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ABSTRACT
Dynamic Analysis and Seismic Retrofit of the Point Sur Lighthouse

Nicholas Dekker

The Point Sur Lighthouse is an unreinforced stone masonry building completed in 1889
on the central coast of California. The lighthouse is listed on the National Register of Historic
Places and is still an active aid to navigation. The original first-order Fresnel lens was removed
from the lantern room and placed in safekeeping due to its high risk of damage in the event of a
strong earthquake. The lens has been approved to return to its original setting but the seismic
performance of the building must first be assessed in order to ensure the safety of the lens and
lighthouse, specifically the out-of-plane behavior of the unreinforced masonry walls, the
implementation of possible seismic retrofit schemes, and the effects of the lens’s added weight.

This research focuses on the dynamic behavior of the lighthouse in its current state and
the changes in the dynamic behavior each of the proposed seismic retrofit schemes might cause.
For the purposes of this research, dynamic behavior is considered as natural frequencies, mode
shapes, and related structural properties. The dynamic behavior of the lighthouse was assessed
using two main methods: forced vibration testing and finite element computer modeling. Forced
vibration testing is a nondestructive testing method that can be used to directly characterize
dynamic behavior of a structure, and finite element computer modeling is useful for the design
and simulation of dynamic behavior of both new and existing structures. The combination of
these two methods on the Point Sur Lighthouse will work to develop and prove state-of-the-art

seismic retrofitting techniques.

Keywords: Unreinforced Masonry, Seismic Retrofit, Forced Vibration Testing, Finite Element
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1.0 INTRODUCTION
1.1 Overview

The Point Sur Lighthouse is a historic unreinforced masonry structure that is susceptible
to damage in an earthquake due to a number of factors, mainly its inadequate lateral load
resistance capacity coupled with the high seismicity of its location. The tall unreinforced
masonry walls and weak roof diaphragms have a particularly high risk of damage. Though the
original first-order Fresnel lens is not currently in the lighthouse, its repatriation has been
approved by the U.S. Coast Guard and it will also have a high risk of damage when it returns.
The goal of this thesis was to determine the most effective seismic retrofit schemes for the
lighthouse using a combination of ultra-low forced vibration testing [1,2] and finite element
computer modeling. This combination is unusual in seismic retrofitting because it is time and
labor intensive, but it was justified in this case because of the extreme care that needs to be taken

to preserve the historic structure. The lighthouse is shown in Figure 1.1-1.

Figure 1.1-1: Point Sur Lighthouse
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1.2 Purpose of Research

The purpose of this research was to develop and prove state-of-the-art seismic retrofitting
procedures by implementing a combination of analysis methods on the historic Point Sur
Lighthouse. One relatively uncommon seismic analysis method is ultra-low forced vibration
testing, which is nondestructive, simple to conduct, and has a wide range of applications
including structural damage detection [4] and system behavior identification [5]. Finite element
computer modeling is an analysis method commonly used in the design of new construction.
Finite element programs allow a structure to be modeled according to the architect’s and
engineer’s specifications to meet structural loading criteria. However, finite element modeling is
just as useful in studying existing structures. These methods are considered state-of-the-art
because they have only recently been made possible by advances in technology including
sensors, computers, and programming, but are not yet commonly used in the majority of
structural engineering practices.

The combination of these two techniques on a single retrofit project is unusual because
neither technique follows prescriptive procedures like the ones found in building codes, instead
they rely on engineering judgement and experience in structural design. These techniques are
also time and labor intensive. Ultra-low forced vibration testing requires an extensive amount of
field work and subsequent data analysis, while finely tuned finite element computer modeling
requires a high attention to detail and informed user input between solution operations. With an
increasing need for careful seismic retrofitting of historic structures, the combination of these
techniques may one day be a viable option for historic structures or even commonplace

buildings, and this research is an important step in its widespread use.
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1.3 Scope and Topics

Before this research began, the lighthouse was evaluated according to tiered screening
procedures found in the American Society of Civil Engineers ASCE 41-17: Seismic Evaluation
and Retrofit of Existing Buildings [6] and basic retrofit components were designed to satisfy the
structural deficiencies that were discovered. The ASCE 41-17 retrofit designs and other designs
developed during this research made up the collection of designs that were evaluated. The
lighthouse was also subjected to ultra-low forced vibration testing and data was collected that
gave insight into the dynamic behavior of the lighthouse as it currently stands. This data was
essential in the confirmation of the finite element model created in RISA-3D as it validated the
results that were found under various loading scenarios and guided decisions that were made in
the modeling process.

The majority of this research focused on the analysis of the lighthouse and potential
seismic retrofit schemes that may be implemented in the lighthouse. At the start of this research,
a finite element model was created of the as-built lighthouse to serve as a base model and was
then modified to include each of the retrofit designs. In each of the models, a modal analysis was
conducted in order to obtain natural periods and frequencies, mass participation, and mode
shapes. These results provided only a start of the comparison between retrofit schemes, and a
comparison of mode shapes proved especially difficult because of their unitless nature. Next, a
linear static design level seismic load was applied to each of the models in order to achieve a
more qualitative assessment based on the comparison of the deflections of components. Similar
analyses were conducted again with the addition of the Fresnel lens, which was modeled as a

point mass in its original location in the lantern room. Finally, a modal response spectrum
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analysis was conducted in each both plan directions to compare the retrofit schemes. The final
analysis was effective at highlighting the differences in the retrofit schemes that the other
analyses could not. These analyses were used to evaluate the effectiveness of various retrofit
schemes on improving the dynamic behavior of the lighthouse as a whole and of its major
components individually. Only estimated member sizes and configurations for each of the
retrofit schemes were proposed in this research and their complete design was left to a design
professional at a later stage in the retrofit process.
1.4 Literature Review

The Piedras Blancas Lighthouse is a historic lighthouse located roughly 65 miles south of
the Point Sur Lighthouse on California State Route 1. The two lighthouses began operation in the
late 1800s and share a similar elevated historical status. Like Point Sur, the Piedras Blancas
Lighthouse is also unreinforced brick masonry construction and was evaluated according to a
similar combination of forced vibration testing and finite element computer modeling in order to
determine the best course of action for retrofitting the structure. The forced vibration testing was
used to confirm the accuracy of the dynamic behavior simulated in the finite element model. The
finite element model was also used to inform the possible retrofit options [7]. The work done on
the Piedras Blancas Lighthouse has a similar scope and timeline as the work started on the Point
Sur Lighthouse with this research and will continue with future research. The retrofit decisions
made for one lighthouse will help inform the decisions for the other lighthouse, as the
lighthouses have a similar course of action: analyze the lighthouse with forced vibration testing
and finite element modeling, design and implement a seismic retrofit scheme, and evaluate the

accuracy of the original analysis using the same analysis methods. The structural systems that
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will be used to retrofit each of the lighthouses may be different since the Point Sur Lighthouse is
a tower with adjoining rooms while the Piedras Blancas Lighthouse is only a freestanding tower,
but the methodology is the same.

Sourer et al. [8] tabulated the results of tests performed on full-scale stone masonry walls
of a similar construction and material to the ones found in the Point Sur Lighthouse. The purpose
of the research was to determine material properties of typical sandstone masonry buildings of a
particular era. The walls were tested past their peak axial capacities both in-plane and out-of-
plane. Tests by others on smaller material samples were also included in the results to compare
material properties such as Young’s modulus and shear modulus. Even though the walls of the
Point Sur Lighthouse are not expected to reach, let alone exceed, their peak axial capacities in
any foreseeable loading scenario, some amount of strength degradation may be assumed to be
present due to the age of the construction and proximity to the ocean. The data from Sourer et al.
was useful in determining proper material properties to use in the finite element model of the
lighthouse.

Furtmiiller and Adam [9] gave recommendations on material properties of historical brick
and mortar to be used in numerical models based on sample testing. Brick and mortar samples
were extracted from buildings constructed in Vienna, Austria within a certain range of years that
include the year the Point Sur Lighthouse was constructed. A mean and standard deviation were
provided for the tested properties due to the large number of tests that were conducted. The test
samples’ material properties were matched with numerical models. The purpose of the research
was to determine material properties of brick masonry for more accurate and efficient numerical

modeling on a number of different modeling scales. The data from Furtmiiller and Adam was
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useful for accurate material property inputs in the finite element model since a portion of the
lighthouse’s tower is constructed with brick masonry.

Vaculik [10] developed both force and displacement-based seismic design methodologies
for unreinforced masonry walls out-of-plane. The focus of the research was displacement-based
methodologies for two-way spanning unreinforced masonry walls, which is one of the primary
areas of study needed at the Point Sur Lighthouse. Even though the main unreinforced masonry
typology studied by Vaculik is not the same as that found in the lighthouse, Vaculik generalized
the final recommendations of the research so that they may have a wide range of applications.
Two-way walls were found to have a much larger strength and displacement capacity than
vertically spanning walls and parameters were identified for two-way walls that are beneficial to
the wall’s out-of-plane resistance capabilities. Advantages of two-way spanning walls over
vertically spanning walls were found to diminish with the failure of connections to adjacent walls
acting as supports.

1.5 Future Research

This research may continue with more advanced finite element modelling of the
lighthouse and its potential retrofit schemes. The finite element program used in this research
was RISA-3D because of its user-friendly interface and the ease with which a user can model
and manipulate 8-node solid elements, though other programs may be used to supplement the
analyses conducted. There are many model input parameters that may be fine-tuned to better
reflect the dynamic behavior of the lighthouse. A number of other types of loading scenarios may
be run in RISA-3D that were not already run for this research, and they could be used to further

compare the proposed retrofit solutions.
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This research may also continue with additional ultra-low forced vibration testing on the
lighthouse as it stands and if/when a retrofit scheme is eventually installed. If one of the retrofit
schemes that has been recommended in this research is installed, the finite element model for
that retrofit scheme can be compared directly to the additional ultra-low force vibration testing
results. If a new retrofit scheme is installed, that scheme can easily be modeled in the as-built
lighthouse finite element model and compared to the corresponding forced vibration testing

results.
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2.0 CURRENT LIGHTHOUSE
2.1 Overview

The Point Sur light was first activated in 1889 along the Big Sur coast of Central
California and is still an active aid to navigation. The lighthouse (and other buildings used to
support the lighthouse) was constructed of unreinforced sandstone masonry hewn from the hills
nearby. Though the sandstone walls are approximately 20" thick and portions of the lighthouse’s
tower are even thicker, there are still significant structural deficiencies present that must be
addressed in order to preserve the lighthouse and protect the valuable first-order Fresnel lens
once it returns to its original setting in the lighthouse’s lantern room. The most glaring
deficiencies in the lighthouse are the tall gabled walls, which are expected to have poor dynamic
behavior out-of-plane should a strong earthquake occur, the roof lateral force resisting system
deficient in both strength and stiffness, and uncertainties in the foundation capacity [11].
2.2 History

The Point Sur Lighthouse is located approximately halfway between San Francisco and
San Luis Obispo on California State Route 1 at the northern end of the Big Sur coast, shown in
Figure 2.2-1. The Big Sur coast became known for its heavy fog and high winds by Spanish
explorers and later tallow and hide traders. The beginning of the California gold rush in 1849
quickly increased coastal shipping through the area and it became clear that a light was needed at
Point Sur to fill the gap between the Piedras Blancas light approximately 55 miles to the south by
sea and the Pigeon Point light approximately 65 miles to the north by sea. President Andrew
Johnson signed an Executive Order in 1866 that reserved the site for a lighthouse [12]. The

wreck of the steamer Ventura in 1875 motivated petitions to the U.S. Lighthouse Service Board
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Figure 2.2-1: a) Central Coast Lighthouses [13], b) Point Sur Lighthouse Location [14]

for funds to build a light at Point Sur, but the first funds were not allocated until 1886. Congress
allocated $50,000 for construction of the lighthouse in 1886, another $50,000 in 1887 to continue
the construction that had stopped [15], and a final $69,100.69 in 1887-1888 to fund the project to
completion [16] for a total of $169,100.69, or about $4,600,000 in 2020 dollars.

The lighthouse was equipped with a first-order Fresnel lens, the largest class of Fresnel
lenses, which is a compact type of lens adapted for use in lighthouses by Augustin-Jean Fresnel.
The entire lens assembly stands 18’ tall and weighs almost 10,000 Ibs. The lens alone stands 8’
tall by 6’ in diameter and weighs 4,330 Ibs. The lens consists of panels of concentric rings of
glass prisms that focus light rays from the inner light source into a single large beam. An
example of a first-order lens is shown in Figure 2.2-2. Each lighthouse along the coast

broadcasted light with a unique pattern and color combination so that ships could determine their
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location by triangulation; the Point Sur light alternated red and white flashes spaced 15 seconds
apart. The light from the Point Sur Lighthouse was first activated on August 1, 1889 and could

be seen for 23 nautical miles.

e ausce E « R :
(a) (b)
Figure 2.2-2: a) Example of First-Order Fresnel Lens in Section
b) First-Order Fresnel Lens at Point Sur [17]

A lighthouse keeper and a number of keeper’s assistants lived on the rock with their
families in order to maintain the lighthouse and fog signal 24 hours a day. Though the lighthouse
improved navigations along the Big Sur coast, there were still shipwrecks that occurred nearby.
The most famous wreck off Point Sur was the USS Macon airship which fell into the ocean in
1935 and whose wreckage was not located until 1991. The U.S. Coast Guard assumed
responsibility for all aids-to-navigation in 1939 and automated the Point Sur Lighthouse in 1974;
the lighthouse is an active aid to navigation to this day. The Point Sur Light Station was placed

on the National Register of Historic Places in 1980 and along with the area nearby, makes up the

Point Sur State Historic Park, shown in Figure 2.2-3.
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Figure 2.2-3: Point Sur State Historic Park [18]

2.3 Building Description
2.3.1 Lighthouse

The lighthouse consists of three main sections that form a T-shape in plan: the fog room,
the tower, and the radio room, shown in Figure 2.3-1. The fog room is the section located
furthest to the west and is 33’4” by 40'0” in plan. The walls are constructed of unreinforced
sandstone masonry roughly 20" thick and range in height from 13'10" at the rectangular walls on
the east and west sides to 226" at the peak of the gabled walls on the north and south sides. The

roof is supported by trusses that span in the east-west direction and are constructed of 4x wooden
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members of various depths and 1" steel rods. Atop the wooden trusses are purlins, subpurlins, 1”
straight sheathing, and roofing material.
The radio room is the section located furthest to the east and is 17'8" by 160" in plan.

The walls are also constructed of unreinforced sandstone masonry roughly 20" thick and range in
height from 12'9" at the rectangular walls on the north and south sides to 18'8" at the peak of the
gabled wall on the east side. The roof is supported by trusses that span the 16 direction and are
constructed of 2x and 1x members of various depths. Atop the trusses is straight sheathing and
roofing material, though this is not directly visible like it is in the fog room because the ceiling

and walls are plastered over.
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Figure 2.3-1: Point Sur Lighthouse Plan

The tower is located between the fog room and the radio room in plan, forming the west
wall of the radio room and coinciding with a portion of the east wall of the fog room. The outer

surface of the tower’s section is rectangular in plan and was constructed with unreinforced
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sandstone masonry, measuring 17'0” by 17'2". The inner surface of the tower’s section is circular
in plan with a diameter of 12'0” and was constructed with roughly 12" of unreinforced brick
masonry. The spiral staircase that runs the height of the tower is broken up by an intermediate
landing 13'4” from the ground level and reaches the watch room level 24'8" from the ground
level. The tower’s section changes at the watch room level from a square to a circle, with an
inside diameter of 12'0” and an outside diameter of 15'4”, constructed solely with unreinforced
sandstone masonry. Both the inside and outside of the watch room level is clad in steel plate. The

south elevation of the lighthouse is shown in Figure 2.3-2.
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Figure 2.3-2: Point Sur Lighthouse South Elevation

The watch room extends 7’3" up to an elevation of 31'11"” and is where the Fresnel lens
stand was originally mounted. The lamp inside the lens was rotated by a mechanism powered by

descending weights. The shaft that housed those weights extends from the ground level up to the
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watch room floor level. The lantern room is directly above the watch room and extends another
9’6" up to an elevation of 41'5". The lens filled the lantern room and was accessible from the
inside by a small staircase and from the outside by a narrow catwalk. The roof above the lantern
room was constructed with cast iron fixtures and copper plate. The height of the tower to the top
of the ventilator ball, not including the lightning rod, is 49'6".
2.3.2 Lens Removal and Repatriation

The lighthouse’s lens was manufactured in 1887 by a firm in Paris and its light was
produced first by a kerosene lamp and later by an incandescent lightbulb. The United States
Coast Guard automated the lighthouse’s operations in 1974, shifting the function of producing
light from the Fresnel lens to a modern aero beacon mounted outside the lantern room nearby.
The Coast Guard removed the Fresnel lens from the lantern room in 1978 for safekeeping and
moved the aero beacon into the lantern room. The lens was taken from storage and loaned to a
maritime museum in Monterey from 1992 to 2017. The lens is currently back in storage but has
been approved to return to the lighthouse following a request to the United States Coast Guard
by the Central Coast Lighthouse Keepers. Point Sur’s lens may be repatriated on the condition
that a seismic evaluation and retrofit be performed on the lighthouse, making it the only first-
order Fresnel lens that has been approved to return to its original setting in the country. This
research aimed to contribute to the seismic evaluation of the lighthouse as it currently stands, but
also to analyze the lighthouse with the added weight of the lens before the lens returns. Any
retrofit scheme that was studied must take into account the added weight of the lens including the

effects on the dynamic behavior of the lighthouse.
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2.3.3 Other Light Station Buildings

Other buildings were built on Point Sur at the same time as the lighthouse to support the
people and operations necessary to maintain the lighthouse’s light and later its fog signal. Many
of those buildings are still standing and available for tour along with the lighthouse, making the
Point Sur Light Station the only complete turn of the century light station open to the public in

California [19]. The light station is shown on its perch on Point Sur rock in Figure 2.3-3.

Figure 2.3-3: Point Sur Light Station [3]

The head keeper’s quarters are one story constructed in unreinforced sandstone masonry
with a second story of light wood framing added later. The assistant keeper’s quarters is three
stories and also built in unreinforced sandstone masonry. Restoration projects were undertaken
for both of those buildings that included refurbishing the interior and exterior and strengthening
the structure. These buildings have many of the same deficiencies as the lighthouse, for example
weak walls out-of-plane and weak lateral force resisting system components. Unlike the

lighthouse, the seismic strengthening components that were added in the living quarters will be
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hidden with plaster once the restoration projects are complete. The strengthening components
and techniques used in the living quarters will be used as examples when designing the retrofit
components for the lighthouse.

The main difficulty in adding components to the lighthouse is their intrusion on the
original architectural features, since any modern additions to the building must maintain the
building’s historic character. Figure 2.3-4 shows a new lateral force resisting connection installed
in the assistant keeper’s quarters. In the lighthouse, sufficient anchorage into the unreinforced
masonry like the anchorage shown will be necessary no matter what retrofit scheme is selected
because all schemes require improved load transfer between the heavy masonry walls and the
light roof diaphragm. New members in the lighthouse will most likely be stainless steel rather

than wood so they can be smaller and corrosion resistant, also like the ones shown in the figure.

Figure 2.3-4: Example of Anchorage into Unreinforced Masonry

2.4 Lighthouse Structural Deficiencies
Before the original lens may be repatriated to the lighthouse, a seismic evaluation of the

lighthouse must be completed to ensure the valuable lens will be safe in the event of strong
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ground motions. Even though the lens would be entirely supported by the lighthouse’s tower, the
entire lighthouse will be considered in the evaluation. The unreinforced masonry construction
and deficient lateral force resisting system components raise some of the most obvious concerns
but a more in-depth survey of the building shows there are a number of other vulnerabilities that
will need to be addressed. The unreinforced masonry in the building is expected to have very low
strength and URM is known to suffer from catastrophic failure in large seismic events. In the
case of the lighthouse, there are very few locations where such a failure might occur, but a
failure could still cause irreparable damage due to the fact that the building is small and has a
simple floorplan; any one failure could result in a large portion of the building being damaged. A
catastrophic failure could also occur within components of the lateral force resisting system.
2.4.1 Unreinforced Masonry

The majority of the lighthouse is constructed of unreinforced sandstone masonry cut from
the surrounding hills while the interior surface of the lighthouse’s tower is constructed from
unreinforced brick masonry. The in-plane shear strength properties of unreinforced masonry
walls have been studied in depth for better understanding of similar lateral force resisting
systems in URM buildings, since in-plane shear failures make up a large portion of all URM
failures in large seismic events. Out-of-plane failures of walls are known to be a deficiency of
URM construction and make up another large portion of URM wall failures in large seismic
events. Despite the similar hazards of in-plane and out-of-plane URM failure modes, there is still
a significant disparity between the research, assessment, and design techniques of the two main
types of failures [10]. One aspect of out-of-plane unreinforced masonry failure modes that has

received disproportionately little research is the behavior of two-way spanning walls because
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research has mainly focused on one-way spanning walls. This disparity in out-of-plane research
is unfortunate because two-way spanning wall failures are much more common in practice.
Figure 2.4-1 shows common crack patterns in one- and two-way spanning walls, where one-way
spanning walls usually exhibit cracking in only one direction while the crack patterns of two-way
walls are generally more complex and segmented with cracks that run in a combination of

horizontal, vertical, and diagonal directions.
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Figure 2.4-1: Expected URM Crack Patterns Based on Wall Span Direction [10]

In the case of the lighthouse, the expected mode of failure in the unreinforced masonry is
out-of-plane failure in two-way spanning walls, specifically at the north, south, and west walls of
the fog room. Even though the large thickness of the walls offsets the low strength of the
masonry and mortar system, the large height of the walls coupled with the large thickness and
inadequate restraint at the top edges of the walls still poses a risk of poor out-of-plane dynamic
behavior. The trends found in the crack patterns shown in Figure 2.4-1 were applied to some of

the walls of interest in the lighthouse, and the expected crack patterns of the walls are shown in
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Figure 2.4-2 as dashed lines. These crack patterns are based on the crack patterns of brick
masonry and may vary greatly due to the random ashlar bond pattern and varying dimensions of

the stones, shown in Figure 2.4-3.
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Figure 2.4-2: Expected URM Crack Patterns in the Lighthouse

Figure 2.4-3: Random Ashlar Sandstone Masonry Bond Pattern

The expected mode of failure in the URM walls is out-of-plane due to their large height
and lack of restraint at the roof. The lighthouse is only one story and the roof assembly is
extremely light, therefore the vast majority of the in-plane loads that the walls might experience

in a seismic event are inertial loads due to the walls’ own self weight. The portions of the walls
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that act as spandrels over doorways or piers between windows are the most vulnerable to in-
plane loading since they have a vastly reduced section compared to the portions of the walls
without openings. In general, the walls are expected to sufficiently resist in-plane loads because
the strength capacity of the walls in-plane is directly proportional to the thickness of the walls.
The expectation is the same in the tower because all areas of the cross section are as thick or
thicker than the walls.

Another complication that arises from the unreinforced masonry in the lighthouse is the
formation of proper connections between the masonry and new and/or existing components of
various materials. An example of sufficient anchorage into the masonry is shown in Section
2.3.3, though the instance described has the advantage of being concealed inside a wall cavity. It
will be important to balance the strength of the anchorage with the intrusion of the connection on
the historical character of the building. It also appears that the walls are constructed of more than
one vertical layer of stone masonry, further complicating any future anchorage design.
Fortunately, there are a number of different methods to properly anchor into the unreinforced
masonry that are minimally intrusive. These include drilling through the wall to attach a small
backing plate or coring down the center of the wall, inserting a bolt or rod, and filling the rest of
the cavity with grout.

2.4.2 Strength and Stiffness

Two of the most important considerations in basic elastic structural engineering are
strength and stiffness. Strength involves a structure’s ability to adequately resist applied forces
while maintaining stability, and stiffness involves a structure’s ability to adequately resist

applied forces without excessive deflection or vibration. The strength and stiffness properties of
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a member or system of members are related but are not directly proportional, and a good
example of this relationship is found in the lighthouse.

The gabled walls in the fog room are expected to have adequate strength in-plane, and
possibly out-of-plane, but low stiffness out-of-plane is the expected failure mode. The gabled
walls’ inadequate connection to the roof diaphragm suggests that the walls will behave more like
a cantilever than a simply supported beam and the geometry of a cantilever leads to a much
lower overall stiffness. Similarly, the rectangular wall in the fog room has adequate strength to
resist in-plane and possibly out-of-plane loading, but its long, inadequately unsupported top edge
could lead to excessive out-of-plane deflections as the controlling failure mode. A proper
connection to the roof diaphragm would greatly increase the overall stiffness out-of-plane for the
western rectangular wall as well, and the rectangular wall already benefits greatly from its
connection to the stiff tower through the fog room trusses. The tower is expected to perform well
in terms of both strength and stiffness because of the immense thickness of its cross section. The
stiffness of the tower is so great that reinstalling the lens in the tower is expected to have a very
small effect on the tower’s dynamic behavior.

The roof diaphragms in the fog and gable rooms are expected to be extremely deficient in
both strength and stiffness based on the assumed properties of their construction. In modern
construction, roof diaphragms are integral to the overall strength and stiffness of a building
because they are used to transfer lateral forces and unify lateral force resisting elements. In the
lighthouse, the diaphragms’ straight sheathing construction and inadequate connection between
walls and diaphragm means that the diaphragms will be incapable of properly transferring even

small lateral loads, let alone design level seismic loads.
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2.4.3 Lateral Force Resisting System

The lateral force resisting system (LFRS) as a whole is considered deficient because of its
undefined and discontinuous load path. To begin, the roof diaphragm itself is considered
deficient and is not expected to adequately resist the inertial loads placed on it by the heavy
sandstone walls in a major seismic event. The roof diaphragm also provides inadequate restraint
to the walls out-of-plane. One advantage that the roof diaphragm has is the very small inertial
loading due to its own self-weight. The simple floorplan is also an advantage because the four
walls of the fog and radio rooms can all act as LFRS elements between the roof levels and the
foundation. The simple floorplan also means that collectors are not directly necessary because
the sandstone walls that carry the lateral load to the foundation are practically continuous along
each wall line. However, chords are necessary for proper load resistance and there are no
continuous chords along any of the walls in the fog or radio rooms. The direct connection
between the roof diaphragm and the gabled walls of the fog room is either hidden or nonexistent
and the connection between the roof diaphragm and the rectangular walls of the fog room is
uncertain. Any information about the connections to the roof diaphragm must be obtained from
visual inspection. Figure 2.4-4 highlights the interface between the walls and roof diaphragm and
Figures 2.4-5 and 2.4-6 show the connections between the roof diaphragm and fog room

rectangular walls in detail. The detail numbers correspond to the detail callouts in Figure 2.3-1.
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Figure 2.4-4: Roof Diaphragm and Wall Interface
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Figure 2.4-5: Truss to URM Wall Detail #1

The LFRSs in the fog and radio rooms are incapable of working as a cohesive system due
to the lack of proper connectivity between elements. The unreinforced sandstone masonry walls
are expected to have sufficient strength in-plane, but significant damage may occur in a seismic
event due to the lack of restraint at the roof out-of-plane. The tower benefits from a simpler
construction layout than the adjacent rooms and is expected to have sufficient lateral strength due

to its thick and sturdy section.
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Figure 2.4-6: Truss to URM Wall Detail 2

2.4.4 Gravity Force Resisting System

The main gravity force resisting components are wooden trusses in the fog and radio
rooms. The trusses in the fog room have top chords of 4x8 wood members, bottom chords of
4x12 wood members, and a web of 4x6 wooden members and 1” steel rods. The fog room trusses
support 2x6 purlins, 3x4 subpurlins, 1" straight sheathing, and roofing. The trusses in the radio
room have a much smaller span than the trusses in the fog room and have top chords of 2x6
wood members and web members of 1x6 and 2x6 wood members. The radio room’s trusses
support only 1” straight sheathing and roofing. The trusses in the fog room bear directly on the
sandstone masonry walls in a small groove cut into the wall where the tower and fog room walls
do not coincide, or on a small projection extending into the fog room where the tower and fog
room walls do coincide. The bearing area on the masonry walls is sufficient for the members and
gravity loading conditions but the connections may still be deficient for lateral loading.

The main gravity force resisting components in the tower are steel beams, used only to

support the stairs and landings at this time since the lens is not currently in the lantern room. The
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beams bear directly into the brick masonry of the inner section of the tower, though there may be
a more developed connection inside the walls. The beams are expected to have adequate strength
to support the lens once it returns to the lighthouse. The landings are ribbed steel plate and bear
into the brick masonry in a fashion similar to the beams. All gravity framing has been deemed
sufficient by inspection since member sizes are large and gravity loads are generally low. Even
though the added weight of the repatriated lens in the lantern room should not damage the
existing framing, the existing gravity connections may need to be strengthened to more safely
transfer higher inertial loads in the event of an earthquake.
2.4.5 Foundation

The condition and full extent of the lighthouse’s foundation is uncertain. At the time of
construction of the lighthouse, reinforced concrete technology was still relatively new and the
need for deformed rebar to improve the concrete’s tensile capacity was not yet fully understood.
Deformed rebar is known today to be an essential component of standard concrete construction.
A lack of deformed rebar, the building’s age, and possible degradation due to the proximity to
the ocean and 130-year lifespan of lighthouse could result in a foundation state of only limited
strength. Figure 2.4-7 shows portions of the lighthouse’s foundation that are exposed and whose
strength may be deteriorated, located near the southwest corner of the lighthouse. A number of
retrofit schemes proposed later in this research are centered around strengthening techniques that
would require contact with the foundation. When evaluating retrofit schemes, careful
consideration of any additional loads placed on the foundation were made, and final retrofit

recommendations were conservative due to the unknown strength of the foundation.
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Figure 2.4-7: Exposed Portions of Lighthouse Foundation, Southwest Corner

Even though some edges of the foundation sit near steep drop-offs and eroding soil, the
foundation as a whole is expected to allow the lighthouse to remain stable in the event of a strong
seismic event. This confidence is based on the fact that the foundation was constructed very near,
if not directly on, bedrock and changes in slope stability have historically been minimal. The site
of the lighthouse and the roads leading to it were cut directly from bedrock and it can be assumed
that the concrete foundation extends sufficiently close to bedrock to avoid overturning, sliding,
liquefaction, or any other foundation failure, similar to other locations on the point [20].

2.5 Retrofit Timeline

The timeline for retrofitting the Point Sur Lighthouse is currently unknown. Much of the
retrofitting process depends on available funds raised by the Central Coast Lighthouse Keepers,
who are the main supporters of all the light station’s restoration projects. The full design of any
proposed retrofit scheme is outside the scoop of this research and would therefore need to be

completed by an engineering professional.
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3.0 PAST EVALUATIONS
3.1 Overview

The Point Sur Lighthouse was subjected to ultra-low forced vibration testing before this
research began. The ultra-low forced vibration testing used a linear mass shaker to induce a small
sinusoidal load at a point on a structure and the resulting accelerations were measured around the
building using piezoelectric accelerometers. Data was collected that gives insight into the
dynamic behavior of the lighthouse as it currently stands, including mode shapes and load path
deficiencies. The data was also essential in the confirmation of the finite element model created
in RISA-3D, as it validated the results that were found under various loading scenarios and
guided modeling decisions. The lighthouse was also evaluated before this research began
according to the tiered screening procedures found in the American Society of Civil Engineers
ASCE 41-17: Seismic Evaluation and Retrofit of Existing Buildings [6], an accepted standard for
seismic retrofit procedures. Each of the three tiers of procedures increase in complexity and
inspection from the next, where the first tier includes only a preliminary review of construction
drawings or the structure itself and the third tier involves designing solutions. A basic retrofit
scheme was developed in order to resolve the structural deficiencies identified in the screenings.
The retrofit scheme served as a starting point for the design of other schemes and a baseline
when studying the dynamic behavior of the building before and after modification.
3.2 Ultra-Low Forced Vibration Testing
3.2.1 Description

Forced vibration testing (FVT) is a method of studying the dynamic properties of an

existing building using a mass shaker to induce a load and accelerometers to measure the
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building’s response. Large scale FVT typically involves an eccentric mass shaker anchored to the
building that induces a load using a series of weights eccentrically attached to a rotating shaft.
This method of testing is difficult because the mass shaker is often very large and heavy, making
it challenging to transport and install. The anchorage of the device to the building requires
additional equipment and may damage architectural finishes. Ultra-Low Forced Vibration
Testing (UL-FVT) is a relatively new concept in forced vibration testing that uses portable
equipment and a small linear mass shaker to induce a test load at ultra-low amplitudes with
resulting accelerations that are imperceptible to occupants. The UL-FVT test of a building can be
conducted by a single engineer using equipment with a total cost of less than $15,000 and
compact enough to be transported on a handcart [1]. For these reasons, it is the ideal method of
structural testing for the remote Point Sur Lighthouse.

The equipment necessary for a UL-FVT test is limited to a signal generator, amplifier,
and linear mass shaker for the loading and accelerometer(s), data acquisition device, and laptop
computer for the response recording, all shown in Figure 3.2-1. The linear mass shaker and
eccentric mass shaker produce load in a similar way but the linear mass shaker exerts its load on
the structure through friction at its base instead of mechanical anchorage. The shaker is not
limited to only sinusoidal load patterns but is capable of receiving and replicating seismic ground
motion signals from the signal generator. The maximum load amplitude that the shaker used in
this research can consistently produce is roughly 30 lbs. between the frequencies of 2-20 Hz. The
accelerometers used for the tests in this research can measure the response of the building down

to a resolution of 1-3 ug, or 1x10°6 times the acceleration due to gravity.
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Accelerometes DAQ Computer

Figure 3.2-1: UL-FVT Equipment [21]

The UL-FVT method is characterized by four different activities: an initial broad-range
ambient vibration test (AVT) used to find likely natural frequencies, a forced vibration test that
sweeps through smaller ranges of frequencies to pinpoint the exact natural frequencies identified
in the AVT, another forced vibration test that sweeps through smaller ranges of frequencies
centered around a natural frequency to determine the frequency’s damping ratio, and finally an
extended forced vibration test at a particular natural frequency to record the mode shape at
steady state vibration. The position of the shaker and accelerometers can have a large effect on
the clarity of the results so great care must be taken during both testing and data processing. The
shaker should be positioned to maximize the response of the mode of interest but minimize the
response of other modes.

The accelerations recorded during the AVT are generated by occupants or equipment in

the building and are generally in the range of 5-10 png. Large HVAC units may generate ambient

vibrations of up to 100 pg. The first forced vibration test sweeps through the range of
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frequencies centered on the expected natural frequency continuously. In the second forced
vibration test, frequencies of interest are determined manually. Frequencies of interest can be
identified by their peak accelerations recorded in forced vibration tests, which in large buildings

typically range from 20-40 pug when the shaker’s excitation frequency is not at the natural

frequency but can reach 1000 pg when the shaker’s frequency is at the natural frequency.
3.2.2 Theory and Methodology

The basis for any ambient or forced vibration testing method is dynamic amplification,
which relates the deformations of a structure due to a statically applied load to the deformations
of a structure due to a harmonically applied load of the same amplitude. The amount of dynamic
amplification depends on the ratio of the structure’s natural frequency to the loading frequency
and the damping of the structure. The closer the natural and loading frequencies, the larger the
dynamic amplification, but when the loading frequency is significantly larger than the natural
frequency, dynamic deformations will be smaller than their corresponding static deformations.
Dynamic amplification is useful in an ambient or forced vibration test because it allows for clear
identification of natural frequencies and mode shapes of large structures even though the
harmonic load amplitude is significantly smaller than the design loads of the building.

The derivation of the dynamic amplification factor begins with the basic equation of
motion for a damped structure subjected to a harmonic load and may be adapted for a structure
with a single degree of freedom or multiple degrees of freedom. A more complete derivation
may be found in Chopra [22] or Ramos [5]. The variables in Equation 3.2-1 represent the

following values: m, ¢, and k are the mass, damping, and stiffness of the structure, respectively,
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ii, u, and u, are the acceleration, velocity, and displacement functions of the structure,
respectively, and p, is the amplitude of the harmonic load at circular frequency .

mii + cit + ku = p, sin(wt) (Equation 3.2-1)
Initial conditions used to solve the differential equation are shown in Equation 3.2-2.

u=u(0) and u=u(0) (Equation 3.2-2)
The solution to the differential equation is shown in Equation 3.2-3 and only includes the
particular solution since the complementary (transient) solution will gradually decrease to zero.

u(t) = Csin(wt) + D cos(wt) (Equation 3.2-3)

Variables C and D are defined in Equations 3.2-4 and 3.2-5, respectively, where C is the damping

ratio and @, is the natural circular frequency of the structure.

C_po 1_(0)/5071)2 E ion 3.0-4
=k 1= (o o + 200 /o] (Equation 3.2-4)
D = Po —26(w/on) (Equation 3.2-5)

k1= (/02 + 280/ @)1
Rewriting Equation 3.2-3 and substituting in C and D gives Equations 3.2-6, displacement as
function of time. Double differentiation of Equation 3.2-6 yields Equation 3.2-7, acceleration as

a function of time.
u(t) = %Rd sin(wt — @) (Equation 3.2-6)
i) = — % R, sin(wt — 4) (Equation 3.2-7)

The deformation response factor R, , defined in Equation 3.2-8, relates the maximum static

deformation to the maximum dynamic deformation, while the acceleration response factor R, ,
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defined in Equation 3.2-9, is the acceleration equivalent to R;. Plots of the deformation and

acceleration response factors versus frequency ratio @ /@, are shown in Figure 3.2-2.

1 .
8= T (o /o T + (2o fan]? (Equation 3.2-5)

R, = (o /wy)*Ry (Equation 3.2-9)
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Figure 3.2-2: Response Factors R; and R, vs. Frequency Ratio @ /@, [22]

The response of a structure with low damping increases dramatically when excited close
to the structure’s natural frequency. The expected acceleration response factor for the Point Sur
Lighthouse is roughly 16 because of its low average damping of 3.13%. The sharp increase in

response due to dynamic amplification allows for clear identification of a resonant frequency on
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a plot of acceleration amplitude versus excitation frequency. This frequency-response curve is a
useful format for data recording in forced vibration testing. A resonant frequency on a
frequency-response curve is effectively equal to the natural frequency for small damping ratios.
Before the acceleration response data from UL-FVT may be plotted against excitation frequency,
it must be converted from the time domain to the frequency domain. This conversion is done
continuously and in real time during testing by the laptop’s software using a fast Fourier

transform (FFT). A graphical representation of the FFT process is shown in Figure 3.2-3.
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Figure 3.2-3: Graphical Representation of a Fast Fourier Transform [23]

The damping for the structure at a certain natural frequency can be found using the
frequency-response curve and half-power bandwidth method. The half-power bandwidth method
is useful in a forced vibration testing because the value of the applied force is not required in the
calculation. The damping ratio  as a percent of the critical damping can be calculated using

Equation 3.2-10, where f,, is the natural frequency and f, and f}, are the frequencies with a
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response amplitude of 1/+/2 of the natural frequency’s response amplitude. A graphical

representation of this calculation is shown in Figure 3.2-4.

c=Ta " Jo 100 (Equation 3.2-10)
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Deformation response factor Ry
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Figure 3.2-4: Half-Power Bandwidth on Frequency-Response Curve [22]

The variable ¢ in Equations 3.2-6 and 3.2-7 represents the phase angle or phase lag of the
response with respect to the loading, and it is calculated using Equation 3.2-11. The phase angle
of a mode defines how long the maximum response lags behind the maximum force amplitude,
and it may not be ignored in forced vibration testing when modes have closely spaced
frequencies such as in the Point Sur Lighthouse. Exciting a structure at one of its natural
frequencies when its other natural frequencies have a similar value (especially when they are
below the frequency of interest), could lead to an “impure” mode shape that is made up of not
only the mode shape of the natural frequency of interest but also the mode shapes of lower
natural frequencies. A low enough damping ratio would theoretically minimize the interference

of the phase angle, but sufficient experience with forced vibration testing in the real world shows
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that this is not always the case. A plot of phase angle versus frequency ratio @ /@, is shown in

Figure 3.2-5.

_ _1 20(w/ wp)
N S TS

(Equation 3.2-11)
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Figure 3.2-5: Phase Angle ¢ vs. Frequency Ratio @ /@, [22]

One practical method of reducing the phase angle and interference from other mode
shapes on the mode shape of interest is by fine-tuning the placement of the shaker within the
building. The best shaker position for a natural frequency is one that mimics the mode shape of
that natural frequency. Shaker placement is known to alter results considerably and proves
difficult in buildings with irregular floorplans or lateral system configurations [21]. The available
areas for shaker placement in the Point Sur Lighthouse are limited to inside the tower, making it
difficult to single out the mode shape and natural frequency of only one of the modes whose
main response occurs in the tower.

The response of a structure at a certain natural frequency may be maximized by

mimicking the mode shape of that natural frequency because the response of a structure in real
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space is proportional to the response of the structure in modal space. Equations 3.2-12 and 3.2-13
are the modal equivalents of Equations 3.2-6 and 3.2-7, modal displacement and acceleration of

mode n due to a harmonic load as functions of time.

P,
g, (t) = K—"Rd sin(at — ¢.) (Equation 3.2-12)
n
. P, . .
Gn(t) = — M—Ra sin(wt — @) (Equation 3.2-13)

n

The mass m, stiffness k, and harmonic load p(t) in real space may be related to equivalent terms
in modal space M,, , K,, , and P, (t) through @, and ®}, the mode shape vector of mode n. These

relationships are shown in Equation 3.2-14, 3.2-15, and 3.2-16. It should be noted that ¢_

represents the phase angle of mode n while @, represents the mode shape vector of mode 7.

M, =dImao, (Equation 3.2-14)
K,=o'k o, (Equation 3.2-15)
B,(t) = oI p(t) (Equation 3.2-16)

Equations 3.2-17 and 3.2-18 are the final expressions relating real and modal displacements and
accelerations q(t) and G (t), where @ is the mode shape matrix of the system.
u(t) = @q(t) (Equation 3.2-17)
iu(t) = @G(t) (Equation 3.2-18)
Further applications of these relationships are discussed in Section 7.3.4 and may be explored in
future research.
3.2.3 Example Research — Piedras Blancas
The Piedras Blancas Lighthouse is another historic lighthouse located approximately 65

miles south of the Point Sur Lighthouse on California State Route 1. It began operation in 1875
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and is also listed on the National Register of Historic Places. Like Point Sur, this lighthouse is
unreinforced brick masonry and was evaluated according to a similar combination of forced
vibration testing and finite element computer modeling in order to determine the best course of
action for retrofitting the structure. This research used a similar procedure to evaluate the Point
Sur Lighthouse.

The UL-FVT test setup for the Piedras Blancas Lighthouse included a number of
accelerometers along the lighthouse’s 70" height and a linear mass shaker placed on the concrete
slab that caps the tower. The same UL-FVT method described in Section 3.2.1 was used to test
the lighthouse, starting with an ambient vibration test that yielded accelerations in the range of
20-30 pg and then a forced vibration test that yielded resonant accelerations in the range of 3000
ng. The large increase in response at resonance can be attributed to very low damping. The
fundamental period (frequency) of the structure was found to be roughly 0.20 seconds (5 Hz).

The data collected during UL-FVT was used to validate the results of a finite element
computational model created to explore possible retrofit options. The model’s fundamental
period was approximately 0.15 seconds and normalized mode shapes corresponded closely to the
mode shapes found experimentally. The accuracy of the dynamic behavior simulated in the finite
element model will give confidence to the future retrofit designers that any retrofit design can be
realistically modeled before it is installed. Adding possible retrofit components to the finite
element model of the lighthouse will allow designers to check the strength capacity of the
component against seismic loading demands and also determine its effects on the dynamic

behavior of the building, which is much more difficult to do using building code procedures [7].
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3.2.4 Test Setup

The UL-FVT test on the Point Sur Lighthouse was conducted in August 2018 and data
was recorded at six locations of interest around the building. Each location of interest was
equipped with two accelerometers oriented in orthogonal directions and aligned in the local
north-south and east-west directions, parallel and perpendicular to the walls of the lighthouse.
The lighthouse is oriented so that true “global” north is roughly 45° west of what will be called
“local” north and specified directions will be based on local north for clarity. The approximate
locations of the accelerometers are shown in plan, south elevation, and isometric view in Figure
3.2-5. The approximate accelerometer locations given are within a margin of accuracy that will
not significantly affect the quality of the data. Accelerometer A was placed on the floor of the
watch room, accelerometers B, C, and D were placed at the top of the walls oriented in the north-
south direction on the interior of the building, accelerometer E was placed on top of the wall
oriented in the north-south direction on the exterior of the building, and accelerometer F was
placed in the north window sill of the intermediate landing in the tower. The shaker was placed
in the watch room at the same location as accelerometer A and oriented in the local north-south
or east-west direction as well. The available areas for shaker placement in the Point Sur
Lighthouse were limited to the intermediate landing in the tower, watch room floor, and lantern
room catwalk. The intermediate landing in the tower was not used because the connections to the
surrounding masonry would not effectively transfer the shaker’s load and the lantern room
catwalk was not used because the shaker could not be placed at the center of the tower’s section.

The best location for the shaker was therefore the watch room floor.
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Figure 3.2-6: Accelerometer Locations in (a) Plan, (b) South Elevation, and (c) Isometric View
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3.3 Ultra-Low Forced Vibration Testing Results

Even though the ultra-low forced vibration data was limited, it was still used to draw a
variety of conclusions about the lighthouse’s stiffness and strength. The frequency sweep data
was used to determine natural frequencies and damping characteristics, which are related to the
stiffness of the lighthouse. The relative accelerations recorded at each location were used to
compare the stiffnesses of the walls both in-plane and out-of-plane, as well as characterize the
connections between key system components.
3.3.1 Natural Frequencies

A preliminary sweep was performed to determine estimates for the natural frequencies in
the north-south and east-west directions. Next, a more precise frequency sweep was performed at
0.10 Hz increments centered around the estimated natural frequency from the preliminary sweep
that moved slowly outward until sufficient data was recorded to determine the damping of the
system. The sweep data for the east-west and north-south directions is shown as a frequency-
response curve in Figures 3.3-1 and 3.3-2, respectively. The natural frequency in the east-west
direction was found to be 9.7 Hz and the natural frequency in the north-south direction was
found to be 9.6 Hz, identified from the peaks of their respective frequency-response curves. The

natural frequency and period data for each direction is summarized below in Table 3.3-1.

Table 3.3-1: UL-FVT Natural Frequencies and Periods

Direction Freq. (Hz) Period (s)
E/W 9.70 0.103
N/S 9.60 0.104
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The proximity of the natural frequencies can potentially produce a number of errors when
trying to understand the true dynamic behavior of the lighthouse. Using the mass shaker to
induce a load at either one of the natural frequencies in either of the orthogonal directions would
excite both modes to a similar extent, leading to “impure” mode shapes for both natural
frequencies. Adjusting the position of the shaker to maximize the response of the mode of
interest and minimize the response of other modes is often possible in typical buildings but is
exceptionally difficult in buildings such as the Point Sur Lighthouse where there are limited
options for the placement of the shaker. The frequency-response curve for the east-west direction
is fairly smooth and has a much clearer peak than the curve for the north-south direction. The
irregularities in the north-south frequency-response curve could be contributions from other
modes with frequencies around 9.40 Hz and 9.90 Hz.
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Figure 3.3-1: UL-FVT Frequency Sweep E/W
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Figure 3.3-2: UL-FVT Frequency Sweep N/S

3.3.2 Damping

The damping for the natural frequencies in each direction was calculated using the data
from the frequency-response curve and the half-power bandwidth method. The frequencies used
to calculate the damping are represented by the dashed lines in Figures 3.3-1 and 3.3-2 and the
results for each natural frequency as a percentage of critical damping are given in Table 3.3-1.
An average damping value of 3.13% was used for all structural analyses in the finite element
model for simplicity and limitations in the program. The effects of the small simple floorplan of
the lighthouse and heavy masonry construction balance to a damping ratio of about what was
expected. The difference in damping ratios between the two natural frequencies could be the
result of differences in stiffness of the tower and masonry walls in-plane and out-of-plane,

especially where the tower section adjoins the east wall of the fog room.
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Table 3.3-2: UL-FVT Damping

Direction | Freq. (Hz) | Period (s) | Damping (%)
E/W 9.70 0.103 3.55
N/S 9.60 0.104 2.71

3.3.3 Mode Shapes

The acceleration data from the six accelerometer locations obtained from the UL-FVT
test gave a good description of the dynamic response of the lighthouse as a whole but it was
difficult to tell if the total response consisted of the response of the mode of interest only or if
there were contributions from other modes as well. Either way, the displacement, velocity, and
acceleration responses at any one location are all proportional and related by the natural circular
frequency. This proportional relationship allowed the acceleration data recorded in the test to be
plotted directly as displacement data for easy visualization. The accelerations recorded at
locations B, C, D, and E are plotted as points, each displaced by their own north-south and east-
west components and connected with straight lines. The accelerations recorded at locations A
and F are plotted as the entire circle of the inner surface of the tower section displaced by their
own north-south and east-west components. When shaking the lighthouse in either the east-west
direction or north-south direction, the largest response occurred at location A, the location of the
shaker, and the smallest response occurred at location D. Even though the placement of the
shaker should minimize the response at location A perpendicular to the direction of shaking,
there was still a small response in the perpendicular direction, perhaps due the mode shape itself

or the irregular T-shape of the lighthouse in plan.
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When shaking the lighthouse in the east-west direction, locations A and F at different
heights in the tower had similar proportions of north-south and east-west response, indicating
that there was only a small amount of twist or bend in the tower. The twist in the tower may be
because of eccentric stiffness in the tower, but more likely it was because the modal axis and the
shaker’s axis were not aligned. The east-west response was much larger than the north-south
response at locations A and F. Location B had the next largest response after locations A and F,
and its response consisted of roughly equal east-west and north-south components. The response
at location C also had roughly equal east-west and north-south components, though the response
was smaller than the response at location B. Locations D and E had the smallest response and a
majority of their response was in the north-south direction despite the shaking in the east-west
direction. The relative responses in the east-west and north-south directions due to shaking in the
east-west direction are given in Table 3.3-2, where all the response components were normalized

by the largest response component. The mode shape is shown graphically in Figure 3.3-3.

Table 3.3-3: UL-FVT Mode Shape E/W

Cocaton | EW NS
A 1.00 0.32
B 0.22 0.25
C 0.18 0.13
D 0.04 0.14
E 0.06 0.18
F 0.59 0.21
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Figure 3.3-3: UL-FVT Mode Shape E/W

The small response at locations D, and E was evidence of a weak and discontinuous
diaphragm. The shaker excited the tower into the fog room, bent the adjoining wall, and
produced a similar response at B and C. A stiffer diaphragm in the fog room would likely
produce a response at location D that is closer to the response at locations B and C because the
diaphragm would be able to transfer the load of the intruding tower to the opposite side of the
fog room. The discontinuity of the load path across the fog room from the tower to location D in
terms of both strength and stiffness was believed to be the largest factor in the small response at
location D. Although the trusses span east-west, they were ineffective in transferring tensile east-
west loads between the walls of the fog room because of the inadequate lateral strength of their
connections. An increase in the strength and stiffness of the roof diaphragm would also aid in
transferring full inertial loads of the connected elements in the event of strong ground motions.

When shaking the lighthouse in the north-south direction, locations A and F at different
heights in the tower again had similar but not equal proportions of north-south and east-west

response, also indicating that there is a small amount of twist or bend in the tower, attributed to
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the misalignment of the modal axis and shaker axis. The north-south response was much larger
than the east-west response at locations A and F as well. Locations B and E had the next largest
response after locations A and F, and their response consisted of roughly equal proportions of
east-west and north-south components, the north-south being the larger of the two. The response
at location C was similarly proportioned to the responses at locations B and E, though the north-
south response was slightly less. Location D had the smallest response of all the locations and a
majority of its response was again in the north-south direction. The relative responses in the east-
west and north-south directions from shaking in the east-west direction are given in Table 3.3-3,
where all the response components were normalized by the largest response component. A

graphical representation of the mode shape is shown in Figure 3.3-4.

Table 3.3-4: UL-FVT Mode Shape N/S

Locaton EW NS
A 0.25 1.00
B 0.11 0.56
C 0.09 0.26
D 0.02 0.24
E 0.07 0.53
F 0.16 0.56

In general, shaking in the north-south direction produced a much larger response at
locations outside of the tower than shaking in the east-west direction. The response of the
lighthouse as a whole was also much more cohesive, since the response at each location is
predominantly in the north-south direction. Locations C and D responded in a similar way as did

locations B and E. One of the main reasons for this behavior is the difference in the in-plane and
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out-of-plane stiffnesses for the walls of the lighthouse. A weak and discontinuous diaphragm
may also be a reason. The response at location B was more closely related to the response at
location C due to the higher in-plane stiffness of the wall shared between the two locations. The
response at location D was more closely related to the response at location C because the out-of-
plane behavior of the wall shared between the two locations is more effective than the diaphragm

at transferring loads.

Figure 3.3-4: UL-FVT Mode Shape N/S

3.4 ASCE 41-17 Evaluations

The tiered screening procedures found in ASCE 41-17 are a systematic way of
identifying potential structural deficiencies in a building and developing retrofit measures in
order to bring the building into compliance with a selected performance objective. The scope of a
Tier 1 screening only includes identification of potential deficiencies for a basic building of any
type as well as deficiencies specific to the building type, for example URM. A Tier 2 evaluation
takes the potential deficiencies identified in the Tier 1 screening and develops retrofit

components or systems that will bring the deficient areas of the building within the acceptable
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limits set by the selected performance objective. A Tier 3 evaluation must be performed when a
Tier 2 evaluation is not permitted based on performance objective requirements or building
characteristics, and it includes a more thorough analysis of the building as a whole with new
retrofit measures as well as construction documents that describe in detail the proposed retrofit
measures.

The tiered screening procedures were used to evaluate the lighthouse according to the
Basic Performance Objective for Existing Buildings defined in ASCE 41-17 Chapter 2. This
objective defines the level of performance that the structure must meet for each of the seismic
events considered, the two Basic Safety Earthquakes. Basic Safety Earthquake-1 (Existing) has a
probability of exceedance of 20% in 50 years and a 225-year return period and the Basic Safety
Earthquake-2 (Existing) has a probability of exceedance of 5% in 50 years and a 975-year return
period. The structural performance level that the lighthouse must meet after the Basic Safety
Earthquake-1 (Existing) is life safety, defined as a “damage state in which a structure has
damaged components but still retains a margin of safety against the onset of partial or total
collapse.” The structural performance level that the lighthouse must meet after the Basic Safety
Earthquake-2 (Existing) is collapse prevention, defined as a “damage state in which a structure
has damaged components and continues to support gravity loads but retains no margin against
collapse” [6].

The Tier 1 screening identified the following potential deficiencies in the lighthouse: The
lighthouse does not contain a complete and well-defined load path that would serve to transfer
inertial forces to the foundation. A torsional irregularity may be present because the estimated

distance between the center of mass and the center of rigidity is more than 20% of the lighthouse
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width in either of the plan dimensions. The lighthouse may be subject to overturning since the
base/height ratio exceeds the allowable limit defined by the seismicity of its location. In addition,
there are no ties from the walls into the foundation that might be used to resist seismic forces.
The shear stress in the unreinforced masonry shear walls may exceed the allowable limit defined
by quick check procedures. Exterior unreinforced masonry walls are dependent on the roof
diaphragm for lateral support but are not anchored out-of-plane at the roof level. A number of
structural concerns were identified upon investigation of the roof diaphragms, including
improper connectivity to the masonry walls, an absence of continuous cross ties, and straight-
sheathed diaphragms with large spans and aspect ratios.

The first stage of retrofit recommendations was centered around strengthening the roof
diaphragms and their connections to the walls. The walls in the fog room, and to a lesser extent,
the walls in the radio room, require additional restraint out-of-plane along their top edges. One of
the most straightforward methods of providing out-of-plane restraint is by anchoring them to the
roof diaphragm using structural holdowns like the ones shown in Figure 3.4-1. Improvements to
the connections between the roof trusses and the masonry walls will also provide significant out-
of-plane restraint. Structural holdowns are designed to provide a strong connection between
wood members and concrete or masonry using large anchor bolts. However, providing a better
connection between the walls and roof will increase