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EXECUTIVE SUMMARY

This report is divided into two volumes. Volume I summarizes a structural health monitoring
(SHM) system that was developed for the Iowa DOT to remotely and continuously monitor
fatigue critical bridges (FCB) to aid in the detection of crack formation. The developed FCB
SHM system enables bridge owners to remotely monitor FCB for gradual or sudden damage
formation. The SHM system utilizes fiber bragg grating (FBG) fiber optic sensors (FOSs) to
measure strains at critical locations. The strain-based SHM system is trained with measured
performance data to identify typical bridge response when subjected to ambient traffic loads, and
that knowledge is used to evaluate newly collected data. At specified intervals, the SHM system
autonomously generates evaluation reports that summarize the current behavior of the bridge.
The evaluation reports are collected and distributed to the bridge owner for interpretation and
decision making.

This volume (Volume II) summarizes the development and demonstration of an autonomous,
continuous SHM system that can be used to monitor typical girder bridges. The developed SHM
system can be grouped into two main categories: an office component and a field component.
The office component is a structural analysis software program that can be used to generate
thresholds which are used for identifying isolated events. The field component includes
hardware and field monitoring software which performs data processing and evaluation. The
hardware system consists of sensors, data acquisition equipment, and a communication system
backbone. The field monitoring software has been developed such that, once started, it will
operate autonomously with minimal user interaction. In general, the SHM system features two
key uses. First, the system can be integrated into an active bridge management system that
tracks usage and structural changes. Second, the system helps owners to identify overload
occurrence, damage and deterioration.

xiii






1. INTRODUCTION
1.1. Background

The ability to monitor the condition of a bridge to ensure its safe usage and to be able to
effectively manage its operation is of significant interest to bridge owners. Over the decades,
the most widely used condition monitoring methods rely on subjective, incremental visual
assessments or localized testing techniques. However, these techniques often require traffic
control to be implemented and may not be sensitive enough to identify damage and/or
deterioration over time. In order to address this issue, the lowa State University (ISU)
Bridge Engineering Center developed an autonomous, continuous structural health
monitoring (SHM) system that can be used to monitor typical girder bridges. The developed
system features two key uses. First, the system can be integrated into an active bridge
management system to track usage and structural changes. Second, the system helps owners
to identify overload occurrence, vehicle collision to the structure, damage and deterioration.

In the recent past, there have been rapid advances in the development of the technologies
needed for effective SHM. SHM is a relatively new but fast growing field within the bridge
engineering community. In short, SHM is the process of evaluating the condition or change
in behavior of a bridge over time using quantitatively measured response data complemented
with advanced data analysis. When properly designed, a SHM system has a distinct
advantage over conventional monitoring techniques in that, at any point during monitoring
period, the overall condition of the bridge can be evaluated without subjectivity and without
the need to physically be at the bridge.

Numerous tools and technologies (currently available as well as emerging) associated with
SHM applications have been well publicized [1, 2]. The main issue now facing the bridge
engineering community is not the lack of technologies that are available for SHM
application, but rather how to accurately analyze a target bridge or its members and how to
process continuously collected data such that the useful information can be extracted and
used. It is also important that a SHM system be capable of monitoring long-term phenomena
as well as capturing short-term events. In addition, the output of a SHM system must
provide clear, usable benefits to bridge owners rather than inundating them with massive
amounts of disjointed data. Such a need requires the development of a comprehensive
approach to data management that also includes the development of high performance
localized data processing and evaluation algorithms. Significant effort has been given in the
work summarized here to include data processing and evaluation algorithms that are based
upon strong engineering principles while also taking full advantage of advanced data
processing techniques.

1.2. Objective and Product

The primary objective of this research was to develop a continuous SHM system that can be
used to monitor typical girder bridges for detecting and identifying overload occurrence,
vehicle collision to the structure, changes in structural behavior, identification of damage and



deterioration, and for tracking usage. These specific needs were established to give owners
tools to better manage bridge assets and were accomplished by completing three distinct
work tasks as follows:

e Development of live load structural analysis software

e Development of field data collection and analysis software that integrates with
select data acquisition hardware

e Demonstration of the developed SHM system

The product of this work is a turnkey SHM system that consists of hardware and software
components. The hardware consists of off-the-shelf components that have been integrated to
work together. Two software packages were also developed that allow for effective system
use. First, a structural analysis package was developed that allows for bridge specific system
configuration. Second, data collection/analysis/reporting package was developed that
operates without user intervention to monitor for the above mentioned reasons.

1.3. Report Content

This report is divided into four chapters. A detailed description of the system development
and its components are given in Chapter 2. Chapter 3 presents the demonstration of the SHM
system and the associated performance evaluation. General summary and conclusive
discussions are provided in Chapter 4. In addition, significant “user manual’ materials are
provided in the report appendices.



2. STRUCTURAL HEALTH MONITORING SYSTEM

The system developed in this work and presented herein was developed to be an open and
flexible SHM system that can be used to monitor, under normal operating conditions, typical
girder bridges for overloading and changes in behavior (e.g., from deterioration, sudden
events, etc.). A reliable system of this type requires accurate analysis, structural modeling
and consideration of typical scenarios.

An overall schematic for the SHM system is illustrated in Figure 2-1. The SHM system can
be principally grouped into two main components: an “office” component and a “field”
component. The office component is basically a structural analysis software package that
can be used to generate bridge specific thresholds. The field component includes hardware
and monitoring software which performs the data collection, processing, and evaluation. The
hardware system consists of sensors, data acquisition equipment, and an optional
communication system backbone. The field monitoring software was developed such that,
once started, it will operate autonomously with minimal user interaction.

Detailed descriptions of each of the components and their implementation are presented in
the following sections. Section 2.1 describes various features included in the structural
analysis software and highlights some of the theoretical methodologies used to develop it. In
Section 2.2, various elements of the field monitoring software are discussed along with a
general background and summary of the methodologies employed in the development.
Finally, Section 2.3 discusses the hardware components that include sensors, data
acquisition, and communication.

2.1. Structural Analysis Software

A Windows-based, two-dimensional, live-load structural analysis program, BEC Analysis,
was created to simplify determination of some of the bridge specific SHM system
parameters. BEC Analysis is capable of analyzing a bridge beam or girder with various
boundary conditions and member geometries under various moving load conditions. One
unique feature of BEC Analysis is that it allows users to easily determine maximum results
(maximum moment and strain) at any location along the length of a model bridge. In
addition, it contains many convenient features which allow relatively quick analysis of a
bridge. In general, one may use BEC Analysis for (1) analyzing beams or girders under
moving loads, (2) computing absolute maximums in each span or at a desired location, and
(3) generating envelopes of maximum moments and strains. The following summarizes
some of the features that are included in BEC Analysis:

e Text fields and click-to-select options used to define bridge parameters

e Input defaults that will help novice users

e Library of various member cross section properties

e (alculator that computes section properties of virtually any member cross section
e (Capable of modeling non-prismatic members



e Run multiple analyses without exiting the program

e Supports the AASHTO Standard Specification for Highway Bridges, Sixteenth
Edition [3]

e Supports various loading conditions

e Graphic diagrams

e Print/Save results
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Figure 2-1. Overall schematic of SHM system



BEC Analysis was designed to be used specifically for analyzing two dimensional girder
bridges subjected to moving loads. The structure to be analyzed is idealized to a
mathematical model that consists of a member or a series of members. In this software,
member ends are referred to as nodes or joints. Properties are assigned to each joint and
member to simulate the real structure. Member simulations are accomplished by inputting
material properties, section properties, and member definitions within each span. Boundary
conditions are simulated by assigning restraint conditions to nodes. Loads are simulated by
combinations of concentrated loads that represent vehicle axles and by uniformly distributed
loads plus concentrated load(s) that represents truck train loadings. The commonly used
two-dimensional stiffness matrix method was used as the computational backbone in BEC
Analysis. As a result, the program can determine the absolute maximum positive and
negative moments and strains either in each span or at a designated location. In addition,
envelopes can be generated. The envelopes contain the extreme values, both positive and
negative, of moments and strains along the length of a model bridge.

2.1.1. General Methodology

As the accessibility of powerful computers has become more common, the use of matrix
algebra has become more commonplace. Thus, the analysis algorithm used in BEC Analysis
is based on classic beam theory and the direct stiffness method of matrix structural analysis.
The stiffness method is one of the most popular methods used in computer structural analysis
programs and its formation is well published. Thus, it will be only briefly outlined here.
Inherent assumptions used in developing the analytical methods are as follows:

e All materials are assumed to behave elastically.

e Plane cross sections remain plane.

e All elastic deformations are relatively small.

e A fixed support is defined as an end condition capable of resisting end moment
without rotation, while a pinned/roller support is one in which there is no
resistance to angular rotation and, thereby, no end moment.

e For a composite sections, the moment of inertia of the entire transposed section is
used.

e Non-prismatic spans may be approximated with stepped prismatic members.

[ ]
The analytical methods used in BEC Analysis are the same as the routine stiffness method
except that the member stiffness matrix and the fixed-end moments have been modified to
account for the potential variation in member cross sections. The general matrix formulation
for the member end forces can, therefore, be expressed as below:

{MA} = {MF} +[KS]{D} (2.1)
where,
{MA} = Member end force vector
{MF} =Fixed end moment vector
[KS] = Unit displacement stiffness matrix

{D} =Nodal displacement vector ({D} =—-[S]"'{Z})



{Z}  =Nodal force vector
[S] = Stiffness matrix

The general theories and methodologies briefly outlined in this section have been
incorporated into a computer program, BEC Analysis, which makes time-consuming analyses
relatively simple. All that is required to complete an analysis is to define the important
bridge parameters. The following section presents a summary of BEC Analysis.

2.1.2. Features and Components of BEC Analysis

BEC Analysis runs on a Windows platform personal computer (PC) and consists of three
modules: pre-processor, analysis and post-processor. Each module was, respectively,
developed to perform a certain task such as model generation, analysis and result viewing.
These three modules can be further categorized into six sub-groups: (1) Bridge Information
windows (2) Span Description windows (3) Load window (4) Run Analysis window (5)
Print/View/Plot windows. The pre-processor groups (1, 2 and 3) are used for data input,
modeling and on-screen graphic display. The analysis module (4) performs the analysis.
The last module, postprocessor (5) was designed for reviewing the analysis results. Figure 2-
2 schematically depicts the organization and hierarchy of each window within BEC Analysis.
Screen shots of each window are presented in Figures 2-3 through 2-11 with the various
windows, text box controls, frames, command buttons and other indicators numerically
labeled in each figure. The features included in each window and the general procedures for
running BEC Analysis are discussed in the subsequent sections. In addition, descriptions of
each of the controls, indicators and command buttons, and the principle procedures required
to run BEC Analysis are provided in Appendix A.

2.1.2.1. Bridge Information Window

BEC Analysis can be started by double clicking the program icon. Once the program has
loaded, the BEC Analysis title screen shown in Figure 2-3 will appear. By clicking the ‘Click
to START’ command button on the title screen, the program will be initialized and move to
the next window that contains the ‘General Information’ frame shown in Figure 2-4. In this
frame, the number of spans (#2) and boundary conditions (#3) can be specified. The number
entered in the ‘Number of Spans’ text box control (#2) will dictate how many ‘Span
Description’ windows (#5) in which information for each span will be entered will be
needed. The ‘Boundary Condition’ (#3) frame contains controls which allow the user to
specify the boundary conditions for the exterior supports. Three options are available: fixed,
pin/roller and rotational spring.

e A fixed support is a support that has all degrees of freedom restrained.

e A pinned/roller support restrains only one or two degrees of freedom. If a model
bridge is built with more than two spans, interior supports will be modeled as
pin/roller with full continuity between the adjacent spans.

e A rotational spring support can be defined by inserting the appropriate
corresponding rotational spring constants. The spring constant must be between
zero and infinity.



2.1.2.2. Span Description Window

The next step involves entering information about each span in the ‘Span Description’
window (#5) shown in Figure 2-5; in this window, geometry, member type, material and
section properties for each span are specified. Up to ten ‘Span Description” windows will
appear, one by one, depending upon the number of spans specified in #2. The input required
for each ‘Span Description” window involves specifying the length of the span (#6) followed
by selection of member types and materials. Two options are available in the ‘Member
Selection’ frame (#7):

e Prismatic member: member size and section properties are constant along the
span. If selected, controls #8 and #12 through #16 will be disabled.
e Non-prismatic member: member size and section properties are not constant
along the span. Up to five different sections with different properties can be
defined using controls #8 through #16.
[ ]
The ‘Member Cross Section’ frame (#9) allows the user to define or select sections for a
member with the material properties defined in the ‘Beam Material’ frame (#10). One of the
convenient features in BEC Analysis is a section property ‘Calculator’ (#12) with which
users can either directly input section properties of a member or have the program
automatically compute the section properties of virtually any cross section. Allowable shapes
include user-definable geometries, common standard steel shapes, lowa P/C shapes and
AASHTO P/C shapes. Detailed description on these options will be discussed in Section
2.1.2.3.

The text boxes in #13, 14 and 15 display the moment of inertia (#13), the section modulus
(#14) at the lower sensor location and the section modulus (#15) at the upper sensor location
for each segment in a member. These values can be either manually entered by the user or
computed with the ‘Calculator’ (#12). Note that the default sensor locations are set to be at
the bottom of the beam (lower sensor) and the top of the beam (upper sensor). Note that
these sensor locations can be changed in the ‘Sensor Location’ frame (#25) which can be
found in the ‘Section Properties” window (#19).

The length of each segment in a member is defined in the ‘Section Distance’ frame (#16).
Note that this frame will only be enabled if the ‘Non-Prismatic Member’ option is selected in
#7. Also note that the graphic display in #17 will display how a member is segmented in
each span. A different graphic will be displayed according to the options selected in #7 and
#8.
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Figure 2-9. Print Maximums Window
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Figure 2-10. View Data Window
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Figure 2-10. (continued)
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2.1.2.3. Section Properties Window

The ‘Section Properties’ window (#19) illustrated in Figure 2-6 will only be called when the
‘Calculator’ command (#12) is pressed. In this window, geometric section properties for
general section types (user-defined), standard steel, lowa P/C and AASHTO P/C can be
computed. Frames #20 and #21 allow the user to generate section properties for either
composite or non-composite sections. Composite action calculations are engaged when the
‘Composite’ option is selected in #20. The material properties and dimensions of the
tributary deck are defined in the ‘Deck’ frame (#21). Note that frame #21 will only be
enabled if the ‘Composite’ option is selected.

The program will compute section properties when the ‘Click to Compute Properties’
command button (#26) is pressed. The results are automatically copied, when the ‘OK’
command button (#27) is pressed, into #13, #14 and #15. The section modulus for each
segment will be computed at the locations specified in the ‘Sensor Location’ frame (#25).

Section Properties window for user definable cross sections

The window shown in Figure 2-6a will be called when the ‘Define’ option in the ‘Member
Cross Section’ frame (#9) is selected. It allows users to compute section properties for
general section types. Options for nine general section types are provided as follows:

e [— Beam

e [ - Beam (Tapered flanges)
e [—Beam + Angles

e T -Beam

e T —Beam (Tapered flanges)

e Channel
e Channel (Tapered flanges)
e P/C shape

e Rectangular shape

Depending upon the option selected in the ‘Define’ frame (#22), a corresponding graphic
representation will be displayed in the graphic display indicator #23. Dimensions for each
shape can be defined with the text box controls provided in the ‘H and W’ frame (#24) where
the letter ‘H’ represents vertical dimensions and ‘W’ represents horizontal dimensions.

Section Properties window for standard steel cross sections

Section properties for standard steel can be computed in the window illustrated in Figure 2-
6b. This window is called when the ‘Standard Steel’ option is selected in the ‘Member Cross
Section’ frame (#9). In this window, information on six classes of standard steel sections can
be found. A member can be selected with a mouse click. Upon selected, the member label
will be highlighted in blue and the corresponding section properties will be displayed in the
‘Beam Information’ frame (#34).
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Section Properties window for lowa P/C cross sections

The Section Properties window presented in Figure 2-6¢ appears if the ‘Towa P/C’ option is
selected in the ‘Member Cross Section’ frame (#9). Information on two types of lowa P/C
sections can be found. Upon selection, the list box indicator #36 will display the members
that are available and their basic properties will be displayed in the ‘Beam Information’
frame (#34).

Section Properties window for AASHTO P/C cross sections

Section properties for AASHTO P/C section can be computed in the window illustrated in
Figure 2-6d. This window is called if the ‘AASHTO P/C’ option is selected in the ‘Member
Cross Section’ frame (#9). Information on four types of AASHTO P/C sections can be
found.

Upon selection of an option in the ‘AASHTO P/C’ frame (#37), the list box indicator #38
will display the corresponding members that are available. A member can be selected with a
mouse click. If selected, its label will be highlighted in blue and the corresponding section
properties for the selected member will be displayed in #34.

2.1.2.4. Load Window

Once a model bridge has been constructed using the above described windows, loads can be
defined in the form of either a series of point loads that simulate trucks or uniformly
distributed loads with one or two point loads that simulate lane loads. The ‘Load’ window
(#39) shown in Figure 2-7 allows the user to configure live loads that will be applied to the
bridge. The software provides options for lowa legal loads, H-20 and HS-20 trucks, truck
train as well as user-definable live loads. In addition, a distribution factor (DF) and impact
allowance (IM) can be defined.

When the user chooses the ‘lowa Legal Loads/HS-20" option (#40), the ‘lowa Legal
Loads/HS-20" frame (#46) will be enabled which allows the user to select one of the listed
trucks. When an option is selected in #46, the information of the selected truck — axle weight
(wheel line load), distance between each axle and its graphic representation — will be
displayed in #49, #50 and #51, respectively.

A truck train loading will be applied if the ‘Truck Train’ option (#41) is selected. Selecting
this option will enable a text box control, where a default magnitude for a uniformly
distributed load will be displayed (#43), and the ‘Apply W on’ frame (#45), which allows the
user to choose the span(s) upon which the uniformly distributed load will be applied.

If users wish to apply a live load that is not available in the above, a manual load generation
can be performed. This can be accomplished by selecting the ‘Define’ option (#42), which
allows users to configure a truck with up to eight axles. After defining the desired number of
axles in the “Number of Axles’ text box (#48), a corresponding number of text boxes will
appear in #49 and #50 where the specific configuration is entered.
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2.1.2.5. Analysis Window

The analysis is performed in the ‘Analysis’ window shown in Figure 2-8. This portion of the
software allows the user to run the analysis and to view absolute maximum results. The
analysis is performed when the ‘Run Analysis’ command button (#57) is pressed. Upon
completion, a prompt dialog box will appear indicating that the analysis was successfully
completed.

The specific results generated by the software depend upon the options selected and the
inputs entered. For example, the program will generate absolute maximum moments and
strains at a location, X, which would have been specified in text box #55 as illustrated in
Figure 2-8a if the ‘At a designated location’ option (#53) is selected. By selecting the ‘In
each span’ option (#53), the program will generate the magnitudes (#66) and locations (#67)
of the absolute maximum moments and strains in each span as illustrated in Figure 2-8b.
Note that the location, X, at which the maximum is generated, and the first axle position, b1,
are symbolically displayed in the graphic indicator #51 in the ‘Load’ window (#39).

In addition to the absolute maximum results discussed above, BEC Analysis can also
generate moments and strains with respect to truck position (‘moment and strain vs. truck
position”) or envelopes of maximums. The results of ‘moment and strain vs. truck position’
analysis or envelopes can be accessed in the ‘View Data’ window (#74) and also in the ‘Plot’
window (#78), which will be discussed subsequently.

2.1.2.6. Print Maximums Window

The Print Maximums window shown in Figure 2-9 allows the users to print a hard copy of
the absolute maximum results displayed in the ‘Analysis’ window. The specific results
displayed will be based upon the options selected in the ‘Find the Maximum Results’ frame
in the ‘Analysis’ window (#53).

2.1.2.7. View Data Window

As mentioned in Section 2.1.2.5, ‘moment and strain vs. truck position’ analysis results can
also be generated during the analysis. The ‘View Data’ window (#74) allows the user to
access the specific numerical results. As illustrated in Figure 2-10, the data display box
shows the maximum moments and strains in each span. Note that the left. column, X (ft.),
represents the distance along the bridge for “envelopes of maximums” as shown in Figure 2-
10a; while it represents the first axle positions in the ‘moment and strain vs. truck position’
analysis results as shown in Figure 2-10b. Also note that in Figure 2-10a, the maximum
results are displayed separately for each span. These numerical data can also be saved to a
text file. This can be accomplished by pressing the ‘Save to a File’ command button (#76).
When pressed, the user will be prompted to designate a file path to which the displayed data
will be written and saved.
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2.1.2.8. Plot Window

Options are available which allow the user to obtain plots of the ‘moment and strain vs. truck
position’ diagrams. After reviewing and/or saving the data, a plot can then be generated.
When the ‘Plot Data’ command button (#77) is pressed, the program will move to the ‘Plot’
window (#78) where the ‘moment and strain vs. truck position’ diagrams will be graphically
displayed in the plot display box (#80) as illustrated in Figure 2-11.

2.2. Field Monitoring Software

The field monitoring software was developed to function with IOtech instrumentation
hardware, which will be discussed subsequently. The software was designed to collect,
process, and evaluate the measured bridge response. Its use will allow bridge owners to
quantitatively monitor a bridge for potential cause of damage as well as gradual changes in
behavior. The following gives general background information and briefly describes the
methodology followed during portions of the development of the field monitoring software.
Specific components of the field monitoring software and the required initial setup
procedures are then described. In addition, the general procedures involved in running each
component of the field monitoring software are also described.

2.2.1. General Background and Methodology
2.2.1.1. Identifying “Alarm Events”

An ‘alarm event’ is determined by examining the peaks in a strain record. ‘Alarm events’
can be generally thought of as either those caused by overloaded traffic, referred to as
‘overload’, and an abnormal rapid change in strain, referred to as ‘impact’. Some of the
important terms that will be used as the building blocks in the field monitoring software are
defined as follows:

e Event: any peak in a strain record that exceeds a defined event detection
threshold.

e Alarm event: ‘overload’ event and/or ‘impact’ event.

e Overload event: event that exceeds the overload event threshold.

e Impact event: event that that exceeds the impact event threshold.

In general, two steps are involved in the processing of the collected data: identification of
events and examination of each event to see if it exceeds the predefined thresholds. First,
any peak in a measured strain record that exceeds the event detection threshold will be
identified as an event. Once the event is detected, the software examines its magnitude in
strain and the slope of the strain record that contains the event. If the event exceeds the
overload event threshold, which can be determined using BEC Analysis or any other means,
it will be recorded as an ‘overload’ event. The ‘impact’ event is identified by examining the
slope associated with the event. If the slope exceeds the impact event threshold, it will be
recorded as an ‘impact’ event. Identification of the impact event involves examining three
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parameters: the start index, the peak index, and the event. As illustrated in Figure 2-12, each
parameter is expressed with bi and yi components, where bi represents the time that the index
or the event is recorded while yi represents their magnitude in strain. These three parameters
are used to find the slope within the strain record that contains the event. Once the slope is
determined, the software checks to see if the slope exceeds the predefined impact threshold.
If exceeded, the software will recognize the event as an ‘impact’ event. Note that the impact
event threshold must be defined prior to running the field monitoring software. This may
require collecting sample strain data from ambient traffic to establish an appropriate strain
rate.

A (b2, y2)
Strain &— (+) Peak (Overload Event)
(ne) '
: Strain Record :
\ :
(+) Overload Event Threshold _ _ _ _f _ b\ _
H
|
' Peak Index
Start Index I (+) Peak (Event)
|
1
1
i
1
(+) Event Detection Threshold "
(b1, y1) (b2, y1)
0 N\ , >

Time

«4—— (-) Peak (Event)

(-) Overload Event Threshold
v

Figure 2-12. Parameters used to determine a slope in a strain record
2.2.1.2. Compensation of Temperature Effects and Noise Minimization

Collecting reliable strain data requires attention to the unique characteristics of bridges and
the surrounding environment. Typically, measured strain data from bridges contains
components that can be categorized into two general parts: traffic induced strains and other
unwanted elements such as changes in strain induced by temperature variations and noise.
The useful information for the methodology used here are those collected data resulting
ambient traffic only. Therefore, eliminating or minimizing the unwanted elements is
imperative.

It is widely known that temperature related effects are one of the most common “issues” with
measured strain data. Various attempts have been made by manufacturers to minimize the
sensitivity to temperature through selection of strain gauge materials. Although adjusted
strain gauges are known to reduce ‘some’ level of thermal issues, they do not totally
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eliminate the effect. The approach for compensating the temperature variations used here is
based upon the idea that thermal expansion and contraction are very slow in comparison to
changes associated with live loads. Therefore, one may assume that the change in strain due
to temperature variations within a short period of time is insignificant. With this
consideration in mind, it was decided that the strains be processed in small segments so that
the temperature effects on each set of measured strains are minimal. To this end, the field
monitoring software was developed to process measured strain segments every 10 minutes.

Minimizing noise in measurement systems is important as it can present a serious problem.
The typical environment surrounding a bridge may contain abundant sources of noise. In
general, high frequency noise is normally induced by radio signals while electronic
equipment generates noise in almost all frequency ranges. Although completely preventing
the occurrence of noise would be the ideal situation, it is seldom practical. Fortunately, the
use of simple techniques such as appropriate grounding techniques, shielded and twisted
wires, etc. can control some level of noise. However, they do not eliminate noise
completely. One solution to further minimize noise is to identify and block the source of
noise by use of filtering. The use of filtering allows users to remove specific components
that are not of interest. Measured live load strains may have content across the entire
frequency spectrum. However, the most important elements are contained in a relatively
well defined frequency range. In order to define where the desired strain data falls and /or
where the noise falls, a Fast Fourier Transform (FFT.) analysis can be utilized. A FFT.
analysis allows users to view the frequency content of measured strain data. Then, one can
choose an appropriate filter technique to extract the data of interest.

Traffic induced strains, in general, have frequency contents that are lower than those of most
other sources. Applying a low-pass digital filer, therefore, can modify frequency contents of
strain records by only allowing frequencies that are lower than a specified cutoff frequency.
Previous work by the research team has shown that the Chebyshev filter effectively
minimizes peak detection error with a relatively fast processing speed. Thus, the Chebyshev
low-pass filter was utilized for minimizing noise in the field monitoring software.

2.2.1.3. Data Acquisition and Storage

While a slow speed monitoring strategy may be suitable for monitoring displacements and
deformations, a high speed data acquisition is needed for capturing events that occur in a
short time window, such as maximum traffic induced strains, large amplitude vibrations, and
behavior caused by a vehicle collision. Therefore, it was decided that the data sampling rate
should be user selectable to provide more flexibility in the use of the software. With this
option available, it is thought that the software can be used to monitor bridges built for high
speed (e.g., highway bridges) as well as low speed traffic (e.g., local bridges).

For a long term SHM system, data sets that are collected over extended periods of time can
cause problems as the size of the generated files can be quite large. Managing a large data
volume can be problematic since significant effort can be required to identify and extract the
desired characteristics. Storage of a large volume of collected data can also cause problems
since it may require significant disc space. To address these issues, significant attention was
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given to incorporate data reduction and processing algorithms so that only the useful
information is used and retained.

2.2.1.4. Results Presentation

In addition to efforts related to data processing and storage, significant attention was given to
ensuring that the system presents useful evaluation results to the user. As will be illustrated
subsequently, the field monitoring software was developed to provide users with following
information:

¢ Identifying and notifying alarming events
e Traffic event history
e Statistical trends

One of the main purposes of the field monitoring software is to deliver users information that
can be used to identify potential damage and gradual changes in bridge performance. In
order to meet this goal, two options were added. First, an option was included that allows
users to receive a notification of any “alarm event.” When this option is selected, the
program will send a message, upon occurrence of an alarm event via email that includes the
date and time of each occurred event, sensor identification, cause of event (either overload or
impact) and the magnitude of the event. Furthermore, in order to allow users to access and
review the archived and/or received data files, the software was developed such that it can
present summarized information to users. To this end, algorithms were added so that reports
can be automatically generated in three formats: Microsoft. Excel Worksheet, PDF, and hard
copy. These reports are flexible and their contents can be modified to provide only the
information desired. Regardless of the format, each report can contain information as
follows:

e Monitoring period during which presented outputs are given

e Event history that presents each recorded event

e Event histogram

e Statistical trends of events including absolute maximum and average
e Summary of messages regarding “alarm events”

2.2.2. Components of the Field Monitoring Software and Required Initial Setup
2.2.2.1. Components of the Field Monitoring Software

There are three groups of programs included in the field monitoring software: (1) a
preliminary data acquisition and analysis component that is intended for identifying basic
characteristics, (2) a main data acquisition and processing component intended for data
collection, reduction and evaluation processes, and (3) a report generation component
intended for presenting results to the user. Each group of programs is designed to be
accessed at any time. The preliminary data acquisition and analysis tools assist in reducing
noise and detecting events. This process involves establishing the parameters that will be
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used during the data processing and evaluation processes that occur in other programs. The
second group of tools controls the main data acquisition and the organization of the collected
data. During this process, collected data are temporarily stored into designed segments and
then internally passed through a series of data reduction programs in such a way as to allow
the acquisition program to operate in real time while the processing programs operate in the
background. These collected data are evaluated, reduced, written to a data file, and archived
all within the local host PC. The results from the second group are a series of data files, each
of which contains summarized information about the bridge performance. The third group of
the field monitoring software is used for generating and viewing summarized reports.

During software development, significant effort was taken to ease and minimize user
interaction. This was accomplished by utilizing a series of GUI for each of operation. Each
program was designed to provide users with immediate feedback. A total of eight programs
were created as are listed below:

e 1 Preliminary DAQ.VI (1) Preliminary Data Acquisition

e 2 FFT.-PSD Analysis.VI and Analysis

e 3 Input.VI

e 4 MainDAQS815.VI (2) Main Data Acquisition and Processing

e 5 View Strain History.VI

e 6 View Hourly File.VI

e 7 Create Report (from single file).VI

e 8 Create Report (from multiple files). VI

(3) Report Generation

The first two programs (1 Preliminary DAQ.VI and 2 FFT.-PSD Analysis.VI) are designed
for preliminary data acquisition and analysis while 3 Input.VI and 4 MainDAQ815.V1 are
intended for use during main data acquisition and processing. The remaining programs are
used for viewing and/or generating reports. Included in the title of the first four programs (1,
2, 3 and 4) is a number that indicates the order in which they should be executed. The other
four programs (5, 6, 7 and 8) can be executed only when needed and in any order. Each
program features a user interface and visualization command controls that are facilitated by
tools contained in the program’s graphical environment.

Presented in Figure 2-13 is a general flowchart that illustrates the overall procedures
undertaken by the field monitoring software. Screen shots of each program are shown in
Figures 2-14 through 2-21. Note that the front panels of each program contain two different
types of displays: controls and indicators. Controls are devices that provide input and supply
data to the programs. Indicators are devices that display output and/or data generated by the
programs. Brief descriptions on select controls and indicators of each program are presented
in Appendix B.
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2.2.2.2. Required Initial Setup

The field monitoring software can be used only after (a) completing the IOtech software
installation, hardware system setup and sensor calibration, and (b) creating a main directory,
‘SHM Folder’, that will contain input files and four sub directories for data transfer and
storage. System requirements and necessary procedures on [Otech software installation and
hardware system setup, as well as the sensor calibration process are provided in Appendix C.
The user must create a directory entitled “SHM Folder” that contains the following four
folders: “1 Raw Data”, “2 Data Process”, “3 Data File Folder”, and “Preliminary Data
Folder”. In the following sections, overall procedures involved in running each program are
described. In addition, step-by-step instructions on how to run each component are provided
in Appendix B.

2.2.3. Preliminary Data Acquisition and Analysis

The first applications of the field monitoring software suite, preliminary data acquisition and
analysis, are used to collect and establish information needed by other programs.
Specifically, this process is intended to establish parameters that will be used in data
processing, for reducing noise, and detecting events.

33



Initial Setup
IOtech software installation
Hardware system setup
Sensor calibration
SHM main directory creation

v

1 Preliminary DAQ.VI |«

v

Sample data
collected?

A

2 FFT.-PSD Analysis.Vl |

v

Parameters
idealized?

3 Inputs.Vl <

Input file
created?

l Yes

4 MainDAQ815.VI

10-minute data
available?

¢ Yes

5 View Strain History.VI

Hourly data file(s)
available?

6 View Hour File.VI

Daily, weekly,
monthly, yearly
file(s) available?

7 Create Report (From Single File).VI
8 Create Report (From Multiple Files).VI
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Figure 2-13. Illustration of overall procedures involved in the field monitoring software
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2.2.3.1. Preliminary Data Collection and Storage

1 Preliminary DAQ.VI allows users to acquire a small amount data for immediate viewing,
storage to the hard disk, and for use within 2 FFT.-PSD Analysis.VI to configure filter
parameters. Illustrated in Figure 2-14 is a typical setup for 1 Preliminary DAQ.VI. Three
steps— (@) basic setup on input parameters (b) program execution, and (c) results
verification—are involved in using this program. The first step requires users to input
parameters in controls #1 though #9 that are shown in Figure 2-14 as follows:

e Enter a device name in control #1. The device name used here must match what
was used during the hardware system setup.

e Enter a sample rate (#2) at which the data acquisition is to be performed (number
of samples per second).

e Select the channels of a connected StrainBook/616 and, if applicable, a WBK16
expansion module to be activated (#3 & #4). More than one channel can be
selected by ‘Ctrl + Mouse click’.

e Configure each channel (#5) based upon the specific type of strain sensor being
used.

e Apply and select a calibration file, which was created during the sensor
calibration process, by setting the LED (#6) to true (bright green) and by
assigning a calibration file path in control #7.

e Designate a folder directory (#8) in which the data will be saved. The
recommended directory name is ‘C:\SHM Folder\Preliminary Data Folder’ as is
shown in control #8 in Figure 2-14. Users can use the ‘Browse’ button to display
a tree of all directories available on the host PC.

e Enter the time duration in control #9 for which each data file will be saved.

Once the above setup is completed, data collection can be initiated. This step involves two
controls and five indicators—#10 through #16 shown in Figure 2-14—as follows:

e Start data collection by clicking on the ‘START’ control (#10).

e Check the acquisition status in indicator #11. When the ‘START’ control is
pressed, it searches the data acquisition instrument specified in control #1. One
of the following situations will occur:

0 The check mark on the status check box stays green and indicators #12, #13,
#14 and #15 will display real time data, elapsed time, beginning time at which
data acquisition is initialized and current time of data acquisition,
respectively. This indicates that the data acquisition instrument was found
and that all input parameters are correctly defined.

0 The check mark on the status check box turns red and a message appears on
the message box along with an error code. This indicates that either the data
acquisition instrument was not found, or one or more input parameters are
missing. In order to resolve this error, users must check either (or both) the
hardware and 1Otech software installation setup or (and) the input parameters
before running the program again.

e Once the data acquisition is completed, click the ‘STOP’ button (#16). This will
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terminate the program.
Each saved data file is named with letters and numeric numbers. The notation starts with

“SHM” followed by numeric numbers representing the time at which each data file was
saved. The naming conventions adopted are described as follows:

SHM (YYYY MM-DD hhmmss)

where,
e SHM: Structural Health Monitoring
e YYYY: year
e MM: month
e DD: day

e hh: hour of the day
e mm: minute of the hour
e ss: seconds within the minute

When the elapsed time (#13) exceeds the time specified in control #9, the data file will be
closed and saved to the directory designated in control #8. Meanwhile, new data will be
written to a new file. This process will be repeated until the program is terminated.
Contained in each file are columns of tab delimited data with each column representing the
strain record for one sensor. For example, if eight sensors are used, the data file will contain
eight columns of tab delimited data.

The main goal of acquiring these sample data sets is to collect data to be used for noise
reduction by separating traffic induced frequencies from noise induced frequencies. To do
this properly, two steps are required. The first step requires the collection of strain data sets
(a) when ambient traffic crosses the bridge and (b) when no traffic is present on the bridge.
The second step is described in the following section.

2.2.3.2. Investigation of Frequency Contents and Determination of Filter Parameters

Identification of strain due to noise involves comparing noise induced frequency contents
with those induced by traffic. The data sets obtained from running 1 Preliminary DAQ.VI
are used to perform a FFT. analysis that results in a power spectral density (PSD) plot for
each strain record. The FFT.-PSD analysis allows users to view different frequencies that
make up the measured strain. By investigating the PSD plots, dominant frequencies from
ambient traffic and noise can be identified. As previously mentioned, traffic induced strains
in a typical bridge normally have frequency contents that are lower than those of noise. With
this frequency characteristic, therefore, one may minimize noise by applying a low-pass
digital filer with an appropriate cutoff frequency. At the end of the process, a text file
containing filter parameters and event detection thresholds for each channel is created. The
followings describe each step involved in running 2 FFT.-PSD Analysis.VI.

Three primary tasks are performed within 2 FFT.-PSD Analysis.VI: (a) identification of
dominant frequencies through a FFT.-PSD analysis (b) idealization of filter parameters and
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plotting the resultant strain history and (c) creating a filter parameter file. As illustrated in
Figure 2-15, each task is performed in three different program “tabs”. The first task involves
opening a data file acquired with 1 Preliminary DAQ.VI and then running the FFT.-PSD
analysis. The following steps are required to perform this task:

12

10.

11

Select a data file from those that were saved in the ‘Preliminary Data
Folder’ by using the browsing tool in control #1.

Under the ‘FFT.-PSD Analysis’ tab control (#2), enter a sample rate
in Hertz (#3). Note that the sample rate used here must be the same
as the one used while acquiring the data.

Choose a time-domain window (#4) to be used in the FFT. analysis
and PSD development. The recommended option is ‘Hanning’ and is
set as the default.

Run the program by clicking the run button (#5). As soon as the run
button is pressed, the status indicator (#6) will turn red indicating that
the FFT.-PSD analysis is running. Indicator #7 will display the data
file read progress. When the data file reading is completed, the total
number of sensors used during the preliminary data acquisition will
be displayed.

Upon completion of the FFT.-PSD analysis, the status indicator (#6)
will turn bright green indicating that PSD plots for each sensor are
ready to be viewed.

Select a sensor with a mouse click within control #8. Then, the
indicator #9 will display the selected sensor and a PSD plot for the
selected sensor will be displayed in indicator #10.

Identify the dominant frequencies from ambient traffic plus noise or
noise alone (depending upon a sample file selected) and determine
the desired cutoff frequency for the filter (note: more detail on how to
determine the desired cutoff frequency will be discussed in Chapter
3).

Move to the Strain History’ tab control (#11) and enter the cutoff
frequency determined in step Vii.

Click the “Plot Strain History” control (#14) to see the effect of
filtering for the selected sensor. Indicator #17 will display the strain
history.

Go back to the ‘FFT.-PSD Analysis’ tab control (#2) and repeat “step
vi” through “step ix” to see the effect of filtering for all sensors.

. Repeat the “step i”” through “step X’ until an appropriate cutoff

frequency is determined. This may require examining several data
files, one at a time. By comparing the dominant frequencies of traffic
plus noise induced and noise alone induced, an appropriate cutoff
frequency can be determined.

Once the FFT.-PSD analysis is completed and the desired cutoff frequency has been
determined, the second task can be performed to establish the appropriate filter parameters
and to see if events (peaks) are properly identified. The following steps are required to

perform this task:
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13. Perform the “step i” through “step v, but this time, select a data file
that contains traffic plus noise induced strain.
14. Select a sensor with a mouse click within control #8 and move to the
‘Strain History’ tab (#11).
15. Enter three filter parameters (#12) that will be applied to the selected
strain data: cutoff frequency (Hz), ripple (dB), and filter order.
16.

a. The cutoff frequency is determined by investigating dominant frequencies
of traffic plus and noise induced and noise alone induced.

b. A ripple of 0.0435 dB, which is equivalent to 0.5% passband allowable
error, is set as a default as it is often a good choice for digital filters [4].
The 0.5% passband allowable error was converted to 0.0435 ripple in dB as
follows:

0.0435dB =

o/ __ 0
2010g(100% O.SA)]

100%

c. The order of a Chebyshev filter is equal to the number of poles in the
transfer function of the filter. In general, a filter is considered to work
better with more poles. However, this may not be always true. Therefore,
several attempts (trial and error) may be necessary to determine the
appropriate filter order. The default is set as 2™ order and the order must
be an even number.

17. Enter event detection thresholds (#13) that will be applied to the
selected strain data. The event detection thresholds should be
determined such that peaks are not identified from the free vibration
response of the bridge (more detail will be discussed in Chapter 3).
Once set, only those events that exceed the event detection thresholds
will be recognized by the program and displayed in indicator #17.

18. Press the ‘Plot Strain History’ control (#14) to plot strain history and
view the effects of filtering the selected strain data. When pressed,
indicator #15 will display the selected sensor and the status indicator
(#16) will turn red indicating that plotting strain history is in
progress.

19. Upon completion, the status indicator will turn bright green and a
strain history plot for the selected sensor is displayed on the graph
indicator #17.

20. At this point, the user needs to decide if the filter parameters used are
adequate to minimize noise while identifying proper peaks or events.
If the user desires to alter the filter parameter settings, new
parameters need to be defined in #12 and the ‘Plot Strain History’
control (#14) needs to be pressed again. Otherwise, save the filter
parameter settings for the selected sensor by pressing the ‘Save
Parameters for Selected Sensor’ control (#18).

The next task requires the user to check if the parameter settings are stored for each selected

sensor, one-by-one, and create a text file that will contain the filter parameters and event
detection thresholds for all sensors. The following tasks must be performed:
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21. Move to the ‘Create File for Filter Parameter’ tab control (#19) and
check if the filter parameters and event detection thresholds for the
selected sensor are stored in the table indicator (#20) where each row
represents the settings for the sensor specified in the first column
named ‘Sensor’.

22. Repeat “steps xiii” through “step xix” until the filter parameters and
the event detection thresholds have been established for all sensors.

23. Set the path (#21) to which the filter parameters and event detection
thresholds will be saved. The default file name and directory is
‘C:\SHM Folder\Filter Paremeters.txt’.

24. Click the ‘Create File for Filter Parameters’ control (#22) to create a
text file that contains the filter parameters and event detection
thresholds for all sensors.

25. Click the ‘STOP’ control (#23) to stop the program.

2.2.4. Main Data Acquisition and Processing

Once the preliminary data collection and analysis have been completed, the second group of
the field monitoring software — the SHM main data acquisition and processing — can be
initiated. In general, this involves two steps — (1) input information settings and (2) main
data acquisition, processing and reduction — that require running two programs: 3 Input.VI
and 4 MainDAQ815.VI. The outcome of 3 Input.VI is a binary file that contains input
settings that are needed for operation of 4 MainDAQ815.VI. It should be noted that 4
MainDAQ815.VI must be installed as a “service program” on the field PC. Operating the
program as a service allows autonomously resuming when the power comes back on in case
of power outage. During this installation process, the time for which the program is forced to
wait until the acquisition instrument is initialized must be defined. The recommended
“pause” time is 60 seconds. Detailed procedures on installing 4 MainDAQ815.VI as a
service program are provided in Appendix D. The information presented in the following
sections describes the detailed procedures pertaining to how 3 Input.VI and 4
MainDAQ815.VI are operated.

2.2.4.1. Input Information Settings for Main Data Acquisition and Processing

Before 4 MainDAQ815.VI can be activated for the main data acquisition and processing, an
input file that contains required information must be created with 3 Input.VI. In general, three
steps need to be completed: (1) input entry (2) program execution and (3) verification. First,
the user needs to enter the input settings. Note that some procedures are the same as those
used in running 1 Preliminary DAQ.VI. The required input information is as follows:

e Select the channels of a connected StrainBook/616 and, if applicable, a WBK16
expansion module to be activated (#1 & #2). More than one channel can be
selected by “Ctrl + Mouse click’.

e Configure each channel (#3) based on the type of strain sensor and its setting
used.
e Enter the device name in control #4. The device name used here must match
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what was used during the hardware system setup.

Provide the sample rate (#5) at which the data acquisition is to be performed
(number of samples per second).

Enter the impact event threshold in control #6. The impact event threshold is a
ratio of the absolute difference between the magnitude of the event and that of the
event detection threshold with respect to the time difference between a start index
and a peak index in a strain record (a single event or traffic response). The
impact event threshold is used to determine if the identified event is an impact
event.

Enter the plus and minus event detection thresholds (#7) that will be applied to
the collected strain data.

In the ‘Overload event threshold’ control (#8), enter the overload event threshold
for each sensor that was determined from the structural analysis software (BEC
Analysis) or other means. Also, with a mouse click, select LED options for each
sensor to which the overload event threshold will be applied. If set to true (bright
green), any overload event (an event that exceeds the specified overload event
threshold) for the selected sensor will be recorded and temporarily stored within 4
MainDAQ.VI.

Select the type of data files, with a mouse click (#9), to be sent via email (LED
options). Given that the internet connection is available, if users desire to receive
daily data files only, for example, the LED option for ‘Daily Data’ must be
selected (bright green) with a mouse click and other options must remain
unselected (dark green). Six options are available as follows:

a. Hourly Data: allows users to receive hourly-generated reduced data files,
each of which contains event history in the preceding hour

b. Daily Data: allows users to receive daily-generated data files, each of which
contains event history in a day

c. Weekly Data: allows users to receive weekly-generated data files, each of
which contains event history in the preceding week

d. Monthly Data: allows users to receive monthly-generated data files, each of
which contains event history in the preceding month

e. Yearly Data: allows users to receive yearly-generated data files, each of
which contains event history in the preceding year

f. Alarm Message: allows users to receive a text message of an alarm event
upon occurrence.

Enter email information that the reduced data files are sent from/to (#10) and set
‘Check if email inputs are entered’ (LED option) to true (bright green) with a
mouse click. Three pieces of information are required:

a. Return address: email address of the file and/or message sender
b. Mail server: the name or IP address of an SMTP server
c. Recipients: email addresses of the file and/or message recipients. Each

address can be a separate array element

Apply the calibration file (#11), which was created during the sensor calibration
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process, by setting the LED option to true (bright green) and by assigning the
calibration file path.

e Designate the folder directory in which raw strain data file are to be written and
saved (#12). The default is ‘C:\SHM Folder\1 Raw Data’. This is one of the sub-
directories created during the initial setup (see Section 2.2.2.2).

e Designate the folder directory to which the raw data are moved for data reduction
and evaluation (#13). The default is ‘C:\SHM Folder\2 Data Process’. This is
one of the sub-directories created during the initial setup (see Section 2.2.2.2).

e Designate the folder directory in which all the reduced data files (Hourly, Daily,
Weekly, Monthly and Yearly Data files) will be saved. The default is ‘C:\SHM
Folder\3 Data File Folder’. This is one of the sub-directories created during the
initial setup (see Section 2.2.2.2).

e Set the path (#15) for the filter parameters file that contains the event detection
thresholds and filter parameters.

Once the input settings are entered, users can execute the program by pressing the ‘Create
and Save Input File’ control (#16). This will result in the creation of a ‘DAQ Inputs’ file in
the main directory (C:\SHM Folder\DAQ Inputs). The last step is to stop the program by
pressing the ‘STOP’ control (#17).

2.2.4.2. Main Data Acquisition, Reduction and Evaluation

After a ‘DAQ Inputs’ file that contains the input information is created, the main data
acquisition and processing can be initiated by running 4 MainDAQ.VI. As soon as 4
MainDAQ.VI program is run, it checks the data acquisition instrument.

Given that the data acquisition was successfully initialized, as depicted in Figure 2-17, the
Acquisition Status control (#1) will display a green check mark in the ‘status’ check box and
no error message will appear in the ‘source’ dialog box. While the program is running, the

following information will be displayed on the control panel of the program shown in Figure
2-17:

e Real time raw data for each sensor in the graph indicator (#2).
e The ‘Time’ indicator (#3) displays information on

O time at which data acquisition was initialized,

O current time, and

0 count of elapsed hour, day, week, month and year, which also indicates the
number of data files created and available for report generation.

e Network status (#4). One of the following situations will occur:

0 The check mark on the status check box is green and no error message
appears on the message box. This indicates that the network connection is
established and alarm messages and data files created by the program can be
sent via email to the recipients specified during input information setting. It
should be noted that even when the status indicates no error, information may
not be sent to the recipients due to a security settings. Typically used virus
scan software is designed to block access from any unknown programs.
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Therefore, users need to make appropriate changes on the security settings so
that the execution program 4 MainDAQ815.VI is unblocked. Since the
security settings may vary depending on Windows types (2000, XP, NT, etc.)
and virus scan software used, users may need to consult with a system analyst
to resolve this.

0 The check mark on the status check box turns red and a message appears on
the message box along with an error code. This indicates that the network
connection is either unavailable (or not established). It should be noted that
this error will not cause the program to stall or stop. All other functions
except the email will still be functioning. The program is programmed such
that when an error related to network connection occurs, the program will skip
that step and carry on other tasks. Also note that since all data files created by
the program will be saved in ‘3 Data File Folder’ in the main directory, users
can always retrieve the data files manually.

e Available disc and memory space on the field PC. The total, used and free

(available) disc and physical memory space of the field PC will be displayed in

Bytes in the ‘Disc/Memory Space’ indicator (#5).

Raw data collection with 4 MainDAQ.VI is similar to data collection with 1 Preliminary
DAQ.VI. The only significant difference is that while 1 Preliminary DAQ.VI writes and
saves data files to the ‘Sample Data File’ folder in the main directory, 4 MainDAQ815.VI
uses three folders within the main directory: ‘1 Raw Data’, ‘2 Data Process’, and ‘3 Data File
Folder’.

Raw strain records for each sensor are collected and written to a data file in the ‘1 Raw Data’
folder directory with the same format discussed in Section 2.2.3.1. Every 10 minutes, this
data file will be closed, saved and moved to the ‘2 Data Process’ folder for data processing.
At that point, the strain records are filtered and processed. Following the data reduction
process, only the extracted strain records (events) will be passed on to the next phase of data
evaluation. Before all other raw strain records are discarded, a data file, ‘Last10MinData’
that contains the raw strain record for 10 minutes, will be created in the main directory to
allow the user to access the last 10 minutes of data. Note that while the information within
the file is updated every time a sub-program, Data Process.VI, is called and new strain
records for 10 minutes are saved, the name of the file will not change. Accessing this
‘Last10MinData’ will be discussed subsequently.

During the data reduction and evaluation processes, each peak or event will be detected and
alarm messages will be recorded. Upon an occurrence of an “alarm event,” a sub-program,
SMTP Email Send Message.VI, will be called and a warning message will be sent to the
recipients whose addresses are specified in the DAQ Inputs file (note: it requires an internet
connection). Each alarm message will be sent in the form of a text message that includes the
date and time of the event, sensor identification, cause of event (either ‘overload’ or
‘impact’) and the magnitude of the event in microstrain. The information generated by Data
Process.VI will be temporarily stored within the sub-program before it is written to a file.
Meanwhile, raw strain records will be written to a new data file and the procedures within
Data Process.VI, will be repeated every 10 minutes. When the Data Process.VI is notified
six times (6 x 10 minutes = 1 hour), a notification will be sent from the Data Process.VI to a
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sub-program, Hour.VI, within which hourly data files will be created and saved in the ‘3
Data File Folder’. The procedures performed within sub-programs — Week.VI, Month.VI, and
Year.VI — are very similar to the Day.VI except that the number of times each sub-program is
notified is different and that the notifications to Week.VI, Month.VI and Year.VI are all sent
from Day.VI.

Once the MainDAQ815.VI is successfully started, the data acquisition, reduction, evaluation
and archiving processes will be completely autonomous and require no further user
intervention unless the user desires to change input settings or restart the program. To do
this, a user must stop the program by pressing the ‘STOP’ control (#6), set the ‘Reset’
control (LED option in #7) to true (bright green) and re-run the program by pressing the
‘Run’ control (#9). These actions will result in autonomously creating an ‘Old Data File
Folder’ to which previously archived data files will be moved. This will allow the user to
keep the old data files saved in a different directory so that they can be retrieved if necessary.
When an ‘Old Data File Folder’ is created, the time at which the folder is created will be
included in the folder name. The naming convention used here is similar to those discussed
in Section 2.2.3.1 except that, in this case, the letters ‘SHM’ is replaced with ‘Old Data File
Folder’.

As described, the outcome of 4 MainDAQ815.VI is data files created on a timely
basis (hourly, daily, weekly, monthly and yearly) that are archived in the ‘3 Data File Folder’
in the main directory. In writing and creating each data file, the binary format was utilized as
it takes less memory and does not require slow sequential searching of data content. The
data files created here will be used for the application of viewing and generating reports,
which are described in Section 2.2.5.

2.2.4.3. Accessing Last 10-Minute Data

As mentioned previously, strain records stored in the ‘Lastl0MinData’ file will be updated
every 10 minutes to allow a user to view what has recently been collected. 5 View Strain
History.VI as shown in Figure 2-18 was developed to allow a user to easily view these data.
The following procedures are involved in running the program:

o Select the data file (#1) that contains collected strain records.

e Set the path (#2) to the filter parameters file that contains the event detection
thresholds and filter parameters that were previously established.

e Enter the sample rate (#3) that was used during data acquisition.

e Press the ‘Plot Strain History’ control button (#4) to execute the program. When
this button is pressed, the status indicator (#5) will turn red indicating that the
operation is in progress. Upon completion, the indicator will turn bright green
and the strain history for each sensor will be displayed on the graph indicator
(#6). The strain history for each sensor can be accessed by selecting the tabs
designated for each sensor.

e Stop the program by pressing STOP button control (#7).
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2.2.5. Report Generation

Once the data files are created and archived in the ‘3 Data File Folder’ directory and/or sent
to users via email, these data files can be accessed and reports generated by executing 6 View
Hourly File.VI, 7 Create Report (From Single File).VI and 8 Create Report (From Multiple
Files)VI. When the SHM system is operated for a long time, numerous data files will be
archived in the ‘3 Data File Folder’ directory. Although the naming convention utilized
would ease identifying each data file, it may still take some effort to find a particular data
file. In order to address this issue, these programs were programmed to find the correct file
or files specified by user inputs. The procedures involved in executing each of these
programs are described in the following sections.

2.2.5.1. Accessing Hourly Created Data Files

6 View Hourly File.VI allows users to view event history, event histogram, and alarm
messages from hourly created data files either within the front panel or in an Excel
Worksheet. Illustrated in Figure 2-19 is an example setting for 6 View Hourly File.VIl. The
following procedures are involved in running the program:

e Select the directory (#1) in which the hourly data files are archived. The default
is set as ‘C:\SHM Folder\3 Data File Folder’. If users want to access an hour file
received via email, the path to the folder that contains the received file must be
selected.

e Select a monitoring period (#2). The number in the text box indicates the hour
since monitoring began (starting with zero). For example, if the user wants to
open an hour file that contains the event history obtained during the first hour of
monitoring, ‘0’ must be entered; if the user wants to access a hour file occurring
56 days, 3 hours later, the user would enter ‘1346°.

e To view the data file in an Excel Worksheet, set the LED option (#3) to true
(bright green).

e Configure the histogram setting (#4). This option allows users to change five
variables: number of bins, and maximum and minimum bins for both positive and
negative events.

e Press the ‘Click to View Hour File’ control (#5) to execute the program. The
event history and histogram, monitoring period and alarm messages will be
displayed in the indicators #6, #7 and #8, respectively. The event history and
histogram for each sensor can be accessed by selecting the tabs designated for
each sensor.

e Stop the program by pressing STOP control (#9).

2.2.5.2. Creating Reports (Accessing Daily, Weekly, Monthly or Yearly Created Data Files)

Three sets of information are generated for each sensor in a performance report: event
history, event histogram and statistical trends. The event history graph presents the
numerical count of identified events along the x-axis with their magnitudes in microstrain on
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the y-axis. The histogram presents the count of events in each bin, whose size can be defined
by users. The statistical trends graph displays the absolute maximum event, the average
event, and a trend line for the averages over the monitoring period.

The following procedures are involved in running 7 Create Report (From Single File).VI and
8 Create Report (From Multiple Files).VI. Note that the numberings for the controls and
indicators used on the front panels of these two programs are the same as shown in Figures 2-
20 and 2-21. Therefore, they are treated together in the following description:

e Select the directory (#1) in which the data files are archived. The default is set to
‘C:\SHM Folder\3 Data File Folder.’

e In the ‘Monitoring Period’ control (#2), select data file(s) to be plotted and
processed for the report generation. See Note-1 below for detailed description.

e To view the data file in an Excel Worksheet, set the LED option (#3) to true
(bright green).

e Select the print options (#4). This allows the user to print the report either (or
both) in a paper copy or (and) in PDF format given that corresponding option(s)
are selected (bright green).

e Select the report content options (#5). This allows the user to choose the contents
that will be included in the report. Four options are available:

a. Strain histogram (numeric table): numerical count of events in each bin
where the bin size is specified by users

b. Strain histogram (graph): graphical representation of numerical count of
events

c. Statistic Trends (numeric table): numerical values of absolute maximum
events, average events (hourly or daily depending upon the data file
selected), and average trend line over the selected monitoring period.

d. Statistic Trends (graph): graphical representation of events over the
selected monitoring period.

e Configure the event histogram variables (#6). This option allows users to change
five variables: number of bins, and maximum and minimum bins for positive and
negative events.

e Press the ‘Click to Create Report’ control (#7) to execute the program. As soon
as the program is executed, the status indicator (#8) will turn red indicating that
the program is in progress. Upon completion, the indicator will turn bright green
and the following results will be generated:

0 results displayed on the front panel for immediate view
e the time at which the data acquisition was initialized: #9
e the monitoring period: #10
e alarm messages recorded during the monitoring period: #11
e cvent history, event histogram, and statistical trends for each sensor:
#12, #13 and #14, respectively (see Note-2 below for more detail).
0 an Excel Worksheet, hard copy, and/or PDF file depending upon the selected
options (#3, #4, and #5).
e Stop the program by pressing STOP control (#15).
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Note-1: As can be seen in Figures 2-20 and 2-21, controls and indicators used on the front
panels of each program are exactly the same with the exception of the ‘Monitoring
Period’ control (#2). 7 Create Report (From Single File).VI is designed to access one
data file at a time while 8 Create Report (From Multiple Files).VI allows users to
open multiple files at once. Consequently, different options in control #2 for
selecting data files were utilized. For 7 Create Report (From Single File).VI, users
can choose a different type (daily, weekly, monthly and yearly) of data file from
provided tabs where the title of each tab represents a time duration for which one file
is created and archived as shown in Figure 2-22. For example, if the user wants to
access information obtained during the second week of monitoring, the user must
select “Weekly’ tab and enter a number ‘1’ the text box. Note that the index ‘i’ starts
from zero. For 8 Create Report (From Multiple Files).VI, the user can access
multiple data files given that those data files are already created and archived. Three
options are available as listed below:

a. Up to date: allows the user to access all daily data files created (Figure 2-23a)
b. Day (i) ~ Day (j): allows to access multiple daily data files created during user
specified time period (Figure 2-23b)
c. Last (1) days: allows to access multiple daily files created during the last user
specified days (Figure 2-23c¢)
Note that, except in the ‘Up to date’ tab shown in Figure 2-23a, the user can select a
monitoring period by using the up and down arrows to increase or decrease number in
the text box, or simply type in the desired number.

Note-2: Plots of event history, event histogram and statistical trends are displayed on
separate tabs to avoid clutter on the front panel. The appearance (scale and format) of
any graphic display can be modified (pan or zoom) while the program is running or
stopped through the use of the graphic palette located on the left bottom corner of
each graph (or by right clicking the graph and selecting Visible Items>>Graph Palette
from the shortcut menu). An example of the graphical indicator that displays history
event can be found in Figures 2-20 and 2-21 while examples of graphical
representation of an event histogram and statistical trends are presented in Figure 2-
24. The formats used to display event history and event histogram are the same for
both programs. Also, the format used to display statistical trends in 8 Create Report
(From Multiple Files).VI is the same. However, the format of the graph indicator for
displaying statistical trends in 7 Create Report (From Single File).VI can change
depending on the tabs (or pages) selected in the Monitoring Period control (#2) in
Figure 2-20. If users select a monitoring period in the ‘Daily’ tab, the graph indicator
will display statistical trends of each hour for 24 hours as shown in Figure 2-24b. On
the other hand, if users choose a monitoring period in ‘Weekly’, ‘Monthly’ or
“Yearly’ tabs, it will display statistical trends of each day for user specified
monitoring periods. For example, if a monitoring period is selected in the ‘Weekly’
tab on the front panel of 7 Create Report (From Single File).VI, it will access one of
the weekly created data files, each of which contains collected information for seven
days. Therefore, it will display statistical trends of each day for 7 days as shown in
Figure 2-24c.
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(c) Monthly data file (d) Yearly data file
Figure 2-22. Data file selection option for 7 Create Report (From Single File).VI

(a) Up to date

(b) Day (i) to Day (j)

(c) Last (1) days to present

Figure 2-23. Data file selection option for 8 Create Report (From Multiple Files).VI
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(a) Event Histogram

.....
—_————— a7 —

(c) Statistical Trends (daily trend for 7 days)
Figure 2-24. Examples of event histogram and statistical trends

59



2.3. Hardware System

This section describes the hardware components of relevance to the developed system. The
hardware system generally consists of sensors, the data acquisition instrument and,
optionally, a communication system.

2.3.1. Sensor

Among the numerous types of sensors that can be used in SHM, strain sensors offer a
convenient and well understood method to instrument a bridge. Strain sensors measure
expansion and contraction in the substrate material induced by mechanical stress or thermal
effects. Three types of conventional strain sensors are commonly used: strain transducers,
weldable strain gages, and bondable foil strain gages. The selection of strain sensor typically
depends on a number of factors: cost, durability and temperature sensitivity.

Although virtually any strain sensor could be used with the developed system, weldable
strain gages from Hitec Products, Inc. were selected to be the recommended sensor. Hitec
Products manufactures weldable strain gages that are precision foil gages bonded to a
stainless steel shim, prewired and waterproofed. These strain gages are hermetically sealed
and are designed to withstand years of exposure to the elements. The installation requires
less skill than bondable strain gages and can be done in virtually any environment. The
gages can be attached to a steel member with the use of a low-power capacitive discharge
spot welder. The time required for sensor installation depends on the accessibility but, in
typical situations, would take less than 30 minutes per gage.

The cost of the Hitec Products weldable strain gage varies depending on the type (e.g., ¥4,
half, full bridge, etc.) but typically ranges between $50~$100 per gage plus the cost of lead
wire (approximately $0.25 per foot).

2.3.2. Data Acquisition Equipment

As mentioned in Section 2.2, the field monitoring software was designed to function with
IOtech instrument hardware, StrainBook/616 and its expansion module, WBK16 that are
shown in Figure 2-25. StrainBook/616 is a portable strain gage measurement system that
connects to a PC’s Ethernet port. Each unit comes with eight built-in strain channels. The
StrainBook/616 contains a 1 MHz A/D converter that is capable of scanning all selected
channels at 1 micro second and continuously transmitting collected data to a host PC. The
maximum sample rate per channel is 1 MHz divided by the number of channels selected. For
example, if all 8 channels are configured, the maximum sampling rate is 125 kHz. The
StrainBook/616 is capable of accepting input from strain gages configured for full, half or
quarter bridge configurations. The prices (in 2006) of the StrainBook/616 and the WBK 16
expansion module are $6,000 and $4,000 per unit, respectively.
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Courtesy of IOtech
(a) StrainBook/616 with 8 built-in strain channels

Courtesy of [Otech

(b) WBK16 8-channel expansion module
Figure 2-25. 10tech instrument hardware

2.3.3. Communication System

As with any typical SHM system that involves data acquisition and processing, acquired data
need to be transferred to a host PC for data processing and evaluation. For data storage and
delivery to users, two scenarios may be considered; once the acquired data are processed and
evaluated, necessary information regarding bridge performance can be either (1) stored in the
host PC that is connected to the data acquisition instrument for later retrieval or (2) sent to
users at other location. Illustrated in Figures 2-26a and 2-26b are the two possible
communication schematics. The StrainBook/616 is capable of connecting both directly to an
Ethernet port on the host PC or to a network hub or router via its built-in 10/100BaseT
Ethernet interface. Note that either a straight-through or a cross-over cable can be used to
connect between instruments. For the first case, the communication between the data
acquisition instrument and the host PC can be accomplished by simply using Ethernet cable
alone. The later case requires a network or Internet connection. In this case, the
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StrainBook/616 is connected to the Ethernet through a network device. Some network
devices such as a wireless access point (WAP) or a router may be used as a connector. Note
that the field monitoring software was programmed to work for both situations.

. SYeYelel=1=I=I=} =
[Sensors =N i anBoor/ols 5 Host PC

................................................................................

(a) Direct connection from the host PC to the Device

Local Network _.@_.

Bridge Site Network Device [ wmm

olololoJololola) )
:> StrainBook/616 S %

(b) Connection with a network device

Figure 2-26. Communication schematics
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3. SYSTEM DEMONSTRATION

The developed SHM system was tested and implemented on a US 30 highway bridge in
order to demonstrate and verify its general usage. The following sections summarize this
demonstration.

3.1.Bridge Description

The bridge selected for demonstrating the use of the SHM system is the 320 ft. x 30 ft., three-
span continuous, welded steel girder bridge shown in Figure 3-1. The bridge is located in
central lowa in Story County, IA carrying US Highway 30 (US 30) over the Skunk River
near Ames, IA.

The bridge consists of two 97.5-ft. end spans and a 125-ft. center span. The bridge girders
are spliced at locations 30 ft. from the two piers in all spans. The roadway width is 30 ft.
allowing two traffic lanes and a narrow shoulder on each side. The bridge has moderate
curbs that are integral with the deck and concrete guardrails connected to the curbs. The
bridge deck is a nominal 7 %-in. thick cast-in-place, reinforced concrete slab. The bridge
deck is supported by two exterior plate girders and two WF 18x45 interior stringers. The
primary structural members are the two plate girders as the stringers are supported by floor
beams which are then supported by the plate girders.

The spacing between the exterior plate girder and the interior stringer is 9 ft. while the
interior stringers are spaced at 8 ft. as shown in Figure 3-2. The sizes of the plate girder
flanges are variable as shown in Figure 3-3. The abutments are stub reinforced concrete and
the piers consist of concrete columns. Both the abutments and the piers that support the plate
girders have rocker-type bearings and the bridge is skewed 20 degrees.
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East-bound Bridge
West-bound Bridge (Selected for System Demonstration

(a) End view (looking east)

(b) Side view (looking south east)

Stringer

Floor Beam

Girder

(c) Bottom view (looking east)

Figure 3-1. Overall bridge photographs
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3.2. Hardware Components Installation

As described previously, the basic hardware components include sensors, the data acquisition
hardware and a communication system. The complete SHM system that was installed on the
US 30 bridge uses an onsite computer to run the field monitoring software. The selected
sensors, data acquisition hardware and computer equipment were installed at the bridge site
during the fall of 2006. A brief description on the installation and connection of these
components are provided in the following.

3.2.1. Sensor Installation

The selected quarter-bridge strain gages were installed at strategic points on the bridge. The
locations of the strain gages were selected based primarily upon a preliminary engineering
assessment but also with consideration of accessibility. To this end, four strain gages
(Sensors 5 though 8) were installed in the positive moment region of the plate girders and
stringers in the center span and four sensors (Sensors 1 though 4) in the West end span as
shown in Figure 3-4. Note that all sensors were installed on the top of the respective member
bottom flange.

Installation of the strain gage began with surface preparation. A hand-held grinder was used
to remove the paint from the steel beams. The strain gages were then attached to the steel
surface using a portable, battery-operated low capacity discharge spot welder.

Since the SHM system is intended for a long-term monitoring, additional measures were
performed to ensure longevity of the strain gages. After welding, each strain gage was
covered with butyl rubber and aluminum foil tape to protect them from surrounding
moisture.

The installation of the strain gages cables required no training or special equipment other
than safety and normal access equipment such as harness, ladder, etc. Although the time
required for sensor installation was only around 30 minutes per gage including surface
preparation, securing the sensor cable required notable time and was relatively labor
intensive. A two-man crew was used to install the strain gages and to secure the cables over
a two-day period.

3.2.2. Data Acquisition, Processing and Communication System

The data acquisition, processing and communication system consists of the StrainBook/616
data acquisition instrument, a 1 GHz Dell desktop host PC, and a wireless router. These
hardware components were installed in an environmentally controlled aluminum cabinet,
shown in Figure 3-5, to protect them from weather and vandalism. The cabinet was mounted
on the north corner of the west abutment wing wall and was supplied with electrical power
through direct feed from an existing underground line (Note: power could also be supplied
by solar power). The cabinet is equipped with a light bulb, a fan, and two thermostats to
provide temperature control.
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The connection between the sensor wires and the StrainBook/616 and between the
StrainBook/616 and the router were made in accordance with the product manual provided in
Appendix C. The StrainBook/616 data acquisition instrument and the host PC were both
connected to the router with Ethernet cables, creating a local area network that allows direct
communication among the hardware components. The network at the bridge site was, due to
fortunate proximity, then connected to lowa State University (ISU) network via wireless
communication.
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(b) Hardware components inside the cabinet

Figure 3-5. Environmentally controlled cabinet containing the monitoring equipments
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3.3. Determination of Overload Event Threshold

As previously mentioned, the primary structural members are the two plate girders as the
stringers are supported by the floor beams which are then supported by the plate girders.
Thus, it was decided to only monitor the plate girders for identification of alarm events while
both the plate girders and stringers are monitored for changes in behavior.

This section demonstrates how alarm events for the plate girders at the sensor locations were
determined using BEC Analysis. The plate girders in each span were divided into sections as
they contain different section properties along the members. To this end, the west and east
end spans were divided into three sections while the center span was divided into five
sections as illustrated in Figure 3-6. Note that the cross section dimensions for the sections
with variable size flanges (tapered regions) were assumed to be at the middle point in each
region. Based upon the detailed plan information, the following input parameters were
established:

e Number of spans: 3
¢ Boundary conditions: pinned/roller — pinned/roller — pinned/roller
e Span length
0 West end span (Span 1): 97.5 ft.
0 Center span (Span 2): 125 ft.
0 East end span (Span 3): 97.5 ft.
e Concrete slab cross section dimensions and material property
O Modulus of elasticity (Epeck) = 3640 ksi
0 Thickness = 7.25 in.
0 Effective Width = 87 in.
e Plate girder material property
0 Modulus of elasticity (E) = 29000 ksi

e Plate girder cross section dimensions in the west end span (Span 1)

Section Top Flange (inches) Web (inches) Bottom Flange (inches)

1 12x0.75 74 x 0.4375 13x1.5
2 205x 1.5 74 x 0.4375 205x 1.5
3 28x01.5 74 x 0.4375 28x 1.5

e Plate girder cross section dimensions in the center span (Span 2)

Section Top Flange (inches) Web (inches) Bottom Flange (inches)

1 28x 1.5 74 x 0.4375 28x 1.5
2 20x 1.5 74 x 0.4375 205x 1.5
3 12x0.75 74 x 0.4375 13x1.5
4 20x 1.5 74 x 0.4375 205x 1.5
5 28x 1.5 74 x 0.4375 28x 1.5
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Plate girder cross section dimensions in the east end span (Span 3)

Section Top Flange (inches) Web (inches) Bottom Flange (inches)

1 28x 1.5 74 x 0.4375 28x 1.5
2 20x 1.5 74 x 0.4375 205x 1.5
3 12x0.75 74 x 0.4375 13x 1.5

Distribution factor (DF) and impact allowance (IM) were determined in
accordance with the AASHTO Standard Specifications for Highway Bridges, 16"
edition [3] to be

o DF=2.769

0 IM = 22% for the west end span and 20% for the center span

| 1) (2) (3)

67'-6" 26'-0 4'-0

(a) Span 1

1) ) 3) C) (5)

65'-0 260
(b) Span 2

) ) 3) |

(c) Span 3

Figure 3-6. Plate girders divided into sections

Once all the input parameters were established, BEC Analysis was run following the steps
described previously and the overload event thresholds at each sensor location were
determined. In addition, the bridge was analyzed with other commercially available software
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to verify the results generated by BEC Analysis. The results generated by BEC Analysis and
their verification checks are presented in the subsequent sections.

3.3.1. Live Load Analysis with BEC Analysis

In this section, the live load analysis results generated from running BEC Analysis for the US
30 bridge are presented. In each run, the bridge was subjected to a moving load that
traversed the bridge. Various loadings including Iowa legal trucks, H-20, HS-20 trucks and
truck trains (or lane loads) were considered and each loading type was analyzed individually.
The lowa legal trucks, H-20 and HS-20 trucks were simulated with series of concentrated
loads while concentrated load(s) and uniformly distributed loads were used to simulate the
truck train (or lane) loading. For the HS 20 truck with 3 axles, although the distance between
the first two axles remains the same, one needs to consider different spacing for the last two
axles (rear axles spacing) as it can vary from 14 to 30 ft. as specified in the AASHTO
Specification [3]. Thus, several load cases with different rear axle spacing were considered.
For analyzing the model bridge subjected to the truck train loadings, several cases were
considered in terms of a span or spans loaded with the uniformly distributed load of 0.64
kips/ft.. For example, when analyzing the model bridge at the sensor locations in the west
end span), the uniformly distributed load was applied in the west and east end spans as it
generates larger maximum results than when one or all spans are loaded. Similarly, for
analyzing the model bridge at the sensor locations in the center span, only the center span
was loaded with the uniformly distributed load. Note that besides the uniformly distributed
load, a concentrated load of 18 kips was applied to the model bridge as a moving load.

The absolute maximum positive moments and strains at the sensor locations as well as the
corresponding first axle positions for each loading case are presented in Tables 3-1 and 3-2.

The plots of the theoretical moments and strain due to each load are presented in Appendix
E.

Once the analysis of the bridge was completed and the absolute maximums due to each
loading case are determined, the overload event thresholds for the plate girders were
determined. For this demonstration, the threshold was set as the least absolute maximum
strain among those resulting from running all the design truck loads. As can be determined
from the information in Tables 3-1 and 3-2, the least absolute maximum strains were resulted
from the H-20 truck for both spans and, therefore, 219 microstrain and 221 microstrain were
selected as the overload event thresholds for the plate girders in the west end span and in the
center span, respectively.
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Table 3-1. Summary of maximum moments (ft.-kips) and strains (microstrain) and

corresponding first axle positions, bl (ft.) for Sensors 5 and 8

Load Type Moment bl (ft.) Strain bl (ft.)
Iowa Legal Truck (Type3) 1384 64 250 64
Iowa Legal Truck (Type4) 1538 60 277 60
Iowa Legal Truck (Type3S2A) 1674 63 302 63
Iowa Legal Truck (Type3S2B) 1596 63 288 63
Iowa Legal Truck (Type3-3) 1806 68 326 68
Iowa Legal Truck (Type3S3) 1724 84 311 84
H 20 Truck (2 axles) 1216 63 219 63
HS 20 Truck (3 axles — 14 ft.) 1929 63 348 63
HS 20 Truck (3 axles — 15 ft.) 1907 63 344 63
HS 20 Truck (3 axles — 20 ft.) 1798 63 324 63
HS 20 Truck (3 axles — 25 ft.) 1692 63 305 63
HS 20 Truck (3 axles — 30 ft.) 1589 63 287 63
Truck train (or Lane) loading 1637 49 295 49

Table 3-2. Summary of maximum moments (ft.-kips) and strains (microstrain) and

corresponding first axle positions, bl (ft.) for Sensors 1 and 4

Load Type
Iowa Legal Truck (Type3)
Iowa Legal Truck (Type4)
Iowa Legal Truck (Type3S2A)
Iowa Legal Truck (Type3S2B)
Iowa Legal Truck (Type3-3)
Iowa Legal Truck (Type3S3)
H 20 Truck (2 axles)
HS 20 Truck (3 axles — 14 ft.)
HS 20 Truck (3 axles — 15 ft.)
HS 20 Truck (3 axles — 20 ft.)
HS 20 Truck (3 axles — 25 ft.)
HS 20 Truck (3 axles — 30 ft.)
Truck train (or Lane) loading

Moment
1404
1556
1716
1688
1859
1800
1228
1947
1926
1825
1731
1646
1670

bl (ft.)
178
178
177
177
192
198
177
177
177
177
318
177
163

Strain
253
281
310
305
335
325
221
351
348
329
312
297
301

bl (ft.)
178
178
177
177
192
198
177
177
177
177
177
177
163

3.3.2. BEC Analysis Validation

In order to validate the accuracy of BEC Analysis, numerous structures were analyzed with
BEC Analysis and their results were compared to those generated by hand computations as
well as other structural analysis software such as QConBridge and STAAD.Pro. Only the
validation checks performed with STAAD.Pro, in which the US 30 bridge was used as a

model bridge, are presented here.

Using STAAD.Pro, an analytical model representing the plate girders was constructed with
two dimensional beam elements and a pinned support boundary condition assigned at the
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west pier and roller supports assigned at the east pier and at the both abutments. Each span
was divided into sections in a manner that was used in BEC Analysis as shown in Figure 3-6.

After modeling the bridge, moving loads that represent the Iowa legal trucks (Types 3, 4, 3S2
A, 3S2 B, 3-3 and 3S3) were created and the model bridge was analyzed for each of the lowa
legal trucks. An increment of 1 ft. was used to dictate the total number of load cases
simulating the moving trucks. The DF and IM that were used in BEC Analysis were also
included in the analyses with STAAD.Pro. Once the model bridge was constructed with the
required input parameters specified, the analyses were performed for each lowa legal truck
and results were compared with those generated by BEC Analysis.

Typical results obtained by running BEC Analysis and those by STAAD.Pro are shown in
Figure 3-7. In general, both analyses produced results with an excellent agreement. In all
cases, the discrepancies in the results generated by BEC Analysis and STAAD.Pro were less
than 1%, thereby validating the accuracy of BEC Analysis.
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Figure 3-7. Analytical moments due to lowa legal truck (Type 3) at the sensor locations
with respect to the first axle position
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3.4. Field Monitoring Software Demonstration

This section summarizes how the field monitoring software was specifically set up and used
for the US 30 bridge. Additionally, sample evaluation reports for the US 30 bridge are also
presented. The information regarding functions of each VI and its procedures were
explained in Chapter 2. Therefore, only brief descriptions are presented in the subsequent
sections.

3.4.1. Sample Data Collection and Noise Minimization

As mentioned in Chapter 2, measured strain data contains various components that include
traffic induced strains and other unwanted elements such as changes in strain induced by drift
and noise. The useful information for the system developed herein is that resulting from
ambient traffic only. The effect of drift is eliminated by the data processing algorithm. The
minimization of noise requires blocking the source of the noise with filtering. This is
accomplished by running 2 FFT.-PSD Analysis.VI with data collected with 1 Preliminary
DAQ.VL.

Following the general procedures provided previously, numerous data sets, including those
with no traffic and those with ambient traffic traversing the bridge were collected. After data
collection, each data set was investigated for the identification of noise and traffic induced
frequencies. After the PSD plots were generated, comparisons were made to determine a
suitable cutoff frequency. Presented in Figures 3-8 and 3-9 are the resulting PSD plots that
illustrated frequency contents within the measured strain recorded with and without traffic,
respectively.

From Figure 3-8, it can be seen that the noise induced frequencies are distributed throughout
the displayed frequency range with a significant content detected at 4.8 Hz that appears in all
PSD plots. As shown in Figure 3-9, it appears that the forced vibration frequencies are in the
range of from 0 to 1 Hz. In addition, the fundamental frequency caused by free vibration (the
first mode) of the ambient traffic was detected at approximately 2.8 Hz in all sensors. Also,
it can be seen that there is a notable frequency at 4.8 Hz which is the same as was observed
without any traffic present.

Once the PSD plots were generated and the noise induced and traffic induced frequency
contents were investigated, three filter parameters for the lowpass frequency filter (i.e., cutoff
frequency, filter order and ripple) and peak detection thresholds described in Chapter 2 were
determined for each sensor. The purpose in determining the filter parameters is to eliminate
or minimize the noise. Based upon the generated PSD data, it was decided to set the cutoff
frequency at 2.8 Hz. With this setting, although it did not eliminate all of the noise in the
measured strain record, it allowed passage of the most dominant live load frequencies. The
ripple and filter order for each sensor was determined based on the explanations and
recommendations discussed in The Scientist and Engineer’s Guide to Digital Signal Filter
Processing [4] and LabVIEW Analysis Concepts [5]. The peak detection thresholds were set
at £ 5 microstrain for all sensors. This value was determined so that it would not affect the
identification of traffic events (peaks) while eliminating those events induced by free
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vibration of the bridge. Examples of strain history plots that illustrate the effect of setting the
filter parameters and the peak detection thresholds are presented in Figure 3-10.

Figures 3-10a and 3-10b illustrate the noise induced strain history plots generated from a 3-
minute sample data (Note: strain history before filtering is in green and after filtering is in
gray). By comparing these two plots, it is obvious that the use of the cutoff frequency at 2.8
Hz minimizes most of the noise.

Examples of the strain history plots that illustrate the effect of using different peak detection
thresholds are presented in Figures 3-10c through 10e. As shown in Figures 3-10c through
3-10e, the use of +2 microstrain resulted in numerous peaks being detected during free
vibration. However, setting the threshold to £5 microstrain minimized detection of the free
vibration portion of the record.

After the filter parameters and peak detection thresholds were determined, they were saved to
a text file in the SHM main directory so that it can be used during normal monitoring. The
finalized filter parameters and peak detection thresholds for each sensor are presented in
Table 3-3.

Table 3-3. Filter parameters and peak detection thresholds

Peak Detection Thresholds

 erostrai
Sensor  Cutoff Frequency (Hz)  Filter Order  Ripple (dB) (microstrain)
Positive Negative
1 2.8 8 0.0435 5 5
2 2.8 4 0.0435 5 s
3 2.8 6 0.0435 5 s
4 2.8 12 0.0435 5 -5
5 2.8 6 0.0435 5 5
6 2.8 4 0.0435 5 5
7 2.8 10 0.0435 5 -5
8 2.8 8 0.0435 5 5
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3.4.2. System Validation

In order to validate the accuracy of strain measurement from the SHM system, an in-service
field test was conducted. For this testing, a strain measurement system from Bridge
Diagnostics, Inc. (BDI) and two BDI strain transducers were utilized with each strain
transducer installed next to the weldable strain gages (approximately 6 in. apart) in the west
end span (i.e., Sensor 5 and Sensor 8). Once the BDI system was setup, strains of randomly
selected segments of ambient traffic were simultaneously collected by the SHM system and
the BDI system and the measured strains from both systems were compared. Figure 3-11
presents a representative example of the comparison between the measured strains obtained
by both systems. By comparing the strains obtained by both systems, it was observed that
both systems produced fairly consistent strains. In general, the overall discrepancies in
measured strains were less than 5 pe and, therefore, the SHM system was thought to be
performing accurately.
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Figure 3-11. Examples of in-service validation testing (comparison of measured strains
collected by the BDI system and the SHM system)

3.4.3. Input Settings and Main Data Acquisition/Processing

After the hardware components had been installed and the filter parameters and peak detection
thresholds determined, 3 Input.VIl was run following the procedures described previously and a
binary file (DAQ Inputs) that contains input settings was created and saved in the main directory
as was previously shown. The input settings that were used in 3 Input.VI were exactly the same
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as the example depicted in Figure 2-16 except the magnitude of the overload event thresholds for
the select sensors and the email address information.

After the DAQ Inputs file was created and saved in the main directory, the main program
designed for data acquisition and processing, 4 MainDAQ815.VI, was initialized at
approximately 3 pm on November 14™ 2006, after which continuous data collecting and
processing have been completely autonomous and have required no intervention except when
reviewing and generating evaluation reports. The following section presents a 30-day evaluation
report obtained during the monitored period from 3:00 pm on November 14", 2006 to 4:47 pm
on December 14™, 2006. During this monitoring period, a total of 755 data files including 720
hour files, 30 day files, 4 week files and a single month file were created and archived.

3.4.4. Bridge Performance Evaluation Report

As previously mentioned, the three main purposes of the SHM system are to identify alarm
events, to investigate gradual changes in structural response of the bridge that would provide
users with information regarding damage, and to provide information on overall bridge usage.
Such information can be obtained directly from reviewing the evaluation report. The evaluation
report presented in this section was generated by accessing thirty daily files with 8 Create Report
(From Multiple Files).VI.

Only some portions contained in the evaluation reports are summarized and displayed in Tables
3-4 through 3-6 and Figure 3-12 while an example of a complete evaluation report generated by
8 Create Report (From Multiple Files).VI is provided in Appendix F.

Each data point in any of the event history plot in Figure 3-12 represents an event identified by
the data processing algorithm. Along with the maximum daily event and average event, a linear
best fit trend line for each sensor is given. In general, a sloping line with time is an indication in
a change in bridge behavior/condition. After reviewing the evaluation report, several
observations and interpretations were made for overall bridge performance during the monitored
period, as follows:

e No alarm event had occurred for the monitored period. The field monitoring software
was programmed to list those events, if any, that exceed the overload event thresholds
for each sensor and as can be seen in Tables 3-4 and 3-5 as well as in Figure 3-12, no
identified events exceeded the overload event thresholds that were set. Therefore, no
alarm event is listed in the evaluation report (see Appendix F).

e The magnitudes of the daily maximum events, as presented in Table 3-5 and Figure
3-12, fluctuates from day to day. It should be noted, however, that the absolute
maximums do not necessarily represent the gradual change in performance of the
bridge. Rather, they simply represent individual events induced by “heavy” vehicles
in different days.

e The daily average of identified event is less likely to show variability to single
“heavy” traffic event. Therefore, a gradual performance change can be estimated or
predicted by investigating the daily average and the slope change over time. By
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reviewing the daily average of identified events for each sensor as illustrated in
Figure 3-12, it appears that the overall performance of the bridge was consistent for
the monitored period (as would be expected). This observation was made by
investigating the slope change (Table 3-4) of the daily average fit curve that is
essentially zero for all sensors. If the condition of the bridge starts to change (due to
deterioration, etc.) without a significant change in traffic pattern, the structural
response of the bridge will also change and, therefore, the daily average is expected
to change.

Comparing the numerical counts of events identified in the north plate girders with
those in the south plate girders (Sensor 1 vs. Sensor 4 in the center span and Sensor 5
vs. Sensor 8 in the west end span), more events were identified in the south plate
girder than in the north plate girder. This was originally expected as more traffic is
expected to travel in the driving lane (south lane) than in the passing lane (north
lane). Similar results can be observed from comparing the numerical counts of events
identified in the stringers (Sensor 2 vs. Sensor 3 and Sensor 6 vs. Sensor 7).

From reviewing the number of identified events in Table 3-6 and Figure 3-12,
relatively fewer events were identified from the sensors installed on the stringers than
on the plate girders. One possible reason could be the peak detection thresholds that
were used in the data processing. Typically, the magnitudes of the measured strains
in the stringers are smaller than those in the plate girders.

In order to provide hour-to-hour, day-to-day and week-to-week comparisons of the bridge
response, 24-hour hourly event histograms and 30-day daily as well as weekly event histograms
for Sensor 4 (typical of all sensors) were created and presented in Figures 3-13 and 3-14. After
reviewing and comparing the histograms, several observations were made as follows:

The numerical counts of identified events are different from hour-to-hour, day-to-day

and week-to-week as expected. The variation in the number of identified events

within the daily and weekly event histograms is less than that within the hourly event

histogram. This was expected as hour-to-hour traffic patterns vary more than day-to-

day or week-to-week traffic patterns.

Although it does not represent exact traffic counts, the variation in the number of

identified events within one chart is directly related to the traffic volume traversing

the bridge in a given period.

Examining the hourly event histograms for a typical weekday and weekend dayj, it is

obvious that the traffic volume is consistently higher during the daytime than

nighttime.

0 The weekday hourly event histogram shows high traffic volume during the
evening commute time (5 to 7 PM).

0 The weekend day hourly event histogram shows a bell-shaped distribution where
the traffic volume is the highest in the afternoon.

The traffic volume in a typical weekday is higher than that of a weekend day.

In all event histograms, there are dominant bins with high concentration of identified

events.

It is expected that, if the structural response of the bridge changes due to deterioration

and/or damage with no significant change in traffic patterns, the dominant bins in the
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event histogram plot will be distributed across several bins and/or shifted.

Table 3-4. Overall summary of 30-day monitoring

Sensor ?}Yrir:}?z?de& r)lt Max1rrér£; Event Average (L) Slope Change
1 221 165 10 0
2 - 78 12 0
3 - 91 13 0
4 221 174 10 0
5 219 156 10 0
6 - 103 10 0
7 - 116 9 0
8 219 167 10 0

Table 3-5. Statistical Trends (daily maximum/average in microstrain)

Sensorl Sensor2 Sensor3 Sensor4d SensorS Sensor6 Sensor7 Sensor8
Day 0 105/11 51/13 47/11 110/12 93/11 80/11 68/11 106/11
Day 1 102/11 41/12 46/13 111/11 99/11 76/11 71/11 105/10
Day 2 105/10 47/11 64/13 131/10 95/9 77/10 104/10  122/10
Day 3 102/9 41/12 47/13 111/9 91/9 74/9 68/8 93/9
Day 4 97/8 42/10 43/10 99/8 89/8 65/7 67/7 93/8
Day 5 105/10 37/11 47/13 109/10 88/10 68/11 73/10 106/10
Day 6 110/10 37/12 48/13 113/11 94/11 67/11 75/11 100/11
Day 7 137/10 51/11 53/12 134/11  112/10 80/10 101/10  110/10
Day 8 98/8 37/11 46/12 104/8 85/8 67/8 72/7 96/8
Day 9 165/10 41/12 45/13 109/9 156/10 84/10 74/8 103/9
Day 10 94/9 35/13 45/14 108/9 79/9 67/9 69/8 102/8
Day 11 82/8 34/10 39/11 103/8 75/8 54/7 62/7 91/7
Day 12 110/10 39/12 48/13 145/11 96/10 69/11 86/10 122/10
Day 13 119/10 38/12 52/14 115/11  124/10 71/11 86/11 103/11
Day 14 109/10 39/11 53/13 103/11 91/10 70/11 81/10 111/10
Day 15  130/11 78/12 91/14 129/12  114/11 69/11 82/11 100/11
Day 16  109/10 37/12 43/13 108/11  108/10 69/11 67/10 94/10
Day 17 101/9 38/13 46/14 106/9 87/9 66/9 69/8 99/8
Day 18 97/8 49/12 45/12 98/8 77/8 90/8 82/7 90/7
Day 19  104/10 35/11 45/12 109/11 90/11 65/11 71/10 104/10
Day 20 134/11 62/12 48/14 150/12  102/11  103/12 116/11  129/11
Day 21  107/10 40/11 41/13 129/10 96/10 69/11 74/10 134/10
Day 22 106/10 35/12 45/14 141/11  102/11 66/12 72/11 151/10
Day 23  126/10 50/11 54/13 125/10 99/10 92/10 90/10 131/10
Day 24 87/9 35/12 45/14 112/9 85/9 63/9 73/8 99/8
Day 25 86/8 36/11 39/12 96/8 79/8 57/7 62/7 84/7
Day 26  108/10 44/11 43/13 118/11 97/10 75/11 69/10 105/10
Day 27  109/10 40/12 46/14 129/11 98/10 68/11 70/11 109/10
Day 28  103/10 39/11 43/13 111/10 90/10 65/11 72/10 98/10
Day 29  141/10 48/12 58/13 174/11  120/10 96/11 97/10 167/10
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Table 3-6. Number of identified events (bin width — 20 microstrain)

Sensor\
Min. bin

1

2

0

1378
49
3283
6
3896
7
2459
01
9552
1
9261
0
1915
47
2561
14

20

809
3
597
1
877
3
846
9
736
9
917
0
101
98
101
87

40

245
6

34

223

489

630

133

576

360
3

60

271

2

3

201

500

296

594

260
0

80

452

0

1

213

163

13

919

100

56

22

120

5

0

12

140

1

160

1

0

180

Total

1491
84
3884

4796

2636
37
1041
93
1034
14
2081
25
2734
57
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Figure 3-12. Monthly evaluation from on Nov. 14™ through Dec. 14" of 2006
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Figure 3-12. (continued)
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Figure 3-12. (continued)
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Figure 3-12. (continued)

95



Microstrain

Micrastrain

290

.7 1

2[;1[ Dverload event threshold ---
180 Event .

1061

0 10000 20000 30000 40000 50000 60000 70000 8OO0  S0000 100000 110000
Event Counts

(1) 30-day event history for Sensor 5

240+

== F == —g——F === ——F == —F = —F———F = ——F ==

200-Overload event threshold -—-
Daily Maximum .
180Daily Average .
Daily Average Fit -

T e LT L T T P LT TEE R T e P TP PP B SO )

01 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 16 19 20 21 22 23 24 25 26 27 28 29 30
Day
(j) 30-day daily statistical trends for Sensor 5

Figure 3-12. (continued)

96



Microstraln

Microstrain

2440
20
i
180
160
1404
140+

1001

0 10000 20000 30000 40000  S0000 60000 70000 B0O0OO  SODOD 100000 110000
Event Counts
(k) 30-day event history for Sensor 6
240+
220+
L Daily Maximum .
180 _Daily Average .
Daily Average Fit  ---
160-
140
120
100+ * .
- *
BO-k . ., * * .
o . * s - * L BT T, - L " LI
*
40
20
Fooot oo e e .t.......*...*........’_..--i---#---d‘---'!---+---'----.----l----'l---i----"‘---.----‘---;---f---!---l—---l-
I:II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
01 2 3 4 5 6 7 B 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Dary

(1) Daily 30-day daily statistical trends for Sensor 6
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4. SUMMARY AND CONCLUSIONS
4.1. Summary

The primary objective of this project was to develop a continuous SHM system that can provide
bridge owners with tools to better manage their bridge assets. The SHM system can be
principally grouped into two main categories: an office component and a field component. The
office component is basically a structural analysis software program that can be used to generate
thresholds which will be used for identifying isolated events. The field component includes
hardware and the field monitoring software which performs data processing and evaluation. The
hardware system consists of sensors, data acquisition equipment and a communication system
backbone. The field monitoring software has been developed such that, once started, it will
operate autonomously with minimal user interaction. In general, the SHM system features two
key uses. First, the system can be integrated into an active bridge management system that
tracks usage and structural changes. Second, the system helps owners to identify damage and
deterioration. This report has documented three distinct work tasks performed to accomplish the
objective. The first two tasks involved developing the SHM system while the last task was to
demonstrate the system. A brief summary of the individual tasks follows.

The first task involved developing the live load structural analysis software, BEC Analysis. In
Section 2.1, the general effort given in the development and the components and features of BEC
Analysis were described. The algorithm was based upon classical beam theory and the direct
stiffness method of matrix structural analysis. The analytical methods used in BEC Analysis are
the same to the routine stiffness method except that the member stiffness matrix and the fixed-
end moments are specific functions of the variation in the member cross section. BEC Analysis
runs on a Windows platform personal computer and consists of three modules: pre-processor,
analysis and post-processor. Each module was, respectively, developed to perform a certain task
such as model generation, analysis and result viewing. These three modules can be further
categorized into six groups: (1) Bridge Information windows (2) Span Description windows (3)
Load window (4) Run Analysis window (5) Print/View/Plot windows. The pre-processor groups
(1, 2 and 3) are used for data input, modeling and on-screen graphic display. All of the data
input and editing is completed with the aid of windows screens, each of which contains controls
and indicators. The analysis module (4) performs a live load analysis of a model bridge and is
activated when the program is executed. The last module, postprocessor (5) was designed for
reviewing analysis results. Overall, BEC Analysis is capable of analyzing a bridge beam or
girder with various boundary conditions and member geometries. It also allows the structural
response to be analyzed under various loading conditions. One unique feature of BEC Analysis
is that it allows users to easily determine maximum results (maximum moment and strain) at any
location along the length of a model bridge subjected to moving loads. In general, one may use
BEC Analysis for (1) analyzing beams or girders under moving loads, (2) computing absolute
maximums in each span or at a desired location on a model bridge, and (3) generating envelopes
of maximum moments and strains.

The second task involved developing the field data collection and analysis software that
integrates with select data acquisition hardware. The general background information and the
methodology used during the development and the components and features of the field
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monitoring software were described in Section 2.2. In addition, the descriptions on the hardware
system within the SHM system were presented in Section 2.3. The field monitoring software
was developed to specifically function with IOtech instrumentation hardware. The software was
designed to collect, process, and evaluate the measured response of a bridge. Its use will allow
bridge owners to quantitatively monitor a bridge for potential damage as well as gradual changes
in behavior. The field monitoring software consists of three groups of programs: (1) a
preliminary data acquisition and analysis component that is intended for identifying basic
characteristics (2) a main data acquisition and processing component intended for data
collection, reduction and evaluation processes, and (3) a report generation component intended
for presenting results to the user. Each group of programs was designed to be accessed at any
time. The preliminary data acquisition and analysis is a task that assists in reducing noise and
detecting events so that only the pertinent strain information is obtained. It involves
establishing the parameters that will be used during the data processing and evaluation processes
that occur in other programs. The second group of programs controls the main data acquisition
and the organization of the collected data and passes it to the processing components. During
this process, collected data will be temporarily stored into designed segments and then internally
passed through a series of data reduction programs in such a way as to allow the acquisition
program to operate in real time while the processing programs operate in the background. These
collected data are evaluated, reduced, written to a data file, and archived all within the local host
PC. The results from the second group are a series of data files generated on a timely basis, each
of which contains summarized information about the bridge performance. The third group of the
field monitoring software is used for immediate viewing of summarized information and for
generating reports.

Once the development of the SHM system was completed, the system was tested and
implemented on a highway bridge to demonstrate and verify its general usage. The bridge
selected for demonstrating the use of the developed SHM system is the 320 ft x 30 ft, three-span
continuous, welded steel girder bridge. The bridge is located in central lowa in Story County, [A
carrying US30 over the Skunk River near Ames, IA. The complete SHM system that was
installed on the bridge uses an onsite computer to run the field monitoring software (i.e., process
collected data and monitor for events and notify users any alarm events). The selected sensors,
data acquisition hardware and computer equipment were installed at the bridge site during the
fall of 2006.

Prior to the running the field monitoring software, the overload event thresholds for the sensors
installed on the plate girders were determined using BEC Analysis. In each run, the bridge was
subjected to various moving loads that include Towa legal trucks, H 20 truck, HS 20 truck and
truck trains. After filter parameters were determined and all input settings were established, the
main program designed for data acquisition and processing, 4 MainDAQ815.VI, was initialized
at approximately 3 pm on November 14™, 2006, after which continuous data collecting and
processing have been completely autonomous and have required no intervention except when
reviewing and generating evaluation reports. The contents in the evaluation report that was
generated were reviewed and several observations and interpretations were made for overall
bridge performance during the thirty days of monitored period.
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4.2. Conclusions

The following conclusions can be made regarding the development, installation, and the overall
performance of the SHM system:

e The developed low-cost SHM system is suitable for implementation of typical girder
bridges. Excluding the communication and power equipments and R & D costs, the
system can be implemented at the cost of $8,000 to $15,000 depending on the number
of sensors used.

e The field monitoring software was developed such that it can handle up to sixteen
channels (one eight-channel StrainBook/616 plus one WBK16 eight-channel
expansion module). Although the WBK16 was not included in the SHM system, its
usage was tested during development.

e The installation of the strain gages and laying out the cables required no training or
special equipment other than safety and normal access equipment. Although the time
required for sensor installation was only around 30 minutes per gage including
surface preparation, securing the sensor cable required more time and was relatively
labor intensive. A two-man crew was used to install the strain gages and to secure
the cables over a two-day period.

e Based upon comparisons with commercial analysis software, the live load structural
analysis software, BEC Analysis, has been proven to be accurate.

¢ During a little over thirty days of monitoring period, the SHM system has performed
as expected and has proven to be capable of continuously and autonomously
monitoring the overall performance of the US30 bridge.

e The SHM system has been proven to be a stand-alone, autonomous system capable of
processing and evaluating the continuously collected strain data in the US30 bridge.

e Ifproperly implemented, the developed system will allow owners to monitor and
control overloads and provide better access to valuable traffic information that can be
used in planning, maintenance and construction activities. Another benefit of the
system is its relative ease of implementation and relative low-cost. Overall, the
objective of the project was successfully accomplished and it is believed that the use
of the SHM system developed herein will provide owners the tools to better manage
bridge assets.

104



5. REFERENCES

Aktan, A.E, F.N. Catbas, K.A. Grimmelsman, and M Pervizpour, “Development of a Model
Health Monitoring Guide for Major Bridges.” Drexel Intelligent Infrastructure and
Transportation Safety Institute, Drexel University, Philadelphia, PA, 2003.

Phares, B.M, T.J. Wipf, L.F. Greimann, and Y.S. Lee, “Health Monitoring of Bridge Structures
and Components Using Smart Structure Technology.” Center for Transportation
Research and Education, lowa State University, Ames, IA, 2005.

American Association of State Highway and Transportation Officials, Standard Specifications
for Highway Bridges. 16" ed. Washington DC, 1996.

Smith, S.W., The Scientist and Engineer’s Guide to Digital Signal Processing, California
Technical Publishing, 640 pp., 1997. Also available online at http://www.dspguide.com
(last accessed on April 2007).

National Instruments, LabVIEW Analysis Concepts, National Instruments Corporation, 231 pp.,
Austin, TX, 2004.

105
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Al. Descriptions on controls and indicators used in BEC Analysis

#1. Bridge Information Window — Contains the BEC Analysis title screen and General
Information frame.

#2. Number of Spans Control — Total number of bridge spans. The number entered here will
dictate the number of ‘Span Description’ windows (#5) into which information for each span
will be entered.

#3. Boundary Condition Frame — Describes how a model bridge is supported. Three options
are available for exterior supports: fixed, pin/roller and rotational spring. Note that interior
supports are assigned to be rollers with 100% continuity over the support.

#4. Next Command — Moves to the next window.

#5. Span Description Window — Allows geometry, member type, and material and section
properties for each member to be defined. Up to ten ‘Span Description’ windows will
appear one by one depending upon the input given in #2.

#6. Span Length Control — Span length.

#7. Member Selection Frame — Two options are available:

e Prismatic member: member size and section properties are constant along the span. If
selected, controls #8 and #16 will be disabled.

e Non-prismatic member: member size and section properties are not constant along the
span. Up to 5 different sections can be defined within a span by using controls #8
through #16.

#8. Member Type Frame — Allows modeling a non-prismatic span with a stepwise
approximation by dividing into up to 5 prismatic segments. Although using more segments
will result more accurate analysis, processing time will be longer.

#9. Member Cross Section Frame — Allows users to define or select sections for a member
from a database included in the program. Four options are available:

e Define: see #22

e Standard Steel: see #32

e Jowa P/C: see #35

e AASHTO P/C: see #37

#10. Beam Material Frame — Type of member material in each span. Upon selection (either
steel or concrete), corresponding elastic modulus will be assigned in #11.

#11. E (ksi) Control — Modulus of elasticity of either 29000 ksi or 3640 ksi will be
automatically assigned depending on the material type selected in #10. A different value
can be assigned by simply typing in a desired value.

#12. Calculator Command — Used to calculate section properties in each member segment.
When pressed, a ‘Section Properties’ window will appear.

#13. li Control — Moment of inertia for each segment either to be entered or computed by the
‘Calculator’ (#12).

#14. Si(+) Control — Section modulus for each segment at a sensor location specified in #25. If
a sensor location is not specified, the default will be the bottom of the beam. This section
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modulus is either manually entered by users or computed by the ‘Calculator’ (#12).

#15. Si(-) Control — Section modulus for each segment at a sensor location specified in #25. If
a sensor location is not specified, the default will be the top of the beam. This section
modulus is either manually entered by users or computed by the ‘Calculator’ (#12).

#16. Section Length Frame — Length of each segment. This will only be enabled if ‘Non-
Prismatic’ option was selected in #7.

#17. Section Display — General graphic representation of how a member will be segmented in
each span. A different graphic will be displayed according to options selected in #7 and #8.

#18. Back Command — Moves to the previous window.

#19. Section Properties Window — Called when ‘Calculator’ (#12) is pressed. A different
window will be activated depending upon the options selected in #9. A ‘Section Properties’
window calculates geometric section properties for general section types (user-defined) and
also provides section properties for standard steel, lowa P/C and AASHTO P/C sections.
When completed, moment of inertia and sections modulus values will be automatically
copied into #13, #14 and #15 in the ‘Span Description” window.

#20. Composite Option Frame — Allows generating section properties for a beam that is either
composite or non-composite with the deck.

#21. Deck Frame — Allows users to specify modulus of elasticity and dimension of the deck.

#22. Define Frame — Allows users to select among nine general section types: I-beam, I-beam
(tapered flanges), I-beam with angles, T-beam, T-beam (tapered flanges), channel, channel
(tapered flanges), P/C shape and rectangular shape.

#23. Cross Section Display — Graphic representation of a cross section selected in #22. It
displays general information about the dimensions of the deck and beam components.

#24. Beam Dimension Frame — Allows users to configure beam components.

#25. Sensor Location Frame — Vertical locations at which section modulus will be computed
for a composite or non-composite member.

#26. Click to Compute Properties Command — When pressed, section properties will be
computed and the results listed below will be displayed in #29, #30 and #31 for non-
composite, composite (N) and composite (3N) sections, respectively. Note that section
properties for a long-term composite (3N) section are computed and displayed in #31 for
comparison purposes only and are not used in the analysis.

#27. OK Command — When pressed,

e The results displayed in #29 or #30 will be copied into #13, #14 and #15 depending upon
the option selected in #20.

e The program will close the Section Properties window and move back to a previous
window (‘Span Description’ window, #19).

#28. Cancel Command — When pressed, the program will cancel the actions performed within
the ‘Section Properties’ window and move back to a previous window (‘Span Description’
window, #19).

#29. Non-Composite Frame — Displays results for a non-composite section.

#30. Composite (N) Frame — Displays results for a short-term composite section.

#31. Composite (3N) Frame — Displays results for a long-term composite section.

#32. Standard Steel Option — Provides 6 options of standard steel section types: W shape, S
shape, HP shape, channel, and MC channel.

#33. Standard Steel List Box — Lists standard steel section types depending upon the option
selected in #32 and allows the user to select a member with a mouse click. If selected, its
label will be highlighted in blue and corresponding section properties for the selected



member will be displayed in #34.

#34. Beam Information Frame — Displays section properties of a selected member.

#35. lowa P/C Option — Provides 2 options of lowa P/C types: LX and Bulb-Tees.

#36. lowa P/C List Box — Lists lowa P/C section types depending on the option selected in #35
and allows the user to select a member with a mouse click. If selected, its label will be
highlighted in blue and corresponding section properties for the selected member will be
displayed in #34.

#37. AASHTO P/C Option - Provides four options of AASHTO P/C section types: Slab
Beams, Box Beams, I-Beams and Bulb-Tees.

#38. AASHTO P/C List Box — Lists AASHTO P/C section types depending on the option
selected in #37 and allows the user to select a member with a mouse click. If selected, its
label will be highlighted in blue and corresponding section properties for the selected
member will be displayed in #34.

#39. Load Window — Allows users to configure live loads that will be applied as moving live
loads to a model bridge. The Load window provides options for lowa legal loads, HS-20
trucks, truck train, as well as user-defined live loads. In addition, distribution factor (DF)
and impact allowance (IM) are input here.

#40. lowa Legal Loads/HS-20 Option — Option for applying either pre-defined Iowa legal
loads, the H-20 or the HS-20 trucks to a model bridge. Selecting this option will enable the
Iowa Legal Loads/HS-20 frame (#46) that lists available types of trucks.

#41. Truck Train Option — Option for applying truck train to a model bridge. Selecting this
option will enable the “W’ control (#43) and the ‘Apply W on’ frame (#45).

#42. Define-Number of Axles Option — Option for applying a series of point loads (up to eight)
that represent axles of a truck.

#43. W Control — Magnitude of uniformly distributed load in kips/ft that will be applied on
selected span(s) of a model bridge if the Truck Train option (#41) is selected.

#44. Number of Axles Control — Number of axles that will be applied as moving live loads to
the model bridge. Up to eight axles can be specified.

#45. Apply W on Frame — Lists span(s) in which a uniformly distributed load will be applied.
The uniformly distributed load whose magnitude is specified in #43 will be applied only to
checked spans(s). This frame will be enabled when the ‘Truck Train’ option (#41) is
selected.

#46. lowa Legal Loads/HS-20 Frame — Lists types of lowa legal trucks and HS-20 trucks.
This frame will be enabled only when the ‘lowa Legal Loads/HS-20’ option (#40) is
selected. Upon selection, information on axle configuration and weight of each axle (wheel
line load) for a selected load will be automatically assigned to #49 and #50.

#47. Distribution Factor Control — Distribution factor that will be used in the analysis.

#48. Impact Allowance Control — Dynamic load allowance (or impact allowance) that will be
used in the analysis.

#49. Axle Load Control — Weight of each axle (wheel line load) to be entered manually or
assigned by #46. Number of controls that will appear on the screen will be dictated by #44.

#50. Distance Between Axles Control — Distance between each axle to be entered manually or
assigned by #46. Number of controls that will appear on the screen will be dictated by #44.

#51. Axle Configuration Display — General graphic representation of defined axle
configuration on a model bridge. Axle configuration display will change according to the
options (#44 or #46) selected.

#52. Analysis Window — Allows users to run analysis and view absolute maximum results

A-3



either at a designated location or in each span.

#53. In Each Span Option — Option for viewing locations and magnitudes of maximum
moments and strains in each span.

#54. At a Designated Location Option — Option for viewing magnitudes of maximum
moments and strains at a specified location.

#55. X Control — Location at which the maximum moments and strains will be generated upon
completion of analysis. This control will be enabled when option #54 is selected.

#56. Truck Moving At Every Control — Incremental distance that each axle will move along
the model bridge starting from the left exterior support. The smaller the increment, the
longer the processing time will be (i.e., inversely proportional to the increment used) but the
greater the accuracy.

#57. Run Analysis Command — When pressed, the analysis will be initialized and the progress
can be seen on the progress bar #63. When the analysis is successfully completed, a prompt
dialog box with ‘Analysis Complete’ will appear.

#58. M(+) Indicator — Maximum positive moment in ft-kips at the location specified in #55 or
#67.

#59. M(-) Indicator — Maximum negative moment in ft-kips at the location specified in #55 or
#67.

#60. Strain(+) Indicator — Maximum positive strain in microstrain at the location specified in
#55 or #67.

#61. Strain (-) Indicator — Maximum negative strain in microstrain at the location specified in
#55 or #67.

#62. Truck Position Indicator — Location of P1 (first axle) on a model bridge when
corresponding results are generated. The location of P1 is measured from the left exterior
support. It is illustrated as ‘b1’ in Axle Configuration display (#51) and in #68.

#63. Progress Bar Indicator — Shows the analysis progress.

#64. Exit Command — When pressed, the program will be terminated.

#65. Number of Analysis Points/Beam Control — Number of analysis points for each span that
will be used during the analysis. While more analysis points will generate more accurate
analysis, the processing time will be longer.

#66. Maximum Results Indicators — Displays the maximum positive and negative moments
and strains in each span.

#67. Location of Maximum Results Indicators — Displays locations at which maximum
results are generated in each span.

#68. First Axle Position Indicators — Displays locations of P1 (first axle) that generated the
maximum results in each span.

#69. Print Maximums Window — Allows user to print the absolute maximums generated
during the analysis.

#70. Margin Frame — Allows users to set margins (top and left) on a standard paper size.

#71. Print Command — When pressed, the absolute maximum will be printed out.

#72. View Data Command — Allows users to retrieve and view the maximums generated
according to the option selected (either #53 or #54) and input specified in #65.

#73. Output Image Display Box — Displays an output image to be printed.

#74. View Data Window — Allows users to view and/or save data of the maximum envelopes or
‘moment and strain vs. truck position’ analysis results generated during the analysis
depending on the option selected (either #53 or #54).

#75. Output Data Display Box — Displays output data to be saved in a text file.



#76. Save to a File Command — When pressed, data displayed in #75 will be saved to a text
file.

#77. Plot Data Command — Allows users to plot envelopes or ‘moment and strain vs. truck
position’ diagrams generated during the analysis.

#78. Plot Window — Allows users to view and print a plot of envelopes or ‘moment and strain
vs. truck position’ diagrams generated during the analysis.

#79. Print Plot Command — When pressed, a plot of envelopes or ‘moment and strain vs. truck
position’ diagrams will be printed.

#80. Plot Display Box — Displays a plot of envelopes or ‘moment and strain vs. truck position’
diagrams generated during the analysis.
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Vii.
viii.

Xi.

. Principle Procedures in Running BEC Analysis

Press ‘Click to START’ (Fig. A-1) on the BEC Analysis title screen to initialize the BEC
Analysis. This will open the ‘General Information’ frame.

Enter the number of spans by entering the desired number in #2 (Fig. A-2)

Set the boundary conditio@for each span in #3.

Click ‘Next’ (#4) to move to the ‘Span Description’ window (#5) as shown in Fig. A-3.
Enter the span length in #6.

Select the member type (#7). If the ‘Prismatic Member’ option is selected in #7, skip step
vii. If the ‘Non-Prismatic Member’ option is selected, continue on the next step.

Select the number of discrete segments (sections) to be used to describe the member (#8).
Select a type of member cross sections that will be used in ‘Calculator’ (#12). If section
properties of a member are already known and will be entered manually, this step can be
skipped.

Select a member material. Upon selection, corresponding values will be specified to #11.
Check to see if the desired modulus of elasticity is displayed in #11. A different value can
manually be entered if needed.

This step can be skipped if section properties for each segment are manually entered.
Otherwise, click ‘Calculator’ (#12). A Section Properties window will appear based upon
the option (#9) selected in step viii.

W Eridge Information r:"ﬁLﬁ_J

BEC ANALYSIS

A Live Load Structural Analysis Program
for Bridge Structures and Components

(C) Copyright
lowa State University Bridge Engineering Cantar
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ication of the accuracy,
of BEC Analysis disclaims

Chick to START

[OWA STATE UNIVERSITY

OF SCIENCE AND TECHNOLOGY Bnlns E"!':EE"{"E

Figure A-1. BEC Analysis title screen on Bridge Information window
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e Scenario 1 (Fig. A-4a) — when ‘Define’ option is selected in #9:

a.

b.

Select an option for the deck to be either composite or non-composite with the
girder (#20).

Enter the modulus of elasticity and the thickness and effective width of the deck
(#21).

Select a desired cross section shape among the nine general section types (#22).

A corresponding figure that contains general information will be displayed in #23.
Enter the dimensions (#24) for each component.

Specify where sensors are to be placed (i.e., top and bottom sensor locations)
(#25) for which the corresponding section modulus will be determined.

Press the ‘Click to Compute Properties’ (#26) to compute the section properties.
Click either ‘OK’ (#27) to copy the computed section properties into #13, #14 and
#15 in the ‘Span Description’ window (#19) or ‘Cancel’ (#28) to cancel the
actions performed here.

e Scenario 2 (Figs. A-4b, 4c and 4d) — when the ‘Standard Steel’, ‘lowa P/C’ or ‘AASHTO
P/C’ option is selected in #9:

a.
b.
C.

o)

Same as “step a” in Scenario 1.

Same as “step b” in Scenario 1.

Select the desired cross section shape among the available options in #32, #35 or
#37. Corresponding contents for the selected section type will be listed in #33,
#36 or #38.

Select a member from the list box (#33, #36 or #38) with a mouse click (when
selected, it will be highlighted in blue). The corresponding cross section
information will be displayed in #34.

Same as “step €” in Scenario 1.

Same as “step £ in Scenario 1.

Same as “step g” in Scenario 1.
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(d) Section properties for ‘AASHTO P/C’ option
Figure A-4. (continued)

xii. For non-prismatic members, check to see if the desired section properties (moment of
inertia in #13, section modulus in #14 and #15) are specified for each segment. Different
values can be manually entered if needed.

xiii. For non-prismatic members, enter the length of each section (#16) in a manner that
corresponds to the figure displayed in #17. This step can be skipped if prismatic option is
selected in step Vi (or in #7).
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xiv. Click ‘Next’ (#4) to move on. If the bridge is composed of more than one span, repeat the
steps V through xiv until all information for each span is specified.
xv. Select a load option (#40, #41 or #42) that will be applied to the bridge (Fig. A-5).

Figure A-5. Load window

e For the ‘lowa Legal Loads/HS-20’ option (#40), choose a live load in the ‘lowa Legal
Loads/HS-20" frame (#46). The axle weight and configuration displayed in #49, #50 and
#51 will change depending on a type selected here.

e For the ‘Truck Train’ option (#41), enter the magnitude of uniformly distributed load in
#43 and select a span or spans (#45) in which the uniformly distributed load will be
applied.

e For the ‘Define’ option (#42), enter the number of axles (#44), the axle weights (#49) and
the distance between each axle (#50). The indicator #51 will be disabled if a live load
has a single axle.

xvi. Enter distribution factor (#47) and impact allowance (#48) that will be used in the analysis.
xvii. Click ‘Next’ (#4) to open the ‘Analysis’ window (#52 shown in Fig. A-6).
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(b) ‘In each span’ option

Figure A-6. Analysis window

xviii. Choose an appropriate option for viewing results (#53 or #54).

For the ‘In Each Span’ option, enter the increment (#56) at which a live load will move
along the model bridge. Enter the number of analysis points that will be used in the
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XiX.

XX.
XXi.
XXil.
XXiil.

XXIV.

XXV.
XXVi.
XXVil.
XXViii.

For the ‘At a Designated Location’ option, enter the increment (#56).
Click the ‘Run Analysis’ command button (#57) to run the program. While running, its
status will be displayed in the progress bar indicator (#63). If the analysis is successfully
completed, a prompt dialog box with a text message, ‘Analysis Complete’, will appear.
Click ‘OK” in the dialog box to view the maximum moments and strains and the
corresponding locations which will be displayed in the correct format according to the
option selected in step xviii.
Click ‘Next’ (#4) to move to the ‘Print Maximums’ window (#69 shown in Fig. A-7).
Set the top and left margins (#70) to be used.
Click ‘Print’ (#71) to print the image displayed in the display box (#73).
Click ‘View Data’ (#72) to move to the ‘View Data’ window (#74 shown in Fig. A-8).
Check the data display box (#75) for ‘moment and strain vs. truck position’ analysis results
or envelops.
Click ‘Save to a File’ (#76) to save the displayed data to a text file for later retrieval.
When prompted, use the browse button to specify the directory and type the name under
which the data file will be saved.
Click ‘Plot Data’ (#77) to move to the ‘Plot” window (#78 shown in Fig. A-9).
Set the top and left margins (#70) to be used.
Click ‘Print Plot’ (#79) to print the image displayed in the display box (#80).
Click ‘Back’ (#4) to move back to the previous window or ‘Exit’ (#64) to terminate the
program.
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APPENDIX B

Principle Procedures in Running the Field Monitoring Software
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B1. 1 Preliminary DAQ.VI (shown in Fig. B-1)

i. Enter a device name (#1). The device name used here must match what was used during
the hardware system setup.

ii. Enter a sample rate (#2) at which the data acquisition is to be performed (number of
samples per second).

iii. Select the channels of a connected StrainBook/616 and, if applicable, a WBK16 expansion
module to be activated (#3 & #4). More than one channel can be selected by ‘Ctrl + Mouse
click’.

iv. Configure each channel (#5) based upon the specific type of strain sensor being used.

v. Apply and select a calibration file, which was created during the sensor calibration process,
by setting the LED (#6) to true (bright green) and by assigning a calibration file path (#7).

vi. Designate a folder directory (#8) in which the data will be saved. The recommended
directory name is ‘C:\SHM Folder\Preliminary Data Folder’. Users can use the ‘Browse’
button to display a tree of all directories available on the host PC.

vii. Enter the time duration in control #9 for which each data file will be saved.

viii. Start data collection by clicking on the ‘START’ control (#10).

ix. Check the acquisition status in indicator #11. When the ‘START’ control is pressed, it
searches the data acquisition instrument specified in control #1. One of the following
situations will occur:

0 The check mark on the status check box stays green and the indicators #12, #13,
#14 and #15 will display real time data, elapsed time, beginning time at which
data acquisition is initialized and current time of data acquisition, respectively.
This indicates that the data acquisition instrument was found and all input
parameters are correctly defined.

0 The check mark on the status check box turns red and a message appears on the
message box along with an error code. This indicates that either the data
acquisition instrument was not found, or one or more input parameters are
missing. In order to resolve this error, users must check either (or both) the
hardware and [Otech software installation setup or (and) the input parameters
before running the program again.

x. Once the data acquisition is completed, click the ‘STOP’ button (#16). This will terminate
the program.
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Figure B-1. Screen shot of 1 Preliminary DAQ.VI front panel

B2. 2 FFT-PSD Analysis.VI (shown in Fig. B-2)

Xi.

Xil.

Xiii.

Xiv.

XV.

XVi,

XVil.

Select a data file from those that were saved in the ‘Preliminary Data Folder’ by using the
browsing tool in control #1.

Under the ‘FFT-PSD Analysis’ tab control (#2), enter a sample rate in Hertz (#3). Note
that the sample rate used here must be the same as the one used while acquiring the data.
Choose a time-domain window (#4) to be used in the FFT analysis and PSD development.
The recommended option is ‘Hanning’ and is set as the default.

Run the program by clicking the run button (#5). As soon as the run button is pressed, the
status indicator (#6) will turn red indicating that the FFT-PSD analysis is running.
Indicator #7 will display the data file read progress. When the data file reading is
completed, the total number of sensors used during the preliminary data acquisition will be
displayed.

Upon completion of the FFT-PSD analysis, the status indicator (#6) will turn bright green
indicating that PSD plots for each sensor are ready to be viewed.

Select a sensor with a mouse click within control #8. Then, the indicator #9 will display
the selected sensor and a PSD plot for the selected sensor will be displayed in indicator
#10.

Identify the dominant frequencies from ambient traffic plus noise or noise alone
(depending upon a sample file selected) and determine the desired cutoff frequency for the
filter (note: more detail on how to determine the desired cutoff frequency will be discussed
in Chapter 3).
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XViil.

XiX.

XX.

XXI.

Move to the Strain History’ tab control (#11) and enter the cutoff frequency determined in
step Vil.

Click the “Plot Strain History” control (#14) to see the effect of filtering for the selected
sensor. Indicator #17 will display the strain history.

Go back to the ‘FFT-PSD Analysis’ tab control (#2) and repeat “step vi” through “step ix”
to see the effect of filtering for all sensors.

Repeat the “step i” through “step X until an appropriate cutoff frequency is determined.
This may require examining several data files, one at a time. By comparing the dominant
frequencies of traffic plus noise induced and noise alone induced, an appropriate cutoff
frequency can be determined.

Once the FFT-PSD analysis is completed and the desired cutoff frequency has been determined,
the second task can be performed to establish the appropriate filter parameters and to see if
events (peaks) are properly identified. The following steps are required to perform this task:

XXil.

XXiil.

XXIV.

XXV.

XXV,

XXVil.

XXViil.

Perform the “step i”” through “step v”, but this time, select a data file that contains traffic
plus noise induced strain.
Select a sensor with a mouse click within control #8 and move to the ‘Strain History’ tab
(#11).
Enter three filter parameters (#12) that will be applied to the selected strain data: cutoff
frequency (Hz), ripple (dB), and filter order.
d. The cutoff frequency is determined by investigating dominant frequencies of
traffic plus and noise induced and noise alone induced.
e. A ripple of 0.0435 dB, which is equivalent to 0.5% passband allowable error, is
set as a default as it is often a good choice for digital filters [4]. The 0.5%
passband allowable error was converted to 0.0435 ripple in dB as follows:

100% — 0.5%]
100%

f. The order of a Chebyshev filter is equal to the number of poles in the transfer
function of the filter. In general, a filter is considered to work better with more
poles. However, this may not be always true. Therefore, several attempts (trial
and error) may be necessary to determine the appropriate filter order. The default
is set as 2" order and the order must be an even number.

Enter event detection thresholds (#13) that will be applied to the selected strain data. The
event detection thresholds should be determined such that peaks are not identified from the
free vibration response of the bridge (more detail will be discussed in Chapter 3). Once
set, only those events that exceed the event detection thresholds will be recognized by the
program and displayed in indicator #17.

Press the ‘Plot Strain History’ control (#14) to plot strain history and view the effects of
filtering the selected strain data. When pressed, indicator #15 will display the selected
sensor and the status indicator (#16) will turn red indicating that plotting strain history is in
progress.

Upon completion, the status indicator will turn bright green and a strain history plot for the
selected sensor is displayed on the graph indicator #17.

At this point, the user needs to decide if the filter parameters used are adequate to minimize
noise while identifying proper peaks or events. If the user desires to alter the filter
parameter settings, new parameters need to be defined in #12 and the ‘Plot Strain History’

0.0435 dB = ‘ZOIOg(
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control (#14) needs to be pressed again. Otherwise, save the filter parameter settings for
the selected sensor by pressing the ‘Save Parameters for Selected Sensor’ control (#18).

The next task requires the user to check if the parameter settings are stored for each selected
sensor, one-by-one, and create a text file that will contain the filter parameters and event
detection thresholds for all sensors. The following tasks must be performed:

xxix. Move to the ‘Create File for Filter Parameter’ tab control (#19) and check if the filter
parameters and event detection thresholds for the selected sensor are stored in the table
indicator (#20) where each row represents the settings for the sensor specified in the first
column named ‘Sensor’.

xxx. Repeat “steps Xiii”” through “step Xix”” until the filter parameters and the event detection
thresholds have been established for all sensors.

xxxi. Set the path (#21) to which the filter parameters and event detection thresholds will be
saved. The default file name and directory is ‘C:\SHM Folder\Filter Paremeters.txt’.

xxxii. Click the ‘Create File for Filter Parameters’ control (#22) to create a text file that contains
the filter parameters and event detection thresholds for all sensors.
xxxiii. Click the ‘STOP’ control (#23) to stop the program.

T \SHM Foider|Prelminary Data Folder\SHM (2006 10-24 04181

(a) FFT-PSD plot display for the selected sensor
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(b) Strain record display for the selected sensor
Figure B-2. Screen shots of 2 FFT-PSD Analysis.VI front panel

(c) Filter parameters display
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Figure B-2. (continued)

B3. 3 Input.VI (shown in Fig. B-3)

XXXIV.

XXXV.

XXXVI.

XXXVil.

XXXVilil.

XXXIX.

xl.

xli.

xlii.

Select the channels of a connected StrainBook/616 and, if applicable, a WBK16 expansion
module to be activated (#1 & #2). More than one channel can be selected by ‘Ctrl + Mouse
click’.
Configure each channel (#3) based on the type of strain sensor and its setting used.
Enter the device name in control #4. The device name used here must match what was
used during the hardware system setup.
Enter the sample rate (#5) at which the data acquisition is to be performed (number of
samples per second).
Enter the impact event threshold in control #6. The impact event threshold is a ratio of the
absolute difference between the magnitude of an event and that of a peak detection
threshold with respect to the time difference between a start index and a peak index in a
strain record (a single event or traffic response). The impact event threshold is used to
determine the type of the alarm event (overload or impact, both of which exceed the
overload event threshold specified in control #8).
Enter the plus and minus event detection thresholds (#7) that will be applied to the
collected strain data.
In the ‘Overload Event Threshold’ control (#8), enter the overload event threshold for each
sensor that was determined from the structural analysis software (BEC Analysis). Also,
with a mouse click, select LED options for each sensor to which the overload event
threshold will be applied. If set to true (bright green), any overload event (an event that
exceeds the specified overload event threshold) for the selected sensor will be recorded and
temporarily stored within 4 MainDAQ.VI.
Select the type of data files, with a mouse click (#9), to be sent via email (LED options).
Given that the internet connection is available, if users desire to receive monthly data files
only, for example, the LED option for ‘Monthly Data’ must be selected (bright green) with
a mouse click and other options must remain unselected (dark green). Six options are
available as follows:
g. Hourly Data: allows users to receive hourly-generated reduced data files, each of
which contains event history in the preceding hour
h. Daily Data: allows users to receive daily-generated data files, each of which
contains event history in a day
1.  Weekly Data: allows users to receive weekly-generated data files, each of which
contains event history in the preceding week
J. Monthly Data: allows users to receive monthly-generated data files, each of
which contains event history in the preceding month
k. Yearly Data: allows users to receive yearly-generated data files, each of which
contains event history in the preceding year
l. Alarm Message: allows users to receive a text message of an alarm event upon
occurrence
Enter email information that the reduced data files are sent from/to (#10) and set the LED
option, ‘Check if email inputs are entered’, to true (bright green) by a mouse click to
activate this option within 4 MainDAQ.VI. Three pieces of information are required:
d. Return address: email address of the file and/or message sender



e. Mail server: the name or IP address of an SMTP server
f. Recipients: email addresses of the file and/or message recipients. Each address
can be a separate array element

xliii. Apply the calibration file (#11), which was created during the sensor calibration process,
by setting the LED option to true (bright green) and by assigning the calibration file path.

xliv. Designate the folder directory in which raw strain data file are to be written and saved
(#12). The default is ‘C:\SHM Folder\l1 Raw Data’. This is one of the sub-directories
created during the initial setup.

xlv. Designate the folder directory to which the raw data are moved for data reduction and
evaluation (#13). The default is ‘C:\SHM Folder\2 Data Process’. This is one of the sub-
directories created during the initial setup.

xlvi. Designate the folder directory in which all the reduced data files (Hourly, Daily, Weekly,
Monthly and Yearly Data files) will be saved. The default is ‘C:\SHM Folder\3 Data File
Folder’. This is one of the sub-directories created during the initial setup.

xlvii.  Set the path (#15) for the filter parameters file that contains the peak detection thresholds
and filter parameters.

xlviii. Once the input settings are entered, users can execute the program by pressing the ‘Create
and Save Input File’ control (#16). This will result in the creation of a ‘DAQ Inputs’ file in
the main directory (C:\SHM Folder\DAQ Inputs). If a previously created input file exists
in the main directory, the program will prompt the users to choose if the existing input file
is to be replaced by a new input file.

xlix. Once the input file is created, stop the program by pressing the STOP control (#17).
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Figure B-3. Screen shot of 3 Input.VI front panel



B4. 4 MainDAQ815.VI (shown in Fig. B-4)

As soon as 4 MainDAQS815.EXE is installed as a service program, it will be automatically
initialized.

Given that the data acquisition was successfully initialized, as depicted in Fig. D-4, the
Acquisition Status control (#1) will display a green check mark in the ‘status’ check box
and no error message will appear in the ‘source’ dialog box. While the program is running,
the following information will be displayed on the control panel of the program shown in

Real time raw data for each sensor in the graph indicator (#2).
The ‘Time’ indicator (#3) displays information on
O time at which data acquisition was initialized
O current time
0 count of elapsed hour, day, week, month and year, which also indicates the

number of data files created and available for report generation

Network status (#4). One of the following situations will occur:
0 The check mark on the status check box is green and no error message appears on

the message box. This indicates that the network connection is established and
alarm messages and data files created by the program can be sent via email to the
recipients specified during input information setting. It should be noted that even
when the status indicates no error, information may not be sent to the recipients
due to a security settings. Typically used virus scan software is designed to block
access from any unknown programs. Therefore, users need to make appropriate
changes on the security settings so that the execution program 4 MainDAQ815.VI
is unblocked. Since the security settings may vary depending on Windows types
(2000, XP, NT, etc.) and virus scan software used, users may need to consult with
a system analyst to resolve this.

The check mark on the status check box turns red and a message appears on the
message box along with an error code. This indicates that the network connection
is either unavailable (or not established). It should be noted that this error will
not cause the program to stall or stop. All other functions except the email will
still be functioning. The program is programmed such that when an error related
to network connection occurs, the program will skip that step and carry on other
tasks. Also note that since all data files created by the program will be saved in 3
Data File Folder’ in the main directory, users can always retrieve the data files
manually.

Available disc and memory space on the field PC. The total, used and free (available)
disc and physical memory space of the field PC will be displayed in Bytes in the
‘Disc/Memory Space’ indicator (#5).
If the user desires to change input settings or restart (reset) the program, stop the program
by pressing the ‘STOP’ control (#6), set the ‘Reset’ control (LED option in #7) to true
(bright green) and re-run the VI by pressing the ‘Run’ control (#9). These actions will
result in autonomously creating an ‘Old Data File Folder’ to which previously archived
data files will be moved. Meanwhile, newly collected data will be saved in ‘3 Data File



(a) [lustration of Main Data Acquisition tab
Figure B-4. Screen shots of 4 MainDAQ815.VI front panel
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(b) Hlustration of Input Information tab
Figure B-4. Screen shots of 4 MainDAQ815.V1 front panel (continued)

B5. 5 View Strain History.VI (shown in Fig. B5)

liii.
liv.

Iv.
Ivi.

Ivii.

Select the data file (#1) that contains collected strain records.

Set the path (#2) to the filter parameters file that contains the event detection thresholds
and filter parameters that were previously established.

Enter the sample rate (#3) that was used during data acquisition.

Press the ‘Plot Strain History’ control button (#4) to execute the program. When this
button is pressed, the status indicator (#5) will turn red indicating that the operation is in
progress. Upon completion, the indicator will turn bright green and the strain history for
each sensor will be displayed on the graph indicator (#6). The strain history for each
sensor can be accessed by selecting the tabs designated for each sensor.

Stop the program by pressing STOP button control (#7).
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Figure B-5. Screen shot of 5 View Strain History.VI front panel

B6. 6 View Hourly File.VI (shown in Fig. B-6)

Iviii.

lix.

IXi.

IXii.

Ixiii.

Select the directory (#1) in which the hourly data files are archived. The default is set as
‘C:\SHM Folder\3 Data File Folder’. If users want to access an hour file received via
email, the path to the folder that contains the received file must be selected.

Select a monitoring period (#2). The number in the text box indicates the hour since
monitoring began (starting with zero). For example, if the user wants to open an hour file
that contains the event history obtained during the first hour of monitoring, ‘0’ must be
entered; if the user wants to access a hour file occurring 56 days, 3 hours later, the user
would enter ‘1346°.

To view the data file in an Excel Worksheet, set the LED option (#3) to true (bright green).
Configure the histogram setting (#4). This option allows users to change five variables:
number of bins, and maximum and minimum bins for both positive and negative events.
Press the ‘Click to View Hour File’ control (#5) to execute the program. The event history
and histogram, monitoring period and alarm messages will be displayed in the indicators
#6, #7 and #8, respectively. The event history and histogram for each sensor can be
accessed by selecting the tabs designated for each sensor.

Stop the program by pressing STOP control (#9).
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Figure B-6. Screen shot of 6 View Hourly File.VI front panel

B7. 7 Create Report (From Single File).VI (shown in Fig. B-7) and 8 Create Report (From
Multiple Files).VI (shown in Fig. B-8)

Ixiv. Select the directory (#1) in which the data files are archived. The default is set to ‘C:\SHM
Folder\3 Data File Folder.’
Ixv. Inthe ‘Monitoring Period’ control (#2), select data file(s) to be plotted and processed for
the report generation. See Note-1 below for detailed description.
Ixvi. To view the data file in an Excel Worksheet, set the LED option (#3) to true (bright green).
Ixvii. Select the print options (#4). This allows the user to print the report either (or both) in a
paper copy or (and) in PDF format given that corresponding option(s) are selected (bright
green).
e Select the report content options (#5). This allows the user to choose the contents that
will be included in the report. Four options are available:
e. Strain histogram (numeric table): numerical count of events in each bin where the
bin size is specified by users
f. Strain histogram (graph): graphical representation of numerical count of events
g. Statistic Trends (numeric table): numerical values of absolute maximum events,
average events (hourly or daily depending upon the data file selected), and
average trend line over the selected monitoring period.
h. Statistic Trends (graph): graphical representation of events over the selected
monitoring period.



Ixviii. Configure the event histogram variables (#6). This option allows users to change five

IXix.

variables: number of bins, and maximum and minimum bins for positive and negative
events.

Press the ‘Click to Create Report’ control (#7) to execute the program. As soon as the
program is executed, the status indicator (#8) will turn red indicating that the program is in
progress. Upon completion, the indicator will turn bright green and the following results
will be generated:

0 results displayed on the front panel for immediate view
1.  the time at which the data acquisition was initialized: #9

ii.  the monitoring period: #10

1ii.  alarm messages recorded during the monitoring period: #11

iv.  event history, event histogram, and statistical trends for each sensor: #12,

#13 and #14, respectively (see Note-2 below for more detail).
0 an Excel Worksheet, hard copy, and/or PDF file depending upon the selected
options (#3, #4, and #5).

Ixx. Stop the program by pressing STOP control (#15).

Note-1: As can be seen in Figs. D-7 and D-8, controls and indicators used on the front panels of

each program are exactly the same with the exception of the Monitoring Period control
(#2). 7 Create Report (From Single File).VI is designed to access one data file at a time
while 8 Create Report (From Multiple Files).VI allows users to open multiple files at
once. Consequently, different options in control #2 for selecting data files were utilized.
For 7 Create Report (From Single File).VI, users can choose a different type (daily,
weekly, monthly and yearly) of data file from provided tabs where the title of each tab
represents a time duration for which one file is created and archived. For example, if
users want to access information obtained during the second week of monitoring, the user
must select “Weekly’ tab and enter a number ‘1° the text box. Note that the index ‘i’
starts from zero. For 8 Create Report (From Multiple Files).VI, users can access multiple
data files given that those data files are already created and archived. Three options are
available as listed below:
d. Up to date: allows the user to access all daily data files created
e. Day (i) ~ Day (j): allows to access multiple daily data files created during user
specified time period
f. Last (i) days: allows to access multiple daily files created during the last user
specified days
Note that, except in the ‘Up to date’ tab, users can select a monitoring period by
using the up and down arrows to increase or decrease number in the text box, or simply
type in the desired number.

Note-2: Plots of event history, event histogram and statistical trends are displayed on separate

tabs to avoid clutter on the front panel. The appearance (scale and format) of any graphic
display can be modified (pan or zoom) while the program is running or stopped through
the use of the graphic palette located on the left bottom corner of each graph (or by right
clicking the graph and selecting Visible Items>>Graph Palette from the shortcut menu).
The formats used to display event history and event histogram are the same for both
programs. Also, the format used to display statistical trends in 8 Create Report (From
Multiple Files).VI is the same. However, the format of the graph indicator for displaying
statistical trends in 7 Create Report (From Single File).VI can change depending on the
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tabs (or pages) selected in the Monitoring Period control (#2). If users select a
monitoring period in the ‘Daily’ tab, the graph indicator will display statistical trends of
each hour for 24 hours. On the other hand, if users choose a monitoring period in
‘Weekly’, ‘Monthly’ or ‘Yearly’ tabs, it will display statistical trends of each day for user
specified monitoring periods. For example, if a monitoring period is selected in the
‘Weekly’ tab on the front panel of 7 Create Report (From Single File).VI, it will access
one of the weekly created data files, each of which contains collected information for
seven days. Therefore, it will display statistical trends of each day for 7 days.

|| tmonsoring sice 11/14/2006 3:00:18 k) )

oty Report (11/1572006 3:51:36 PH ~ 11/16/2006 3520 PH))

11/16/2006 2:22:25 PM: Sensord |

11/16/2006 1:52:35 PM: Sensord |
11/16/2006 1:52:38 PM: Sensorl |
11/16/2006 1:02:34 PM: Sensord |

Figure B-7. Screen shot of 7 Create Report (From Single File).VI front panel
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Figure B-8. Screen shot of 8 Create Report (From Multiple Files).V1 front panel

Description on controls and indicators

Table B-1. Description of selected controls and indicators in 1 Preliminary DAQ.VI

# Control or Indicator Description
1 Device Name Control Name of a StrainBook/616 assigned during IOtech
software installation (described elsewhere).
2 Sampling Rate Control | Sampling rate at which strain records are to be collected
(H2) (number of samples per second).
3 StrainBook/616 Channel | Channels of StrainBook/616 to be activated. When
Control selected (Ctrl + mouse click), the indicator turns blue.
4 WBK16 Channel Channels of WBK16 expansion module to be activated.
Control When selected (Ctrl + mouse click), the indicator turns
blue.
5 Sensor Configuration Parameters that need to be configured for each sensor.
Controls
6 Calibration File Applied | If set to true (bright green), a selected calibration file is
Control (LED option) applied.
7 Calibration File Path Path to calibration file created during calibration process
Control (see Appendix C)
8 Data File Save Path Directory in which raw strain data files are to be saved.
Control
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9 Data File Saved at Time duration for which each raw strain data file is
Control (Minutes) saved.

10 Start Control When pressed, data acquisition will begin.

11 Acquisition Status Error dialog box that displays a numeric error code and a
Indicator corresponding error message upon occurrence of error

(error = red, no error = green in the status check box).

12 Real Time Raw Data Displays real time raw strain data.
Indicator

13 Elapsed Time Indicator | Displays elapsed time since the beginning of the data
(Minutes) acquisition.

14 Data Acquisition Since: | Displays date and time at which data acquisition is
Indicator: initialized.

15 Current Time Indicator | Displays current date and time.

16 Stop Control When pressed, the program will stop.

Table B-2. Description of selected controls and indicators in 2 FFT-PSD Analysis.VI

# Control or Indicator Description

1 Data File Path Control | Path to the “preliminary data” file.

2 FFT-PSD Analysis Tab | Contains controls and indicators used for FFT-PSD

Control analysis.
3 Sampling Rate Control | Sampling rate at which strain records are to be collected.
(Hz) Note that the sampling rate must be the same with what
was used during the preliminary data acquisition.
4 Window for FFT-PSD Time-domain window to be used in FFT-PSD analysis.
Analysis Control

5 Run Button Control When pressed, the program will be executed and the
FFT-PSD analysis for the selected data file will be
initialized.

6 FFT-PSD Analysis Provides the status of FFT-PSD analysis progress. If

Status Indicator being processed, it displays ‘In Progress (Wait)” and
turns red. Upon completion, it displays ‘Data ready to
plot (Now, select sensor)’ and turns bright green.

7 Data File Progress Displays the progress of data file input. When

Indicator completed, a total number of columns that represents the
total number of sensors available will be displayed.
8 Select Sensor Control Allows users to select (with mouse click) a sensor for
displaying a PSD plot. If selected, it will be highlighted
in blue.
9 Selected Sensor Displays a selected sensor.
Indicator

10 FFT-PSD Plot Indicator | Displays FFT-PSD plot for the selected sensor.

11 Strain History Tab Contains controls and indicators used for displaying
Control strain history.

12 Chebyshev Filter Allows users to enter parameters that will be used in
Parameters Control filtering.

13 Event Detection Plus and minus event detection thresholds within which




Threshold Control
(Microstrain)

no peak (or event) will be detected.

14 Plot Strain History When pressed, strain history will be displayed in graph
Control indicator #16 for a selected sensor.
15 Strain History for Displays a selected sensor.
Selected Sensor Control
16 Strain History Plot Provides the status of FFT-PSD analysis and/or strain
Progress Indicator history plot progress. If being processed, ‘In Progress
(Wait)’ is shown and turns red. Upon completion of
FFT-PSD analysis and/or the strain history plot, ‘Ready
(Now, enter parameters and click Plot Strain History)’ is
shown and turns bright green.
17 Graph Indicator Displays strain history in microstrain for a selected
Sensor.
18 Save Parameters for When pressed, filter parameters and event detection
Selected Sensor Control | threshold specified in control #12 for a selected sensor
will be stored (#20).
19 Create File for Filter Contains controls and indicators used for writing and
Parameters Tab Control | saving filter parameters and event detection thresholds
for each sensor in a text file.
20 Parameters Table Temporarily stores the filter parameters and event
Indicator detection thresholds for each sensor specified in control
#12.
21 Filter File Save Path Path to which a text file that contains filter parameters
Control and event detection thresholds for each sensor will be
saved.
22 Create File for Filter When pressed, a file containing filter parameters and
Parameters Control event detection thresholds for each sensor will be saved
to the path specified in #20.
23 STOP Control When pressed, the program will stop.




Table B-3. Description of selected controls and indicators in 3 Input.VI

# Control or Indicator Description
1 StrainBook/616 Channel | Channels of StrainBook/616 to be activated. When
Control selected (Ctrl + mouse click), the indicator turns blue.
2 WBK16 Channel Channels of WBK 16 expansion module to be activated.
Control When selected (Ctrl + mouse click), the indicator turns
blue.
3 Sensor Configuration Parameters that need to be configured for each sensor.
Controls
4 Device Name Control Name of a StrainBook/616 assigned during 10tech
software installation (described elsewhere).
5 Sampling Rate Control | Sampling rate at which strain records are collected
(Hz) (number of samples per second).
6 Impact Event Threshold | Ratio of the absolute difference between the magnitude
Control of an event and that of the event detection threshold with
respect to the time difference between a start index and a
peak index in a strain record.
7 Event Detection Plus and minus event detection thresholds within which
Threshold Controls no peak (or event) will be detected.
(Microstrain)
8 Overload event Thresholds that are used to determine overload events for
threshold Control each sensor.
(Microstrain)
9 Email Options Controls | Options that allow users to receive collected information
via email.
10 Email Inputs Control Email addresses and mail server that the collected
information are sent from/to
11 Calibration File Path to a calibration file created during calibration
Controls process (see Appendix C) and a LED option to apply it.
12 Raw Data Folder Directory into which the raw strain data file will written.
Control
13 Data Process Folder Directory into which the raw strain data file will be
Control moved for processing.
14 Data File Folder Control | Directory into which reduced data files will be archived
after being processed and evaluated.
15 Filter File Path Control | Path to a file that contains event detection thresholds and
filter parameters.
16 Create and Save Input When pressed, an input file will be created and saved in
File Control the ‘SHM Folder’ main directory (C:\SHM Folder).
17 Stop Control When pressed, the program will stop.




Table B-4. Description of selected controls and indicators in 4 MainDAQ815.VI

# Control or Indicator Description
1 Acquisition Status Error dialog box that displays a numeric error code and a
Indicator corresponding error message upon occurrence of error
(error = red, no error = green in the status check box).
2 Real Time Raw Data Displays real time raw strain data.
Indicator

3 Time Indicators Displays (1) date and time at which data acquisition is
initialized (2) current date and time (3) count of elapsed
hour, day, week, month and year.

4 Network Status Error dialog box that displays a numeric error code and a

Indicator corresponding error message upon occurrence of error
(error = red, no error = green in the status check box).
5 Disc/Memory Space Displays a total, used and free (available) disc and
Indicators (Bytes) physical memory space in the local host PC.

6 Stop Control When pressed, the program will be stopped.

7 Reset Control A LED option that will initialize new acquisition. The
default is false (dark green). If set to true (bright green),
upon program execution, a directory ‘Old Data File
Folder’ will be created and the data files saved up to that
point will be moved to this directory. Then, new data
files will be saved into the directory (3 Data File Folder).

8 Run Button Control When pressed, the program will begin.

9 Input Information Tab | Contains indicators that display the input settings

Control specified by 3 Input.VI.

Table B-5. Description of selected controls and indicators in 5 View Strain History.VI

# Control or Indicator Description

1 Data File Path Control Path to the data file created during the data acquisition.

2 Filter Parameters File Path to the text file that contains event detection

Path Control thresholds and filter parameters for Chebyshev low-pass
filter.

3 Sampling Rate Control | Sampling rate at which strain records were collected

(Hz) during the main data acquisition (number of samples per
second).

4 Plot Strain History When pressed, strain history will be displayed in

Control indicator #6 for each sensor.
5 Strain History Plot Provides the status of strain history plot progress. If
Progress Indicator being processed, ‘In Progress (Wait)’ is shown and turns
red. If completed, ‘Ready (Done)’ is shown and turns
bright green.

6 Graph Indicator Displays strain history in microstrain for each sensor.

7 Stop Control When pressed, the program will stop.

8 Graph Palette Control Changes the scale and the format of the plot while the

program is running (or stopped).
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Table B-6. Description of selected controls and indicators in 6 View Hourly File.VI

# Control or Indicator Description
1 Data File Folder Control | Directory into which the data files created during the
main data acquisition are archived.
2 Monitoring Period Option for selecting a data file to be plotted.
Control
3 View Data In Excel LED option that allows users to view the data files in
Spreadsheet? Control Excel Worksheet. The default is false (dark green). If set
to true (bright green), information contained in a selected
file will be displayed in Excel Worksheet.
4 Histogram Variables Allows users to change the format of the histogram plot.
Controls
5 Click to View Hour File | When pressed, event history and event histogram will be
Control displayed in the graph indicator (#7) for each sensor.
Also, an Excel Spreadsheet containing information
processed by the program will be created if the LED
option (#3) is set to true.
6 Plotting Progress Provides the status of the plotting progress. If being
Indicator processed, ‘Wait’ is shown and turns red. If completed,
‘Ready (Done)’ is shown and turns bright green.
7 Graph Indicator Displays event history and event histogram for each
Sensor.
8 Monitoring Period of Displays the monitoring duration in date and time for a
Selected File Indicator selected file.
9 Alarm Message Displays alarm messages recorded during the monitoring
Indicator period displayed in indicator #8.
10 Stop Control When pressed, the program will stop.

Table B-7. Description of selected controls and indicators in 7 Create Report (From Single

File).VI and 8 Create Report (From Multiple Files).VI

# Control or Indicator Description
1 Data File Folder Control | Directory into which data files created during the main
data acquisition are archived.
2 Monitoring Period Options for selecting data file(s) from which monitoring
Control results are to be displayed and reports are to be
generated.
3 View Data In Excel LED option that allows users to view the data in Excel
Spreadsheet? Control Worksheet. The default is false (dark green). If set to true
(bright green), information contained in a selected file
will be displayed in Excel Worksheet.
4 Print Option Controls Options for printing the results in hardcopy and/or PDF
(false = dark green, true = bright green).
5 Report Contents Options for selecting contents to be included in the
Controls report (false = dark green, true = bright green).
6 Histogram Variables Allows users to change the format of histogram plot.
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Controls

7 Click to Create Report | When pressed, the event history, the event histogram and
Control the statistical trends will be displayed for each sensor in
the graph indicators under ‘Event History’ (#12), ‘Event
Histogram’ (#13) and ‘Statistical Trends’ (#14) tabs,
respectively. Also, a report and an Excel Spreadsheet
containing the information processed by the program will
be created based upon the options (#3, #4 and #5)
selected.
8 Report Generation Provides the progress of displaying the results and
Progress Indicator generating reports. If in progress, ‘Wait’ is shown and
turns red. If completed, ‘Ready (Done)’ is shown and
turns bright green.
9 Monitoring Since Displays the date and time since the beginning of the
Indicator data acquisition.
10 Monitoring Period of Displays the monitoring duration in date and time for
Selected File Indicator selected file(s).
11 Alarm Message Displays summarized alarm messages recorded over the
Indicator monitoring period displayed in #10.
12 Event History Tab Contains graph indicators that display strain history for
Control each sensor.
13 Event Histogram Tab Contains graph indicators that display event histogram
Control for each sensor
14 Statistical Trends Tab Contains graph indicators that display statistical trends
Control for each sensor
15 STOP Control When pressed, the program will stop.
16 Graph Palette Control Changes the scale and the format of the plot while the

program is running (or stopped).
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C1. Setup and Connecting to the Ethernet
C1.1. System Requirements

Setup and Connecting to the Ethernet 5

System Regquiremanis ...... 51
Software Installation ...... &2
Ethernel Conneclion and Sysfem Power-up ...... &3

SjI'S tem REI]HIFEMEHIS
Before zetting np the hardware or installing the software, verify that you have the following items.

=  StrainBook’o16 data acquisition system
«  Power sapply with cord (see power note below)
= Data acquisition CD

In addition, verify that your computer meets the following minmum requirements.

Intel™, Pentium® 111 processor

1100 BaseT Ethernet port

G MB memory

100 B Deard disk space

Monitor: S¥GA, 800 x 604 resolution

Ome of the following Microsoft™ Windows operating systema:
Windows 2000
Windows XP
Windbows NT

Power Note

StrainBook requires an input voltage between +10 and +30 VDIC. The DC sonrce ghould be
filtered bat 1od necessanly regulafed. The THE-A0U ACo-D5 power adapier 15 recommended for
AC-ine applications. However, StrainBook can be powered from any isolated + 10 10 +30 VDT
somree of ol leasd 25 W

Before plugging the unit in, make sure the power switch s In the “0° (OFF) posithon.

GND

+10 to
+30 VDG OIS

Power Input
DIMNS Connector

[fyom will be using an AC-to-DC power adapter [euch as the TR-40U] plug it into an AC outlet; then
connect the DINS end of the cable to the StrrinBook™s 10 10 30 VDO Inpat connector.

[f yon are nwsing amodher power source [snch as o battery] ensure the leads are commacted to the proper
DIMNS ping ae indicated in the figare.

CAUTION
f Do pot exceed the 5 amp maximum M carrent limit of the POWER IN DINS

cotiector.

StainBook¥i1d Usar's Manual 2L Sefup and Connacting to the Eshemat &1



C1.2. 10tech Software Installation

Software Instaliation

Remaove any previoas version Wisee Fiew driver, This cun be done throngh Microsolt's
Addd'Remove Programs feature.

Start Windows,

Clese all nning applicationa.

Iresert the Drata Acquisition CI qoto your COROM drive and wail for te CD toautosnn.
Jifthe CD does not start on @5 o

a1 click the desktop's <Start= bitton

ib} choose the Run commeand

(¢) =slect the CD-ROM drive, then select the setup,exe file
idd click =0E>.

An Opening Sereen will appesr,
Click the <ENTER SETUP= bution,

From the hardware selection sereen [which follows a licensing agreement), select
StruinBoak/al6 from the drop-down list and follow the on-screen instruciions

Reference Moles)

Adobe Acrobat PDF verzions of documents pertaining to StrainBook/al 6 are
matomatically installed onto your PCs hard-drive a5 a pan of product sepgon st the tene
of software installation. The default location is the Programs group, which can be
accessed via the Fimdows e skiop Start e

3-2
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C.1.3. Ethernet Connection and System Power-up

Ethernet Connection and System Power-up

Ethernet connectivity can only be wsed with 'Windows N, Windows 2000, or
Windows XF opernting systemas,

Overview

StrainBoek-als, Rear Parel

Strntiock/8 16 conredts directly to m Etharmet port om s PC or network Pieh, vaa the wat*s Bl -

1 100BaseT Ethernet interface. An Ethomet patch cable CA-242 (1.5 foot) or CA-242-7 {7 foot) cable is
ik B0 ke Hie commection. Note that enlher o stemghi-aough oF & cross-over cabile migy be used. The
circuitry sutomaticaly adjusts for the cable type to ensure proper connection.

-l T o e

==

EtrninBeukiE 6 =i

Connecting a SrafnBook 616 to the Etherne

CAUTION

1w ol power 1o the x}'sl‘eﬂi dlevices amd :Mernall}- wciwnrecled l-qui'rmn‘l Iselore mmmngahln.
Elecirle shock or damage to equipment can result even under low-voltage conditlons.

; Take ESD precaptions (packaging, proper handling, grounded wrist strap, efc.)

StrainBockd1 & User's Manual SENEE Setup and Connecting fo the Ethernet 5-3




Reference Note:
Adobe PDF versions of user manuals will mstomatically install onte v cur hard drive as a part of product
support. The default location iz in the Programs group, which can be accessed from the Findows Desdtap.

You cam also access documents directty from the data acquisition CT via the <View FDFs> button kecated on
the CTs opening scroen.

| STEP 1 — Install the Software

Install the sotbware prior to connecting the SteainBook /616 to the Ethermet. If you have not already
installed the softsware, do so at this time. Fefier to the section entitled Sobweare Intafaron, page 5-2

STEP 2 — Determine the type of Network Connection

To properly connect and configure a SirsnBock/516, you must determine the type of network that the
dewvice will become part of.  This is because the type of network used has a direct bearing on the IF
atiress of the device,

The four neswork types are as follows:

Dedicated Network - with a direct cable connection from the I'C to the device
+ Dedicated Network - making use of a network hob or switch
*  LAM with a DHCT server

{Lecal Aren Metwork with & Dvnaiae Hosl Configuisation Pratocal)
*  LAN without a DHCF server

(Lacal Area Metwork with ne Dynamic Host Configuration Protocol)
Brief descriptions and illstrations follow.

Dedicated Network - with a direct cable connection from the PC to the device
In thiz seenarke o StrainBook 615 s connected directly (o an Ethernel jack on 2 host compaster,

HminBookiG1E - —

D clicated Network widig o Divect Cable Covdesction

E4 Smr ard Canreding ba the I.:mﬂmu'. o] Eﬁ?ln.:lcm'l.’élr'i Liser's Manual



Dedicated Network - making use of a network hub or switch

In this seenario the StrainBook/él & connects to the Ethernet through a network hub or switch, At least one
comgpuier is also conmected to the hub.

B A o i o A A AR T

StrainBockiG18 L] SiranBockB16

=

Deitivated Netvwork using a Hub Switcl

Some nelwork dbevices such a5 novdreless aceess podnd muy acl 25 a DHCP server, 10 this is
the case, follow the instructions for the LAN with 3 DHCP server. For detailed

information consull the decumweniation that is specific to your nefwork devicre,

LAN with a DHCP Server (Local Arca Mebwork with a Dynamic Host Configuration Protocol server)

Mmmy corporations wse the LANServer with DHOP arrmgement for ther nstworks. In this type of s#ug
zeveral cormputers are typically connected to a network that makes use of a DHCE server. In addition, a
SranBook/dl 6 is cormected Lo the netwoek hubisweitch.

__LAH Server with DHCP

L=l o rul i ml el mel L b = = . =E = o g

SiranBockiE18 = StranBockiE1S =k

AN wath a DHOP Server

Using a StranBock 616 on a typical LAM mury affect the speed of the network and intemet datz
iransfer, Becnsse of this we rec ommend adding a neiwork card (o e computer and using one
of the two dedicated network configurations.

Contact your network administrator before connecting a StramBook/a1 6 to a corporate netwoek.

Shrmindoc1 G Liger s Kanual
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LAN with no DHCP Server
{Local Area Network with ne Cynamic Host Configuration Protocol server)

This scenario looks the zame as that shown in the previous illustration, except there is no Dynanvic Host

Confapration Protecol (DHCEY Inhis type of selup, one or more compulers are connecled Lo g networks
amd each comgiter has a static [P address.

| STEP 3 = Connect the System Components

Reference Note:

For exarnples of StrainBook/61 & syatern connections, including cable use, refer to Chaprer 3, Conpectons
aied Friclicaery and Chapler 11, Svetem Expension,

‘What vou will need to connect a8 StrainBook 616 (o the Ethernet:

Anavailable connection to the Ethemnet. The connection can be either
- mm Ethermet jock on a computer or

- an Ethesmeet jack on @ hub that is comnected to the Ethermet.
F-)

it An Ethernet patch cable, e, 8 CA-242 (1.5 foot cable) or a CA-242-7 (7-foct cable),

1. Connect the Ethernet cable to the Ethemet jack on the StrainBoak/G L6,

Connect the other end of the Ethemet cable to the Ethernet jack on the host compater o
network hub.

| STEP 4 — Power-up the System Components

When powering up a StralnBook./616 system bt Is impordant that the StralnBook /616 I powered
last, and that the most renote system components are powered Grst. Ofler power-up sequences
may result In softwares Fallure to recognize all compaonents.*

& Flrst, power-on the WBE expansion modules, If applicable,

“ Second, power-on the SirainBook /616

* An exception to this power-up schene Is to power-on the entlre system at onee.

M'hat vou will need:

One or maore +10 to+30 VDO power supplics with a male DINS cennector. The mumber of
supplics depends on the devices inyour acquisition sy stem

Note: The switching-mode power supply that is comimonly used with these systems has an input
ramge of 100 WAC to 240 VAC af 50 Hz io &b He, The power supply's cutpul [io the
device] is typically 15 VD @ 3.33 amps viaa DINS commector.

It iz likely that v will wee 3 TR-40U AC power adapler with yor StrainBeok/616 =nd 8
separate TR~ for each WEE expansion module, if applicable.

Maote: Vartows AC adaper models support power grids of USA, Ewope, Fapan, and Asta,

34 Sebupand Connecing to ne Ethermes ] StreirEqokif 16 User's Marual



Heows to make the connection:

L Using the umit"s power swilch, hum Use SrainBock /61 6 “0FF,”
The switch will be in the “07 pesition and the Power LED wall be unlit,

Connect the DINS end of the adapter's cable to the Power Input connector on the
StranBook/' 616,

3 Commect the adapter's plug to a standard AC outlet.
4. If your adapter has a power switch, poaition it to “0OR."

]

5 Tam OGN the StrainBook/a 16 by placing the power switch to the “17 position,
The Power LED will light up.

| STEP 5 - Configure the Computer's Network Settings [Applies to *dedicated networks™ only]

The StrainBook/616 Ethernet port typically requires 30 seconds after power-up to confipure,
before the unil can be sccessed via e network.

ITwsing a LAN {(Local Ares Network), which has o DECE segver, skip this secfion and continue

with STEF 7 - Coufipure and Test the System arsiug See Dagt oy Teuration Applel (page 5-11)

I wsing a LAN (Local Area Network), which has no DHCP server, skip this section amd
continue with STEP 6 - ConifTewre Device Nebwork Seltingy wsing Dagl PCongfTe (page 5100,

1.  Open the Control Paned by navigating from the Windows Desktop as follows:
Start Menu = Settings = Control Panel.

Drouble~click the “MNetwork and Drialaup Connections"™ icon.
Deable-click the “Metwork Connection”™ ieon [or the nebwork StrainBook 616 1s comected Lo

Lurol A vt statn R TE

Gl |
|- Coremcin
Slaler Conracied
Cramion Lo
e~ O
| fcterig
Sonl =— ﬂ-— Hecewed
[FLS e | e
Drupadms | Dishbe
|

Local Area Comneciion Sy
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4 Inthe "Lacal Aren Connectian Status" hax {previous figuere), click an the =Praperties= bottoa.
'Ih“LqumﬂCmcthmpmd‘ box will appear (following figure).

Loced Aren Connection Properties

5. Double-click the “Tntemet Protocol (TCPAPT component (previons fWL
The “Internet Protocol {TCB/AP) Propenties™ box will appear {following figare)
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Configure the Compater's TCP/IF settings ais follows,

6. Select the “Use the followmg TP Addres=" rad button.

7. Set the IP address fiebd to 100000 where x is some nomber from 1 to 234,
Malke sure that sach computer on the dedicated neiwark has a onique 1P addroess.

8. Set the Subaet mask to 25200000, Noete that the remaining fields can be lefi un changed.
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STEP 6 - Configure Device Network Settings using DaglPConfig

Applies only to a LAN {Local Area Network), which has a no DHCEP server.

IT using a LAN (Local Area Nelwork),

ver, skip this seclion and continne

hich has a DEJCE sepvey,
with STEP 7 - Conflgure wid Test the System wsing e DagtonyTguration Applef (page 511).

Multiple devices on g LAM are each identified by their unigue (device-specilic) serial mamber,
Ensure that the serkal munber displayed for the unit [being conflgured) agrees with the serfal
number on the MAC label, located an the rear panel of the device,

The Deugf FConfe applet allows you to change the [P address of a device to match the address of a host computer.

The applet is located in the program group for the associated device and can be accessed from the Windows
Desktop wia the start menw

1.

Reference Mode:

Appendic A contans general information regarding how to yse the Dag Configuration Applet

Locate the DagiPConilg Applet.
Locate the DaglPConlig applet by mavigating from the
Windows' Deakbop as follows:
Start Memm
= Programs
== SirainBook /616 Soflware
= DagIPConfig

Open the DagiPConfig Applet.
Chick on the DaqlPContig selection to open the applet

Select the device that is to have the address
change.

Note: Inthe above figure there i only one device to
zelect, e, StminBook/G16.

Set the internel protocol {TCPIP) settings fo be
cormpalible with host computer,

(@) Select the radio bution labeled “Use the
Tollowing 1P address.”

(b} Emter the new intermet protocol settings. If
needed,
consult vour network administrator for acceptable
numbers,

(c) Click the <0E> button
Reboot the device.

D P Canlig

Siebarh 4 dwite | vies O changs s etk seitng

fnlsct 4 [erewn
T Tpc [1Padder | onaltiinda |
Corarknch A0 IS 2R T g
Drgwics Propesies
Gornd Huvbar |

WAL i
[ramcs Tppe E -

Indeared Prodical [TCPAR) Sebiegs
¥ Dby o | sckdieas subomatio sy
% lnw e b F ackhws:
P pcrhyes 1o, 1@ . 5F
Easbrat Wnck: &= 0.0

Detmdbawsse [0 0 D

Asbase | oK,

0

| oo | [ oot |

1]
o

The new [P sldress will not take affeet until the desvice las been powered-off, then powerad back on.
Repeat steps 3, 4, and 5 for otber devices In the system,
After configuring the network settings for all devices, proceed to Step 7.

510

Satup end Connacting ti the Ethamest
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STEP 7 - Configure and test the System using the Daq Configuration Applet

The Dag Conizurahon applet ia located in the Windows Contral Pansd, It allows you fo add ar remave a
devace and chinge configurstion seitmes The mchuded test utility provides feedback on the validity of
cwrent configuration settimgs, as well as perform ance summaries.

1. Open the Dag Configiration Applet.
a4 Open the Contral Panel by navigating from the Windeows" Desktop as follows:
St Menu = Sellings = Conirel Panel

b, From the Contral Panel, double-click the Dag Conffenration won,

2. Add the first-feved device o the list of installed devices.

The first-level device 15 the device that wall be connected directly to the Ethermnet, vin a host computer's
Ethernet jack ar a jack on anetwork bub. The StramBook/616 is an example of a first=level device.

a  Select the Computer image in the Device Inventory configuration free (following figure).
b, Click the <Add Device> bation, The “Select Trevice Type™ hox will appear,

¢ Select the StrainBook/G16 from the izt of devices, as applicable.

d Click the <0K=>= butten. The “Froperiies”™ box will appenr [or the selected device.

Select Device Type

[rewice Type

Lo ] o |_sw |

Using Dag Confly aration Device Tnventory & Sefect Device Type to Add @ Device
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3. Set the properties of the first-level device.

In this step srouwill set the device properties according to ane of the follewing two metheds, depending on
whether vou have a “Dedicated Network™ or a~“LAN with DHCP Server Network”

Users of Dedicated Networks follow these 2 staps.

3. Enfer the Serial Mamber of the fird-Jevel device (StrainBook/6163, In the fellowing screen
shats the Serial Mumber is 806000,

b, Selectthe  Auto 1P Setiing” radio bution. Mote that the 1P Address of the StminBook/616
will automatically be caloulated and displayved in the 1P Address field as indicated i the
following left-hand figure,

c.. Chck the <K= button.

ShairB ook B | Tadl Hirdwas | D asrion | SuirBeob E1E | Fanl Harbaus | D Varsor
Cemze: Setings Demwmoe 5 eiirgs

Dedcalams  [SomrBeck 0 DevenHam  [SasrBood 0

Dvice Typm =] Dwsicn Tpm

SwdMuwbs  [E00n SerMuntes  |E0001

B fuddpans kg e fefing

& e 1P Sebng ™ Apig 1P Sefng

" HamsIP etng = Mo IF Gaing

IF At | e [1zszm
[t ] cowes | e | [ o ] owed | sow |
For DEDICATED Networks For LAN with DHCT Server Netwarks

Day Configrration, Properites DMolog Boxes

Users of LAN with DHCP Server Networks followthese 3 steps.
The DaglPConfig applet provides the Sertal Number and the [P Address of the device. Users of LAN
with DHCP Server Metwarks will need to enter both numbers i the Dy Confgumraton, Fropertizs
dinleg boxes (previous right-hand figere). Page 5-10 incdudes instructicns for accessing Dag/FConfic.

Tf needed, refer to the upger right-hand figure in regard to
radis-button md data entry Iocations

Sl 4 e by vt i kgl B bk il

1. Enter the base 10 version of the Serial Mumber of s P

the StrainBook 6146, Tl [ |mgrn ]
b. Seledt the “"Manual IF Setting” radio button.
c. In the TP Adidress field, enter Use [P address, FParriad Fiew of DaglF Confly

: Showing 1 Address & Serial Mumbes
d. Click the <R batton.

Provide your network adminisirator with the Information on the device's MAC label.
Also, lnd ool from the administrator if the IF Address will be changing. I so, see il
you can obtain a permanent TP Address dedicated specifically to your device.
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d. Test the system comections,
8. Make sure the device has been property installed and is powered-on,

Iy, Make sure all cables are properly and securely connected,
c. Click the “Test Hardwoare™ tab.

d. Cliek the <TOPIP Test= button, This tests the Transmizsion Contral Protocol / Inlemei
Protocol,
The TCPAP tedt resubls have two cotmponents ; Pinging Device and TOP Commeclion,
Appawfic B TCPIP aved Besowwce Testy, inchedes a brief explanation of each,

e Upon completion of the TCPIP tee, click the <Resource Test= button,
The Besource Test consists of two components: Resource Tests and Performance Testr.
Apperdin B, TCFAP and Resowrce Testr, inchsles o brief explonation of each,

When tesfing # StrainBook /616, if the unit does not respond aller 30 seconds perform the
Tollowing steps:

1} reboot the system

I} upon power-up, re-open the Dag Conflguration applet

3 select omother confguration seting

4} relnitiate the test

This completes the procedure for connecting a StrainBook/G 16 toe the Ethemet. At this point v oo should
refer to othver sections of the manual, ez, oformation on system expansion and data acquisition.

Reference MNotes:

Although the signal conditioning aspect of the WBELG & inherent inthe StrainBook /616 and is
therefore discussed in this manual, specific WBE]L 6 documentation is contnined within the
WBE Opitons Aol (pin 48904502,

Mote: YVou can access FOF documents directly from the opening screen of the data acqeisition CT»
vin the <View PDFs= button.
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C2. Bridge Configuration

Eridge Cunfiguratians 6

Infroduction ... 61
CN-115 Headers, Associated Jumpers, and Plug-ln Options ...... 82

Installing 2 CN-115 ..... 6-6
Low Pass Fifter Custornization ...... &7
Cornfiguration Diagrams ...... &8

Threa-Vilire Cuartar-Bridga ... 810

Ca-177 Strain Gage Cable ... 512

C-189, DBS Adapter Option .., 613
WEBK16/LC Load Cell Shurtt Cal Internal Option ...... 615
CN-115-1 User-Configurable Plug-fn Card Option ...... 6-20

Introduction
The strain gape is connected to the amplifiers through the Bridge Completion and Shunt Cal Network. This nebwork
consists of user-supplied ( user-installed resisors for bridge comp letion. Several combinations of resistors and 3
different shunt vahues may be installed simultanecsly. External connector tie points and the programmable
Inpul Conliguration & Cal MUX determine the el configunstion in wse.

Onee the network is fully configured. most bridge configurations and resistances can be accommoedated without re-
opening the oy, The shunt registors allow each bridge to be pit into a knosn imbalance condition for sefting or
verifying channel calibration. Shunt calibration allows a full-scale gain to be et without physically leading the bridge.
Page 6-12 discusses a VB9 Adapler option that provides a means of easily setting up & bridge configuration,

The following beerd lavout shows locations of components referenced to in this chapter, The jumper positions are
default lecations. Information regarding the C™-11% header and asseciated jumgers follows.

=1
L ]
- Expareiin
) Conbol Cur
B FsaTE
L
s g
LowiPaas Fbr Filsre Fillsrn Fiders Fips Fitar Filars Fitern Fifan:
B Rssistr Bank T
froe &1 oHE Y o ol ol cHE  ch
o T
= R Fst AH AH RH AH FH AH
| B 88 HEHH 8 H
CH-11T E P
hondar e RA: RA RA, A RA& = R, AA
e | QT e e
| T | = | T | L_. B =
£H1 FE cH3 CHa CHS GHT cHY
StvelnBook Bowrd Layout
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StrainBook’s upper circudt board (see preceding figure) 15 used to
s Cuslomize lovepass filter frequencies wsmg resistor networks
#»  Install Bndge completion resistors
#«  Install Shunt calibration resistors

ndfel

A fan draws air through the unit and exdhansts it theough the side. To maintain
sufficient cooling, 1t Is important to keep the fan and vents free of ohsiroetion.

CN-115 Headers, Associated Jumpers, and Plug-In Options

Each charmel has a CM-113 208 resistor socket header and fwo associated jumpers (JP101 and JP102) located
an the StramBook™s mam board, The jumpers, assocmted with 2 given channel, must be installed if a2 ©24-115
will be ized for that clannel. The ssociated jempers must be removed ifa CN=115-1 or a WEK16/LC option
will besed for configuring a channel.

o

Installinga CH-A4B4 gra .. PR m Installing a CN-A1S (Mose B
WEKIBILE [Mote 4 "
& s i =
=t ol o pe I= Instalied
rr:ﬁ-cw::{ L WS CHA11S 5 @ remevabla plUg-
Pl Bl in adapior that can bs pre-

CH-115-1 = a removeble plig-
n boérd lhal can be poe
chnbgured for vake bidgs
opbiore. (LTS Mrom b

contigured for veneis bndge
pohans. |t dhffers from tha
CR-115-1 onby i e factor

Inetalling a CH-188 (Yot Cf

-1 15 ariy m ferm laelor == | ==

o CH2 A8 s an e lamal sorei-
H\BH‘1_B|ILC AN b psed foe termnal opbon, It canba
wirlualty all =ingls vaue shurt wad N oonjunction wiha
calibralicn ragirements, some ':""'"'“gb CH-115 o 3 CH-115-1. I

of which are nal possible wih
ta imtermial FET/anakog switch
provis=ng in the sandand
chignrel configurations

Partal Straniook lusmrating
diferent plug-in cphans

wEad done (witeul either
FHLgHn) e associabed
channal jumpsrs must ke
ingtaled in e detadll
paskion

‘Wheen installing a plug-in device, be careful (o aveid bending the pins and ensare that the option
Is corvecly oviented, Information Ffor these options can be Toumd using the reference nobes below,

MNate A - The Mate A region represents a CH-115-1 or a WBELGLC option plugged into the board’s Ch-115
header for channel 1. The dashed-rectangle indicates the relative size and orientation of these options. For
both the CM-115-1 and the WBR1&LC the two jumpers (left edge of header) must be removed.

Maobe B - The CM-115 plig-in adapter Tits directly over the header. When using a CH=115 the twe Juropers
(lett edge of header) must be metalled as indicated m the figure.

MNobe C - The CM-189 includes two 7-pad prmpers and 2 Seslot screw-tenminal block, With use of the termimal
block and apprepriate shorting of jumper pads. the user can casily configure the option to wilize the
components of an installed CM-1E5 or CH=115-1, The CM=18% screw-terminal option plugs into & DRES

connectorn.

Hefer ence MNotes:

6 & Schematics of varions bridge configurations can be found on pages 68 Urongh 611,
These configurations apply to both the CN-115 and the CN-115-1.

® The WBELSLLC Load Cell Shunt Cal Internal Optiog = discussed on page 615,
&  The CN-1151 User-Configurable Phug-In Card performs the same finction as the

C'W-11% Header Plug-in Option, CM-115-1 is discussed on page 620

#  DEBEY comector information, including use of the optional CN-189 adapier, beginz
o page G=12
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Bridge Applications

Al gram-gage bridge configimations consist of a 4-elamat network of resistors, The quarter, Juallor fdl
designation of a strain gage refers to how many elements i the bridge are stroin-variable. A quarter-bridge
has 1 straim-variable element; a half-bridge has 2 strain-variable elements; and a full-bridige has 4 strain-
variable elements.

Full-bridges generally have the highest outpul and best perfarmance, Ouigna signal polaity is determined
b whether the stram-varinble resistance merenses o decrenses with load, where it is Located in the bridge,
and how the amplifier inputs connect to it. Configuration polarity is not impoertant in StramBook due to an
internal sofbware-selected inversion stage. This simplifies bridge configuration

Each of the & inpit channels has locations for five bridge-comp letion resistors, These BOR's are for use
with quester and ferlEbricke strom gages, The reststiors make up the Nxed values necesary o complete the
Ad-glement bridee desien.

A full-bridge gage requires no intemal coing letion resistors. Howeter, the resistors may still be instalbed
for other configurations in use. The additional resistors will be ignored when the software has selected
Tull-beidge mode,

Cuarter-bridee and half-bridee gages require an internal half-bridge consisting of header positions Bg and
Eh. The recommended minimwm values are &.1%, =5 PPM™C drift, 1| K, and O.25-walt resistors, Lower
vakhes will dissipate more power and add heat. Values >1K£ will increase the amount of drtt and noize.
The =zme value holf-bridge resistors con be used for amy resistance strain gage. This intemnal alf-bridge
will be sutomatically selected by the software when needed.

Internal 1 ME2 shunt resistors are nsed to avoid open civeaits,
Thege resistors are net sultable for high-accuracy low-nodse applications.

A quarter-bridge gage additionally requires a resistor of equal value
tor itseldf. Up to 3 different values may be ingtalled simRaneouzly in
header positions Ra. e, Re. All of these resistors are connected to
the (=1 excitation termdnal. An extemnal jumper af the ingus
comector detenmines which resistor is utilized. Therefore, 3
difTerenm quarter-bricdge valises can be supporied without opening Extamal
the enclosure, Each different value bridge would simply hove the g
jurmper in a different location; when the gage is pligged in, the

proper resistor is then already selected. Contigurations with the Rz
completion resistor on the (+) excitation are redundant, due to the
internal mversion stoge, and not used. FIEXC

R1

Input
Kebvin-Tope Excitation Leads

The upcoming shrain-gage configurations are prezented in 4 groups: Full-bradge, half-hridge, quarter-
bridge, and high-gain veltmeter. Many of these configurations can coexiat but are shewn individually for
larity.
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Removing the Cover Plate

CAUTION

Remove the Strain Book Irom power and disoonnect the unit Irom the host PC and
Trom all externally connected equipment prior o connecting cables, sigwal lines,
andior removing (e cover (o insiall or remove com ponents, Electric shock or
damage to equipment can result even ander low voliage conditions.

Take ESD precantions (packaging, proper handling, grounded wrist strap, ele.)
Use care to avold touching board surfaces and onboard components. Only handle
boards by their edges (or ORBg, il applicable). Ensure boards do not come into
conincl with foreign elements sach as oils, water, and industrinl particolaie,

Be careful to avoid component damage while the StrainBook is open. Always remove

bridge compledion hewders {CMN-115) from the unit belore sobdering resistors in the
headers.

To remove the cover plate
you rmust first remowve the tap
inward screw from each of
the four mounting brackets,

The Cover Plate v Secured by 4 Screws [2 Screws per side]

1. Remove the StrainBook from power and disconnect the unit from the host PC and from all extemnally
connected equipment prior 1o remaving e cover. As stated inthe abeve CAUTION, electric shoek o
clamage to equipment cin reslt even under lowsvaltage conditions,

2, Enzure you have faken proper ESD precautions (preger handling, gronmded wrest strap, ete)

3 Remoawe the top inward screw from each of the four mounting brackets |2 screws per bracketed side].

4, Carefully remove the cover

6-4  Bridge ConNiguraliors
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Excitation Connection

Remote sense inputs are provided for the eocitation regulators. The excitation voltage will be most accurate
at points where remote sense lines are connected, preferably at the bridge this is often referred toas a
d-wire connection). Long cables will reduce the woltage at the bridge, due to carrent flow and wire
resistance, i rermnole sese is nol used

IT the 6-wire approach is not used, the remaote sense inpots must be jumpered to the excitation
outputs &t the input connector. Internal | ME} resistors are also connected where the jumpers would be
located to prevent circuit discontinuities. These 1 ML resistors are not suitable for high-acouracy
exvitation-voltage regulation,

Fewire quarter-bndge configurations do not benefit from extemal remote sense connections, The lead
resistance & actually a balanced part of the bridge Ifthe + remole sense input is connected to the + input
on & quarter-bridge, the weltage is regulated across the bridge completion resistor. This result= in a
canstant-current linearized quarer-bridge; otherwise quarter-bridges are not perfectly linear.
Shunt-Calibration Resistors. SlrainBook provides Uree physical locations for intermal shunt-calibeatzon
reaistors for cach chammed. Each shant reaistor is switched in from the EX CTTATION (<) to the TN+ of
the Instrumentation Amp by a FET switch to create a repeatable bridge imbalance. Intermal resistance of
the circuit is about | kL the exoct omount is autematically accounted for in the software. The software
also allows selection of the three shunt resistors (B, D, F ). An internal inversion stage msures comect

polarty during the shunt calibration process: which arm i= shunted iz therefore orelevant. Header positions
Eb, R, Bf correspond to the sefbware shunt resistor selections of B, I, F.

Tor any balanced bridge, o resttance value can be placed m parallel with one element to coene
predictable imbalance and ootput voltage. This shunt-resistance valise can be calealated by the following
ecquation, where Vg is the differential output voltage of the gage.

FExample:

Ripant = Roriagarm [ { ¥ garigtion 3 (Vo)) - 05 ]
Rsne = 350 [ {10/ 4(0.020)) - 0.5] = 43,5730

CAUTION

Be careful to avoid component damage while StrainBook endosore is open. Always
remove bridge completion hesders (adapter plugs) rom the wnil before soldering
resistors in the headers,

Soiderresisor | ead el

Caigfipuring the Bridpe Complation Reséitor Modades. For each channel, the o Sgnn fark =
board has a 2%8 resistor secket with rows designated A threagh H. The removable :
adapter phigs are included for soldering in the resstors. Additional adapter plugs
are available for convenient changeover of altemnate contigurations. Resistor Ba is
located nearcst the front panel.

o Half-bridge completion resistors consst of Rg and Rh,
o Quarter-bridge completion resistors consdsi of Ra, He, amd He
o Shumi resistors consist ol Bh, Rd, and R

Inserting reslstors directly Into the socket makes an anreliable connection and
is not recommended. Remove the plug from the main board; then solder
resistors Lo the adapler plug as indicated. To aveid deamaging the pin
alignmend on the plug, selder with minimal heat. AMer soldering, the resistor ederine Resston b
leads shiould be snipped off dose to the sapport. _JﬂetF\!fF Piug
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Installing a CN-115

CAUTION

Remove the StrainBook from power and disconned the unil from the host PC and
Traomm all exter nally comnected squipment prio: to connecting cables, signal lines,
amd’or removing the cover to install or remove components, Electric shock ar
damage (o equipment can resall even inder low-vollage conditions,

A\
oy

Take ESD precautions (packaging, proper handling, gronnded wrist sirap. ste.)
Use care Lo avold tonching board sur feces and onboard companents. Cnly handle
boards by their edges (or ORBs, il applicable). Ensure boards do not come into
coniact with Toreign elements such as ofls, waler, and indusirinl particalate,

Be carelul to svold commponent dammee while the StrainBook is open. Always remove
bridge completion headers (CMN-115) from the unit before soldering resistors in the
henders.

Mate that the asseciated clannel™s two jumpers (located on te Strain Book o d)
must be installed for CN-115 applications; but removed for CHN-115-1 or WBELGLC
applications,

o can easily install a CR-115 as follows:

Mote: [Ifyou needto add or remowve resistors to the CR-115 plug-in, do so prior to the installing it
Configuration diagrams begin on page 6-8

1. Review the preceding CAUTIONS.

1 Femove the StrainBook [or WEK 18] from power and disconnect the unit from all external
devices amd sizmals,

3. Observe proper ESD precauhons.

4 Renove the cover from the StramBook [or WEKILG]

5 Lovate the CN-115 channel header(=) m which the pheg-im = to be metalled,

f. Ifthe header socket is occipied, remove the CH=-1135-1, WBK1&/LC, or previous CN-11510
exprose the header socket

7. Add one shind jumper to each of the bwo 3-pin headers, The 3-pin headers are located af the
edge of the CH-115 16-pim hestber sockets (see figures),

Mate: For each channel tee jumgper headers are labeled in sets of two: JPLO1EPLG2 fre
chimiel | '|_|1:'||_ﬂ| JPenL PR for channiel 8, The first digit afkes * IP signifies the
associated channel nuimlber,

& Carelully phg the ©2-115 mie the header socket,
0 Re-install the cover to the StraimBook [or WHEK1a].
g Hirripes
i irataiad
o
Pl
CH-115 BESE - N
raade e |
{1 par channe) a4
53
| | | | 1 |
CH [=3-] CHa
CN-115 Heders for Cluuewiels T and 2 Reguived Jumper Flacemend for CN-115 Plag-in
Channel 1 has jurnpers renwoved, Channel 1 has me Fror each chamnel that bas o CN-115 mstalled,
CM-115 ingtalled. Charnmel 2 shows a CN-11% pimg okt be juingered as indicated ahove Each
wnstalled and proper jumper mstallation chammel bas o jumper header nest to the edge of
ils Ch-115 header.
5-.3 Fl.rl:lp? Configuratiors FIR4a0 EtrainSnclai 6 Liser's Manual
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| Three-Wire Quarter-Bridge Configurations

The three-wire quarter-bridge has only one strmm-vanable ¢lement and requeres three bridae comiplelion resisters
{BCEs} The miemal halt-bridgs may be amy twoe matched values, but the remainmg resistor must mateh the
external quurter-Brdge value precisely, Three of these values may be installed simultinecus]y when connected
as shown below;, the connector pins determine which resistor is wed, With all three values installed, WER1G
can secommedate all three quarter-bridae values withow! changeng the intermal resistors

* +5i
| 1 {-'-E::t:\im g
F
: CM-118 E
2T Headsr [
|;"|’ - c
. B
o ML W :E‘> :
4—- et A 120k resistor and its comresponding
a E s ej"ﬁ—- shumt value may be installed ss shown
e
szEise

5 > 4 i L - ra
intnmal fridgs Compation b,

Thrae-Wive Quarter-Bridpe (4
riarg RA {120~ 0em nomranal), B Somt Resistar

= Exuilzaon
-Sense

Fa

L

CH-116
Hinadar

DommaT

A 350-chi resistor and its corresponding
shunt value may be installed as shown

Thyee-IFire Ouarfer-Bridge ),
Llsing RO {35 0-Chm mommali, 1 Srwt Ressiar

> +S0NE0

| & +Evctation H
F
4%1 ‘ ﬁ i
¥ P | AND T
. T c
—y 1 Lol o d B
SR TS T A
b B — l 1 — A 1000-ohm (or other value) resistor and
= ] o ﬁ;ﬁ'&.; !13 comesponding shunt value may be
Edamal  [ES ccosend in=talled as shown.
Bidge  put ; i hreush
e g B % “"“":'
¥ x T oy i
| intamal Endge Complotian bR

Frree-Fare erarm*-ﬂ‘rl:r.l'gc e
Ulging RIE (1 Kww sominall, F e Resistoe

&10  Endgs Condgurations e L] ShrainBook®1 6 Lser's Manwal
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T2 3 @®
83 E®

Cabde Firanur®

CA-17T Strain-Gage Cable Pinout* Cable CA-17T Specifications

BRE Male End (B41) Unterminated End (B2
Firi 1 il P1 Cable End: DED male, assembied metsl
I Fin2 | Redwire Frewa with Shurnbasress

Pin 3 Cranigs wirg Jeaider cup DED.
Pin 4 ¥ ellos wire PZ Cabile End: Urderrminated, Blumt cut.

T n Cable Type: Balden 9814 or eguivalent
Pin & firas

.l i Wilre Gauge: 24 AWG,
Pin 6 Blue wite Outer Shinkd: Foil and B5% brald.
PFin 7 Pumpla wiro Humber of Conductons: Nine [8) plus drain.
Pin B Black wine Dimenslons: Langh; 737 147,

= R Canmastar widty 1, 220° masdmum
Fin & White
B e e P1-to-P2 Pinout Specifications:

. Dy wica - A indicated at lofl.

*Cabie DBA mambering is opposite of that found on the StrainBoak to allew for cormect pin mating.

CN-183, DBS Adapter Option

CAUTION
i Remove the StraimBook from power and disconnect the unit from the host PC and

from all externally connected equipment prior to connecting cables, signal Hnes,
wndfor removing the cover (o install or remove components, Electric shock or
damage to equipment can result even under low-voltage conditions,

Take ESD precantions (packaging. proper handling, grounded wrist strap, etc.)

Use care to avoid touching board surfaces and onboard components. Only handle
= boards by their edges (or ORBa, if applicable). Ensure boards do not come into
contact with foreign elements such as oik, water, and industrial particulate,

.B[ If the CN-189 will be wsed {a) with a CN-113 installed in the associated
N4 channel, of (b) will be vsed alone, then the associated channel’s CN-115
header jumpers must be installed as indicated in the figure,

A e

The CM- 18 oplion conssts of two T-pad jumpers (F3 and PA4), a DBS connector, and a 9-glot screw-
termanal Block, The adapter plugs inte channal inpadt DBY conneciors en StrainBooks and WBEKLG
expansiod modiles.

WWith wse of the terminal Block and appropriste ehorting of jumper pade, the neer can eagily set up the
desired bndge configuration. A tnble indicating bridge trpes med the respechive CN-18% hanper pad shorts
followe shortly. Ineome cazes, the user may want to install a resistor at location Bl. The electrical
refutiom of CN-1 89 compenents 15 shown in the following schemane,

StrainBock&i1E User's Manual FImad Brdge Configurations & 13
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ndfel

CN-189 DB-9 Adapter Opilon

R,
S or Lead
Reator
[Fsar Supphied)

P37 Pad Jumper

The CMN-159 s infended for convenience and is nol shielded. Tigher signal quality will
bre obtained with the nse of shielded cables, such as the CA-177 drain gage cable.

Terminal Biock
== BEM+

B= N+

ighid

7— IN-

I -

g SEM-

5= EX+
i— RE

3= RC
o 7 RA

1= EX-

B4 T Pad Jumper

CA-TED Sefeem atle

The CM-189 con be configured to ubilize the compenents of an installed CHN-115 or CN-115-1 in accordanee

with the following table,
CHN-150 DBS Adapter for WBK 16, Configuration Table
Function B3 (on CH-188) | P4 [on CH-188) Resistor Used in R1
I | Internal Excitation Sense Short 1and 2 | Short 6 amd 7
2 Y Bridoe Using, (BLA) 2-Wire Short 5 and 4
3 Y Bricdge Usmg (RC) 2-Wire Short 5 and &
4 va Bridge Using (RE) 2-Wire Ehort @ and 7
5 | High Gain Amp Groand Path (Shart) Short 5 and 6
6 | High Gain Amp (Resistive) FResistor
Grond Path (EXT) Isetween 5 and &
7 | High Gain Amg (RE) Grownd Path (I8T Short 1 amd 2
A | High diain Amngy (RC) Grennd Path (INT) Sheoet 2 and 3
2 | High Gain Amg (F.A) Ground Path (TNT) Short 4 amd 3
[0 | Current Measurement (Ditferential) Shunt resistor in R1
11 | Differential Load Resistor Lovaid resistor in R1

ndrel

For the functions listed in the preceding table, internal StralnBook configurations
still apply as indicated on pages 6-8 throngh 6-11.,

-4

Bniiga Confgurations
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C3. Sensor Calibration

Sensor Calibration

Ter e the Sensor Calibration Program you miest forst launch WaveView, This can be done from a shormeut
on the desktop, or by selecting Wave View from the Programs group, accesaed from the deskiop Start
oeni,

WaveView holds user-configured parameters that can be saved to disk. The detault configuration flename:
is waveEvIEY. crs. When Wave View starts up, it proceeds to search the working directory for this file.
WaveView also holds a defauk senzor calfration file. The wavevzew. cea file holds the name of this

calibration file 5o that all sensor calibration information firom the Iast WaveView session is alzo loaded nto

WaveView during initial boot-up. If the default configuration file is found, all the reguired sefup
information will be extracted from it, and the application’s main windos will cpen. When connection is
established, the application s main window will open with the default setting. If these options fail, a dialog
bzt will ask if wou want to open a different setup file.

Reference Motes:

o For detailed WaveView startup information, refier to the Favedew PDF. The document
can be accessed from the data acquisition CD via the <View PDF<= button on the CD's
OpEning seres

o The WEBK16LC Load Cell Shunt Cal internal optien board may be required to calibrate
load cells and transducers that have internal shunt cal resistors. See the WBR1GLC
sechion of chapter & for details

B o

Lhﬂ ?rarmw;ma;wu;n:wnwmm.. ? E 'm" ﬂﬂm @

Aus. Tun | LFF HFF | Soarem

0| Ol | tabal | g | Ui | Raege | 5% T80 | UFE | i cue | HEE S Br":: fread| 55
Cilo| OF [ 2

[ | ¥ CarHi ¥

[ | 0 rig ooty

01100 MO W EinS ™ I Bypass W0 OC 10DV FulBide Mo Eypiosd
0.2 |0F HIE LI I Bypar WE DL DY FulBade No  Fpacesd
galor m v Sl Hay 0 Brows MWL 100V FullBidos Mo B

Stralnfloskch] 5 [ WHK1 & Senser Configuration
Ll Calbrstion  Papseard

Pt C oo St
S Qe Cond igurstion E E Eﬂ E" E
I:-lrumP\.--qg....nr#.g
Rtk Ror Wiy ey By Ex: | Gags | Sersisdy | Shiet B ®)
H Callwgtion Dlale | Unk: | Lt Siron Lisbed Wt | Facia Fie=sdlts R

7 Tee | Tt | Mebed

i |

Ha
Mo

R
A | |Oba) 8

== s
L P —

Wigre Fiew ConfTlgwration Man HindewyTep) md
Sensor Configuration [Calfbration] Window (Botiom)

44 Solwane
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Callbration button. The bubton is depicted at the left and pointed out in the upper portion of the

@ I Te apen the Sensar Canfiguretion [Calibradion] windawe, chick on WaveView's Seasor
previows figure. Vou cen alse open the window from WaveWiew's System pull-down menn,

Yo e use the Sensor Configuration window's File pull-dova menu o Load an Exdsiing
Configuratien. This option opens a=tandard dialog box tha allowes you to sebect and open the
desiredd fle

Sensor Configuration Maln Componenis

Strainthookf1 6 f WHK1 6 Semsor Conliguralion

[le - Calorston  Passwoed
Serant Cerlguralon
Cateuiz [fal “
e M = U R
i — Cabbesien Parsmetess | Charvel Vakus |
| = Ext | Gage | Seredidlp | Sherd | B~
oo |CF Semmr | Bge | Cobn| CopionDus | Usis | Labd | SesxLabel | Vols | Facke ") Pbher | Paa
| Lt e A | Bk |0
01 ]
0-2 e
0=3{Ne f
0-&|Me ] i —
Q-5 Ho = '
0:6 N : =
gizjte i w1 A e— F

Semvor ConfGgumtian [Caldrotion] Hindaw

Sensor Configuration Toolbar and Pull-Down Menus

Control fanctione in the sensor configuration window are available throogh the pall-dovn menus or the
teplbar. For descriptions of button functions, see the related mena selections. Note thal some mem
sebections have no corresponding button.

Senvor Confiznration Windaw Toollar
1 - New Configuration

2 - Load am Existing Configuration

3 — Bave Current Configuration

4 —Take n Single Reading

* - Calilwrate Enabled Chaels

6 — Return to WaveView

ShrpinBackaf 16 Liser's Manus [ Saftvare 40
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File
The Fife menn provides four finctions:

Set all paramotars 10 their defaull gatup satling

Logd 3 serverd 5en500 calibrabion connguraion

Save Currert Configuration

Sawva tha currant sensor caibeahion configuration far later racall

Return te Wave\ies

Ext the Sansor Conbgursiion window and reburn bo Waealis

Calibration

The Calibraton menu provides twa Tonctions:

| Take a Fingle Reading

This comimand alkws the usar o iake e singe readng and diEpiay he valuss in
thie Sensor Condiguration window.

| Calibrate Enabled Channes

This command will cabbrats al enablad channels

Bassword

The genzor calibration spplication provides pasaword protection. If you calibrate any StrainBook channels
[or WEK 16 expansion channels] snd then choose the password prodection opiian WaveView will prevent
other uzers from making changes to your calibraion file. The Pessverd menn provides three fonctioms:

Enter Pagsward
Set a Mew Password

Lk this cammeand 1o anter & pravoushy selaclad passsord, enabling wou o
changa parameters

This cammand alkres the usar 10 sakcla 4-7 cheracler passeord. & missage
Locis il ROMEL o Lo Bder & rew pasawiond. Typa a pasawond and prass
" entar, or dick o the "0F” button

Clear Pazsword

This command clears the passwird protechon. A message b wil prompt you
1 enber T chirrant passward. Tyge the cument passwond sivd press ™ erte”, or
clckon the 0K uttan

410 Sofpeegn

StrainBackt 16 Lser’s Manual
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Calbration Parameters Tab Sefected

Sarnid Latel 4
e D@ W B " .
! EaRtesion Paareiers | Charmel Vakis: |
| = Seesiidly Shal | Bt

Cr| Dol Serite | Bdge CoRMSO| ColsieDate | Unis Label | Swsslesl | Vo e it i |

L ey 15 | | [N Db | 01

01 var LosdCal o et | W M 1oy 30m

-2 Yer Tuwshes 2P Man W M 1nov

0.3 Yer Swen Gage FulBicge Sl 10 ot + M 100y 20m hh ]

0-4 Yir LosdCall Hame Piata S t M oy 000 —

(-5 Yer Swan Gage Ful Bidge Sunt P | | | t M 100v  20m 1930

G- Ve Svwn Gape Ful Dadgs 2 PrMen  © andeed W Mlmtw -

g7l i, ) T I )

Senzor Confignration Windaw

Colurmn Description

Callbrate? “es" ernables Be saleched channal 1o ba caibraad wilh the "calibrala ensbled channals”
opitica. "M presants the channel rom beong calibeabed AL Other calurma far thal chenned
will b disebiad if "no’ 15 setacted, Tha channel cam il Be turnesd onin WaresViswr

Sensor Type Frosdoies a means of Selecling tha sensar lype. The [hree svalebes Sansor [ypes &a
Strain Gage Load Cell_e2nd Transducer

Brldge Type Frovaces a mians of salacting tha bredoga type, Choces ére fullbridge . half-bridgs, and
quarter-bridpe This option s anly availzbés tor a strain gaps ssnsar in tha cakiorabion
pregramn . Tha bridge typa for any sensor can be changed from fie Sensar Canfpurahon
g

Calibratian Methad Allows tha celigrabion mathodta ba salectan [
Fassbia selections are indicalad in the
licns tio therighl. Thase caibration
methods are sxplansd later n the
dacumant

Calibration Date DCesplergs the time and date that the channel was catbrated. [T the channe ras ma baen
calibrerad, "Mot Calivraled” appeans in the Dok

Linits Tochengs the units: haghhight e desired box, bype-n the new paramestans, and than press
<Enter= on the keyboard or salact ancther b with the mause. Up to 5 characters can be
enilerad o this column . To il the entire column vath the valus of chennel ane, maks sure
“wag” i sakeoied in e “Cakbrate’ column. Then dick on tha column late with thie mouss.
A massage box wil eppaer, Chokoon “was™ All channels with the “celibrata’ funcion
enabied will ba Mikd. Changng the unifs bars will also change me units coumn in the
iavs Vaaw Confipuralar main windaw

Latal Lizad 1o label channals

Sansor Labal A saiial ramber o athés idkenlifging lebd Torthe sensar can ba emered hevs Up o 39
characters may b= sntarad and 16 wil be displaysd. Thafll option & eeailabla for ths
column dsaa Linils)

ShrpinBackaf 16 Liser's Manus
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Two Views Obtamed by Scroll Bar Movement

Column Description

Exc. Volts Lizad o changs 1he exciaion votage. Choose bebwoen 100, 5.0, 2.0, 1.0, .5, and "0
Crarging the excraion vollage an any chanmsd betwesan aneé and four will change Be value
on 8l fowr fowsr channets. Likewise, changing te eoatation volegs on any channe fe
harodigh sight will change the walue on 3l Fowr uppsr channels. Chanang ths Excradon
Wialtans here will aka chanpe the Sourss Leal column in Te Waee Wew Canfusalion

= LLEE ORI L

Gage Factor Lised far cabbirating Stram gages wih the Mame Plate callbration methcd. Ta chienge this

walug, select the bow and enter 4 numsber greater than 0 and eSS than 1000 The fill option
. 15 v el ebde Tor this column | 5es Linits)

Sensitivity This calurmn 18 used for ceibralng & load cell of trarsducer u=ing e Mams Plats

] calbration mathod. To change s velue, select Ehe Do and anber 8 number (reatsr
han 0 aned less than 1000 The Bl opbon (s avalabls far this column (5ee Unks)

Shunt Resistar This calume is used for cebbrating any semser using the Shunt calibration mathod The

[ahm} walua rrwst equal the vialue of the shunt resistor in ohms, To change the value, setact he
oo and enler & number grester thien O &nd less then 1000000 The shunt walue must not
eacead e vale enterad &3 the maimunm ioad. The 8l option 15 &eailable for s caumn

L |58 Linits). BRI

Bridge Resistar Lkt far cabbr dhng amy senser uding Hie Shunt calibration methad The valud relé 1o ths

[k} bikdpe anm thet & shurged during shunt calibration. To chenge the value, selact e bas and
entar g numier from B0 bo 1000 The I option |5 evalabk fof this colurn f5ee Units).

Full Rated Load This calurnn 19 usad for cabbrating 4 load cell o trarsducer wsing db Mame Plate

[Units) calioration method. To change B velue, select the box and anber @ number greassr than 0
and less than 100000, The full-rabad load must be graatar than the walua sntarsd for the
i spplied icad The Al oplian & avalsble for this coumn (S8 Unis).

Max Applied Load Lkzead for calbrating ary seaeor uglng any calibration methied To chengs the velus, selact

Units)} The b and eriter @ rumier gréster than 0 and less gan 1000000 This veloe st b
preater than the quiescenttans walus. The fll oifion &S svaitable Tor this cewmn fSee Uniks)

QuiescentTars This columm 1S used for cabranng any Sensor wsng eny cakbration method. The vakie

[Units] gneared s the vaue of tha guisscent load on tha sensar. To changs the valus, ssiect the
Do and encer & number beatesn —1 000000 and 1000000, This velus must b less than e
g mum applied load wakie Tha All option is evaikable for this column (ses Units),

Peart 1 This column 15 used far cakbratng anmy sensor using the Shunt, or 2-Foint Automatic

[y calbration mathod. The number must equal e inpat walie, in mv, of the St point in the
calipration. Tochanges tha velus, selact the box and enter a numbser batween - 10000 and
KK, Tre fil oplion 15 availgbie for this column [ses Units)

Peirt 1 This colurmn 15 us=d far calorabng any sensor weing the Shunt, 2-FPeint Automatic, or

(Units]} 2Pairt Manual caibration meicd. The number must aousl the valua, in e Sakscied
uries, of @ frst paint o the celiration. Tochange he wale, seoc he box and enter a
numbar Detwean - 1000000 and 000000, Tha fill cpsan IS aealabls for this column (5es
Linis)

Poirt 2 Lised for cally ating any sensor using the 2-Peinl Automatic calibration method The

[mv) nurnbar musl edqual the input value, inmy ol e second pentin the calbratian. Ta change
e vaue, Select the bodand enter & number batwsen -10000 and 0000 The Ml optian =
evalalvis for s column [see Units)

Poirt 2 Ths calupn is ussd far cabbirating any sensor using the 2.Pairt Automatic, or 2.Paint

[Uniks} Marvial ealibration mathed. The number mest squal the valus, inte sdactsd wmits, of

fhat secand point i tha calbirstion Te change tha vaua, sebect the bo end entir & nurmber
B - 1000000 and 1000000, The (1l agion i evalable for this caumn (S2e Units)

417 Softeesmn
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| Shunt (Internal Shunt) Calibration

The Shunt ealibration methed pertains to an intemnal shunt, For thas method two readings are acquired from a
biridge. The first reading is obtained with the bridge in it quiescent state, the second B taken with one leg of the
brdge shunied by one of three selectable resastors. The resistons are lecated on a plug-mn header inside the
StrainBook or WEELG module.  Shunt calibration appears as ° Shraet (BB, St (ROP, and "Shaat (REF inthe
list of ealibeation methods,

Thie Trtermal Shunt Caldheatson reguises that the usar entar the followng 7 parameters.

Excitafion - The value of the constant voltage smoce used 10 excite the gage.

Gage Factor - The Gage Factor value of the page used in the bridge. A Gage Factar of 2 15 typical.

St s - The value in COhms of the shunt resistor mounted on the header mside the StminBeok or

WEE LS module.

Bridge (hhmy - The resistance value of the gage, Tvpacelly 120 or 350 Ohms,

Max Load - The mastimum load value the geoe is expected to measure. This value could be lees than the
max rated load of the gage

Chutescent Lowd - The &f rest value of the lead applied to the gage. [ no load will be applied 1o the gage in
its quiescent state, enter “0" zero

Paing I Unirs - The minimum load value the gage & expected to measure.  This value could be greater than
the mmimum rated lood of the gage

Example: Excrtation voliage sosedto 2 volts, A Cuarter Bridae cireunt emploving g 350 Ohm strain gage witha
Grage Factor of 2 and a full load rating of +/- 1500 pe s connected fo a StrainBoeck [or WBE 16 channel]. The gage
will be wmad in an environment were the expested range of measurement 15 lmited 1o -200000 41000 pe. Thas geae
[in its quiescent state] kas a 300 pe load A 349650 Ohin precision resistor is available that will be mounted on the
plug-in hesder in Shunt Jocation BB Instroctions for installmg shunt resastors ane provided elsewhere in the
document. In this cxample the wser would enter the following values in the Calibration Param eters spreadshoet:

Cal Methed Shunt R(B)
Excitation = 2V,

Gage Factor=2

Shunt Ohms = 345 660
Bridge Ohms = 350
M Load = 1000
Qulescent Load = 500
Palnt 1 Units = 200

The accuracy of Shunt Calibration = directly related to the wlerances of the Shunt resistor, Ciage(s), and Bridge
Completion resistors used in the circwd In the event that a precision shunt resistor 15 unavatlable, WaveView
prowsdes an altermate way of celeulating Shunt celibration corstants. This method is ws fellows:

(&) Install an appropriate noa-precision shunt resigtor of a value that ereates the degree of bridge
im balance disired

() Press and kold the <Alt= key on the computer’ s keyboard; then atart the calibeation process

() Once the calibeation process has started you relense the <Al key

This alfersurte Shunt Calibraten method caleulnes the shunted load value from shunted and un-shunted bridge
voliage messurements; and then performa the equivalent of a 2 Point Marual calibration

44 Eobaars BETRC ShrainBook®1 6 Lser's Manwal

C-29



C3a. Sensor Calibration Example
0 Sensor type: Hitec Product weldable quarter-bridge strain gage
0 Gage Factor: 2.0
O Number of sensors: 10 strain gages
8 channels for StrainBook/616: ‘0-1" to ‘0-8’
2 additional channels for WBK16 expansion module: ‘1-1” and ‘1-2’
0 Bridge completion resistor (BCR): 350 Q
O Shunt calibration resistor: 57933 Q
This is an example of calibrating 10 quarter-bridge strain gages and the required procedures
illustrated in Figs. C-1 and C-2 are as follows:
Ixxi. Turn on the StrainBook/616 and WBK 16 expansion module (note: the module first and
then the StrainBook/616). Once the equipment is on, start ‘WaveView’ software.
Ixxii. Go to ‘File’ and select ‘New’.
Ixxiii. Under ‘On/Off” column (#1), select channels to be activated (i.e., switch to ‘On’).
Ixxiv. Click ‘Hide Inactive Channel Rows’ (#2) to have only activated channels displayed.
Ixxv. Select ‘mV’ (#3), ©-30.3 to 30.3° (#4), 5V’ (#5), and “1/4 Bridge’ (#6) for all activated
channels as illustrated in Fig. C-1.
Ixxvi. Click ‘Calibration’ (#7) which will open up a window, ‘StrainBook616/WBK16 Sensor
Configuration’ shown in Fig. C-2.
Ixxvii. Select the channels to be calibrated (i.e., switch to ‘Yes’) in the ‘Cal?’ column (#8) and
configure each sensor as follows:
Sensor Type (#9): Strain Gage
Bridge Type (#10): 2 Bridge
Calibration Method (#11): Shunt (Rd)
Exc. Volts (#12): 5V
Gage Factor (#13): 2.0
Shunt Resistor (#14): 57983
Bridge Resistor (#15): 350
Max Appl. Load (#16): 3000
0 Point 1 (#17): -3000
Ixxviii. Click ‘Calibration Enabled Channel’ (#18) to calibrate the selected channels.
Ixxix. Once the calibration is completed, click ‘Close’ (#19) and save the calibration file.

OO0OO0OO0O0O0OO0O0

B WaveView - WAVEVIEW. CFG (SErainBook_0)

e S EHEEETT B S

HFF | Eousce| B

CH | Gef#  Latal | Famdnge | Lt Fuarg '?:: _Z.::: h-l::a Wweaud | 8 T Tan | ww| 55
0-1 Oy cHIl [ Ml Ma 0. Bypass 00 O 0% 1 dBdge Mo =5
0-2|0n CHIE! [ Wle3d ko 0 ypans WS S0W  104Bndge Mo Bypaneed
0«3 | Oy CHI [ Ml Ma 0. Bypass pldcice 0% 1 BNdge Mo =5
0-4/0n CHIM [ Wledd Ko 0 Hypass W B S0W  1/4Bndge Mo Bypaneed
05 Cr CHIFG Iy Al Ha 0. Bypass o 0o 0% 1 MBAdge Mg Evpranied
n-§ Cr CHE [ Al Ha [ Eypaax T O 0% 14Bndge Ha Eypanned
07 Cr cHI? Iy -H1em Ha 0. Bypass o 0o 0W 1 MBRdge Mg Evpasied
n-§ Cr CHE L omiv Al Ha [ Bypaas A O 0% 1/4Bndge Ha Eypanned
1-1 Dn CHE I’ -MledMl Mo 0. Bypacs o 0c 0% 1 HBRdge N

1-7 | ix CHi [ 1rj- mi- i Ha 0L Bypass WL S0 m

Figure C-1.
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7 WaveView - WAVEVIEW.CFG (StrainBook_0)

File

it Wiew System

.
= -
B k]

(Al e @

~ Channel Configuration

Bridge Tvpe:

144 Bridge

2| e
3| [zfer]
E [slen]

0 |
BlEEH

i

CH | onfor | Label ‘ Peadings | Units  Range | 0| 2er0 | LPE o g ‘ i (e E’T";pg; Invert ‘ 5SH ‘
0-1|0n CHOT 0.omy¥ 30310303 Mo 0. Bypass 1000DC 50V  1/4Bridge No  Bypassed
0-2 |0On CHOZ2 0. -303t0303  No 0. Bypass 10.00 DC 50V  1/4Bridge No Bypassed
0-3 |On CHO3 D.omy 30310303 Mo 0. Bypass 1000DC 50V 1/4Bridge No  Bypassed
On CHD4 0. v -303t030.3  No 0. Bypass 10.00 DC 50%  1/4Bridge No Bypassed
On CHO5 0. mv -303t0303  No 0. Bypass 10.00 DC 50%  1/4Bridge No Bypassed
On CHOB 0. v -303t030.3  No 0. Bypass 10.00 DC 50%  1/4Bridge No Bypagsed
On CHo? 0. mv -303t0303  MNo 0. Bypass 10.00 DC E0%  1/4Bridge Mo Bypassed
On CHO3 0. my -303t030.3  No 0. Bypass 10.00 DC 0% 1/4Bridge Mo Bypagsed
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APPENDIX D

Installation of 4 MainDAQ815.EXE as a Service Program
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IXxX.
Ixxxi.
Ixxxii.

Ixxxiii.

Install FireDaemon software.

Double click on the FireDaemon Service Manager icon (shown in Fig. D-1).

In the FireDaemon Pro Service Manager window, go to ‘Select’ in the menu bar and
select ‘New’ option as shown in Fig. D-2.

Under the ‘Program’ tab in the ‘New Service Definition’ window (shown in Fig. D-3a),

a. Type in the name of a service program to be created (using alphabetic-numeric
characters only) in the ‘Short Name’ and ‘Display Name’ text boxes available in the
‘Service Identification Program’ frame.

b. Using the browse tool available, select the EXE program (4 MainDAQ815.EXE) to be
installed as a service program. By doing this, its working directory will automatically
be assigned.

c. Enter the start-up time (the time for which the program is forced to wait before it
automatically resumes) in the ‘Start-up Time’ text box. 60000 ms is recommended
(which is equivalent of 60 seconds).

I
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Sha Caled
Hedat {1 B |
BLELE | Cal-Sh k-1
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Iiredad 21 Cal-5h1-DFL

Create &t e S

Figure D-2. Creating a new service program in the FireDaemon Pro Service Manager

window
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(b) Settings tab
Figure D-3. New Service Definition window



Ixxxiv. Under the ‘Settings’ tab in the ‘New Service Definition’ window (shown in Fig. D-3b)
a. Enable the ‘Interact with Desktop’ option by clicking the check box (if selected, a
green check mark will appear in the check box).
b. Set the ‘Start-Up Mode’ to ‘Automatic’
c. Set the ‘Upon Program Exit’ to ‘Restart the Program’ and enter the time for which the
program is forced to wait before it automatically resumes (60000 ms recommended).
d. Click ‘Install’ to install 4 MainDAQ815.EXE as a service program.
Ixxxv. If successfully installed, a prompt dialog box will appear indicating that the installation
process is completed (Fig. D-4) and the service program created will be listed in the
FireDaemon Pro Service Manager window as shown in Fig. D-5.

FireDaemon g|

\12 Service MainDAgS1S' successfully installed.

Figure D-4. Prompt dialog box
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F flanor Serees Hanlal=15 Huawing Bunng Sudoimabe Lol S pslean

Figure D-5. FireDaemon Pro Service Manager window (service MainDAQ®815 installed)



APPENDIX E

Plots of the theoretical moments and strain due to each design load
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Figure E-1. Moments and strain due to lowa legal truck (Type 3) at the sensor locations

with respect to the first axle position
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Figure E-2. Moments and strain due to lowa legal truck (Type 4) at the sensor locations
with respect to the first axle position
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Figure E-3. Moments and strain due to lowa legal truck (Type 3S2 A) at the sensor
locations with respect to the first axle position
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Figure E-4. Moments and strain due to lowa legal truck (Type 3S3 B) at the sensor
locations with respect to the first axle position
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Figure E-5. Moments and strain due to lowa legal truck (Type 3-3) at the sensor
locations with respect to the first axle position
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Figure E-6. Moments and strain due to lowa legal truck (Type 3S3) at the sensor
locations with respect to the first axle position
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Figure E-7. Moments and strain due to H 20 truck (2 axles) at the sensor locations with
respect to the first axle position
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Figure E-8. Moments and strain due to HS 20 truck (3 axles — 14 ft) at the sensor
locations with respect to the first axle position

E-9




2000

Moment (ft-kips)
Strain (microstrain)
West Pier
1500 + N East Pier
< 1000 -
&
7 5
S 500 \
c
()
S
S
= 0 ‘ ‘ ‘ ! ‘ ‘
) 50 )1917 150 200 | 50 4
i
-500 - |
i
-1000
First Axle Position (ft)
(a) Sensors 1 and 4 in the center span
2
000 Moment (ft-kips)
Strain (microstrain)
West Pier
1500 ———— East Pier
< 1000
[
o
S 500
c
()
IS
S
2 O T T T T
D 50 100 300 350 4
-500 -
-1000

DO

First Axle Position (ft)

(b) Sensors 5 and 8 in the west end span

Figure E-9. Moments and strain due to HS 20 truck (3 axles — 15 ft) at the sensor

locations with respect to the first axle position
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Figure E-10. Moments and strain due to HS 20 truck (3 axles — 20 ft) at the sensor
locations with respect to the first axle position
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Figure E-11. Moments and strain due to HS 20 truck (3 axles — 25 ft) at the sensor
locations with respect to the first axle position
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Figure E-12. Moments and strain due to HS 20 truck (3 axles — 30 ft) at the sensor
locations with respect to the first axle position
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APPENDIX F

Evaluation Report (November 14", 2006 ~ December 14™, 2006)



Maritering Periad (11142008 3.00:18 PM ~ 120142008 43746 PM)

Mariitering Summary |micrasirain
Manitering }i;?'.'mm'-iﬂ'[" st I3

|Bu1m|'5 e Bensors '[z i EBEnsorT Bensom
Cuerload Event [221 ] o 22 218 0 [ 219
Threshald
Masimum 165 7 il 176 158 103 118 167
Arearmge 10 12 13 10 10 10 9 i
hesrage Slapa [ o o . o o o i
Alarm Event (Overloadfimpact)
1.0
Mumiber of Event {bin widin, 20 mcrostraing )
En [ ind ] |&0 El 100 120 140 160 1D (200
Misdmum
Sensorl  [137848 (@062 2455 =71 452 58 3 i 1 ] o
Bn 0 0 w0 &0 a0 8] 120 140 180 [ 200
Misimum
{Geneor2  |32638 5971 B ] o o o 0 0 o o
Bn 1 20 40 &0 a0 RC 120 140 160 16 200
Mimimum
|Sansers  |3gmar E7T3 223 3 1 o o 0 o a il
Eii 1] il 40 lan =0 :_1II| 120 140 160 1ED 200
Misimum
|Bﬁ'rw-li 245801 B4ES SEoD 2018 133 ea 12 5 1 = 2]
Ein [ 20 40 =1 00 120 140 1ED 1ED |200
Mimimum
|Bonzers  |05821 B ) |60 163 7 & i i 4 b
En 1] el o] lan =0 Aod 120 140 160 1ED (200
Misirmum
|Sonsorf 82610 $170 B 266 5 = 0 0 0] a 0
Bn i F 4l &l 100 120 140 16 180 200
Miimiim
Sensor?  [1gBeT  [100gE ) |52 13 4 a i ] o b
Bn it Y 4o 0 100 120 1400 160 188 200
Kisiirium
Senwed  |ISE114 (1OIET B80S 2600 =10 3 a H 1 ] ja
Creabed by lown Stsbe Uisuemsity Bridge Engnesing Cenier 1efl



Maonitoring Period (11/14/2008 2:00:18 PM ~ 1214/2006 4:37:48 PM)

Ciedes by lrva a2 neee by Dridgz Lot 22nny Lenle 24U

F-3



Maonitoring Period (11/14/2008 2:00:18 PM ~ 1214/2006 4:37:48 PM)

Ciedes by lrva a2 neee by Dridgz Lot 22nny Lenle Jau

F-4



Maonitoring Perind (11142006 2:00:18 PM -~ 121452008 4:37:45 P}

Hiskowgram (Sensor?}
230000 -
200000~
180000
LEC000 -
140000
g 12N -
100000 -
8000
BO000-
AL -
20000
-1 == | —
i I i L 1 1 ] i T T T [ T T T i T T T T
o a0 20 30 40 5 B0 70 BD S0 100 1100130 130 140 1500 160 170 180 190 200
Microstran |
Hiskon Fam (Sensnr]
e
25000
200000
175000 -
E 150000~
& 125000
* 1oanoo-
5000 -
000
25000 -
o- o | ErE———
1 i 1 i 1 1 1 1 i ] [] ] ) [] [ i ] ¥ [] i
0 10 20 30 40 S0 &0 FO B0 90 100 110 120 130 140 IS0 160 170 180 190 200
Mirorsiran
Daily Trends (Maximum & Average)
i N N W T
Eensor] SEnsorZ SEnsor] SeEnsend Sensed SEnEmeE SErmerT Sermerd
Lzl ] 2 d; ! | k2 1] [5:) 108
Lyl 10 ol CIg i s d i 7l 10g
Dy 105 47 Fd | ke T il 122
LibE 102 1 7. 1 =1 1 FA 3
Dy Ll 4z 4z 5 i £5 ET: i
[RESE] -3 B . L I L) vl Ui
Ly 113 i CIS bt | B ET ] ou
iy * 137 Ei M TLE 1.2 1] 101 1o
Lizyd HE i HL L L L [ 4
Clay3 1E% o i Af ra 55 1= = ns
N1 4 35 1% rs Ir1} F7 F in?
Dayil [H 34 & i 5 5 2 el
Ly 12 g ut L Tl " Ld L3 142
Deyld 1RE ki Ez il ] | =5 1z
Ml A Rl HE b T IS | k] 11
Layls 1ed ik EM “xd S14 1= 15 e
Miay1a ] 27 A= ‘T2 a3 F F7 =1
N1 1 aF iF ra FT Fi P k|
el Er e a S ety Ly Lridge Lo 2=mny cenlen 240



Maritering Periad (11142008 3.00:18 PM ~ 120142008 43746 PM)

Creabed by lown Stsbe Uisuemsity Bridge Engnesing Cenier

[Bemaon ] Senaned [gemseas Sensors |gensens SanserT Sansark
Dayla lo7 lea les an 77 a0 [ a0
Cayi9 104 5] s 108 an L T 104
Day=d 1534 62 |58 150 102 103 118 128
Dayz1 107 40 a1 128 56 68 74 134
Duy?2 108 35 45 141 [LE |88 7z 151
Dayss 126 (&0 |64 125 By |EE 40 13
Dayzd lar 35 s 112 a5 |63 |73 13
Dayzs laa 35 a8 a6 78 |s7 52 B4
Dayds 108 a4 a3 118 ar |?5 LES 105
Daye? 108 40 m 128 b |1 T 15
Duyzs 103 EE] a3 111 |ao 65 7z 56
Dy 141 48 58 174 130 |28 g7 167
Seardge (misnsini

|Bemaar |Bemnniz Samaned Senand Genaor Gandem Sandai? Sandaif
Dayd 11 13 11 12 11 11 11 I
Dayl i 1R i3 11 11 11 11 s fl
Dayz 10 11 13 10 L) 10 10 10
Duyd la 12 13 3 la ] 5 5
Day4 ] 10 10 E] g 7 7 B
Days 10 11 13 10 10 11 10 10
Cayd 10 12 13 11 11 11 11 11
Day? 10 11 12 11 10 10 10 10
Day2 fﬂ 11 12 : :] B T :3
Cuyil [10 12 13 a |10 [1n ] 2]
10 |z 13 J1s |l |a § 8 &
Day11 & 10 11 ] 8 7 7 T
Dayi2 10 12 13 11 10 11 10 10
Dayid 10 12 14 11 110 11 11 1
Dayld 10 11 13 11 10 11 10 10
Dayis 11 12 14 12 11 11 11 11
Duyis 10 12 13 i 1o 1 10 in
Dayl7 Ll LE] i L] a ] ] 1
Dayis la 12 12 a ] 6 7 7
Dayia 10 11 12 11 11 11 o 10
Dy 11 12 14 12 11 12 11 IT]
Cay21 10 11 13 10 10 11 10 1
Dayz2 10 12 14 11 11 12 11 10
Dayz3 12 11 13 10 10 10 10 10
Dy i 12 14 a a 4 il L]
Caysh il 11 12 @ L] 7 7 7
Dayze 10 11 13 11 10 11 10 10
Dayz7T 10 12 1£ 11 10 11 11 10
iyl 10 11 13 110 10 11 10 10
Du}lﬁ 11.] 1.2 1! 11 10 11 10 10

Sofl



Maonitoring Period (11/14/2008 2:00:18 PM ~ 1214/2006 4:37:48 PM)

Ciedes by lrva a2 neee by Dridgz Lot 22nny Lenle a0

F-7



Maonitoring Period (11/14/2008 2:00:18 PM ~ 1214/2006 4:37:48 PM)

Ciedes by lrva a2 neee by Dridgz Lot 22nny Lenle v

F-8



Maonitoring Period (11/14/2008 2:00:18 PM ~ 1214/2006 4:37:48 PM)

Lrid & Hepat
[merraning e 1152008 S00 18 P

Ciedes by lrva a2 neee by Dridgz Lot 22nny Lenle Jau









