Restoring Mrigadayavan Palace:

Understanding Causes of Concrete Deterioration and
Determining Viable Concrete Rehabilitation Methods
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Abstract

The Mrigadayavan Palace in Cha-am, Thailand has faced the effects of
deterioration on concrete structures. The project goal was to preserve
and rehabilitate the damaged concrete by exploring various concrete
restoration techniques and determining viable methods, as requested
by the Mrigadayavan Palace Foundation, to complete a restoration pro-
ject for the palace’s 100th anniversary in 2024. Throughout the project,
information was collected through observations, fieldwork, and re-
search. Recommendations to address the deteriorating concrete struc-
tures came in the form of a decision tree with extensive criteria for
evaluating and determining which techniques achieved the desired
outcome. Additionally, web pages, QR codes, and pamphlets were pro-
duced as educational materials for visitors.
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Concrete and the
Mrigadayavan Palace

Concrete is the world’s leading
construction material, resulting in
4.1 billion tons being produced an-
nually.’ Concrete is favored due to
its ability to last through some of the
most extreme circumstances. Con-
crete, as we know it today, was first
developed in the 1820s, though ear-
lier formulations have been in con-
tinuous use since 126 AD, resulting
in structures that still stand in
20212

Unfortunately, concrete does
not always stand the test of time
and is susceptible to natural pro-
cesses that lead to its deterioration.3
Adding steel reinforcement (rebar) to
concrete improves its strength, spe-
cifically in the area of tension, but
increases the risk of overall deterio-
ration. Due to the metal’'s corrosive
properties, the addition of steel into
concrete became a leading cause of
failure. However, due to the signifi-
cant increase in strength, this type
of concrete was popularized in the
1920s in Europe and globally. This

construction material was also
widely used in Thailand, specifically
at the Mrigadayavan Palace, a
sprawling Palace in Cha-am, Thailand
as shown in Figure 7.4

Figure 1. View of the Queen’s Quarters at
the Mrigadayavan Palace

Due to the Mrigadayavan Pal-
ace’s coastal location, the struc-
ture’s steel rebar is corroding and
causing deterioration of the con-
crete. The Palace was built almost
one hundred years ago and was not
properly maintained over the years,
creating a need for rehabilitation.
The Palace Foundation asked the
IQPISSP team to propose a method
of concrete repair that will prevent

future corrosion. Through the con-
crete repair, these structures can be
preserved or rehabilitated to fit the
needs of the Palace. Concrete struc-
tures around the globe hold im-
portant cultural values and to lose
them would be similar to losing part
of one’s heritage. Similarly, buildings
hold importance to people and serve
as reminders of the world’s history.

Thailand is home to many Pal-
aces that serve as symbols of Thai
culture and history, the Mrigadaya-
van Palace being one of them. Today,
the Mrrigadayavan Palace is used as a
national heritage site for conserva-
tion and education for tourists.? Re-
storing the Mrigadayavan Palace is
an important task because the Pal-
ace holds high historical values in
different fields such as arts and cul-
ture, architecture, archeology, and
the environment. The goal is for the
Mrigadayavan Palace to be able to
continue to serve as four entities
simultaneously: a national heritage
site, @ museum, a learning center,
and a foundation.“

The project’s goal was to as-
sist the Mrigadayavan Palace Foun-
dation with the rehabilitation and



preservation of deteriorating con-
crete structures through assess-
ment of the concrete columns, walk-
ways, and ceiling tiles. We accom-
plished this through the following
four objectives:
1. Assess the extent and causes of
the concrete deterioration at the
Mrigadayavan Palace

2. Analyze the applicable concrete
restoration techniques based on
collected data and analysis

3. Develop a guide with a decision
tree for concrete restoration
techniques for the Mrigadayavan
Palace Foundation

4. Develop educational content on
concrete deterioration and reha-
bilitation

Concrete: A World Resource

In its simplest form, con-

oo : .
Ooo|o| crete is a construction ma-
Eﬁg terial composed of paste

and rocks. The paste is
formed from cement, usually a kind
known as Portland cement, and wa-

ter4 The paste is combined with
small rocks, also known as aggre-
gate, and through a chemical reac-
tion, the paste hardens into a solid
form. When newly mixed, it is easily
manipulated and shaped, but once
hardened it is strong and durable.®
The strength and durability of con-
crete are achieved through tedious
mixing and proportioning of the ag-
gregates and paste. A proper ratio of
cement to water is essential in the
strength of the paste, which con-
tributes to the quality of the con-
crete. Additionally, the water con-
tent contributes to the porosity of
concrete. Porosity increases the
movement of seawater and carbon
dioxide through concrete. Too much
porosity can cause the concrete to
be weaker. High-quality concrete
has a low water to cement ratio re-
sulting in a lighter material that is
easily manipulated to form struc-
tures.®

Concrete is the world’s leading
construction material and is seen in
all aspects of daily life. Concrete is
used for walkways, roads, bridges,
and many more applications. The
two major types of concrete used in
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Figure 2. Concrete composition diagram?’

construction and present at the Pal-
ace are plain and reinforced con-
crete. Reinforced concrete is em-
bedded with steel rods, bars, and/or
mesh that provide support in ten-
sion, compression, and shear stress.®
Alternatively, plain concrete is
strong in compression and therefore
vital for concrete structures like
walkways. Both concrete types are
important for the Palace as each one
serves a different purpose in stabi-
lizing the structure. Once the type of
concrete is chosen depending on cli-
mate and strength needs, the ce-
ment, air, water, and aggregates are
combined to create the concrete.
The conventional composition is
10% cement, 20% air and water,
30% sand, and 40% gravel as shown
in Figure 2.



Concrete Deterioration and
Causes

Concrete, despite its

relative durability,

does deteriorate over

time. This can be

6%6%s caused by material

limitations, design and construction

flaws, and exposure to environmen-

tal conditions. The deterioration of

concrete may result in aesthetic,

functional, and/or structural prob-

lems that impact the safety and ser-
vice of the structure.

The leading cause of deterio-
ration in concrete structures is the
corrosion of embedded metals like
steel. Steel is not stable under nor-
mal atmospheric conditions. The
materials in concrete create a basic
environment around the steel. At
this basic pH, an oxide layer forms
on the steel that prevents corrosion
from advancing at a fast rate, as
seen in Figure 3. The passive layer
around the steel can be ruined due
to chemical reactions between the
steel and environmental elements.

@y environment creating instability in

Figure 3. Protective oxide layer on
steel rebar?

Ocean sea spray can cause
chloride attacks which are responsi-
ble for almost 40% of failures seen
in reinforced concrete structures.
Concrete structures exposed to ma-
rine environments are especially at
risk. Chloride ions that are present in
sea spray break down the passive
layer around the steel. Corrosion
takes place when the chloride ions
chemically react with the iron which
makes up the passive layer to form
iron chloride and then hydrochloric
acid in the presence of water. The
lack of a passive layer and higher
levels of acidity open the steel up to
corrosion.®

Carbonation occurs in rein-
forced concrete when carbon diox-
ide from the air penetrates the con-
crete and reacts with calcium hy-
droxide to form calcium carbonate.
The reaction creates a more acidic

' the passive layer. This process oc-

curs very slowly. In the presence of
high humidity, carbonation occurs
more quickly due to the additional
water in the atmosphere. Addition-
ally, by lowering the pH of the con-
crete through carbonation, more
chloride ions can enter the concrete
resulting in a greater amount of cor-
rosion.®

Once the passive layer on steel
-reinforced concrete is damaged by
chloride attack or carbonation, steel
starts to rust.® Through the chemical
reactions between oxygen, water,
and the steel rebar, rust forms.
When the steel corrodes, the rust
expands inside the concrete which
causes further concrete cracking as
seenin Figure 4.4

Figure 4. Rusting of steel-reinforced
concrete?®



Erosion of concrete structures
can be caused by wind, water, or
other environmental events. Chemi-
cal corrosion of concrete can also
lead to physical erosion. Physically
damaged concrete cracks, chips, and
peels. A full list of physical damage
of concrete is outlined in Supple-
mentary Materials A. Physical dam-
age indicates that there is underly-
ing damage to the concrete struc-
ture.

When designing a building, its
materials, mechanical systems, ex-
pected occupancy, and environmen-
tal loads are all considered in the
structural calculations. In the last
hundred vyears, engineers have
started to overdesign buildings to
allow for increased loads. Overload-
ing, on the other hand, can cause
concrete to fail and
can happen for B
many reasons, in- .
cluding a change in
the use of a struc-
ture without prop- IEEEEEE
er structural modi- &
fications, uninten-
tional overloading,
and other unique

Figure 5. Photo of Mrigadayavan Palace™

scenarios. For example, wind load
near the coast is often a stronger
wind speed and pressure in compari-
son to inland areas. Due to the in-
creased wind speed and pressure,
wind loads are important to account
for in the design of a coastal struc-
ture such as the Palace

The Mrigadayavan Palace: A
Thai Time Capsule

The Mrigadayavan Palace
located in Cha-Am, Thai-
land was built for His Maj-
esty  King  Vajiravudh
(Rama VI) in 1924. Desig-
nated as a national cultur-
al heritage site by the Fine

Arts Department in 1981, the

Mrigadayavan Palace serves as an

educational museum for both local
and foreign visitors, with exhibitions
on conservation, history, art, and
culture. In 1992, Her Royal Highness
Princess Bejaratana Rajasuda
Sirisobha Bhannavadi founded the
Mrigadayavan Palace Foundation.
The Palace holds an important his-
torical value to the Thai community
around it and culturally connects
them to the Royal Family. The Palace
architecture is especially unique and
its preservation is important to the
Royal Family, the Mrigadayavan Pal-
ace Foundation, and the Fine Arts
Department3 The Mrigadayavan
Palace can be seenin Figure 5.

The Palace encompasses three
groups of sixteen buildings connect-
ed by balconies and corridors, and
twenty-three staircases spread out
over a three square
kilometer compound.3
I The design of the Pal-
ace combines Europe-
an architectural design
s oNd adapted it with
y techniques found in
§ Thai  architecture to
i make the Palace more

suitable for Cha-Am’s



tropical climate.’” The Palace is built
using golden teak wood with con-
crete floors. The structure is raised
on 831 concrete pillars which raise
the structure one story above the
ground. The raised buildings have
high ceilings and walls made of plas-
ter fretwork, interlaced decorative
design, to provide good ventilation
from the nearby sea breezes.

After King Rama’s passing, the
Palace was abandoned until 1965
when King Rama IX granted permis-
sion to the Naresuan Camp’s Air
Support Division to use the Palace
grounds. At this time, the Palace had
been abandoned for almost thirty-
five years. The teakwood was decay-
ing, concrete columns had failed,
and the building’'s paint had been
washed away or was peeling off. The
Fine Arts Department registered the
Mrigadayavan Palace as a heritage
site in 1981 and then, with the Bor-
der Patrol Police, began a restoration
effort two years later. This would be
the first restoration of the
Mrigadayavan Palace. The communi-
ty came together and rebuilt the Pal-
ace and repainted the structure.3
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Figure 6. Mirigadayavan Palace corridor with
ocean

In 2013, the Palace Founda-
tion determined it was necessary to
begin the current restoration. The
Palace is situated in Thailand's
southern region and is exposed to
high humidity and rainfall.’" Its loca-
tion along the beach, as seen in Fig-
ure 6, results in weathering that
causes damage to the structure
more than the typical site location
would. The Mrigadayavan Palace
Foundation undertook this current
restoration project with the goal of
preservation and rehabilitation by
the 100th anniversary of the Palace
in 2024. Ideally, the Palace would be
restored to its original state as it

wasin 19243

For this current restoration
project, the Mrigadayavan Palace
Foundation brought in architects to
assist in restoring the building to be
historically accurate. It was soon re-
alized that the roof tiles that were
placed in the first restoration effort
were not historically accurate, and it
is believed to be contributing to
some deterioration at the Palace.
The original roof tiles weighed over
two kilograms and the manufac-
tured roof tiles that were used in the
first restoration were significantly
heavier than the original ones. Using
the heavier roofing tiles increased
the loads that were acting on the
structure and caused structural
damaege. The increased load on the
concrete columns supporting the
structure may have caused the col-
umns to crack. This additional load
also contributed to the cracking of
the sidewalks, especially in between
columns. To maintain the historical
accuracy and structural safety of
the structure, new tiles were manu-
factured to match the original tiles’
style and weight.?



Historic Conservation: Not
Just for Paintings

----------------- Historical conserva-
(1 tion is not only im-
ik 703 W portant  regarding

aa the physical preser-

vation of buildings
and monuments, but also as a meth-
od of community enhancement and
sustainability. Conserving historical
sites benefits local economies
through increased jobs and tourism.
The Delaware Division of Historical
and Cultural Affairs concluded that
for every $1 million spent on reha-
bilitation, 14.6 jobs are created.
Since conservation relies more on
craftsmen than raw materials, it cre-
ates more jobs than new construc-
tion work.’? In Eastern Europe, sites
of historical and cultural heritage are
important assets for cities’ economic
development. Historical sites are not
season dependent and through in-
creasing the appeal of their loca-
tions, they benefit the city's
“services, infrastructures, and cul-
tural organizations”.

Buildings that are not pre-
served are often instead demolished
or fall into disrepair, which can then
become a safety hazard, especially
in the case of concrete defects.™
Many important buildings and sites
have been lost due to a lack of
preservation and understanding of
their importance. The Garrick Thea-
ter in Chicago was demolished in
1961, about 70 years after its con-
struction, despite protests from cu-
rators and admirers of the building’s
unique architecture. The historical
significance of the building was dis-
regarded in favor of practicality and
important culture and history con-
nections were lost.’®

There are four standard treat-
ment procedures for historic build-
ings as outlined by the U.S. National
Park Service. Preservation and reha-
bilitation are two applicable proce-
dures for the Mrigadayavan Palace.
The goal of rehabilitation is to main-
tain a building’s historical character
while still making the necessary
changes or repairs in order to meet
the needs of its current usage. Reha-
bilitation focuses on maintaining as
much of the original character and

usage as possible with minimal and
effective changes. In rehabilitation,
the goal is to repair, not replace. The
goal of preservation is to provide a
building with ongoing maintenance
and repair for whatever form the
building currently takes. This meth-
od focuses on retaining a building’s
existing form, materials, and integri-
ty. Any changes made over time will
be preserved as part of the building’s
history and no new exterior addi-
tions will occur.™®

Project Approaches and
Outcomes

o The goal of our project
I‘o_ﬁj was to explore the ex-
oﬁ—o tent of concrete dete-

rioration at the
Mrigadayavan Palace and analyze
various techniques of concrete res-
toration. The deterioration was de-
termined through interviews with
Palace staff as well as fieldwork and
observations. The rehabilitation pro-
cess and recommendations need to
also take into account the cultural
importance of the Palace. The varie-
ty of recommended techniques will



be adaptable to suit the Foundation’s goals of both edu-
cation and historical accuracy. The following approach
describes how we gathered and examined the infor-

Palace Visits

mation that was necessary to create our recommenda-
tions for the Mrigadayavan Palace. A visual representa-
tion of the approach taken can be seenin Figure 7.

Literature Review

Factors

Quantitative observations

Qualitative observations

| viability

Length of
implementation

Historically
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aesthetics

Effectiveness

\

Decision Tree and Criteria Ta

ble

~L

Educational Content
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Figure 7. Mlethodology summary
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Concrete Corrosion: The
Assessment

@_} The project team as-
o @ sessed the extent of

concrete corrosion and
'n' identified the causes of
concrete corrosion at

the Mrigadayavan Palace through
discussions with the Palace Founda-
tion staff. Additionally, empirical ob-
servations of the Palace were com-
pleted to identify the highly dam-
aged areas. To g3in a deeper under-
standing of the extent and the caus-
es of the concrete corrosion, numer-
ical data were collected as wvell.
walking interviews with the
Mrigadayavan Palace directors and
staff provided general information
while semi-structured interviews
with the directors and staff provided
more insightful information about
concrete corrosion. The first inter-
view was completed at the Palace by
the Thai students. This provided the
team with a better understanding of
the extent and location of the con-
crete damage, and the Foundation
staff's current understanding of the

causes of the deterioration. A follow
-up conversation took place over
Zoom with both Thai and American
students. This was used to further
expand the goals of the Palace
Foundation regarding restoration
and preservation and discuss the
creation of educational content
through web pages and pamphlets.
The questions asked during each
Palace visit are listed in Supplernen-
tary Materials B.

;;;;;;

Figure 8. Examples of cracks in concrete
columns at the Palace

To accurately assess the con-
crete corrosion, a basic condition as-
sessment was performed. The team

lacked the expertise required to per-
form a professional condition as-
sessment as outlined in Supplernen-
tary Materials A. Therefore, to make
the condition assessment more
manageable, the team focused on
sample sections of the Palace and
selected from two different building
groups, the Men’s Quarters (the Out-
er Court) and the Women’s Quarters
(the Inner Court). The samples were
obtained through empirical observa-
tion and recording methods in the
form of pictures and videos with
complete annotations of their condi-
tions. The photos and videos of all
the deteriorated and corroded con-
crete structures were matched with
their position using a map of the Pal-
ace for ease of assessment. An ex-
ample of deterioration can be seen
in Figure 8. By collecting this data,
the extent of the concrete corrosion
at the Mrigadayavan Palace could be
seen and understood.

An assessment of wind speed
and direction was also completed
because the wind affects the deteri-
oration of concrete structures at the
Mrigadayavan Palace. The Palace is
located near the coast where the



wind speed is stronger than inland
areas. Data related to the wind was
collected through an online platform
due to the difficulty in methods and
lack of equipment on-site. The spe-
cific application that the team used
for gathering information is called
"WINDY.”"7 In this application, the
team used a focus data set titled,
“Wind Speed and Wind Direction.”
The timeframe for the data focused
on the average of wind speed and
direction from 2012 to 2021. The
criteria selected have an effect on
the types of cracks and the location
of cracks on the concrete columns.
The goal of the quantitative
fieldwork was to collect more data
relating to the effect of external and
internal factors on the concrete
structures. The factors that our

team considered that influenced the
concrete columns were ocean sea
spray, previous architectural work,
humidity, steel reinforcement, and
wind. The Mrigadayavan Palace is
divided into many different sections.
The various sections contain col-
umns with different types of cracks/
spalling and degrees of corrosion.
The sample set of columns was de-
termined by dividing the Palace into
three areas. See 7able 7. There is a
minimal record of all the completed
renovations performed at the Pal-
ace, so the sections of the Palace
needed to be selected based on
known renovation times. The select-
ed areas of the Palace correspond to
color-coded locations that can be
seen in the site map in Figure 9. The
chosen areas for quantitative field-

work are a subset of the King’'s and
Queen’s quarters that were explored
for the condition assessment. Each
column in the selected area was an-
alyzed with a metal detector to de-
termine the extent of steel rein-
forcement present in the columns. A
little note has to be added here that
is related to the selected area. The
selected areas are just a sub-group
of buildings within the King's and
Queen’s quarters. The metal detec-
tor used, as seen in Figure 70, has a
metal detection range of three to six
centimeters and was used to scan all
the columns in the sample set. Addi-
tional information related to the in-
strument used and more detailed
explanations of the sampling meth-
ods can be seen in Supplernentary
Materials C.

Table 1. Palace locations for metal detector testing

Area 1

Area 2

Area 3

C. Stairs and walkway to the
northern seaside room

D. Corridor connecting the north-

ern male bathing room

5. Front bathing room

F. The corridor connecting Men’s
Quarters and Women'’s Quarters

H. Stairs and walkway to the
southern seaside room

J. Corridor connecting the south-
ern seaside room

11. North seaside room
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Figure 9. Miap of the Mrigadayavan Palace with legends




Additional quantitative field-
work aspect was the creation of
crack maps for different types of
concrete structures at the Palace.
Crack maps are patterns of cracks in
concrete structures within a specific
measurement frame. This helped the
team visualize the scale of the
cracks in greater detail through the
total length and width measure-
ments taken. It also assisted in visu-
alizing and understanding the
patterns of cracks that exist in the
area. The sampling methodology for
this technique can be seen in Sup-
plermnentary Materials D.

To assess the extent of the
concrete corrosion and deteriora-
tion, the collected data were care-
fully separated into the areas from
which they were sampled. For each
location within the Palace grounds,
the data were further assessed by
the following criteria: crack size,
number of cracks, and presence of
steel reinforcement. Additional visu-
al aspects of concrete that were ob-
served are listed in Supplementary
Materials A.

Potential causes of the con-
crete corrosion include environmen-

Page 11

tal factors, structural design, and
material and casting used in prior re-
pairs. Pictures and videos combined
with the quantitative fieldwork
helped produce accurate hypothe-
ses of the causes of concrete corro-
sion. Additional factors, such as en-
vironmental factors, renovation
time frame, and area usage history,
were also identified based on inter-
views and literature review, and tak-
en into consideration in the analysis
of specific samples.

Figure 10. Metal detector instrument used
to find steel reinforcement in columns

Concrete Restoration
Technique Analysis

By analyzing rele-

vant case studies,

solutions to repair

and preserve the
concrete at the Palace were identi-
fied. A literature analysis was per-
formed using keywords such as con-
crete, restoration, preservation, cor-
rosion, rebar, steel-reinforcement,
and deterioration. Some examples of
rehabilitation or preservation are
self-healing concrete and electro-
chemical techniques. Specific criteria
were considered to assess the via-
bility of different rehabilitation and
preservation methods. These criteria
focused on ease and time of imple-
mentation, effectiveness on varied
crack sizes, aesthetics, and historical
accuracy. The research was com-
pleted in detail to learn the imple-
mentation process, as well as possi-
ble limitations for each method. The
final appearance of each method
was compared to the materials and
appearance of the historic concrete
located at the Palace.




Development of the Decision
Tree

J The literature review,
on-site observations,
. and sponsor consul-
tations provided the
team with the neces-
sary knowledge to be
able to propose viable solutions for
the Palace Foundation. Our recom-
mendations come in the form of a
decision tree with a supplementary
criteria table and definitions page.
The team took into account that
particular kinds of deterioration will
work best with different restoration
techniques. The field observations
identified the location of each type
of deterioration and which restora-
tion method can be used. These field
observations and site photos were
crucial for the development of visu-
als.

To create useful resources for
the Palace Foundation, the team dis-
tributed a survey among the key de-
cision-makers at the Palace, see

Supplernentary Materials B. The sur-
vey collected backeground

infor-

mation about age, gender, position,
education level, and years of em-
ployment at the Palace. It also asked
about the staff's language proficien-
cy for both English and Thai in
speaking, writing, listening, and
reading. The survey also included
questions to understand the staff's
familiarity with different methods of
concrete restoration. These ques-
tions helped us to produce the deliv-
erables at an appropriate technical
level for the Palace staff since the
content of this project is relatively
scientific.

After analyzing the data from
the interviews and literature review,
a criteria table was developed to
help the team choose the best
methods for each concrete struc-
ture and related to the sponsor’s
goal. Furthermore, a decision tree
was developed with the information
gathered from the criteria table. The
tree will be used by the staff to fol-
low a simple decision-making pro-
cess for what rehabilitation tech-
nique is best for the presented prob-
lem. Different types of rehabilitation
methods can be used based on the
extent and location of the deteriora-

tion. Some factors that are used to
select the method included the pres-
ence of steel rebar throughout the
column, type of deterioration, size of
the cracks, and type of concrete
structure. The decision tree includes
both restorative and preservative
measures for the Palace Foundation
to choose from The decision tree
was created in English and then
translated into Thai. A page with
both photographic examples and
written explanations of each branch
and final method was included in
Supplernentary Material G.

Development of Educational

Content

O

The educational con-
tent was made accessi-
ble to a larger audience
through a variety of ed-
ucational tools. A web-
site was created using the Origami
Studio software. This software was
chosen to develop the website pro-
totype because it allowed us to build
and test user interface interactions.
The website was made available to
visitors at the Palace through QR




codes that link to the website. The
QR Codes were created in Canva and
developed on information cards that
were translated into both Thai and
English. Additionally, paper pam-
phlets were created in Canva with
the content being in both English
and Thai.

The audience for the educa-
tional content at the Palace was de-
termined through interviews with
the Foundation staff to identify the
demoegraphic of Palace visitors. Fur-
thermore, the Foundation staff pro-
vided information about the age
range of people accessing their ex-
isting website. The age range speci-
fied helped to determine the content
of the educational tools.

Concrete Structures Are Dete-
riorating in Various Ways
° °
M The Mrigadayavan Palace has
II]I] experienced the effects of ex-
Wl ternal and internal deteriora-
tion on concrete structures over
time. Three main concrete struc-
tures are deteriorating, including

concrete walkways, concrete col-
umns, and concrete ceiling panels.
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Figure 11. Photo of the Palace’s Column Supported Walkways and Living Quarters'®

There are a total of 831 con-
crete columns at the Palace, in which
approximately 30% of these col-
umns had small cracks. Approxi-
mately ten columns were severely
corroded with major cracks in them.
From the observations and the col-
lected information, the possible fac-
tors that could affect the rate of
corrosion and the most probable

cause of corrosion of concrete col-
umns were discussed. The possible
factors include ocean sea spray, hu-
midity, wind, architectural deterio-
ration, and architectural errors.

The characterization of the
concrete columns and their deterio-
rations can be done in a few differ-
ent ways. Firstly, there are two
types of concrete columns at the



Palace. The first type is columns that
have steel reinforcement only at the
top and base of the column. The sec-
ond type of column is columns that
have steel reinforcement through-
out the body of the column. The
original type of concrete columns
designed for the Palace by the origi-
nal architect is the first type. How-
ever, later renovation efforts pre-
ferred the second type. An illustra-
tion differentiating the first type and
second type of concrete columns
can be seenin Figure 712.

C ) C )
N / N 4
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First-Type of Concrete
Column

Second-Type of Concrete
Column

Figure 12. lllustration differentiating the
first and second type of concrete columns

Figure 13. Cracks that form on the special
design on top of a column

From observations, the diam-
eter of the steel reinforcement in
the concrete columns is approxi-
mately 9 to 10 millimeters. The size
of the steel reinforcement that is
used in the concrete columns is
identical throughout the Palace. Fur-
thermore, the steel reinforcement
embedded at the top of the original
concrete column was not for extra
support for the whole concrete col-
umn, but it was there to support the
special design that the top of the
concrete column had. Any cracks or
corrosion that exist on this special
design would not affect the stability
of the rest of the column. Cracks on
the special design on top of the col-
umn can be seenin Figure 13.
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For the characterization of
cracks in concrete columns, two pri-
mary patterns of cracks were ob-
served in the sampling areas: vertical
cracks and horizontal cracks. Cracks
could also form on three different
locations of the concrete column.
These three locations include the
base, body, and top of the concrete
column. An illustration that shows
the locations of cracks more clearly
can be seenin Figure 74.

The illustration in Figure 75 is
the result of the sampling methodol-
ogy from the first objective which is
analyzing the effect of external fac-
tors on concrete columns through
the use of the metal detector and
qualitative analysis. The focused
sampling area can be seenin the red
boxes. The illustrations contain
many different symbols that refer to
different types of observations. The
legends of the symbol can be seen in
the white box on the bottom part of
the illustrations.

There are a total of six leg-
ends: Brown square boxes represent
concrete columns that are rein-
forced concrete columns or columns
that contain steel reinforcement




/!

Top

Base
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Crack Crack

Patterns of Cracks

<— Body

Location of Cracks

look into this area with photos of the cracks
in the area can be seenin Figure 76. In this ar-
ea, a total of sixty-six concrete columns were
recorded. Fifty-nine concrete columns or
89.4% of the columns in this area had steel
reinforcement throughout the body, and only
seven concrete columns had steel reinforce-
ment at the top and base of the column. This
area was renovated about three years ago
which makes it the most recently renovated
area. Only three cracks in concrete columns
were observed in this area and the pattern of
cracks was all vertical. Two of them were

Figure 14. (left) Pattern of cracks on concrete columns, (right) location of cracks on found at the top of the column and one col-

Circles represent plain concrete columns or col-
umns that only have steel reinforcement at the
top and base of the columns, Top half-filled red
boxes or circles represents concrete columns
that only have cracks at the top part of the col-
umns, Bottom half-filled red boxes or circles rep-
resents concrete columns that only have cracks
on the base part of the columns, Full-filled red
boxes or circles represents concrete columns
that have cracks throughout the body of the col-
umn, and Exclamation points next to red boxes
or circles represents concrete columns that con-
tain spalling.

From the observations, the results differed
significantly by sampling area. For area one (left-
box), the Outer Court Bathing Pavilion, a closer

umn had cracks in all three locations.

Figure 16. Area one: outer court bathing pavilion
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Figure 15. lllustrations of the collected data from the methodology
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For area two (middle-box), the linking corridor be-
tween the two courts, a closer look into this area with
examples of the cracks in the area can be seen in Figure
77. A total of twenty-four concrete columns were rec-
orded in this area. In the recorded data, twelve concrete
columns of 50% of the concrete columns had steel rein-
forcement throughout the body and twelve concrete
columns had steel reinforcement at the top and base of
the column. This area was last renovated about thirty
years ago. There were six columns in this area that had
cracks in all three locations and it all happened to the
columns that had steel reinforcement throughout the
body of the column.

Figure 17. Area two: linking corridor between the two pavilions
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Figure 18. Area three: inner court bathing pavilion

For area three (right-box), the Inner Court Bathing
Pavilion, a closer look into this area with examples of the
cracks in the area can be seenin Figure 78. In this area, a
total of fifty-eight concrete columns were recorded.
Forty concrete columns or 69% of the concrete columns
in this area had steel reinforcement throughout the
body, and eighteen concrete columns had steel rein-
forcement at the top and base of the column. This area
was renovated about thirty years ago as well. Eight col-
umns had steel reinforcement throughout the body that
had cracks in them, and four columns that had steel re-
inforcement at the top and base that had cracks in
them. Both vertical and horizontal crack patterns were
observed in this area. Most of the horizontal cracks in
the sampling area can be found in this area.




Factors Causing Cracking in
Columns

For the factors that
could cause concrete
deterioration, ocean
sea spray has the pos-
sibility of affecting the
degree of corrosion in concrete col-
umns. Ocean sea spray alone should
not be the cause of the corrosion in
concrete columns, but it could act as
a catalyst that increases the rate of
corrosion. Many concrete columns
at the Palace contain both minor and
major cracks that leave an opening
for the inner steel reinforcement to
be exposed to the outer environ-
ment. Therefore, the chloride ions in
the sea spray could come into con-
tact with the inner steel reinforce-
ment. The chemical reaction gener-
ating acid that destroys the pas-
sivation layer of the reinforcement
could then occur. A more detailed
explanation can be seen in the back-
ground chapter in the concrete de-
terioration section.

The effect of humidity was an-
alyzed through the usage of metal

detectors. The team found out that
there were two types of concrete
columns at the Palace: columns with
steel reinforcement throughout the
whole column and columns with
steel reinforcement only at the top
and at the base of the column. The
reason that there were two different
types of concrete was due to past
renovations. Renovations in the past
were done without a true under-
standing of the intentions of the
original architect. The original archi-
tect used concrete columns with no
steel reinforcement throughout the
body, while the concrete columns
with steel reinforcement through-
out the column were used in later
restoration with the idea that it is
stronger and can support more load.

Based on the information that
the team collected, the team ob-
served that the concrete columns
that have steel reinforcement
throughout the column seem to face
a more severe degree of corrosion.
This effect can be seen in Figure 15,
76, and 77. In Figure 15, which is of
area one, only concrete columns
that have steel reinforcement
throughout the body had cracks in

them. In Figure 76, which is of area
two, all of the concrete columns that
experience cracks in them are also
columns that have steel reinforce-
ment throughout the body as well. In
Figure 717, which is of area three, the
number of columns that have cracks
was twice as much for the columns
that have steel reinforcement
throughout the body. This evidence,
therefore, supports the hypothesis
that humidity and ocean sea spray
have increased the affects of steel
rebar corrosion.

To be more specific, humidity
is not the cause of cracks in concrete
columns. However, the humidity was
one of the main factors that in-
creased the rate of corrosion for the
steel reinforcement. Once minor
cracks formed in concrete columns
due to other factors, humidity from
the sea and the surrounding area
could seep through those small
cracks. Thus, there could be rust in
those reinforced steel bars which
could build up and cause a more ex-
tensive cracking. Eventually, the
concrete was pushed away from the
steel bars, resulting in spalling of the
concrete columns.
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Since the Palace is situated on
the seaside, an assumption was
made that wind speed would rela-
tively be stronger than normal. It
could be a cause of corrosion by
making the concrete column unsta-
ble because the strong wind would
add parallel directional force to-
wards the concrete structures, cre-
ating shear stress in the columns.
Howeuver, after our first and second
observations, this factor seemed not
to be applicable and relevant. This is
because it was too complex to set up
a methodology to see this factor in
effect. Additionally, there is also no
solid evidence to prove that this fac-
tor is one of the direct causes of cor-
rosion.

Based on collected infor-
mation, the effect of wind could
definitely be one of the causes of
deterioration in concrete columns.
The team found out that the direc-
tion and speed of the wind correlate
with a specific type of crack pattern
that is found in concrete columns.
The specific type of crack pattern
that it correlates with is the horizon-
tal cracks that are found on the col-
umns of buildings that have not
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been recently renovated. These hori-
zontal cracks were usually found on
the opposite side of the columns
that face to the shore. The location
of the Palace is situated right next to
the shore.

According to the "windy” ap-
plication, with the specific setting
that is mentioned in the wind as-
sessment section in objective one,
the wind flows into the Palace from
the shore majority of the time. An
average from 2012-2021 showed
that eight out of the twelve months
of the vyear, the wind’s direction
flows directly into the Palace from
either the north or the south as seen
in Figure 79. Only 4 of those months

Figure 19. Detailed graph on Direction and Speed of Wind

showed that the wind flows in the
opposite direction, which is away
from the Palace. Another important
finding is that the speed of the wind
is also the strongest during those
eight out of twelve months. Detailed
graphs that contain the direction
and speed of the wind with further
detail can be found in Supplernen-
tary Materials E. This correlates with
the observation that the horizontal
cracks were found on the opposite
side of the column that faces the
shore because the prevailing winds
would be able to add an additional
lateral load on the concrete col-
umns. Since the majority of the wind
flows into the direction of the Palace
from one side, the lat-
eral load would be added
on only one side of the
Palace. Tension would be
increased from only one
side of the column and
the other side of the col-
umn would experience a
decrease of tension. The
side that receives the in-
crease in tension would
be the side that forms
the horizontal cracks.



Architectural errors are one of
the most mentioned external factors
in terms of factors that cause cracks
in concrete columns. Previously, the
team’s assumption about the cause
of corrosion in the concrete column
was due to the excessive load from
the heavier roof tiles. This was men-
tioned because, during the past res-
toration of the Palace, a new set of
roof tiles that were about one kilo-
gram heavier individually than the
original set was used to replace the
original set of roof files. However,
this original assumption could be in-
valid. Based on consultations with
Dr. Yuwarat, an architect, and the
observation at the Palace, the crack
patterns and corrosion that existed
on the majority of the concrete col-
umns might have been different if
they were caused by the excessive
load of the roof tiles. Cracks that
arise from excessive load would
have a specific pattern and location
that is different from the cracks in
the concrete columns. It would be
more likely to form on the surround-
ing walls and the specific pattern
would be deeper and wider with a
slanted or diagonal pattern.

Furthermore, the cracks that
existed on the concrete columns
were merely outer surface cracks
that did not relate to or affect the
stability of the concrete columns.
The team made a few crack maps
that contain detailed dimensions of
cracks on concrete columns. The di-
mensions that were measured and
drawn on the crack map also
showed that these cracks are not

that lengthy. Based on observation,
the cracks on the columns were
mostly on the surface and were very
shallow in depth. An example of the
crack map of cracks on the concrete
columns can be seen below in Figure
20. This specific crack map only
shows the dimension of length. The
width was not measured because it
was too small to get an accurate
measurement.

Sides of the concrete column

2. Left
(North)

1. Facing shore
(East)

3. Right
(South)

4. Opposite shore
(West)

= =

6.8 cm (~

= =

] 7.0cm

12.45cm

19.3 cm o~ —~—10.6 cm

9.5¢cm

Figure 20.Example of a crack map on concrete columns with length
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The outer surface of the con-
crete column is the additional
patched concrete layer that was
added to the main column. The
cause of the cracks in the outer sur-
face of the concrete column could
not be stated with confidence vet,
but some possible causes would be
the instability of the upper wooden
structure that sits on top of the con-
crete columns which is mentioned in
detail previously. Another possible
cause was that the outer surface/
additional patched layer was not ap-
plied well enough, as there was an
insufficient surface area for the ad-
ditional patched layer to hold on to
the core of the column. This hypoth-
esis was put together based on ob-
serving the educational columns
that the Palace put on display. The
additional patched layer could be
seen to be very thin, and no materi-
als were put in between the patched
layer and the core of the column to
increase the adhesion. Therefore,
minor cracks could start forming on
the surface and easily let moisture
seep in and cause further corrosion,
as illustrated in Figure 21.
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Figure 21. lllustration of the additional
patched layer of concrete on the reinforced
concrete column

Palace Walkways Face Heavy

Loads
® °
©. The walkways on the
“ ground floor of the
Mrigadayavan Palace

were made of concrete which has no
steel reinforcement inside. There
were No expansion joints presented
in the concrete walkways. Cracks on

the concrete walkways or concrete
floor base were observed to be
mainly on the surface. The areas
with the most deterioration prob-
lems were in the Samutphiman, sec-
tion 6, and Pisansakorn, section 14,
as seen in the map in Figure 9. The
majority of the cracks were mostly
near or between the concrete col-
umns. Some cracks on the concrete
floor extended from one column
across to the other columns as
shown in Figure 22.

Figure 22. Cracks in the concrete walkway
between two columns

According to the Palace staff,
there was no major structural reno-
vation on the concrete walkways
since the first construction in 1924.



Small-scale repair processes hap-
pened throughout the vyears, as
walkways showed some signs of mi-
nor repairs. The timeline of the re-
pairs is uncertain due to the lack of
past restoration records. Neverthe-
less, differences in concrete color on
the walkways in Figure 23 showed
that the concrete patching tech-
nigue had been done in the past res-
torations. When cracks occurred on
the concrete walkway, the new con-
crete paste would be used to patch
up on the surface.

Figure 23. Signs of the difference in con-
crete colors in the concrete walkways

The Palace staff suggested
that the installation of new heavier
roof tiles could be one factor that
might contribute to walkway crack-
ing since the new tiles increased the

load onto the column and the floor.
This could be stated as another hy-
pothesis that the new roof tiles were
not uniformly distributed and there-
fore caused unequal loading be-
tween different columns. This could
cause the concrete walkways in
each region to receive different
amounts of loading force from
above and form cracks.

The absence of expansion
joints was another factor that could
cause the cracks. The cracks in walk-
ways were most visible near the
concrete column because these are-
as are more highly constrained by
the presence of the concrete col-
umns. Therefore, the concrete walk-
ways experienced more compres-
sive loads because there is no room
for expansion. This expansion could
be due to heat from the climate and
load.” Areas on the concrete walk-
ways that are further away from the
concrete columns can expand easier
into the surrounding ground. Clear
evidence showing that this type of
crack was due to the absence of ex-
pansion joints was the number of
cracks present in the corridor to the
Outer Court Bathing Pavilion. Ninety

percent of the concrete walkway in
between columns showed a crack
from one side to the other. Since the
Palace would not be having the con-
crete walkways renovated, the in-
stallation of expansion joints would
not be possible.

Ceiling Tiles: Concrete vs Wood
Beams

Other than the deteriora-
//%/ tion in the concrete walk-
@/ ways  and  columns,

cracks and discoloration
were also observed in the concrete
ceiling panels. These concrete ceiling
panels are found above every wood-
en walkway in the Palace. The panel
placement in one area of the Palace
can be seenin Figure 24.

i m— Tt E 40 Tl
Figure 24. Photo of King’s Dining Pavilion at
the Mrigadayavan Palace
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The panels are a modular grid
system of three meters by three me-
ters, each module has nine individual
panels of various dimensions and
painted designs. These panels were
then painted and have never been
restored. Within each of the nine
panels in each grid, there is steel re-
inforcement in each panel. Using the
metal detector to scan for the exist-
ence of the steel reinforcement, the
team discovered that the pattern of
the inner steel reinforcement was a
four-by-four metal bar grid. These
steel-reinforced ceiling panels have
been supported by wooden frames
and are held up by a complex truss
system in the roof. From the obser-
vations, a minor crack at the edge of
the concrete ceiling panels was ob-
served on the displayed ceiling panel
Figure 25.

Figure 25. Concrete crack due to uneven
weight distribution of wood framework
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Figure 26. Schematic explanation of the
crack in the concrete ceiling panel

Architectural errors and dete-
rioration played a major role in caus-
ing cracks on the concrete ceiling
tiles. After discussion with the Pal-
ace Foundation, it was determined
that the cracks on the concrete ceil-
ing panels were caused by the insta-
bility of the wood framework. As
time passes, the wood framework
that supports the weight of the con-
crete panels bends. This creates an
uneven weight distribution of con-
crete panels onto the wood frame-
work. The arched part of the wood
framework could support less
weight of the concrete pane causing
concrete ceiling panels to crack in
the middle area between two edges
as explained by Figure 26.

The effect of roof leakage is
one of the main causes of corrosion
for concrete ceiling panels. Roof
leakage damaged both the appear-
ance and physical state of the con-
crete. As the ceiling panels are made
out of gray concrete which contains
high breathability and permeability,
it allowed water and vapor to seep
through from the leaks in the roof.
Figure 27 shows pale marks with a
droplet-like shape on the surface.
These stains are caused by water
that came in through the roof and
seeped through the concrete panel
and formed drops on the lower side
of the panel. These droplet stains re-
sulted in an unappealing appear-
ance.

Figure 27. Pale marks with a droplet-like
shape on the surface of a ceiling panel



Even though most of the
cracks are relatively small, roof leak-
age is also one factor that could
cause the cracks to grow larger and
more intense. The degree of cracks
in concrete ceiling panels at their
highest point in buildings contains
leakage in the roof. This is due to
water that leaks through the roof
and acts as a catalyst that speeds up
the process of steel reinforcement
corrosion. However, the effect of
roof leakage would not play a part if
there were no cracks contained.

Aside from the cracks, another
aspect that was affected was the
discoloration. The concrete ceiling
panel itself contained the inner steel
reinforcement inside to support the
structure. The inner steel reinforce-
ment is a four-by-four metal bar
block, which correlates with the
pattern of discoloration on the pan-
els. As shown in Figure 28, rust from
the steel rods created a mark on the
panelsin a yellow-like color plus sign
mark which correlated with the steel
reinforcement pattern, in Figure 29,
as observed by using the metal de-
tector. Over time, humidity causes
rust on the steel rods. Rust on the

steel affected both the appearance
of the concrete panels and their
physical state in terms of cracks.

Figure 28. Plus sign marks with a yellow-like
color due to rust on the steel rods

Decision Tree and
Supplemental Table

[ o
- Repairs to the concrete
- damaege at the Mrigadaya-

van Palace may take the

form of preservation, res-
toration, or rehabilitation; these
terms are defined in 7able 2. Based
on our discussions with the sponsor,
we determined that rehabilitation
and preservation strategies are best
aligned with the Foundation’s goals.
The foundation staff plans to use
new technologies to repair concrete
structures in the Palace and have
expressed their interest in keeping

“¥¥ the repairs visible or even leaving
- some damage visible to serve as an

Figure 29. Steel reinforcement patternin a
ceiling panel

educational component. This finding
seems to match the work done in re-
habilitation and preservation rather
than restoration.

The recommendations devel-
oped to meet the goals of the Palace
Foundation are presented in the
form of the decision tree with a sup-
plemental criteria table. The decision
tree, Figure 30, categorizes the de-
terioration until one restoration
method is presented.
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The supplemental criteria ta-
ble, Supplernentary Materials F, is a
compilation of the overall analysis of
the various restoration methods.
The first two criteria are ease of im-
plementation and implementation
time based on the availability of the
materials and level of expertise
needed. Longevity is also an im-
portant criterion to prevent poten-
tial issues in the future regarding the
concrete and its maintenance. Based
on discussion with the Palace Foun-
dation, aesthetics is an important
aspect to consider when making
recommendations. Maintaining his-
torical accuracy is a key-value; how-
ever, visual differences in concrete

aesthetics are also important for ed-
ucational purposes. The last criterion
considered is crack size to suggest
the most effective restoration
method regarding different sizes
and types of cracks.

Some of the recommended
techniques that will be implemented
to restore the concrete at the Palace
include jacketing, sealants, and par-
tial depth repair. Jacketing of con-
crete is a method that reinforces
columns with steel rebar by adding a
layer of concrete reinforced by lon-
gitudinal steel reinforcements and
traversing steel ties around the orig-
inal column in the form of a jacket.
Sealants are plastics or other poly-

mers applied in cracks or over sur-
faces to serve as protection against
water and chemical attacks. Partial
depth repair involves the removal of
small areas of deteriorated concrete
found in only the top half of a walk-
way slab followed by the insertion of
compressible material between the
new concrete and the old and then
the subsequent application of
patching material to the area. Fur-
ther definitions and descriptions of
all the recommended restoration
techniques, as well as other terms
established on the decision tree, can
be found in Supplernentary Material
G.

Table 2. Definition of some conservation terminologies

Term

Definition

Preservation (n.)

Restoration (n.)

Rehabilitation
(n.)
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the act or process of applying measures necessary to sustain the existing form, in-

tegrity, and materials of a historic property

the process of returning a building to its former state

the act or process of making possible a compatible use for a property through repair,
alterations, and additions while preserving those portions or features which convey

its historical, cultural, or architectural values



Ceiling Panels
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Cathodic
Protection

What Kind of
Deterioration?

Spalling#Cracking

What Kind of
Deterioration?

Figure 30. Decision tree for concrete restoration recommendations




Overall, the team learned that
regardless of restoration method,
implementing concrete matching
and a prevention technique will be
beneficial in accommodating the
sponsor’s goal of keeping the origi-
nal structures and maintaining his-
torical accuracy. Concrete matching
will maintain historical accuracy in
terms of appearance and ensure
consistent strength and permeabil-
ity in the concrete. The process of
concrete matching is explained in
Supplermentary Materials H. Addi-
tionally, through the literature re-
views, the team found that the pres-
ence of steel reinforcement in the
concrete requires a preventative
measure of either cathodic protec-
tion or chloride extraction. This must
be done for all structures with rein-
forced concrete before any addi-
tional restorations and for all
preservation.

Website and Pamphlets Design

N
tion

The team proposed that
information collected
about concrete deteriora-
and rehabilitation
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methods be displayed on the Palace
website. A webpage was prototyped
for the Palace Foundation using the
Origami Studio software. This soft-
ware was utilized to build and test
user interface interactions. A full-
page design was included in the final
deliverables as a suggestion for for-
matting and information to add to
the website. Details and images on
the degrees of deterioration such as
different-sized cracks, spalling, and
corrosion are also included. Under
each of the types of deterioration,
methods of rehabilitation are ex-
plained.

In the development of the
webpage, it was important to con-
sider the target audience. The
Mrigadayavan Palace Foundation
currently expects that the visitors to
the website would be the same de-
moegraphic that visits the site, an age
range of college to adults. Overall,
this means that there will be a3 more
mature audience. The concrete res-
toration page is accessible through
the Palace Foundation’s primary
website. In order to make the infor-
mation more accessible and relevant
to the Palace visitors, the team pro-

poses the placement of QR (quick re-
sponse) codes in high foot traffic ar-
eas around the Palace grounds
where rehabilitation has been imple-
mented. An example of this QR code
poster can be found in Supplemen-
tary Materials |. The team also de-
signed paper pamphlets to be in-
cluded at each QR code station for
visitors without cellular data or who
may be unfamiliar with the use of a
QR code. Each pamphlet includes the
information that is included on the
respective webpage for the nearby
restoration. An example pamphlet
can be found in Supplernentary Ma-
terials J.

Conclusion and Discussion

The Mrigadayavan Palace
Foundation tasked the team with
developing a plan to repair the con-
crete structures at the Palace. Inter-
views were conducted with the Pal-
ace Directors to determine how sug-
gested concrete rehabilitation tech-
niques could support the aesthetic,
historical, and cultural goals of the
Palace Foundation. These goals in-
clude preserving and rehabilitating



the damaged concrete through a va-
riety of restoration techniques. Site
visits provided evidence that the
concrete deterioration was focused
on columns, ceiling tiles, and walk-
ways. Through extensive research
and analysis of the concrete struc-
tures at the Palace, the team devel-
oped recommendations that were
provided through a decision tree
seen in Figure 30. The team used ex-
tensive criteria to evaluate and de-
termine which techniques achieved
the desired outcome outlined by the
Palace Foundation. In addition to the
decision tree, the team developed
web pages to be added to the cur-
rent Mrigadayavan Palace website
as well as QR codes and pamphlets
to be placed around the Palace. This
material was designed to provide
educational material for those visit-
ing the Palace and to learn more
about the historical restoration of
concrete structures. With concrete
being the leading construction ma-
terial in the world, its deterioration
is inevitable. The project introduces
the idea that important historical
concrete architecture can be pre-
served and restored for years to

come. Through the completed re-
search and deliverables, readers can
become more engaged with the idea
of concrete as a construction mate-
rial.

Our Recommendations and
Implementation Plan

This section contains a sum-
mary of the group’s recommenda-
tions to the Mrigadayavan Palace
Foundation for the deteriorating
concrete structures. It includes the
recommended restoration tech-
niques for concrete columns, walk-
ways, and ceiling tiles, an education-
al tool through a webpage, visual
aids to be presented around the Pal-
ace, and future areas of research.

The project team recommends
the Palace Foundation implement
the rehabilitation techniques for the
concrete structures based on the
developed decision tree. There are
many different aspects of concrete
restoration that should be consid-
ered when repairing structures at
the Palace. The restoration tech-
niques consider criteria such as ease
and time of implementation, availa-

bility of materials, aesthetics, histor-
ical accuracy, and longevity. All the
recommended solutions have been
thoroughly researched and consid-
ered based on the developed crite-
ria. It is highly recommended that
the Palace Foundation pay special
attention to the concrete columns,
especially those with exposed steel
reinforcement, as these repairs will
require the most amount of time.
Due to the approaching centennial
anniversary and opening date only
two years away, the Palace Founda-
tion should prioritize repouring the
concrete walkways as well.

We recommend that the
Foundation implement an additional
web page on the conservation tab of
the website related to the occurring
restorations for each type of struc-
ture: concrete columns, walkways,
and ceiling tiles. The Mrigadayavan
Palace website includes information
related to history, conservation, ar-
chitecture, visitation, engagement,
and support of the Palace. Display-
ing the webpage information curat-
ed would be beneficial to those who
experience concrete deterioration at
their homes and businesses. Those
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who experience a similar climate and
structures made of similar materials
could benefit from easily accessible
content related to concrete restora-
tion. This can also bring to light the
deterioration of concrete in the
world as concrete is a prominent
worldwide construction material.
The Mrigadayavan Palace
Foundation should also consider the
placement of additional information
related to concrete restoration at
the Palace. It is recommended that
the Palace place QR codes near the
concrete structures to be scanned
to enhance the information related
to these structures. The supple-
mental QR codes would direct the
visitor to the specific portion of the
implemented Palace website to pro-
vide more information and educa-
tional materials related to how the
restoration was completed. The QR
codes are easily accessible for those
with internet access and can be
viewed after leaving the Palace. For
those who do not have internet ac-
cess or are unfamiliar with the tech-
nology, it is also recommended that
pamphlets be distributed to supple-
ment the visitor experience. The
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pamphlets would provide an over-
view of concrete restoration and re-
habilitation that has occurred at the
Palace. This information could be
brought back to homes and busi-
nesses to amplify the problem of
concrete deterioration and how to
rehabilitate structures.

The Palace Foundation should
expand on the educational compo-
nents delivered from this project. In
the process of repairing the deterio-
rating structures, the Palace Foun-
dation could provide demonstra-
tions of the techniques used to help
visitors better understand what
goes into the rehabilitation of his-
toric structures. The QR codes and
pamphlets distributed could provide
supplemental information for hands
-on demonstrations for visitors.

We recommend that the
Mrigadayavan Palace Foundation
further explores the fungus and rot
development on wooden frame-
works. The wooden structures at the
Palace are deteriorating from poor
drainage of excess water. This has
caused the development of rot and
fungus which has caused the con-
crete ceiling tiles to lose proper sup-

port. Expanded research into this
aspect of deterioration at the Palace
will help the Foundation achieve
their goal of full restoration by the
centennial anniversary in 2024.

Thank You
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