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ABSTRACT

The paper investigates the seismic SSI effects for aibalsgedreinforced concrete (RGloragestructure
founded on firm soilThreetypes of basésolators are considered: 1) LeRdbber Bearing (LRB) isolatars

2) Triple Pendulum Friction (TPBInd3) Base Control System (BCS) isolators including a combination
of spring units and highiiscosity damper unitsTwo level of earthquake severity are considered: 1) 0.40g
for DBE and2) 0.60g for BDBE (1.5 DBE)Both deterministic and probabilistic simutats are
consideredThe paper also investigates the effects of motion incoherency on the SSI re$pobhass
isolated structure and shows that these effantquite significant.The LRB and TPBisolators are
modelled as hysteretic systems, while tli&SHsolators are modelleging a combination of linear springs
and frequencydependenBD high-viscosty damper(HVD) systems.Results highlight thesignificant
additional benefits of theD-spaceBCS in comparison witkhe traditionalD-space horizontal LRB and
TPB systems, foreduchg of the large structural amplifications duecal vibration modes, reducing
drasticallythe floor vertical vibratios totally filtering outthe detrimentahmplificatiors due tothemotion
incoherencyeffects and alsareducing the structural momentsore significantly than the other isolation
systems

INTRODUCTION

To perform theleterministic angrobabilistic nonlinear seismic SSI analyf®ghe basesolated auxiliary
storage (AS) structure for theysteretic LRB and TPB isolatorthe ACS SASSNQA softwarewith
advanced ptions PRO (probabilistic SSI) and NON (nonlinear hysteretic isolatafgbilitieswas used
(GP Technologies, 2022he ACS SASSI NQA also includespecializedfrequencydependent HVD
finite elemens that are defined as a combination of two parallel Maxwell chains (wiho8@es each)
including a total of foumput parameters (Ghiocel, 209, Kostarev et al., 2018lawratski et al., 2019

AUXILIARY STORAGE (AS) STRUCTURE MODEL

Thetwo-level hypotheticalAS structure FE model used in this study is shown in Figufidné& structure
has a square shape in horizontal plane with a size of 48m x 48m, and height of 22.5nal Asestisicture
weight is 48, 315 ton3.he AS structure is like a stiff concrete haith four exterior wallsncluding inside
a separation wall anithree frame structusdor supporting the movingranesn X-direction The frames
are designed tbe notconnectedo the building exterior walls.
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Figure 1 AS Structure FE Model; Exterior View (left) and Interior View (right) B
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The AS concretéox structure isery stiff with horizontal and verticalatural vibration frqguencies above
10 Hz.However, the internal crane frames are more flexible having transversal vibration modes in Y
direction at about 4.4 Hz and 6.9 Hz frequencies.

Output Set: Mode 1, 4.398603 Hz Output Set: Mode 5, 6.895055 Hz
Deformed(0.00266): Total Translation Deformed(0.00393): Total Translatiop

Figure 2 Transverse Vibration Modes of Crane Framesir&ction
BASE ISOLATOR INPUT DA TA

The isolators were uniformly distributed on the foundation mat area. A total of 121 isolators were
considered equally spaces on a grid of 11 x 11 for all bearing types.

LeadRubber Bearing (LRB) Isolators

121 Bridgestond . HO070G4 devices were selectéithe LRB were modeled using nonlinear shear springs
for horizontal direction, andery stiff linear axialsprings for vertical direction. For nonlinear springset

of backbone curvesBBC) were definedor horizontalspringforceas function ohorizontal displacement
Thecharacteristic parameters of BBC areprovided in Figure 3.

Do (mm) Outer diameter 700 “
Kd (N/mm) | Post-yield stiffness 740.45
Characteristics
Qd (N) strength 62486
K1 (N/mm) Initial stiffness 9625.8
Kv (N/mm) Compressive stiffness 2243484.0

Figure3. LRB Isolator BackBone Curve and Hysteretic Loop for Cyclic Motion

Triple Pendulum Bearing (TPB) Isolators

121 Standard TPB isolators were selecésdshown in Figure @erz and Constantinou, 2008)he TPB
were modeled using nonlinear shear springs for horizontal directioweaystiff linear axialsprings for
vertical direction. For nonlinear springset ofbackbone curvesgBC) were definedor horizontalspring
force dependingrohorizontal displacementhe BBC data is provided in Figure 5.
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Figure4 Standard TB Isolator Characteristics
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Figure5 TPB Isolator BackBone Curve (All Stages) and Hysteretic Loop for Given Cy&litplitude

It should be noted thaté BBC is a normalized curve to the vertical axial limaidolators, hereiassumed
to be constant and produced by gjnavity load The nalinear spring modeling is simpilfd since it does
not capture the T® pendulum effects due to the concave geometry of the friction sudackfiction
dependency on instant force and velocithich are expected to produce some hifyjaquency vibration
componentand tendency to uptibs shown against experiments (Fenz and Constantinou, 2008)

Base Control System (BCS) Isolators
121 FENI-BCS02.2 GERB Spring Blocks modeled by linear axial spring elemamiis121 viscous
dampersnodeled by frequeneglependent HVD element®ampers are placed nearby of spring blocks.

Type Capacity Kh Kv Static deflection | Limit horizontal
(MN) (KN/mm) | (kN/mm) under dead load displacement

(mm) (mm)

FENI-BCS02.2 3.85 6.65 71 50.1 150

TheHVD unit properties (parameter Maxwelinodel with 2 chainsare as follows;

Type Kh1l (kN/mm) | Kh2 (kN/mm) | Chl (kNs/m) Ch2 (kNs/m)
VDVL - 64.6 54.0 738.1 6372.0
850/500/437 Kvl (KN/mm) | Kv2 (KkN/mm) | Cv1l (kNs/m) Cv2 (kNs/m)

145/9511 RHY 58.0 24.6 549.1 1899.4

SEISMIC SSI ANALYSIS INPUTS

For the seismi®RS input is shown in Figure was usedor deterministic analysis and probabilistic
analysisfor BDBE level with 0.60g for horizontal directions and 0.40g for vertical direction. For DBE
level, the DRS was scaled to 0.40g for horizontal and 0.27g for vertical directioroil kenditionwas
definedby a deep soil deposit with Vs=600 mFor the 60 grobabilistic DRS simulations, the lognormal
distribution was assumed and a c.o.v. of 20% was considerethd0® probabilistic Vs profilesthe
lognormal distribution was assumed and a c.o.v. of 22% was considécegrobabilistic variations are
constered for structure

For the LRB and TPB hysteretic isolatgraonlinear SSI analysis was performaiih the ACS SASSI
Option NON softwardGP Technologies, 2022jsing nonlinear springs for isolator behavior modeling.
Figure 7 showswo typical LRB and TB isolator shear force hysteretic responsesifebasdsolated AS
structure for th@®.40g DBE inputThe TPB isolators behave much stiffer than the LRB isolators.
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Probabilistic Seismic GRS Simulations for X-Dir for 0.60g

» —Sm1 —Sm2 —Sm3

— 7§ UHRStaget spectra (ZPA=59, wieew) —Sm4 —Sim5 —Sm6
— ' UHRS 1 Xaccelogram  (ZPA= 5.9, wioer?) —sSm? —Sm8 —sSm9 \
— 7§ UMRS2 Y accelogam (ZPA=5.9, wicex) — - - A
| Sz A e 5L smis —smis —smis NAmENN
| ——Sm16 — Sim17 Sim 18 ‘\‘ [ { ]
——Sim19 —Sim 20 Sim 21 [WAL
——Sim22 —Sm23 —Sim24 {\ i il
Al
LR A |
' 4
{ |

——Sim25 —Sim 26 sim 27
20 + —sm28 sim 29 sim 30
——sm31 —sim32 Sim 33

—Sm34 —Sim35 —Sm36
——Sm37 —Sim38 sim 39
——Sim 40 Sim 41 Sim 42
15 1 Sim 43 Sim 44 Sim 45
Sim 46 sim 47 Sim 48
sim 49 sim 50 Sim 51
sim 52 sim 53 sim 54
Sm 55 §im 56 Sim 57
10 — Sim 58 Sim 59 Sim 60
—lean em—16% em—80%
—Mean  m—16%  ——B0%

01 1 10 100 o1 2 ) ]

Figure 6Seismic DRS Input Scaled at 0.60g; Deterministic (left) and Probabilistic (wgle) Samples
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Figure 7Nonlinear LRB and TPB Isolator Responses for X and Y Directions
SEISMIC SSI RESPONSESFOR COHERENT SEISMIC INPUT

Theseismic SSI analysagereperformed fothe AS structure sitting on LRB, TPB or BCS isolators, and,
for comparison, on perfectly rigid isolators. Figure 8 shitive selectd seismic responskecations.To
investigatethe AS structure motion, four node &ions, specifically, nodes 803, 2620, 2640 and 4459,
were considered (left). For evaluating the efficiency of hsskation on reducing structural forces, two
columns of a crane frame were selected (right).

Figure 8 Outputs for SSI Response; FNode Locations (left) and Two Base Columns (right)
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Since the frame is along thed{rection, it is expected that large amplification local vibration modes will
manifest in ¥direction (see also Figure 2).

Figures 9 and 10 shows computed ISRBatop basmat above isolators (Node 803) and roof level (Node
4459)for 0.40g horizontal inputNodes 803 and 4456 are on the AS main box strudda@puted results
include the deterministic ISRS for LRB, TPB, BCS and Rigid isolators, but also the probabilistic
simulationbasedSRScomputedor themean and 80% neexceedance probability (NEP).

Figure 9 shows the top base ISRS fohdtizontal and Asertical directionslt should be noted that for
horizontal direction the LRB isolators are the softest isolators, while the BCS isolators are the stiffest
isolators. The ISRS amplitude reduction factors for the horizontal ISRS at the top basemat is about 2 for
BCS and about for LRB and TPB. For vertical ISRS, thereaisl520% amplitude amplification for all

LRB, TPB and BCS. The BCS isolators show a substantial reduced isolator stiffness in vertical direction
in comparison the LRB and TPB isolators.
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Figure 9Comparatie ISRS for Top Basemet Locati¢idode 803)n X and Z Directions

Figure 10shows the roof ISRS fdBRS forY -horizontal(left) and Zvertical (right) directions It should

be noted the large benefit from all isolators for reductiorhtvezontallSRS amptudes. For the vertical
direction, the BCS isolators are much more efficient since they reduce the floor vibration by few times
more than the LRB isolators:rom Figure 10, there is another aspect to be remaitiaiche probabilistie

based mean and 80% NEBrizontalISRS are significantly largehatthe deterministic ISRSHowever,

herein, the deterministic ISRS was computed onhafsingleBE soil profile not as an envelope of three
ISRS for BE, LB and UB soildf the 80% NEPISRSare considered for detainistic designof base
isolated structuieas discussed iIASCE 416 Chapter 1 Commentaryhen using multiple randomized
seismicinputs simulations, as recommended in ASCE& Chapter 12, appedrsbestrongly justified.

=== Prob.(80%,Nonlinear, LRB)

ISRS at Node 4459Y - TOP of Structure ISRS at Node 44597 - TOP of Structure
10 7
Determ. (Rigid) —— Determ (Rigid) P
\
® 7 e+ s Prob.(mean,Rigid) i _ | v Prob.(mean Rigid) i
, | === Prob.(80%,Rigid) 0 -~ Prob.(80%Rigid) i
= Determ. (BCS) :"\ — Determ.(BCs) :. |
N [
7+ sssss Prob.(mean,BCS) i 5 eeees Prob.(mean,BCS) I:'-l:
== Prob.(80%,BCS) ;‘.._'. - -~ Prob.(80%,BCS) 3
O Det. ) (NF I LRB) :'-‘\I B —— Determ.(Nonlinear, LRB) ¥y
eterm.(Nonlinear, HE . i
é ..... Prob.(mean,Nonlinear, LRB) |‘: '1 § ----- Prob.(mean,Nonlinear, LRB)
_E s D LS b E === Prob.(80%,Nonlinear, LRB) !
I i)
i. ' i

10
Frequency (Hz) (Hz)

Figure 10ComparativdSRS for Top Floor (Roof) LocatiofiNode 4459)n X and Z Directions
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As a note,tishould bainderstoodhattheBCS system behavior can be signficantly improved if the viscous
damper units are placed denser ondhgemaperimeter to damp the rocking nmit. Herein, as the initial
part of the study, we considered the viscous dampers spatially uniformly distributed on the basemat.

Figure 11 shows the AS structure moti{frozen at a given time stefi)r the LRB (left) and BCS (right)
baseisolators under seismmoherent inputsExternal walls are not showh.should be noted that using
the BCSisolators there isbasicallyno transmission ofhe basemat deformatiomto the structure. The
BCS isolated structure moves a rigid boehpwever this BCS rigid body behavior is only possible since
the BCS vertical stiffness is much softer tithe LRBvertical stiffness

Figure 11 LRB (leftiandBCS (right)Isolated AS Structurblotion at Given Time
Acceleration (upper) and Displacements (lower)

Figures 12 and 13 show the ISRS on the top ob#becteccrane framen the Y-transverse direction, at
nodes 2620 and 2640 (see Figure 8 right for node locatibms)left plots include the Rigid isolatoase.

Figure 12Comparative ISRS for Crane Frame LocafiNiode 2620)in Y Direction



