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Abstract 
 
The Cathedral Parish of Saint Eugene’s in Santa Rosa, 

California purchased an antique Baldacchino sculpture in 

early 2014 to serve as a backdrop for their altar.  The 80,000 

pound, 24-foot tall marble sculpture was previously located 
indoors and in a non-seismic zone, which made installation of 

the brittle structure—having no positive connections between 

its 500 pieces—to resist seismic forces from the nearby 

Rodgers Creek Fault a considerable challenge.  Other design 

challenges included limited access during construction and 

tight constraints for lateral movement of the structure. The 

Parish also requested that none of the structural modifications 

or retrofits be visible from the front of the sculpture, 

requiring creative solutions and careful coordination. ZFA 

was engaged to provide the structural engineering design to 

install the sculpture.  

 

Preliminary analysis determined that a base isolation system 

was the best option to reduce the imposed seismic demands 

on the structure and limit the amount of intrusive retrofit 

work required. A trio of devices was used to isolate the 

structure, which included three friction sliders, two rubber 
bearings, and four viscous dampers.  The isolation devices 

were specially designed for the project due to the unique size 

and weight of the sculpture, which was too large to use 

components designed to isolate equipment, but too small to 

use components intended for buildings. ZFA worked closely 

with two manufacturers on an iterative design solution that 

carefully tuned each of the components to the mass of the 

sculpture.  Positive connections of the sculpture’s 

superstructure were designed with fiber-reinforced polymer 

(FRP), thickened epoxy, and epoxy-grouted dowels.  After a 

thorough third-party peer review, the system and sculpture 

were approved for construction.  The Baldacchino sculpture 

can now be seen on display in Saint Eugene’s Cathedral. 

 

Introduction 
 

St. Eugene’s Cathedral was constructed in the 1950s in Santa 
Rosa, California with a gravity system consisting of a 

conventional wood-framed truss roof supported by perimeter 

concrete columns over concrete foundations.  The cathedral 

has not received any seismic retrofits or upgrades since the 

original construction.  The Parish wished to relocate 

Baldacchino, a marble statue consisting of an elevated arched 

dome top over marble columns that rest on a lower altar, to 

the interior of the cathedral in Santa Rosa from its previous 

location in the Midwest.  The sculpture’s marble façade was 

originally supported by unreinforced brick masonry and 

interconnected with plaster.  The sculpture needed to be re-
supported for gravity loads, and lateral loading now needed to 

be considered in the high seismic region of Northern 

California.  

 

Several different lateral-resisting design options were 

investigated, including bracing the top of the sculpture to the 

Cathedral’s existing reinforced concrete walls, only 

reinforcing the sculpture’s columns to cantilever off the base 

of the sculpture, and even scaling back the reconstruction to 

eliminate the existing upper dome entirely and building a new 

canopy over the base altar.  In order to best achieve the 

Parish’s aesthetic goals of utilizing the full sculpture while 

avoiding visible bracing and intrusive retrofits of the marble, 

it was decided that seismic isolation was the best solution.  

This allows for seismic resilience while best preserving the 

integrity and purity of this important symbol. 

 
Due to geometric constraints of the surrounding cathedral 

walls and foundations, the isolation moat was limited to 24 

inches in each horizontal direction at all sides.  This was 

determined as an acceptable distance to allow for installation 

of isolation devices beneath the elevated slab after installation 

of the sculpture.  During device selection and design of the 

device layout, the isolation system design displacement was 

limited to 12 inches.  This was determined due to the size of 

the devices required and limits on geometry beneath the 

sculpture.  This displacement is significantly less than the 

moat distance so that failure of the system will not be due to 

the elevated slab impacting the moat.  The design approach 

discussed herein reduces the overall force demand on the 

sculpture so that the marble columns remain elastic at the 

specified hazard level.  Frame action develops through both 

the marble columns and the components atop the columns, 

which were strengthened with fiber-reinforced polymer 
(FRP), thickened epoxy, and grouted steel dowels.  This 

unique combination of contemporary construction methods, 

products, and technologies allowed for the requests of the 

Parish to be met in preserving this historic brittle structure.  
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The isolation system was analyzed using a BSE-1E hazard 

level with a secondary displacement requirement to represent 

a larger earthquake per ASCE 41-13 Chapter 14.  A nonlinear 

time history analysis was performed within SAP2000 to 

design the base isolation system with a suite of 10 earthquake 

ground motions.  The following sections summarize the 

design criteria, isolation system design, and connection 

design of the Baldacchino Sculpture.  
 

Baldacchino Sculpture Description 
 

The existing Baldacchino sculpture, which can be seen in 

Figure 1, serves as an ornamental backdrop for the Cathedral 

altar and was first constructed in the 1920s.  The original 

structure was disassembled at a church in the Midwest and 

subsequently shipped to St. Eugene’s Cathedral in pieces.  

The 24-foot-tall sculpture primarily consists of solid marble 

members and slabs.  The sculpture measures approximately 

15 by 14 feet in plan and weighs approximately 80,000 

pounds.  With the addition of a new concrete slab and 

vertical supports within the base of the sculpture, the total 

weight bearing on the isolation system is approximately 

120,000 pounds. 

 

The arched dome at the top of the structure is supported by a 
total of eight solid marble columns—six circular members 

with a diameter tapering from 14 inches at the base to 12 

inches at the top and two 15-inch square members.  Each 

column is constructed with a separate cap and base with 

shear keys at the column interface.  The elliptical dome atop 

the columns has a width of 10½ feet and a depth of 3½ feet.  

The steps at the base of the sculpture are comprised of 4-

inch-thick marble slabs, which were previously supported by 

unreinforced masonry blocks. 

 

 
Figure 1: Labeled Baldacchino Sculpture  

Seismic Design Criteria 
 

The performance objective and hazard level were determined 
based on code-level requirements, desired resiliency of the 

structure, and providing an economic retrofit solution for the 

owner.  The Cathedral housing the sculpture is an existing 

building, and the main structural members utilized in the 

analysis of the Baldacchino sculpture are both existing and 

historic; therefore, the structural design criteria are based 

upon provisions in Chapter 34 of the 2013 California 

Building Code (CBC) and ASCE 41-13, Seismic Evaluation 

and Retrofit of Existing Buildings. Section 3401.6 of the CBC 

states that work performed in accordance with the 2012 

International Existing Building Code (IEBC) shall be deemed 

to comply with the CBC provisions.  IEBC Section 301.1.4 

states that the seismic evaluation may be based on the 

procedures specified in ASCE 41-13 using a dual 

performance objective.  The existing Baldacchino sculpture is 

classified as an architectural component, and specifically, an 

“architectural appendage” per ASCE 41-13 Chapter 13. 
Section 13.6.6 defines “architectural appendages” as 

projections from the building or independent structures that 

are tied to the building, and includes sculptures and other 

ornamental features. 

 

The Basic Performance Objective for Existing Buildings 

(BPOE) is specified in Chapter 2 of ASCE 41-13.  For a Tier 

3 analysis in accordance with the BPOE, nonstructural 

performance need not be considered at the BSE-2E seismic 

hazard level.  However, the isolation system and 

superstructure were checked at a second, higher level to 

prevent failure during a larger seismic event and ensure 
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protection of the sculpture.  Consistent with provisions in 

Chapter 14 of ASCE 41-13, the isolation system was 

designed to a maximum displacement of 200% of the 

calculated BSE-1E displacement to simulate the effects of a 

larger earthquake.  The superstructure connections were 

designed to withstand forces consistent with this level to 

ensure collapse prevention of the structure.  The isolation 

system has a maximum available displacement of 12 inches 
in each plan direction.  This limits the design displacement of 

the system to six inches, per the 200% requirement discussed 

above. 

 

The BSE-1E seismic hazard level used for the evaluation is 

characterized by an earthquake with a 20% probability of 

exceedance in 50 years (or a 225-year return period).  The 

spectral response parameters SS and S1 are obtained for the 

BSE-1E seismic hazard level using the Seismic Design Maps 

Tool on the USGS website, and subsequently adjusted for soil 

site class.  A lower probabilistic hazard is suitable for this 

application and is similar to the reduction factor (e.g. 0.75) 

used on seismic demands for existing and historical structures 

and non-structural components in ASCE 41-13, ASCE 7-10, 

and other guidelines.  Additionally, the performance level 

selected generally corresponds to the performance level that 

would likely be used in an evaluation of the existing building 
that houses the sculpture. 

 

 

Analytical Model and Analysis Procedure 
 

The sculpture was analyzed in the CSI software platform 

SAP2000 using Fast Nonlinear Analysis (FNA).  FNA is well 

suited for this project since it is primarily an elastic model 

with a limited number of nonlinear elements (i.e. the isolation 

components).   The 3D structural model, shown in Figure 2, 

consisted of linear frame elements that captured the system 

stiffness and nodal masses to approximate the force 

distribution over the height of the sculpture.  The seismic 

isolation components were represented with link elements in 

the model that characterize the corresponding force-

deformation and/or force-velocity relationships.  The 

isolation components and properties are discussed in the 
Isolation Device Properties section.  Links give the user the 

ability to assign linear or nonlinear properties to a link 

connecting two joints (or one joint if the other end is assumed 

grounded).  All link elements have a small mass assigned to 

one node so that the behavior of the links is captured by the 

Ritz vectors in the modal analysis. 

 
Figure 2: SAP2000 Graphical Representation of the Sculpture 

Analysis Model 

Ritz vectors capture the response more effectively when 

compared with the same number of Eigen vectors.  The dead 

load, horizontal accelerations (and vertical accelerations 

when vertical ground motions were applied), as well as the 

link elements, are explicitly included in the Ritz vector 

calculations with 100 modes specified.  Modal analysis was 

performed on the non-isolated sculpture to determine Te, 

which is defined by ASCE 41 as the effective period of the 

structure above the isolation interface on a fixed base.  Modal 

analysis was also performed on the isolated sculpture to 
determine TD, the effective period of the isolated structure at 

the design displacement for the BSE-1E hazard.  The 

effective period was calculated utilizing ASCE 41-13 

Equation 14-5 to verify the SAP2000 output.  All three 

periods are shown in Table 1. 

 

Te (SAP2000) 0.09 sec 

TD (SAP2000) nominal 1.45 sec 

TD (hand calculations) nominal 1.44 sec 

Table 1: Fundamental Period of the Sculpture 
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An FNA time history analysis was used to investigate the 

behavior of the sculpture and the various isolation/damping 

components.  For this type of analysis, the mathematical 

model is subjected to earthquake shaking represented by 

ground motion records consisting of two horizontal time 

history components and one vertical acceleration component, 

meeting the requirements of ASCE 41-13 Section 2.4.2.2.  To 

satisfy the requirements of ASCE 41-13 Section 14.2.2.3, the 
effects of vertical shaking were explicitly accounted for by 

applying vertical acceleration time histories to an analysis 

case.  Vertical accelerations affect the load applied to the 

sliding isolators, which changes their response. 

 

Modal damping was set at 2% for the superstructure for all 

earthquake analysis cases.  The first three modes are 

associated with the isolation system, therefore their damping 

is set to zero since all damping is explicitly modeled with the 

link elements. 

 

Ground Motion Selection and Scaling 
 

The ground motion time histories used for the analysis were 

selected to have magnitudes, distances, source mechanisms, 

and soil characteristics that were consistent with those that 

control the BSE-1E seismic hazard at the subject site.  The 
calculated structural response can be very sensitive to the 

input ground motion characteristics, and therefore, several 

records from different earthquake events were selected for 

the analysis. 

 

In order to determine the earthquake sources that control the 

seismic hazard at the site and their associated characteristics, 

a probabilistic seismic hazard analysis was performed to 

identify the nearby causative faults.  The USGS website 

offers a geographic seismic hazard deaggregation tool that 

overlays relative hazard contributions on a map with known 

fault lines which is shown in Figure 3.  The seismic hazard at 

St Eugene's Cathedral is predominantly governed by 

potential earthquakes on the Rodgers Creek Fault, which is a 

strike-slip fault located less than a kilometer from the 

building site.  The fault is capable of producing earthquakes 

with moment magnitudes up to approximately 7.0. 

 
Figure 3: A geographic seismic hazard deaggregation 

showing the relative seismic hazard contribution of the 

Rodgers Creek Fault at the St. Eugene’s Cathedral site. 

The ground motion time histories used for the nonlinear 

analysis were selected to best represent the traits of the 

governing earthquake faults.  Listed in Table 2 are the 

earthquake recordings obtained from the PEER NGA 

database along with additional information pertaining to the 

earthquake characteristics.  Parameters such as moment 

magnitude (MW), distance to the fault (D), and soil shear 
wave velocity (Vs30) were carefully bounded to find records 

that were consistent with possible earthquakes on the 

Rodgers Creek Fault.  In some instances, the allowable range 

of magnitudes, distances, and site conditions was relaxed 

such that a sufficient number of ground motions with 

appropriate spectral shapes were available from the online 

database.  Earthquake numbers in the table with an asterisk 

(*) indicate ground motion records that contain pulse effects. 

 

EQ 

No. 

NGA 

ID 

No. 

EQ Name MW 
D 

(km) 

Vs30 

(m/s) 
Scale 

1 95 Managua 6.24 3.51 289 2.52 

2 158 
Imperial 

Valley-06 
6.53 0.0 260 2.28 

3 187 
Imperial 

Valley-06 
6.53 12.7 349 3.60 

 4* 316 Westmorland 5.90 16.5 349 2.67 

5 549 
Chalfant 

Valley-02 
6.19 14.4 303 3.34 

6 725 
Superstition 

Hills-02 
6.54 11.2 317 1.83 

7 4074 Parkfield-02 6.00 4.36 340 2.92 

8 4117 Parkfield-02 6.00 0.8 308 3.28 

 9* 6897 
Darfield, 

New Zealand 
7.00 5.28 296 2.20 

10* 6927 
Darfield, 

New Zealand 
7.00 5.07 263 1.16 

Table 2: Earthquake Ground Motion Characteristics 
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For near-fault sites, such as St. Eugene’s Cathedral, each pair 

of time histories in the suite must be rotated to the fault-

normal and fault-parallel directions of the causative fault and 

scaled up so that the average response of all the fault-normal 

spectra is greater than the BSE-1E target spectrum between 

20% and 150% of the first-mode period (i.e. 0.2T and 1.5T). 

The first-mode period used for the ground motion scaling 

was based on the lower-bound isolation system properties.  A 
depiction of the scaled response spectra with respect to the 

BSE-1E design spectrum is shown in Figure 4, and the 

associated scale factors are listed in Table 2.  It should also 

be noted the seismic analysis of the Baldacchino sculpture 

includes the vertical components of each earthquake record 

to investigate potential effects on the friction slider 

components.  These vertical components were scaled using 

the same scale factors as the horizontal components. 

 

 
Figure 4: Envelope of Response Spectrums 

Existing Material Strengths 
 

The material strength for the existing marble components was 
based upon laboratory testing of three core samples from the 

center of the critical column elements themselves.  The voids 

left by the core samples were filled in with high strength 

grout and are not noticeable from the exterior.  The marble 

samples were subjected to axial loading to determine the 

average compressive strength, f'c.  To account for any 

uncertainty that may be due to non-uniform material, the 

strength of the marble was taken as the average minus one 

standard deviation for a strength of 18 ksi, as shown in Table 

3.  In accordance with ASCE 41 Section 10.2.2.4.2, a total of 

three tests is adequate when the coefficient of variation of is 

less than 20%. 

 

 

 

 

 
 

 Compressive Strength, 

f’c (ksi) 

Test 1 19.7 

Test 2 18.2 

Test 3 22.0 

Mean 20.0 

Standard Deviation 1.9 

Coefficient of Variation 10% 

Mean – Std Deviation 18.0 

Table 3: Marble Material Strength 

 
To determine the stiffness of the sculpture, the modulus of 

elasticity of the marble is based on ACI section 8.5.1 (used 

because of similarities between marble and concrete), where 

𝐸𝑐 = 57,000√𝑓𝑐
′.  Using a strength of 18 ksi for the marble, 

Ec = 7,650 ksi. 

 

Design of the Isolation System 
 

The isolation device selection process began as a parametric 

study within SAP2000 to determine the range of isolation 

properties necessary to maintain elasticity in the marble 

columns and a design displacement below six inches.  The 
SAP2000 model was initially created using only rubber 

bearings and low-friction slider components.  However, after 

the preliminary analysis, it was deemed necessary to add 

viscous dampers to reduce the force and displacement 

demands.  The final isolation system design includes three 

friction sliders, two rubber bearings, and four viscous 

dampers.  

 

The layout was determined based on geometric constraints of 

the existing cathedral, dimensions of the sculpture, and 

constructability of the end connections for the various 

devices.  Dynamic Isolation Systems (DIS), was selected as 

the manufacturer of the rubber bearings and low-friction 

sliders.  An iterative process with the manufacturer was used 

to find the appropriate devices given the analysis model 

response to different realistic parameters.  The viscous 

dampers were more difficult to optimize since the sculpture 
is too large to use equipment dampers and too small for most 

building dampers.  The Japanese company THK was 

ultimately selected for production of the dampers, which 

were sourced and distributed through DIS in the United 

States.  

 

Figure 5 shows the configuration of the isolation 

components.  The three friction slider components provide 

vertical support for the sculpture and were strategically 

located for equal weight distribution.  The two rubber 

bearings act as lateral springs and were aligned with the 

structure’s center of rigidity to provide a torsional “couple” 

to restore lateral and torsional movement following a seismic 
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event.  The four horizontal dampers connect on one end to a 

thickened slab underneath the center of the Baldacchino and 

on the other end to the perimeter “moat” wall that contains 

the sculpture.  In plan, the dampers are angled at 45 degrees 

to accommodate the full required extension length.  All of the 

seismic devices are anchored to an elevated concrete slab 

which varies in thickness to accommodate the size of the 

devices, provide sufficient embedment for the anchors, and to 
support the sculpture.  For constructability purposes and to 

meet the tight tolerances of the seismic devices, the elevated 

slab was formed out of a custom steel pan set in place on top 

of the sliders and was shored with rigid foam that could be 

cut out once the concrete met design strength.  

 
Figure 5: Seismic Isolation Device Layout 

The design of the isolation system followed Chapter 14 of 

ASCE 41-13, particularly the provisions of Sections 14.2.2.1, 

14.2.4.3, and 14.2.4.4.  The nominal design properties of 

each of the three isolator devices (viscous dampers, sliders, 

and rubber bearings) are specified by the manufacturers and 
were confirmed by a testing program.  Variations in device 

properties were accounted for by the method described in 

ASCE 41-13 section 14.2.2.1.  Environmental and aging 

factors were accounted for by individual property variation 

factors (λs).  The variation factors take into account the 

temperature range of the Cathedral of 65 - 80 degrees 

Fahrenheit as well as the protected interior environment. 

These factors are discussed further in the Isolation Device 

Properties section.  All devices were either tested to 

prototype testing requirements or production testing 

requirements per ASCE 41-13.  All testing results were 

reviewed to assure parameters were within the manufacturer-

specified tolerance.  

 

Isolation Device Properties 
 
Viscous Dampers 

The manufacturer of the viscous dampers, THK, is a global 

company with extensive experience in the seismic isolation 

industry.  They have been manufacturing their seismic rotary 

viscous dampers (RDT) since 2001.  The RDT damper, 

shown in Figure 6, dissipates energy by converting the linear 

movement of the shaft into rotational motion of a cylinder of 

viscous fluid.  The effective damping and force in the RDT is 

dependent on the velocity of the shaft movement.  Within 

SAP2000 a force-velocity relationship is applied to the 

exponential damper link element representing the viscous 

damper.  Due to the mechanical damping of the device and 

extensive testing by the manufacturer, the aging property 

variation factor was set to zero.  The manufacturer-specified 

tolerance on the parameters was ±20% and the temperature 

variation parameter was ±10%. 

 
Testing was performed at THK’s facility in Japan where they 

have actuators that can reach the high speeds specified for the 

tests.  Per ASCE 41-13, two dampers required prototype 

testing, and the other two required production testing.  In 

accordance with ASCE 41-13, velocity-dependent devices, 

such as dampers, are to be tested at frequencies equal to 

0.5ƒ1, 1.0ƒ1, and 2.0ƒ1, where ƒ1 (0.69 Hz) is the 

fundamental frequency of the structure.  The dampers were 

also tested to displacements equal to 0.5DD, 1.0DD, and 

2.0DD, where DD is the design displacement of the isolation 

system (in this case, six inches).  A total of eight tests were 

performed on two separate dampers.  Data from each of these 

tests were subsequently compared to the expected force-

velocity and force-displacement plots.  Some combinations 

produced velocities in excess of test rig capabilities, so the 

velocities were modified to a maximum of 39 inches/second.  

The two dampers not tested per the prototype testing 
specifications were tested at ƒ1 and 1.0DD for three cycles. 

Data from each of these tests were compared to the expected 

force-velocity and force-displacement relationship, and to 

data from the first three cycles of the corresponding 

prototype test. 
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Figure 6: RDT Viscous Damper – Isometric View 

Friction Sliders 

The friction slider produced by DIS and shown in cross-

section in Figure 7. is composed of steel, rubber, and a four-

inch-diameter PTFE (Polytetrafluoroethylene) disk.  The top 

plate is a steel plate with a stainless steel polished surface. 

The plate is attached to the isolated slab instead of the moat 

to prevent dust from collecting on it over time.  The design 

coefficient of friction (CoF) is based on testing done using a 

3-inch-diameter PTFE puck (the same PTFE that is utilized 

in this project) at the University of Nevada Reno in June 

2015.  A nominal design load of 40 kips on a 4-inch-diameter 

disk results in a loading pressure of 3.2 ksi.  Based on the 
testing data, the nominal design coefficient of friction is 

8.5%.  The three sliders are modeled in SAP2000 as friction 

isolator links between two nodes.  The element models the 

gap and friction behavior between the two contact surfaces. 

Since the sliders are on flat surfaces, the radius parameter 

was set to zero.  Vertical stiffness and initial shear stiffness 

parameters were per manufacturer specifications.  A vertical 

damping of 5% was specified for the sliders to ensure 

numerical stability if any uplift occurs.  Property variation 

factors for the friction slider elements were per ASCE 41-13 

Table C14-1 using values for unlubricated PTFE.  The 

manufacturer-specified variation provided by DIS was ±20%. 

 

The friction sliders were tested in accordance with the 

specifications at the University of Nevada in Reno, NV. 

Prototype testing was required for two of the sliders, and 

production testing was required for the remaining slider.  
Prototype testing was done on two sliders at the fundamental 

frequency ƒ1 (0.69 Hz) to displacements equal to 0.25DD, 

0.5DD, and 1.0DD, where DD is the design displacement 

(six inches).  Each of the displacement tests were performed 

at three different vertical loads per ASCE 41-13 Section 

14.2.8.2.4 in order to account for potential changes in axial 

load (due to overturning forces), resulting in a total of twelve 

tests.  The slider not tested per prototype testing was tested at 

the fundamental frequency ƒ1 (0.69 Hz) at nominal load (40 

kips) to 1.0DD for 3 cycles. 

 

 
Figure 7: Friction Slider – Section View 

 

Rubber Bearings 
The DIS rubber bearings shown in Figure 8.  are made up of 

thin steel plates between layers of rubber.  These plates 

prevent lateral bulging of the rubber but allow the rubber to 

deform freely under shear loading.  The bearings are bonded 

to top and bottom plates that are anchored into the concrete 

foundation below and slab above, which maintain stability 

for the bearings under low axial loads.  A typical rubber 

bearing is shown in Figure 8; a diameter, D, of 18 inches was 

used for this project.  The two rubber bearings were modeled 

in SAP2000 as rubber isolator links with lateral stiffness as 

the only directional property assigned.  The rubber bearings 

are the only linear elements in the model and do not 

contribute damping to the system.  This was verified during 

the testing of the elements, which confirmed that the force-

displacement response is linear.  The purpose of the rubber 

bearing in the isolation system is to provide a restoring force 

to re-center the sculpture during lateral displacements caused 
by an earthquake.  Property variation factors for the rubber 

bearings were determined from ASCE 41-13 Table C14-1 

using values for plain elastomeric bearings.  The allowable 

variation specified by the manufacturer was ±20%, which 

was met through testing.   

 

Both of the rubber bearings were tested in accordance with 

the prototype specifications at the DIS test facility located at 

its manufacturing plant in McCarran, NV.  A total of four 

tests were conducted at displacements equal to 0.25DD, 

0.5DD, 1.0DD, and 2.0DD, where DD is the design 

displacement (six inches).  Tests were performed at 

negligible axial load to simulate the expected compression 

load conditions for this project. 

PTFE 
Rubber 

Steel Plate 
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Figure 8: Rubber Bearing – Section View 

Property Modification Factors 
 

The nominal design properties of each of the three isolator 

devices were specified by the manufacturers and were 

confirmed by the testing program.  Variations in device 

properties were accounted for by the method described in 

ASCE 41-13 Section 14.2.2.1.  Environmental and aging 

factors were accounted for with individual property variation 

factors (λs).  Where possible, manufacturer-specified values 

were used in lieu of standard values provided in ASCE 41-

13.  These factors were combined to determine upper- and 

lower-bound property variations.  The system property 

adjustment factor (SPAF) was then used to modify this value. 

The SPAF was developed on the basis that a full and 

simultaneous increase in each parameter is very unlikely to 

occur at the same time and is taken as SPAF=0.67 in 

accordance with ASCE 41-13.  

 
The λ values and final, nominal upper- and lower-bound 

multipliers are shown in Table 4.  The upper- and lower-

bound multipliers were applied to each device type to 

determine the design properties.  Per ASCE 41 the upper-

bound strength, stiffness, and energy dissipation were 

considered together as the upper-bound design and analysis 

case, while all lower-bound properties were considered 

together for the lower-bound case.  As a result, three different 

computer models were analyzed using SAP2000: a lower-

bound case, a nominal case, and an upper-bound case. The 

values used for these three cases are shown in Table 5. 

 

 Sliders Rubber 
Bearings 

Dampers 

Aging λ  ± 20% ± 10% NA 

Contamination λ ± 10% NA NA 
Temperature λ ± 10% ± 10% ± 10% 

First Cycle λ  ± 10% ± 10% ± 15% 

Combined λ, 
Upper 

1.60 1.33 1.27 

Combined λ, 0.58 0.73 0.77 

Lower 

Upper with SPAF 1.40 1.22 1.18 

Lower with SPAF 0.72 0.82 0.84 

Manuf Specified λ ± 20% ± 20% ± 20% 

Upper-bound 
Total 

1.68 1.47 1.41 

Lower-bound 
Total 

0.58 0.65 0.67 

Table 4: Property Modification Factors 

 Slider 

Friction 

Rubber 

Bearing 

Stiffness 

(k/in) 

Damper 

Coefficient 

(k-sec/in)0.36 

Damper 

Exponent 
 

Upper-
Bound 

14.0 % 4.40 3.04 0.36 

Nominal 8.5 % 3.00 2.15 0.36 

Lower-

Bound 
5.0 % 1.96 1.45 0.36 

Table 5: Device Properties 

 
Design Seismic Displacements 
 

Each of the ten earthquake cases discussed in the Ground 

Motion Selection and Scaling section were run with the three 

different sets of properties (nominal, lower-bound and upper-

bound) shown in Table 5 for a total of thirty earthquake 

analyses.  Additional analyses were later run to check 

accidental eccentricity and the effects of vertical 
accelerations.  These are described in later sections but 

follow the same procedure. In each analysis, the 

characteristics of each seismic device were monitored for 

expected response. 

 

In accordance with Table 7-1 of ASCE 41, the calculated 

seismic response of the Baldacchino sculpture, including 

both force and system displacements, is permitted to be taken 

as the average of all the results if ten or more earthquake 

records are considered in the analysis.  The results provided 

in Table 6 are averages of the maximum of each earthquake 

time history analysis. 

 

Early on in the project, an allowable displacement for the 

seismic system of 12 inches was chosen.  As shown in Table 

7, the lower-bound case has a design displacement of 178% 

DD.  This was determined acceptable by the design team, as 
no catastrophic failure of the seismic system will occur at 12 

inches since the moat has additional displacement allowance.   
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EQ # 
Max DX 

(inches) 

Max DY 

(inches) 

SRSS 

Displacement 

(Inches) 

Max 

Velocity 

(Inches/Sec) 

1 3.84 3.78 4.61 43.69 

2 3.24 3.78 4.43 31.94 

3 2.43 2.53 2.80 25.35 

4 1.66 2.08 2.29 20.47 

5 3.99 2.50 4.61 31.58 

6 4.48 3.89 5.93 31.84 

7 6.74 5.33 7.19 34.56 

8 3.49 3.08 4.39 21.00 

9 3.02 2.08 3.03 19.75 

10 3.28 3.08 3.60 29.94 

Mean 3.62 3.21 4.29 29.01 

Table 6: Output Seismic Displacements (With Nominal 

Design Properties) 

 Displacement 

(Inches) 

Ratio of 12” 

moat to value 

BSE 1-E (Nominal) 4.29 280% 

BSE 1-E (Lower Bound) 6.76 178% 

BSE 1-E (Upper Bound) 2.61 460% 

Design Displacement 6.00 200% 

Table 7: Overall Design Displacements 

 

Superstructure Connection Design 

 
The isolation system allowed for a reduction in seismic 

demand by about 67% for the upper bound case compared to 

the sculpture at a BSE 1-E hazard that is not seismically 

isolated.  While the isolation system significantly reduced the 

seismic demand on the sculpture, the connections between 

the stone pieces still needed to be upgraded to resist lateral 

forces.  To achieve this, the majority of the marble 

components were reinforced on their non-visible surfaces 

with fiber-reinforced polymer (FRP) and/or thickened epoxy, 

as shown in Figures 8 and 9.  To confirm that the thickened 

epoxy bond to the substrate would meet or exceed that of the 

marble, extensive testing per ASTM 7234 was performed. 

Additionally, the tops and bases of the columns were 

reinforced with concealed epoxy-grouted dowels to connect 

them to the surrounding elements.  The curved marble beam 
above the columns transfers the lateral seismic forces to the 

columns as well as resists inherent torsion due to the 

sculpture’s irregular geometry.  Through creative detailing 

and coordination with the FRP supplier, Structural 

Technologies, the arched façade beam resists these forces 

utilizing bidirectional FRP placed in the beam’s interior 

central void.  Shaped plywood ribs overlaid with FRP were 

added on the back of the dome and arched façade beam as a 

lightweight solution to stiffen the upper portion of the 

sculpture and ensure that the marble components act 

compositely in a seismic event.  None of the structural 

connections or enhancements are visible from the exterior of 

the sculpture, consistent with the aesthetic requests from the 

Parish.  

 

The forces output by analysis of the superstructure cannot be 

easily scaled to represent the forces corresponding to 

displacement at 200% BSE-1E since the isolation system is 
nonlinear.  The best method determined to scale the forces 

was to take the BSE-1E base shear and find the scale factor 

necessary to reach 200% BSE-1E displacement base shear, 

since this is a known quantity for each isolation device.  The 

slider forces do not increase, and the damper forces only 

change nominally; it is the linear rubber bearings that add 

force to the structure as the displacements increase.  A factor 

of 1.6 was calculated and used in all superstructure 

connection designs.  

 

 
Figure 9: Cross Section Through Baldacchino 
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Figure 10: Upper Portion of Baldacchino 

 

Foundation Design 

 
The presence of weak surface soil required the foundation to 
be deepened into suitable soils about two feet below grade, 

essentially matching the existing building’s foundation depth 

of approximately 8’-0” below finish floor.  Per the project’s 

geotechnical engineer, there is also a moderate potential for 

liquefaction, which may induce a differential settlement on 

the order of 1/3 inch across the plan length of the sculpture. 

To mitigate these concerns, the design utilized a 24-inch-deep 

mat slab placed on top of low-strength concrete fill that 

extended into firm natural soil.  This configuration also 

helped avoid surcharging the existing foundations. 

 

Column Flexural Design Check 
 

The marble components were treated as force-controlled 

elements and were designed to remain essentially elastic.  For 

biaxial flexural demands on the marble columns, acceptable 

performance was based on the following Bresler Load 
Contour equation: 

 

(
𝑀𝑢𝑥

𝜅𝑀𝑐𝑟

)
2

+ (
𝑀𝑢𝑦

𝜅𝑀𝑐𝑟

)
2

≤ 1 

 

where  Mux = design bending moment about x-axis; 

 Muy = design bending moment about y-axis; 

 Mcr = cracking moment strength about y-axis; and 

 κ = knowledge factor (1 per design criteria) 

 

The cracking moment strength Mcr was based on the equation: 

 

𝑀𝑐𝑟 =
𝑓𝑟𝐼

𝑦𝑡
 

 

where  fr = rupture strength of marble, 𝑓𝑟 = 7.5 ∗ √𝑓𝑐′ 
Ig = gross moment of inertia of column section (both 

circular and square columns) 

 yt  = distance to neutral axis 

 

The Bresler Load Contour equation was used for each 

column in each of the ten earthquake analyses for each of the 

three analysis property models.  The average maximum value 

across the ten earthquake analyses is shown in Table 8.  The 

lower-bound case does not significantly decrease the demand. 

The upper-bound case does increase the force in the columns, 

but the increased demand is well within the capacity of the 

columns. 

 

 BSE-1E 200% BSE-1E 

Displacements 

Nominal 0.19 0.30 

Lower-Bound 0.11 0.18 

Upper-Bound 0.32 0.51 

 

Table 8: Marble Column Demand-Capacity Ratios 

Upon close examination of the columns during construction, 

the circular columns were found to have existing cracks, with 

some cracks extending through the column cross-section that 

had been previously repaired.  Without documentation of the 

initial repairs, supplemental reinforcing of the columns was 

required to assure that the design intent was met.  Four out of 
the six circular columns required a full height, continuous 

7/8-inch-diameter high-strength rod to be grouted through the 

center of the columns to resist tension loads induced by 

flexural stresses in the columns.  The other two circular 

columns required a high-strength steel rod doweled partially 

into the columns to extend past the existing cracks.  The two 

square columns were not damaged and did not require repair.  
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Additional Structural Design Checks 
 

Overturning 

The overturning stability of the structure was important to 

check because the isolation system is not designed to resist 

uplift.  The rubber bearings are attached to the foundation 

below and the Baldacchino slab above and hence will provide 

some vertical stability if slider uplift or vertical acceleration 
occurs.  However, in a design event, uplift is not anticipated. 

As ASCE 41 notes in Section 14.2.7.2.7, the 200% factor on 

design displacement is difficult to translate to isolator uplift 

and axial load, so there is no scaling requirement unless the 

design professional thinks it is necessary.  Based on the 

increased forces in the upper-bound case without uplift, it 

was determined that uplift is not a concern.  These forces 

represent a higher demand on the structure and a higher 

overturning compression force, as shown in Table 9. 

 

 Minimum 

Force (kips) 

Maximum 

Force (kips) 

Nominal Properties 8 75 

Lower-Bound 10 71 

Upper-Bound 2 85 

Table 9: Maximum Uplift and Compression Forces at a 

Friction Slider 

Accidental Eccentricity 

Per ASCE 41 Section 14.2.5.3, an applied mass eccentricity 

of 2% in each direction is acceptable for all seismically 

isolated structures where a nonlinear dynamic procedure is 

performed.  To avoid the need for a large number of analyses, 

the mass was shifted in the x-direction and y-direction for all 

earthquake cases that included the lower-bound isolator 

properties.  Amplification factors were then calculated as a 

ratio of the standard lower-bound case to the accidental 

eccentricities case.  

 

The nodal point loads representing the stem walls and slab 

were shifted in plan to meet the 2% criteria so that the rest of 
the structure loads did not need to be adjusted.  Per ASCE 41-

13, if all calculated amplification factors are less than 1.1 the 

effects of accidental eccentricity need not be considered. 

Both directions had amplification factors less than 1.1, thus 

accidental eccentricity was not considered. 

 

Vertical Earthquake Motion Effects 

Per ASCE 41-13 Section 14.2.2.3, the effect of vertical 

ground motions must be taken into account. For this project, 

the effects of vertical shaking were explicitly accounted for 

by applying vertical acceleration time histories to the analysis 

cases.  Vertical accelerations affect the normal load applied to 

the sliding isolators, which changes their response.  The 

vertical accelerations were investigated with the lower-bound 

case since that is the case with the highest displacement. 

Vertical accelerations were added to nine of the ten 

earthquake cases, as they were not available for EQ 725. 

Vertical accelerations were also added to the Ritz vectors of 

the model.  The vertical motions minimally increased the 

resultant displacements and the base shear.  However, the 

scale factors for both were less than 1.1, so, similar to the 

mass eccentricity, the effect of vertical motions were not 

further investigated for this project. 
 

The compression forces on the sliders change due to the 

addition of vertical accelerations.  Two earthquake records 

(RSN 95 and RSN 549) experience uplift displacements 

during the record.  RSN 95 has the maximum uplift of 0.004 

inches.  The additional vertical stability of the rubber 

bearings is not included in the SAP2000 model.  This 

stability will prevent small uplifts due to vertical 

accelerations. 

 

Conclusions 
 

Seismic isolation was selected as the best option to reduce 

seismic demand from the nearby Rodgers Creek Fault in 

order to retrofit the brittle marble sculpture.  Utilizing an 

array of seismic devices comprising of two rubber bearings, 

three friction sliders, and four viscous dampers, allowed for a 
nonintrusive retrofit of the Baldacchino that met the 

objectives set forth by the Parish.  The geometric constraints 

of the existing cathedral, the dimensions of the Baldacchino, 

and the anchorage of the seismic devices presented a unique 

challenge in selecting and designing the seismic devices.  The 

retrofit included modern construction materials such as FRP, 

thickened epoxy, and adhesive dowels to interconnect the 

multiple pieces of the historic sculpture 

 

The sculpture installation was finalized in October 2016, as 

shown in Figure 9, and the design team is proud of this 

monumental piece of art that can be viewed in Saint Eugene’s 

Cathedral in Santa Rosa, CA.  Collaboration of the design 

team, manufacturers, FRP supplier, peer reviewer, and 

contractor was instrumental in determining the optimal 

isolation system to allow this unique structure to be rebuilt in 

Northern California. 
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Figure 11: Finished Construction of the Baldacchino 
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