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Fig. 3-8. Typical instrumentation site

The measurements were recorder every minute during casting, curing, and for at least two
weeks after the girders were shipped to the jobsite. After this point, the measurements were
recorded every fifteen minutes for several weeks, after which the measurements were

changed to record every hour and on the hour.

3.3.  Concrete Maturity

Forced temperature can be utilized to alter how mass concrete cures and influence
the rate of its strength development. The concept of concrete maturity was developed in
the 1950’s and continues to evolve, however the method is not without limitations. The

limitations are outlined in ASTM C 1074-74 (ASTM 1987) and they include the following:
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Fig. 3-23. Yearly predicted minimum average bridge temperature

3.4.5. Weekly Prediction of Average Bridge Temperatures

It was decided to use weekly maximum and minimum ambient temperatures from
the NOAA database and compare to the ABT measured from the bridge sensors. The results
of this comparison are presented in the following plots, which display the three predictive
methods compared to each girder separately. Fig. 3-24 displays a comparison of Ty, gumax
of the three temperature predictive methods and the maximum measured ABT of Girder 1.
The minimum measured ABT of Girder 1 and the three values for Ty, 4y, Of each week
are displayed in Fig. 3-25. A comparison of T, guqx from the three temperature predictive
methods and the maximum measured ABT of Girder 5 is displayed in Fig. 3-26. The
minimum measured ABT of Girder 5 and the three values for Ty, s, Of each week are

displayed in Fig. 3-27.
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Fig. 3-24. Predictive temperature methods and maximum measured ABT for Girder 1
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Fig. 3-25. Predictive temperature methods and minimum measured ABT for Girder 1
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3.6. Camber Models

Through principles of mechanics and an assumed value of the coefficient of thermal
expansion, the thermal camber of a girder can be predicted. The total strain at any point of
the girder will consist of components from temperature and stress as is displayed in Fig.
3-39. The curvature of a strain profile along the girders cross section can be determined
based on several common assumptions, which include:

Plane sections remain plane.

The free thermal strain is constant across the width at any elevation.

The concrete and steel are within their linear elastic ranges, and the concrete is

uncracked.

The changes in axial force and bending moment due to thermal effects are both zero

for the simply supported girder.

Through the use of these assumptions, Nguyen et al. (2015) were able to determine
two methods to derive the thermally induced camber of prestressed concrete, | girders. The
first method, named the temperature history camber model, was derived based on
temperature profiles throughout the day. The second model, named the peak temperature
camber model, was derived based on the assumption of peak temperatures within a 24 hour
period and that linear temperature variations existed throughout the girder.

The Nibley Bridge did not have a temperature station at the site. Thus historical
temperature data was obtained from the National Oceanic and Atmospheric Administration
(NOAA 1970-2017) at a site 3 miles to the west of the bridge. This temperature data only
includes the daily maximum and minimum temperature data, thus only the peak

temperature camber model could be used in this analysis.
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Fig. 3-39. Strain profile in simply supported Girder

3.6.1. Thermal Camber by Measured Temperature

The dataloggers provided by Campbell Scientific were set to record temperature
and strain values every hour. Using this data, a derivation can be completed in order to
determine the measured thermal camber every hour throughout a given day. Nguyen et al.

(2015) provide a detailed derivation to produce the following equations.

EdA EydA £ J Ee,dA
nydA EyZdA ¢ nygedA Equation 3-10
Where:
& = total strain at the origin
¢ = curvature

Additionally, E is the modulus of elasticity, A is the gross area of the nth cross
section, and y is the distance from the centroid of the nth section to the bottom of the girder.
Equation 3-10 can be simplified by setting the term [ AydA to zero and the result is

Equation 3-11 and Equation 3-12.
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jEdA = Edny Equation 3-11

Ey?dA = EI
f Y g Equation 3-12

area of the transformed section

oS
g
1

moment of inertia of the transformed section

~
4
<

1

The matrix equations then can be decoupled to produce Equation 3-13 and Equation

3-14.

gEA. = ngeb(y)dy Equation 3-13

PEl, = nySeb(y)dy Equation 3-14

In determining the camber of a concrete member it is often most convenient to use
Equation 3-13 and Equation 3-14 because the girder width b(y) cannot be defined with a
single equation. The equations can be further simplified by dividing through by the
modulus of elasticity, E, if it is constant through the girder cross section. Also, if the
environmental strain,e,, gradient is linear, the right side of Equation 3-14 simplifies to
—El.,.aAT/h, where « is the coefficient of thermal expansion and AT is the temperature
difference over the height of the girder. Then Equation 3-14 reduces down to produce

Equation 3-15.
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— ﬂ Equation 3-15
h

The curvature must generally be computed at several locations along the girder and
then integrated in order to give the value for camber. Yet, if the girder is prismatic and the
temperature is constant along the length of the girder then the camber may be calculated at
a single location. The mid-span deflection, for a simply supported girder, is obtained by
integrating the curvature twice and if the girder is simply supported then Equation 3-16 is

used to determine the mid-span camber.

A S CD_LZ Equation 3-16
camber — 38
Where:
L = Length of the girder

The negative sign in the equation is used because the calculated deflection is
negative, but for the purposes here the camber is taken as positive upwards. The coefficient
of thermal expansion used in these calculations was based on the value determined by

Nguyen et al. (2015) as 5.5 x 10 °F (9.9 x 10 °C™%).

3.6.2. Peak Temperature Camber Model

Nguyen et al. (2015) provide a detailed description to obtain a thermal camber using
hourly ambient temperature data. Unfortunately, the ambient temperature data obtained
only records the maximum and minimum temperature throughout the day. Thus, the

Temperature History Camber Model will not be used here. A second model developed by



64
Nguyen et al. (2015) does not require a detailed daily temperature history and can be
derived using peak ambient temperatures in a single day. This model is based on an
assumption that the effective temperature difference between the girder top and bottom
AT,z is related to the daytime high and nighttime low temperatures for a 24-hour period.
This effective temperature is approximated from the maximum and minimum temperatures

over a single day using a cosine interpolation as a function of time as shown in Equation

3-17.
(t —to)
{1 — CosS [ (Zn)]} .
24 Equation 3-17
ATeff(t) = 4 (Tmax - Tmin) 2 a
Where:
A = Calibration factor
to = reference time for counting the thermal camber during that day
Tonax = mMaximum air temperature during the 24-hour period
Tmin = mMinimum air temperature during the 24-hour period

The reference time t, represents the time at which the ambient temperature is at a
minimum as well as the lag time between the concrete and air temperatures. This causes

AT, s to have a zero value when t equals t, (as well as at ¢, + 24 hours) and reaches its

maximum at t, + 12 hours. Then the affective thermal strain is calculated in Equation 3-18.

(t — to)
{1 - oS [ 24 (2”)]} Equation 3-18
ETHeff — @ Aq (Tmax - Tmin) >
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The thermal camber at mid-span for a simply supported girder may then be
determined by combining Equation 3-16 and Equation 3-18. The result is displayed as

Equation 3-109.

a A, (Tmax — Tmin) {1 — Cos [(t ;4%) (277)]} L2
Acamper= ( A ) 5 (—) Equation 3-19

8

In order for this model to be accurate it needed to be calibrated by optimizing
predictions of the cambers. Nguyen et al. (2015) compared this model against the cambers
from several other tests performed by other researchers. The model was then compared
against the data from all girders at once. This comparison determined that the values of 4,
at 1.28 and t,, at 4.53 were the most optimal values with a root mean square camber error
of 0.009 in. (2.3 mm). By the use of the peak temperature model with ¢, at 4.53, the result
is that the minimum camber will always occur at 4:32 am and the peak camber will always
occur at 4:32 pm.

The Nibley Bridge experienced several instances of large positive and negative
temperature gradients. The largest gradient, as discussed in Section 3.5.1, occurred on May
13, 2016 with an overall difference in temperature of 58.7 °F (32.6 °C). The embedded
thermocouples provided the temperature data to determine the thermal camber based on
the greatest non-linear temperature gradient. The thermal camber of May 13, 2016 is
displayed in Fig. 3-40. This figure shows a comparison of the cambers according to the

Peak Temperature Camber Model, the recorded temperatures, and from the CSiBridge
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Fig. 3-40. Calculated vs measured camber due to thermal stress

finite element model. The thermocouples recorded every hour and the maximum camber
was found to occur at 4:00 pm. The peak temperature predictive model displays a peak
camber at 4:32 pm. If the thermocouples recorded more frequently it is possible that the

peak temperature model would prove to be more accurate.

3.6.3. Comparison of Computer Analyses and Mathematical Models

The greatest maximum and minimum gradients experienced in the Nibley Bridge
occurred on May 13, 2016 and January 9, 2017, as described in Section 3.5.1. Using these
two temperature gradients, a camber and stress distribution was determined using both
computer and numerical models. The computer models used were from SAP 2000 and

CSiBridge. The first numerical model was performed using the measured temperature data
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from sensors embedded into the girders. The second model, labeled the Peak Temperature
Camber Model, is determined by use of maximum and minimum daily temperature data
obtained from the NOAA. Table 3-7 below displays the results of these analyses by the
temperature assignments of May 13, 2016 at 2:00 pm.

The results from Table 3-7 indicate that the CSiBridge model contains a close
representation of the Nibley Bridge. The SAP 2000 model overestimated the greatest
positive temperature gradient, however it did not overestimate the greatest negative
temperature gradient. Additionally, the Peak Temperature Camber model underestimated

the measured camber for both the greatest maximum and minimum temperature gradient.

3.7. Prestress Losses

Precast girders facilitate rapid construction of a bridge because the girders are fabricated
off-site and then shipped to and erected at the job site. This eliminates the need for
formwork and lengthy curing time at the bridge site. Precast bridge girders are prestressed

in order to overcome the concrete’s natural weakness in tension that occurs during service

Table 3-7. Camber analyses from temperature of May 13, 2016 and Jan 9, 2017

Model Peak camber due to max. Peak camber due to max.
positive gradient (in.) negative gradient (in.)
SAP 2000 0.8259 -0.2619 Estimated
CSiBridge 0.7531 -0.1465
Measured temperature data 0.8002 -0.2804
Peak Temperature 0.6499 -0.2166
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cross the bottom flange. To achieve the required prestressing force, concrete is cast around
high strength steel tendons, cables, or bars that have been stressed in tension. The concrete
will bond to the strands as it cures. The strands are then cut to release the tension and this
force is transferred into the girders as compression due to the concrete and tension bond.
However, not all of the stress that initially existed as tension in the strands will transfer as
compressive stress. At release, a significant amount of prestress loss occurs due to elastic
shortening. Over time, additional loss occurs due to creep and shrinkage of the concrete,
and relaxation of the prestressing strands. The AASHTO LRFD Bridge Design
Specifications (AASHTO 2010) provide two methods to determine the magnitude of
prestress loss that occurs. The two methods are titled the Approximate and the Refined
Method. The losses are categorized into two groups for both methods. The same procedure
is used to calculate the instantaneous losses for both methods, but have different procedures
to calculate the time-dependent losses.

The Precast Concrete Institute Design Handbook (PCI 2010) also has a method that
may be used to predict the prestress losses due to elastic shortening as well as long-term
losses. This section presents information regarding the measured prestress losses compared
to the predictive methods from The AASHTO LRFD Bridge Design Specifications

(AASHTO 2010), and from the PCI Design Handbook (PCI 2010).

3.7.1. Approximate Method

The procedure for determining prestress losses, according to the approximate
method, provides a single value of the total loss that is expected to occur in a concrete

member. This method is only for use with girders that are constructed with normal and
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Table 3-8. Values used in the calculations for Equation 3-21

Girder 1 Girder 5
Aps (in?) 7.378 7.378
Ay (in) 1157.3 1157.3
E. (E1) (ksi) 4746.77 4457.18
E.(E2) (ksi) 4222.74 4037.89
ky 1.0 1.0
we  (kcf) 0.1379 0.1395
£ (ksi) 7.89 6.72
e (in.) 22.04 22.04
E, (ksi) 28500 28500
fobe  (ksi) 202.5 202.5
Iy (in%) 259976.52 259976.52
Mg (Kip-in.) 12873.73 13023.10

Equation 3-24 is an estimate of the combined time dependent losses for standard
precast, pretensioned members subject to normal loading and environmental conditions.
The values used for Equation 3-24 are based on the properties of the Nibley Bridge and
listed in Table 3-9. This formula includes the combined long-term prestress losses due to

creep of concrete, shrinkage of concrete, and relaxation of steel, where:

fpiAps

g

AprT = 100

YuVse + 12.0vnVse + Afpr Equation 3-24

In which:
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Table 3-15. Percent of total prestress loss

Girder 1 Girder 5
Approximate E1 Method 16.92 18.53
Approximate E2 Method 17.79 19.29
Refined E1 Method 17.56 20.78
Refined E2 Method 18.88 22.05
PCI Method 18.23 22.20
Measured 18.13 24.53

3.7.7. Relaxation

Tendons suffer a loss in the prestressing force due to constant elongation with time.
Nawy described that the magnitude of the decrease in the prestress depends not only on the
duration of the sustained prestressing force, but also on the ratio of the initial prestress to
the yield strength (Nawy 2006). In the case of the Nibley bridge, the amount of relaxation
was not measured because the strain gauges were not attached to the tendons. Fig. 3-8
displays that the strain gauges were placed within the concrete between the tendons, thus
the gauges are unable to measure the actual relaxation losses in the steel. The Geokon
model 4200 vibrating wire strain gauges are shaped somewhat like a barbell, and are
therefore able to remain within the concrete and measure the stress changes within the
concrete. Additionally, the gauges were placed at the height of the neutral axis of the
tendons, and thus able to measure the stress losses at the location of the tendons neutral

axis.
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CHAPTER 4
SHORT-TERM DATA MONITORING

4.1. Exterior Instrumentation

An additional data collection system was used to monitor strain and acceleration of
the bridge during a shorter duration of time. This system was developed by Bridge
Diagnostics Inc. (BDI), and is monitored wirelessly with cell towers. The BDI system
contains a data acquisition box that was mounted under the bridge, and was used to house
the data collection computer, the wireless modem, and all of the connections necessary to
make the wireless system function and easy to work with. Additionally, two nodes are
mounted under the bridge at locations near the mid-span. Then these nodes were connected
to the data acquisition system. From each of these two nodes, four sensors were connected
and then attached at predetermined locations on the bottom of select bridge girders.

A total of eight ST350 strain transducers and eight A1521 Uniaxial Accelerometers
were attached to the bridge. These sensors were attached to the exterior of the bridge using
a Loctite 410 adhesive and small brackets. An example of this attachment is shown in Fig.
4-1. Six of the strain gauges were attached to the bottom of the girders at the mid-span on
Girders 1 thru 6. The other two strain gauges were attached at mid-span to the web of
Girder 2 and Girder 3 at a height that correlates to the centroid of the girders. Fig. 4-2
displays a cross section of the mid-span of the bridge where each of the sensors were
attached. Strain Gauges (SG in Fig. 4-2) 1 thru 8 indicate the locations of each of the eight
strain gauges at the mid-span of the bridge.

The accelerometers were placed at mid-span as well as quarter points of various
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Fig. 4-1. Strain gauge located at the neutral axis of one of the girders

|| = NORTH I|
P L2000
SG1 5G2 SGS5 SGE SGT  5G8

Fig. 4-2. Strain gauge locations at mid-span of bridge

girders. Long-term accelerometers are also embedded in the bridge at locations that
correlated with the quarter point, thus it provided the opportunity to correlate the data at
mid-span as well as quarter points. The location of the accelerometers was somewhat
limited based on the length of the wire attached to each sensor. Each of these sensors were
required to connect into one of two available nodes. The nodes could only allow four
sensors to connect to them at one time, and thus the required arrangement of accelerometers
is displayed in Fig. 4-3. The strain gauges and accelerometers were also provided by BDI.
An example of the accelerometers is provided in Fig. 4-4 and the strain gauges are depicted

in Fig. 4-1.
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Fig. 4-3. Plan view of bridge depicting the location of the BDI accelerometers

Fig. 4-4. Rendering of BDI A1521 uniaxial accelerometer
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4.2.  STS Software Description
The equipment provided by BDI requires the use of a particular software titled STS.

The software is found on the desktop of a laptop in the USU Long Term Bridge
Performance (LTBP) program. The software can be operated as a continuous data
acquisition system and the software required is STS Monitor. The system can also serve as
a data acquisition for live load tests and the STS Live software would be required. For the
purposes of this report, only STS Monitor will be described in detail.

The first step to operate the software is to engage the core computer by beginning
a remote connection. The Core computer is referring to part of the data acquisition system
located under the Nibley Bridge. To do this, open the start menu on the laptop and search
for Remote Connection and select Remote Desktop Connection from the start menu. The
Remote Desktop Connection window will appear and the credentials for the computer will
already be displayed as shown in Fig. 4-5. Select Connect and allow the laptop to open the
core computer mainframe. Once within the core computer, select BDI CORE to open STS
Core Monitor. Opening BDI CORE will also engage the core computer and allow the
laptop to connect to the data acquisition system.

Now minimize the core and select the most recent version of STS Monitor from the
desktop. This will open the STS Base window as is shown in Fig. 4-6. From the STS Base
window, select remote in the dropdown screen and then select Connect to Core. After a
few seconds an icon at the bottom of the screen will appear green and indicate “connected.”
After STS Base is connected to the core computer, select STS UIF to open the STS Monitor
User Interface (UIF). The first screen of the STS Monitor User Interface (UIF) is shown

in Fig. 4-7. The STS Monitor UIF contains four primary tabs at the top left of the screen.



91

i N

& Remote Desktop Cennection = 2

| Remote Desktop
"¢ Connection

Computer: 166.248.181.11 -

Username: UTASTATENUNIUTAZI

Saved credertials will be used to connect to this computer.
You can edit or delete these credertials.

= Options l Connect H Help

Fig. 4-5. Remote Desktop connection window

These four tabs are the first four icons listed in Table 4-1. When beginning a new recording,
start at the left tab and move to the right in order. Thus, the order of edits will be to start
with the Settings Tab, then move on to the System Hardware Tab, Data Display Tab, and
the Test Attributes Tab Consecutively.

The settings tab contains the information about the particular recording that will be
performed. Before making any adjustment at this screen, make sure that an icon resembling
the pulse of a wave, similar to the icon of the test attributes tab, is displayed. Otherwise the
system is set in live recording mode and must be changed to a continuous recording. Fill
in any particular information that is necessary to distinguish the recording from any other
past recordings.

The system hardware tab displays all of the nodes and sensors currently connected
to the BDI system. It is important to verify that each sensor is displayed with its correct

label, calibration, and that no errors are displayed. This is also the tab where any changes
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Table 4-1. Commonly used icons in STS Monitor

Settings Tab

Allows the user to define specific
parameters for each test

System Hardware Tab

Displays information on nodes, sensors,
and test status

Data Display Tab

Allows the user to view plots of test data

Test Attributes Tab

Allows the user to define the specifications
of the tests to be performed

Edit Button

Allows the user to edit a selected group of
sensors, or to make edits to test
specifications

Add Group Button

Allows the user to create a group of sensors

Delete Group Button

Allows the user to selectively remove
sensors from a group

Save Changes Button

Allows the user to save changes made to a
sensor, group of sensors, or to test
specifications

Add Sensor to Group
Button

Used to assign sensors to a group

Confirm Button

Used to accept changes and close the
current edit window

Abort Button

Used to decline changes and close the
current edit window

Record Button

Used to start a data acquisition test

X
[> START |
2 stop |

[J STOP

Stop Button

Used to stop a currently running test




