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Abstract Brick masonry vaults for the approach struc-
tures of the Brooklyn Bridge were instrumented for remote

monitoring. The objective of the project was to monitor

and quantify safety of the structure, because of the longi-
tudinal cracks at the crown of the double span vaults. A

fiber optic sensor system was installed in the Brooklyn

Bridge to monitor the crack opening displacements, wall
rotations, temperature fluctuations, and vibrations. To

quantify safety, a scaled model of the masonry vault was

also tested in the laboratory in order to determine the
failure crack opening displacement limits of the vaulted

structure. Fiber optic crack sensors were mounted on the

test vault to record the crack opening displacements under
a range of base movements. Correlation of the in-service

and failure crack opening displacements from the field

measurements and laboratory tests provided the basis for
the quantification of safety. This article provides a synopsis

of activities to achieve these goals in terms of monitoring

plans, instrumentation, and analysis of remote field data,
laboratory experimental results and formulation of the

safety assessment strategies.
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1 Introduction

Health monitoring of civil infrastructures consists of

determining the location and severity of damage in struc-
tural systems as they happen. The so-called global health

monitoring methods are mostly defined based on the

dynamic properties of the structure such as natural fre-
quencies, damping ratios, or mode shapes [1–5]. These

methods usually do not provide accurate information about

the extent of the damage. However, they can determine
whether or not the damage has occurred in the structure for

further examination in order to find the location and

severity of the damage. Local health monitoring techniques
including nondestructive evaluation methods can be

employed with a good degree of accuracy to determine the

location and extent of the anomalies [6, 7]. However,
nondestructive evaluation is often time consuming and

expensive, and access is not always possible.

In broad terms, bridges are monitored by visual
inspections, and or nondestructive tests either as part of a

programmed inspection routine or when the owners are
concerned about specific problems. On the other hand,

bridges can be instrumented to measure strains, displace-

ments, deflections, crack opening displacements (CODs),
and other structurally or environmentally induced effects in

order to monitor the progression of damage over time [8].

Survey of literature reveals implementation of many suc-
cessful structural health monitoring systems [9–13]. There

is still further research needed for quantification of the

bridge condition based on health monitoring data. Several
studies have been done for fatigue assessment and

remaining life prediction of bridges based on long-term

monitoring data [14, 15]. For instance, strain history data
recorded by the health monitoring system installed on the

Tsing Ma Bridge was employed to predict the remaining
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fatigue life of bridge components [15]. A structural reli-

ability based analysis method was employed to propose a
safety index for bridges based on long-term health moni-

toring data and material strength of bridge components [14,

16, 17].
Brooklyn Bridge is the only long-span suspension bridge

of its kind that was built in the nineteenth century and still in

service. The Brooklyn Bridge was opened in 1883 following
14 years of construction (Fig. 1). At the time the bridge

opened to the public, it was twice longer than any other
previously built suspension bridge in the world. A number of

features, such as the caissons used in the construction of the

towers, the hybrid suspension/cable-stay system, and the air-
spinning of the suspension cables, were innovative in size

and method at the time the bridge was constructed [18].

The Brooklyn Bridge approach structure on the Man-
hattan side of the East River was constructed over a series

of increasingly taller and longer brick masonry vaults. The

vaults that are the subject matter of this investigation are
the two largest spans of the approach structure with span

lengths of 10 and 10.4 m, respectively. Longitudinal crown

cracks covering the entire lengths of these cylindrical
vaults were discovered during a routine inspection in 1996.

The double-span vaults are seated on the walls of two

3-story masonry buildings. There is a steel truss structure to
the west of these vaults and on the east is the bridge

abutment as shown in Fig. 2. The bridge abutment is

essentially a masonry counterweight constructed on top of
the steel anchorage for the main bridge cables. The west

vault is skewed and tapered down to the north end.

The investigation reported here pertains to the imple-
mentation of a hybrid approach for monitoring and quanti-

fication of safety. The term hybrid is used to signify the

methodology based on the field data and scaled model tests

of the vaults in the laboratory. A fiber optic sensor based

remote monitoring system was designed to monitor the key
structural parameters such as crack opening displacement,

wall rotations, floor movements, structure vibrations and

thermal fluctuations. Fiber optic sensors have been suc-
cessfully applied for both short- and long-term monitoring

of large scale bridges [19–21]. A review study pertaining to

the structural health monitoring of 40 bridges indicated that
the cost of fiber optic health monitoring system is around

$50,000 [22]. However, this is typical for short-term moni-
toring or projects with a reduced number of sensors. For the

projects that aim for continuous monitoring with remote

access, the cost usually falls in the range of $100,000–
$500,000. In this study, a cost-effective sensing strategy for

continuous remote monitoring of the structure was

employed to achieve the objectives of the project. Fiber
optic sensors have the capability for serial multiplexing and

immunity to electrical and electromagnetic interferences

[23]. The methodology used for quantification of safety
involved correlation of the real time crack opening dis-

placements of the vaults obtained from remote field data and

the failure crack opening displacements of the vaults from
the experiments. Remote monitoring plans are described

next, followed by the analysis of field data, experimental

program, and damage assessment methodology.

2 Monitoring plan

2.1 Visual inspection

Formation of longitudinal cracks running perpendicular to

the intrados at the crowns of the double-span vaults of the

Brooklyn Bridge was detected during regularly scheduled

Fig. 1 The Brooklyn Bridge
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bridge inspections (Fig. 3). These cracks have been docu-
mented in bridge inspection reports and there are spray

paint markings noting their existence in 1996. Visual

inspection of the three floor levels and the basements in
both structures also revealed existence of a vertical crack

through the adjoining wall supporting the vaults. This crack

was approximately halfway between the north and south
ends of the structure, and ran from the seat of the vaults on

third floor all the way to the exposed portion of the foun-
dation in the basement (Fig. 3). In addition, other vertical

cracks were present on the adjoining support wall as well

as the support wall for the west vault, but they were con-
fined to the upper levels of the structure. The east wall

bordering the masonry anchorage structure was in much

better shape than all the other walls and did not have sig-
nificant cracks.

2.2 Failure mechanism and sensor installation strategy

Vaulted structures have been used throughout the centuries

to support enormous structural loads. Because of the
inherent geometric characteristics of the vaults, tensile

stresses are eliminated and the loads are supported in
compression. However, the vault thrust might push out-

ward/inward as the bridge experiences overloading, foun-

dation settlement or support displacement and thermal
movements. Thrust line is an imaginary line used to

visualize the forces within the masonry and to predict

Fig. 2 Portion of Manhattan approach structures

Fig. 3 Longitudinal and
vertical cracks of the Brooklyn
Bridge approach structure
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possible hinge locations and collapse modes (Fig. 4). As

the support displacements increase, new cracks occur in

the intrados and extrados of the vault (Fig. 4b, c). In
theory, support movement may increase until the vault

collapses by the formation of the fourth hinge. However,

in the real structure where there is no access to the vault
extrados to monitor the cracks, it seems reasonable to

define the safety of the structure based on the formation of

the first hinge instead of the collapse state of the structure.
A cost-effective sensing strategy involves reducing the

costs of sensor installations, wiring, data acquisition and

reduction by employing the least quantity of sensors to
achieve the objectives of the project. To accomplish this,

it was necessary to conceptualize the possible failure

mechanism of the double-span vaults of the Brooklyn
Bridge approach structures. This was accomplished by

examination of the visual inspection findings of the

monitoring team.
Formation of the longitudinal cracks at the intrados was

attributed to the movement of the walls supporting the

double-span vaults, namely the east and west walls as well
as the wall in the middle supporting both structures. The

middle wall supporting the two vaults was considered most

likely to have moved causing the vaults to crack. The cause
for the formation of the main vertical crack in the middle

wall could have been differential settlement of support

following the construction of the bridge back in 1883, or
excessive thrust from the vaults due to loads, and thermal

gradients. It is, however, noted that the bedrock is very

near the ground surface in Manhattan area. The fact that the
east wall was not cracked was attributed to confinement by

the anchorage structure. The west wall is partially confined
by the steel truss supports, but likely to move by excessive

loads or thermal gradients. The sensor plan provided in the

following section of this article is based on the above-
mentioned considerations.

2.3 Safety assessment methodology

To establish the state of health of the cracked approach

structures, a deterministic damage index approach is
introduced in a later section of this article. The damage

index provides a quantitative approach for evaluation of the

double-span vaults. This method is based on the crack
opening displacement in the vaults. The parameters for the

damage index method are acquired from a hybrid approach

by using the field data and laboratory test results. Sensor

location and instrumentation details are given next, and

then followed by field data, and scale-model laboratory
tests, and the safety assessment methodology. This is fol-

lowed by an explanation of how this data is incorporated

into the damage index formulation, and the safety factor
obtained by this approach.

3 Sensors and instrumentation

The sensor system included different types of fiber optic
bragg grating sensors, a data acquisition system, a cellular

broadband modem, and an antenna for remote communi-

cation with the site. Fiber optic sensors including crack
sensors, accelerometers, displacement sensors, temperature

sensors and tiltmeters were installed in various segments of

the double-span vault based on the sensing strategy
described in the previous section. Figures 5, 6 are the

schematic front and plan views of the vaults with sensor

types and locations. Four fiber optic crack sensors were
installed on the longitudinal cracks for each vault to

monitor the crack opening displacements. Additional crack

sensors were instrumented over several other vertical
cracks on the walls from the basement to the third floor. An

accelerometer was mounted on each side of the longitudi-

nal vault cracks to detect any relative vibrations due to
traffic loadings. Moreover, any changes in the dynamic

properties of the bridge could be detected by the acceler-

ometers. A fifth accelerometer was installed in the base-
ment adjacent to the bridge abutment to detect any induced

vibration by the cable anchorage. Tiltmeters were mounted
on the walls of the structure to measure the wall rotations.

They were mainly located on the middle wall of the

structure on each floor. However, some tiltmeters were also
mounted on the east and west walls of the structure to

validate this assumption. Fiber optic temperature sensors

were used to monitor thermal gradients. Displacement
sensors were attached to the walls and floors of the struc-

ture in order to allow relative displacement to be measured

between two surfaces.
Fiber optic crack sensors, displacement sensors, and

accelerometers were designed and fabricated at University

of Illinois at Chicago. Fiber optic crack sensors shown in
Fig. 6 are capable of measuring openings from 0.02 to

10 mm with the sensitivity of 0.5 nm/mm corresponding to

Fig. 4 Vault thrusts and cracks
due to support movements
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the change in the wavelength of FBG with crack opening

displacements. Each of the crack sensors was individually
calibrated in the laboratory prior to installation. The

accelerometers were also fiber-optic based with a resonant

frequency of 50 Hz, sensitivity of 0.2 nm/g and resolution
of 0.015 g. The accelerometer utilizes the stiffness of the

optical fiber and a lumped mass in the design. [19]. Dis-

placement sensors were a modified version of the crack
sensors in order to measure relative displacement between

two perpendicular surfaces. Figure 7 shows crack sensor #3

and tiltmeter #3 mounted on the structure. The tiltmeter
and temperature sensors were commercially available. The

tiltmeter sensors can measure the maximum rotation of

±3" with the sensitivity of 0.45 nm/deg and resolution of
0.002". Temperature sensors had operating temperature

ranges of -40 to 120"C with a resolution of 0.75"C.

Fiber optic sensors were controlled by a computer and
interrogator system that was housed in a metal cabinet

within the vaulted structure. Data acquisition sampling

frequency for all the sensors installed at the bridge site was
100 Hz for daily and weekly analysis and 10 Hz for

monthly analysis. A cellular broadband modem along with

an antenna was used to remotely communicate with the
site.

Fig. 5 Field sensor plan

Fig. 6 Sensors locations on the
masonry vaults (plan view)
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4 Field data results

Results presented here pertain to the monitoring program

between March 2009 and March 2010. Sensor data was

remotely monitored in real time, and historical data was
transferred from the site to remote computer for further

analysis. A few sensors such as crack sensor number 11

developed wavelength-overlapping issues and they were
replaced in July 2009. For these sensors, the average sensor

readings of July 27, 2009 (installation date) were considered

as reference. For the rest of the sensors, the average sensor
reading of March 9, 2009 pertained to their reference points.

Sensor signals are automatically compensated for tempera-

ture effects during the real time monitoring process.
Typical daily and weekly signals for a crack and

accelerometer sensor are shown in Figs. 8, 9, respectively.

Crack sensor readings showed insignificant change. The
maximum daily crack opening displacement for the vault

crack monitored by this sensor was about ±25 lm. Daily

crack opening displacements for other cracks were in the
same range. Weekly analysis of data based on average

daily recording of signals provided similar results with no

significant changes (±36 lm). As shown in Fig. 9, the

accelerometer located in the basement of the structure
showed no change during the monitoring period. No spikes

were observed in the daily acceleration data recorded by

the accelerometer indicating that there was no significant
vibration in the basement of the structure. Also shown in

Fig. 9, weekly analysis of data based on maximum recor-

ded acceleration provided similar results with no signifi-
cant changes. This was also the case for other

accelerometers mounted on the vaults of the structure.

Daily and weekly crack opening displacements did not
show changes beyond traffic-induced fluctuations with

their equilibrium positions. Figures 10, 11, 12, 13 corre-

spond to the longer term history of the structural behavior
based on the measured parameters from March 2009 to

March 2010. Figure 10 pertains to the year long crack

opening displacement along the longitudinal crack of the
west vault. As a reference the recorded thermal variations

during the same time period for the west vault are shown in

the same plot. Examination on Fig. 10 indicates a little
change in the vault crack opening displacements at the

north and south ends. For instance, crack sensor #1 and #4

Fig. 7 Fiber optic crack sensor
and tiltmeter

Fig. 8 Typical daily and
weekly recorded data
(crack sensor #3)
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show the maximum readings of 104 and 105 lm, respec-
tively. However, the mid section of the vault went through

a crack opening displacement cycle with crack opening

displacement as large as 1.2 mm, commensurate with
thermal fluctuations. As discussed earlier, data for the east

vault crack opening displacement signals were only avail-

able from July of 2009 to March 2010, and they are shown
in Fig. 11. Also shown in Fig. 11 are the thermal variations

in the east vault during the same time period. Examination

of the data in Fig. 11 also indicates crack opening dis-
placements of close to 1 mm at the mid section of the vault

crack and 140 and 346 micrometer at the north and south

ends of the crack. The major difference between the two
vaults of the double-span structure is the polarity of the

displacements, where the thermal contraction of the west

vault crack is associated with the expansion of the east
vault. The west vault controls the movements, because the

mid section of the vault expands and crack opening

displacements increase for rise in temperature and contract
for falling temperatures.

The above-mentioned observations are further demon-

strated in Fig. 12, where the crack opening displacements
of the two vaults are shown on the same plot as the third

floor tiltmeter readings at the mid section of the middle

wall. As shown in this figure, the third floor wall and the
west vault move in the same direction and the movement of

the east vault is in the opposite direction. Furthermore,

comparison of the tiltmeter signals in Fig. 13 reveals wall
rotations as large as 0.4" only on the third floor in the mid

section of the middle wall that supports both vaults. In

summary, the mid section of the wall moves more than the
ends. This is likely due to the vertical cracks which to some

extent separate the middle part of the wall from the ends. In

addition, the stiffness provided by the spandrel walls at the
ends of vaults partially prevents the end sections of the

middle wall to move.

Fig. 9 Typical daily and
weekly recorded accelerations
(accelerometer # 5)

Fig. 10 year long crack sensors
and temperature sensor data
(west vault)
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Whether thermal expansion and contraction and asym-

metric confinement of the east and west vaults were

responsible for cracks, is a question that cannot be
responded to based on the current study results. Moreover,

how much of crack opening displacements beyond the

current values are considered safe require more detailed
studies. In an attempt to assess the safety limits of the

structure based on monitoring the crack opening displace-

ments, it is necessary to assess the safety of the structure
based on the critical or failure crack opening displacement

of the vaults. For obvious reasons, it was impossible to
acquire this knowledge directly from the vaults. For this

reason, a series of laboratory tests were conducted to

estimate the critical crack opening displacements of the
vaults. Field data and laboratory test results were then

employed in a hybrid fashion to quantify the safety of the

structure.

5 Laboratory tests on scaled models

The health monitoring system installed on the approach
structure of the Brooklyn Bridge showed some activities in

the vaults and middle wall of the structure. To quantify the

safety condition of the structure, data recorded by the crack
sensors should be compared with the failure crack opening

displacement that might occur in the structure. The crack

opening displacement corresponding to the fully cracked
section is defined as the maximum, or failure, crack

opening displacement (dus) as shown in Fig. 14. Crack

opening displacement corresponding to crack initiation is
also shown in Fig. 14 (dss). When the crack is entirely

developed through the section, the load path of the vault is

cut and there is no longer any load resistance in the
structure. This crack opening displacement was identified

based on several laboratory tests of scaled models of the

Fig. 11 year long crack sensors
and temperature sensor data
(east vault)

Fig. 12 year long data for the
vault crack sensors and wall
rotations (crack sensors # 3,
#11, tiltmeter # 5)

10 J Civil Struct Health Monit (2011) 1:3–15

123



vault. The structural damage was quantified based on the

maximum crack opening displacement from the laboratory

tests along with the crack sensor readings from the field.
The experimental program comprised testing a series of

brick masonry scaled vaults with 1.83 m spans subjected to

horizontal displacements at the supports. The masonry
scaled vaults were built as scaled models of a two-span

approach structure of the Brooklyn Bridge. The scaling

factor of 4.5 was considered for construction of the models.
Figure 15 shows the dimensions of the semicircular

masonry scaled vault test model. The thickness of the

masonry scaled vault was 0.2 m at the supports and 0.14 m
at the crown. The scaled vault was constructed on a wooden

framework. To achieve proper scaling, 194 9 92 9 57 mm

bricks were cut into four equal smaller pieces. Type N
mortar was used to build the scaled vaults. The left end of

the scaled vault was fixed. The right end was built on the

steel plate having six ball bearings. This configuration
allowed for horizontal movement of the scaled vault support

by the displacement control hydraulic jack. Fiber optic crack

sensors similar to those mounted on the Brooklyn vaults
were mounted on the crown as shown in Fig. 16. The crack

might initiate at any mortar joint close to the crown.

Therefore, three fiber optic sensors were mounted along the
intrados of the scaled vault to ensure that the crack would be

detected by at least one of the sensors.

An MTS closed loop hydraulic testing system was
employed for the application of the horizontal displace-

ments at the rate of 0.02 mm/s. During the horizontal

support movement, a crack formed in one of the mortar
joints adjacent to the crown of the scaled vault as expected.

It started from the intrados and developed through the

scaled vault section for increasing displacements. Figure
17a shows the crack opening displacement recorded by the

fiber optic sensor as well as force recorded by the MTS

testing system. Three different regions namely pre-crack-
ing, cracking, and post-cracking phases were recognized

based on the transition points of the recorded force.
Throughout the pre-cracking phase, the force changes lin-

early. At the start of the cracking phase, the crack is ini-

tially visible at the vault crown in the intrados. The crack
continues to grow until it traverses through the entire

depth. The post-cracking phase is defined based on the

second transition point in the force diagram. At this point,
the scaled vault cross section is fully cracked. The hori-

zontal component of the thrust due to the self-weight tends

to spread the support and this in turn creates a resistance
force in the hydraulic loading ram. As a result, the force

diagram shows an offset at the beginning of the test as

shown in Fig. 17a. Once the horizontal displacement is
gradually applied to the scaled vault support, the force

decreases almost linearly until the crack starts to initiate.

The first transition point in the force diagram indicates the
crack initiation is in good agreement with the transition

point of the COD diagram as shown in Fig. 17b. The fiber

optic sensor reading corresponding to this transition point
is about 34 lm (dss). In the cracking phase, the crack

develops further until it reaches the top of the section. The

post-cracking phase is defined based on the second tran-
sition point observed in the force diagram. After this point,

Fig. 14 Definition of the crack opening displacement parameters for
the vault based on laboratory experiments

Fig. 13 year long tiltmeter data
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the force remains almost constant as the section is fully

cracked and there is no longer any load capacity in the
scaled vault. This constant force is needed to overcome the

friction between support rollers and testing frame. The fiber
optic sensor reading corresponding to the transition point

between the cracking and post-cracking phase is 418 lm

(dus).

6 Damage index

A damage index is proposed based on the field data and

laboratory tests to quantify the current damage in the vaults
of the Brooklyn Bridge approach structure:

DI ¼ dC # dS

dU # dS
; ð1Þ

where dC is the current crack opening displacement of the

approach structure identified from the field data, dSand dU

are the crack opening displacements corresponding to
crack initiation and fully cracked section of the approach

structure. It’s not practical to determine dS and dU values

from an in-service structure. Therefore, these values were

estimated from scaled laboratory tests.

DI values can vary as follows:

DI\0 pre-cracking phase no crackð Þ

0\DI\1 cracking phase

DI ¼ 1 post-cracking phase fully cracked sectionð Þ

Crack opening displacements (dS and dU) can be

extracted from the laboratory test results presented in the

preceding section as follows:

dS ¼ SL & dss ð2Þ

dU ¼ SL & dus; ð3Þ

where SL is the geometry scaling factor, dss and dus are
crack opening displacements corresponding to crack

initiation and fully cracked section, and previously

defined. These values were obtained from laboratory test
results as shown in Fig. 18. The geometry scaling factor,

SL, is calculated based on the span length of the scaled

model and real structure as follows:

Fig. 15 Schematics of the
laboratory setup

Fig. 16 Laboratory setup for
the scaled model and crack
sensor details at the crown
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SL ¼
LR

LS
; ð4Þ

where LS is the span length of the laboratory specimen. The
scaled models tested in this study had the span length of

1.83 m. LR is the span length of the real structure. For
complete similarity between real and scaled model of a

masonry structure, dimensional analysis gives two inde-

pendent scaling factors [24]. The scaling factors for
geometry and modulus of elasticity were considered as

independent factors. The rest of the scaling factors such as

scaling factor for concentrated load were calculated based
on those parameters. The scaling factor for geometry (SL)

is employed for the purpose of this study. The rest of the

calculated factors will be used in the future studies for load

Fig. 17 a Crack phase diagram
of laboratory model.
b Transition point of COD
diagram

Fig. 18 Damage index analyses of east and west vault spans
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capacity analysis of the structure. Due to the slight skew of

the approach structure, the west vault has different span

lengths at each of the crack sensor locations. As a result,
for each crack sensor on the west vault, the corresponding

scaling factor was calculated based on the span length of

the vault at that sensor location. However, the scaling
factor (SL = 4.5) considered for construction of the labo-

ratory models corresponds to the location of the crack

sensor #3 where most activities were observed in the crack
opening displacements and wall rotations. Since the east

vault has a constant span length, one scaling factor was
used for all crack sensors.

Based on the above, Eq. 1 can then be rewritten as

follows:

DI ¼ dC # SL & dss

SL & dus # SL & dss
¼ dC=SL # dss

dus # dss
ð5Þ

Figure 18 shows the damage indices calculated based on

Eq. 5 for each crack sensor mounted on the vaults of the

Brooklyn Bridge. For each sensor, dC was calculated based
on the maximum crack opening displacement observed

during a year. dss and dus were obtained from laboratory

tests as described in the preceding section. SL was
calculated based on the span length of the laboratory

specimen and the vaults of the approach structure at each

sensor location. The maximum damage index values
corresponding to crack sensors #3 and #11 are 0.54 and

0.4, respectively. The safety factor is defined as follows:

SF ¼ 1

DI
ð6Þ

where, DI is the damage index value obtained from Eq. 5.

As mentioned earlier, it seems reasonable to define the
safety of the structure based on the formation of the first

crack in the vault structure. The safety factor of 1.0 which

corresponds to the fully cracked section is considered as a
limit state, at which, the structure requires maintenance and

repair actions. For each vault, the lowest value obtained

from Eq. 6 is considered as the safety factor of that vault.
The safety factors calculated for west and east vaults are

1.54 and 2.5, respectively. This safety factor can be

updated each month based on the prior year’s field data.

7 Summary and conclusions

This study focused on development of a cost-effective

monitoring plan for the double-span approach structure
vaults of the Brooklyn Bridge. A method was proposed to

quantify the structural safety based on field data and lab-

oratory tests. The monitoring plan was based on in depth
visual inspection of the two structures supporting the

vaults. Additional considerations were based on the basic

structural behavior of vaults and their interactions with the

supporting structures. This project proved to be efficient
both in terms of cost effectiveness as well as acquisition of

pertinent data.

The field monitoring system was based on fiber optic
sensors to monitor key structural parameters of impor-

tance in this project such as crack opening displacements,

wall rotations, floor movements, structural vibrations and
temperature fluctuations. Analysis of field data indicated

negligible structural perturbations over short periods of
times. Crack sensors mounted on the vaults showed the

maximum daily and weekly readings of 25 and 36 lm,

respectively. Over the longer terms, however, a pattern
emerged signifying the movements of the third floor walls

and the double-span vaults in tandem with seasonal

thermal fluctuations. Quantification of structural safety
was based on the sensed crack opening displacements of

the vaults and their correlations with the failure limits. A

series of laboratory tests were performed on scaled
models of the vaults in order to establish the maximum or

limit crack opening displacements. A damage index was

defined based on the maximum crack opening displace-
ments from the laboratory tests and the field data. Con-

sidering the damage-index-based approach, a safety factor

of 1.54 was computed for the current state of the
structure.
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