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Field Performance of HES Class 50AF Concrete with Fibers as Field-Cast 

Connection between Deck Bulb-T Girders in Accelerated Bridge Construction 

Applications 

Thesis Abstract – Idaho State University (2019) 
 

The Idaho Transportation Department (ITD) is proposing to place high-early strength (HES) 

concrete with polypropylene fibers in 25-cm (10-in.) closure pours between girders. A previous 

research project was carried out to determine the effectiveness of the HES material and the 

connection detail by testing small and larger specimens with headed bars. Among the six 

closure pour concrete mixes considered, one was selected that had the largest compressive and 

tensile strength values and the lowest shrinkage value.  An ITD-specified mix has been 

implemented in construction of a new bridge near Preston, Idaho.  In this project, the bridge 

was instrumented with 94 sensors to monitor the performance of the HES concrete under 

known truck loading and commercial trucks. A finite element model was also refined to 

replicate strain data observed during load testing.  

 

 

 

 

 

Key Words: Bridge, Closure Pour, High-Early Strength, Concrete, Strain, Instrumentation, Finite 

Element, Bridge Loading 

 



1 
 

Chapter 1 Introduction 

1.1 Background and Motivation 

According to the Federal Highway Administration, approximately 47,000 of the 616,000 (7.6 

percent) bridges in the United States are in poor condition and only 28% of bridges in Idaho are 

in good condition (“U.S. Department of Transportation: Federal Highway Administration” 2019). 

The need for reconstruction of old bridges and construction of new bridges comes at a large 

cost. For this reason, it is important to research alternatives to cut costs without reducing the 

performance or lifetime of these bridges. 

Accelerated Bridge Construction (ABC) is one method being used to improve costly and 

time-consuming bridge construction and improve safety for the traveling public. Using precast 

bridge components is one technique used to reduce construction time. This reduces the 

amount of concrete that needs to be transported, placed, and cured at the bridge site. ABC can 

also reduce the amount of time a bridge needs to be closed or have limited traffic over it for 

construction so the impact on traffic is minimized.  

When using the ABC method of constructing a bridge it is important to provide adequate 

connections between the precast or prefabricated components. Doing so will allow for proper 

load distribution and better long-term performance of the bridge. For concrete girder bridges 

this can be done by using a closure pour connection where rebar extrudes from each girder and 

overlap each other in a concrete connection. Figure 1.1 shows an example of a closure pour 

connection. 
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Prior research has been completed by Casanova, et al. (2018) on creating a new 

conventional concrete mix for these closure pour connections. Traditionally, Ultra High 

Performance Concrete (UHPC) has been used in these connections. The only downside to using 

this material is the installed cost is significantly greater than that of conventional concrete.  

1.2 Problem Statement and Scope 

UHPC has been used in closure pour connections for its material properties. The 

compression strength for UHPC can be more than double that of high strength conventional 

concrete (Casanova 2018). As previously stated, UHPC is an expensive material to use on these 

bridge connections due to the amount of time and labor needed for installation and quality 

control. UHPC usually needs to be mixed on site in smaller batches and placing the material 

usually consists of using wheelbarrows to transport the material to the location on the bridge 

where it is needed. With conventional concrete, the material can be batched at any concrete 

batch plant and transported to the bridge site in a mixing truck. The material can then be 

Figure 1.1 Closure Pour Connection 
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pumped to the desired location on the bridge. Idaho Transportation Department (ITD) bridge 

engineers have estimated that the cost savings of using conventional concrete rather than 

UHPC can be over $100,000 per bridge based on the actual bid prices from the ITD’s 

contractors.  

Casanova, et al. (2018) has done research on creating a high early strength (HES) 

concrete for use in these connections and had good results. Consequently, ITD has chosen to 

incorporate a similar mix into the closure pour connection details for a replacement bridge on 

State Highway 36 (SH-36) over Bear River near Preston, Idaho.  

1.3 Objectives 

 This research focuses on the instrumentation, data collection, and finite element 

modeling of the SH-36 Bridge over Bear River. Specifically, the objectives of this project are to 

assess the performance of the HES concrete used in this connection detail and create a finite 

element model of the bridge to use for confirmation of experimentally obtained data from the 

bridge site. Another tool which was used to assess the feasibility of HES concrete in these 

connections was field observation. Field observation provides valuable information on what 

differences there are between the constructed bridge and the design plans. To complete all the 

objectives of the project, rebars inside the closure pour connection have been instrumented 

with strain gages and once the closure pour connection was finished, the concrete surface 

underneath the closure pour was instrumented with strain gages. The bridge was then loaded 

under known loads both statically and dynamically. Commercial traffic was also recorded to 

observe the behavior of the connection under normal daily traffic. Once the loading phase was 
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completed, the data was summarized and a computer model was created to replicate the 

bridge structure. The computer model was then loaded with the same load pattern as the 

known static load to compare the strain observed in the instrumented closure pour areas. After 

the collected data is processed and analyzed, recommendations can be made on the feasibility 

of HES conventional concrete used in closure pour connections. 

1.4 Thesis Overview 

 This research has been completed with collaboration from the Idaho Department of 

Transportation (ITD) and is an extension of the previous research done by Casanova et al 

(2018). This research investigates the feasibility of HES concrete used in closure pour 

connections between bridge girders by means of instrumentation of the bridge. The research 

has been summarized and described in the following chapters. 

1. Introduction: In this chapter a brief overview is presented on the background, scope, 

and objectives of this project. 

2. Literature Review: This chapter discusses prior research on instrumentation, loading, 

data collection, and finite element modeling of bridges.  

3. Instrumentation: Instrumentation of the materials in the closure pour connection and 

proper installation and protection of the instruments is presented in Chapter 3. 

4. Bridge Loading: This chapter describes the loading of the bridge and the different 

arrangements of the known loads.  

5. Data Collection: The data collection system used for this project is discussed in this 

chapter along with the protection of the instrumentation and wiring. 
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6. Finite Element Modeling: This chapter discusses the finite element model created to 

replicate the SH-36 Bridge. 

7. Results: Chapter 7 summarizes the data collected during this project and describes the 

process used to analyze and compare the data. Data obtained both experimentally and 

numerically are discussed in this chapter. 

8. Summary, Conclusions, and Future Work: This chapter summarizes the results and 

discusses the conclusions made from this research. Potential for future work is also 

discussed. 

Also included are table of contents, figures, tables, and appendices. The appendices include 

material data sheets, instrumentation installation instructions, program in Campbell 

Scientific Loggernet, and complete strain data. 
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Chapter 2 Literature Review 

The first step in any research project is to review previous literature to determine what 

the best approach is and review any issues encountered during similar projects. The literature 

review for this thesis will consist of four main components which relate to the research within 

this project. The first section deals with instrumentation of bridges and is focused on literature 

involving the instrumentation of typical bridges under various loading conditions. Secondly, 

prior research on static and dynamic loading of bridges is reviewed. This includes using large 

trucks of known weight to obtain experimental data for use in the process of refining a Finite 

Element Model (FEM). The third section reviews and explains both manual and electronic data 

collection and analysis on earlier research. The data collection mainly focuses on strain and 

temperature in and around the bridge. Section four summarizes literature on the creation of a 

FEM including modeling bridge elements and determining boundary or support conditions. The 

fourth section also reviews prior research on the refining of finite element models using 

updated material properties and the inclusion of non-structural components. This chapter ends 

with a summary of the research reviewed within this chapter.  

2.1 Instrumentation 

The practice of instrumenting bridges has been an effective way to determine how 

bridges perform under static and dynamic loading. It is the most effective way to get real time 

data on how a bridge is functioning. Instrumentation can include the use of strain gages, 

potentiometers, Linear Variable Differential Transformers (LVDTs), accelerometers, 

anemometers, thermometers and much more. Strain gages are used in many bridge monitoring 
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projects for their accuracy and small size. There are three main types of strain gages: vibrating 

wire, resistive, and fiber-optic. Hedegaard, et al. used all three types of strain gages in the 

instrumentation of the new I-35W St. Anthony Falls Bridge in Minneapolis, Minnesota after the 

collapse in 2007 and explained what each is used for. For the I-35 project, vibrating wire gages 

were used primarily for static measurements, resistive gages were used for dynamic 

measurements, and fiber-optic gages were utilized to determine the longitudinal curvature of a 

specific span of the bridge due to their long gage length (13 ft) (Hedegaard et al. 2013). For this 

project only resistive gages were used since they were long enough to capture true strain 

values and collect static and dynamic strain data. There are many important contributing 

factors when selecting and installing strain gages on steel and concrete surfaces. According to 

Micro-Measurements (2019), strain gages which are to be installed on concrete should be long 

enough to cover multiple lengths of the largest aggregate to get an average strain and not the 

local variations in strain due to cement and aggregate contact (“Strain Gage Selection: Criteria, 

Procedures, Recommendations” 2018). For strain gage installation on reinforcing bar Micro-

Measurements recommends using CEA-Series strain gages (“Strain Gage Installations for 

Concrete Structures” 2015). Both recommendations were followed during the selection of 

strain gages for this research project.  

Strain gage installation is a delicate and time-consuming procedure to ensure the gages 

are installed properly. The Micro-Measurements Tech Tip publication on Strain Gage 

Installation for Concrete Structures provides instructions on how to properly prepare the 

surfaces of rebar and concrete for gage installation. This involves grinding down the ribs on the 

rebar and pre-filling the pores in the concrete with the proper adhesive (“Strain Gage 
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Installations for Concrete Structures” 2015). These steps were followed as instructed in the 

Tech Tip and all recommendations on adhesive and gage selection were followed.  

Furthermore, proper surface cleaning procedures and placement of gage layout lines were 

done in accordance of the Micro-Measurement suggestions in the Tech Tip previously 

mentioned. One of the more challenging aspects of gage installation underneath the bridge on 

a flat surface is clamping the gage while the adhesive cures. For this project, most of the strain 

gages had to be installed upside down. Micro-Measurement Tech Tip 610 talks about strain 

gage clamping techniques and a version of one of the figures in the document was used to 

clamp the gages underneath the bridge. Figure 2.1 shows the clamping technique suggested by 

Micro-Measurements (“Strain Gage Clamping Techniques” 2015). The actual clamping 

procedure used in this project will be discussed in Chapter 3.  

 

Figure 2.1 Clamping Technique for Flat Surfaces 

For clamping on rebar Micro-Measurements suggests to use a clamping plate which matches 

the contour of the piece to be instrumented (“Strain Gage Clamping Techniques” 2015). For this 

project polyvinyl chloride (PVC) pipe halves were used to obtain the curved contour shape of 
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the rebar. More information on the clamping procedure used in this project is provided in 

Chapter 3.  

 Protection of strain gages is important to ensure proper measurements and the 

longevity of the gages. Micro-Measurements suggests using M-Coat JA to protect the strain 

gages as stated in Tech Tip 611 (“Strain Gage Installations for Concrete Structures” 2015). For 

this project a different gage protectant was used called M-Coat F.  This decision was made since 

M-Coat F was used in a prior research project on the same topic outlined in Casanovas’ thesis 

(Casanova 2018) and Micro-Measurements M-Coat F application instructions states M-Coat F is 

typically used in Bridge and rebar applications and on vertical or inverted surfaces (“M-Coat F 

Application Instructions” 2014). The final step in protecting the instrumentation is to protect 

the lead wires attached to the gages. For the gages embedded in the concrete Micro-

Measurements recommends placing the lead wires in a conduit to protect them from damage 

during placement and curing of the concrete (“Strain Gage Installations for Concrete 

Structures” 2015). For this project the lead wires for the rebar gages were protected using clear 

plastic tubing through the bottom of the bridge. Further protection of lead wires will be 

discussed later in this thesis.  

 Lead wires also need protection from electric and/or magnetic fields which can cause 

changes in low frequency analog signals (“Preventing and Attacking Measurement Noise 

Problems” 2001). According to Micro-Measurements, in an ideal instrumentation lead wires do 

not add or subtract anything from the measurement signal (“Leadwire Selection” 2010). It is 

also indicated there are many ways to protect cables from electric and magnetic fields but the 

most popular are twisted and shielded wires. The length of the wires greatly contributes to the 
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amount of noise seen in the system. Micro-Measurements states wires fifty feet or more can 

have significant levels of noise introduced into the system (“Noise Control in Strain Gage 

Measurements” 2013). For this project the maximum analog cable length is estimated to be 

forty-two feet, so there should not be a need for noise protection in the system. More 

discussion on noise protection and cable will be discussed in Chapter 5.  

2.2 Bridge Loading 

 Bridges see many types of loads but the most common is the vehicles which travel 

across them. Bridge engineering researchers have examined how the load is distributed 

between members in the bridge or how individual elements of the bridge behave under certain 

loads. Load testing of a bridge can be done both statically and dynamically to mimic the types 

of loading a bridge will see during its life cycle. The load can be placed on the bridge in such a 

way to induce maximum stresses at the instrumented locations or maximum stresses on the 

overall structure. Bridges are usually sectioned off by lanes and longitudinally by a 

predetermined length in order to obtain different arrangements of load. Provines, et al. 

sectioned their bridges into three lanes: centerline, upstream, and downstream (Provines et al. 

2014). Sanayei, et al. also divided their bridge up transversely the same way for two lanes of 

traffic (Sanayei et al. 2012). Many studies performed both static and dynamic tests with trucks 

of known load. Further, Chajes and Shenton explain each test should be repeated to make sure 

the data collected is reliable and repeatable (Chajes and Shenton 2006). The same practices will 

be used in this project and will be discussed in further detail in future chapters.  
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The objective of the static load test is to obtain strain data from the bridge in order to 

calibrate the finite element model (FEM) by replicating the stresses observed in the bridge 

(Sanayei et al. 2012). Static load tests are generally done with a truck of known axle weights 

parked in different arrangements. Hedegaard, et al. used eight sand trucks of known weight in 

five different static loading scenarios to examine longitudinal bending, load distribution, 

transverse bending, and load distribution due to torsional bending (Hedegaard et al. 2013). 

Provines, et al. parked unloaded trucks at mid-span and collected static strain data to 

determine if the loaded truck can be placed on the bridge. If they determined the bridge could 

handle a fully loaded truck they performed the same tests with the truck at mid-span to 

determine a load rating procedure for railroad flatcar bridges (Provines et al. 2014). In another 

study Sanayei, et al. performed static tests on three different travel lanes with a tri-axle dump 

truck of known axle weights traveling along the bridge and stopping at designated locations for 

ten seconds each to let the dynamic effect of the truck settle out of the bridge. Each of the tests 

were repeated three times for reliability (Sanayei et al. 2012).  

 Dynamic loading is done by having a load travel across the bridge at a predetermined 

speed. The dynamic test data includes vibration seen in normal travel across the bridge. From 

this research of existing literature one of the most widely used dynamic tests performed on 

bridges is the crawl test where a truck travels across the bridge at a low speed. The purpose of 

traveling across the bridge at such low speeds is to reduce the dynamic effect of the load (Barr 

et al. 2006). Most crawl tests performed in this literature search were performed at speeds 

around 5 miles per hour (mph). Some projects involved faster dynamic loading tests in 
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increments until the bridge speed limit was reached to determine the strain seen by the bridge 

under normal operating conditions.   

2.3 Data Collection 

 Data collection is the process of reading and recording the data from an experiment for 

it to be analyzed and processed. The most important components of data collection are the 

sampling rate, data integrity, and type of data collected. In a dynamic load test, it is important 

to have a fast sampling rate in order to not miss any peaks in the data.  It is also ideal not to 

have too much data so the right sampling rate can make data collection and processing much 

easier and more effective. The sampling rate for previous studies has ranged from 10-200 hertz 

(Hz) but only Sanayei, et al. used a sample rate larger than 50 Hz (Sanayei et al. 2012). Due to 

the range in sampling rate it was determined the optimum sampling rate for this project based 

on a trial and error method. For the number of sensors being used in this project (94 sensors) 

the maximum sampling rate the DAQ can record is 50 Hz (50 samples per second). A decision 

was made to sample at 30 Hz and analyze the data to determine if the data was complete. 

 Data integrity is a large concern in the use of data acquisition systems. If not addressed, 

data can become skewed and provide results not representative of the actual conditions 

occurring at the gage locations. Sources of error can come from magnetic/electrical fields, 

temperature fluctuations, and long lead wires. Sources of magnetic/electrical fields at a bridge 

site would include utilities, generators, and vehicles. If these sources affect the data, the strain 

data will appear as if it is oscillating like in Error! Reference source not found.. This oscillating e

ffect is usually called electrical “noise”. This noisy data came from a project where strain on 

steel truss bridges was measured under wind loading (Rutz et al. 2008). 
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Figure 2.2 Noisy Strain Data 

There are a few methods to reduce the amount of electrical noise seen in data. One 

method is to use shielded cable. The shielding protects the cable inside from most of the 

outside sources of noise and the shield is connected to a ground to eliminate sources of noise. 

The next method is to use twisted pair of wires. The twisted pairs of wires offer protection from 

both electrical and magnetic fields. Since the measurement is a differential measurement, the 

change in the wire due to electrical and magnetic fields are the same to both wires since they 

are tightly connected in a twisted pattern and therefore impact the data less (“Preventing and 

Attacking Measurement Noise Problems” 2001). Another method the Campbell Scientific data 

acquisition system uses to reduce electrical noise is integrating and averaging the signal to the 

measurement device. By doing this certain frequencies can be targeted and eliminated from 

affecting the data (“Preventing and Attacking Measurement Noise Problems” 2001). The data 

acquisition system used in this project is a Campbell Scientific system so this method has been 

used to help reduce noise in the data.  
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 The next section of data integrity is temperature fluctuations. Temperature fluctuations 

can affect the resistance of the wires which can in turn affect the strain data. The best way to 

cancel out the effects of temperature fluctuations is to try and make sure all wires experience 

the same temperature fluctuations. For three wire strain gages, it is best to make sure lead 

wires are all of the same length and placed together (“4WFBS120, 4WFBS350, 4WFBS1K 4-Wire 

Full-Bridge Terminal Input Modules (TIMs)” 2017). This will ensure the wires have the same 

resistance and experience the same fluctuations in temperature.  

 Long lead wires are the third potential source of error in data acquisition. When lead 

wires become longer the wires resistance become more of a factor in the data. Campbell 

Scientific provides mathematical and shunt calibration methods to account for longer lead 

wires. Another error which can be encountered when long lead wires are present is a sensitivity 

reduction in the system. The methods used to correct this error are the same as previously 

mentioned with the increased resistance due to longer lead wires. These methods are outlined 

in the manual for Campbell Scientific’s Terminal Input Modules (TIMs) (“4WFBS120, 4WFBS350, 

4WFBS1K 4-Wire Full-Bridge Terminal Input Modules (TIMs)” 2017). For this project, 

experiments were conducted in the laboratory to determine the effects of the longer lead wires 

and it was determined with a maximum lead wire length of 42 feet, the strain data is 

unchanged so the methods outlined above will not need to be used to correct for longer lead 

wire. Micro-Measurements also mentions problems due to lead wire length start to occur when 

lead wires are 50 feet or more (“Noise Control in Strain Gage Measurements” 2013). 

 The third part of data collection is the type of data being collected. Through research of 

previous literature there are many different types of data collected from bridges such as strain, 
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deflection, temperature, corrosion of reinforcing bars, acceleration, and tilt angles. For this 

project, strain data was collected to determine the behavior of the closure pour connections 

between bridge girders under different loading conditions. In previous research, Rutz, et al. 

collected strain, wind speed, wind direction, and temperature data to analyze the stresses on 

historic truss bridges in the state of Colorado (Rutz et al. 2008). Jáuregui, et al. used strain data 

from the I-40 Bridge over the Rio Grande River to evaluate the bridge and compared the data to 

the finite element model of the bridge in order to refine the model (Jáuregui and Barr 2004). In 

another project Cardini and DeWolf used strain data to determine the live load distribution, 

peak strains, live load stresses, and neutral axis location of the bridge and its elements. A finite 

element model was then created to verify the results of the acquired data (Cardini and DeWolf 

2009). Hedegaard, et al. collected strain, temperature, acceleration, and displacement data to 

determine the behavior of the bridge and refine their finite element model (Hedegaard et al. 

2013).  

2.4 Finite Element Modeling  

 Finite element modeling (FEM) is an important tool used to estimate the behavior of 

bridges before they are built. Most research dealing with bridges involves both physical 

measurements and computer modeling. There are three main steps in FEM which contribute to 

the accuracy of a model. The first step is modeling the bridge structure. Different elements are 

used to represent the girders, deck, columns, and reinforcing throughout the bridge. Secondly 

the supports need to be modeled to correctly replicate the actual support conditions occurring 

at the bridge. The final step is to refine the computer model to account for differences between 

the actual bridge and the bridge plans.  
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 Modeling the bridge structure itself involves knowing all dimensions and properties of 

the materials used in the construction of the bridge. Different elements can be used to model 

the various structural components of the bridge. The most widely used type of element in 

bridge modeling is the shell element. Hedegaard, et al. used shell elements to model the pre-

stressed strands inside the box girder flanges. The shell elements were given no bending 

stiffness and the appropriate axial stiffness to properly represent the stiffness of the strands 

(Hedegaard et al. 2013). Bell, et al. modeled a bridge with a concrete deck placed on steel 

stringers and used shell elements to model the deck and the steel reinforcing in the deck (Bell 

et al. 2013). Jauregui and Barr also used shell elements to model the concrete deck of the I-40 

Bridge over the Rio Grande River (Jáuregui and Barr 2004). Frame elements have been used to 

model steel girders in composite bridges. Also, solid elements are sometimes used to model 

bridge decks. Each element type has different properties allowing it to better represent the 

bridge being modeled. Choosing the element type to use in a model is determined on a case by 

case basis as it depends on how detailed the model needs to be and what properties are most 

important to represent accurately in the model.  

 Another important aspect of modeling the bridge is using an element which is sized 

properly. The size of the element determines how detailed the results will be. One should 

balance the element size to avoid long computational times but also still get reliable results. 

Hedegaard, et al. used an element size of 24 in. by 24 in. This resulted in roughly 500 elements 

along the length of the bridge and anywhere from 8 to 15 elements throughout the depth of 

the girders (Hedegaard et al. 2013). Jauregui and Barr used elements sizes of 14.5 in. by 12 in. 

transversely and longitudinally respectively. This was done to match the girder spacing. The 
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girders were also modeled with 12 in. longitudinal elements to match the deck model for ease 

of modeling (Jáuregui and Barr 2004). For this project an element size of 4 in. by 6 in. will be 

used as it will provide reliable results and save on time during the modeling process.  

 Correctly modeling the boundary conditions has a large influence on the overall model 

behavior. When modeling the overall bridge, boundary conditions are considered the bridge 

supports. The fixity of the supports is what is to be determined. This is usually altered to better 

match experimental results as there is no good way to determine how rigid the supports are at 

the bridge site. Bell, et al. modeled the bridge deck and steel girders supporting the deck. 

Elastomeric bearing pads were used in between the steel girders and cap beams to support the 

bridge. The elastomeric pads were modeled using linear rotational springs with the proper 

stiffness values to represent the steel reinforced bearing pads used on the bridge (Bell et al. 

2013). Jauregui and Barr considered three different support conditions in their finite element 

model. The first condition used pin supports at the fixed bearing locations and roller supports at 

the expansion bearing locations. The first model did not consider the pier stiffness. The second 

model used frame elements to model the pier. The base of the pier was fixed and the 

connection between the columns and the girder was rigidly constrained. For the third model, 

the intermediate connections were completely fixed so as not to allow translation or rotation 

This was done to represent the extreme upper limit of pier stiffness (Jáuregui and Barr 2004).  

Hedegaard, et al. modeled three out of the four spans of the I-35W St. Anthony Falls Bridge 

because there is an expansion joint between span four and five separating the forces acting on 

either side of the joint and keeps them from distributing across the joint. The profile view of the 

bridge is shown in Figure 2.3. For their model, Piers 2 and 3 were assumed to be fixed at the 
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base. Vertical constraints were used to model the bearing pads at Abutment 1 and Pier 4. Pin 

supports were used to model the connections at Piers 2 and 3 (Hedegaard et al. 2013). 

 

Figure 2.3 Profile View of I-35W St. Anthony Falls Bridge 

 The final step taken after a finite element model is produced and analyzed is to refine 

the model to better represent the actual conditions at the bridge site. The usual method for 

determining if the steps taken to refine the model are working is to compare the results of the 

model to experimentally obtained data using field instrumentation. There are multiple 

refinements which can be done to update a finite element model. The first and most common 

step is to update the concrete compression strength when the concrete from the project is 

tested in a laboratory. When concrete is produced at the plant it is made to be stronger than 

what the specifications ask for. This is to reduce any possibility of a batch of concrete not 

achieving the required strength. This step was taken by all researchers included in this literature 

review.  It is important to include all elements of the bridge into the model as they will almost 

certainly affect the stiffness and weight of the overall bridge. Bell, et al. modeled the safety 

curbs on the bridge since they observed the safety curb reinforcement was placed before the 

pour of the deck and would contribute to the overall stiffness of the bridge (Bell et al. 2013).  
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 Through research of existing literature dealing with the instrumentation and testing of 

bridges, many ideas were confirmed or realized which needed to be considered in this project. 

Properly attaching and protecting the instrumentation is important to ensure the longevity of 

the devices. Recording data needs to be done with care as the sampling rate and noise 

associated with data collection is crucial to collecting quality data. Creating a FEM of bridge is 

another large part of this project and extensive research was done on existing literature to 

make sure all components were covered. Correctly modeling bridge elements and the boundary 

conditions were covered in the literature review. Refining a FEM was also reviewed to 

determine what steps could be taken initially to create an accurate model which closely 

estimates the behavior of the bridge being studied in this project.  
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Chapter 3 Instrumentation 

3.1 Introduction 

The SH-36 bridge over Bear River was instrumented with 94 strain gages. All 

instrumentation is located along a cross section approximately twenty feet from the west end 

of the bridge. Lines representing the instrumented cross section and each of the four closure 

pour connections are shown in Figure 3.1. All strain gages, except for the six bulb strain gages 

are located at the four intersections of the red lines. 

 

Figure 3.1 Line of Instrumented Cross Section 

 

3.2 Rebar Gages 

On May 7-8, 2018, 64 strain gages were installed at the Forterra Structural Precast plant 

in Caldwell, ID. All the girders along the instrumented section on the southwestern span were 
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instrumented with strain gages on the reinforcing steel protruding from the girders which 

became part of the closure pour connection. The strain gages used for instrumenting the rebar 

in this project were 0.25 in. long and have a resistance of 350 ohms. They were purchased from 

Micro-Measurements and came with 10 feet of pre-attached lead wire. Further information on 

the strain gages used in this project can be found in Appendix A. There were 16 strain gages 

installed in each connection. Four headed rebars, two from each girder being connected, were 

instrumented with the rebar strain gages. Each of the four rebars were instrumented with four 

strain gages at two locations along the length of the rebar. 

Figure 3.2 shows a diagram of one headed rebar with strain gage locations. Two strain 

gages were placed on opposite sides of the rebar close to the interface between the girder and 

the closure pour concrete. Two more gages were installed on opposite sides of the rebar at a 

location close to the headed bars. Figure 3.3 shows one of the girders after all eight strain gages 

were installed on the reinforcing bars. 
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Figure 3.2 Rebar Strain Gage Diagram 

 

Figure 3.3 Instrumented Rebars 

The first step in the instrumentation process was to determine which headed rebars 

would be instrumented. It was decided the rebars to be instrumented would be located 

approximately twenty feet from the end of the top flange of the prefabricated girders at the 

southwest abutment. A line showing the section of the bridge which was instrumented can be 
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seen in Figure 3.1. The decision on the location of the strain gages (i.e., 20 ft from the end of 

the top flange) was made in order to safely install the concrete gages at the bridge site and still 

obtain transverse bending without any effects from the abutment to girder connection. Girders 

were measured and rebars which were selected to be instrumented were marked with yellow 

tape.  The installation process followed the same procedure as was previously followed for 

phase one of the ITD research project. The ribs on the rebar were ground off with an electric 

grinder in order to prepare a smooth surface for gage installation and remove any 

imperfections on the steel surface. Figure 3.4 shows the rebar after the grinding process was 

complete.  

 

Figure 3.4 Rebar with Ribs Removed 

After the grinding process was complete, the surface was cleaned using the conditioner 

and neutralizer purchased from Micro-Measurements. Once the surface was clean of debris, a 

digital caliper was used to measure four diameters of the rebar at all locations where strain 

gages were to be installed. The diameters of the rebars were measured to obtain more 
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accurate data when converting strain to stress observed in the rebar. The next step involved 

using a special gage installation tape from Micro-Measurements to tape the strain gages down 

to a clean piece of glass. This is done in order to place the strain gage on the rebar without 

touching the strain gage. Then the taped gages were transferred to the rebar. Once all gages 

were placed and ready for installation, a two-part epoxy (Micro-Measurements M-Bond AE-10) 

was prepared and placed underneath the gages and tape and were clamped for at least eight 

hours to ensure proper bonding. The data sheet for the epoxy used in this project can be found 

in Appendix A. The clamping procedure used is demonstrated in Figure 3.5. The clamping 

mechanism consisted of rubber pads to distribute the clamping pressure uniformly over the 

strain gages. In addition, 1.5 in. PVC pipes were cut in half longitudinally to create two PVC pipe 

halves. The PVC pipe pieces were glued to a small piece of wood for the spring clamps to apply 

pressure without slipping off the pipe. This clamping technique was tested in the lab and the 

strain gages adhered to the rebar without any problems. 

 

Figure 3.5 Rebar Clamping Technique 
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Once the clamps were removed, the tape covering the gage was also removed and two 

coats of polyurethane were applied over the gages to protect them from any dust or moisture. 

After the polyurethane dried, a protection called M-Coat F was applied over the gage areas to 

protect from damage caused by placement and curing of concrete. This protection was 

recommended by and purchased from Micro-Measurements. The M-Coat F protection 

consisted of a layer of butyl rubber placed completely around the rebar at strain gage locations 

followed by a layer of aluminum tape. The lead-wires were run through a small plastic tube 

which protected the wires which were encased in the closure pour concrete. The completed 

instrumentation and protection can be seen in Figure 3.6. Large PVC pipe halves were then 

taped over the instrumented rebar to protect the gages during transportation and placement of 

the girders. Once the girders and formwork were in place the PVC halves were removed and the 

wires which were protected by means of small plastic tubing which was run down through the 

formwork. Figure 3.6 shows a closure pour fully prepared for placement of concrete. The 

process of placing the concrete is shown in Figure 3.7. The placement of concrete consisted of 

concrete trucks delivering the closure pour concrete to the bridge site where it was then loaded 

into a pump truck at the end of the bridge and pumped through a large hose along the length of 

the closure pour for placement.  
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Figure 3.6 Closure Pour Prepared for Concrete 

 

 

Figure 3.7 Placement of Concrete in Closure Pour 
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After the concrete cured, the forms underneath the bridge were removed and the gages 

were tested to make sure all gages measured 350 ohms of resistance. A picture from below the 

bridge after the forms were removed is shown in Figure 3.8. Complete surface preparation, 

gage installation, and protection instructions are provided in Appendix B.  

 

 

Figure 3.8 Closure Pour with Rebar Gages Installed 

3.3 Concrete Gages 

Installation of concrete gages took place after the closure pour connections were 

poured, cured, and formwork was removed. The numbering system used in this project to 

identify closure pours is shown in Figure 3.9. The closure pour connection furthest downstream 

is labeled CP 1 and the remaining three were numbered in order. Closure Pour 1 was poured in 

August and the other three were poured the first week of November. 
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Figure 3.9 Closure Pour Numbering System 

Each closure pour was instrumented with 6 concrete strain gages in the orientation 

shown in Figure 3.10. One strain gage was placed over each interface between the girders and 

the closure pour concrete. Two more gages were placed on each side of one of the interfaces to 

observe if similar strains are occurring through the location of the interface. Two more gages 

were also placed at the center of the closure pour to observe the transverse and longitudinal 

strains occurring in the closure pour material.  

 

Figure 3.10 Concrete Strain Gage Arrangement 

In addition to the closure pour strain gages, the girders were also instrumented on each 

side of the bulbs on the interior girders. In Figure 3.11 the blue circles indicate the bulbs which 



29 
 

were instrumented with strain gages. The red indicates the approximate location for each strain 

gage. These gages were placed to calibrate and verify the Finite Element model which was 

created to replicate the actual conditions occurring at the bridge.  

 

 The process of instrumenting a concrete surface is similar to a steel surface but has a 

few differences. The installation of concrete gages was also different due to them having to be 

installed upside down underneath the bridge. The first step involved marking the concrete 

surfaces at the locations where strain gages were to be installed. Then an electric grinder was 

used to remove any surface irregularities. To clean the surface, degreaser was sprayed onto the 

concrete and wiped off with gauze pads. For final cleaning, the conditioner and neutralizer from 

Micro-Measurements was used to clean the surface. For installation of concrete gages an extra 

step of preparation is needed to assure the strain gage completely bonds to the concrete 

surface. The two-part epoxy which is used to attach the strain gages is used to fill in the pores 

on the surface of the concrete. This was done by creating a large patch of gage installation tape 

and putting the epoxy over the sticky side of the tape and taping the large patch over the areas 

Figure 3.11 Location of Bulb Strain Gages 
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to be instrumented. The tape was strong enough to keep the epoxy held up on the concrete 

surface until it was fully cured. This procedure is shown in Figure 3.12. 

 

Figure 3.12 Filling Pores on Concrete Surface 

 After the epoxy cured the tape was removed and the surface was ground down to the concrete 

surface, so the final bonding surface was the concrete with the pores filled in with epoxy. The 

surface was again cleaned with conditioner and neutralizer in preparation for gage installation. 

The next step involved placing strain gages on the surfaces using the gage installation tape. 

Once the gages were all placed, a two-part epoxy was prepared and placed underneath the 

gages and the gages were taped back onto the concrete surface for clamping.  

The clamping of the strain gages was difficult due to the inverted surface the gages were 

being installed on and the lack of another surface to use for leverage. In order to overcome this 

challenge a device was designed to apply the proper amount of pressure on the strain gages. 

The clamping devices consisted of a threaded rod approximately 4 inches in length with a spring 
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epoxied to one end. The other end of the spring had a small metal plate epoxied to it which was 

slightly larger than the size of the strain gages. On top of the plate was a piece of rubber used 

to distribute the pressure evenly to the strain gages. The threaded rod was then run down 

through plywood at the locations of the strain gages and the plywood was secured to 2 by 4’s, 

which were epoxied to the girders, with screws. Nuts were used to force the threaded rods 

upwards thus applying force through the springs and onto the strain gages. The springs were 

necessary to make sure all six gages had pressure applied to them. Figure 3.13 shows one of the 

spring devices used in a typical clamping mechanism. The circular steel plate in Figure 3.13 

represents the plywood and the rod can be forced upwards by turning the nut at the steel plate 

clockwise. The spring clamps were left in place for a minimum of 24 hours to ensure proper 

curing of the epoxy was achieved. Once the appropriate amount of time passed, the spring 

devices were removed, and the gages were checked for proper bonding to the concrete and a 

multi-meter was used to confirm each gage maintained a resistance of 350 ohms. Once all 

gages were checked, the plywood was reinstalled without the clamps for protection of the 

strain gages. 
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 (a) 

 

(b) 

Figure 3.14 Concrete Gage Clamping Mechanism: (a) 2 by 4 Supports, and (b) the Plywood 

Supporting the Six Spring Loaded Clamps 

Figure 3.13 Spring Clamping Device 
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3.4 Wiring and Protection 

Wiring of strain gages was done in November and December to complete the 

instrumentation of the bridge. Each strain gage installed came with ten feet of pre-attached 

wire, so no soldering was needed. For ease of access in the future, two large junction boxes 

were placed ten feet off the southwest abutment in the two interior closure pours. The first 

step was to extend all wires from the strain gages to the junction boxes. The amount of wire 

needed to extend all wires to the junction boxes was measured and proper lengths of wire 

were cut and spliced into the existing wires. Each strain gage comes with three lead wires color 

coded red, black, and white which are used to record strain. Each splice consisted of individual 

splicing of each of the three-color coded wires. The protection from the strain gage lead wire 

and the wire to be spliced to it was stripped down by roughly one inch. The color corresponding 

leads were then twisted together and taped using electrical tape. Once each of the three-color 

coded wires were spliced together, all three wires were taped back together to keep the 

connections from getting caught on other wires while running them through the protective PVC 

conduit system. Once the wires were spliced, a multi-meter was used to test all strain gages for 

a resistance of 350 ohms. This ensures all splices and connections of wires to the gages are still 

reliable. After all wires were tested, each one was relabeled at the end of the spliced wire using 

a label maker so they could be identified in the junction box. The next step was to bundle the 

sets of wires coming from each closure pour using electrical tape to prevent wires from getting 

caught on others while running them through the PVC conduit. Figure 3.15 shows part of the 

PVC conduit system used in this project.  
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Figure 3.15 PVC Conduit Protection for Strain Gage Wires 

 The PVC conduit system used consisted of ¾ and 1 ½ inch PVC pipe. The ¾ inch PVC pipe 

was used for conduit where only one set of closure pour wires were run. The 1 ½ inch PVC pipe 

was used in locations where multiple bundles of closure pour gages were run. Figure 3.16 

shows a diagram of the PVC conduit system used to protect strain gage wires. All strain gage 

wires were run through the PVC conduit to the locations marked in red. At these two locations 

the wires were then run an additional 10 feet closer to the southwest abutment so the wires 

could be accessed after construction of the bridge is complete.  
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Figure 3.16 Instrumentation Protection System 

 Another important aspect of the wiring of the bridge was knowing which wires were 

connected to which strain gage. In order to stay organized, a notation was used for all rebar 

strain gages and another was used for the concrete strain gages. The bridge girders which were 

instrumented were labeled 101 through 105 from North to South on the West span. The 

closure pours which were instrumented were labeled 1 through 4 starting from the 

downstream (South) side. The bulb strain gages (see Figure 3.11) were located only on the 

interior girders and labeled 1 through 6 starting on the downstream side. The labeling system 

which was used is in Table 3.1 and Table 3.2. 

Table 3.1 Rebar Strain Gage Labeling System 

Girder Number  East or West North or South Interface or 
Head 

Top or Bottom 

101- E=East N=North I=Interface T=Top 

105 W=West S=South H=Head B=Bottom 

 

Table 3.2 Concrete Strain Gage Labeling System 

Label Description 

Longitudinal Located in the middle of the closure pour material in the 
longitudinal direction 

Transverse Located in the middle of the closure pour in the transverse direction 
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CP (Closure Pour) Located completely on the closure pour material right next to the 
interface in the transverse direction 

Girder Located completely on the girder right next to the interface in the 
transverse direction 

Interface East Located directly on the East interface in the transverse direction 

Interface West Located directly on the West interface in the transverse direction 
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Chapter 4 Bridge Loading 

Load testing of the SH-36 Bridge was conducted from December 2018 through March 2019. 

The loading consisted of both static and dynamic loading. The static loading was done with 

known truck loads provided by the Idaho Department of Transportation and the dynamic 

loading was done by both known and unknown loads. The unknown loads consisted of 

commercial vehicle traffic with more than two axles.   

4.1 Static Loading 

 Static loading of the bridge was done using trucks with known axle weights placed in 

various positions on the bridge. The trucks are bridge inspection trucks known as “Under Bridge 

Inspection Trucks” (UBIT). Two separate UBIT trucks were provided on separate days for the 

purpose of testing the bridge under known load. The purpose of using two trucks to conduct 

testing was to obtain more than one set of data for determining the response of each directly 

loaded closure pour and for use in refining the computer model of the bridge. Having two 

separate loads to compare with the computer model ensures that the model is behaving similar 

to the actual bridge under various loads. The first truck provided was the smaller of the two 

trucks and the load testing took place on January 29th, 2019. The loading consisted of 12 

different truck locations for static testing. Figure 4.1 shows a diagram of the smaller UBIT with 

the approximate axle weights for the vehicle. The truck was weighed at a nearby weigh station 

before testing and the axle weights were close to the values provided in the diagram.     
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Figure 4.1 Small UBIT Diagram 

The static loading arrangements can be easily described by breaking the 12 load positions into 2 

groups of 6 positions. The first group of positions consisted of placing a front tire directly on top 

of the closure pours at the location where the closure pours were instrumented. The line of 

instrumentation is located approximately 20 ft. from the southwest abutment.  

The direct loading of the closure pours consisted of 6 positions. Each of the interior 

closure pours were loaded with both the driver and passenger tires. The exterior closure pours 

were only able to be loaded by one of the two tires due to size restrictions. Figure 4.2 shows 

the UBIT with the front passenger side tire directly loaded on Closure Pour 2. The loading 

process consisted of the truck slowly driving onto the bridge and parking directly over the 



39 
 

instrumentation for approximately 15 seconds to allow any dynamic effects to settle out. After 

15 seconds the truck backed off the bridge in order to zero the data acquisition system before 

the next loading position. The positioning of the static UBIT loads can be seen in Figure 4.3. 

 

Figure 4.2 Loading of Closure Pour 

 

Figure 4.3 Static UBIT Load Positions 
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The second set of 6 static loading positions consisted of parking the truck at the ¼, ½, 

and ¾ span locations on the instrumented span of the bridge. The truck was parked with the 

driver tires directly over the center line of the bridge in the transverse direction. These three 

tests were labeled Tests 2.1, 2.2, and 2.3, respectively. The second set of 3 tests were repeats 

of the first set except the passenger side tires were placed in the same positions as the previous 

3 tests. These three tests were labeled Tests 2.4, 2.5, and 2.6, respectively. 

Figure 4.4 shows the loading position where the truck is at the ½ span location and the 

driver side wheels are located on the centerline of the bridge. These six positions were 

performed the same way as the closure pour direct loading where the truck slowly pulled onto 

the bridge and parked in the proper position for approximately 15 seconds. Static loading for 

the larger UBIT took place on March 12th, 2019 and the same static loading positions were used. 

The only difference between the small and large UBIT loadings were the static loadings for the 

large UBIT were performed twice for repeatability. Figure 4.5 is a diagram of the large UBIT and 

includes the axle weights for each axle. The drop axle was down during all tests performed with 

the large UBIT.  
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Figure 4.4 UBIT at Center Span Location 

 

Figure 4.5 Large UBIT Diagram with Drop Axle Down 
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4.2 Dynamic Loading 

Dynamic loading of the bridge consisted of loading the bridge with both known and 

unknown loads. Dynamic loading was included in this research to observe the average stresses 

in the closure pour material during normal traffic conditions.  

Dynamic loading which consisted of known load was performed with the small and large 

UBITs. Four dynamic tests were performed with each of the UBITs. The first test consisted of 

the UBIT traveling over the bridge at a crawl speed (approximately 3 mph) with the driver side 

tires on the centerline of the bridge. The next test involved the truck traveling the same speed 

in the same direction with the passenger side tires on the centerline of the bridge. These two 

tests can then be combined to observe the reaction of two truck traveling over the bridge 

simultaneously along the center line. The final two tests were performed in the same manner 

as the previous two but at a speed of 10 mph. Figure 4.6 shows the large UBIT performing a 

dynamic test with the driver side tires on the centerline of the bridge. The data for these tests 

(Tests 3.1 through 3.4) can be found in Appendix D. 
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Figure 4.6 Large UBIT Dynamic Test 

Dynamic tests involving unknown loads were performed over multiple days and on various days 

of the week to obtain an average sample of traffic. A total of 20 hours of truck traffic data was 

obtained to analyze the average strains seen in the bridge. Individual events where a vehicle 

consisting of more than 2 axles were recorded during this time. For each event, the time, type 

of vehicle, number of axles, direction of travel, and any pertinent notes were taken. Pictures for 

most of the events were also taken from the end of the bridge to determine where the vehicle 

passed over the instrumentation in the transverse direction. Figure 4.7 shows an example of a 

data sheet used to record the individual events. 
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Figure 4.7 Commercial Vehicle Data Sheet 
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Chapter 5 Data Collection 

Data collection for this project consisted of collecting readings from 94 strain gage sensors 

at a rate of 33 samples per second. The data collection system used is a product of Campbell 

Scientific, Inc. and consisted of a CR6 Datalogger, six analog input modules (CDMs), and 94 

Terminal Input Modules (TIMs). The system was required to operate at its upper limit due to 

the sampling rate and number of sensors required in this project.  

5.1 Data Collection Hardware 

The data collection system consisted of four main hardware components: strain gages, 

TIMs, CDMs, and a CR6. Each of these components will be discussed in this section. A schematic 

of how each of the hardware components were arranged in the data collection system can be 

seen in Figure 5.1. 

 

Figure 5.1 Data Collection Schematic 
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The strain gages are the instruments which are attached to the steel and concrete 

surfaces on the bridge and record strain by means of a change in voltage. A specified voltage is 

sent through the strain gage and the change which is observed across the strain gage is 

recorded and used to determine the amount of strain the gage and material it is attached to is 

experiencing. For more information on the specific strain gages used in this project please refer 

to Chapter 3 and Appendix A.  

The strain gages were connected to the Terminal Input Modules (TIMs) using three 

wires which were color coded red, white, and black. The red wire is used for excitation where 

the voltage enters the strain gage. The other two wires are used to measure the voltage that 

leaves the strain gages. Figure 5.2 shows the wires for four strain gages correctly connected to 

the TIMs. All strain gages used in this project were 350 ohm gages and the TIMs used in this 

project were specific to 350 ohm strain gages. 
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Figure 5.2 Strain Gage Wiring to TIM 

The TIMs used were supplied by Campbell Scientific and were used to complete the 

Wheatstone bridge for accurate strain measurements. The data sheet for the TIMs (4WFBS350) 

can be found in Appendix A. A typical TIM used in this project can be seen in Figure 5.3. Figure 

5.3 also shows proper installation of a TIM on a CDM terminal block. The high, low, and ground 

prongs on the TIMs each inserted into the port corresponding with the same symbol on the 

CDMs terminal block. The black wire which comes out of the TIM is connected to the port 

labeled X which stands for excitation. For this project, four TIMs were required to share one 

excitation port since each CDM only has four total excitation ports. 
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Figure 5.3 Terminal Input Module (TIM) 

The CDMs were also provided by Campbell Scientific and are analog input modules that 

increase the number of channels in the data acquisition system. The CDMs used in this project 

were each able to add an additional 16 channels to the data collection system. A total of six 

CDMs were used in order to record data from all 94 strain gages at one time. The CDMs also 

work as an analog to digital converter. Converting the data from an analog signal to a digital 

signal prevents outside sources from interfering with the data. For this reason, it was decided 

to locate the CDMs closer to the strain gages to limit the length of wire that an analog signal 

would be transmitting through. A typical CDM used in this project is shown in Figure 5.4. 
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Figure 5.4 Analog Measurement Module (CDM-A116) 

 All six CDMs were connected to a CR6 by means of Ethernet cables. The data which was 

converted from analog to digital was sent to the CR6 where it was then written to a file on a 

connected computer. The CR6 was the central location of the data collection system where all 

data was sent to be recorded. The data sheets for all hardware components of the data 
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collection system can be found in Appendix A. A picture of the CR6 used in this project is shown 

in Figure 5.5. 

 

Figure 5.5 CR6 Datalogger 

5.2 Data Collection Software 

 The software used in this project is a product of Campbell Scientific called Loggernet. 

Loggernet uses a programming language called CRBasic to manipulate the data collection 

system. Campbell Scientific also provides a user-friendly way to create a CRBasic program 

through their Shortcut application. Shortcut allows for a new user to easily step through the 

process of creating a program without having to know the commands associated within it. For 

this project, the Shortcut application was used to build an initial program which provided the 

large majority of the program that was needed. Once the initial program was built using 

shortcut, it was opened in Campbell Scientifics CRBasic program editor for further refining. Due 

to the large number of strain gages (94) and the sampling rate (33 Hz), the data collection 
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system was operating at its upper limit. Therefore, many of the generic battery voltage and 

temperature measurements that are typically used to monitor the CDMs and CR6 needed to be 

removed from the program to allow for a sampling rate of 33 Hertz. A step by step tutorial of 

how to build the program and the final code used for this project can be found in Appendix C.  

 When testing was in progress the data collection system was collecting readings from all 

94 strain gage sensors at a rate of 33 samples per second. Due to the large amount of data 

being continuously collected the data collection system needed to continuously write data to a 

file on a laptop connected to the system. The file was written in a binary data format during the 

testing to allow the system to keep pace with the speed of the strain gage sampling rate. Once 

testing was completed, an application in the Campbell Scientific software called Card Convert 

was used to convert the binary file into an ASCII file which could then be imported into 

Microsoft Excel for post processing. 
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Chapter 6 Finite Element Modeling 

 The finite element model of the SH-36 Bridge over Bear River is presented in this 

chapter. Unlike the first phase of the project in which one span of this bridge was modeled, the 

revised model includes both spans, the cap beam, and the three columns at the center pier. The 

commercial finite element analysis software ANSYS was used to model the bridge. (“ANSYS 

Mechanical APDL” n.d.) The input data on bridge dimensions and materials were obtained 

either from the bridge structural plans or obtained at the bridge site.  

6.1 Introduction 

 Finite element analysis is a method of simulation based on the Finite Element Method 

(FEM) founded in the 1940s. One of the first individuals to contribute to the development of 

FEM in structural engineering was Dr. Ray William Clough. FEM was created as a numerical 

technique to find approximate solutions for partial differential equations. This method is based 

on breaking a problem into smaller pieces called finite elements. The main capability of FEM is 

the ability for detailed visualization of bending and torsion for a structure. For developing and 

simulating the finite element models in this project, ANSYS 18.1, a general-purpose FE software 

was used. The model consisted of replicating four main components of the bridge. The four 

main bridge components are the deck, girders, columns, and cap beam. These components 

were modeled using two different types of elements. These elements are beam and shell 

elements.  
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6.2 Shell Elements 

 Shell element 181 was used to model the deck structure on the SH-36 bridge. According 

to ANSYS, SHELL 181 is suitable for analyzing thin to moderately thick shell structures and is a 

four-node element with six degrees of freedom at each node: translations in the x, y, and z 

directions, and rotations about the x, y, and z-axes. SHELL 181 is well-suited for linear, large 

rotation, and/or large strain nonlinear applications. (“Shell 181 Element Description” 2019) 

Shell elements are used in this project to model the concrete overlay and deck portion 

of bridge girders. The thickness of the shell elements vary in both the transverse and 

longitudinal direction. The data for the thickness was obtained through survey data of the 

bridge. Due to the variations of thickness in both the transverse and longitudinal directions 72 

different sections were introduced into the model to account for all the different shell 

elements. The size of the shell elements used in this project are 4 in. in the transverse direction 

by 6 in. in the longitudinal direction. Figure 6.1 shows the cross section of the modeled bridge 

and the variations in deck thickness across the width of the bridge.  
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Figure 6.1 Cross Section of Modeled Bridge Deck 

 

6.3 Beam Elements 

 For this project, the BEAM188 element was used to model the web and bottom bulb of 

the bridge girders. BEAM188 is suitable for analyzing slender to moderately stubby/thick beam 

structures. The element is based on Timoshenko beam theory which includes shear-

deformation effects. The element provides options for unrestrained warping and restrained 

warping of cross-sections. The element is a linear, quadratic, or cubic two-node beam element 

in 3-D. BEAM188 has six or seven degrees of freedom at each node. These include translations 

in the x, y, and z directions and rotations about the x, y, and z directions. A seventh degree of 
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freedom (warping magnitude) is optional. This element is well-suited for linear, large rotation, 

and/or large strain nonlinear applications. (“Beam 188 Element Description”) 

 Figure 6.2 shows the element summary for the beams used to model the girders in this 

project. The beam elements were placed below the deck at the centroid location of the girders. 

The dimensions given to the beam elements in this model are the dimensions in the plans and 

confirmed at the precast plant where the girders were made. Figure 6.3 shows the cross section 

of the modeled deck and girders. 

 

 

Figure 6.2 Beam Element Summary 
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Figure 6.3 Cross Section of Modeled Deck and Girders 

 The final step in creating the model was to model the columns and cap beam. These 

were modeled by using the beam elements as well. The SH-36 bridge consisted of three 

columns and one cap beam at the center of the bridge. Figure 6.4 shows the model including 

the columns and cap beam. The bridge supports were assumed to be fixed at the base of all 

columns and at the two ends of the bridge for one test and fixed at the base of all columns and 

roller supports at the ends of the bridge for the second test.  
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Figure 6.4 Columns and Cap Beam 

6.4 Model Assumptions 

The analysis of the model consisted of linear elastic materials. This was done since no part 

of the bridge was to see any permanent (nonlinear) deformation. The modulus of elasticity 

used for the bridge girders in this analysis was calculated using American Association of State 

Highway and Transportation Officials (AASHTO) equation for concrete with compressive 

strengths greater than 5,000 psi since the girders had a compressive strength of 10.7 ksi. The 

equation is shown below. 

𝐸𝑐 = 33,000 ∗ (0.14 + 0.001 ∗ 𝑓𝑐
′)1.5 ∗ √𝑓𝑐

′                                        (6.1) 

where: 

𝐸𝑐 − 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 𝑜𝑓 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 (𝑘𝑠𝑖) 

𝑓𝑐
′ − 𝐶𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ (𝑘𝑠𝑖) 
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The cap beam and columns have compressive strengths of 5 ksi or less so the following 

AASHTO equation was used to determine the modulus of elasticity. 

𝐸𝑐 = 33,000 ∗ 0.1451.5 ∗ √𝑓𝑐
′                                               (6.2) 

 The Poisson ratio used for this model was assumed to be 0.2. The Loading of the bridge in 

ANSYS was done at the same locations as in load testing with the UBIT vehicles. For the FE 

model, only load tests 1.1 through 1.6 and 2.1 through 2.6 were analyzed. The weights of the 

axles for each UBIT was used for load testing of the FE model. The only issue with loading the 

model bridge in this project was that the tire loads were not able to be placed at the same 

location as the field tests. The tires were offset two inches due to the arrangements of the 

elements. To fix this issue, two simulations were run; one with tire offsets upstream of the 

instrumented area, and one downstream. Then by averaging the data from the two, a more 

realistic strain is obtained for the actual loading conditions. Another issue that was the strain 

gage locations on the model were located inside elements and not on the border of elements 

where results are calculated. So, in order to obtain data for the location where the strain gages 

were, linear interpolation was used between the edges nearest to the strain gage locations to 

obtain more accurate results. The results of FE modeling can be found in Chapter 7.  
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Chapter 7 Results 

This chapter reviews the results from load testing and computer modeling of the SH-36 

Bridge over Bear River. There are three main sections: static loading results, dynamic loading 

results, and computer modeling results. Load tests were performed with vehicles of both 

known and unknown weights. Tables and graphs have been produced to summarize and 

simplify the results. 

7.1 Static Loading Results 

 Static Loading consisted of using ITD Under Bridge Inspection Trucks (UBIT) of known 

weight in various positions on the bridge. Further information on the load positions used in this 

project can be found in Chapter 4. For each load position the data collection system was 

zeroed, the vehicle would then drive onto the bridge and park in several locations. The truck 

would remain parked for about 15 seconds to allow any dynamic effects to settle out and then 

the truck would pull off the bridge to complete the test. For the duration of each load case, 

traffic would be stopped so the only strain observed would be the strain caused by the UBIT 

vehicles.  
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Figure 7.1 Static Loading 

For each test, all 94 strain gages recorded at a rate of 33 samples per second. After 

testing was completed for each day, the data would be exported from the data collection 

system in a text file. The text file would then be imported into Microsoft Excel. Once the data 

was imported into Excel, the rebar strain gages which are located on top and bottom of the 

rebar at the same location along the length of the rebar were averaged to obtain an average 

strain at that location on each instrumented rebar. Once the appropriate strain gages were 

averaged, individual Excel sheets were made for each load case. This was done to reduce the 

amount of data and organize each load case onto its own Excel sheet. For each load case, eight 

graphs were made to show the rebar and concrete strain occurring in each closure pour. For 

each closure pour, two graphs were made. One for the eight rebar gage averages and one for 

the six concrete gages. Figures 7.1 and 7.2 show the graphs for Closure Pour 1 for load Test 1.1. 

The naming convention used for these graphs start with the UBIT vehicle which was used for 

the test, followed by which load case was being performed. The next part identifies the closure 



61 
 

pour which is graphed and finishes with either the rebar or concrete gages. All phases of the 

load test can be seen in these graphs. The data collection system was zeroed at record number 

500, the small UBIT then travelled onto the bridge and parked on the designated location from 

approximately record number 2000 to 2500, the truck then backed off the bridge to complete 

the Load Test 1.1. A total of 12 different static loading cases were conducted.  Six tests were for 

the small UBIT and six tests for the large UBIT. 

 

Figure 7.2. Rebar Strain Data in Closure Pour 1 for Test 1.1 (Small UBIT) 
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Figure 7.3. Concrete Strain Data in Closure Pour 1 for Test 1.1 (Small UBIT) 

 

 After all graphs were made for the UBIT loadings, Tables D.1 and D.2 in Appendix D were 

prepared to summarize the strain data from the UBIT loadings. One table was made to 

summarize the concrete strain gages and the other summarizes the rebar strain gages. The 16 

rebar strain gages in each closure pour were averaged to get four values. Figure 3.2 shows the 
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observed throughout the project for both static and dynamic loads. 
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The next step in summarizing the static loading consisted of summarizing the maximum 

values of strain from the concrete strain gages in each closure pour for each load test. Along 

with noting the maximum concrete strain in each closure pour, the location of the largest 

concrete strain was also noted. In Tables D.3 and D.4 of Appendix D the maximum rebar strain 

of all instrumented rebars was also included along with the corresponding rebar stress and the 

location where the maximum rebar strain was observed. 

After the maximum values were summarized, the next step involved creating graphs of 

the front wheel force versus strain to compare the effects of the small and large UBIT vehicles 

which is shown in Figures 7.3 and 7.4. Figure 7.4 shows the bilinear graph created using the 

maximum values observed in the concrete strain gages. Figure 7.5 shows the bilinear force 

versus strain graph created for the rebar strain gages. This was done to determine if a linear 

trend could be observed between the strain of the small and large UBIT vehicles. To do this, 

two graphs were made; one for concrete gages and one for rebar strain gages. For each graph, 

only the interface strain gages were considered since the interface was the area which saw the 

most strain. As noted earlier, it was also observed throughout the data analysis process that 

Closure Pour 2 had significantly higher strains than the other three closure pours so it was 

decided to graph data for Closure Pour 2 separately on the same graph. It was also observed 

that, in each closure pour, one interface had larger strains in both the rebar and concrete gages 

than the other closure pour. It can be argued that the strains at the two interfaces of a closure 

pour connection are not independent of each other and reporting both values would not be 

conservative. For this reason, it was decided to include the mean and the standard deviation of 

the larger interface concrete and rebar strains for the comparisons shown in Figure 7.3 and 7.4. 
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Each graph consists of four data points. Two data points correspond to the small UBIT; one for 

Closure Pour 2, and one for Closure Pours 1, 3, and 4. The other two data points correspond to 

the large UBIT loading in the same way as the small UBIT. Each of these four points is an 

average of the six maximum values observed in the interface strain gages while the 

corresponding closure pours were directly loaded by the UBIT vehicles during the six direct 

loading positions. The points were then connected with lines to determine if a linear trend is 

observed between the two UBIT vehicles. Error bars were also included which represent one 

population standard deviation on each side of the data point.  

 

Figure 7.4 Bilinear Front Wheel Force vs Strain for UBIT Loading (Concrete Strain Gages at the 

Interface) 
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Figure 7.5 Bilinear Front Wheel Force vs Strain for UBIT Loading (Rebar Strain Gages at the 

Interface) 

The rebar behaved linearly between the Small UBIT and the Large UBIT vehicles. The 

concrete strain gages did not behave in the same linear fashion. This could be partially due to 

the nonlinear behavior of concrete. Figure 7.6 shows a typical stress vs strain graph for 

concrete. In Figure 7.6, the line representing the concrete deviates from the initial tangent 

modulus at very small stress values compared to the concrete’s ultimate strength. This 

continuous softening of the concrete in Figure 7.6  is a possible reason for the nonlinear 

behavior seen in Closure Pours 1, 3, and 4. Closure Pour 2 shows much higher strain values than 

the other three closure pours for the concrete strain gages. More conclusions on the 

nonlinearity are discussed in the next chapter.  
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Figure 7.6 Stress vs Strain Curve for Concrete (Wight 2016) 

7.2 Dynamic Loading Results 

 Dynamic loading of the bridge consisted of both UBIT vehicles and commercial traffic. 

For the UBIT vehicles, the dynamic load tests consisted of a 10 mph and a crawl speed 

(approximately 3 mph) test. Figures 7.7, 7.8, 7.9, and 7.10 show dynamic loading strain data for 

the small and large UBIT trucks. Figures 7.7 and 7.8 show data for Closure Pour 2 whereas 

Figures 7.9 and 7.10 show strain data for Closure Pour 3. The concrete strain data is the strain 

from the larger of the two concrete interface strain gages. The rebar strain data is the data 

from the rebar that corresponds to the larger concrete interface. It can be seen in these figures 

that there is not much of a difference in strain between the different travel speeds in this 

project. The results of this project show that the strain observed throughout the load tests 



67 
 

were all within the approximate yield strain of 140 microstrain for concrete except for Closure 

Pour 2. Closure Pour 2 went above this threshold at times but no visible cracks appeared under 

the bridge during controlled load testing. Also, the rebar strain data was all within the yield 

strain of 2,069 microstrain for the steel reinforcement.  

 

Figure 7.7 Dynamic Interface Maximum Strain Data in Closure Pour 2 for the Small UBIT 
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Figure 7.8 Dynamic Interface Maximum Strain Data in Closure Pour 2 for the Large UBIT 

 

Figure 7.9 Dynamic Interface Maximum Strain Data in Closure Pour 3 for the Small UBIT 
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Figure 7.10 Dynamic Interface Maximum Strain Data in Closure Pour 3 for the Large UBIT 
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events, two graphs were made for each closure pour; one for rebar gages and one for concrete 

strain gages. This gave a total of eight graphs for each individual event. After all graphs were 

made, the maximum value of strain for the concrete strain gages for each closure pour was 

recorded into a table along with the location of the largest concrete strain observed throughout 

all the concrete strain gages. The maximum rebar strain which was observed and the location 

where it was recorded at was also noted in the table along with the corresponding stress in the 
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rebar. This information can be found in Appendix D in Table D.5. The final graphs which were 

made consisted of graphing the maximum strain in each closure pour for each truck event. A 

total of eight graphs were made; four for rebar strain gages (one for each closure pour), and 

four for the concrete strain gages (one for each closure pour). The graphs show the strain vs the 

number of axles for each individual event. Different symbols were given to eastbound and 

westbound traffic to show the trend each direction of travel has on each closure pour. Figure 

7.11 shows the completed graph for the concrete strain gage maximums in Closure Pour 3 for 

the commercial traffic. Figure 7.12 shows the rebar strain maximums in Closure Pour 3 for 

commercial traffic. The remaining graphs for commercial traffic can be found in Appendix D. 

 

Figure 7.11 Maximum Concrete Strain in Closure Pour 3 Versus Number of Axles for 

Commercial Traffic 
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Figure 7.12 Maximum Rebar Strain in Closure Pour 3 Versus Number of Axles for Commercial 

Traffic 

7.3 Finite Element Results 

For the finite element analysis done in this project, Load Cases 1 and 2 were analyzed. 

For Load Case 1, the front tires loads were applied using pressures with the same area as the 

UBIT truck tires. The rear tires were then applied as point loads as the rear tires are not located 

near the instrumented area and applying pressures is not required at such distances. For Load 

Case 2, all loads from tires were applied using point loads as they were further away from the 

instrumented area.  
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 Table 7.1 shows the results for Load Case 1 where the closure pours were directly 

loaded at the location of instrumentation. The numerical results match up with the 

experimental data well except at Closure Pour 2 which was expected.  

Table 7.1 FE Results for Load Case 1 

 Small UBIT Large UBIT 

Load Case 

Experimental 
Average Strain 

at Interface 

Numerical 
Average Strain 

at Interface 

Experimental 
Average Strain 

at Interface 

Numerical 
Average Strain 

at Interface 

1.1 11.0 9.9 18.3 17.3 

1.2 45.0 9.5 172.5 16.9 

1.3 84.5 11.0 171.3 18.8 

1.4 11.5 10.2 19.5 18.5 

1.5 11.0 10.1 17.5 18.0 

1.6 8.5 9.4 19.0 17.2 

 

Table 7.2 and Table 7.3 show the small and large UBIT experimental and finite element 

results for Load Case 2. The values represent the average of two girder bulb strains. As 

previously stated, the model was run twice with different support conditions. The first 

condition was to assume that all supports were rigid or fixed. The second condition was 

assuming that only the column base connections were fixed and to have roller connections at 

the ends of the bridge. From the following tables it can be seen that the actual support 

conditions of the bridge are somewhere between the two assumptions. Some results for Load 

Case 2 are not as close to the experimental as Load Case 1. This could be due to the load being 

applied further away from the instrumented area. Since the load is located further away there 

are more factors that can influence the results. Even with some of the data being a little off, 

most of the numerical modeling showed good results and are well within range of the 
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experimental results to be considered accurate. More detailed tables on the finite element 

model and results can be found in Appendix D.  

Table 7.2 Experimental and FE Bulb Strain Results for Load Case 2 (Small UBIT) 

 Experimental 
Numerical  

(All Supports Fixed) 

Numerical 
(Columns Fixed, Rollers at 

Ends of Bridge) 

Load Case 
Girder 

102 
Girder 

103 
Girder 

104 
Girder 

102 
Girder 

103 
Girder 

104 
Girder 

102 
Girder 

103 
Girder 

104 

2.1 3 6.5 6 0.34 2.61 2.10 9.68 13.69 13.71 

2.2 1 -1 -1 -5.74 -7.63 -7.79 6.83 6.41 7.28 

2.3 -1 -2 -2 -4.85 -5.71 -6.01 3.21 3.07 3.42 

2.4 6 7 3 2.10 2.61 0.34 13.71 13.69 9.68 

2.5 -1 -1 0.5 -7.79 -7.63 -5.74 7.28 6.41 6.83 

2.6 -2 -2 -1 -6.01 -5.71 -4.85 3.42 3.07 3.21 

 

Table 7.3 Experimental and FE Bulb Strain Results for Load Case 2 (Large UBIT) 

 Experimental 
Numerical  

(All Supports Fixed) 

Numerical 
(Columns Fixed, Rollers 

at Ends of Bridge) 

Load Case 
Girder 

102 
Girder 

103 
Girder 

104 
Girder 

102 
Girder 

103 
Girder 

104 
Girder 

102 
Girder 

103 
Girder 

104 

2.1 5 13 12.5 0.54 3.26 2.54 17.20 23.24 23.55 

2.2 2.5 -1.5 -1.5 -10.90 -15.15 -15.41 16.15 15.33 17.31 

2.3 -2 -5 -5 -11.16 -13.30 -13.97 7.77 7.42 8.29 

2.4 12 12 5 2.54 3.26 0.54 23.55 23.24 17.20 

2.5 0 -1.5 2 -15.41 -15.15 -10.90 17.31 15.33 16.15 

2.6 -4.5 -5 -1.5 -13.97 -13.30 -11.16 8.29 7.42 7.77 
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Chapter 8 Summary, Conclusions, and Future Work 

The purpose of this research project was to determine the adequacy of high early strength 

(HES) concrete for use in closure pour connections between bridge girders. Specifically, the 

objectives were to assess the performance of HES concrete used in the connection detail of SH-

36 Bridge over Bear River and create a finite element model of the bridge for confirmation of 

some of the experimentally obtained data. This chapter summarizes the experimental and 

numerical results of this research. The conclusions reached from this research project will also 

be discussed as well as the possibility of future work on the long-term performance of the 

connections. 

8.1 Static Loading Summary 

 The static loading done in this project consisted of using Under Bridge Inspection Trucks 

(UBIT) vehicles of known weight to induce direct loads on the closure pours at the location of 

instrumentation. These same vehicles were also used to load the bridge at ¼, ½, and ¾ span 

locations to observe the global behavior of the closure pour connection. The goal of using two 

different UBIT vehicles was to observe the change between the two vehicles and determine if 

the strain observed in the bridge increased linearly between the two vehicles. It was also 

observed that the concrete strain data was all under the modulus of rupture strain threshold of 

approximately 140 microstrain except for Closure Pour 2 which was expected. The strain data 

for rebar was all under the yield strain for steel reinforcement.  
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8.2 Dynamic Loading Summary 

 Dynamic loading in this project consisted of using the same UBIT vehicles from the static 

loading as well as the dynamic load caused by normal traffic on the bridge for larger vehicles. 

The UBIT dynamic loads performed involved the UBIT vehicles traveling across the bridge on 

the centerline at both a crawl (approximately 3 mph) and 10 mph speed. Results were obtained 

and recorded and graphs showed that there were minimum dynamic effects present between 

the different travel speeds used in this project. Similar to the static strain results, the UBIT and 

normal traffic strain data for the concrete strain gages only exceeded the modulus of rupture 

strain threshold at Closure Pour 2. All rebar strain gages stayed within the yield strain 

threshold.  

8.3 Finite Element Summary 

 For this project a finite element model was created to replicate the SH-36 bridge. Shell 

and beam elements were used to model the deck, girders, cap beam, and columns of the 

bridge. All supports were assumed to be fixed in the first analysis whereas only the columns 

were fixed and the ends of the bridge were assumed to be roller supports for the second 

analysis. Both analyses were done under the assumption of linear elastic behavior. The model 

was analyzed using Load Cases 1 and 2 from the experimental portion of this research. Results 

were obtained and compared to the experimental results for confirmation of experimental 

testing.  
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8.4 Conclusions 

In this research project it was determined that the use of HES concrete is feasible for use in 

connections between deck bulb tee girders. The levels of strain observed in this project are all 

within the linear elastic range of concrete except for the material in the instrumented location 

of Closure Pour 2. There were a few reasons for why Closure Pour 2 may not have performed as 

well as the other closure pours. Closure Pour 2 was the last to be placed sometime in 

November so the cold weather could have influenced the bond between the two concrete 

surfaces. When the bridge deck was poured there were heaters used underneath the bridge to 

help provide warmth to cure the concrete properly, but no heaters were present for the closure 

pour connections. It was also observed during construction that the exposed aggregate surfaces 

were not wetted before placement of new concrete against the surface. Research done by 

Casanova et al. (2018) found that wetting the exposed aggregate surface before placement of 

new concrete makes a significant difference in the bond strength between the two surfaces. 

Also, Idaho Transportation Department (ITD) Standard Specification for Highway Construction 

states in Subsection 501.03 G states that the contractor should clean the construction joint 

surface and saturate it with water immediately prior to concrete placement (Idaho 

Transportation Department Standard Specifications for Highway Construction 2018). 

Construction deviation could be another potential source. Finite element analysis further 

confirmed the results obtained experimentally. The finite element results for the strains at the 

closure pour concrete to precast interface under directly loaded closure pours matched closely 

with the experimentally obtained data except for Closure Pour 2. The matching results between 

experimental and numerically obtained data confirms the conclusion that HES concrete is an 
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acceptable and cost saving alternative to UHPC for use in connections between deck bulb tee 

girders, provided that the closure pour material installation is done properly.  

8.5 Future Work 

Future research may be conducted on the SH-36 bridge using the existing 

instrumentation. This future work consists of replacing strain gages on the concrete surface 

underneath the bridge to install new strain gages using a method which will increase the 

expected life span of the instrumentation. The future project will use the same UBIT vehicles to 

perform load testing multiple times a year on the bridge to observe the long-term performance 

of the closure pour material.  
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Appendix A  Material Data Sheets 

 

Figure A.1 Rebar Strain Gage Data Sheet 
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Figure A.2 Concrete Strain Gage Data Sheet 
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Figure A.3 Surface Cleaning Materials (a) 
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Figure A.4 Surface Cleaning Materials (b) 
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Figure A.5 Installation Tools and Accessories (a) 
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Figure A.6 Installation Tools and Accessories (b) 
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Figure A.7 Installation Tools and Accessories (c) 
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Figure A.8 M-Bond AE-10 
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Figure A.9 M-Coat A 
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Figure A.10 M-Coat F 
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Figure A.11 Terminal Input Module 
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Figure A.12 CR6 Datalogger (a) 
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Figure A.13 CR6 Datalogger (b) 
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Figure A.14 CR6 Datalogger (c) 
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Figure A.15 CR6 Datalogger (d) 
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Figure A.16 CDM-A116 (a) 
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Figure A.17 CDM-A116 (b) 
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Appendix B  Instrumentation Installation Instructions 

 

Figure B.1 Surface Preparation for Strain Gage Bonding (a) 
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Figure B.2 Surface Preparation for Strain Gage Bonding (b) 
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Figure B.3 Surface Preparation for Strain Gage Bonding (c) 
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Figure B.4 Surface Preparation for Strain Gage Bonding (d) 
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Figure B.5 M-Bond AE-10 Installation Instructions (a) 
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Figure B.6 M-Bond AE-10 Installation Instructions (b) 
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Figure B.7 M-Bond AE-10 Installation Instructions (c) 
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Figure B.8 M-Bond AE-10 Installation Instructions (d) 
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Figure B.9 Strain Gage Installations for Concrete Structures (a) 
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Figure B.10 Strain Gage Installation for Concrete Structures (b) 
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Figure B.11 Strain Gage Installations for Concrete Structures (c) 
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Figure B.12 Strain Gage Installations for Concrete Structures (d) 
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Figure B.13 Installing Gages with Option P2 (a) 
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Figure B.14 Installing Gages with Option P2 (b) 
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Figure B.15 Strain Gage Clamping Techniques (a) 
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Figure B.16 Strain Gage Clamping Techniques (b) 
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Figure B.17 Strain Gage Clamping Techniques (c) 
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Figure B.18 M-Coat F Application Instructions (a) 
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Figure B.19 M-Coat F Application Instructions (b) 
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Figure B.20 M-Coat F Application Instructions (c) 
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Appendix C  How to Setup a Program in Loggernet 

How to create a program in Loggernet 

1. Open the Loggernet software.  

 

2. Under the program menu choose shortcut to create a basic program. More editing will need to 

be done to the code in CRBasic editor in future steps.  

 

3. Choose new program 
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4. Choose CR6 for the Data-logger and select the scan interval desired for the test. The scan 

interval is the amount of time between each recorded sample on every measurement device 

used in the experiment. The scan interval for this project is 30 milliseconds. Then click “next”. 

With the newer version of shortcut the scan interval box is located on the output setup tab. If 

this is the case, wait to define the scan interval until at the output setup tab. 

 

 

 

5. In this step we will add all of the measurement devices used in the experiment. Under devices 

double click CDM-A116. A dialog box will appear, the only label of concern is the CPI Address. 

Each data-logger and analog input module (CDM-A116) has its own CPI address assigned to it. 

These addresses can be determined and changed by connecting the device to the computer via 

USB and going to the device configuration utility. This is located under utilities which is shown in 

the figure under step 2. Once the correct CPI address is entered click “ok” in the dialog box.  For 

this project there were six CDMs used so the CPI addresses used were one through six. 
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6. Once the correct number of CDMs are added, the CDM tabs can be found in the figure below in 

red. Make sure to click on the 1st CDM tab and add the appropriate sensors for the test. In this 

project, quarter bridge 350 ohm gages were used with the Terminal Input Modules (TIM) which 

are located in the Geotechnical and Structural folder and also in the Strain, Foil Bonded folder. 

The gage selected is also highlighted in light blue. 

 

 

7. Once the sensor is selected a dialog box will open like in the following figure. The first step is to 

change the number of sensors per excitation channel. There are only four excitation channels on 

one CDM and 16 channels for strain gages so the value of sensors per excitation can vary from 

one to four. In this case we will be using all 16 strain gage channels on the CDM so we need to 

set the sensors per excitation channel value to 4. Once this is done the max value for how many 

sensors will change to 16. Input 16 for how many sensors (the top input box). The total bridge 

resistance is the resistance of the completed Wheatstone bridge. The inputs used for this 

project can be found in the following diagram. After all boxes have been filled out the gage 

factors for the strain gages need to be entered. To do this, click on the set gages box and fill in 

the appropriate gage factors. For this project the strain gages attached to rebar had a gage 

factor of 2.14 and the strain gages attached to the concrete had a gage factor of 2.15. After all 

gage factors have been entered click ok on the gage factor dialog box and the sensor dialog box. 

Repeat step 6 and 7 for each CDM that is being used in the project. 
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8. Once all CDMs and sensors are added click “next” to designate the output requirements. 

 

9. The output setup tab and output select tab is where the data to be collected is specified. 

Multiple tables can be made to group certain sensors. Due to the large amount of sensors for 

this project it was decided to group all sensors together and separate them during post 

processing of the data. If the newer version of shortcut is being used, the scan interval should be 

defined at this time. As previously mentioned, the scan interval used for this project is 30 

milliseconds. The next step is to create tables in the output setup tab. At this point, the name of 

the tables can be defined. Also the interval that you would like to keep data that is being 

recorded can also be defined. Usually the data output storage interval will be the same as the 

scan interval. Once the tables that are desired are created, click on “next”.  
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10. The next step is to tell the program what sensors are to be in each of the table which were 

created in the last step. Since all of the sensors in this project are to be grouped in one table, all 

sensors were selected on the left list (one sensor highlighted in dark blue) and then the 

“sample” button was clicked to tell the program to collect the sample of that gage. Once all 

gages appear on the right hand side (side with light blue highlighting), the “Finish” button can be 

clicked. This will generate the program. Once the program has been generated it may say that 

there are some errors associated with the scan rate. Click “ok” on the error message and save 

the program to the desired destination. The errors will be fixed during manipulation in the 

CRBasic Program Editor.  
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11. The next step involves changing the program in the CRBasic Editor. Click on CRBasic Editor when 

Logger Net is open. Find where the previously saved Shortcut program was saved and open the 

program with the file extension .CR6.  

 

 

12. The code for this project can be found after this tutorial for use as a reference for the following 

steps. As can be seen in lines 1-4 of the code, using an apostrophe before any line of code 

makes that line commentary only and changes the color of the text to green. Comment lines 

have no effect on what the program does while running. To fix the scan rate errors, some of the 

commands which are not used for results in this project need to be commented out of the 

program. From the program below the following lines need to be commented out to allow for 

the scan rate of 30 milliseconds to work: 317, 319, 321, 323, 336, 338, 351, 353, 366,368, 381, 

383, 396, and 398. Once all of these commands are commented out of the program, save the 
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program and compile the program by clicking “compile” under the compile drop down list. After 

the program is finished compiling, the results will be shown on the lower part of the screen and 

it will show some warnings about variables being declared but not used. Ignore these warnings 

as they are a result of commenting out the specified lines of code. Once the program is saved 

and compiled it can be sent to the CR6 for use. 

Program Used in Project 

1 'CR6 Series 
2 'Created by Short Cut (4.0) 
3 
4 'Declare Variables and Units 
5 Public BattV 
6 Public FCLoaded 
7 Public PTemp_C 
8 Public CDM1BattV 
9 Public CDMPTempC(4) 
10 Public CReps 
11 Public QBSSMode 
12 Public CIndex 
13 Public CAvg 
14 Public LCount 
15 Public Strain(16) 
16 Public Vr1000(16) 
17 Public GFAdj(16) 
18 Public BrZero(16) 
19 Public CKnown(16) 
20 Public Group_A 
21 Public CDM2BattV 
22 Public CDM2PTempC(4) 
23 Public CReps_2 
24 Public QBSSMode_2 
25 Public CIndex_2 
26 Public CAvg_2 
27 Public LCount_2 
28 Public Strain_2(16) 
29 Public Vr1000_2(16) 
30 Public GFAdj_2(16) 
31 Public BrZero_2(16) 
32 Public CKnown_2(16) 
33 Public CDM3BattV 
34 Public CDM3PTempC(4) 
35 Public CReps_3 
36 Public QBSSMode_3 
37 Public CIndex_3 
38 Public CAvg_3 
39 Public LCount_3 
40 Public Strain_3(16) 
41 Public Vr1000_3(16) 
42 Public GFAdj_3(16) 
43 Public BrZero_3(16) 
44 Public CKnown_3(16) 
45 Public CDM4BattV 
46 Public CDM4PTempC(4) 
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47 Public CReps_4 
48 Public QBSSMode_4 
49 Public CIndex_4 
50 Public CAvg_4 
51 Public LCount_4 
52 Public Strain_4(16) 
53 Public Vr1000_4(16) 
54 Public GFAdj_4(16) 
55 Public BrZero_4(16) 
56 Public CKnown_4(16) 
57 Public CDM5BattV 
58 Public CDM5PTempC(4) 
59 Public CReps_5 
60 Public QBSSMode_5 
61 Public CIndex_5 
62 Public CAvg_5 
63 Public LCount_5 
64 Public Strain_5(16) 
65 Public Vr1000_5(16) 
66 Public GFAdj_5(16) 
67 Public BrZero_5(16) 
68 Public CKnown_5(16) 
69 Public CDM6BattV 
70 Public CDM6PTempC(4) 
71 Public CReps_6 
72 Public QBSSMode_6 
73 Public CIndex_6 
74 Public CAvg_6 
75 Public LCount_6 
76 Public Strain_6(14) 
77 Public Vr1000_6(14) 
78 Public GFAdj_6(14) 
79 Public BrZero_6(14) 
80 Public CKnown_6(14) 
81 Public GFsRaw(16)={2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.1 
4,2.14} 
82 Public GFsRaw_2(16)={2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2 
.14,2.14} 
83 Public GFsRaw_3(16)={2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2 
.15,2.15} 
84 Public GFsRaw_4(16)={2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2 
.14,2.14} 
85 Public GFsRaw_5(16)={2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2.14,2 
.14,2.14} 
86 Public GFsRaw_6(14)={2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15,2.15} 
87 
88 Alias CDMPTempC(1)=CDM1PTempC1 
89 Alias CDMPTempC(2)=CDM1PTempC2 
90 Alias CDMPTempC(3)=CDM1PTempC3 
91 Alias CDMPTempC(4)=CDM1PTempC4 
92 Alias CDM2PTempC(1)=CDM2PTempC1 
93 Alias CDM2PTempC(2)=CDM2PTempC2 
94 Alias CDM2PTempC(3)=CDM2PTempC3 
95 Alias CDM2PTempC(4)=CDM2PTempC4 
96 Alias CDM3PTempC(1)=CDM3PTempC1 
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97 Alias CDM3PTempC(2)=CDM3PTempC2 
98 Alias CDM3PTempC(3)=CDM3PTempC3 
99 Alias CDM3PTempC(4)=CDM3PTempC4 
100 Alias CDM4PTempC(1)=CDM4PTempC1 
101 Alias CDM4PTempC(2)=CDM4PTempC2 
102 Alias CDM4PTempC(3)=CDM4PTempC3 
103 Alias CDM4PTempC(4)=CDM4PTempC4 
104 Alias CDM5PTempC(1)=CDM5PTempC1 
105 Alias CDM5PTempC(2)=CDM5PTempC2 
106 Alias CDM5PTempC(3)=CDM5PTempC3 
107 Alias CDM5PTempC(4)=CDM5PTempC4 
108 Alias CDM6PTempC(1)=CDM6PTempC1 
109 Alias CDM6PTempC(2)=CDM6PTempC2 
110 Alias CDM6PTempC(3)=CDM6PTempC3 
111 Alias CDM6PTempC(4)=CDM6PTempC4 
112 
113 Units BattV=Volts 
114 Units PTemp_C=Deg C 
115 Units CDM1BattV=Volts 
116 Units Strain=microstrain 
117 Units Vr1000=mV/V 
118 Units GFAdj=unitless 
119 Units BrZero=mV/V 
120 Units CDM2BattV=Volts 
121 Units Strain_2=microstrain 
122 Units Vr1000_2=mV/V 
123 Units GFAdj_2=unitless 
124 Units BrZero_2=mV/V 
125 Units CDM3BattV=Volts 
126 Units Strain_3=microstrain 
127 Units Vr1000_3=mV/V 
128 Units GFAdj_3=unitless 
129 Units BrZero_3=mV/V 
130 Units CDM4BattV=Volts 
131 Units Strain_4=microstrain 
132 Units Vr1000_4=mV/V 
133 Units GFAdj_4=unitless 
134 Units BrZero_4=mV/V 
135 Units CDM5BattV=Volts 
136 Units Strain_5=microstrain 
137 Units Vr1000_5=mV/V 
138 Units GFAdj_5=unitless 
139 Units BrZero_5=mV/V 
140 Units CDM6BattV=Volts 
141 Units Strain_6=microstrain 
142 Units Vr1000_6=mV/V 
143 Units GFAdj_6=unitless 
144 Units BrZero_6=mV/V 
145 Units CDM1PTempC1=DegC 
146 Units CDM1PTempC2=DegC 
147 Units CDM1PTempC3=DegC 
148 Units CDM1PTempC4=DegC 
149 Units CDM2PTempC1=DegC 
150 Units CDM2PTempC2=DegC 
151 Units CDM2PTempC3=DegC 
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152 Units CDM2PTempC4=DegC 
153 Units CDM3PTempC1=DegC 
154 Units CDM3PTempC2=DegC 
155 Units CDM3PTempC3=DegC 
156 Units CDM3PTempC4=DegC 
157 Units CDM4PTempC1=DegC 
158 Units CDM4PTempC2=DegC 
159 Units CDM4PTempC3=DegC 
160 Units CDM4PTempC4=DegC 
161 Units CDM5PTempC1=DegC 
162 Units CDM5PTempC2=DegC 
163 Units CDM5PTempC3=DegC 
164 Units CDM5PTempC4=DegC 
165 Units CDM6PTempC1=DegC 
166 Units CDM6PTempC2=DegC 
167 Units CDM6PTempC3=DegC 
168 Units CDM6PTempC4=DegC 
169 
170 'Define Data Tables 
171 DataTable(ALL_DATA,True,-1) 
172 DataInterval(0,30,mSec,10) 
173 Sample(1,Strain(1),IEEE4) 
174 Sample(1,Strain(2),IEEE4) 
175 Sample(1,Strain(3),IEEE4) 
176 Sample(1,Strain(4),IEEE4) 
177 Sample(1,Strain(5),IEEE4) 
178 Sample(1,Strain(6),IEEE4) 
179 Sample(1,Strain(7),IEEE4) 
180 Sample(1,Strain(8),IEEE4) 
181 Sample(1,Strain(9),IEEE4) 
182 Sample(1,Strain(10),IEEE4) 
183 Sample(1,Strain(11),IEEE4) 
184 Sample(1,Strain(12),IEEE4) 
185 Sample(1,Strain(13),IEEE4) 
186 Sample(1,Strain(14),IEEE4) 
187 Sample(1,Strain(15),IEEE4) 
188 Sample(1,Strain(16),IEEE4) 
189 Sample(1,Strain_2(1),IEEE4) 
190 Sample(1,Strain_2(2),IEEE4) 
191 Sample(1,Strain_2(3),IEEE4) 
192 Sample(1,Strain_2(4),IEEE4) 
193 Sample(1,Strain_2(5),IEEE4) 
194 Sample(1,Strain_2(6),IEEE4) 
195 Sample(1,Strain_2(7),IEEE4) 
196 Sample(1,Strain_2(8),IEEE4) 
197 Sample(1,Strain_2(9),IEEE4) 
198 Sample(1,Strain_2(10),IEEE4) 
199 Sample(1,Strain_2(11),IEEE4) 
200 Sample(1,Strain_2(12),IEEE4) 
201 Sample(1,Strain_2(13),IEEE4) 
202 Sample(1,Strain_2(14),IEEE4) 
203 Sample(1,Strain_2(15),IEEE4) 
204 Sample(1,Strain_2(16),IEEE4) 
205 Sample(1,Strain_3(1),IEEE4) 
206 Sample(1,Strain_3(2),IEEE4) 
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207 Sample(1,Strain_3(3),IEEE4) 
208 Sample(1,Strain_3(4),IEEE4) 
209 Sample(1,Strain_3(5),IEEE4) 
210 Sample(1,Strain_3(6),IEEE4) 
211 Sample(1,Strain_3(7),IEEE4) 
212 Sample(1,Strain_3(8),IEEE4) 
213 Sample(1,Strain_3(9),IEEE4) 
214 Sample(1,Strain_3(10),IEEE4) 
215 Sample(1,Strain_3(11),IEEE4) 
216 Sample(1,Strain_3(12),IEEE4) 
217 Sample(1,Strain_3(13),IEEE4) 
218 Sample(1,Strain_3(14),IEEE4) 
219 Sample(1,Strain_3(15),IEEE4) 
220 Sample(1,Strain_3(16),IEEE4) 
221 Sample(1,Strain_4(1),IEEE4) 
222 Sample(1,Strain_4(2),IEEE4) 
223 Sample(1,Strain_4(3),IEEE4) 
224 Sample(1,Strain_4(4),IEEE4) 
225 Sample(1,Strain_4(5),IEEE4) 
226 Sample(1,Strain_4(6),IEEE4) 
227 Sample(1,Strain_4(7),IEEE4) 
228 Sample(1,Strain_4(8),IEEE4) 
229 Sample(1,Strain_4(9),IEEE4) 
230 Sample(1,Strain_4(10),IEEE4) 
231 Sample(1,Strain_4(11),IEEE4) 
232 Sample(1,Strain_4(12),IEEE4) 
233 Sample(1,Strain_4(13),IEEE4) 
234 Sample(1,Strain_4(14),IEEE4) 
235 Sample(1,Strain_4(15),IEEE4) 
236 Sample(1,Strain_4(16),IEEE4) 
237 Sample(1,Strain_5(1),IEEE4) 
238 Sample(1,Strain_5(2),IEEE4) 
239 Sample(1,Strain_5(3),IEEE4) 
240 Sample(1,Strain_5(4),IEEE4) 
241 Sample(1,Strain_5(5),IEEE4) 
242 Sample(1,Strain_5(6),IEEE4) 
243 Sample(1,Strain_5(7),IEEE4) 
244 Sample(1,Strain_5(8),IEEE4) 
245 Sample(1,Strain_5(9),IEEE4) 
246 Sample(1,Strain_5(10),IEEE4) 
247 Sample(1,Strain_5(11),IEEE4) 
248 Sample(1,Strain_5(12),IEEE4) 
249 Sample(1,Strain_5(13),IEEE4) 
250 Sample(1,Strain_5(14),IEEE4) 
251 Sample(1,Strain_5(15),IEEE4) 
252 Sample(1,Strain_5(16),IEEE4) 
253 Sample(1,Strain_6(1),IEEE4) 
254 Sample(1,Strain_6(2),IEEE4) 
255 Sample(1,Strain_6(3),IEEE4) 
256 Sample(1,Strain_6(4),IEEE4) 
257 Sample(1,Strain_6(5),IEEE4) 
258 Sample(1,Strain_6(6),IEEE4) 
259 Sample(1,Strain_6(7),IEEE4) 
260 Sample(1,Strain_6(8),IEEE4) 
261 Sample(1,Strain_6(9),IEEE4) 
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262 Sample(1,Strain_6(10),IEEE4) 
263 Sample(1,Strain_6(11),IEEE4) 
264 Sample(1,Strain_6(12),IEEE4) 
265 Sample(1,Strain_6(13),IEEE4) 
266 Sample(1,Strain_6(14),IEEE4) 
267 EndTable 
268 
269 'Calibration history table 
270 DataTable(CalHist,NewFieldCal,10) 
271 SampleFieldCal 
272 EndTable 
273 
274 'Main Program 
275 BeginProg 
276 'Initialize calibration variables for 
277 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000()' on CDM-A116 
with CPI address 1 
278 CIndex=1 : CAvg=1 : CReps=16 
279 For LCount = 1 To 16 
280 GFAdj(LCount)=GFsRaw(LCount) 
281 Next 
282 'Initialize calibration variables for 
283 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_2()' on CDM-A1 
16 with CPI address 2 
284 CIndex_2=1 : CAvg_2=1 : CReps_2=16 
285 For LCount_2 = 1 To 16 
286 GFAdj_2(LCount_2)=GFsRaw_2(LCount_2) 
287 Next 
288 'Initialize calibration variables for 
289 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_3()' on CDM-A1 
16 with CPI address 3 
290 CIndex_3=1 : CAvg_3=1 : CReps_3=16 
291 For LCount_3 = 1 To 16 
292 GFAdj_3(LCount_3)=GFsRaw_3(LCount_3) 
293 Next 
294 'Initialize calibration variables for 
295 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_4()' on CDM-A1 
16 with CPI address 4 
296 CIndex_4=1 : CAvg_4=1 : CReps_4=16 
297 For LCount_4 = 1 To 16 
298 GFAdj_4(LCount_4)=GFsRaw_4(LCount_4) 
299 Next 
300 'Initialize calibration variables for 
301 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_5()' on CDM-A1 
16 with CPI address 5 
302 CIndex_5=1 : CAvg_5=1 : CReps_5=16 
303 For LCount_5 = 1 To 16 
304 GFAdj_5(LCount_5)=GFsRaw_5(LCount_5) 
305 Next 
306 'Initialize calibration variables for 
307 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_6()' on CDM-A1 
16 with CPI address 6 
308 CIndex_6=1 : CAvg_6=1 : CReps_6=14 
309 For LCount_6 = 1 To 14 
310 GFAdj_6(LCount_6)=GFsRaw_6(LCount_6) 
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311 Next 
312 'Load the most recent calibration values from the CalHist table 
313 FCLoaded=LoadFieldCal(True) 
314 'Main Scan 
315 Scan(30,mSec,66,0) 
316 'Default CR6 Datalogger Battery Voltage measurement 'BattV' 
317 'Battery(BattV) 
318 'Default CR6 Datalogger Wiring Panel Temperature measurement 'PTemp_C' 
319 'PanelTemp(PTemp_C,60) 
320 'Default Battery Voltage measurement 'CDM1BattV' on CDM-A116 with CPI address 1 
321 'CDM_Battery(CDM_A116,1,CDM1BattV) 
322 'Default Wiring Panel Temperature measurements 'CDMPTempC()' on CDM-A116 with CPI address 
1 
323 'CDM_PanelTemp(CDM_A116,1,CDMPTempC(),4,1,60) 
324 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000()' on CDM-A1 
16 with CPI address 1 
325 CDM_BrFull(CDM_A116,1,Vr1000(),16,mV200,1,1,4,3187,True,True,100,6500,1,0) 
326 'Calculated strain result 'Strain()' for 
327 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000()' on CDM-A1 
16 with CPI address 1 
328 StrainCalc(Strain(),16,Vr1000(),BrZero(),-1,GFAdj(),0) 
329 'Quarter bridge strain shunt calibration for 
330 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000()' on CDM-A1 
16 with CPI address 1 
331 FieldCalStrain(13,Strain(),1,GFAdj(),0,QBSSMode,CKnown(),CIndex,CAvg,GFsRaw(),0) 
332 'Zeroing calibration for 
333 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000()' on CDM-A1 
16 with CPI address 1 
334 FieldCalStrain(10,Vr1000(),CReps,0,BrZero(),Group_A,0,CIndex,CAvg,0,Strain()) 
335 'Default Battery Voltage measurement 'CDM2BattV' on CDM-A116 with CPI address 2 
336 'CDM_Battery(CDM_A116,2,CDM2BattV) 
337 'Default Wiring Panel Temperature measurements 'CDM2PTempC()' on CDM-A116 with CPI addres 
s 2 
338 'CDM_PanelTemp(CDM_A116,2,CDM2PTempC(),4,1,60) 
339 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_2()' on CDMA116 
with CPI address 2 
340 CDM_BrFull(CDM_A116,2,Vr1000_2(),16,mV200,1,1,4,3187,True,True,100,6500,1,0) 
341 'Calculated strain result 'Strain_2()' for 
342 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_2()' on CDMA116 
with CPI address 2 
343 StrainCalc(Strain_2(),16,Vr1000_2(),BrZero_2(),-1,GFAdj_2(),0) 
344 'Quarter bridge strain shunt calibration for 
345 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_2()' on CDMPage 
345 A116 with CPI address 2 
346 FieldCalStrain(13,Strain_2(),1,GFAdj_2(),0,QBSSMode_2,CKnown_2(),CIndex_2,CAvg_2,GFsRaw_2 
(),0) 
347 'Zeroing calibration for 
348 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_2()' on CDMA116 
with CPI address 2 
349 FieldCalStrain(10,Vr1000_2(),CReps_2,0,BrZero_2(),Group_A,0,CIndex_2,CAvg_2,0,Strain_2()) 
350 'Default Battery Voltage measurement 'CDM3BattV' on CDM-A116 with CPI address 3 
351 'CDM_Battery(CDM_A116,3,CDM3BattV) 
352 'Default Wiring Panel Temperature measurements 'CDM3PTempC()' on CDM-A116 with CPI addres 
s 3 
353 'CDM_PanelTemp(CDM_A116,3,CDM3PTempC(),4,1,60) 
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354 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_3()' on CDMA116 
with CPI address 3 
355 CDM_BrFull(CDM_A116,3,Vr1000_3(),16,mV200,1,1,4,3187,True,True,100,6500,1,0) 
356 'Calculated strain result 'Strain_3()' for 
357 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_3()' on CDMA116 
with CPI address 3 
358 StrainCalc(Strain_3(),16,Vr1000_3(),BrZero_3(),-1,GFAdj_3(),0) 
359 'Quarter bridge strain shunt calibration for 
360 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_3()' on CDMA116 
with CPI address 3 
361 FieldCalStrain(13,Strain_3(),1,GFAdj_3(),0,QBSSMode_3,CKnown_3(),CIndex_3,CAvg_3,GFsRaw_3 
(),0) 
362 'Zeroing calibration for 
363 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_3()' on CDMA116 
with CPI address 3 
364 FieldCalStrain(10,Vr1000_3(),CReps_3,0,BrZero_3(),Group_A,0,CIndex_3,CAvg_3,0,Strain_3()) 
365 'Default Battery Voltage measurement 'CDM4BattV' on CDM-A116 with CPI address 4 
366 'CDM_Battery(CDM_A116,4,CDM4BattV) 
367 'Default Wiring Panel Temperature measurements 'CDM4PTempC()' on CDM-A116 with CPI addres 
s 4 
368 'CDM_PanelTemp(CDM_A116,4,CDM4PTempC(),4,1,60) 
369 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_4()' on CDMA116 
with CPI address 4 
370 CDM_BrFull(CDM_A116,4,Vr1000_4(),16,mV200,1,1,4,3187,True,True,100,6500,1,0) 
371 'Calculated strain result 'Strain_4()' for 
372 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_4()' on CDMA116 
with CPI address 4 
373 StrainCalc(Strain_4(),16,Vr1000_4(),BrZero_4(),-1,GFAdj_4(),0) 
374 'Quarter bridge strain shunt calibration for 
375 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_4()' on CDMA116 
with CPI address 4 
376 FieldCalStrain(13,Strain_4(),1,GFAdj_4(),0,QBSSMode_4,CKnown_4(),CIndex_4,CAvg_4,GFsRaw_4 
(),0) 
377 'Zeroing calibration for 
378 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_4()' on CDMA116 
with CPI address 4 
379 FieldCalStrain(10,Vr1000_4(),CReps_4,0,BrZero_4(),Group_A,0,CIndex_4,CAvg_4,0,Strain_4()) 
380 'Default Battery Voltage measurement 'CDM5BattV' on CDM-A116 with CPI address 5 
381 'CDM_Battery(CDM_A116,5,CDM5BattV) 
382 'Default Wiring Panel Temperature measurements 'CDM5PTempC()' on CDM-A116 with CPI addres 
382 s 5 
383 'CDM_PanelTemp(CDM_A116,5,CDM5PTempC(),4,1,60) 
384 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_5()' on CDMA116 
with CPI address 5 
385 CDM_BrFull(CDM_A116,5,Vr1000_5(),16,mV200,1,1,4,3187,True,True,100,6500,1,0) 
386 'Calculated strain result 'Strain_5()' for 
387 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_5()' on CDMA116 
with CPI address 5 
388 StrainCalc(Strain_5(),16,Vr1000_5(),BrZero_5(),-1,GFAdj_5(),0) 
389 'Quarter bridge strain shunt calibration for 
390 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_5()' on CDMA116 
with CPI address 5 
391 FieldCalStrain(13,Strain_5(),1,GFAdj_5(),0,QBSSMode_5,CKnown_5(),CIndex_5,CAvg_5,GFsRaw_5 
(),0) 
392 'Zeroing calibration for 
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393 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_5()' on CDMA116 
with CPI address 5 
394 FieldCalStrain(10,Vr1000_5(),CReps_5,0,BrZero_5(),Group_A,0,CIndex_5,CAvg_5,0,Strain_5()) 
395 'Default Battery Voltage measurement 'CDM6BattV' on CDM-A116 with CPI address 6 
396 'CDM_Battery(CDM_A116,6,CDM6BattV) 
397 'Default Wiring Panel Temperature measurements 'CDM6PTempC()' on CDM-A116 with CPI addres 
s 6 
398 'CDM_PanelTemp(CDM_A116,6,CDM6PTempC(),4,1,60) 
399 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_6()' on CDMA116 
with CPI address 6 
400 CDM_BrFull(CDM_A116,6,Vr1000_6(),14,mV200,1,1,4,3187,True,True,100,6500,1,0) 
401 'Calculated strain result 'Strain_6()' for 
402 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_6()' on CDMA116 
with CPI address 6 
403 StrainCalc(Strain_6(),14,Vr1000_6(),BrZero_6(),-1,GFAdj_6(),0) 
404 'Quarter bridge strain shunt calibration for 
405 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_6()' on CDMA116 
with CPI address 6 
406 FieldCalStrain(13,Strain_6(),1,GFAdj_6(),0,QBSSMode_6,CKnown_6(),CIndex_6,CAvg_6,GFsRaw_6 
(),0) 
407 'Zeroing calibration for 
408 'Quarter Bridge Strain, 3-wire 350 ohm with 4WFBS350 TIM measurement 'Vr1000_6()' on CDMA116 
with CPI address 6 
409 FieldCalStrain(10,Vr1000_6(),CReps_6,0,BrZero_6(),Group_A,0,CIndex_6,CAvg_6,0,Strain_6()) 
410 'Call Data Tables and Store Data 
411 CallTable ALL_DATA 
412 CallTable CalHist 
413 NextScan 
414 EndProg 
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Appendix D  Strain Data 

 

Figure D.1 Small UBIT Test 1.1 CP 1 (Rebar Gages) 
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Figure D.2 Small UBIT Test 1.1 CP 1 (Concrete Gages) 

 

Figure D.3 Small UBIT Test 1.1 CP 2 (Rebar Gages) 
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Figure D.4 Small UBIT Test 1.1 CP 2 (Concrete Gages) 

 

Figure D.5 Small UBIT Test 1.2 CP 2 (Rebar Gages) 
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Figure D.6 Small UBIT Test 1.2 CP 2 (Concrete Gages) 

 

Figure D.7 Small UBIT Test 1.2 CP 3 (Rebar Gages) 
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Figure D.8 Small UBIT Test 1.2 CP 3 (Concrete Gages) 

 

Figure D.9 Small UBIT Test 1.3 CP 1 (Rebar Gages) 
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Figure D.10 Small UBIT Test 1.3 CP 1 (Concrete Gages) 

 

Figure D.11 Small UBIT Test 1.3 CP 2 (Rebar Gages) 
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Figure D.12 Small UBIT Test 1.3 CP 2 (Concrete Gages) 

 

Figure D.13 Small UBIT Test 1.4 CP 3 (Rebar Gages) 
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Figure D.14 Small UBIT Test 1.4 CP 3 (Concrete Gages) 

 

Figure D.15 Small UBIT Test 1.5 CP 3 (Rebar Gages) 
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Figure D.16 Small UBIT Test 1.5 CP 3 (Concrete Gages) 

 

Figure D.17 Small UBIT Test 1.6 CP 4 (Rebar Gages) 
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Figure D.18 Small UBIT Test 1.6 CP 4 (Concrete Gages 

 

Figure D.19 Large UBIT Test 1.1 CP 1 (Rebar Gages) 
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Figure D.20 Large UBIT Test 1.1 CP 1 (Concrete Gages) 

 

Figure D.21 Large UBIT Test 1.1 CP 2 (Rebar Gages) 
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Figure D.22 Large UBIT Test 1.1 CP 2 (Concrete Gages) 

 

Figure D.23 Large UBIT Test 1.2 CP 2 (Rebar Gages) 
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Figure D.24 Large UBIT Test 1.2 CP 2 (Concrete Gages) 

 

Figure D.25 Large UBIT Test 1.2 CP 3 (Rebar Gages) 
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Figure D.26 Large UBIT Test 1.2 CP 3 (Concrete Gages) 

 

Figure D.27 Large UBIT Test 1.3 CP 1 (Rebar Gages) 
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Figure D.28 Large UBIT Test 1.3 CP 1 (Concrete Gages) 

 

 

Figure D.29 Large UBIT Test 1.3 CP 2 (Rebar Gages) 

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

12500 13000 13500 14000 14500 15000

M
ic

ro
st

ra
in

Record Number

CP Girder Transverse Longitudinal Interface East

-10

0

10

20

30

40

50

60

12500 13000 13500 14000 14500 15000

M
ic

ro
st

ra
in

Record Number

104W-NI 104W-NH 104W-SI 104W-SH

103E-NI 103E-NH 103E-SI 103E-SH



148 
 

 

Figure D.30 Large UBIT Test 1.3 CP 2 (Concrete Gages) 

 

Figure D.31 Large UBIT Test 1.4 CP 3 (Rebar Gages) 
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Figure D.32 Large UBIT Test 1.4 CP 3 (Concrete Gages) 

 

Figure D.33 Large UBIT Test 1.5 CP 3 (Rebar Gages) 
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Figure D.34 Large UBIT Test 1.5 CP 3 (Concrete Gages) 

 

Figure D.35 Large UBIT Test 1.6 CP 4 (Rebar Gages) 
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Figure D.36 Large UBIT Test 1.6 CP 4 (Concrete Gages) 

 

Figure D.37 Small UBIT Test 2.1, 2.2, and 2.3 (Bulb Gages) 
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Figure D.38 Small UBIT Test 2.4, 2.5, and 2.6 (Bulb Gages) 

 

Figure D.39 Large UBIT Test 2.1 (Bulb Gages) 
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Figure D.40 Large UBIT Test 2.2 (Bulb Gages) 

 

Figure D.41 Large UBIT Test 2.3 (Bulb Gages) 
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Figure D.42 Large UBIT Test 2.4 (Bulb Gages) 

 

 

Figure D.43 Large UBIT Test 2.5 (Bulb Gages) 
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Figure D.44 Large UBIT Test 2.6 (Bulb Gages) 

 

Figure D.45 Small UBIT Test 3.1 (Bulb Gages) 
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Figure D.46 Small UBIT Test 3.2 (Bulb Gages) 

 

Figure D.47 Small UBIT Test 3.3 (Bulb Gages) 
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Figure D.48 Small UBIT Test 3.4 (Bulb Gages) 

 

Figure D.49 Large UBIT Test 3.1 (Bulb Gages) 
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Figure D.50 Large UBIT Test 3.2 (Bulb Gages) 

 

Figure D.51 Large UBIT Test 3.3 (Bulb Gages) 
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Figure D.52 Large UBIT Test 3.4 (Bulb Gages) 

 

Figure D.53 Rebar Strain in Closure Pour 1 Versus Number of Axles for Commercial Traffic 
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Figure D.54 Concrete Strain in Closure Pour 1 Versus Number of Axles for Commercial Traffic 

 

Figure D.55 Rebar Strain in Closure Pour 2 Versus Number of Axles for Commercial Traffic 
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Figure D.56 Concrete Strain in Closure Pour 2 Versus Number of Axles for Commercial Traffic 

 

Figure D.57 Rebar Strain in Closure Pour 4 Versus Number of Axles for Commercial Traffic 
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Figure D.58 Concrete Strain in Closure Pour 4 Versus Number of Axles for Commercial Traffic 
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Table D.1 Maximum Rebar Strain Values Under UBIT Loading 
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Table D.2 Maximum Concrete Strain Values Under UBIT Loading 
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Table D.3 Maximum Strain Values Under Small UBIT Loading 

 

CP1 CP2 CP3 CP4

1.1 13 62 - - Interface East 18 522 Interface, CP2

1.2 11 70 -2 - Interface East 23 667 Interface, CP2

1.3 -1 105 7 - Interface East 37 1073 Interface, CP2

1.4 - 60 14 -1 Interface West 18 522 Interface, CP2

1.5 - -14 14 10 Interface East 12 348 Head, CP3

1.6 - - 7 18 Closure Pour 16 464 Interface, CP4

2.1 - 79 2 - Interface East 24 696 Interface, CP2

2.2 - 50 3 - Interface East 16 464 Interface, CP2

2.3 - 18 1 - Interface East 5 145 Interface, CP2

2.4 - 7 10 - Interface East 8 232 Interface, CP3

2.5 - 15 6 - Interface West 5 145 Interface, CP3

2.6 - 6 3 - Interface West 2 58 Interface, CP3

3.1 - 15 13 - Interface West 9 261 Interface, CP3

3.2 - 115 3 - Interface East 38 1102 Interface, CP2

3.3 - 119 3 - Interface East 38 1102 Interface, CP2

3.4 - 23 13 - Interface West 10 290 Interface, CP3

Small UBIT (1-29-2019)

Max. Concrete Strain, µεLoad Test
Location of the largest 

maximum concrete 

strain

Max. rebar 

strain, µε

Location of bar 

with largest 

stress

Max. rebar 

stress, psi
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Table D.4 Maximum Strain Values Under Large UBIT Loading 

 

 

 

 

 

 

 

 

 

 

 

CP1 CP2 CP3 CP4

1.1 27 138 - - Interface East 38 1102 Interface, CP2

1.2 10 200 -5 - Interface West 60 1740 Interface, CP2

1.3 -2 180 24 - Interface East 50 1450 Interface, CP2

1.4 - 225 60 -2 Interface West 68 1972 Interface, CP2

1.5 - -23 35 9 Closure Pour 20 580 Interface, CP3

1.6 - - 9 26 Interface West 22 638 Interface, CP4

2.1 - 195 2 - Interface East 55 1595 Interface, CP2

2.2 - 23 35 - Closure Pour 20 580 Interface, CP3

2.3 - 150 8 - Interface East 42 1218 Interface, CP2

2.4 - 55 30 - Interface West 17 493 Interface, CP2

2.5 - 70 5 - Interface East 20 580 Interface, CP2

2.6 - 34 12 - Interface West 10 290 Interface, CP2

3.1 - 240 7 - Interface East 70 2030 Interface, CP2

3.2 - 58 55 - Interface West 30 870 Interface, CP3

3.3 - 290 6 - Interface West 80 2320 Interface, CP2

3.4 - 60 53 - Interface West 28 812 Interface, CP3

1.1b 28 125 - - Interface East 35 1015 Interface, CP2

1.2b 5 200 -6 - Interface West 52 1508 Interface, CP2

1.3b -3 180 36 - Interface East 52 1508 Interface, CP2

1.4b - 200 20 -2 Interface East 72 2088 Interface, CP2

1.5b - -24 32 7 Closure Pour 17 493 Interface, CP3

1.6b - - 12 35 Interface West 26 754 Interface, CP4

Large UBIT (3-12-2019)

Location of bar 

with largest 

stress

Load Test Max. Concrete Strain, µε
Location of the largest 

maximum concrete 

strain

Max. rebar 

strain, µε

Max. rebar 

stress, psi
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Table D.5 Maximum Strain Values Under Commercial Loading 

Date Time 
Number 
of Axles 

Max. Concrete Strain, 
µε 

Location of 
the largest 
maximum 
concrete 

strain 

Max. 
rebar 
strain
, µε 

Max. 
rebar 
stress
, psi 

Location of 
bar with 

largest stress 

CP
1 

CP
2 

CP
3 

CP
4 

1/26 
11:04 
AM 4 - 45 - - 

Interface 
West 13 377 

Interface, 
CP2 

1/26 
11:15 
AM 4 4 20 7 2 Interface East 10 290 

Interface, 
CP2 

1/26 
11:17 
AM 4 3 22 2 - Interface East 10 290 

Interface, 
CP2 

1/26 
11:26 
AM 4 2 66 3 - 

Interface 
West 18 522 

Interface, 
CP2 

1/26 
12:03 

PM 3 6 82 2 1 Interface East 27 783 
Interface, 

CP2 

1/26 
12:11 

PM 4 11 67 4 - Interface East 20 580 
Interface, 

CP2 

1/26 
12:34 

PM 4 - 10 5 - 
Interface 

West 4 116 
Interface, 

CP2 

1/26 
12:35 

PM 4 2 55 5 - 
Interface 

West 19 551 
Interface, 

CP2 

1/26 
12:39 

PM 4 - 25 5 - Interface East 9 261 
Interface, 

CP2 

1/26 
12:47 

PM 4 3 15 4 - Interface East 5 145 
Interface, 

CP2 

1/26 
12:49 

PM 3 - 26 2 - 
Interface 

West 10 290 
Interface, 

CP2 

1/26 
12:57 

PM 4 3 44 4 - Interface East 14 406 
Interface, 

CP2 

1/26 
2:23 
PM 4 - 12 6 - 

Interface 
West 4 116 Head, CP3 

1/26 
2:41 
PM 4 4 30 - - 

Interface 
West 9 261 

Interface, 
CP2 

1/26 
3:15 
PM 3 - 5 4 - 

Interface 
West 2 58 

Interface, 
CP2 

3/5 
10:58 
AM 5 8 305 20 4 Interface East 89 2581 

Interface, 
CP2 

3/5 
11:04 
AM 6 2 35 25 6 Interface East 14 406 

Interface, 
CP3 

3/5 
11:06 
AM 3 - 30 - - 

Interface 
West 10 290 

Interface, 
CP2 

3/5 
11:13 
AM 4 2 11 6 - Interface East 4 116 

Interface, 
CP3 
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3/5 
11:21 
AM 6 - 9 21 4 Closure Pour  12 348 

Interface, 
CP3 

3/5 
11:27 
AM 5 3 43 22 5 Interface East 13 377 

Interface, 
CP3 

3/5 
11:28 
AM 5 27 293 10 4 Interface East 90 2610 

Interface, 
CP2 

3/5 
11:29 
AM 4 - 5 10 2 Closure Pour  7 203 

Interface, 
CP3 

3/5 
11:34 
AM 4 - 16 - - Interface East 3 87 

Interface, 
CP2 

3/5 
11:41 
AM 4 51 124 10 2 Interface East 44 1276 

Interface, 
CP2 

3/5 
11:47 
AM 3 2 49 3 - Interface East 16 464 

Interface, 
CP2 

3/5 
11:50 
AM 5 - 5 32 12 Closure Pour  22 638 

Interface, 
CP3 

3/5 
11:58 
AM 6 20 350 10 5 

Interface 
West 105 3045 

Interface, 
CP2 

3/5 
11:59 
AM 3 27 135 20 - Interface East 40 1160 

Interface, 
CP2 

3/5 
12:11 

PM 5 - 25 2 - Interface East 13 377 
Interface, 

CP2 

3/5 
12:19 

PM 5 3 21 3 - Interface East 4 116 
Interface, 

CP2 

3/5 
12:22 

PM 3 - - 2 - Closure Pour  3 87 
Interface, 

CP3 

3/5 
12:30 

PM 5 3 85 - - Interface East 22 638 
Interface, 

CP2 

3/5 
12:34 

PM 4 - 25 - - 
Interface 

West 26 754 
Interface, 

CP2 

3/5 
12:40 

PM 5 - 80 28 5 
Interface 

West 18 522 
Interface, 

CP2 

3/5 
12:41 

PM 5 5 148 - - 
Interface 

West 32 928 
Interface, 

CP2 

3/5 
12:48 

PM 3 - 10 20 - Closure Pour  9 261 
Interface, 

CP3 

3/5 
12:57 

PM 9 32 162 15 3 Interface East 44 1276 
Interface, 

CP2 

3/5 
12:58 

PM 4 - 50 8 - Interface East 14 406 
Interface, 

CP2 

3/5 
1:01 
PM 9 - 5 20 - Closure Pour  9 261 

Interface, 
CP3 

3/5 
1:04 
PM 3 - 50 7 - 

Interface 
West 14 406 

Interface, 
CP2 

3/5 
1:08 
PM 9 - 10 21 5 Closure Pour  12 348 

Interface, 
CP3 
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3/5 
1:09 
PM 5 - 60 - - Interface East 17 493 

Interface, 
CP2 

3/5 
1:13 
PM 6 10 220 8 5 

Interface 
West 76 2204 

Interface, 
CP2 

3/5 
1:19 
PM 4 40 307 20 - Interface East 90 2610 

Interface, 
CP3 

3/5 
1:19 
PM 6 2 10 20 5 Closure Pour  11 319 

Interface, 
CP3 

3/5 
1:20 
PM 5 - 10 20 4 Closure Pour  12 348 

Interface, 
CP3 

3/5 
1:25 
PM 9 30 400 15 5 Interface East 128 3712 

Interface, 
CP2 

3/5 
1:29 
PM 3 10 292 7 2 

Interface 
West 97 2813 

Interface, 
CP2 

3/5 
1:29 
PM 5 5 284 8 2 

Interface 
West 96 2784 

Interface, 
CP2 

3/5 
1:30 
PM 5 - 20 30 5 Closure Pour  18 522 

Interface, 
CP3 

3/5 
1:49 
PM 3 - 10 12 - Closure Pour  7 203 Head, CP3 

3/5 
1:51 
PM 4 32 480 26 5 Interface East 152 4408 

Interface, 
CP2 

3/5 
1:54 
PM 6 15 350 12 4 

Interface 
West 85 2465 

Interface, 
CP2 

3/5 
1:54 
PM 3 15 325 12 3 

Interface 
West 90 2610 

Interface, 
CP2 

3/5 
1:55 
PM 4 - 10 2 - 

Interface 
West 3 87 

Interface, 
CP2 

3/5 
1:59 
PM 5 28 410 20 4 Interface East 128 3712 

Interface, 
CP2 

3/5 
1:59 
PM 6 26 440 22 4 Interface East 128 3712 

Interface, 
CP2 

3/5 
2:02 
PM 3 42 190 10 - Interface East 58 1682 

Interface, 
CP2 

3/5 
2:06 
PM 6 - 23 15 2 

Interface 
West 7 203 

Interface, 
CP2 

3/5 
2:12 
PM 4 - 24 18 3 

Interface 
West 10 290 

Interface, 
CP2 

3/5 
2:21 
PM 5 2 21 16 4 

Interface 
West 9 261 

Interface, 
CP2 

3/5 
2:22 
PM 5 10 250 10 2 

Interface 
West 21 609 

Interface, 
CP2 

3/5 
2:23 
PM 5 3 25 5 - 

Interface 
West 6 174 

Interface, 
CP2 

3/5 
2:25 
PM 3 1 28 12 3 

Interface 
West 8 232 

Interface, 
CP2 
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3/5 
2:28 
PM 4 17 410 22 3 

Interface 
West 112 3248 

Interface, 
CP2 

3/5 
2:35 
PM 5 1 131 47 7 

Interface 
West 18 522 

Interface, 
CP2 

3/5 
2:52 
PM 4 47 330 20 3 Interface East 112 3248 

Interface, 
CP2 

3/5 
2:54 
PM 4 5 44 5 - 

Interface 
West 14 406 

Interface, 
CP2 

3/7 
10:26 
AM 3 - 9 4 - 

Interface 
West 3 87 

Interface, 
CP2 

3/7 
10:31 
AM 7 7 325 7 5 Interface East 91 2639 

Interface, 
CP2 

3/7 
10:31 
AM 4 6 67 - - 

Interface 
West 20 580 

Interface, 
CP2 

3/7 
10:32 
AM 5 - 25 22 5 

Interface 
West 12 348 

Interface, 
CP3 

3/7 
10:34 
AM 6 - 36 19 - 

Interface 
West 13 377 

Interface, 
CP2 

3/7 
10:35 
AM 3 2 44 4 - Interface East 10 290 

Interface, 
CP2 

3/7 
10:39 
AM 7 - 30 - - 

Interface 
West 11 319 

Interface, 
CP2 

3/7 
10:45 
AM 3 - 29 - - 

Interface 
West 9 261 

Interface, 
CP2 

3/7 
10:48 
AM 5 - 33 - - Interface East 9 261 

Interface, 
CP2 

3/7 
10:52 
AM 4 17 455 15 5 Interface East 135 3915 

Interface, 
CP2 

3/7 
10:56 
AM 3 - 6 4 - Interface East 3 87 

Interface, 
CP3 

3/7 
11:01 
AM 6 18 266 - - 

Interface 
West 75 2175 

Interface, 
CP2 

3/7 
11:03 
AM 6 2 7 2 - Interface East 4 116 

Interface, 
CP2 

3/7 
11:21 
AM 4 - 1 3 - Closure Pour  2 58 

Interface, 
CP3 

3/7 
11:26 
AM 3 2 26 17 4 Interface East 10 290 

Interface, 
CP3 

3/7 
11:28 
AM 5 - 5 6 - Closure Pour  4 116 

Interface, 
CP2 

3/7 
11:36 
AM 9 16 535 5 6 Interface East 138 4002 

Interface, 
CP2 

3/7 
11:45 
AM 9 - 5 23 3 Interface East 15 435 

Interface, 
CP2 

3/7 
11:48 
AM 4 - 14 13 - Interface East 12 348 

Interface, 
CP2 
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3/7 
11:52 
AM 4 6 259 7 5 Interface East 74 2146 

Interface, 
CP2 

3/7 
11:57 
AM 6 17 309 8 2 Interface East 84 2436 

Interface, 
CP2 

3/7 
12:05 

PM 6 22 341 11 4 Interface East 86 2494 
Interface, 

CP2 

3/7 
12:15 

PM 4 10 91 5 - Interface East 26 754 
Interface, 

CP2 

3/7 
12:28 

PM 6 2 5 1 - Interface East 3 87 
Interface, 

CP3 

3/7 
12:29 

PM 4 3 54 23 2 
Interface 

West 12 348 
Interface, 

CP3 

3/7 
12:38 

PM 4 - 30 10 - 
Interface 

West 12 348 
Interface, 

CP2 

3/7 
12:48 

PM 8 3 15 7 - 
Interface 

West 3 87 
Interface, 

CP2 

3/7 
12:48 

PM 8 3 13 7 - 
Interface 

West 4 116 
Interface, 

CP3 

3/7 
12:58 

PM 3 - 49 7 - 
Interface 

West 12 348 
Interface, 

CP2 

3/7 
1:05 
PM 4 - 7 5 - Interface East 3 87 

Interface, 
CP2 

3/7 
1:13 
PM 3 - 28 18 4 

Interface 
West 12 348 

Interface, 
CP3 

3/7 
1:18 
PM 5 - 85 28 - 

Interface 
West 25 725 

Interface, 
CP2 

3/7 
1:20 
PM 4 3 45 4 - Interface East 16 464 

Interface, 
CP2 

3/7 
1:20 
PM 7 2 52 5 - Interface East 16 464 

Interface, 
CP2 

3/7 
1:41 
PM 4 7 234 6 5 Interface East 72 2088 

Interface, 
CP2 

3/7 
1:50 
PM 6 17 316 10 - 

Interface 
West 81 2349 

Interface, 
CP2 

3/7 
1:52 
PM 6 - 16 10 2 Interface East 5 145 

Interface, 
CP3 

3/7 
1:57 
PM 4 - 10 - - Interface East 3 87 

Interface, 
CP2 

3/9 
10:08 
AM 4 - 10 7 - 

Interface 
West 7 203 

Interface, 
CP2 

3/9 
10:16 
AM 4 5 64 16 3 

Interface 
West 21 609 

Interface, 
CP2 

3/9 
10:16 
AM 4 5 58 16 3 

Interface 
West 20 580 

Interface, 
CP2 

3/9 
10:23 
AM 4 - 24 8 3 Interface East 6 174 

Interface, 
CP2 
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3/9 
10:46 
AM 4 - 10 17 4 Closure Pour  9 261 

Interface, 
CP3 

3/9 
10:54 
AM 4 7 58 9 - 

Interface 
West 21 609 

Interface, 
CP2 

3/9 
10:54 
AM 4 7 58 7 - 

Interface 
West 21 609 

Interface, 
CP2 

3/9 
10:59 
AM 4 - 30 8 - Interface East 5 145 

Interface, 
CP3 

3/9 
11:07 
AM 4 4 65 5 - Interface East 18 522 

Interface, 
CP2 

3/9 
11:08 
AM 3 - 42 8 - 

Interface 
West 14 406 

Interface, 
CP2 

3/9 
11:08 
AM 3 - 41 8 - 

Interface 
West 15 435 

Interface, 
CP2 

3/9 
11:23 
AM 4 4 61 10 - Interface East 20 580 

Interface, 
CP2 

3/9 
11:24 
AM 4 - 44 17 7 Interface East 18 522 

Interface, 
CP2 

3/9 
11:25 
AM 4 3 77 10 2 Interface East 24 696 

Interface, 
CP2 

3/9 
11:25 
AM 4 3 85 11 2 Interface East 26 754 

Interface, 
CP2 

3/9 
11:31 
AM 4 3 52 4 - Interface East 13 377 

Interface, 
CP2 

3/9 
11:34 
AM 4 - 6 3 - Interface East 2 58 

Interface, 
CP3 

3/9 
11:43 
AM 4 2 44 8 - 

Interface 
West 11 319 

Interface, 
CP2 

3/9 
11:45 
AM 4 3 22 6 - 

Interface 
West 7 203 

Interface, 
CP2 

3/9 
11:45 
AM 3 3 23 7 - 

Interface 
West 5 145 

Interface, 
CP2 

3/9 
11:52 
AM 4 3 11 10 - 

Interface 
West 5 145 

Interface, 
CP3 

3/9 
11:52 
AM 4 3 11 10 - 

Interface 
West 6 174 

Interface, 
CP3 

3/9 
11:57 

PM 4 6 60 5 - Interface East 16 464 
Interface, 

CP2 

3/9 
12:02 

PM 3 - 12 7 - 
Interface 

West 5 145 
Interface, 

CP3 

3/9 
12:02 

PM 4 - 12 7 - 
Interface 

West 5 145 
Interface, 

CP3 

3/9 
12:06 

PM 4 - 45 10 2 Interface East 14 406 
Interface, 

CP2 

3/9 
12:15 

PM 8 28 338 20 2 Interface East 99 2871 
Interface, 

CP2 
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3/9 
12:15 

PM 8 30 338 20 3 Interface East 98 2842 
Interface, 

CP2 

3/9 
12:17 

PM 4 17 72 10 - Interface East 23 667 
Interface, 

CP2 

3/9 
12:26 

PM 4 - 7 5 - 
Interface 

West 4 116 
Interface, 

CP2 

3/9 
12:39 

PM 4 2 40 10 2 Interface East 11 319 
Interface, 

CP2 

3/9 
12:58 

PM 4 3 58 - - 
Interface 

West 17 493 
Interface, 

CP2 

3/9 
1:13 
PM 4 - 32 1 - 

Interface 
West 5 145 

Interface, 
CP2 

3/9 
1:15 
PM 4 6 51 4 - 

Interface 
West 14 406 

Interface, 
CP2 

3/9 
1:19 
PM 3 - 21 - - 

Interface 
West 7 203 

Interface, 
CP2 

3/9 
1:22 
PM 4 - 22 2 - Interface East 8 232 

Interface, 
CP2 

3/9 
1:42 
PM 4 - 29 8 2 Closure Pour  16 464 

Interface, 
CP2 

3/9 
1:56 
PM 8 33 339 14 6 Interface East 101 2929 

Interface, 
CP2 

3/9 
1:56 
PM 8 34 342 14 6 Interface East 103 2987 

Interface, 
CP2 

3/14 
9:59 
AM 4 - 36 - - 

Interface 
West 4 116 

Interface, 
CP2 

3/14 
10:06 
AM 3 - 1 3 - Closure Pour  3 87 

Interface, 
CP3 

3/14 
10:16 
AM 3 - 10 9 - 

Interface 
West 3 87 

Interface, 
CP3 

3/14 
11:01 
AM 4 - 19 9 - Interface East 12 348 

Interface, 
CP2 

3/14 
11:16 
AM 4 - 35 - - Interface East 10 290 

Interface, 
CP2 

3/14 
11:21 
AM 3 - 16 22 2 Closure Pour  12 348 

Interface, 
CP2 

3/14 
11:25 
AM 4 3 16 5 - Interface East 4 116 

Interface, 
CP3 

3/14 
11:29 
AM 4 - 6 9 - Closure Pour  4 116 

Interface, 
CP3 

3/14 
11:33 
AM 4 - 8 9 - Closure Pour  11 319 

Interface, 
CP2 

3/14 
11:39 
AM 3 - 22 - - Interface East 8 232 

Interface, 
CP2 

3/14 
11:41 
AM 3 - 23 - - Interface East 9 261 

Interface, 
CP2 
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3/14 
11:54 
AM 4 - 43 18 9 Interface East 14 406 

Interface, 
CP2 

3/14 
11:57 
AM 4 - 5 8 - Closure Pour  4 116 

Interface, 
CP3 

3/14 
11:59 
AM 3 - 44 - - 

Interface 
West 11 319 

Interface, 
CP2 

3/14 
12:08 

PM 8 1 - 2 - Closure Pour  1 29 
Interface, 

CP3 

3/14 
12:18 

PM 4 - 64 3 - 
Interface 

West 17 493 
Interface, 

CP2 

3/14 
12:44 

PM 4 - - 1 - Closure Pour  2 58 
Interface, 

CP3 

3/14 
12:52 

PM 3 - 10 14 - Closure Pour  6 174 
Interface, 

CP3 

3/14 
12:56 

PM 4 - - 1 - Closure Pour  1 29 
Interface, 

CP3 

3/14 
12:59 

PM 4 - 4 2 - Interface East 2 58 
Interface, 

CP2 

3/14 
1:01 
PM 3 - 4 - - Interface East 2 58 

Interface, 
CP2 

3/14 
1:19 
PM 3 - 10 - - Interface East 1 29 

Interface, 
CP2 

3/14 
1:32 
PM 3 - - 2 - Closure Pour  3 87 

Interface, 
CP3 

3/14 
1:35 
PM 4 - - 8 - Closure Pour  6 174 

Interface, 
CP3 

3/14 
1:43 
PM 3 12 114 12 - Interface East 40 1160 

Interface, 
CP2 
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