmeCa e TN XpNon
TPLOV ETTOYVVGLOYPAPT LATOV TOV 0POPOVV KATOYPUPES CEICUIKADV EMLTAYVVOEDY 0POP®V
oe gvopyavopéva ktipo omv Kaipdpvia tov HITA. MetafdAroviog Tig 1010TNTES TNG
TEPARATIKNG dtdtadng, diepevvninke éva Qacpa AOY®V TEPLOSOL U1 OOMIKOV GTOlXEIOV-
KTpiov kabmg Kot dtapopeTikd enineda dwappons. Ta melpdpato Tapeiyov TANPOEopies yio
1 GEIGUKT] GUUTEPLPOPA TMOV U1 SOUIKDOV GTOLYEI®MV KOl TO TAEOVEKTILOTOL TTOL OTTOPPEOVLY
Ao TN (PNON EAEYYOUEVO OLOPPEOVTIMV HETOAMKAOV GUVOEGUMVY GE L1 SOLUKEG GTOLXElD TTOV
Bpiockovtal 6e cuVTOVICUO UE pia oo TIG POCTKES 1010TEPIOO0VE TOV KTIPIOL TOL TO TEPLEYEL.


mailto:a.kazantzi@bham.ac.uk
mailto:A.Elkady@soton.ac.uk
mailto:divamva@mail.ntua.gr
mailto:dimitrios.lignos@epfl.ch
mailto:emiranda@stanford.edu

