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Abstract
Manual bridge inspections can be supplemented by structural health monitoring (SHM) systems,
which leverage advancing technologies of analysis, instrumentation, and data management. This
article describes an approach for correlation of SHM systems via a damage detection method
using temperature-induced strains. Temperature and strain sensors installed on the Powder Mill
Bridge in Barre, Massachusetts show diurnal and seasonal trends. For an undamaged bridge,
there is an expected prediction interval of induced strains for a given temperature. A finite
element model predicts similar trends in an undamaged situation. Damage scenarios on the
model demonstrate impacts to the structural response. From these changes to the model‟s
structural response, the authors can extrapolate that changes in the recorded structural response is
an indication of damage. An advantage of using temperature in SHM systems is that unlike
controlled load tests, temperature induced changes are continuous and available at no cost or
impact to bridge traffic.
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1.0 Introduction
This thesis describes research conducted on the topic of structural health monitoring (SHM) for
bridges. The research program used data collected from the Powder Mill Bridge (Vernon
Avenue Over the Ware River), a highway bridge in Barre, Massachusetts that has been
instrumented as part of a National Science Foundation grant. The study described here focused
on evaluating bridge structures for temperature response.
Increasing traffic loads as well as aging and deteriorating infrastructure has increased the
urgency of bridge maintenance. As of December 2014 there are 61,365 structurally deficient
bridges and 84,525 functionally obsolete bridges out of 610,749 bridges total in the United States
(FHWA 2014). That means about 1 out of every 10 bridges are deteriorated to a state of needing
repair, and that 1 out of every 7 bridges have reduced usability or capacity due to outdated
design.
The estimated cost to replace all of the structurally deficient bridges is over forty-six billion
dollars (FHWA 2013). The main source of funding for repair is from the federal Highway Trust
Fund that relies on the federal gas tax. However, the federal gas tax has been held at 18.4 cents
per gallon since 1993 and after inflation, cannot keep up with the costs needed to maintain, let
alone repair infrastructure (DeGood, 2014).
Manual inspections are the current practice of monitoring the structural condition of bridges. In
the United States, federal law requires bridge inspections at least once every two years. Bridge
inspection reports detail overall conditions but they are to a degree, subjective based on manual
observations.
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More detailed evaluation may be performed to support load ratings, which determine the load
capacity of a bridge. Load ratings include detailed analysis accounting for reduced structural
capacity. The analysis itself is more objective, but it is based on subjective and incomplete
measurements.
Ratings may then be used to determine the priority of the bridge‟s repair to allocate resources for
the bridges in more urgent need. Since a considerable amount of resources are needed for
maintenance, a more objective structural health monitoring (SHM) system would benefit bridge
owners. Furthermore, a monitoring system that provides continuous feedback could raise a flag
earlier than the two year inspection cycle for potential problems.
The basic approach for an SHM system is to monitor a bridge‟s structural response under loading
and compare it to an expected response. Bridge monitoring is performed by structural
instrumentation. Typically, expected responses are calculated by finite element models that have
been calibrated using measured data from the built bridge. The difference between the two can
indicate the presence of damage or deterioration, and can be used to evaluate a bridge‟s overall
condition. However, differences can also be caused by modeling and measurement errors, even
after calibration. Modeling errors can include unknown boundary conditions or smeared
behavior. Measurement errors can include gauge drift or inaccurate measurements due to
environmental or wiring errors. Therefore, SHM is still a subject of ongoing research and the
systems have not been widely adopted in practice.
This article describes research work associated with the effects of temperature loads on SHM
systems for bridge structures. Temperature changes induce a response on a bridge structure. For
the errors listed above, it is not the intent of the authors to get an exact match from the measured
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response of the bridge to a finite element model. Instead, the authors use statistical analysis of
measured strains from the bridge to determine a “bridge signature”. This signature determines
the predicted response of the undamaged bridge. It is then hypothesized that responses that fall
outside of this signature indicate a condition change at the bridge. This hypothesis is tested using
a finite element model (FEM) of the bridge that has been calibrated using live loads. As stated
before, it is not the intent of the authors to get an exact match between the measured response of
a bridge to the finite element output due to temperature loads. Instead, the measured response
and the FEM output are cross-correlated to determine the degree to which they are related. Once
satisfied that the behaviors of the bridge and FEM are highly correlated, a bridge signature is
created for the FEM. Damage scenarios are then run on the FEM to show that the response of the
damaged FEM falls outside of the predicted response of the undamaged FEM. It can then be
extrapolated that if responses fall outside of the bridge signature of the actual bridge, a condition
change changed has occurred at the bridge. The difference between the bridge signature and the
measured responses can be used to help evaluate the overall condition of a bridge structure. The
response from a fully-instrumented bridge, the Powder Mill Bridge is used to evaluate the
proposed approach.
1.1 Scope of Research
A prototype structural health monitoring system was developed with the intention to supplement
the current bridge inspection procedure. Data for this research was collected at the Powder Mill
Bridge (PMB), in Barre, Massachusetts. This bridge has been instrumented with over 200
sensors with a grant from the National Science Foundation. This research performs statistical
analysis using the strain gauges and temperature sensors to nonparametrically determine the
behavior of the bridge. Changes in this behavior can be attributed to damage. Previous structural
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health monitoring (SHM) systems require calibration of finite element models (FEM) to recorded
data using truck loads. To calibrate the FEM, the bridge is shut down to traffic to perform a
crawl speed test is run with truck with known weight and dimensions. The FEM is then updated
to match the behavior of the bridge under the crawl speed test. The crawl speed test is costly and
disruptive to traffic. The advantage of using temperature data is that it is continuous, provides
excitation of the structure for free, and does not require traffic disruption to perform any tests.
1.2 Summary of Chapters
This research is divided into 6 chapters, with references at the end of each chapter. Chapter 2
contains a self-contained paper formatted for publication. This chapter describes the
nonparametric damage detection process using temperature readings. Chapter 3 describes in
more detail the quality of the data collection, gauges, and processing. Chapter 4 compares
recorded data and finite element analysis. Chapter 5 describes the nonparametric statistical
analysis used to detect damage. Chapter 6 provides conclusions. Appendix A contains the
calculations used to confirm millivolt to readings of the strain and temperature gauges. Appendix
B contains the procedures used to input temperature into a CSiBridge model. Appendix C
contains and describes the Matlab code used for the CSiBridge OPAI data analysis.
1.3 References
DeGood, Kevin (2014). “Understanding the Highway Trust Fund and the Perils of Inaction.”
Center for
American Progress, February 20, 2014, accessed May 26, 2015.
https://www.americanprogress.org/issues/economy/report/2014/02/20/84314/understandi
ng-the-highway-trust-fund-and-the-perils-of-inaction/
Federal Highway Administration. “Deficient Bridges by State and Highway System 2014.”
Accessed
August 18, 2015. https://www.fhwa.dot.gov/bridge/nbi/no10/defbr14.cfm
Federal Highway Administration. “Estimated 2013 Costs to Replace or Rehabilitate
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Structurally Deficient Bridges.” Accessed August 18, 2015.
https://www.fhwa.dot.gov/bridge/nbi/sd2013.cfm
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2.0 Nonparametric, Statistical Damage Detection Using Temperature-Induced
Strains

2.1 Abstract
As of 2014, 24% of bridges in the United States are functionally obsolete or structurally deficient
and at the end of their useable life, substantial resources must be invested to repair or replace
them (FHWA 2014). According to the Federal Highway Administration, over forty-six billion
USD is required to replace all of the structurally deficient bridges (FHWA 2013). The traditional,
manual approach for bridge inspection is labor-intensive, and to a degree, subjective. Physical
inspection can be supplemented by bridge structural health monitoring (SHM) systems. Such
systems leverage advancing technologies of communication, analysis, instrumentation, and data
management. The basic approach is to compare expected bridge structural responses with
measured response, and to extract useful information about the condition from the difference.
This article describes an approach for correlation of SHM systems via a damage detection
method using temperature-induced strains. Temperature and strain sensors are installed on the
Powder Mill Bridge in Barre, Massachusetts and show diurnal and seasonal trends. For a healthy
(undamaged) bridge structure, it is possible to predict an expected prediction interval of induced
strains for a given temperature. A calibrated finite element model predicts similar trends in an
undamaged situation. The model is then used to simulate damage scenarios to demonstrate
impacts to the structural response. From these changes to the structural response in the model,
the authors can extrapolate that changes in the recorded structural response is an indication of
damage. An advantage of using temperature changes in SHM systems is that unlike a controlled
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load tests, temperature induced changes are continuously available at no cost or impact to bridge
traffic.
2.2 Introduction
Increasing traffic loads as well as aging and deteriorating infrastructure has increased the
urgency of bridge maintenance. As of December 2014, there are 61,365 structurally deficient
bridges and 84,525 functionally obsolete bridges out of 610,749 bridges total in the United States
(FHWA 2014). That means about 1 out of every 10 bridges are deteriorated to a state of needing
repair, and that 1 out of every 7 bridges have reduced usability or capacity due to outdated
geometric design.
The estimated cost to replace all of the structurally deficient bridges is over forty-six billion USD
(FHWA 2013). The main source of funding for repair is from the Federal Highway Trust Fund
that relies on the federal gas tax. However, the federal gas tax has been held at 18.4 cents per
gallon since 1993 and after inflation, cannot keep up with the costs needed to maintain, let alone
repair infrastructure (DeGood, 2014).
Manual, visual inspections are the current widely-used practice of monitoring the structural
condition of bridges. In the United States, federal law requires bridge inspections at least once
every 24 months, with an increased rate of inspections depending on the condition of the bridge
(NBIS 2004). Bridge inspection reports detail overall conditions but they are to a degree,
subjective based on manual observations.
More detailed evaluation may be performed to support load ratings, which determine the load
capacity of a bridge. Load ratings include detailed analysis accounting for reduced structural
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capacity. The analysis itself is more objective, but it is based on subjective and sparse
measurements.
Load ratings may then be used to determine the priority of the bridge‟s repair to allocate
resources for the bridges in more urgent need. Since a considerable amount of resources are
needed for maintenance, a more objective structural health monitoring (SHM) system would
benefit bridge owners. Furthermore, a monitoring system that provides continuous feedback
could raise a concern within the 24-month inspection cycle for potential problems.
The basic approach for an SHM system is to monitor a bridge‟s structural response under loading
and compare it to an expected, calculated response. Monitoring a bridge‟s structural response
under loading is obtained by structural instrumentation. Finite element models (FEM) that have
been calibrated using measured data from the bridge calculate expected response. Typically, a
difference between an expected response and the measured response can indicate the presence of
damage or deterioration. However, differences can also be caused by modeling and measurement
errors, even after model calibration. Modeling errors can include unknown boundary conditions
or smeared behavior. Measurement errors can include gauge drift or inaccurate measurements
due to environmental or sensor calibration issues. Therefore, SHM is still a subject of ongoing
research and the systems have not been widely adopted in practice.
This article describes research work associated with the effects of temperature loads on SHM
systems for bridge structures. Temperature changes induce a response on a bridge structure. For
the errors listed above, it is not the intent of the authors to get an exact match from the measured
response of the bridge to a finite element model. Instead, the authors use statistical analysis of
measured strains from the bridge to determine a “bridge signature”. This signature determines
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the predicted response of the undamaged bridge. It is then hypothesized that responses that fall
outside of this signature indicate a condition change at the bridge. This hypothesis is tested using
a finite element model (FEM) of the bridge that has been calibrated using controlled truck live
loads. The measured response and the FEM output are cross-correlated to determine the degree
to which they are related. Once satisfied that the behaviors of the bridge and FEM are highly
correlated, a bridge signature is created for the FEM. Damage scenarios are then run on the FEM
to show that the response of the damaged FEM falls outside of the predicted response of the
undamaged FEM. It can then be extrapolated that if responses fall outside of the bridge signature
of the actual bridge, a condition change changed has occurred at the bridge. The difference
between the bridge signature and the measured responses can be used to help evaluate the overall
condition of a bridge structure. The response from a fully-instrumented bridge, the Powder Mill
Bridge (Vernon Avenue over the Ware River) in Barre, Massachusetts is used to evaluate the
proposed approach.
2.3 Literature Review
When a bridge is designed using the American Association of State Highway and Transportation
Officials specifications, temperature loads are not explicitly designed for in the structural
capacity of the bridge (Emanuel 1978). Instead, linear expansion due to temperature is estimated
for deck joints or bearings (AASHTO 2012). However, temperature loads can cause significant
deformations. In indeterminate structures, these deformations can lead to stresses. A majority of
research relating temperature to movement in bridges involves matching temperature loads to
predicted movements. Several papers have been dedicated studying heat transfer through bridges
(Emanual 1978, Moorty 1992) with aim to match calculated temperatures or movements to
recorded temperatures or movements. Other studies have also aimed to compare existing
10

AASHTO code (Moorty 1992) to measured temperature ranges, or to influence AASHTO code
to create acceptable gradient approximations for design (Kennedy 1987).
Emanuel and Hulsey (1978) use heat flow equations to compare internal bridge temperature
gradients to extreme ambient temperature. They use a finite element model to solve the heat flow
equations. Their results are nonlinear temperature gradients through the depth of the deck and
girder caused by ambient temperature.
Fu et al. (1990) perform studies on different types of bridge superstructures to analyze
temperature gradients and stresses caused by the weather heat transfer. Overall, the same factors
affect the different types of superstructures. There is a correlation between ambient temperature
and composite bridge behavior. They find continuous superstructures have higher stresses than
simply supported structures because simply supported structures lack continuity stresses. Also,
since higher thermal gradients cause higher stresses, the slab overhang-to-depth ratio has a strong
influence on thermal stresses. They find that wind can affect heating caused by solar radiation.
Moorty and Roeder (1992) Roeder predict bridge temperatures using heat flow equations, and
compare the predicted temperatures to recorded temperatures and movement for different types
of bridges. They find that movement due to temperature loads depends on bridge geometry and
bearing conditions. Since AASHTO uses mean bridge temperature to calculate movement, they
compare the mean bridge temperature versus ambient recorded temperature. They find that the
temperature ranges for steel are within the AASHTO range, but that the temperature range for
concrete is greater AASHTO range.
In design, deck joints, integral abutments, or bearings are expected to relieve all axial loads.
Shoukry et al. (2009) show that if bearings are not working as expected then large axial forces
11

occur in the steel girders that are not accounted for in design. He also notes that transverse
gradients, which can be caused by north-south orientation of the bridge vs. east-west movement
of the sun, put stress into the diaphragms. They found diaphragms stressed up to 62% of their
axial capacity with a transverse gradient of 6.5 °C.
Vecchio and Sato (1990) analyze non-linear behavior of concrete frame structures under
temperature loads. They observe that their concrete frame experienced permanent residual
deflections from temperature loads. They note that peak values of stresses, strains, deflections,
and crack widths all occur within 2 to 3 hours of temperature loading. By the time the gradient
becomes linear, relaxation occurs. They conclude that thermal gradients should be based on nearsurface temperatures and not on internal steady-state conditions for maximum response. Since
the strain gauges measure local strain, strain at a crack will measure higher than the average
theoretical values. They conclude that the short term response can be predicted the well using
non-linear analysis.
A few papers have been dedicated not only to the effects of temperature on structures, but also
the effects of temperature on finite element modeling and the impacts to damage detection.
Yarnold et al. (2015) compares the use of long-term temperature data versus short term ambient
vibration data to identify stiffness parameters in a long-span steel arch bridge for finite element
model updating. He found that by using the temperature method, they were able to find linear
and non-linear long term stick-slip behavior of bearings. In a stick situation, the bearing is
restrained by static friction and movement occurred through shear deformation of the bearing.
However, if enough load built up, the force would overcome the bearing friction and the whole
structure would slip. Transient loads would not have activated this stick-slip movement. Under
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the short term ambient vibration, the bearing was in a long stick period, which led to smeared
connection stiffness in the FE model that was calibrated with ambient vibration. They found that
the use of temperature to update their FE model improved their calculated displacements and
model behavior, although they do not present the percent errors between measured and
calculated displacements.
Cao et al. (2010) examine deflections of an in-service bridge under temperature loads to update a
finite element model of the bridge. Their goal is to update their finite element model„s boundary
conditions so that it predicts displacements similar to those that are recorded on the bridge. Their
model was initially calibrated with truck load tests. After calibration using temperature loads,
they report a wide range of percent differences in movement at different locations along the
bridge, most differences under 30 percent, and a maximum difference of 115 percent. They cite
complexity of temperature field as the reason for the difference. If one the were to use the model
to predict exactly the displacements caused by temperature, a 40% error between predicted and
actual results would be impractical. This paper shows the difficulty of calibrating a finite element
model using displacements caused by temperature loads.
Natural frequencies and mode shapes are typically used to update and calibrate finite element
models of bridges. Damage is detected by observing a change in the natural frequencies of the
bridge and its mode shapes. However, Moaveni and Behmanesh (2012) notice a relationship
between ambient temperature and the natural frequency of the Dowling Hall Footbridge. Since
they use natural frequencies to update their finite element model, they remove the variation
caused by temperature effects. Since natural frequencies are less affected by warm temperatures,
the reference temperatures are chosen for an average warm temperature in the spring. They find
that for the natural frequencies of modes increase as temperature decreases, and the natural
13

frequency increases sharply as temperatures fall below freezing. Therefore, although using
vibration mode shapes is a popular method of structural health monitoring, this paper shows the
difficulties that arise when temperature affects the mode shapes.
Gul et al. appear to be the only researchers to use temperature to directly detect damage (2011).
They model recorded temperature values and strain data with Fourier series. They then crosscorrelate the two series to show similarity between the two data sets. A value around -1 or 1
shows high correlation between the two sets, while a value near zero shows low correlation. The
cross-correlation of the Fourier temperature and strain series is -0.8. They then “damage” a
bridge by removing shims from a live load shoe of a moveable bridge. The cross-correlation
from this damage scenario is -0.3, indicating a change in a condition of the bridge.
2.4 Theoretical Basis
In this section, the authors review the overall analytical approach for evaluating structural
response due to temperature change. Several environmental factors affect the temperature of the
bridge, and heat transfer principles affect how the temperature load is distributed.
2.4.1 Heat Transfer Principals
Environmental ambient temperature variations continuously change the temperature of bridge
members and cause thermal strains in structural members. These strains cause stresses in
restrained members. These strains are also measureable and can be used for structural health
monitoring.
Conduction is the transfer of heat through the interface of two bodies. For example, conduction
transfers heat from the concrete deck to the steel girders. Since the deck and girders are made of
different materials, they will have a different coefficient of thermal diffusivity (k) and coefficient
14

of thermal expansion (α). The coefficient of thermal diffusivity is a measure of how quickly
temperatures change that is material dependent. Concrete has a coefficient of thermal diffusivity
of about 0.4-0.7 W/(m*K) at 25 degrees Celsius. Steel has a coefficient of thermal diffusivity of
about 43 W/(m*K) at 25 degrees Celsius. The higher coefficient for steel indicates that steel is
able to transfer heat much faster than concrete. The differing coefficients will cause non-static
temperature gradients in an in-service bridge. Thermal inertia also creates lag between the peaks
in ambient temperature and peaks of internal temperatures and strains.
The coefficient of thermal expansion is a measure how the material will expand linearly with
respect to its original length given a temperature change. The coefficient of thermal expansion
for concrete can vary between 7.4 to 13 x 10-6/°C, depending on the aggregates used (FHWA
2011). Steel has a coefficient of thermal expansion of about 11 to 12 x 10-6/°C. The default
coefficient of thermal expansion for concrete in CSiBridge, the modeling program used in this
research, is 9.9 x 10-6/°C. The coefficient of thermal expansion for steel used is 1.17 x 10-5/°C.
This indicates that for the same temperature change, concrete is expected to expand less than
steel which can cause internal stresses.
Carmen and Nelson (1921) tested how the coefficient of thermal diffusivity and expansion
change with temperature and concrete mixes and found the coefficients to be fairly constant for a
range from 50°C to 200°C. The coefficient of thermal expansion for steel goes from 9.9x10-6/°C
within a temperature range of 0 to 93°C to 10.1x10-6/°C at a temperature range of 0 to 316°C
(Bal Seal 2004). According to Peet et al. (2011), the coefficient of thermal conductivity, which is
proportional to the coefficient of diffusivity, decreases with increasing temperature. This
decreases appears to be most notable past 300 Kelvin (Peet 2011). Therefore while both the
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coefficients of thermal diffusivity and expansion for steel and concrete change with temperature,
the changes are insignificant for the temperature ranges experienced at the PMB.
Solar radiation is the transfer of heat from the sun through the air. Solar radiation affects mainly
the deck, and the heat is propagated down to the steel girders by conduction. Distribution of solar
radiation is affected by bridge orientation to the sun (Emanual 1978). In the northern hemisphere,
the sun is always to the south. Eastern surfaces are more directly exposed to solar radiation
through noontime, and therefore deform more than other non-exposed surfaces. The reverse is
true as the sun sets to the west and western surfaces are exposed to solar radiation.
Convection is the transfer of heat through fluid. In the case of the bridge, the surrounding fluid is
air. The heated air will move away from the source of heat. Girders beneath the deck will
experience heat transfer from the surrounding air, in addition to conduction through the deck.
Sources of heat could be the surrounding ground and river water, with warm air coming from the
ground to heat the girders. Alternatively, the steel girders could be warmer than the surrounding
air, so air would flow away from the girders as the girders shed heat. Wind will also affect heat
transfer by convection.
These different methods of heat transfer causes continuous temperature changes in an in-service
bridge. Temperature changes can cause deformations or stresses in a bridge, depending on the
boundary conditions. Usmani et al. give a thorough explanation of structural mechanics and
thermal loads. The two simplest scenarios are examined below. For determinate bridges, the
following thermal loads will cause strains without stresses. However, if the bridge is
indeterminate, the following loads will cause stresses in addition to strains, depending on the
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restraint stiffness. Higher degrees of indeterminacy can potentially cause higher thermal stresses.
Next, two examples are given for uniform and gradient temperature changes.
2.4.2 Uniform Temperature Load
A uniform temperature load is applied to a homogenous, simply supported beam. A uniform
temperature load will cause linear expansion in the beam that is free to expand and the change in
length can be calculated with Eq 1. This deformation will cause strain without stress.
L   (T ) L

Eq. 1

where:
∆L is the change in length
α is the coefficient of thermal expansion
L is the original beam length

However, if the beam is restrained, the restraint will cause a force in the beam as it tries to
expand. The change in length will be reduced by a counter-deformation caused by the
restraining force, as shown in Eq. 2.

L  R 

FL
AE

Eq. 2

where:
∆R is the restraining deformation
F is the restraining force
A is the cross-sectional area of the beam
E is the modulus of elasticity of the beam material
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The restraining force will now cause axial stress in the beam equal to the restraining force
divided by the beam area, as shown in Eq. 3.

 

F
A

Eq. 3

2.4.3 Temperature Gradient
A linear temperature gradient is applied to a homogeneous beam that is supported by pins. The
temperature gradient applies temperatures that vary linearly through the depth of the beam. This
variance will cause greater expansion at fibers with higher temperature, and smaller expansion at
fibers with lower temperature. This difference in expansion will cause curvature in the beam,
shown below.

  Ty

Eq. 4

where:
φ is the beam curvature
Ty 

T2  T1
d

, temperature gradient

Eq. 5

T2 is the temperature on the bottom fiber
T1 is the temperature on the top fiber
d is the depth of the beam
The rotation at a support can be calculated by integrating the curvature over the length of the
beam, shown below.
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1
2

  T y L

Eq. 6

Since the beam is simply supported and determinate, this curvature will not cause stress in the
beam. However, if the beam is rotationally restrained with a spring, the restraint will cause a
moment in the beam. The restraining moment can then be calculated using Eq. 7.

M

EIT y

1 2EI / k R L 

Eq. 7

(Usmani 2001)
where:
kR is the restraining spring stiffness
The two temperature loads above can be combined for in-service bridges with varying boundary
conditions to produce the stresses and strains that are observed.
2.5 Research Objective
In-service bridges are subjected to diurnal and yearly temperature loads. Simple cases of
members under uniform and gradient temperature loads are understood. Once the temperatures
of steel and concrete members are known, it is theoretically possible to predict a member‟s
thermal strain response. Due to complications of the strain gauges installed at the bridge that are
further discussed below, it is not possible to record the exact strain caused by temperature loads.
For all sensors, there is an unknown, non-uniform offset from the actual strain. In addition, each
sensor has its own coefficient of thermal expansion due to complications of the use of the twowire, quarter-bridge Wheatstone Bridge strain gauge setup. Therefore, strain measurement from
different sensors cannot be compared to one another in terms of raw, recorded strain. A sensor
can only be compared to itself. Although a sensor may not be recording true strain, it will act
19

consistently and predictably under temperature loads. This allows the authors to create prediction
intervals of strains for a given temperature.
If a bridge member deforms outside of the prediction interval by temperature changes, some
condition for that member has changed. Changes for in-service bridges are likely due to
“damage” such as member deterioration, member fracture, or changes in connections or
boundary conditions. The authors define damage as a change in a bridge structure that reduces its
capacity to carry live loads. This method is implemented using data recorded from the
Powdermill Bridge in Barre, MA.
2.6 Powder Mill Bridge
2.6.1 Background
The Powder Mill Bridge carries Vernon Avenue over Ware River in Barre, Massachusetts.
Owned by the Town of Barre, it was designed by Fay, Spofford, & Thorndike and opened in
September 2009. The superstructure is a composite, continuous three-span concrete slab over six
steel girders. The deck is 200 mm (7.87 in) thick. Spans 1 and 3 are 11.75m (38.55 ft) long,
while Span 2 is 23.5m (77.1 ft) long.
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Figure 1 - Powdermill Bridge Elevation
The bridge has been instrumented with a variety of sensors. Instrumentation was supported by a
grant from the National Science Foundation. The instrumentation contains 100 strain gauges, 36
girder temperature sensors, 30 concrete temperature sensors, 16 accelerometers, 16 tiltmeters,
and 4 ambient temperature sensors. Information from these sensors are fed to iSite data logger
boxes installed at the south abutment. An elevation is shown in Figure 1. Figure 2 shows the
system installed at the bridge, and Figure 3 shows a plan of the instrumentation system. The 36
girder temperature sensors, the 30 concrete temperature sensors, and the corresponding strain
gauges at the same locations were used in this study.
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Figure 2 – Data Acuisition System

Of concern to this research are the strain gauges, girder temperature sensors, and concrete
temperature sensors. Strain gauges and temperature sensors are installed at cross-section stations
2, 6, and 10. Stations 2 and 10 correspond to a negative bending region over the piers, while
Station 6 is at a positive bending region in Span 2 (Figure 3).
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Figure 3 - Plan of Instrumentation System
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All girders at stations 2, 6, and 10 have 2 concrete temperature sensors in the deck, which were
installed before the deck pour. One is installed to the underside of the top rebar, while the other
is installed on the underside of the bottom rebar.
All girders at stations 2, 6, and 10 have two girder temperature sensors, which were installed
onto the girders before site delivery. One is installed to the underside of the top flange, while the
other is installed on the top of the bottom flange. Due to the use of epoxy to attach the
temperature sensors to the girder, the temperature sensors are actually approximately a quarter
inch off the steel surface, and therefore report the air temperature around the steel instead of the
steel itself (Phelps 2010).
Strain gauges are installed at stations 2, 4, 6, 8, and 10. The interior girders have four strain
gauges. Two are on the top side of the bottom flange, with one on either side of the web. Two are
on the bottom side of the top flange, with one on either side of the web. The interior girders only
have two strain gauges, one on the bottom flange and one on the top flange. Both sensors are on
the interior side of the girder to preserve the bridge appearance. All sensors are installed three
inches from the edge of the flange.
The above strain gauges are installed using a two-wire quarter bridge Wheatstone bridge circuit.
This circuit is made of four resistive arms (Fig. 4). Three arms are internal to the data acquisition
system and one is the strain gauge that is installed on the bridge steel girders.
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Figure 4 - Basic Wheatstone Bridge Circuit
(Vishay Precision Group 2010)
Arms R1 and R2 are connected, with the node between as an input from an excitation voltage, E.
Arms R3 and R4 are likewise connected, with the note between also as an input from the
excitation voltage. The node between R1 and R4, and also the node between R2 and R3 are output
nodes which will give a voltage of eo. In a balanced Wheatstone bridge, the output voltage will
read zero when R1/R4 = R2/R3.
The strain gauges installed at the Powder Mill Bridge make use of the two-wire circuit of the
Wheatstone Bridge, or a quarter-bridge circuit. In this configuration, a strain gauge and two lead
wires, RSG, RL1, and RL2, replace one of the resistive arms, say R1 (Fig.5). In order to have a zero
output voltage, eo = 0, (RSG + RL1 + RL2)/R4 = R2/R3. When the strain gauge expands or contracts
due to the material it is attached to expanding or contracting, the balance is offset and a voltage
reading other than zero is recorded. However, lead wires typically have resistance of their own
which can create a non-zero reading. Non-zero readings caused by lead wire resistance can be
zeroed out. This is acceptable for short term strain readings, like those caused by trucks running
over the bridge. However, for large non-zero readings, the lead wire resistance can decrease the
accuracy of the strain measurements due to thermal effects (Vishay Precision Group 2010). In
addition, lead wires are sensitive to temperature changes and change resistance with a change in
25

temperature. The strain gauges at the bridge were manufactured by Omega, and are model KFG5-120-C1-11-L3M3R. For a 120-ohm gauge with 6m long, 0.4 mm diameter copper wires, a
change in 5.5 degrees Celcius would result in 156 microstrains in error. Temperature changes
can lead to high percent errors in strain readings.

Figure 5 - Two-wire Strain Gauge Setup
(Vishay Precision Group 2010)
Changes in wire temperature sensitivity and resistance can be mitigated with a three-wire set up.
In this setup, an extra lead wire is added to R4 so that instead of connecting to one of the lead
wires from the strain gauge, R4‟s lead wire also connects to the strain gauge (Fig. 6). The output
corner is now at RL3.

Figure 6 - Three-wire Strain Gauge Setup
(Vishay Precision Group 2010)
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In the three-wire set up, if RL1 and RL2 are the same length, their resistances will be equal. Also,
as long as RL1 and RL2 have the same temperature they will have the same resistance, and
temperature sensitivity is removed from the system.
2.5.2 Strain Gauge Studies
Previous studies show the variability of the strain gauges under temperature loads (Picard 2011).
A series of temperature tests were run using a strain gauge on a steel sample, connecting cables,
and an iSitebox. It was found that due to the use of the two-wire Wheatstone Bridge setup, the
iSite box and cables connecting to the strain gauges affect the magnitude of strain recorded. If
just the iSite box (arms R2, R3, and R4) undergoes a temperature load, a strain change will be
recorded even if there is no load on the strain gauge. If all components undergo the same
temperature change, the recorded strain was found to be higher than the theoretical strain.
However, it was found that is relationship was linear, and that recorded strains could be linearly
adjusted by adding an αSGΔT term, where αSG is an empirical coefficient.
Finally, after several applications of the same temperature load, there were two main
observations. The first observation is that even if two strain gauges are on the same steel sample,
have the same cable length, and are connected to the same iSite box, they will not record exactly
the same strain under the same temperature load. Therefore a strain gauge can be compared to
itself, but strain gauges cannot be compared to one another. The second observation is that strain
readings from a given strain gauge will vary for a given temperature. This variability influences
the ability to detect damage, which will be shown through statistical analysis.
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2.6 Statistical Approach
Despite the challenges with the accuracy of strain gauge set up, the strain gauges still behave in a
predictable manor due to temperature loads. There is still a coefficient of thermal expansion,
albeit not the theoretical one, that relates recorded strains linearly to changes in thermal loads.
For a given temperature, the authors can expect the strain gauge to have some variability, but
also to record a strain within a distribution. Therefore, if the distribution changes, one can
determine that the bridge conditions have changed, potentially due to damage or some form of
structural change.
The overall approach is to develop a “baseline” condition of a range of expected structural
responses due to temperature changes. Using this approach, it is not necessary to exactly match
temperature response to a predicted analytical response. It is only necessary to develop a
database of overall responses due to temperature loading, and then compare the response to
measurements over time. By using a more broad statistical evaluation instead of attempting
direct matches to analysis, error associated with measurement and analysis are accounted for in
the prediction intervals, and insight of overall structural health can be extracted. The approach of
developing a bridge “signature” was explored by Follen et al. (2014), and will be described in
more detail later in this article.
The authors can record data for a period of time (say a week) of the healthy bridge. Therefore,
for any chosen temperature of that week, the authors expect the recorded strains to fall within a
certain range. This behavior can be observed with dummy gauges that have been placed on
samples that rest on the bottom flange of Girder 6 (Fig 7). The steel sample is free to expand and
contract due to temperature. Data was collected for about 2 years, and the data was filtered and
extracted for every time the steel sample temperature was at 5, 10, and 15 degrees Celsius.
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Although there is some overlap, bands can be seen separating the strains per temperature.
Maximum variabiltiy of recorded strains is about 35 microstrains, which is about 10% of the
mean recorded strain for a given temperature. This indicates that despite the fact that individual
sensors will not record true strain, they will still work in a predictable manner. This behavior can



be used to create hypothesis about the bridge and strain gauges.

Figure 7 - Stains from Dummy Gauge
The null hypothesis, HO, is that there is no damage to the bridge. The authors assign a
significance level, α, of 5%. This indicates that if there is truly no damage to the bridge, the
authors will mistakenly report damage 5% of the time. The alternative hypothesis, HA, is that
there is damage. The alternative hypothesis will have an unknown error probability of β.
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The method used to detect damage is the two-sided, nonparametric Wilcoxon Rank-Sum test, as
described by Alexandra Reiff (2015) and Helsel and Hirsch (2002). This test makes no
assumption of the distribution of the data. Instead, it determines probability that the two sample
sets are taken from a continuous variable with the same median. This probability is returned as
the p-value, and the lower the p-value, the less likely the two data sets are from the same
distribution. The null hypothesis is rejected when the p-value is less than the significance level.
The test decision is returned as an h-value, with a value of either 1 or 0. A value of 1 indicates
that the sample sets are not from the same distribution. A value of 0 does not reject the null
hypothesis indicating that a difference could not be detected.
2.7 CSiBridge Model
A finite element model of the Powder Mill Bridge (Fig 8) was created using SAP2000 and
CsiBridge by previous researchers (Sanayei 2010 and Sanayei 2012). This model has been
calibrated using data from live load tests with known truck loads. This model has been validated
for temperature effects.

Figure 8 - CSiBridge model of the PMB
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2.7.5 Comparison of PMB Model to Recorded Data
Before data from the bridge and the CSiBridge model can be compared, the recorded data must
be filtered to remove car and truck spikes in the strain readings. Strain data is downloaded from
the Geocomp iSite website, which records strain once every 5 minutes to once an hour. This
frequency varies depending on the setting at the time of recording. Median filtering and a
window of three samples, as explained by Pratt (2007), was used to remove the loadings that are
recorded spikes in the strain measurement, such as car and truck loadings. Since the strain data
has a low sampling rate, it is rare to see more than one spike in a row, thus the use of three



samples to perform the filtering is acceptable (Fig. 9).

Figure 9 - Raw Recorded Strain Data versus Filtered Strain Data
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This filtered data is the strain caused by temperature loads. It can now be compared to CSiBridge
output. Since there are 66 temperature gauges on the bridge, a study was performed to determine
how many inputs are needed on the CSiBridge model to capture the temperature gradients on the
bridge.
Temperatures were plotted longitudinally along the bridge for one girder (Fig. 10). The recorded
temperatures are similar to one another longitudinally. Therefore for simplicity, a uniform
temperature is input longitudinally along the bridge. This also allows for substitution of sensors
if a temperature sensor at one station malfunctions.

Figure 10 - Temperature Recorded Longitudinally along a Girder at the PMB

Next, temperatures were plotted through the depth of the deck and girder. Figure 11 shows the
elevation of the sensors for Girder 4. This configuration is typical for all other strain gauge and
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temperature sensors. From Figure 12, there is much more variation in the temperatures through
the depth. Therefore all sensors must be used through the depth of the cross section.

Figure 11 - Girder 4 Elevation showing Sensor Locations

Figure 12 - Temperatures Recorded through the Depth of a Girder at the PMB
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Finally, temperatures were plotted transverse to the bridge. Figure 13 shows that Girder 1 is
generally warmer than Girder 6, and that the temperatures of the interior girders generally fall
between the temperatures of the external girders. This could be cause by the orientation of the
bridge to the sun and the surrounding area. One would expect the eastern side of the bridge to be
warmer than the western side in the morning, and then for the conditions to switch in the
afternoon. This might be true for bridges subject to direct sunlight. However, the PMB is located
in a valley, close to trees on its eastern side. Therefore Girder 6 may not experience as much
direct sunlight as Girder 1.
The temperature of Girder 6 is generally warmer than its neighboring interior girders at
noontime, and colder after midnight. This could be explained by the fact that Girder 6 is an
exterior girder and would be exposed to some direct sunlight during the day, as opposed to it
neighboring interior girders that will experience heat loads mainly by conduction through the
deck.
Figure 13 shows the importance of bridge orientation to the sun and its surroundings. Therefore
temperatures are input as a transverse gradient across the cross section, as well as through the
depth of the bridge.
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Figure 13 - Temperature Gradients Transversely across a Section

Once it was determined which temperature inputs would have the greatest impact on the
temperature gradient, the first full week of recorded temperature for all relevant temperature
gauges in 2010 was input into the CSiBridge model through joint patterns in the PMB model
using a Matlab API. Default values for coefficient of thermal expansion in CSiBridge and are
used to approximate the coefficients of thermal expansion for concrete and steel at the PMB. It is
assumed the use of these default values are acceptable because the range of values the coefficient
are small. Computed strains from the model using measured temperatures were extracted at the
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bottom flange of Girder 4 at the midspan of the center span, using elements that correspond to



the strain gauge at Station 6.

Figure 14 - CSiBridge Calculated Strains versus Recorded Strains

As can be seen in Figure 14, the CSiBridge model and recorded data show similar diurnal
patterns, but do not match in magnitude and amplitude. The strain gauges may not have been
zeroed during installation which might account for the difference in magnitude. The use of the
two-wire Wheatstone Bridge circuit may explain the difference in amplitude. To further compare
the data, the means were removed from each data set to zero both of the data sets. To find the
average amplitude adjustment coefficient, the recorded data was data was divided by the
CSiBridge calculated strains. The results of the adjustments are shown in Figure 15.
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Figure 15 - CSiBridge Calculated Strains adjusted for Mean and Amplitude versus Recorded
Strains

The two series show similar patterns. The series were correlated to one another to further
compare the two series (Saitta et al, 2005). Correlation is the linear comparison of two time
series using the equation:

Eq. 8
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The value of the correlation falls beten the bounds of -1 and 1. A value at the bounds indicate
that the time series are identical, while a value of zero indicates that the time series are
independent of one another. Therefore, the larger the absolute value of the correlation, the
stronger the linear relationship between the series. A positive correlation means that as one
variable gets bigger, the other variable also gets bigger. A negative correlation means that as one
variable gets bigger, the other variable gets smaller.
The correlation of the CSiBridge model before temperature inputs were added to the diaphragms,
outriggers, and safety curbs was 0.8825. The correlation between the CSiBridge data after
temperature was added to the diaphragms, outriggers, and safety curbs and the recorded strains is
0.8945. This indicates a strong relationship between the series and movement closer to what is
recorded when the additional temperature inputs are added. The correlation between the
CSiBridge data after adjusting the mean and amplitude and the recorded strains is also 0.8945,
indicating that adjusting the mean and amplitude of the CSiBridge data does not affect the
underlying relationship beten the model and the recorded data. Therefore the authors can use the
CSiBridge model to capture the behavior due to temperature of the Powder Mill Bridge.
2.5 Data Analysis
As was detailed before, strain recorded at a given temperature is defined as a temperature event.
These recorded strains can be used to create a bridge signature, as developed by Follen et al.
(Follen 2014). A bridge signature is defined as the survival distribution function (SDF) of strain
outputs for events. The strains are ranked and the Weibull plotting position is calculated for each
strain as pi = i / (n+1) where i is the rank of the strain. The plotting position is for a given strain
is that strain‟s estimate of it probability of exceedance. The SDF‟s is then the plot of strains
versus their plotting position. Since the plotting positions are estimates of the probability of
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exceedance, the authors expect the plotting positions to have variability. To find this range of
variability, the strains are bootstrapped, meaning they are sampled with replacement to create
new data sets of the same probability distribution. SDF‟s are created from these new data sets to
create the range of SDF‟s that could possibly be observed in the future. Nonparametric
prediction intervals are then created from the SDF‟s by ranking each observation at every
probability of exceedance value. Observations at the top and bottom 2.5% ranks create bounds of
the 95% prediction intervals, meaning 5% of the observations fall outside of the prediction
interval bounds.
There are a few reasons SDF‟s could fall outside of the prediction intervals: a heavy increase in
traffic loads, gauge drift, or a structural condition change to the bridge due to damage. Since
truck loads are filtered from the data using a median filter, a high and consistent increase in
traffic would be necessary to shift the SDF‟s. Gauge drift should show an increase or decrease in
strains over time. From a study of the dummy gauges on the bridge as shown in Figure 12, there
is no conclusive evidence that the strain gauges have drifted since the bridge was put in
operation. Gauges will need to be continuously monitored for drift. Therefore, if there is a
change in the bridge signature, the change is likely due to a structural change.
2.6 CSiBridge Noise
As stated before, using CSiBridge to model situations at the bridge requires the confidence that
the model behaves similarly to the bridge under temperature loads. However as was shown
before, the strain gauges at the PMB bridge introduce uncertainty in the repeatability of the strain
measurements (Picard 2011). From Figure 12, this uncertainty was found to be about 10 percent
of the average recorded strain. Therefore, random noise of 10 percent is added to the CSiBridge
output to simulate the variability of the strain measurements. This noise is added by generating
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an array of random numbers from a normal distribution with a mean of zero and a variance of 1.
The CSiBridge calculated strain results are multiplied by the random number and 0.1, then added
to the original CSiBridge strain results. This procedure allows the authors to assume the
CSiBridge calculated strains are the average temperature event while recognizing the uncertainty
of the strain measurements. Temperature events in CSiBridge are found after the noise is added.
By creating the prediction interval with added noise to simulate measured strain uncertainty, the
authors also reduce the sensitivity of the prediction interval to structural changes. Therefore if
strains consistently fall outside of the prediction interval, there is a greater certainty that a



structural condition has changed.

Figure 16 - CSiBridge Simulated Strains with and without 10% Noise
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2.7 Damage Cases
The purpose of the creating damage cases in CSiBridge is to determine if the strain output of the
damage case is different enough from strain output from the undamaged case to cause strains to
fall outside of the undamaged case‟s strain prediction interval. If the strains do fall outside of the
signature prediction interval, then the authors can conclude that the method has detected damage.
This method can then be extrapolated to say that if recorded strains at the bridge fall outside of
the bridge‟s healthy signature prediction interval, then damage has occurred at the bridge.
Simulated strain outputs from CSiBridge are taken at several locations along the bridge to
determine how close the damage needs to be to the recording devices to trigger an alarm. Two
common damage scenarios are investigated: Case A is a 2mm wide crack that runs through the
bottom flange to the mid-depth of the web near midspan of Girder 2. Case B is deck cracking in
the negative moment regions of the bridge. The negative moment region extends 10% of the span
length of each span over the piers.
2.7.1 Case A – Steel Girder 2 Cracking in Midspan
Several damage cases are run on the CSiBridge model to see how SDFs change due to damage.
Case A involves a 2mm wide crack on Girder 2 near midspan of Span 2. Figure 17 shows the
location of the crack on Girder 2, as well as the sensor station locations. The other girders and
deck are not shown for clarity.

Figure 17 - Case A Crack Location
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Prediction intervals were created for both the undamaged bridge and damage Case A for Girder 4
to see if damage could be detected away from the damage location on Girder 2. The mean SDF



of Case A was also plotted in the Figure 18.

Figure 18 - Case A Prediction Intervals for Girder 4

As can be seen in Figure 24, there is overlap in the SDF‟s of the undamaged bridge and Case A.
The mean of Case A falls mostly within the bridge signature prediction intervals, but falls near or
outside the prediction intervals at higher probability of exceedances. The Rank-Sum test is run to
determine the probability of the median of these two sets of data come from the same sample
space. The Rank-Sum test returns a p-value to determine the likelihoood of the new median to be
within the range of the expected value of the median. The h-value returns if the one if the p-value
42

is small enough to reject the null hypothess, and zero if the null hypothesis has been accepted.
The Rank-Sum test for Girder 4 of Case A returns a p-value of 0.6722 and an h-value of zero.
Therefore the change in strains was not enough to statistically detect a change in the strains and a
Type II error decision was made.
The analysis is run again using Girder 2, the girder which contains the crack. There is a clear
separation of SDF curves between Case A and the undamaged bridge (Fig. 19). The Rank-Sum
results for Girder 2 of Case A are a p-value of 1.1744 x 10-17 and an h-value of 1.0. This shows
that while the damage to Girder 2 was not enough permeate through to Girder 4, damage was
correctly identified on Girder 2. This indicates that a change in SDF‟s and Rank-Sum test can



also indicate the location of the damage.

Figure 19 - Case A Prediction Intervals for Girder 2
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2.7.2 Case B – Concrete Deck Craking in Negative Moment Regions
A negative moment region in the CSiBridge model was previously defined by Sanayei et al.
(2012) to account for concrete cracking above the pier by comparing the model neutral axis to
the calculated neutral axis in negative bending. The negative bending region was determined to
be 10% of the end of each span due to a live load envelope, and the modulus of elasticity
corresponding to the concrete cracking after the bridge opening is 91% of the concrete capacity
(Sanayei 2012). Existing cracks can be easily widened due to the low tensile strength of
concrete. Water can seep into the cracks and cause rebar corrosion (Fu 1990). Since it has been
determined that the concrete in the negative bending regions of the PMB bridge are already
cracked, Case B investigates more severe cracking of these areas. The modulus of elasticity was
further reduced for Case B in the negative moment regions of both the north and south piers
from 91% to 50% of the concrete capacity. The extents of the negative moment regions are
shown in Figure 20.
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Figure 20 - Negative Moment Deck R egions for Case B

Strains are extracted at SG52 at Station 2 in CSiBridge. This corresponds to a strain gauge in the
negative region over a pier. From Figure 21, one can see a clear departure of the damage SDF‟s
from the bridge signature at that location.
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Figure 21 - Case B Prediction Intervals at Negative Bending Region

The case to reject the null hypothesis is strengthened by a p-value from the rank-sum test of
5.2594 x 10-11 and an h-value of 1.0.
The data analysis is repeated at SG62, which is midspan of Span 2 on Girder 2, corresponding to
a positive moment region. From the SDF curves (Fig. 22), there is no observable difference
between the strain measurements from the Case B temperature events and the undamaged bridge.
This indicates that the strain gauges would need to be in the negative moment region in order to
detect deck cracking at this area. The findings from the SDF curves are supported by the ranksum test, with a p-value of 0.6311 and an h-value of zero.
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Figure 22 - Case B Prediction Intervals for Positive Bending Region

2.8 Discussion of Strain Gauge Locations
This sparks a question of how close do sensors have to be to the damage location to be able to
detect damage. From Case A, it appears the strain gauge must be on the same girder as the
damage. From Case B, it appears the sensor must be in the same maximum strain region as the
damage. The maximum strain regions of Girder 3 under a positive temperature gradient are
shown in Figure 23. The temperatures are warmest at the top of the deck and coolest at the
bottom flange of the girder. The deck and other girders are not shown in Figure 23 for clarity.
Deflections are magnified by 2000 percent also for clarity. Figure 24 shows the Von Mises stress
distribution under the temperature gradient.
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Figure 23 - Deflection of Girder 3 under Positive Temperature Gradient

Figure 24 - Von Mises Stresses for Girder 3 under Positive Temperature Gradient

As can be seen in Figures 23 and 24, the locations of maximum strain are not necessarily the
locations of maximum stress under a temperature gradient. Maximum strain occurs at the
midspans and also at the piers, which is expected. The stress diagram shows continuous bands of
uniform stress, similar to a restrain beam under a temperature gradient. However, there is no
stress change over the piers. This is possibly due to the use of elastomeric bearings that are
allowed to deform. Note that the deflected shape of the girder under a positive temperature
gradient is opposite that of the girder under live loads.
FEA analysis of Cases A and B was performed to see how close the strain gauges need to be to
the damage location in order to detect damage. Strain readings are moved longitudinally along
the girders from the maximum strain locations to see if proximity to the damage location or if
maximum bending locations are optimal for strain gauge placement.
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2.8.1 Case A – Steel Girder 2 Cracking at Midspan | Strain output moved longitudinally along
Girder 2
The previous strain output locations for Case A showed that damage to Girder 2 did not
redistribute changes in strain enough for the change to be detected on Girder 4. However, a
sensor on the same girder as the crack, 0.876 meters from the crack location was able to detect
damage. Case A is run again, only now output from CSiBridge is extracted at different locations
longitudinally along Girder 2 to determine how close a sensor needs to be to the damage location
in order to detect damage. Data is extracted from Station 4 at SG15 on Girder 2, which
corresponds to a negative bending region on Span 2. This location is 10.374 meters from the



crack location. The SDF curves from the damaged and undamaged case are shown in Figure 25.

Figure 25 - Case A Prediction Intervals at Station 4 (Negative Bending Region)
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The prediction intervals of the damaged case overlap with the bridge signature at that location,
and the mean of the damage case is at the bottom 95% prediction interval bound. When the ranksum test is run, it returns a p-value of 0.2829 and an h-value of zero. While the p-value is low, it
is not extremely rare and thus the null hypothesis is accepted at a significance level of α = 5%.
However, one could observe from the SDF‟s that there may be a difference, and compare the pvalue to the significance level and notice that they are relatively close. These observations could
raise concern even though damage was not observable at the 5% significance level.
Measurements at Station 5 are analyzed since the station is near the diaphragm, closer to the
damage location. This location is 5.124 meters to the crack, at the quarter point of the span. The
SDF‟s at this location is shown in Figure 26.
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Figure 26 - Case A Prediction Intervals at Station 5 (Quarter Point)

Again, there is overlap between the damaged and undamaged SDF‟s, but the mean damaged SDF
falls outside of the bridge signature. The crack was able to influence strains over 5 meters away
from the damage location, with a p-value of 0.0015 and an h-value of 1.0.
Figures 25 and 26 indicate that strain gauges should be on the same girder as deterioration, and
the closer the strain gauge is to the damage location, the more likely it is to detect damage.
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2.8.2 Case B – Concrete cracking in negative moment regions | Strain output moved
longitudinally along Girder 2
Simulated strains are taken from the quarter point of Girder 2 on Span 2, which is outside the
negative bending region. The SDF curves for the damaged and undamaged case are shown in



Figure 27.

Figure 27 - Case B Prediction Intervals at Station 5 (Quarter Point)

The p-value for this case is 0.1328 with an h-value of zero. This indicates that the deck cracking
was not severe enough to influence strain readings away from the damage location. However,
one may visually inspect the SDF curves and notices that the mean is edging towards the
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prediction interval limit. This reinforces the idea that the closer the sensor is to the damage
location, the more likely it will be able to detect damage.
The strain gauge location studies indicate that damage is best detected when gauges are within 1
meter of the damage location. Gauges up to 5 meters away from the damage location start to
detect damage, but do not conclusively reject the null hypothesis.
2.9 Conclusions
A prototype SHM system was installed on the PMB bridge to continuously monitor its strain
structural response to diurnal and seasonal temperature loads. The recorded strains were
correlated to a calibrated FEM under the same temperature loads. A high correlation indicated
that the FEM captured the behavior of the bridge under temperature loads. Nonparametric
baseline survival distribution functions were created for an undamaged FEM and damage cases
were simulated on the FEM. A shift of SDF‟s outside of the prediction interval of the baseline
SDF‟s indicate structural damage at that location. The findings are strengthened by a rank-sum
test of the undamaged and damaged cases. The p-value can be compared to the significance
interval, α, to determine if there may be a Type II error. The strain analysis results could alert
bridge owners to potential damage at the bridge that occurred within the inspection cycle period.
A gauge location study indicates that the analysis is limited by strain gauge proximity to damage.
This work demonstrates a new method of detecting damage using strains caused by daily and
diurnal temperature loads. This nonparametric analysis is advantageous over existing damage
detection methods because temperature induced strains are continuously available and at no cost
or impact to bridge traffic.
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The research performed nonparametric analysis due to the limitations of the strain gauges on the
Powdermill Bridge. A finite element model was used only to demonstrate how strains fall
outside the prediction interval in damage scenarios. While the FEM was calibrated to the PMB
using controlled truck live loads, the FEM did not match calculated strains under temperature
loads. High correlation between the calculated strains and recorded strains indicated the same
mechanisms were causing strains in both the PMB and FEM. Future work may include
temperature calibration after switching the strain gauges at the PMB to a three-wire Wheatstone
Bridge circuit. Lab studies could also be performed to determine the variability of the strain
readings for prediction intervals.
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3.0 Data Collection, Gauges, Processing, and Quality
The Power Mill Bridge has been instrumented with a variety of sensors. Instrumentation was
supported by a grant from the National Science Foundation. The instrumentation contains 100
strain gauges, 36 girder temperature sensors, 36 concrete temperature sensors, 16 accelerometers,
16 tiltmeters, and 4 ambient temperature sensors. Information from these sensors are fed to iSite
data logger boxes installed at the south abutment. Chapter 2 contains figures showing the
location of the data logger boxes as well as a plan of the instrumentation system. This research
focuses on the data recorded through the strain and temperature sensors. The strain gauges used
are made by Omega, model KFG-5-120-C1-11L3M3R, and the temperature sensors used are
made by YSI, model 44000.
Data from the strain gauges, accelerometers, and tiltmeters are all fed to hi-speed iSite boxes at
50Hz to catch quick changes in strain due to truck events. Since temperature changes relatively
slowly throughout the day, temperature data are fed to three low-speed boxes. Temperature is
sampled approximately once per minute. Information from the iSite boxes are fed to a network
hub which is connected to a laptop at the bridge. This information is saved to an external hard
drive. Figure 28 shows the system architecture. Alternatively, information is also sent through a
router and IP phone to Geocomp‟s iSite Central, which can be accessed through the internet.
However, the sampling rates through iSite less frequent than the raw data collected at the bridge.
Depending on the setting at the time, strain and temperature data is sampled once every ten
minutes to once an hour on the iSite website.
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Figure 28 - PMB DAQ Architecture
(Sanayei 2014)
3.1 Wheatstone Bridge Circuit
The strain gauges use the Wheatstone Bridge circuit. The circuit consists of four resistive arms.
The connection between the resistive arms are called nodes. Two nodes opposite of each other
are called input nodes that receive an excitation voltage. The other two nodes are used to read the
output voltage. The output voltage reads zero when the pairs of resistive arms connected at the
output nodes equal each other.
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A strain gauge makes use of the Wheatstone Bridge circuit when the strain gauge, along with its
lead wires, replace a resistive arm in the circuit. This configuration is called the two-wire setup
of the Wheatstone Bridge circuit, and is the configuration used at the Powder Mill Bridge. Now
all components linking to the output node (the two lead wires, the strain gauge, and the other
resistive arm) have to equal the resistivity of the other two resistive arms for the entire circuit to
have a zero reading. However, this is difficult to achieve because the lead wires also have their
own resistivity and will cause the readings to be offset. For short term readings, this offset can be
zeroed out. However in the long term, the lead wire resistivity also changes with temperature so
the offset will not be constant. The lead wire resistance will also change the sensitivity of the
strain gauge (Vishay Precision Group, 2011). Therefore the output from the strain gauges at the
PMB is the combination of mechanical strain of the steel beam due to truck loads and
temperature, the resistivity of the wires in the circuit, and any ambient noise at the bridge.
A three-wire setup can mitigate the resistivity problems due to temperature. In this setup, a third
lead wire connects the strain gauge to the resistive arm, and the output node is moved from a
connection between a resistive arm and a lead wire to the second lead wire. In this configuration,
as long as the first and second lead wire are the same length and temperature, their resistances
will be equal and the output will read zero strain when the wires undergo a temperature load.
3.2 Strain Gauge Studies
To test the effects of temperature on the two-wire strain gauge set up and data acquisition system
at the Powder Mill Bridge, a series of laboratory tests were performed by prior research (Picard
2011). Different components of the system were put inside of a 40 °F oven. Components
acclimated at 40 °F for 30 minutes, and then the oven was raised by 10°F every 30 minutes until
the temperature reaches 100 °F. He made several observations:
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When just the iSite data acquisition box is inserted inside of the oven, a strain reading is recorded
despite the fact that the steel sample and strain gauge are not undergoing any mechanical or
temperature change. Therefore the iSite box, in addition to the cables, contribute to the strain
reading error due to temperature changes.
When all components are placed inside of the oven, the situation most similar to field conditions,
the recorded magnitude is higher than if components are placed individually. However, for the
case where the steel sample is free to expand in all directions, the recorded data could be linearly
corrected to the theoretical strain as shown in Figure 29. Both graphs in Figure 3-2 show that
measured strains can be linearly corrected to theoretical strain caused by temperature loads by
adding an αSGΔT term where αSG is an empirical correction term.

Figure 29 - Strain Gauge Correction
(Picard 2011)
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When just the steel sample is inside of the oven, the data recorded is at a lower magnitude than
when just the iSite box is in the oven. It is important to note that there was a ΔT of 60 °F. The
coefficient of thermal expansion for steel is about 6.7 to 7.2 x 10-6 in/in°F. Therefore the strain
should be 402 to 432 microstrains. However, the system recorded about 30 microstrains. This
indicates that the strain gauges may not be calibrated or that the coefficient of thermal expansion
of the gauge itself may be interfering with strain recordings.
The last test involved putting two setups with different length cables into the oven. The test was
repeated four times and the results are shown below. Strain gauges SG3 and SG4 are on the
sample with short cables, and strain gauges SG5 and SG6 are on the sample with long cables.

Figure 30 - SG3 on Short Cable Sample
(Picard, 2011)
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Figure 31 - SG4 on Short Cable Sample
(Picard, 2011)

Figure 32 - SG5 on Long Cable Sample
(Picard, 2011)
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Figure 33 - SG6 on Long Cable Sample
(Picard, 2011)
Several observations were made from the final test. The strain gauges have varying degrees of
noise. This can be remedied by using appropriate filters depending on the sampling frequency.
Another observation is that strain gauges SG3 and SG4 seem to register higher strains than SG5
and SG6. This could be explained by the use of the Wheatstone bridge and the influence of the
resistivity of the cables on the sensitivity of the strain gauges.
Of concern is the fact that strain gauges on the same steel sample do not record the same change
in strain due to temperature. Strain gauges SG3 and SG4 record an average difference of over
100 microstrains. This indicates that strain gauges cannot be compared to one another.
Finally, after several runs of the same temperature load, there were two main observations. The
first observation is that even if two strain gauges are on the same steel sample, have the same
cable length, and are connected to the same iSite box, they will not record the same strain under
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the same temperature load. Therefore a strain gauge can be compared to itself, but strain gauges
cannot be compared to one another. The second observation is that strain readings from a given
strain gauge will vary for a given temperature. This variability can be estimated with
nonparametric prediction intervals, as described in Chapter 5.
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4.0 Finite Element Analysis
A series of finite element models (FEM) were made using CSiBridge to compare the behavior of
the FEM to expected behavior. A detailed CSiBridge model of the PMB was previously made
(Phelps 2010) with the intention of capturing behavior caused by temperature loads. This model
uses solid brick elements for the concrete deck and shell elements for the steel girders. Previous
analysis performed by Phelps shows that the element sizes are appropriate to capture movement
caused by thermal loads.
The CSiBridge model was previously calibrated to using crawl speed truck tests, and matches
well with recorded microstrains and the calculated neutral axis. The strains from the crawl test
were zeroed to remove strains caused by temperature. However, our interest is in using the
strains caused by temperature. Given the uncertainties of the strain gauges under temperature
loadings described above, the strategy is to show that the finite element model captures the
behavior of the bridge instead of trying to match strains exactly with a percent error. A series of
CSiBridge models were created to observe the calculated behavior under temperature loads.
4.1 Steel Bar under Uniform Temperature Load
Several steps were taken to build confidence in the CSiBridge model. First is a simple case of a
steel bar under a uniform temperature load of ΔT = 20°C. Given a typical value for the
coefficient of expansion for steel as α = 1.17 x 10-5 °C-1, the theoretical strain can be calculated
by ε = αΔT. The theoretical value is then (1.17 x 10-5) x 20 = 0.000234 = 234 microstrains. This
steel bar is modeled in CSiBridge with an original length of 2750 mm. After the temperature
load, the change in length output by CSiBridge was 0.6494 mm, giving ΔL/L of 236
microstrains. This has a percent difference from the theoretical value of 0.9%.
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This steel bar was compared to the steel sample containing the dummy gauges at the PMB. A
recorded temperature difference was input into the CSiBridge bar model. A change in
temperature of ΔT = -0.2075 °C is used. This is as change in temperature recorded at the bridge
on April 15, 2015 from 5:00:15pm to 11:00:15am at TP92, indicating that the bottom flange was
cooling from the late afternoon to evening. TP92 is chosen since it is closest to the dummy
gauges resting on the bottom flange of Girder 6. The steel bar is modeled in CSiBridge with an
original length of 2750mm. After the temperature load, the change in length output from
CSiBridge was -0.0006738mm, or a strain of -0.245 microstrains. The difference between the
CSiBridge output and the change in length calculated by Eq. 1 is 0.9 percent. Therefore the
authors can be confident that the CSiBridge is behaving as expected for this scenario.
The strains from the steel dummy gauge are recorded for the same time period. On April 15,
2015, the reading at 5:00:00pm for Dummy_Gage2 was -471.64 microstrains. The reading at
11:00:00am was -471.02 microstrains, giving a change of -0.62 microstrains. The difference
between the recorded strain and the calculated strain is 153%. This difference between the
calculated strain and the recorded strain for the same temperature change could be explained by
the difficulties of using a two-wire Wheatstone Bridge circuit. This result consistent with the lab
tests by Picard where steel samples that were free to expand did not record strains that match
theoretical equations, but could be linearly corrected to do so.
4.2 Steel Beam under Temperature Gradient
A simply supported steel beam is modeled in CSiBridge. The example problem comes from
Structural Analysis edited by R.C. Hibbler (2011). A 10 foot long beam is simply supported. It is
10 inches in depth, and has a top temperature, T1 = 80 °F. The bottom temperature, T2 = 160 °F.
The coefficient of thermal expansion is given as α = 6.5 x 10-6 °F-1.
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The displacement problem is solved by virtual work. The principle of virtual work involves
applying a unit load at the location of interest. This creates a moment at that location. The strain
energy over the beam can be calculated as:

U temp  

L

0

mTm dx
(Hibbler, 2011)
c

Eq. 4-1
where:
m = virtual internal moment caused by the unit load, expressed as a function of x distance
from
a reference point
ΔTm = the difference between mean temperature and the temperature at the extreme fiber
c = distance to the neutral axis
For this example, the unit load is applied at midspan. For a unit load placed anywhere x along the
beam and moment taken about the left support, the virtual internal moment is m = ½x. The mean
temperature is the average of T1 and T2, 120°F. Therefore ΔTm is the difference between the
mean temperature and the temperature at the extreme fiber, 40°F. Since the virtual load is placed
at midspan, L is 5 feet, or 60 inches and the Eq. 4-1 is multiplied by 2 to account for both halves
of the beam. Displacement at the center of the span is calculated to be 0.0936 inches downward
by virtual work.
Inputting a temperature gradient into CSiBridge requires joint patterns. The procedure is
described in Appendix B. For large quantities of inputs, an OAPI was created using Matlab to
input multiple temperature loads into CSiBridge joint patterns. The OAPI is provided in
Appendix C.
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A beam with the same properties and dimensions presented above is modeled in CSiBridge. The
temperature gradient is input using joint patterns, a procedure described in Appendix B. The
output result is 0.0939 inches downwards at the center of the span, which is a 0.32% difference
from the virtual work solution. Therefore the authors can be confident that CSiBridge accurately
captures theoretical behavior.
4.3 Determinate PMB Model under Uniform Temperature Load
With the confidence that simple structure behave predictably with temperature loads, simplified
case studies were run on PMB CSiBridge model to see if the model would also act predictably
under temperature loads. The first variation of the PMB model is to change the bearings to pin
and roller supports, and then to apply a uniform temperature load using joint patterns. The
expectation is that the PMB model will undergo strain without stress.

Figure 34 - CSiBridge Stresses for a Uniform Temperature and Determinate Supports

Figure 34 shows that stresses are close to zero, but stress concentrations occur at the outriggers
and the safety curbs. This is due to the joint pattern specification. The initial run contained
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temperature input only for the deck and steel girders because this is where the sensors are
located. Since no temperature change was input for the outriggers and safety curbs, their
temperature was held constant while the rest of the bridge changed and stress concentrations
occur at these locations. The model was run again with temperature extrapolated to these
locations, and also interpolated for the diaphragms since diaphragms can hold significant
transverse stress.

Figure 35 - CSiBridge Steel Stresses after Temperature Interpolation

Figure 36 - CSiBridge Concrete Stresses after Temperature Interpolation
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From Figures 35 and 36, stresses remain low both in the steel and concrete deck. In Figure 4-3,
stress at the outriggers are dissapated and stress in the safety curbs are lower. This indicates that
they are free to expand linearly, which is expected in a determinate system under a uniform
temperature load.
4.4. PMB Model under Sinusoidal Temperature Load
The bearing conditions for the PMB model were returned to their original spring stiffness. A
theoretical sinusoidal gradient, with the expectation that the CSiBridge model should output the
same strain for the same temperature input. The theoretical sinusoidal temperature inputs shown
in Table 1 were constant for all depths of all girders. The theoretical sinusoidal temperature
input, as well as the CSiBridge calculated strains extracted at the midspan of the center span on
Girder 4 are shown in Figure 37.
Girder Depth

Theoretical Input

Girder Bottom Flange

sin(π*t)

Girder Top Flange

sin(π*t) + 7

Deck Bottom Rebar

sin(π*t) + 8

Deck Top Rebar

sin(π*t) + 10
Table 1 – Theoretical Sinusoidal Temperature CSiBridge Input
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Figure 37 - Sinusoidal Temperature and Strain Calculations

Figure 38 - Strains Found for a Given Temperature
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For this example, every time the bottom flange of Girder 4 reached a given temperature at 0.5
°C, the strain at the midspan of Span 2 was extracted using Matlab code, as illustrated in Figure
4-5. The straight line occurrs at 0.5°C, and every time the line crosses the sinusoidal temperature,
the strain occurring at that temperature is picked out from the strain response. The found strains
had a mean of 16.77 micorstrains and a standard deviation of 0.0312. The reason for this
deviation comes from the fact that the codes does not look for exactly one temperature, but rather
a small range of temperatures in Celsius corresponding to about 1 degree Fahrenheit. This can be
seen in the range of strains picked out in Figure 38. The code is explained and presented in
Appendix C. Therefore under predictable, changing temperatures, the CSiBridge model acts as
expected.
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5.0 Nonparametric Statistical Analysis
In previous work by Chris Follen, a “bridge signature” is defined as “the expected response of a
particular bridge under loading, as measured by different instruments” (Follen, 2014). Follen
used strain gauges at the PMB to create a bridge signature under truck loading. The use of twowire quarter-bridge Wheatstone Bridge circuits for the strain gauges is appropriate for detecting
truck loads. However, Chapter 2 and Chapter 3 discuss the shortcomings of this wiring under
temperature loads.
Despite the challenges with the accuracy of strain gauge set up, the strain gauges still behave in a
predictable manor due to temperature loads. There is an empirical coefficient of thermal
expansion, albeit not equal to the theoretical one, that relates recorded strains linearly to changes
in thermal loads. For a given temperature, the authors can expect the strain gauge to have some
variability, but also to record a strain within a distribution. Therefore, if the distribution changes,
one can determine that the bridge conditions have changed, potentially due to damage or some
form of structural change.
The overall approach is to develop a “baseline” condition of a range of expected structural
responses due to temperature changes. Using this approach, it is not necessary to exactly match
temperature response to a predicted analytical response. It is only necessary to develop a
database of overall responses due to temperature loading, and then compare the response to
measurements over time. By using statistical evaluation instead of attempting direct matches to
analysis, error associated with measurement and analysis are accounted for in the prediction
intervals, and insight of overall structural health can be extracted.
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5.1 Survival Distribution Function
Creation of a bridge signature starts with extracting strains that were recorded for a given
temperature for a period of time. These strains are then ordered by absolute value and plotted
against their Weibull plotting position, or exceedance probability (Vogel, 1994). This plot is the
survival distribution function (SDF) for that strain location and temperature. The prediction
interval is created by bootstrapping the data set, or sampling with replacement, to create
additional SDFs with the same statistical properties (Follen 2014). These SDFs then also ordered
at each plotting position. A confidence level, α, is chosen to be 5 percent. Therefore data at α/2
and 1-(α/2) become the bounds of the prediction interval. At this level α, if new data is measured
from the same distribution, there is a 100*α percent chance, or 5% chance, the new data will fall
outside of the prediction interval and labeled as from a different distribution. In the case of this
research, labeling new data as from a different distribution would be a Type I error, or claiming
that there is damage when there truly is none.
A Type I error occurs if the authors report damage when there is truly no damage. This can occur
in over preparedness or bridge repair when none is needed, which is conservative. A Type II
error occurs if the authors report no damage when there is truly damage. This can result in underpreparedness and potentially bridge failure, which is non-conservative.
5.2 Wilcoxon Rank-Sum Test
The conclusion of accepting or rejecting the null hypothesis is strengthened by using
nonparametric, two-sided Wilcoxon Rank-Sum test, as described by Alexandra Reiff (2015) and
Helsel and Hirsch (2002). This test makes no assumption of the distribution of the data. Instead,
it determines probability that the two sample sets are taken from a continuous variable with the
same median.
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Say set 1, x, has n number of samples, and set 2, y, has m number of samples. The total number
of samples is n + m = N. The procedure involves ranking all of the collected data so that the
lowest observed data point has a rank of 1 and the highest observed data point has rank N. The
ranks of all samples in set 1 are then added together to create W. If the null hypothesis is true,
then all possible combinations of ranks used to create W are equally likely. Therefore the
expected value of W, E[W], is the median of all possible values of W. Notice W can only take on
integer values greater than zero. Each value of W has a probability of occurring, and ƩP(W) = 1.
However, it is still possible for W to take on a value that is higher or lower than E[W]. The
probability of this occurring is the sum of the probabilities of W, up to the calculated W. This
sum is called the p-value. For a two-sided test, the probabilities are added up to the value of W
that is equal distance from E[W] from either side. For the calculated p-value, the lower the pvalue, the less likely the value of W is to have come from the same distribution as E[W].
Therefore the lower the p-value, the stronger case one has to reject the null hypothesis. The null
hypothesis in general form is Prob [x > y] = 0.5. This means that there is one-half probability
that a value from the first set is greater than the second set. The alternative hypothesis is Prob[x
> y] ≠ 0.5. This means that a value from the first set will either tend to be greater than or less
than a value from the second set, although the authors are unsure as of the moment in which
direction. The null hypothesis is rejected when the p-value is less than the significance level.
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6.0 Conclusions
A prototype structural health monitoring system was installed on the Powdermill Bridge in
Barre, Massachusetts to continuously monitor its strain structural response to daily and diurnal
temperature loads. The recorded strains were correlated to a calibrated finite element model
(FEM) under the same temperature loads. A high correlation indicated that the FEM captured the
response behavior of the bridge under temperature loads. Nonparametric baseline survival
distribution functions (SDF) were created for an undamaged FEM and damage cases were
simulated using the FEM. A shift of SDF‟s outside of the prediction interval of the baseline
SDF‟s indicate structural damage at that location. The findings are strengthened by a two-sided
Wilcoxon Rank-Sum test of the undamaged and damaged cases. The p-value can be compared to
the significance interval, α, to determine if there may be a Type II error. The strain analysis
results could alert bridge owners to potential damage at the bridge that occurred within the
inspection cycle period. A gauge location study indicates that the analysis is limited by strain
gauge proximity to damage.
This work demonstrates a new method of detecting damage using strains caused by daily and
diurnal temperature loads. This nonparametric analysis is advantageous over existing damage
detection methods because temperature induced strains are continuously available and at no cost
or impact to bridge traffic.
This research performed nonparametric analysis due to the limitations of the strain gauges on the
Powdermill Bridge. A finite element model was used only to demonstrate how strains fall
outside the prediction interval in damage scenarios. While the FEM was calibrated to the PMB
using live loads, the FEM did not match calculated strains under temperature loads. This could
possibly be due to the use of two-wire Wheatstone Bridge circuits for the strain gauges or
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modeling errors due to unknown boundary conditions. High correlation between the calculated
strains and recorded strains indicated the same mechanisms were causing strains in both the
PMB and FEM. Future work may include temperature calibration after switching the strain
gauges at the PMB to a three-wire Wheatstone Bridge circuit. Lab studies could also be
performed to determine the variability of the strain readings for prediction intervals.
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Appendix A | Sensor Millivolt Conversion
From “Sensor Configuration and Data Reduction Manual”, 2010 Edition, page 69, the equation
used to process raw data to strain is:


VSig 0  
 0.5 
 
VExc  

o  
 1
 0.5  VSig 0  

 
VExc  


GF

Where:
VExc = 5000 mV
GF = 0.0000021

From “iSite Data Logger User Manual_Alpha Revision.pdf”, the conversion from thermistor
resistance to temperature in Celsius is:

T

1
 273.2
A  B( LnR)  C ( LnR) 3

Where:
LnR = Natural Log of Thermistor Resistance

R

6.65 *10 4
2G 216 Ct  1





G = Gain value on the Configure/Read Channel Panel, 1
Ct = Count, raw data
A = 1.4051 x 10-3 °C-1
B = 2.369 x 10-4 °C-1
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C = 1.019 x 10-7 °C-1

From hand calculations, the recorded raw data converts to the temperature data and strain data
supplied by the Geocomp website.
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Appendix B | CSiBridge Temperature Input Procedure
Applying a temperature gradient in CSiBridge to solid and shell elements requires the use of
joint patterns. The beam must be discretized into elements along its depth. Five elements for the
depth of the beam was found to be suitable to capture temperature bending effects. This gives six
rows of nodes over the depth of the beam. Joint patterns must be defined under the Advanced tab
-> Define -> Joint Patterns.
Next nodes are selected by depth and assigned to the appropriate joint pattern under the
Advanced tab - > Assign -> Joints -> Joint Pattern. The joints at each depth are given an
appropriate Z value. For example, if a temperature load is applied at the top of the beam, then the
multiplier at that location is 1.0. The multiplier is reduced linearly until the bottom row of nodes
that receive a multiplier of zero.
Before the temperature load is actually applied to the beam, the initial temperature must be set to
zero by selecting all elements then going to the Advanced tab -> Assign -> Areas -> Material
Temperatures. A load pattern must be created of type Temperature and self-weight of zero.
To apply a temperature, select all elements and go to Advanced -> Assign Load Areas ->
Temperature. Select the relevant load pattern and apply temperature by load pattern. Select the
corresponding joint pattern and set the multiplier to 1.0. Under Design/Rating -> Load
Combinations, create a load combination COMB1. Under Define Combination of Load Case
Results, add the relevant load patterns. Here set the scale factors to the temperature load.
An OAPI created using Matlab was created to automate the scale factor input. The Matlab code
is presented in Appendix C.
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Appendix C | Matlab Code
C.1 – API Temperature Input
%This is for SAP API directly call for model file and find strain response
%Ann 1/13/2015
%% basic setup
clear all
close all
clc
%% pass data to Sap2000 as one-dimensional arrays
feature('COM_SafeArraySingleDim', 1);
%% pass non-scalar arrays to Sap2000 API by reference
feature('COM_PassSafeArrayByRef', 1);
%% create Sap2000 object
SapObject = actxserver('CSiBridge15.SapObject');
%% start Sap2000 application
SapObject.ApplicationStart;
%% creat SapModel object
SapModel = SapObject.SapModel;
%% initialize model
ret = SapModel.InitializeNewModel;
%% open an existing file
% change directory if needed
FileName= 'C:\Users\amerca01\Documents\SAP
Models\ARM_Global_Model_initial_temperature_CSiV15.1.bdb';
ret=SapModel.File.OpenFile(FileName);
assert (ret==0, 'GO TO HELL');
kN_mm_C = 5;
ret = SapModel.SetPresentUnits(kN_mm_C);
%Load Excel sheet with temperature gradients
YearTempGrad = xlsread('G:\Tufts\Tufts Research\AFAnn\Temperature Data from
Geocomp iSite\Data for Project\Global Model\Global interpolated 5-13-2010 to
5-20-2010.xlsx', 2);
% check if using sheet 1 or 2
%Set the first cell in each column as the starting temperatuer
%All delta_T will be basded off of the first number
CTP59_initial = YearTempGrad(1,1);
CTP61_initial = YearTempGrad(1,2);
TP59_initial = YearTempGrad(1,3);
TP61_initial = YearTempGrad(1,4);
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% West Safty Curb
West_Curb_Joint_Top = YearTempGrad(:,1);
% Girder 1A
G1A_CTP_Top = YearTempGrad(:,2);
G1A_CTP_Bot = YearTempGrad(:,3);
G1A_TP_Top = YearTempGrad(:,4);
G1A_TP_Bot = YearTempGrad(:,5);
% Girder 1
G1_CTP_Top = YearTempGrad(:,6);
G1_CTP_Bot = YearTempGrad(:,7);
G1_TP_Top = YearTempGrad(:,8);
G1_TP_Bot = YearTempGrad(:,9);
% Girder 2:
G2_CTP_Top = YearTempGrad(:,10);
G2_CTP_Bot = YearTempGrad(:,11);
G2_TP_Top = YearTempGrad(:,12);
G2_TP_Bot = YearTempGrad(:,13);
% Girder 3
% Girder 3 does not have CTP sensors - data is average of CTP on Girders 2
% and 4
% TP-42 on Girdeer 3 doesn't work - data is average of Station 10
G3_CTP_Top = YearTempGrad(:,14);
G3_CTP_Bot = YearTempGrad(:,15);
G3_TP_Top = YearTempGrad(:,16);
G3_TP_Bot = YearTempGrad(:,17);
% Girder 4
G4_CTP_Top = YearTempGrad(:,18);
G4_CTP_Bot = YearTempGrad(:,19);
G4_TP_Top = YearTempGrad(:,20);
G4_TP_Bot = YearTempGrad(:,21);
% Girder 5
% Girder 5 doesn't have CTP sensors - data is average of CTP on Girders 4
% and 6
% Girder 5 TP sensors at Station 6 are intermittent. Using TP data from
% Station 10
G5_CTP_Top = YearTempGrad(:, 22);
G5_CTP_Bot = YearTempGrad(:, 23);
G5_TP_Top = YearTempGrad(:, 24);
G5_TP_Bot = YearTempGrad(:, 25);
% Girder 6
% No data recorded during this time by TP95 and TP96 at Station 6. Data is
% from Station 2
G6_CTP_Top = YearTempGrad(:, 26);
G6_CTP_Bot = YearTempGrad(:, 27);
G6_TP_Top = YearTempGrad(:, 28);
G6_TP_Bot = YearTempGrad(:, 29);
% Girder 6A

83

G6A_CTP_Top = YearTempGrad(:, 30);
G6A_CTP_Bot = YearTempGrad(:, 31);
G6A_TP_Top = YearTempGrad(:, 32);
G6A_TP_Bot = YearTempGrad(:, 33);
% East Safety Curb
East_Curb_Joint_Top = YearTempGrad(:,34);
%Unit joint patterns (d = 1) exist for Deck_Top, Deck_Bot, Steel_Top and
%Steel_Bot
%Load case TempGrad
for i = 1 : length(G1_CTP_Top)
% Delete previous combo
ret = SapModel.RespCombo.Delete('COMB1');
assert (ret==0, 'NOPE');
% Add load combination
ret = SapModel.RespCombo.Add('COMB1', 0);
assert (ret==0, 'NOPE');

%Add load case to combination and scale unit load cases for temperature data
% West Curb
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'West Curb LP Top',
West_Curb_Joint_Top(i));
assert (ret==0, 'NOPE');
%Girer 1A
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1A Deck LP Top',
G1A_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1A Deck LP Bot',
G1A_CTP_Bot(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1A Steel LP Top',
G1A_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1A Steel LP Bot',
G1A_TP_Bot(i));
assert (ret==0, 'NOPE');
% Girder 1
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1 Deck LP Top',
G1_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1 Deck LP Bot',
G1_CTP_Bot(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1 Steel LP Top',
G1_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1', 0, 'G1 Steel LP Bot',
G1_TP_Bot(i));
assert (ret==0, 'NOPE');
% Girder 2
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ret = SapModel.RespCombo.SetCaseList('COMB1',
G2_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G2_CTP_Bot(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G2_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G2_TP_Bot(i));
assert (ret==0, 'NOPE');
% Girder 3
ret = SapModel.RespCombo.SetCaseList('COMB1',
G3_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G3_CTP_Bot(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G3_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G3_TP_Bot(i));
assert (ret==0, 'NOPE');
% Girder 4
ret = SapModel.RespCombo.SetCaseList('COMB1',
G4_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G4_CTP_Bot(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G4_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G4_TP_Bot(i));
assert (ret==0, 'NOPE');
% Girder 5
ret = SapModel.RespCombo.SetCaseList('COMB1',
G5_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G5_CTP_Bot(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G5_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G5_TP_Bot(i));
assert (ret==0, 'NOPE');
% Girder 6
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6_CTP_Bot(i));

0, 'G2 Deck LP Top',
0, 'G2 Deck LP Bot',
0, 'G2 Steel LP Top',
0, 'G2 Steel LP Bot',

0, 'G3 Deck LP Top',
0, 'G3 Deck LP Bot',
0, 'G3 Steel LP Top',
0, 'G3 Steel LP Bot',

0, 'G4 Deck LP Top',
0, 'G4 Deck LP Bot',
0, 'G4 Steel LP Top',
0, 'G4 Steel LP Bot',

0, 'G5 Deck LP Top',
0, 'G5 Deck LP Bot',
0, 'G5 Steel LP Top',
0, 'G5 Steel LP Bot',

0, 'G6 Deck LP Top',
0, 'G6 Deck LP Bot',
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assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6_TP_Bot(i));
assert (ret==0, 'NOPE');
% Girder 6A
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6A_CTP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6A_CTP_Bot(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6A_TP_Top(i));
assert (ret==0, 'NOPE');
ret = SapModel.RespCombo.SetCaseList('COMB1',
G6A_TP_Bot(i));
assert (ret==0, 'NOPE');
% East Saftey Curb
ret = SapModel.RespCombo.SetCaseList('COMB1',
East_Curb_Joint_Top(i));
assert (ret==0, 'NOPE');

0, 'G6 Steel LP Top',
0, 'G6 Steel LP Bot',

0, 'G6A Deck LP Top',
0, 'G6A Deck LP Bot',
0, 'G6A Steel LP Top',
0, 'G6A Steel LP Bot',

0, 'East Curb LP Top',

%Run Combo1, set load case for output
ret = SapModel.Results.Setup.DeselectAllCasesAndCombosForOutput;
ret = SapModel.Results.Setup.SetComboSelectedForOutput('COMB1');
ret = SapModel.Analyze.RunAnalysis();
assert (ret==0, 'GO TO HELL');
%CHANGE FOR DESIRED MEMBERS AND POINTS IF NECESSARY
%Get member forces at Station 6
%Since girder is original G3 in the global model, Station 6 strain
%gauges are SG41 and SG42
%Shell elements corresponding to SG42 are 8720, 8719, 8732, and 8733
%% output are stress results
% change sensor names if needed
% j=40 is for the top of steel beam, Station 6
% j=42 is for the bottom of steel beam, Station 6
j=210868; % SG-62 is Girder 4 bottom flange, station 6
% SG-42 is Girder 3 bottom flange
% SG-22 is Girder 2 bottom flange
% SG 82 is Girder 5 bottom flange
% SG-52 is Girder 4 top flange, station 2
% SG-72 is Girder 5 top flange, station 2
SensorName =['SG-',num2str(j),' Elements'];
NumberResults = zeros(1,1,'int32');
Obj
= cellstr(' ');
Elm
= cellstr(' ');

86

PointElm =
LoadCase =
StepType =
StepNum =
S11Top
=
S22Top
=
S12Top
=
S11Bot
=
S22Bot
=
S12Bot
=
SMaxTop =
SMinTop =
SMaxBot =
SMinBot =
SAngleTop=
SAngleBot=
SVMTop
=
SVMBot
=
S13Avg
=
S23Avg
=
SMaxAvg =
SAngleAvg=

cellstr(' ');
cellstr(' ');
cellstr(' ');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');
zeros(1,1,'double');

[ret, NumberResults, Obj, Elm, PointElm, LoadCase, StepType, StepNum,
S11Top, S22Top, S12Top, SMaxTop, SMinTop, SAngleTop, SVMTop, S11Bot, S22Bot,
S12Bot, SMaxBot, SMinBot, SAngleBot, SVMBot, S13Avg, S23Avg, SMaxAvg,
SAngleAvg] ...
= SapModel.Results.AreaStressShell(SensorName, 2, NumberResults, Obj,
Elm, PointElm, LoadCase, StepType, StepNum, S11Top, S22Top, S12Top, SMaxTop,
SMinTop, SAngleTop, SVMTop, S11Bot, S22Bot, S12Bot, SMaxBot, SMinBot,
SAngleBot, SVMBot, S13Avg, S23Avg, SMaxAvg, SAngleAvg);
assert (ret==0, 'GO TO HELL');
%Record original stresses
for k = 1:16
S11Top_original(i,k) =
S22Top_original(i,k) =
S12Top_original(i,k) =
S11Bot_original(i,k) =
S22Bot_original(i,k) =
S12Bot_original(i,k) =
end

S11Top(k);
S22Top(k);
S12Top(k);
S11Bot(k);
S22Bot(k);
S12Bot(k);

%Check if loads were applied properly
%Takes the value of each element contributing to a point and makes
%an average value at that point
S11Top_new(i)=(S11Top(3)+S11Top(8)+S11Top(10)+S11Top(13))/4;
S22Top_new(i)=(S22Top(3)+S22Top(8)+S22Top(10)+S22Top(13))/4;
S12Top_new(i)=(S12Top(3)+S12Top(8)+S12Top(10)+S12Top(13))/4;
S11Bot_new(i)=(S11Bot(3)+S11Bot(8)+S11Bot(10)+S11Bot(13))/4;
S22Bot_new(i)=(S22Bot(3)+S22Bot(8)+S22Bot(10)+S22Bot(13))/4;
S12Bot_new(i)=(S12Bot(3)+S12Bot(8)+S12Bot(10)+S12Bot(13))/4;
% Finds the strain at the center thickness of the flange
% j-40 because strain gauges started at 41
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S11(i)=0.5*(S11Top_new(i)+S11Bot_new(i));
S22(i)=0.5*(S22Top_new(i)+S22Bot_new(i));
%S12(j-40)=0.5*(S12Top_new(j-40)+S12Bot_new(j-40));
end
%Close CSiBridge
ret = SapObject.ApplicationExit(false());
SapModel = 0;
SapObject = 0;
%% calculate strain
E=200; % 10^9 N/m^2
v=0.3;
for j = 1 : length(S11Top_new)
%Strain(i)= S11(i)/E+S22(i)*(v/E);
% Strain gauges are attached to the top of the bottom flange
Strain_output(j) = S11Top_new(j)/E + S22Top_new(j) * (v/E);
end
Strain_output=Strain_output';

C.2 Find Strain for a Given Temperature
% % The purpose of this file is to find strains given a temperature
clc
clear
%
%
%
%
%
%
%
%
%
%

This program uses parallel arrays to search for strains given temperature
data. Strain data and temperature data may be recorded at different
frequencies. In addition, strain and temperature may not have been recorded
exactly at the same time due to computer processing. Therefore this
program searches for a reasonable range of temperature values. For each
temperature value that is found, the corresponding time at which it was
recorded is saved. These saved times are compared to the times at which
strain data was recorded. If the saved time is found in the strain data
time array, then the corresponding strain data at that given time is
saved.

% CSiBridge cannot read Excel's date and time formatting, therefore raw
% .csv files have been resaved as .xlsx files with the date and time in
% general number format.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% % Read in CSiBridge strain data - location to be changed by user as needed
strainData = xlsread('G:\Tufts\Tufts Research\AFAnn\SAP output\Girder 4\5-132010 to 5-20-2010 Sta 6 outrigger CSiBridge Results.xlsx', 8, 'H:H');
% times corresponding to strain data
strainDataTime = xlsread('G:\Tufts\Tufts Research\AFAnn\SAP output\Girder
4\5-13-2010 to 5-20-2010 Sta 6 outrigger CSiBridge Results.xlsx', 8, 'B:B');
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
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% % Read in recorded temperature data
% for Case A and Undamaged - Temperature
tempData = xlsread('G:\Tufts\Tufts Research\AFAnn\Temperature Data from
Geocomp iSite\Data for Project\Global Model\Global interpolated 5-13-2010 to
5-20-2010.xlsx', 2, 'M:M');
tempDataTime = xlsread('G:\Tufts\Tufts Research\AFAnn\Temperature Data from
Geocomp iSite\Data for Project\Global Model\Global interpolated 5-13-2010 to
5-20-2010.xlsx', 2, 'AK:AK');
% Initialize arrays and variables
savedDataIndex = zeros(1,1);
savedData = zeros(1,1);
timeCount = 1;
count = 1;
% Temperature range to be changed by user as needed
% Returns all indicies when temperature is between 15.1 and 15.5
% Change temperature interval as needed
saveTempIndex = find(tempData >= 15.1 & tempData < 15.5);
savedTemp = tempData(saveTempIndex);
savedTime = tempDataTime(saveTempIndex);
% Filter strain data using median filter to remove truck spikes
strainData = medfilt1(strainData, 3);
% Add noise to CSiBridge data
n1 = randn(length(strainData), 1); % noise with mean = 0 and std = 1;
scale = 0.1; % add 10% noise based on gaussian
noiseStrainData = strainData + n1.*strainData*scale;
% Search for matching time stamp
for i = 1:length(savedTime)
for j = 1:length(strainDataTime)
if strainDataTime(j) > (savedTime(i)-0.01) && strainDataTime(j) <
savedTime(i) + 0.01
% save the index of when the times are the same
savedDataIndex(count,1) = j;
% save the time they are the same
savedDataIndex(count,2) = strainDataTime(j);
count = count + 1;
end
end
end
% Remove duplicate time stamp data
uniqueIndex = unique(savedDataIndex(:,1));
uniqueTime = unique(savedDataIndex(:,2));
% Find the matching strain data
for i = 1:length(uniqueIndex)
%savedData(i) = (strainData(uniqueIndex(i)));
savedData(i) = (noiseStrainData(uniqueIndex(i)));
end
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% Convert Excel Time into readable time
matlabtime = x2mdate(uniqueTime, 0);
time = datestr(matlabtime);
plotTime = flipud(datenum(matlabtime));
savedData = savedData';
% Saved strain data statistics
min(savedData)
max(savedData)
mean(savedData)
std(savedData)

figure (1)
bar(plotTime,savedData);
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
title('CSiBridge Strains for a Temperature Range 15.1 to 15.5')
% Create array where temp is always 10.3 - value to be changed by user
a = 15.3;
constantTemp = a*(ones(length(plotTime),1));
figure (2)
plot(datenum(datestr(x2mdate(strainDataTime))), strainData, 'r');
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
hold on
plot(datenum(datestr(x2mdate(tempDataTime))), tempData);
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
hold on
plot(plotTime, constantTemp);
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
hold on
bar(plotTime,savedData);
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
title ('Recorded Temperature vs. Recorded Strain')
xlabel('Date')
legend('Strain', 'Temperature', '13.3 deg C', 'Strain given 13.3 deg C');
figure(3)
plot(datenum(datestr(x2mdate(tempDataTime))), tempData, 'r');
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
hold on
plot(plotTime, constantTemp, 'r');
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
hold on
[ax, b, p] = plotyy(plotTime, savedData,
datenum(datestr(x2mdate(strainDataTime))), strainData, 'bar', 'plot');
set(ax(2),'xtick',get(ax(1),'xtick'),'xticklab',get(ax(1),'xticklab'))
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
title('Recorded Temperature vs Recorded Strain');
legend('Temperature', '15.3 dec C', 'Strain', 'Strain given 13.3 deg C');
figure (4)
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hist(savedData);
xlabel('Microstrain Output per Event')
ylabel('Frequency of Occurence')
title('Histogram of Strain Output from 13.3 dec C');
figure (5)
[ax, b, p] = plotyy(datenum(datestr(x2mdate(strainDataTime))), strainData,
datenum(datestr(x2mdate(tempDataTime))), tempData, 'plot', 'plot');
datetick('x', 'yyyy-mm-dd HH', 'keepticks');
title('Recorded Strain vs Recorded Temperature', 'FontSize', 18,
'FontWeight', 'bold');
legend('Strain (\mu\epsilon)', 'Temperature (C)');
set(ax(2),'xtick',get(ax(1),'xtick'),'xticklab',get(ax(1),'xticklab'))
% set left axis tick marks
axes(ax(1));
set(ax(1), 'YTick', [-200:25:0]);
StrainYLabel = [-200:25:0];
set(ax(1), 'YTickLabel', StrainYLabel);
% set left ylabel - microstrains
set(get(ax(1), 'Ylabel'), 'String', 'Microstrains');
% set right ylabel - temperature
set(get(ax(2), 'Ylabel'), 'String', 'Temperature (F)');
% set right axes tick marks
axes(ax(2));
set(ax(2), 'YTick', [0:5:40]);
TempYLabel = [0:5:40];
set(ax(2), 'YTickLabel', TempYLabel);
figure (6)
plot(datenum(datestr(x2mdate(strainDataTime))), strainData);
hold on
plot(datenum(datestr(x2mdate(tempDataTime))), tempData);
figure (7)
plot(datenum(datestr(x2mdate(strainDataTime))), strainData,
datenum(datestr(x2mdate(strainDataTime))), noiseStrainData);
datetick('x', 'yyyy-mm-dd', 'keepticks');
title('CSi Results vs CSiResults plus Noise', 'FontSize', 18, 'FontWeight',
'bold');
xlabel('Date', 'FontSize', 14)
ylabel('Strain (\mu\epsilon)', 'FontSize', 14);
legend('CSiBridge Output', '10% Noise Added');

C.3 – Bootstrap and Rank-Sum
% The purpose of this program is to bootstrap data and create the
% prediction intervals for the undamaged and damaged case. The mean SDF
% of the damaged case is also drawn
% The rank-sum text is also performed at the bottom of the code
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clear
clc
% Read in strain data - location to be changed by user as needed
% This data are all the strains found for a given temperature
strainData = xlsread('G:\Tufts\Tufts Research\AFAnn\SAP output\New CSiBridge
Model Bootstrap.xlsx', 4, 'I:I');
strainDataCaseA = xlsread('G:\Tufts\Tufts Research\AFAnn\SAP output\New
CSiBridge Model Bootstrap.xlsx', 4, 'K:K');
% sample randomly with replacement
n = 1500;
d = length(strainData);
y = zeros(d, n);
for i = 1:n
y(:,i) = datasample(strainData, d);
end
% order values in ascending order per data set (colunns)
B = sort(y);
% compute plotting position
p = zeros(1,d);
for i = 1:d
p(i) = i/(d+1);
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%create 2 groups
g1 = hggroup; % prediction interval undamaged
g2 = hggroup; % prediction interval damaged
g3 = hggroup; % mean damaged SDF
% order values in ascending order (rows)
C = sort(B, 2);
% pick out the lower bound
lb = floor(0.05*n);
%pick out the upper bound
ub = floor(0.95*n);
figure(1)
h1 = plot(p,C(:,lb), '--k');
%set(h1, 'Parent', g1);
hold on
plot(p,C(:,ub), '--k');
%set(h2, 'Parent', g1);
xlabel('Probability of Exceedance');
ylabel('Strain (\mu\epsilon)');
%title('1500 Bootstrapped Sets with Prediction Intervals')
% sample randomly with replacement - Case A
n = 1500;
d = length(strainDataCaseA);
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y = zeros(d, n);
for i = 1:n
y(:,i) = datasample(strainDataCaseA, d);
end
% order values in ascending order per data set (colunns)
B = sort(y);
% compute plotting position
p = zeros(1,d);
for i = 1:d
p(i) = i/(d+1);
end
% order values in ascending order (rows)
damageC = sort(B, 2);
% pick out the lower bound
lb = floor(0.05*n);
%pick out the upper bound
ub = floor(0.95*n);
h3 = plot(p,damageC(:,lb), ':m');
plot(p,damageC(:,ub), ':m');
% pick out mean
mb = floor(0.5*n);
h5 = plot(p,damageC(:,mb), 'b');
hold off
legend([h1,h3,h5], 'undamaged prediction interval', 'damaged prediction
interval', 'mean damaged SDF', 'Location', 'northwest');
title('Prediction Intervals for Girder 2 at Quarter of Center Span with Deck
Cracking', 'fontweight', 'bold')
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Wilcox Rank-sum
% concatenate data into one matrix
allStrain = vertcat(strainData, strainDataCaseA);
[p, h, stats] = ranksum(strainDataCaseA, strainData);
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