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ABSTRACT

Relationship Between Mass and Modal Frequency of a
Concrete Girder Bridge
by
Michael W. Dean, Master of Science
Utah State University, 2011
Major Professor: Dr. Marvin W. Halling
Department: Civil and Environmental Engineering
In April of 2008, the Federal Highway Administration (FHWA) launched the
Long Term Bridge Performance (LTBP) program. The program was established
to collect scientific quality data from a number of bridges across the nation over a
period of 20 years. The data will be used to provide a better picture of bridge
health and structural performance. Utah Department of Transportation (UDOT)
structure number 1F 205, located 2.4 km (1.5 mi) west of Perry, Utah, was
selected as one of the LTBP pilot bridges (this bridge will also be referred to as
the Cannery Street Overpass).
UDOT performs regular maintenance on this bridge and in April of 2011
they began a rehabilitation project over a 13-km (8-mi) section of I-15 that
included the Cannery Street Overpass. The main purpose of this rehabilitation
was to improve pavement conditions. As part of this work, in the fall of 2011
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UDOT removed all of the asphalt from the bridge deck, performed deck repairs,
and placed a new asphalt layer. A unique opportunity presented itself to better
understand the relationship between the mass and resonant vibration
frequencies of the structure. This relationship is understood by
 = ⁄
where ωn=resonant frequency; k=stiffness; and m=mass. A decrease in mass
should yield an increase in resonant frequency.
Dynamic testing was done on the bridge to obtain its resonant
frequencies. This testing included measuring the velocity response of the
structure at different points on the bridge due to ambient vibrations (mainly from
traffic). Three tests were performed before, during, and after UDOT's scheduled
maintenance. These testing states include:
State 1.

Original asphalt on bridge deck

State 2.

No asphalt on bridge deck

State 3.

New asphalt on bridge deck

These three states represent three different mass states of the bridge. The
original asphalt layer was substantially heavier than the new asphalt layer. The
data obtained from all three tests was processed in order to extract modal
properties of the bridge. The changes in modal properties were analyzed and
the results of the testing proved to be insightful at defining the relationship
between mass and resonant frequency.
(77 pages)

v
PUBLIC ABSTRACT

Relationship Between Mass and Modal Frequency of a
Concrete Girder Bridge
by
Michael W. Dean, Master of Science
Utah State University, 2011
Major Professor: Dr. Marvin W. Halling
Department: Civil and Environmental Engineering
In April of 2008, the Federal Highway Administration (FHWA) launched the
Long Term Bridge Performance (LTBP) program. The program was established
to collect scientific quality data from a number of bridges across the nation over a
period of 20 years. The data will be used to provide a better picture of bridge
health and structural performance. Utah Department of Transportation (UDOT)
structure number 1F 205, located 2.4 km (1.5 mi) west of Perry, Utah, was
selected as one of the LTBP pilot bridges (this bridge will also be referred to as
the Cannery Street Overpass).
UDOT performs regular maintenance on this bridge and in April of 2011
they began a rehabilitation project over a 13-km (8-mi) section of I-15 that
included the Cannery Street Overcrossing. The main purpose of this
rehabilitation was to improve pavement conditions. As part of this work, in the
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fall of 2011 UDOT removed all of the asphalt from the bridge deck, performed
deck repairs, and placed a new asphalt layer. A unique opportunity presented
itself to better understand the relationship between the mass and resonant
vibration frequencies of the structure.
A resonant vibration frequency, or modal frequency, of a structure is a
vibration usually measured in hertz or cycles per second that causes a high
relative magnitude of deflection. The resonant frequency of a structure is found
when the frequency of an input force (in this case traffic induces a vibration in the
bridge) matches the output, or response frequency, of the structure. A structure
can have many resonant frequencies. The relationship between a structure's
mass and its resonant frequencies is shown by
 = ⁄
where ωn=resonant frequency; k=stiffness; and m=mass. Therefore, a decrease
in mass should yield an increase in the resonant frequency.
Dynamic testing was done on the bridge to obtain its resonant
frequencies. This testing included measuring the velocity response of different
points on the bridge deck to natural vibrations that occur mainly with traffic
(called "ambient" vibrations). Three tests were performed before, during, and
after UDOT's scheduled maintenance. These testing states include:
State 1.

Original asphalt on bridge deck.

State 2.

No asphalt on bridge deck.

State 3.

New asphalt on bridge deck
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These three states represent three different mass states of the bridge. The
original asphalt layer was substantially heavier than the new asphalt layer due to
thickness variations. The data obtained from all three tests was processed in
order to extract modal properties of the bridge (i.e. resonant frequencies, modal
damping ratios, and mode shapes). The changes in modal properties (due to the
changes in mass) were analyzed and the results of the testing proved to be
insightful at defining the relationship between mass and resonant frequency.
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INTRODUCTION

The FHWA Long Term Bridge Performance Program includes seven pilot
bridges around the United States. These include bridges in California, Utah,
New Jersey, and Virginia. The Utah Pilot Bridge, structure number 1F 205, is the
subject for the dynamic testing researched in this thesis. The bridge is a
concrete girder bridge located 2.4 km (1.5 mi) west of Perry, UT. It was
constructed in 1976 as part of the Interstate 15 corridor, and serves as an
overpass above Cannery Road.
Dynamic testing was performed on the bridge in order to obtain modal
characteristics of the bridge at different times in the construction state. Namely,
the testing was done with and without the asphalt layer on the bridge deck, and
has provided insight into the affect that the asphalt layer, or mass, has on the
structural characteristics of the bridge. Testing was performed on the structure at
three different states:
State 1.

Original asphalt on bridge deck.

State 2.

No asphalt on bridge deck.

State 3.

New asphalt on bridge deck

The relationship between modal frequency and mass was analyzed in
each of the three bridge states. Resonant frequencies were obtained through
dynamic testing and then used to observe the effects of the change in mass. In
an idealized single-degree-of-freedom oscillator, the stiffness, mass, and
frequency are related by

2

 = ⁄

(1)

where ωn=resonant frequency; k=stiffness; and m=mass. As can be seen by this
relationship, a decrease in mass (going from state 1 to state 2) should lead to an
increase in natural frequency. Going from state 2 to state 3 should result in an
increase in mass and therefore a decrease in natural frequency.
The mass of the bridge was calculated for all three testing states in order
to quantify the changes in mass and frequency (APPENDIX B. Calculations).
The mass of the bridge (including girders, deck, barriers, and asphalt) during
each state is as follows:
State 1.

m1 = 479,351 kg (2,744 lb*s2/in)

State 2.

m2 = 351,952 kg (2,015 lb*s2/in)

State 3.

m3 = 408,395 kg (2,338 lb*s2/in)

In comparing masses between states 1-3, state 2 mass, m2, is equal to 73% of
m1. State 3 mass, m3, is equal to 85% of m1. Using equation 1 it can be seen
that a 27% decrease in mass (going from state 1 to state 2) should produce an
increase in modal frequency of 17%. And a 15% decrease in mass should
produce an 8% increase in modal frequency (APPENDIX B. Calculations).
In order to carry out dynamic testing, a plan was established for the layout
of velocity sensors on the bridge. Sensors were laid out to measure horizontal
(longitudinal and transverse directions) and vertical vibration. Two separate
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data acquisition systems were used to obtain sensor response to either forced or
ambient excitation.
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LITERATURE REVIEW

Dynamic testing of civil structures has greatly improved in recent years
and has become a viable solution for assessing a structure's strength and
deficiency. When incorporated with finite-element models, dynamic testing can
also produce accurate estimations of structural parameters. Much research has
been done to improve testing procedures both in the field and during postprocessing and analysis.
Brownjohn et al. (2003)
The Pioneer Bridge, part of Pioneer Road in Western Singapore, was
studied to assess the strength of the structure as well as its defects. It was found
that the rubber bearing supports were no longer able to carry their maximum
load. A series of upgrades were proposed which would modify the simplysupported structure into a monolithic and continuous superstructure with
supports. Dynamic testing was planned in order to:
1. establish whether the improvements on the bridge were effective
and caused an increase in strength
2. observe the effectiveness of the combination of upgrading and
testing
3. use the experience to improve bridge assessments
Through dynamic testing, modal properties of the structure were analyzed such
as natural frequency, damping ratio, mode shapes, and modal masses. The
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testing included two phases: before and after upgrading. It also included the
creation of a finite-element model to estimate structural parameters. Bridge
response data was obtained via forced excitation from an electro-dynamic shaker
on the bridge. The sensors used to read the response were force balance
accelerometers. The results from the pre-upgrade dynamic test showed a total
of 5 modes within the frequency band of 0-20 Hz. The fundamental mode was
found at 5.4 Hz and mode shapes were extracted from the data. At the
abutments, the mode shapes had a non-zero slope due to the simple or nonfixed supports.
After the upgrading the same testing procedure was accomplished and
new modal properties were found from the forced excitation response data. The
fundamental frequency had increased almost 50% showing a major increase in
stability of the structure. The slopes of the mode shapes near supports were
closer to zero showing the partial fixity effect of the upgrade on the support
conditions of the bridge. The finite-element model was updated and used to
estimate structural parameters of the bridge. Thus, the dynamic testing done
before and after upgrading of the bridge proved to be very valuable in quantifying
the effectiveness of the improvements made on the bridge.
Zanardo et al. (2006)
A four-span continuous reinforced concrete (RC) bridge, bridge no. 3014
of the Main Roads of Western Australia (MRWA), was the subject of this
research. The bridge is part of the Nangetty-Walkaway road in Greenough,
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Western Australia and spans the Greenough river. Each span is approximately
10 meters (33 feet) in length and the width of the bridge is 7.62 meters (25 feet).
The average depth of the RC bridge deck is approximately 0.4 meters (15-3/4
inches). The structure was built around 1965 and is now showing signs of
distress mostly throughout the bridge deck. It was decided that the bridge
needed retrofitting.
A team of engineers assessed the condition of the bridge before and after
the upgrading. The pre-upgrade assessment included vibration-based dynamic
testing and model creation and updating. SAP2000 was used to develop a 3D
model of the structure. The bridge deck was represented as a mesh of isotropic
slab elements supported at three intermediate locations and pinned at the ends.
The model was analyzed and parameters were chosen for model updating. The
vibration based dynamic testing was accomplished using 15 accelerometers, a
signal analyzer and signal generator to read and measure the response of the
bridge to forced excitation. The forced excitation was accomplished by the use
of an electro-dynamic shaker. Shock tests were also performed using a
sledgehammer but this resulted in poor quality data which was thrown out.
Measurements were taken at 125 different points on the bridge deck. Sine
Sweep tests were performed on a frequency range of 3-30 Hz at a sampling rate
of 125 Hz. From the pre-upgrade testing, 14 vibration modes were found within a
frequency range of 0-30 Hz. The modes consisted of both bending and torsion
mode shapes. The fundamental frequency was measured at 7.23 Hz. The
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model was updated and the results were compared to experimental results
through modal assurance criterion (MAC). The MAC results showed high
correlation between the model and the bridge with MAC numbers on the range of
0.805-1.00. Retrofitting was done using carbon-fiber-reinforced polymer (CFRP)
straps applied at specific points throughout the bridge deck and supports. After
retrofitting, the post-upgrade testing was completed. The same equipment was
used but even more points/locations were tested to allow for better resolution in
the mode shapes. The shaker was used to vibrate the bridge through a
frequency band of 5-45 Hz and data was recorded at a sampling rate of 125 Hz.
The data was processed and the fundamental frequency was found at 7.59 Hz
which, compared to the pre-upgrade value of 7.23 Hz, shows an increase of
4.9%. Other modes were found to have increased from 1-10.8% which shows a
definite increase in the stiffness of the structure due to the retrofitting. The model
was updated with CFRP elements throughout the bridge. It was then analyzed
and showed an increase in modal frequencies in the range of 4.7-10.6% which is
very similar to experimental results. The increase in flexural stiffness of the
bridge due to the retrofitting was found to be as high as 32% at some locations
on the bridge.
Halling et al. (2008)
Structural damage affects the integrity of civil structures. One way to
detect damage in a structure is by the reduction in overall stiffness due to the
damage. The stiffness of a civil structure can be determined through measuring
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a structure's response to vibration testing, then analyzing the response data to
determine dynamic and stiffness properties of the structure. If the stiffness of the
structure can be assessed before and after damage occurs, then the location and
magnitude of the damage can be deduced through vibration testing. This is a big
advantage over visual inspection, which can only detect surface damage which is
visible. Vibration testing and analysis includes three parts that make up the
methodology presented by Halling et al:
1. System Identification
2. Finite-Element Model Creation
3. Modal Updating
The purpose of this methodology (known as SFM) is to detect the location and
magnitude of damage to civil structures. Three case studies were performed to
establish the SFM methodology.
The purpose of the first study was to show that the SFM methodology
shows results similar to other group’s results, who tested using the same model.
The subject of the first case study was a computer-simulated model of a fourstory building. The model was analyzed in three separate damage states: (1)
without damage, (2) bracing removed at the first story, and (3) bracing removed
from the first and third stories. The results of the analysis show a large decrease
in modal frequencies from state 1 to 2. This was expected as removing bracing
would soften (reduce the stiffness of) the structure. There was also a reduction
in the modal frequencies from state 2 to 3. The modal frequencies are within 3%
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of those found by other groups who analyzed the same model which proved
successful. This first case study shows that damage can be detected through
modal frequencies, but the location and magnitude of the damage cannot be
detected without the full SFM method, which was used in case studies 2 and 3.
The second case study focused on the physical model of the same
building in case study 1. Once again, damage states were put in place. This
time there were only two damage states used: (1) without damage and (2) single
brace removed at the first story at the northwest bay. The building's response to
ambient excitation for damage states 1 and 2 was measured and recorded. After
processing the data, lower modal frequencies were found in the second damage
state, which ranged from 12-33% lower than those found in the first damage
state. The first story showed significantly reduced stiffness (compared to other
stories) during the second damage state. From the test results and through a
method known as the change in stiffness method, the location and magnitude of
damage was successfully detected. The damage was determined to be located
at the first floor of the northwest bay.
The third case study focused on a six-span concrete bridge in Salt Lake
City, Utah. Four damage states were tested in this case study. The first state
being the service state (without damage). States 2-4 consisted of various levels
damage to the column bents at different locations. The dynamic test included
forced excitation of the bridge using a mass shaker and the bridge response was
measured through velocity and acceleration sensors. It was concluded that the
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location of the shaker had little effect on the recorded natural frequencies.

The

results of the tests show a reduction in frequency going progressing through
each damage state. Using the SFM methodology the damage locations were
successfully obtained as well as the magnitude of the damage apparent by a loss
in stiffness at the damage locations.
Carden et al. (2004)
This article reviews the newest methods (post-1996) in vibration based
condition monitoring (VBCM) while focusing on civil structures. In VBCM,
measurements of a structure's response to excitation are measured in time
domain. The time domain data can be processed or converted to the frequency
or modal domains. Most modern VBCM methods focus on the modal domain,
although it has been argued that the frequency domain can provide more
information over a wider frequency. VBCM encompasses a wide range of data
acquisition and processing methods. Rytter developed four classifications of
VBCM as follows:
Level 1: Detection of damage
Level 2: Localization of damage
Level 3: Assessment of damage
Level 4: Consequence of damage (safety of damaged structure).
The fourth level is the end goal of all VBCM and yet is difficult to predict (Rytter,
1993).
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Many approaches to VBCM were studied in this review. Natural
frequency-based methods were used in the Cannery Street Overpass dynamic
testing. These methods focus on changes in natural frequency which leads to
the detection of damage in a structure. Natural frequency can be affected by the
location, magnitude and geometry of the damage. It is argued that shifts in
frequency at lower frequency ranges are not a reliable source for damage
detection because of the shifts that occur from incidental vibrations. Others have
found experimental results that contradict this notion. The most successful use
of natural frequency methods to detect structural damage was found in laboratory
settings with only one damage location on a simple structure.
Cornwell et al. (1999)
The Alamosa Canyon Bridge, 16.1 kilometers (10 miles) north of Truth or
Consequences, New Mexico, was tested to reveal modal properties and how
they vary with environmental conditions. The purpose of identifying variation in
modal properties of a structure due to environmental conditions is to separate
these from variations due to the presence of damage. This increases the quality
of damage detection by accounting for environmental effects on modal
properties.
The testing included forced excitation through impact. Thirty
accelerometers were positioned on the bridge deck, as well as five
thermometers. Bridge response was measured over a 24-hour period in
increments of 2 hours.
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Test results show that the material properties and boundary conditions of
the structure were affected by a change in the temperature differential across the
bridge deck. The author believes that this is due to the orientation of the bridge,
and effects the thermal expansion across the deck. The bridge runs in a northsouth direction, which means that when the sun rises in the morning, the east
side of the bridge heats up. This is when the maximum temperature differential
and the maximum modal frequencies were recorded. As the temperature
differential dissipates throughout the day, so does the modal frequency. The
modal frequency of the first, second, and third modes were shown to vary
between 4.7% to 6.6%, which is a substantial amount.
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BRIDGE DESCRIPTION

Fig. 1. Cannery Street Overpass

The Utah Pilot Bridge, number 1F 205, is located 2.4 kilometers (1.5
miles) west of Perry, Utah and was constructed in 1976 (Fig. 1 and Fig. 2). It is
owned by the Utah Department of Transportation and carries Northbound I-15
with a daily traffic load of 18,800 vehicles over the Cannery Road (APPENDIX A.
National Bridge Inventory). The structure is a single-span bridge with integral
abutments. The bridge measures approximately 23.4 m (80 ft) long between the
centerlines of bearing on the north and south abutments. The bridge is 13.41-m
(44-ft) wide, accommodating a 12.34-m (40-ft 6-in) wide roadway made up of a
1.6-m (5-ft 3-in) left shoulder, two 3.66-m (12-ft) lanes and a 3.43-m (11-ft 3-in)
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right shoulder. The bridge was initially comprised of a 4.44-cm (1 ¾-in) asphalt
overlay over an 20.32-cm (8-in) thick concrete deck supported by pre-cast prestressed AASHTO Type IV concrete girders (Fig. 3). Each girder is 1.37-m (54in) deep, with a 50.8-cm (20-in) wide top flange, a 66-cm (26-in) wide bottom
flange, and a 20.32-cm (8-in) wide by 58.42-cm (23-in) high web (Fig. 4).
(Svirsky, 2011b)

Fig. 2. Aerial View of Utah Pilot Bridge
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Fig. 3. Typical Bridge Deck Section Looking North

Fig. 4. Typical Pre-stressed Concrete Beam Section
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The bridge was designed according to the Utah Department of Highways
Standard Specifications for Road and Bridge Construction, Edition of 1970. Load
design was based on HS 20-44 or Interstate Alternate Loading, in accordance
with A.A.S.H.O. Specifications of 1969 and Interim Specifications. All reinforcing
steel was specified as A.S.T.M. A615-68, Grade 60 deformed billet-steel bars
with an allowable stress of 165.47 Megapascals (24,000 pounds per square
inch). All structural steel was specified as A.S.T.M. A-36 carbon steel with an
allowable stress of 137.9 Mpa (20,000 psi). Concrete strength was specified as
follows:
•

Cast-in-place: f'c = 24.13 Mpa (3,500 psi) / fc = 9.65 Mpa (1,400 psi)

•

Prestressed: f'c = 34.47 Mpa (5,000 psi)

The wearing surface was specified as 718.2 pascals (15 pounds per square foot)
F.W.F., 957.6 pa (20 psf) waterproofing membrane, and 4.44-cm (1 ¾-in)
bituminous surface.
UDOT inspections performed in 2005 indicate that the bridge was in good
condition. In 2011, during dynamic testing, the bridge abutments and parapets
showed signs of cracking.
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DYNAMIC TESTING

The dynamic tests performed on the Cannery street overpass were to
provide a better understanding of the role of the asphalt layer on the surface of
the bridge deck in the structural characteristics of the bridge. It was known that
the Utah Department of Transportation (UDOT) would be removing and replacing
the asphalt layer on the Cannery street overpass during the summer of 2011 in
order to accomplish routine repairs and maintenance on the bridge deck. This
presented the inspiration and opportunity for dynamic testing to be conducted
during each bridge state. State 1 dynamic tests were performed on May 17,
2011 before the asphalt layer was removed (Fig. 5). State 2 tests were done on
September 21, 2011 subsequent to the removal of the asphalt from the bridge
deck. And State 3 testing was performed on October 1, 2011 subsequent to the
installation of a new asphalt layer on the bridge deck.
Testing Method

Dynamic testing of civil structures involves measuring a structure's
response to forces, namely, vibrations. Civil structures experience vibrations
from a variety of sources that can be grouped into two main categories for testing
purposes:
o Forced (or applied) excitation
o Ambient (or natural) excitation

18

Fig. 5. State 1: Original Asphalt (left); State 2: No Asphalt (center);
(cen
and State
3: New Asphalt (right)

Forced excitation can be advantageous in that the input to a dynamic test
tes
is known, making it possible to model both the input and the response of the
system. Ambient excitation, on the other hand, is described as normal everyday
excitation whose frequency and amplitude are unknown. One example
previously mentioned is traffic excitatio
excitation
n of a highway bridge. The main
disadvantage of this type of testing is the fact that the input is unknown and nonnon
periodic, which leads to a non
non-periodic
ic response. The advantage of this type of
testing is that a structure can be tested under loads that exist in service
conditions.
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It was decided that both forced and ambient excitation would be used in
testing of the Cannery street overpass. This would allow us to see which method
could provide us with an accurate assessment of modal properties.
In order to conduct dynamic testing of the bridge the following equipment was
utilized:
1. Velocity transducers—Sercel's Model L-4 Low Frequency
Geophone (Fig. 6)
2. Data cables with military type connectors
3. Laptop computer
4. Power cords
5. Gas powered generator

Fig. 6. Velocity Transducer (Shown on Bridge Deck)
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For the forced excitation-based testing, the following equipment was
utilized (see Fig. 7 for configuration):
1. Data Acquisition System:
a. Data Physics Corporation's SignalCalc Dynamic Signal
Analyzer software
b. Data Acquisition Unit (DAQ)
2. APS Dynamic Amplifier model 144
3. Electro-Seis APS 400 Shaker with attached Reaction Mass
Assembly.
4. BNC to Military connection pigtails
For the ambient excitation based testing, the following equipment was
utilized (see Fig. 8 for configuration):
1. Data Acquisition System
a.

Campbell Scientifics' CR5000 Measurement and
Control Datalogger

b. Real-Time Data Acquisition Software (RTDAQ)
2. Military connection pigtails

21

Fig. 7. Forced Excitation Testing Schematic

Fig. 8. Ambient Excitation Testing Schematic
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Post Processing and Analysis

Data acquired from forced excitation testing was processed in Signalcalc.
The output included transfer function, unwrapped phase, and coherence function
graphs. The transfer function plot was used to determine resonant frequencies
(peaks in the data). These peaks were further confirmed by a 180-degree phase
shift in the unwrapped phase plot. The coherence function was also used to
further validate the resonant frequencies. A coherence value of zero means no
correlation exists between input and output, while a coherence value of one
indicates that complete correlation exists between input and output. The transfer
function and unwrapped phase values were also used in calculating mode
shapes and damping ratios.
The data acquired from the ambient excitation tests was in the timedomain. Subsets of this data were processed in Matlab using a Fast Fourier
Transform (FFT), phase extraction, and modal damping algorithm. Once
processed, the data was depicted in a spectral plot and analyzed to determine
the modal properties of the bridge. The transfer function and phase values were
then used to calculate mode shapes and modal damping ratios at each modal
frequency.
Modal damping ratios were calculated using the Half-Power Bandwidth
method (HPB). This method calculates a modal damping ratio for each modal
frequency. The HPB method uses the transfer function plot of a specific modal
frequency and identifies a point on either side of the modal frequency at 70.71%
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of the resonant frequency's amplitude (70.71% is equal to 2(-1/2)). These two
points, labeled fb and fa are in hertz. The distance between the two points is
related to the modal damping ratio by this equation:
=

−

 ⁄

2 

(2)

where ζ=modal damping ratio (%); and fn=modal frequency (Hz).

Dynamic Testing State 1—Original
Asphalt on Bridge Deck

During state 1 testing there was an accumulated asphalt layer with an
average thickness of 20.32 cm (8 in) on top of the bridge deck resulting in a total
bridge mass of 479,351 kg (2,744 lb*s2/in). State 1 testing took place on the
evening of May 17, 2011. We were able to take advantage of a lane closure
(east lane) from 7:00 pm to 6:00 am. The lane closure provided space to work
and safety from oncoming traffic.
One of the first tasks was to mark the location of each sensor on the
bridge with orange spray paint. The sensor locations were previously considered
as seen in the instrumentation plan (Fig. 9). The reference point on the plan is at
the south end of the bridge. Five vertical sensors (V6,V8, and V10-V12), three
horizontal-transverse sensors (H3-H5) and one horizontal-longitudinal sensor
(L1) were placed on the east side of the bridge as seen in Fig. 10 and Fig. 11.
Two vertical sensors (V15-V16) were placed on the west side of the bridge to
identify torsion mode shapes, as well as verify the modal frequencies recorded
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by V10 and V8 on the opposite side of the bridge. Except for V10 and V16, the
sensors were positioned so as not to be located over a modal node, which would
result in a near zero velocity reading for specific resonant frequencies. Cables
were attached to these sensors using military connections. The cables were
connected on the other end to the data acquisition system (Fig. 12).
The shaker was positioned next to sensor V10 at mid-span (Fig. 13).
Stepped Sine testing of the bridge under forced excitation began at 1:00 am.
The shaker was used to excite the bridge at various frequency steps and the
response of the sensors was monitored in the frequency domain to determine the
peak resonant frequencies. This forced-excitation testing was done between the
hours of 1:00 am and 4:00 am.
Duplicate vertical sensors were set up at positions V6, V8, and V10-12.
These sensors were connected directly to the CR5000 data logger for ambient
excitation testing. Only the sensors on the east side of the bridge were used in
the ambient excitation of state 1 testing. This testing was done between the
hours of 1:26 am and 3:52 am.
The forced excitation resulted in very noisy data. Part of the difficulty in
recording good data was due to the stiffness of the structure. It is difficult to
induce enough force into such a short stiff bridge using a single shaker. Noise
also resulted from continuous traffic on the bridge. Response data had to be
averaged in order to counteract the noise and enough averages could be taken
to clean up the data. This was due to our time constraint on the bridge which
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Fig. 9. State 1 Instrumentation Plan
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V11, H5
V12

Fig. 10. Sensors on East Side of Bridge (Sensors V6-V12, H3-H5, and L1)

Transverse
Sensor

Vertical
Sensor

Longitudinal
Sensor

Fig. 11. Velocity Transducers on Bridge (Sensors V10, H4, and L1)
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was determined by the lane closure.
Sensor response data was transferred from the time domain to the
frequency domain and peaks were found for the first three modes. Fig. 14 shows
vertical sensor responses (in milivolts) of one specific stepped sine test. This
test recorded responses from excitation within three frequency bands: 6-8 Hz, 910 Hz, and 13-14 Hz. A peak can clearly be seen between 7 and 8 Hz and
between 9 and 10 Hz. No clear peak was found during this test for the first mode
(between 6 and 7 Hz). The fourth, fifth and sixth modes were not found during
the forced excitation testing. The modal frequencies for modes 1, 2, and 3 can
be seen in Table 1 Column 2.

Fig. 12. Data Acquisition Equipment.
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Fig. 13. Shaker on Bridge

Magnitude (mV)

State 1: Response Spectra (Forced Excitation)
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Fig. 14. Sensor Response to Forced Excitation (Sensors V6, V8, and V10)
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The ambient excitation testing proved more reliable and produced better
results than the forced excitation testing for this particular bridge. Response data
was recorded between 0 and 50 Hz. The first four modes are clearly seen in Fig.
15 and are recorded in Table 1 Column 1. The fifth and sixth modes were also
found and recorded in Table 1 Column 1.
Modal damping of the structure was determined and recorded in Table 1
Column 3. Damping could not be determined for modes 1, 5 and 6 using the
half-power bandwidth method and the data acquired from testing.

State 1: Response Spectra (Ambient Excitation)
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0.04
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13.67 Hz
22.95 Hz

0
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Frequency (Hz)
V10
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V6

Fig. 15. Sensor Response to Ambient Excitation (Sensors V6, V8, and V10)

30
Table 1. Modal Frequencies (Hz) and Modal Damping Ratio(%) of Testing State
1 for Modes 1-6

Mode
1
2
3
4
5
6

Frequency (Hz)
(Ambient)
(1)
6.45
7.62
9.52
13.67
17.09
22.95

Frequency (Hz)
(Forced)
(2)
6.60
7.67
9.44
-

Damping Ratio (%)
(3)
2.40
2.27
3.57
-

Dynamic Testing State 2—Original
Asphalt Removed from Bridge Deck
During state 2 testing there was no asphalt on top of the bridge deck
resulting in a total bridge mass of 351,952 kg (2,015 lb(s2)/in). The mass of the
bridge during state 2 was 73% of the bridge mass of state 1. State 2 testing
occurred the night of September 21, 2011. UDOT’s contractor experienced
many delays preceding the work on the Cannery street overpass. On the night of
the 21st, the asphalt had been mostly removed from the bridge deck (Fig. 16).
Thin layers of asphalt still remained on the bridge deck on the day of the testing,
though the layers were not more than 1.27 cm (1/2 in) thick (Fig. 17). The
asphalt layer which was removed was approximately 20.32 cm (8 in) as seen in
Fig. 18. This asphalt accounts for a substantial portion of the mass of the bridge.
A new instrumentation plan (Fig. 19) was designed and implemented for
the remaining two dynamic tests (states 2 and 3) that included considerably more
vertical sensors which were added to the east side of the bridge. The density of
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sensors was also gradually increased towards the north abutment. This was
done to obtain a higher resolution in the mode shapes, as well as to get a closer
view of the fixity conditions at each abutment of the bridge (mode shapes will be
shown in the final comparison of the testing states). The response data was
recorded between the hours of 10:40 pm and 5:00 am.
The contractors worked on removing the remaining asphalt using an
excavator on the bridge during the first 2½ hours of testing (Fig. 20). This added
substantial noise to response data obtained during that time, and affected the

Fig. 16. Bridge Deck After Removal of Asphalt
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Fig. 17. Bare Bridge Deck with Patches of Asphalt (Night of State 2 Testing)

Original road surface

Fig. 18. Concrete Barrier on West Side of Bridge
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clarity of the modal frequencies. Once the scraping was completed, response
data was clear enough to view all 6 modal frequencies. Modal frequencies of
modes 2-6 can be seen in Fig. 21.
All six modal frequencies and modal damping of state 1 and 2 testing can
be viewed in Table 2. The change in frequency and damping ratio can be seen
in the columns labeled "Ratio.” A ratio greater than one indicates an increase in
frequency or damping comparing testing state 1 to state 2. A ratio less than one
indicates a decrease in frequency/damping. Thus, the frequencies of mode 1
increased by 0.14 or 14% as can be seen by the calculated ratio of 1.14. As
was expected, the modal frequencies found in state 2 testing were higher than
that of state 1 (with the exception of mode 4) due to the decrease in mass from
the asphalt removal (see equation 1). The highest increase of 14% is seen in the
fundamental mode and the lowest increase was seen in mode 4. This can be
compared to the previously calculated expected increase of 17%. Damping also
increased on the order of 18-46%. The damping is seen to correlate with the 3
main peaks of Fig. 21 (modes 2, 3, and 4 from left to right) in that an increase in
damping is characterized by a lower magnitude and wider peak, the highest
damping seen in mode 4.
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Fig. 19. Second and Third States Instrumentation Plan
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Fig. 20. Scraping Asphalt Off Bridge During State 2 Testing.

State 2: Response Spectra
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Fig. 21. Sensor Response to Ambient Excitation (Sensors V6, V8, and V10)
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Table 2. Modal Frequencies (Hz) and Modal Damping Ratio (%) of Testing
States 1 and 2 for Modes 1-6
State 1

State 2

Frequency Frequency
Ratio
Mode
(1)
(2)
(2)/(1)
1
6.45
7.37
1.14
2
7.62
8.30
1.09
3
9.52
10.06
1.06
4
13.67
13.67
1.00
5
17.09
18.21
1.07
6
22.95
23.73
1.03

State 1
Damping
Ratio
(3)
2.40
2.27
3.57
-

State 2
Damping
Ratio
Ratio
(4)
(4)/(3)
3.26
1.36
2.68
1.18
5.22
1.46
-

Dynamic Testing State 3—New Asphalt
on Bridge Deck
During state 3 testing there was a new asphalt layer with an average
thickness of 8.89 cm (3 ½ in) on top of the bridge deck resulting in a total bridge
mass of 408,395 kg (2,338 lb*s2/in). The mass of the bridge during state 3 was
85% of the bridge mass of state 1. State 3 dynamic testing was conducted on
the night of October 12, 2011, just 3 weeks after the state 2 testing. The new
layer of asphalt was applied to the bridge a couple of days after the state 2 tests.
The instrumentation plan that was used in state 2 testing was reused in state 3
(Fig. 19). The response of the bridge to ambient vibration was recorded between
the hours of 6:56 pm and 9:50 pm, much earlier in the evening than the two
previous tests.
The new asphalt provided additional mass to the bridge which should
cause a decrease in modal frequencies and modal damping. Modal frequencies
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for modes 2-6 can be seen clearly in the frequency response plot of Fig. 23. The
fundamental modal frequency was found in the response data of sensors V13V16 on the west side of the bridge. Modal frequencies and modal damping ratios
for testing states 1 and 3 can be seen in Table 3. The change in frequency and
damping ratio can be seen in the ratio columns. A ratio of greater than one
indicates an increase in frequency/damping. The frequencies for modes 1-6
have all increased from state 1 to state 3. The largest increase in frequency of
5% can be seen in mode 1, while mode 4 shows a decrease of 3%. These can
be compared to an expected increase in frequency of 8%. The modal damping
ratios also show a decrease for modes 2-4. Mode 4 is showing the largest
decrease of 25%.

Fig. 22. Sensors on East side of Bridge (Sensors V1-V8 & H3-H4)
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State 3: Response Spectra
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Fig. 23. Vertical Sensor Response to Ambient Excitation (Sensors V6, V8, and
V10)

Table 3. Modal Frequencies (Hz) and Modal Damping Ratio (%) of Testing
States 1 and 3 for Modes 1-6
State 1

State 3

Frequency Frequency
Mode
(1)
(2)
1
6.45
6.79
2
7.62
7.96
3
9.52
9.67
4
13.67
13.28
5
17.09
17.87
6
22.95
23.39

Ratio
(2)/(1)
1.05
1.04
1.02
0.97
1.05
1.02

State 1

State 3

Damping
Ratio
(3)
2.40
2.27
3.57
-

Damping
Ratio
(4)
3.06
2.43
3.91
-

Ratio
(4)/(3)
1.27
1.07
1.10
-
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ANALYSIS OF RESULTS

Modal frequencies obtained from three separate dynamic tests of the
Cannery Street Overpass are presented in Table 4. Also presented in this table
are comparisons (ratios) of state 2 to state 1 and state 3 to state 1.
The response of the bridge acquired in states 1-3 testing confirms the
principle expectation that a decrease in the bridge’s mass would lead to an
increase in the structure's modal frequencies (Table 4). The percent increase in
modal frequencies (for modes 1-3) during states 1, 2, and 3 testing are compared
in Fig. 24. As expected, the greatest change in frequency occurred during the
greatest change in mass, between states 1 and 2. The expected change in
modal frequency for mode 1 was 17% (ratio=1.17) going from state 1 to state 2.
This is only 3% higher than the ratio of 1.14 obtained from the tests. The
expected change in modal frequency for mode 1 going from state 1 to state 3
was 8% (ratio=1.08) which is only 3% higher than the ratio of 1.05% obtained
from the tests.
Damping is influenced by many properties of a structure. Due to this
complex relationship, a second method was employed to extract modal damping
ratios and compare them with those calculated from the HPB method. This
method is called the Logarithmic Decrement Method (LD) and utilizes response
data from the bridge in the time domain. A sampling of the bridge's response in
millivolts per second (mV/s) over a time-span of 100 seconds is shown in Fig. 26.
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Table 4. Modal Frequencies (Hz) of Testing States 1-3 for Modes 1-6

1
2
3
4
5
6

State 2
(2)

6.45
7.62
9.52
13.67
17.09
22.95

Ratio
(2)/(1)

7.37
8.30
10.06
13.67
18.21
23.73

State 3
(3)

1.14
1.09
1.06
1.00
1.07
1.03

6.79
7.96
9.67
13.28
17.87
23.39

Change in Modal Frequency
26.00
24.00
22.00
Frequency (Hz)

Mode

State 1
(1)

20.00
18.00
16.00
14.00
12.00
10.00
8.00
6.00
1

2

3

Testing State (1, 2, & 3)
Mode 1

Mode 2

Mode 3

Mode 4

Mode 5

Mode 6

Fig. 24. Change in Modal Frequency for Modes 1-3

Ratio
(3)/(1)
1.05
1.04
1.02
0.97
1.05
1.02
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Table 5. Modal Damping Ratios (%) of Testing States 1-3 for Modes 2-4

2
3
4

State 3
(3)

2.40
2.27
3.57

Ratio
(2)/(1)

3.26
2.68
5.22

State 4
(4)

1.36
1.18
1.46

3.06
2.43
3.91

Change in Modal Damping Ratio
5.50
5.00
4.50
Damping Ratio (%)

Mode

State 2
(2)

4.00
3.50
3.00
2.50
2.00
1

2

3

Testing States (1, 2, & 3)
Mode 2

Mode 3

Mode 4

Fig. 25. Change in Modal Damping for Modes 2-4

Ratio
(3)/(1)
1.27
1.07
1.10
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Spikes can be seen in the response at different times. These spikes are due to
vehicles crossing the bridge at 80.5-96.5 kilometers per hour (50-60 miles per
hour). The larger spikes in response come from larger vehicles (ie. semi trucks)
crossing the bridge while the smaller peaks come from smaller vehicles. Once a
vehicle leaves the bridge, the response vibration will gradually decrease to a zero
magnitude due to damping. This gradual decrease in response magnitude can
be seen in Fig. 27.
Modal damping ratios were calculated charts similar to Fig. 27 by means
of the Logarithmic Decrement method (LD). This method looks at the change in
magnitude of the response as it gradually decreases over time after a vibrationinducing event (ie. vehicle passing over the bridge). Two peaks in the magnitude
are identified (points A and B in Fig. 27) as well as the number of oscillations
between them (in this case, 19). The magnitude of the two peaks and number of
oscillations is used in this equation:

= 12 ln  

(3)

where ζ=modal damping ratio (%); N=number of oscillations; uA=response
magnitude at point A; and uB=response magnitude at point B. In Fig. 27 a modal
damping ratio of 2.12% was calculated. The time that peaks A and B occurred
and the number of oscillations was used to extract the response frequency.
Table 6 reveals the modal damping ratios calculated using both the HPB and LD
methods. Both methods are seen to give very similar results.
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State 3: Bridge Response to Ambient Vibration (Sensor V8)
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Fig. 26. Bridge Response to Ambient Vibration (Time Domain Data)

State 1: Bridge Response to Ambient Vibration (Sensor V8)
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Fig. 27. Logarithmic Decrement Method
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Table 6. Modal Damping Ratios (%) Calculated Using the Half-Power Bandwidth
(HPB) and Logarithmic Decrement (LD) Methods

Mode
2
3
4

State 1
(HPB)
(LD)
(1)
(2)
2.40
2.27
2.12
3.57
-

State 2
(HPB)
(LD)
(3)
(4)
3.26
2.50
2.68
5.22
-

State 3
(HPB)
(LD)
(5)
(6)
3.06
2.88
2.43
3.91
-

Sensor response data was also used to determine mode shapes (Fig. 28
through Fig. 33). The maximum response magnitude of each mode was used to
normalize the data to a scale of 0 to 100. This way, the relative magnitude of
each side of the bridge can be seen in each mode shape, and the mode shapes
can be compared between states 1-3 testing. Phase data obtained from the data
was used to determine the phase shift, or positive/negative value of each point in
a mode shape. Mode shapes of both the vertical and transverse sensor
response are included in Fig. 28 through Fig. 33 to see how the bridge is
behaving in the vertical and transverse planes.
The forced excitation data of state 1 testing was used to determine the
mode shapes for the first three modes (Fig. 28 through Fig. 30) due to the clarity
of the results as well as the fact that sensor response on the west side of the
bridge were only sampled via forced excitation testing. For modes 4-6, the data
obtained from the forced excitation testing was very poor. The results of the
ambient testing of state 1 (east side sensors only) were used in determining
modes 4-6 (Fig. 31 through Fig. 33).
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Fig. 28. Mode 1 Modal Shapes of Testing States 1-3

46

Fig. 29. Mode 2 Modal Shapes of Testing States 1-3
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Fig. 30. Mode 3 Modal Shapes of Testing States 1-3
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Fig. 31. Mode 4 Modal Shapes of Testing States 1-3
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Fig. 32. Mode 5 Modal Shapes of Testing States 1-3
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Fig. 33. Mode 6 Modal Shapes of Testing States 1-3
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During states 1 and 2 testing, the modal frequencies of mode 1 were only
visible in the response data of the sensors on the west side of the bridge. The
reason for this can be seen in the mode shape of the first mode of each state; the
response of the sensors on the west side of the bridge, especially at the midspan of the bridge, is higher in magnitude than the response of the east side
sensors (Fig. 28).
Mode 1 mode shapes show a small amount of alternating up and down
between the west and east sides of the bridge. Mode 2 however shows the west
and east sides of the bridge in complete alternation, revealing a torsion mode
(Fig. 29).
The transverse mode shapes of modes 1-3 are insignificant in magnitude
compared to the vertical mode shapes. Modes 4-6 are showing more bridge
action in the transverse direction. Modes 4 and 5 are very similar in the vertical
direction but transversely they are moving in opposite directions. Mode 6 vertical
and transverse mode shapes reveal a torsion mode with a node (zero
magnitude) near the mid-span of the bridge (Fig. 33).
All mode shapes of all three tests are very similar to each other, which
reinforces the quality and accuracy of state 1, 2, and 3 dynamic tests as well as
the results of the tests. It also shows that modal frequencies are matched up
with the appropriate mode numbers in Table 4.
It has been shown that the temperature of a bridge affects modal
frequencies. According to experiments conducted by Liu, modal frequencies of a
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concrete bridge varied by as much as 6% within a temperature range of 700F
during a full year of monitoring (Liu et al., 2007). This level of variation in
frequency was seen in the first two modes of the structure. The temperature
affect decreased in higher modes.
Air temperatures near the bridge were measured and recorded during
each test. The maximum and minimum air temperatures as well as the
temperature range and average temperatures are shown for each testing state in
Table 7. The temperatures recorded through the duration of each test are plotted
against time in Fig. 34. The maximum temperature range during any of the three
tests was 16.680F. Modal frequencies of the first two modes varied from 4 to
14% (Table 4). Therefore, the variability of the modal frequency due to
temperature change would be minimal (much less than 6%) while the effect of
changing mass would account for the majority of the modal frequency variation.

Table 7. Air Temperatures Recorded During Each Test

State 1
State 2
State 3

Max (˚F)

Min (˚F)

42.81
65.78
56.08

41.11
49.10
46.40

Range
(˚F)
1.70
16.68
9.68

Average
(˚F)
41.87
54.60
49.41
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Fig. 34. Air Temperature Vs. Time Plot
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CONCLUSION

The Cannery Street Overpass, one of several pilot bridges for the FHWA's
LTBP study, has been studied with the intent of providing a better picture of
bridge health and performance. The UDOT carried out a rehabilitation project
which in included the subject bridge during 2011. This included removing the
asphalt overlay from the bridge deck and placing a new asphalt layer which
affected the total mass of the bridge. This presented an opportunity to study and
better understand the relationship between the mass and resonant frequencies of
the structure. Dynamic testing was performed on the bridge on three separate
occasions. State 1 testing was conducted just prior to UDOT removing the
asphalt from the bridge. State 2 testing occurred after the asphalt was removed
with virtually zero asphalt overlay on the bridge. State 3 testing was performed
after UDOT placed a new asphalt overlay on the bridge deck. Findings from all
three testing states include:
•

Testing the structures response to ambient vibrations from service
conditions provided useful data from which modal properties were
extracted.

•

The swept sine testing methodology performed under forced excitation of
the structure was not robust enough for the noisy environment. Not
enough averaging could be done on the response data due to time
constraints.
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•

The inverse relationship between the structures mass and modal
frequencies was a clear result of the dynamic testing.

•

A 27% decrease in mass gong from state1 to state 2 revealed an increase
in the fundamental modal frequency of 14% compared to an expected
increase of 17%.

•

A 15% decrease in mass gong from state1 to state 3 revealed an increase
in the fundamental modal frequency of 5% compared to an expected
increase of 8%.

•

A correlation was found to exist between the structures mass and modal
damping.

The success of this study also further establishes the advantages of
vibration based condition monitoring of civil structures (Carden and Fanning,
2004) over condition monitoring through visual inspection. Results like those
presented in this thesis are impossible to reach by visual inspection alone.

56
REFERENCES

Brownjohn, J.M.W., Moyo, P., Omenzetter, P., and Lu, Y. (2003). "Assessment
of highway bridge upgrading by dynamic testing and finite-element
model updating." J. Bridge Engrg., ASCE, 8(3), 162-172.
Carden, P.E., and Fanning, P. (2004). "Vibration based condition monitoring: a
review." Structural Health Monitoring, Sage Publications, 3(4), 355-377.
Cornwell, P., Farrar, C.R., Doebling, S.W., and Sohn, H. (1999). "Environmental
variability of modal properties." Experimental Techniques, 23, 45-48.
Halling, M.W., Barr, P.J., Hsieh, K.H., and Robinson, M.J. (2008). “Structural
damage detection using dynamic properties determined from laboratory
and field testing.” J. Perf. Const. Facil., ASCE, 22(4), 238-244.
Liu, Chengyin, and DeWolf, J.T. (2007). "Effect of temperature on modal
variability of a curved concrete bridge under ambient loads." J. Struct.
Engrg., ASCE, 133 (12), 1742-1751.
Rytter, A. (1993). "Vibrational based inspection of civil engineering
structures." Ph.D. thesis, Aalborg Univ., Aalborg, Denmark.
Svirsky, A (2011a). "About." The Online National Bridge Inventory NBI Database
Search System, <http://nationalbridges.com/nbi> (August 15, 2011).
Svirsky, A (2011b). "National bridge inventory data search 2010." The Online
National Bridge Inventory NBI Database Search System,

57
<http://nationalbridges.com/index.php?option=com_lqm&813ce3571aa586
2567b7710d6f6707a2=1&task=showResults&query=8&lqm_id=653106&&
format=raw&&Itemid=2> (August 15, 2011).
Zanardo, G., Hao, H., Xia, Y., and Deeks, A.J. (2006). "Stiffness assessment
through modal analysis of an rc slab bridge before and after
strengthening." J. Bridge Engrg., ASCE, 11(5), 590-601.

58

APPENDICES

59

APPENDIX A. National Bridge Inventory

60
The National Bridge Inventory database contains detailed technical
and engineering information about hundreds of thousands of
bridges in the United States including year built, bridge design,
condition and many other fields. Nationalbridges.com is the website
that makes this information available to the public.
The National Bridge Inventory (NBI) is a compilation of bridge data
supplied by the States to the FHWA for bridges located on public
roads (Svirsky, 2011a).
The following table includes information about Utah bridge number 1F 205 taken
from the National Bridge Inventory.

Table 8. Data Taken from the National Bridge Inventory (Svirsky, 2011b)
State:
NBI Structure Number:
Route Sign Prefix:
Route Number:
Facility Carried:
Feature Intersected:
Location:
Year Built:
RecordType:
Level of Service:
Owner:
Highway Agency District:
Maintenance Responsibility:
Functional Class:
Service On Bridge:
Service Under Bridge:
Latitude:

UT
1F 205
Interstate
15
I-15 (SR-15) NBL
CANNERY RD.(CITY
STREET)
1.5 Mi. N. Willard Intch
1976
Roadway is carried ON the
structure
Mainline roadway
State Highway Agency
1
State Highway Agency
Principal Arterial - Interstate,
Rural
Highway
Highway, with or without
pedestrian
41 27 29.40 N
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Longitude:
Material Design:
Design Construction:
Approach Material Design:
Approach Design Construction:
Structure Length (m):
Approach Roadway Width (m):
Lanes on Structure:
Lanes under Structure:
Average Daily Traffic:
Year of Average Daily Traffic:
Design Load:
Bridge Railings:
Historical Significance:

# of Spans in Main Structure:
Bridge Median:
StructureFlared:
Transitions:
Approach Guardrail:
Approach Guardrail Ends:
Navigation Control:
Structure Open?:
Deck:
Superstructure:
Substructure:
Structural Evaluation:
Sufficiency Rating (%):

112 03 18.60 W
Prestressed concrete *
Stringer/Multi-beam or Girder
Other
Other
25.3
11.6
2
2
18845
2010
MS 18
Meet currently acceptable
standards.
Bridge is not eligible for the
National Register of Historic
Places.
1
Open Median
No flare
Meets currently acceptable
standards.
Meets currently acceptable
standards.
Meets currently acceptable
standards.
Not Applicable
Open, no restrictions
Good Condition
Very Good Condition
Good Condition
Better than present minimum
criteria
95.1
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APPENDIX B. Calculations
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Mass and Frequency Worksheet:
Bridge Mass:
Area of bridge crosssection =

6.01 m

Length of bridge =

24.38 m

Concrete density =

2403 kg/m3

Bridge mass =

351,981.84

2

kg

Note: Includes deck slab,
girders, and barriers

Note: Without asphalt

State 1: Asphalt Mass:
Depth of asphalt =
Area of asphalt =
Asphalt density =
Asphalt mass =

0.2032 m
301.0058496 m2
2082 kg/m3
127,368.74

kg

State 3: Asphalt Mass:
Depth of asphalt =
Area of asphalt =
Asphalt density =
Asphalt mass =

0.09 m
301.0058496 m2
2082 kg/m3
56,413.32

kg

m1 =

479,350.58

kg

Note: bridge mass + State 1
asphalt mass

m2 =

351,981.84

kg

Note: bridge mass only

kg

Note: bridge mass + State 3
asphalt mass

Mass States:

m3 =

408,395.16
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m2/m1=

0.73

m2 =

0.73 m1

m3/m1=

0.85

m3 =

0.85 m2

Frequency:
ω1 =

(k/m1)^1/2

ω2 = (k/m2)^1/2 = (k/0.73 m1)^1/2 = 1.17 ω1
ω3 = (k/m3)^1/2 = (k/0.85 m1)^1/2 = 1.08 ω1

