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Abstract

The present analysis deals with the seismic reliability of isolated multi-span continuous deck
bridges considering as the main aleatory uncertainties relevant to the problem the sliding
friction coefficient of the friction pendulum (FP) isolators together with the seismic records
characteristics. A six-degree-of-freedom model is defined to simulate the elastic response of
the reinforced concrete pier, the infinitely rigid response of the deck supported by the seismic
devices and the non-linear velocity-dependent behavior of the FPS bearings. The reinforced
concrete abutment is modelled as a rigid support above which a FPS device is located. A set
of natural records with different characteristics is properly selected and scaled to increasing
intensity levels. The randomness on the friction coefficient is described by an appropriate
probability density function to sample. For different system and isolator properties, fragility
curves of both the reinforced concrete pier and FP devices supporting the deck are estimated.
In accordance with the hazard curve of the design site, the seismic reliability curves are de-
rived by means of the convolution integral.
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1 INTRODUCTION

The aim of seismic isolation for bridges is to uncouple the deck from the horizontal com-
ponents of the earthquake action, allowing a significant reduction of both acceleration and
forces transmitted from the deck to the pier, compared to non-isolated bridges, as demonstrat-
ed in [1]-[3]. This topic is very crucial to the issue of the infrastructure safety [4]-[5]. Among
the possible seismic retrofitting solutions, single concave friction pendulum system (FPS) de-
vices have been often used because they imply a high dissipation capacity and determine an
isolation period independent of the isolated mass as well as for their durability properties [6]-
[10].

The use of both elastomeric and FPS bearings is studied in [11], where the efficacy of us-
ing simplified models in relation to the flexibility of the deck and of the piers is emphasized.
Optimal values for the friction coefficient in seismic isolated bridges are proposed in [12], as
function of the structural properties and of the soil condition. Furthermore, a three-
dimensional multi-span continuous steel girder bridge, isolated by FPS isolators, is studied in
[13], where the effect of modeling parameters and the influence of the design parameters on
the response is investigated.

Seismic reliability-based design (SRBD) approach has been proposed in [14]-[18], in the
context of investigating new design solutions for these seismic devices in relation to their
main uncertainties. In [19] it is presented a probability-based reliability assessment method to
consider the variations of the seismic isolation properties under different conditions, referring
to a base-isolated two span reinforced concrete (RC) bridge. Seismic reliability analysis of a
multi-span bridge pier developed through the response surface method-based metamodeling
approach is described in [20]. Different methodologies to deal with seismic fragility assess-
ment of highway bridges is presented in [21]. The research by [22] regards the efficiency of
numerous seismic intensity measures to estimate the response of seismic-isolated bridges in
relation to ordinary and pulse-like ground motions. Life-cycle reliability analyses of RC
bridges are presented in [23]. In [24], the seismic design of RC bridge structures in relation to
both ductile and brittle resisting mechanisms is evaluated, by proposing a reliability-based
analysis with partial factors.

The present study regards the seismic reliability of multi-span continuous deck bridges iso-
lated with FPS devices through the analysis of fragility curves related to a wide range of
bridge properties as well as different seismic intensity levels. Five-degree-of-freedom (dof)
models have been adopted, accounting for five vibrational modes representative of the elastic
RC pier behaviour and another dof is added to analyze the response of the infinitely rigid RC
deck isolated by the FPS devices. The pier-abutment-deck interaction is taken into account by
modelling the RC abutment as a rigid support [2],[25],[26]. To model the behaviour of the
FPS device the hypothesis of the friction coefficient varying with the velocity is adopted, as
proposed by [7]. The friction coefficient has been described by means of an appropriate nor-
mal probability density function (PDF) and the Latin hypercube Sampling Method (LHS) [27],
is employed as the random sampling technique to define the set of the input data. In addition,
seismic uncertainty is accounted by considering 30 natural seismic records with different
characteristics, scaled to different increasing intensity levels in line with the seismic hazard of
the reference site (i.e., L’Aquila (Italy)). The relation between seismic demand and the capaci-
ty of the isolated bridge is analyzed through incremental dynamic analyses (IDAs) [28].Thus,
the response statistics related to both the superstructure (i.e., deck) and the pier have been
evaluated. For the former in terms of peak deck displacement (with respect to the pier) and for
the latter in terms of peak pier displacement (with respect to the ground). Furthermore, the
results regarding the response statistics have been used to evaluate the seismic fragility curves
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of both the rigid deck and the RC pier, assuming appropriate values of the corresponding limit
state thresholds. The above-mentioned analyses (i.e., fragility curves) have been useful to as-
sess the seismic reliability of bridges isolated with FPS bearings, according to the PEER-like
modular approach [29], assuming the hazard curves of the site and a specific design life.

2 EQUATIONS OF MOTION

The structural system of an isolated multi-span continuous deck bridge is modelled, ac-
cording to [2],[25],[26], as the sum of S5dof corresponding to the lumped masses of the RC
pier and ldof related to the rigid RC deck mass. The RC abutment is modeled as rigid and
fixed.

The equations of motion of the response of an isolated bridge on FPS devices subjected to

the seismic input along the longitudinal direction, #, (t) , are:

myii, (t)+ myii s (£)+mgii, (£)+myii 5 (¢)+myid , (8)+mii, (8)+c i, () + 1, () + £, @) =—mgi, (1)

(1) (1) sty (1) gty (2) 4 gt (8) =gty ()€t s () + K pstt s (1) = £, (0) = —m it (1)

(1) s (1) 0,4t (£) 41, (0) = €t (£) = Kt (£) + €t (£ )"‘kw” (t)=—m, i (1) (1)
mP}iip3 (t)—s—mpgﬁp2 (t)+m} u“(t)—cﬂup4 (t)—kHu (t)+c st ( )+kp up;( ) ([)

(1) oy (£) = €ty () = Fepstt (£) + €th (1) + nlu/72( )=-my i (1)
m i, (l‘)—cpzupz(t)—kpzup2 (1) + ity () +kyiu,y (2)=—m i (2)
where u, represents the horizontal displacement of the deck relative to the pier, u,,, the dis-
placement of the i-th (i =1:5) pier mass relative to the i-th-1 dof, m, and m,, are respective-

ly the mass of the deck and of the i-th (i =1:5) lumped mass of the pier, ¢, is the viscous

damping constant of the isolated deck, &, and ¢, respectively the pier stiffness and inherent
viscous damping constant of the i-th (i =1:5) dof of the pier, ¢ the time instant, f, (t) and

f, (t) are the reactions of the FP bearings, respectively on the abutment and on the pier,

equal to:

fa (t) - n;f [”d (t)+iupij+%(ﬂa (ad (1) "'iupij]mdg[sgn [”d (H)+ Zslulpijj (2)

i=1

m,gu,(t)  u,(u,)m,gsgn(u,
1 ()=, 1o en(i)

where g is the gravity constant, R is the radius of curvature of the two FPS isolators assumed

3)

equal, ,u(t't (t)) represents the sliding friction coefficient of the isolator on the abutment (sub-
script a) or of the isolator on the pier (subscript p), which depends on the bearing slip velocity
u(f) (that is a relative velocity with respect to the ground for the isolator on the abutment or

to the pier top for the isolator on the pier), and sgn(-) denotes the sign function.
Regarding Equations (2)-(3), the first addenda represent the elastic behaviour (ka=mag/R),

associated to the pendulum motion with fundamental vibration period equal to 7, =27\/R/ g

(i.e., only function of the radius of curvature R), and the second is the frictional behaviour,
related to the sliding friction coefficient of the teflon-steel interface [14]. Experimental results
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[7]-[9] suggest adopting the following equation to model the sliding friction coefficient of tef-
lon-steel interfaces:

()= oo = Fom)-exp (e} @)

where f__ is the maximum value of friction coefficient at large sliding velocities, and £,

represents the value at zero velocity. Considering this, the hypothesis of continuous sliding in
structures supported by teflon bearings is included by assuming, for simplicity, a ratio
frae ! fn €qual to 3 and an exponent o equal to 30, based on a regression of the experi-

mental results of [7]-[9].
Note that cracking phenomena [30]-[34] of the RC deck are herein neglected.

3 ALEATORY UNCERTAINTIES AND DETERMINISTIC PARAMETERS

The relevant uncertainties assumed in the following parametric study are presented in this
section. In particular, the seismic performance of multi-span continuous deck bridges isolated
with FP bearings is evaluated for different structural properties, assumed as deterministic pa-
rameters.

3.1 Seismic records

The uncertainties regarding the seismic input intensity are separated from the ones related
to the characteristics of the record (i.e., record-to-record variability), according to the perfor-
mance-based earthquake engineering (PBEE) approach [35],[36]. Specifically, a scale factor,
i.e., an intensity measure (/M), is considered such that the randomness in the seismic intensity
is described by a hazard curve while the ground motion randomness for a fixed intensity level
can be represented by a set of ground motions with a different duration and frequency content,
scaled according to /M. A set of 30 natural ground motion records are considered in this work,
selected from [37]-[39], in line with [40]. Particularly, these records derive from 19 different
seismic events. The largest source-to-site distance is 98.2km, the moment magnitude (M) var-
ies between 6.0 and 7.6, the PGA between 0.13g and 0.94g. Table 1 illustrates the main prop-
erties of these earthquakes.

Year Earthquake Name Recording Station Name [\:rslj‘;ec] (Sl;):lflcteType) 1[\_/5 ﬁ(m] E;(];Am“
1 1994 Northridge Beverly Hills - Mulhol 356 Thrust 6.7 133 0.52
2 1994 Northridge Canyon Country-WLC 309 Thrust 6.7 265 048
3 1994 Northridge LA — Hollywood Stor 316 Thrust 6.7 229 0.36
4 1999 Duzce, Turkey Bolu 326 Strike-slip 7.1 413 0.82
5 1999 Hector Mine Hector 685 Strike-slip 7.1 265 034
6 1979 Imperial Valley Delta 275 Strike-slip 6.5 337 035
7 1979 Imperial Valley El Centro Array #11 196 Strike-slip 6.5 294 038
8 1995 Kobe, Japan Nishi-Akashi 609 Strike-slip 69 87 051
9 1995 Kobe, Japan Shin-Osaka 256 Strike-slip 6.9 46 0.24
10 1999 Kocaeli, Turkey Duzce 276 Strike-slip 7.5 982 0.36
11 1999 Kocaeli, Turkey Arcelik 523 Strike-slip 7.5 537 0.22
12 1992 Landers Yermo Fire Station 354 Strike-slip 73 86 0.24
13 1992 Landers Coolwater 271 Strike-slip 73 82.1 042
14 1989 Loma Prieta Capitola 289 Strike-slip 69 9.8 0.53
15 1989 Loma Pricta Gilroy Array #3 350 Strike-slip 69 314 0.56
16 1990 Manjil, Iran Abbar 724 Strike-slip 74 404 0.51
17 1987 Superstition Hills El Centro Imp. Co. 192 Strike-slip 6.5 358 0.36
18 1987 Superstition Hills Poe Road (temp) 208 Strike-slip 6.5 112 045
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19 1987 Superstition Hills Westmorland Fire Stat. 194 Strike-slip 6.5 15.1 0.21

20 1992 Cape Mendocino Rio Dell Overpass 312 Thrust 7.0 227 0.55
21 1999 Chi-Chi, Taiwan CHY101 259 Thrust 7.6 32 0.44
22 1999 Chi-Chi, Taiwan TCU045 705 Thrust 7.6 775 051
23 1971 San Fernando LA - Hollywood Stor 316 Thrust 6.6 395 021
24 1976 Friuli, Italy Tolmezzo 425 Thrust 6.5 202 035
25 1980 Irpinia Bisaccia 496 69 213 094
26 1979 Montenegro ST64 1083 Thrust 69 21.0 0.18
27 1997 Umbria Marche ST238 n/a Normal 6.0 215 0.19
28 2000 South Iceland ST2487 n/a Strike-slip 6.5 13 0.16
29 2000 South Iceland (a.s.) ST2557 n/a Strike-slip 6.5 15.0 0.13
30 2003 Bingol ST539 806 Strike-slip 63 14.0 0.30

Table 1: Selected ground motions for the time history analysis.

3.2 Intensity measure in terms of spectral displacement

According to [41]-[44], the selection of the intensity measure should follow the criteria of
efficiency, sufficiency and hazard compatibility. For the case of this work, the /M is chosen as

the spectral-displacement S, (T ,fd) which corresponds to the isolated period of the bridge

system, 7, =27 /®,, and for the damping ratio £,. As demonstrated in many studies, e.g.,
[41]-[43],[45], not only the spectral-displacement is more efficient than the peak ground ac-
celeration, but also its use allows to obtain more reliable response estimates for a given num-
ber of records and to reduce the response dispersion [22].

In line with other studies [22], the damping ratio &, is assumed equal to zero [46]. There-

fore, in the following, the corresponding /M is indicated as S/, (T d) and, to compute the IDAs,

it is assumed varying from 0.10m to 0.45m (Table 2) in compliance with the seismic hazard
of the reference site (L’ Aquila (Italy)), from the operational to collapse limit state, as provid-
ed by [44].

M 1 2 3 4 5 6 7 8
Sp(T,) [m] 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

Table 2: Selected values of the intensity measure S, (7)) .

3.3 Random variable of the friction coefficient

According to the experimental data on sheet-type teflon bearings [7]-[9], friction is not
constant during sliding, as stated in the friction Coulomb law, but it is a much more complex
phenomenon, governed by different mechanisms such as the sliding velocity, apparent pres-
sure and temperature. Moreover, it has also been observed by [47] that the friction coefficient
varies in space. That is why the sliding friction coefficient at large velocity ., 1s considered
as a random variable described by a truncated normal PDF, with an average equal to 3%, a
minimum value of 0.5% and a maximum of 5.5% as also studied in [14],[17],[18]. Further-
more, being valid the relation f,, = f,.. /3, the values of the friction coefficient at the low ve-

locities, ., , have also been assumed as random variables. Finally, « is considered equal to a

deterministic value of 30 [17] (Equation (4)).
To deal with the abovementioned random variables, the LHS method [17] has been used to
generate the input data samples starting from their PDFs, with a sample number of 15.
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3.4 Deterministic structural properties

A parametric analysis has been conducted in this work, which has brought to a set of dif-
ferent isolated bridge models. Specifically, in compliance with [15],[25],[26],[46], the param-

eters &, and &, =&, are assumed respectively equal to 0% and 5%; the isolated deck period

Ta is in the range between 1s and 4s; the RC pier period T, equal to 0.2s; the overall mass

ratio A = Z m,. /m, that is related to the sum of the i-th mass ratios (assumed equal), is in
i=1,5

the range between 0.1, 0.15 and 0.2.

Combining these deterministic values with the above sampled values of the friction coeffi-
cient, 90 different types of isolated bridges are defined.

4 INCREMENTAL DYNAMIC ANALYSIS RESULTS FOR THE DIFFERENT
STRUCTURAL PROPERTIES

The differential equations of motion (Equation (1)) have been solved for each of the 90
bridge models, combining the deterministic (7,, 4 and T,) and aleatory parameters and for

the 30 different ground motion records (Table 1), scaled to the increasing 8 values of S, (7))
(Table 2). Thus, IDAs [28] are performed in MATLAB-Simulink [48] employing the Runge-
Kutta-Fehlberg integration algorithm. For each of the 90 deterministic combinations, a total
number of 450 simulations has been carried out by pairing each one of the 30 seismic records
with the sampled 15 friction coefficients. The IDAs have been obtained assuming the follow-
ing engineering demand parameters (EDPs): the deck response with respect to the pier top u,

5

and the response of the pier top with respect to the ground u,, computed as u, = leu i - For
all the engineering demand parameters, the peak responses are determined: u, .. and

2],

has been probabilistically [49]-[56] treated by means of a lognormal PDF: using the maxi-
mum likelihood technique [14]-[18], the sample lognormal mean g, (EDP) and standard de-

. Following an assumption widely used in PBEE [36], each EDP output

up,max =

viation o, (EDP) are computed for each EDP. In the end, the 50", 84" and 16" percentiles
of each lognormal PDF can be easily evaluated [17].

The following figures show the IDA curves for the peak deck displacement at the pier
U, e (Figure 1) and for the peak pier displacement u (Figure 2). In particular, the EDPs

values are plotted with respect to the /M and each curve corresponds to different percentiles
and A values.

p,max

The deck response (Figure 1) tends to decrease for lower values of 4. For the seismic de-
vice, the lognormal mean of the isolation system response increases with lower values of 7,,

because the lower the period the larger the response, due to resonance phenomena occurring
between deck and pier.

Regarding the IDA curves related to the pier response (Figure 2), the structural response
generally decreases with increasing 7, due to the effectiveness of the isolation technique. The

influence of 4 decreases as 7u increases, while the opposite trend regards the dispersion.
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Figure 1: IDA curves of the deck response with respect to the pier, for 7,=0.20s and 7, =1s (a), T4 =4s (b).
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Figure 2: IDA curves of the pier, for 7,=0.20s and 7, =1s (a), T, =4s (b).

5 SEISMIC FRAGILITY ASSESSMENT

Qo= - .
0 005 01 015 02 025 03 035 04 045

The seismic fragility curves represent the probabilities P, of exceeding different limit

states (LSs) conditioned to each level of the /M. This implies the need of defining the LS
threshold related to the isolation system. In particular, nine different values of the in-plan ra-
dius for the single concave surface have been assumed [14], herein summed in Table 3.

1 2

4

6 7 8 9

f[m] 0.10 0.15

0.20

0.25 0.30

035 040 045 0.50

Table 3: Limit State thresholds for the isolation system.

PDI PDIig Pt
LS1 Fully Operational PDI=0.7% PDIie=0.23% 5.107"
LS2 Operational PDI=1.5% PDIE=0.5% 1.6-107"
LS3 Life Safety PDI=2.5% PDIis=0.83% 22107
LS4 Near collapse PDI=5% PDI=1.67% 1.5-107

Table 4: Limit State thresholds for the pier [58].

Regarding the RC pier, four discrete performance levels or LSs (LS1, LS2, LS3 and LS4),
corresponding respectively to “fully operational”, “operational”, “life safety” and “collapse
prevention”, are suggested by Vision 2000 [57]. According to the displacement-based seismic
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design, the pier drift index ( PDI ), considered as the measurable structural response parameter,
is adopted to define the specific LS threshold related to an acceptable probability of exceeding
that LS [14]-[18], or failure probability, in the design/reference life of a structural system. In
particular, the performance LSs for isolated bridges, in terms of PDI,,, is defined as 1/3 of

the PDI limit value of a comparable non-isolated bridge, in agreement with FEMA provi-
sions [58]. In the following (Table 4), the LS thresholds are presented, together with the fail-
ure probabilities to respect in 50 years [14]-[18].

From the fundamental period of the RC pier, 7, it is finally possible to compute its height
[1], needed to assess the seismic fragility of the bridge, as follows:

4

2z mpyh
T, = A 5
" (1.875) \V EI ©

where m » 1s the mass per unit length of the pier, 4 is its height and E/ the flexural rigidity,
having assumed a circular cross-section.

5.1 Seismic fragility curves

The probabilities Pr exceeding the LS thresholds have been numerically computed. Then,
lognormal complementary cumulative distribution functions (CCDFs), representing the seis-
mic fragility curves, have been fitted with R-square values higher than 0.8 [14],[17].

The results represented in Figure 3-Figure 4 show the fragility curves for 7,=0.2s and the

different values assumed for 7,, for each LS and each value of A, referring to the deck re-
sponse with respect to the pier and to the RC pier. As a general behaviour, the seismic fragili-
ty decreases for larger values of LS thresholds. In addition, in compliance with the previous
results (i.e., IDA curves), when the isolated vibration 7, increases, the seismic fragility de-

creases.
For what concerns the response of the isolation system (Figure 3), the variability of A4
causes slight deviations, which are more relevant when 7y is low. In particular, an increase
in A determines an increase in the isolation response relative to the pier.
Regarding the seismic fragility curves for the pier (Figure 4) a larger influence of the 4
variability is present, showing a lower fragility when A increases.

1 ; ; — S— 1 :
a) —_— 1=010 b) —_— =010
—_— =015 —_— 1=0.15
0.8 —— 7=0.20 0.8+ —— 1=0.20
o 0
~ ~
2 06r § 0.6
s x|
< <
041 0.4+
0.2} / 02k
i LSQ '7 —
0 - 0 _— — — — —LSy
0 0.1 02 0.3 0.4 0.5 0 0.1 0.2 03 0.4 0.5
Sp(Ty) [m] Sp(To) [m]
Figure 3: Seismic fragility curves of the deck response with respect to the pier for 7,=0.20s and 7,=1s (a), T4=4s

(b).
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Figure 4: Seismic fragility curves of the pier for 7,=0.20s and 7,=1s (a), Ta=4s (d).

6 SEISMIC RELIABILITY OF ISOLATED BRIDGES WITH SINGLE CONCAVE

FPS DEVICES
Adopting the Poisson model, the seismic reliability in 50 years can be computed by inte-
grating the seismic fragility curves with the seismic hazard curves, evaluated for the same /M
and related to the specific site (L’Aquila (Italy)). This allows to obtain the seismic reliability
of the isolated multi-span continuous deck bridges, equipped with single concave FPS bear-

ings.

6.1 Site seismic hazard

The seismic hazard curves (Figure 5) related to the site under analysis (L’Aquila (Italy))
are herein presented in terms of Sp(74), as function of the fundamental periods. Each curve
refers to the average values (50”' percentile) of the annual rate A4s exceeding the IM=Sp(Ta).
It is easy to observe that the seismic hazard increases with the increase of the isolated period.

Ta=1Is

0.8 1

0 0.2

0.4 0.6
Sp(Ta) [m]

Figure 5: Seismic hazard curves in terms of Sp(7y) for the structural periods (7) related to L’ Aquila site.

6.2  Seismic reliability curves
In the following, the seismic reliability curves for the pier (Figure 6) are reported for the
different thresholds of LS as seen in the above Table 4. The limit states LS/ and LS2 are al-

ways respected demonstrating the effectiveness of the seismic isolation technique.
In addition, the “life safety” LS3 is not always respected because of the very stringent

(equal to 1/3 of the standard ones) limit states for the pier. Moreover, the most flexible RC
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piers, with medium-high 7, values, exceed this LS also due to the aleatory uncertainty of the
sliding friction coefficient. On the other hand, an increase in the vibration period of the FPS
devices leads to an increase in seismic demand to the pier also due to the high seismic hazard
of the site. Lower is the influence of the mass ratio.

The seismic reliability curves related to for the isolation system with respected to the pier
(Figure 7). These reliability curves are almost linear and reveal that the isolation system is
seismically less reliable as its fundamental period, 74, increases, since higher and higher fail-
ure probabilities correspond to the same LS due to the high seismic hazard of the site. The

other structural parameters have a reduced influence.
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Figure 6: Seismic reliability curves of the pier for 7,=1s (a), T,=4s (b).
2 -1
a) 10 b) 10
g
- =0.10
- —=0.15
- = =0.20

Pr[-] (50 years)

— 1,=0.20s

107
01 0.15

02 025 03 035 04 045 05

r[m]

Pr[-] (50 years)

10

0.1

-,
-,

7,=0.20s

0.15 02

025 03 035 04 045

r[m]

0.5

Figure 7: Seismic reliability curves of the deck response with respect to the pier for 7,=1s (a), 7,=4s (b).

7 CONCLUSIONS

This work regards the evaluation of the seismic reliability of multi-span continuous deck
bridges isolated with single concave friction pendulum (FPS), accounting for a large range of
isolator and bridge properties (i.e., the isolating system period, the vibration period of the
elastic RC pier and the mass ratio, that is the ratio between the masses of the pier and the
deck). A 6dof model is adopted, considering the RC pier flexibility, and both the RC abut-
ment and RC deck infinitely rigid on the devices. The FP isolator is described by a wide-
spread model, assuming that the friction coefficient varies with the velocity. The record-to-
record is considered by defining a set of 30 ground motions, by scaling them to increasing
seismic intensity levels. The fragility curves, referred both to the isolation system and the RC
substructure/pier, have been computed for each limit state within the parametric analysis.
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Then, the failure probabilities are evaluated considering the seismic hazard curves of the site
(L’Aquila (Italy)), in a time interval of 50 years. This has resulted in the seismic reliability
curves.

The seismic fragility of the seismic device decreases for lower values of the pier period
and for increasing values of the isolated period, while the mass ratio has a reduced influence.
For the pier, the fragility decreases for low pier periods, for increasing values of the mass ra-
tio and for medium-high isolated periods.

The seismic reliability curves have shown that: it decreases for both higher pier periods
and higher isolated periods due to the aleatory uncertainty of the sliding friction coefficient
and to the high seismic hazard of the site, for the deck it decreases with the increase of the
curvature radius of the isolator. For the pier, the fully operational and operational limit states
are always respected demonstrating the effectiveness of the seismic isolation technique.
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