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ABSTRACT

This report concerns the monitoring of a portion of the Bonnet Carré Spillway Bridge during
an extreme overload. On Tuesday, November 5, 2002, Tulane University was requested to
monitor strain at the bottom flange of two adjacent prestressed girders before, during, and
after the passing of the overload. On Thursday, November 7, this request was modified to
include monitoring of strain in the following regions of interest:

Positive moment region on three adjacent girders

Negative moment region over the pile cap at the center of the bridge width
Positive and negative moment region on one pile cap

Shear region on one pile cap

Compression region on one square pile

® oo o

It was originally believed that the overload would cross the bridge at approximately 4:00 a.m.
on Saturday morning, November 9.

Access in the form of a"Reach-All" vehicle was provided on Friday, November 8, and strain
gauges and wires were affixed to appropriate locations of the structure. Due to mechanical
difficulties the overload did not pass until approximately 3:00 pm on Sunday, November 10.
On Saturday, November 9, access was also provided to the structure, and instrumentation was
placed.

During the day of Friday, November 8, an additional request was made to monitor the strain
on areinforcing bar in the negative moment region of the concrete deck over a pile cap.
Furthermore a request was made to monitor the displacements at midspan of the girderson
Saturday, November 9. These strains and displacements were monitored during the passage
of the overload. Acoustic emission was monitored on three girders at midspan during the
passage of the overload as well.

When the overload crossed the bridge on Sunday, November 10, many of the strain gauges
were still functional but afew had been lost due to environmental exposure or other factors.
Due to the very short notice prior to the monitoring, some compromises were made in the
data collection. These included, but were not limited to, the use of a quick curing epoxy for
the mounting of the strain gauges, the use of long runs of 18-gauge shielded three-conductor
wire from the strain gauges to the data acquisition system, the elimination of weatherproofing
in some instances, and the use of portable generators to power the data acquisition system.



After the monitoring was performed, efforts were made to quantify and reduce the error that
may have arisen from these necessary compromises. These efforts included additional
laboratory testing described in this report.
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IMPLEMENTATION STATEMENT

The results of this investigation would be useful for implementation in the event that analysis
of the structural system were undertaken. In that event, the live load distribution during the
passage of the overload and the degree of fixity in the negative moment region over the bents
could be determined and used to optimize future designs or to provide a better understanding
of how to rate bridges for extreme overloads. Inits current form, the investigation is
primarily useful as adescription of the instrumentation effort and the results and limitations
of that effort. With interpretation from the reader, it may also be used as a qualitative
measure of the extent of damage that did or did not occur due to the passage of this particular
overload.
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INTRODUCTION

Extreme overloads are a common occurrence in Louisiana due to the prevalence of the
petroleum processing industry and the relative ease of water-born deliveries. Some question
exists, however, with regard to the damage that may be caused to roads and bridges by these
extreme overloads. Asaresult, concerns exist with regard to basic structural behavior such
asliveload distribution and restraint offered by the current method of detailing joints
between adjacent spans.

To determine the extent of damage that may be caused by such loadings, a portion of the
Bonnet Carré Spillway bridge was monitored prior to, during, and after the passing of such
an overload. The Bonnet Carré Spillway bridge was subjected to a similar overload
approximately two weeks previous to the passage of the overload described herein. The
effects on the bridge resulting from overload were not monitored and are unknown. An
elevation and plan view of the overload that was not monitored are shown in figure 1. The
subject of thisreport is the passage of a second overload. This second overload was
significantly heavier than the first overload, however, in this overload, the load was better
distributed. An elevation and plan view of the second overload are shown in figure 2.
Photographs of the second overload are shown in figures 3 and 4.

The primary data measured during the passage of the second overload was strain on the
surface of various portions of the structure. Secondary data measured were maximum
deflections and acoustic emission. Limited visual inspection was also performed prior to the
passage of the overload. Due to the short notice given prior to the event and limited access,
necessary compromises were made in the data acquisition; these compromises are described
in the report. A photograph of the access to the underside of the bridge is shown in figure 5.
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Figurel
Elevation and plan view of overload no. 1
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Elevation and plan view of overload no.2



Figure3
Photograph of overload no.2 , side view

Figure4
Photograph of overload no. 2, front view



Figure5
Photograph of accessto underside of bridge






OBJECTIVE

The primary objective of thisreport isto present the results of the field monitoring that was
performed and to provide a description of the data acquisition methods. Thisreport also ams
to provide a description of the limitations of such methods and recommendations for future
research and evaluation in regard to this project and future field monitoring projectsin
general.






SCOPE

The scope of thisreport islimited to the presentation of the data that was obtained before,
during, and after, the extreme overload. Interpretation of the results obtained is beyond the
scope of this report, but some general discussion isincluded.






METHODOLOGY

The monitoring of the Bonnet Carré Spillway Bridge is addressed in four sections. These
sections include visual inspection, monitoring of strains, displacements, and acoustic
emission.

The visual instrumentation effort was limited to bents 1 and 2 and spans 1 and 2 as shown in
figure 6. Thelocations of strain gauges, deflectometers, and acoustic emission sensors are
shown in figures 7 through 11. The strain gauge locations were based primarily on
conversations with Paul Fossier and Shyam Shah of the Louisiana DOTD. In some cases, it
was hot possible to locate strain gauges in the requested locations due to time constraints,
inadequate length of wire, and limited access. The general intent of the strain gauge
placement was achieved in most cases.

Visual Inspection

A limited visual inspection was performed at the site prior to the passage of the overload.
This inspection focused primarily on the possibility of transverse cracking in the reinforced
concrete deck due to the negative moment over the bents. This visual inspection was limited
to spans 1 through 6 (see figure 6). Limited visual inspection of the underside of the bridge
was al so conducted during the instrumentation process.

11
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Monitoring of Strains

Description of Data Acquisition System

A 24-channel 10Tech conditioned signal system was used for the monitoring of strains. This
system is equipped with proprietary commercial software necessary for data reduction and
analysis. Moreover, it is suitable for the monitoring of load cells, LVDT’s, thermocouples,
and other datainputs. In addition to eight channels suited to the monitoring of vibrations, the
system has 16 channels of conditioned signal for strain gauge measurements. These channels
can be modified to accept either 120 or 350-ohm strain gauge inputs. The system is capable
of sampling rates of up to 1 mHz at a 16 bit resolution in addition to simultaneous scanning
and holding for all channels. Digital signal processing boards necessary for the analysis of
digital waveforms are part of the computer systemsin charge of controlling the data
acquisition instruments. A photograph of the portable system is shown in figure 12.
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Figure12

Photograph of Portable Data Acquisition System

Application of Strain Gaugesin the Field

Strains were monitored with electrical resistance foil strain gauges at a frequency of once
each second (1 Hz) in al cases. To obtain results with ahigh level of confidence, itis
imperative that proper installation techniques be used when affixing gauges to the concrete
surface. One factor to consider when monitoring strains on concrete structures is the length
of the strain gauge to be used. A minimum length of four inchesis preferred for concrete due
to the heterogeneous nature of the material. The lack of homogeneity resultsin large, local
variations in strain that are averaged to some degree by the use of along strain gauge. Long
strain gauges (type CEA-06-20CBW-120) were used whenever possible. Dueto the lack of
time for preparation, it was not possible to obtain long gaugesin al cases and, therefore,
shorter gauges (type CEA-06-500UW-120) were used in some instances. Sorter gauges are
commonly used for composite materials, which are also heterogeneous though typically to a
lesser degree than concrete. They are also relatively large and, while not ideal for this
application, the results obtained from these gauges are considered to be reliable.

The preparation of the concrete surface isalso critical. Favorable results are generally
obtained when a high quality two-part epoxy system such as M-Bond AE-10 epoxy
(manufactured by Micro-Measurements, Inc.) is used to prepare the surface. Preparation of
the surface functions by grinding the concrete surface to remove loose debris, applying athin
layer of M-Bond AE-10 epoxy, allowing it to cure, and then sanding the thin layer of
adhesive with afine-grit (200 or finer) sandpaper. The AE-10 epoxy requires a 24- hour cure
at room temperature. This curing time can be accelerated by the use of a hand held heating
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source such as a halogen lamp or heat gun. Due to short notice and lack of accessto the
structure, a 24-hour curing period was not possible. Acceleration of the cure was attempted
with aheat gun, but this approach failed due to the low temperature of the concrete surfaces
on the underside of the bridge. Therefore, a quick-drying two-part epoxy (Devcon two-part
epoxy) was used to prepare the concrete surfaces. When used in combination with the heat
gun, this approach allowed for application of the gauges within 2 hours after the epoxy was
applied. The gauges were affixed to the prepared surface with M-Bond 100 adhesive (also by
Micro-Measurements, Inc.). Thisadhesiveisless desirable than M-Bond AE-10 because of
the lack of durability over time. However, it has the significant advantage of obtaining afull
cure within 10 minutes after application.

For exterior applications, it is desirable to weatherproof the gaugesin al instances. The
weatherproofing process was somewhat time consuming. The first gauges that were installed
(gauges 1, 2, 3 and 4 at midspan of span 2) were weatherproofed. The next set of gauges
installed (gauges 5, 6, 8 and 9 on the central pile and in the negative moment region of bent
2) was also weatherproofed. Time did not alow for weatherproofing of the remaining
gauges.

Factors Affecting Apparent Strain Results

When monitoring strain gauges in the field, consideration should be given to additional
resistance imposed by the use of long runs of wire from the strain gauge to the data
acquisition system. Very long runsin conjunction with a small-diameter wire will
significantly alter the apparent resistance of the strain gauge. Thisresultsin inaccurate strain
readings. To minimize this problem, a heavy gauge (16-gauge or heavier), high quality three-
conductor shielded wire is preferable for monitoring of strainsin thefield. Eighteen-gauge
three-conductor shielded wire was the largest available at the time of the project, and this was
used in al casesfor the runs from the gauge to the data acquisition system. The shielding of
thiswire was not of the highest quality, which may have contributed to the problems with
electrical noise discussed later in thisreport. The leads from the gauge itself to the 18-gauge
wire were made from 26-gauge wire. These leads were kept less than six inchesin all cases
to minimize similar problems with increased resistance.

Due to the short notice given for this project, gas powered generators were used to supply
electrical power to the data acquisition system and the auxiliary systems such as floodlights,
heat guns, etc. Two problems can arise when portable generators are used in conjunction
with electrical resistance strain gauges. First, the strain gauge data acquisition is a sensitive
instrument and relies on arelatively "clean" power supply to provide consistent results.
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Second, the electrical field from the portable generator itself can interfere with the strain
readings. Thisis particularly true if the wire from the strain gauge to the data acquisition is
insufficiently shielded. A better option for power supply to the data acquisition is battery
power. Battery power adapters are available for most portable data acquisition systems,
including the one used for this project.

Laboratory Testing Performed to Address Necessary Compromises
in Field Instrumentation

The necessary compromises listed above were cause for concern regarding the validity of the
data acquired in thefield. Therefore, additional laboratory testing was performed to address
three concerns: 1) the effect of long runs of 18-gauge wire, 2) the effect of Devcon epoxy in
place of the preferred AE-10 epoxy, and 3) the effect of the portable generators on the strain
data.

The effect of the long runs of wire and the Devcon epoxy were investigated with asingle
compression test of a 6-inch by 12-inch concrete cylinder. Four strain gauges were affixed to
the cylinder as shown in figure 13. The effects of the Devcon versus AE-10 epoxy were
anayzed on one side of the cylinder and the effects of short versuslong runs of 18-gauge
wire were explored on the opposite side of the cylinder. The results of thisinvestigation are
shown in figure 14. Ascan be seen in the figure, neither the epoxy type nor the length of the
wire run significantly affected the results. When viewing the results, it should be
remembered that concrete is heterogeneous, strain gauges are never perfectly aligned, and
some eccentricity in loading isto be expected. Therefore, it isnormal to have in the data.
The effect of the noise in the data due to the long run (80-feet) of wire from gauge 4 is
apparent in figure 14. Power was provided to the data acquisition from an AC wall outlet for
this test.

The effect of providing power to the data acquisition system with a portable generator was
investigated in a separate test. For thisinvestigation, 80-foot long wire runs of 18-gauge wire
were connected to two strain gauges. One gauge was mounted on asmall (1inby 7 in by 3/8
in fiber-reinforced polymer specimen with Devcon epoxy while the other gauge was mounted
to the same specimen with AE-10 adhesive. Strains were then monitored under a condition
of no load for aperiod of two to three minutes. The results of thisinvestigation are shown in
figure 15. Some background noise was noticed in the 70-foot run of wire when power was
provided from the wall outlet. This noise typically stayed in the range of ! 30 micro-strain.

A significant amount of background noise occurred when the power was provided by the

18



portable generator. This noise lied, for the most part, in the range of ! 100 micro-strain. The
noise experienced by the portable generator shows greater variability when compared to the
noise data gathered during the wall outlet investigation.

For both of these laboratory tests, an attempt was made to match the field conditions and
treatment of the field data. Due to an oversight, the data acquisition system in the field was
improperly grounded. This may have also contributed to the background noise in the data.
The laboratory tests were run without grounding the data acquisition system so that
meaningful comparisons could be made between the laboratory and field data.

Gage 1 = Devcon epoxy, 6-foot wire
Gage 2 = AE-10 epoxy, 6-foot wire

Gage 3 = Devcon epoxy, 6-foot wire 6x12 concrete cylinder
Gage 4 = Devcon epoxy, 80-foot wire /
Gage ~Gage /
| | /Strai n gage (typ.)
-
Gage
Plan View Elevation

Figure 13
Concretecylinder test for validation of strain measurements
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Monitoring of Deflections
Description of Data Acquisition

One concern expressed on Friday, November 8, was that a global plunging failure of the piles
may take place with the overload. To investigate this possibility, fiberglass targets were
affixed to three of the piles on bent 2 with "liquid nails" as shown previously in figure 10.
The fiberglass targets were shot with a surveying level on the night of Saturday, November 9,
and the elevations relative to a benchmark were recorded. The level was protected from
movement until the overload crossed on Sunday, November 10. The targets were then shot
again shot and the relative elevations were recorded and compared to those recorded prior to
the passage of the overload.

A request for deflection information at the midspan of the beams was made on Saturday,
November 9. The instrumentation requests to this point had been limited to strain; therefore,
it was not possible to set up LVDTS, string potentiometers, or other electronic data
acquisition within the time allotted. An improvised approach was used that involved a Dixie
cup filled with motor oil, akite string, and fishing weights. The kite string was affixed to the
side of three adjacent girders at the midspan of span 1. A 6-inch long 26-gauge wire with a
black vinyl jacket was hot-glued to the bottom portion of the kite string. The string with 26-
gauge wire attached was weighted down with fishing weights (often referred to as BB's or
split-shot) and was then placed in the Dixie cup filled with motor oil. The original location
of the oil on the 26-gauge wire was marked by indenting the wire with ametal tool. The
maximum displacement of the beams at midspan could then be determined by observing the
excursion of the ail line on the 26-gauge wire. The point of this excursion was marked by
indenting the wire with a metal tool immediately following the passage of the overload. A
photograph of the device and a schematic diagram are shown in figure 9. While this method
was undeniably crude, it did serve the purpose of recording the maximum deflection due to
the passage of the overload.

Monitoring of Acoustic Emission
Description of Data Acquisition System

Acoustic emission can be described as transient elastic waves produced in amedium by a
sudden release of energy, such as that produced by crack growth. Common acoustic emission
terms can befound in[1] and [2]. Acoustic emission data was collected with three R6I
sensors (resonant at approximately 60 kHz). These sensors were affixed near the bottom of
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the girders with hot-melt glue (figure 9). The acoustic emission data was recorded with a
portable DISP-Main-24 acoustic emission system. This system has two PCI/DSP-4P
modules with awaveform option and source location capability. All AE equipment was
manufactured by Physical Acoustics Corporation (PAC). In addition to acoustic emission,
the AE system can monitor up to 8 different parametric inputs such as strain, load,
temperature, etc. The system isdesigned in a modular fashion (either 4 or 8 channels per
module). Modules can be added to attain atotal of 48 channels. A photograph of the
acoustic emission monitoring system is shown in figure 16.

Figure 16
Photograph of Portable acoustic Emission Monitoring System

Frequency of Acoustic Emission Data Collection

Acoustic emission was gathered during routine traffic loading prior to the passing of the
overload to determine a baseline of acoustic emission activity from the girders. Thiswas
done on at least two occasions. They were then gathered prior to, during, and after the
passage of the overload. Emissions were gathered continuously in all cases, as opposed to
sampling at a particular time interval as, occurred with the strain gauge data.
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DISCUSSION OF RESULTS

As was the case for the Methodology, the results of the Bonnet Carré Spillway Bridge are
presented in the following four sections. These are visual inspection, recorded strains,
displacements, and acoustic emission.

Visual Inspection

Visual inspection of the concrete deck was performed prior to the passage of the overload. It
revealed cracks in the concrete deck in the negative moment region over the bents (figures 17
and 18). The cracks generally spanned the entire width of the bridge. Approximately five
negative moment regions were inspected, and the cracks were observed in the deck at each
region. The cracks were estimated to be approximately 1/32 to 1/16-inch wide. A crack
width-measuring device was not available for a more accurate determination of crack width.
The overload passed on the afternoon of Sunday, November 10. Time did not allow for
another visual inspection of the cracks after the passage of the overload. Therefore, it is not
known if the crack widths were increased by the overload.
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Recorded Strains

As aforementioned, the recorded strains were adversely affected due to the use of a portable
generator as a power source as well as several other factors. To minimize the effects of the
noise that was caused in the strain data each reading was averaged over afive second time
interval. This method resulted in smoothed strain readings. The smoothed readings are
presented in addition to the actual readingsin all cases.

When considering the strains recorded, it should be remembered that the strain gauge is
affixed to the surface of the concrete member and is then electronically "zeroed" to indicate a
value of zero strain. Any values recorded after the gauge is zeroed are in relation to the zero
value. In other words, strain gauges give relative as opposed to absolute strain readings.
Sincetheinitial value of strain (or stress) in the concrete member at the location of the gauge
isunknown, it is not possible to obtain absolute values of strain (or stress). Rather, changes
in strain are recorded. Absolute values of strain could be obtained with strain gauges only if
the gauge were zeroed under a state of no load when the member in question was fabricated.
However, the presence of tensile cracks in the concrete would still complicate the
interpretation of strain results.

If theinitial state of strain prior to application of the gauges were known, calculation of the
stress in the concrete would still be complicated by a number of factors including creep,
shrinkage, and differential settlement. In the case of the girders, bent caps, and piles, the
level of initial strain in the member could be estimated by conducting a structural analysis
that considered the time, temperature and loading history of the elementsin question. If the
material properties of the concrete and steel were also known, including the creep and
shrinkage behavior, then an estimate of absolute stress in the concrete member could be
made. Thistype of analysisis beyond the scope of this report and therefore was not
conducted.

Gauges at Midspan of Girders- Span 2

The recorded results for the strains during passage of the overload at gauge locations 1, 2, 3
and 4 (midspan of the girders) are shown in figure 19. The smoothed results for the same
gauge locations are shown in figure 20. Figure 20 gives aclearer picture of the strain gauge
data. These results are plotted for the time span of 35 to 45 minutes after the start of data
acquisition. The strains are positive as would be expected due to tension in the bottom
portion of the girder during the passage of the overload. The strainsincrease from the
outermost girder to the innermost as would be expected from the nature of the overload. The
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strains on the innermost girder (gauges 3 and 4) are of similar magnitude, however gauge 3
recorded dlightly higher strains than gauge 4. Thisisto be expected even though these
gauges are placed on opposite sides of the same girder. Reasons for disagreement between
the two gauges include misalignment of gauge 4, heterogeneity of the concrete, and the
possible presence of micro-cracks crossing gauge 3 but not gauge 4. The maximum recorded
strain due to the overload in these locations occurred in gauge 3 and was approximately 300
micro-strain (micro-strain is defined as engineering strain x 10°). This compares to the value
of approximately 100 micro-strain recorded in the outer girder by gauge 1. With the
exception of gauge 3, al of the gauges began in the zero position prior to the load and
returned to the zero position after the load passed. Gauge 3, however, began dightly below
zero and returned to areading of dightly above zero after the load passed. This may indicate
the malfunction of this gauge or the development of a crack during the passage of the load.
The results from this set of gauges (1, 2, 3 and 4) are considered to be the most reliable due to
the fact that these were weatherproofed, and, thus, there was no adverse effect of moisture
due to weeping as was the case for most of the other gauges.

Gaugeson Pileand Pile Cap - Bent 2

The recorded results for the strains during the passage of the overload at gauge locations 5, 6,
8 (central pile of bent 2), and 9 (negative moment region of the pile cap of bent 2) are shown
infigure 21. The smoothed results for the same gauge locations are shown in figure 22.
Figure 22 gives a clearer picture of the strain gauge data. The locations of these gauges are
shown in Figure 10. These results are plotted for the time span of 33 to 43 minutes after the
start of data acquisition. Regarding the recorded strains on the central pile, the strains are
negative as expected due to compression in the pile. If the strains from gauge 6 and 8 are
compared at similar times, some evidence of bending about the axis of the pile cap can be
inferred. The maximum recorded strain on the central pile occurred in gauge 9 and was
approximately 100 micro-strain (negative). Similar maximum values were obtained from
gauges 6 and 8. All three gauges began in the zero position and returned to the zero position
once the load had passed. The results from this set of gauges are believed to be reliable
because those gauges were weatherproofed and the data were generally inspected. The
readings from gauge 9 (negative moment region on pile cap of bent 2) alternate between
positive and negative. The readings contradict the expected results of positive or zero micro-
strainin all cases. Gauge 9 begins at approximately 50 micro-strain (negative) and does not
return to this value or to zero after the load has passed. Based on this behavior the results
from this gauge are not considered.
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Gaugein Positive Moment Region of Pile Cap - Bent 2

Gauge 7 was placed in the positive moment region of the pile cap of bent 2. The location of
this gauge is shown in figure 10. This gauge malfunctioned prior to the passage of the
overload. Time did not allow for weatherproofing of this gauge.

Gauge on Longitudinal Reinforcing Bar in Deck - Bent 2

The recorded results for the strains during passage of the overload at gauge location 13
(gauge placed on top longitudinal reinforcing bar in the deck above bent 2) are shown in
figure 23. Theseresults are plotted for the time frame of 33 minutes to 43 minutes after the
start of data acquisition. The smoothed results are shown in the same figure. In this case, the
smoothed results give only slightly better insight into the behavior of this gauge during the
passage of the overload. The noisein the data from this gauge location is of ahigh
magnitude when compared to the noise from other locations. This high volume of noise may
be due to the following factors. First, the wire for this gauge was located on top of the bridge
as opposed to beneath the bridge. This may have exposed the wire to electrical fields from
the generators or the overload itself. Next, the gauge itself was not weatherproofed and water
did come into contact with the gauge and the leads. This may have caused the unusual
behavior of this gauge. When viewing the data, it appears that the maximum strain due to the
overload in this gauge was approximately 200 micro-strain (positive). The strain measured
as expected and the gauge began approximately at zero and returned to zero after the passage
of the overload.

Gaugeson Pile Cap (Shear Rosette) - Bent 2

Gauges 10 and 12 of the shear rosette on the pile cap of bent 2 (gauges 10, 11 and 12)
malfunctioned (locations shown in figure 10). Therefore, the results from this rosette could
not be used. Time did not allow for weatherproofing of these gauges, which may have been
the source of the problem. A similar rosette was placed in asimilar location on bent 1 prior
to the passage of the overload. The results from this rosette are described below.

Gaugeson Pile Cap (Shear Rosette) - Bent 1

The recorded results for the strains during passage of the overload at gauge locations 14, 15
and 16 (shear rosette on pile cap of bent 1) are shown in figure 24 aswell. The smoothed
results for these gauges are shown in the same Figure. These results are plotted for the time
period of 15 minutes to 35 minutes after the start of data acquisition. No clear pattern or
maximum can be seen in the results for this set of gauges. The actual strains are expected to
be small and may be obscured by the noise in the data. Each of the gaugesin this set also
experienced significant drift (did not return to zero). Due to time constraints these gauges
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were not weatherproofed and may have malfunctioned. It is recommended that the results
from this set of gauges be disregarded.

General Discussion of Recorded Strains

As described above, in most cases the strain readings returned or nearly returned to their
initial "zero" value after the passage of the overload. For the gauges that returned to zero,
thisisan indication that permanent damage did not occur to the monitored portions of the
structure. For those cases in which the gauges did not return to zero after the passage of the
overload, thisis not necessarily an indication to the contrary. A number of factors can affect
the apparent strain results, including the development of minor cracks that may have
developed due to the passage of the overload but would not adversely affect the performance
of the structure. Other possibilitiesinclude creep of the epoxy bonding agent or electrical
drift of the gauges in question.
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Recor ded Displacements

Targets Placed on Piles- Bent 2

Recorded deflection of the piles of bent 2 after the passage of the overload is shown in figure
25. Theseresultsindicate that two of the piles experienced no measurable deflection. The
recorded deflection of the third pile was 0.02 feet downward. It is possible that this apparent
deflection was due to improper reading or recording of the elevation prior to the passage of
the overload. The readings taken prior to and after the passage of the overload were taken by
different individuals.

Deflection Measured with Deflectometers - Midspan of Girders (Span 1)

Deflection as recorded by the deflectometers after passage of the overload is shown in figure
26. Thisfigureindicates that the deflection of the interior girders was greater than the
exterior girders as expected for aload pattern of this type. The maximum recorded deflection
was 1/2-inch.
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Recorded Acoustic Emission

Acoustic emission data can provide valuable insight into the behavior and damage
mechanisms and the behavior of reinforced concrete structures[3, 4]. As mentioned earlier,
acoustic emission can be described as transient elastic waves produced in amedium by a
sudden release of energy, such as that produced by crack growth. It isaglobal, passive
method of nondestructive evaluation. In other words, entire structures or portions of
structures can be monitored, and merely loading the structure can generate the necessary data.

Due to increases in the number of aging structures and damage due to earthquakes, acoustic
emission is being proposed as a standard for the in-situ evaluation of reinforced concrete
structures [5]. A schematic diagram of atypical acoustic emission "hit" is shown in figure
27.
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Figure 27
Schematic of Acoustic emission hit recorded by resonant sensor

Obstacles to widespread implementation of acoustic emission monitoring as a means of
evaluation for civil engineering structures include the cost of the instrumentation and the fact
that the interpretation of resultsis dependent on operator experience and loading protocol.
Because acoustic emission is caused by damage growth, it is heavily dependent on load
history [6]. Interpretation of acoustic emission results frequently focuses on the patterns of
emission that are recorded during reloading of agiven structure. In fact, many codes do not
reguire the monitoring of structures during theinitial loading and, instead, focus on the
evaluation entirely on the data gathered during reloading [2]. Therefore, to obtain
meaningful results, controlled loading and reloading is preferred. Reloading was not feasible
in the case of the passage of the overload. However, loading and reloading with trucks of a
known load is feasible and would provide more meaningful insight into the behavior of the
structure should this approach be implemented in the future. Even though rel oading was not
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conducted in this case, some general discussion of the acoustic emission monitoring approach
and the data gathered is given below.

To establish a baseline of acoustic emission activity, emissions were monitored continuously
for aperiod of approximately 30 minutes while traffic crossed the bridge. Plots of amplitude
of each recorded acoustic emission hit versustime for all three sensors and for two different
periods of time are shown in figures 28 and 29. These acoustic emission scans took place
during the night of Saturday, November 9, and the early morning of Sunday, November 10.
Therefore, the acoustic emission recorded is not representative of normal traffic loading. For
traffic scan 1, high amplitude hits of up to 80 dB were recorded by sensor ae3. This sensor
was affixed to the innermost of the three monitored girders. The outer girders showed
significantly less activity. For traffic scan 2, high amplitude hits of approximately 90 dB
were recorded by sensor ae3. In thistraffic scan, the outer girders again showed significantly
less activity than the innermost girder. Thisisto be expected and isindicative of larger
portions of the traffic load being carried by the innermost girders.

Another convenient way to view acoustic emission dataisto plot cumulative signa strength
versustime. Signal strength is essentially the area under the positive and negative envelope
of each acoustic emission hit. Signal strength includes the amplitude of the acoustic emission
hits while also considering the duration of the hits. Plots of signal strength give an indication
of the energy released during crack growth. A plot of cumulative signal strength versus time
for traffic load number 2 is shown in figure 30. Similar to the plots for amplitude versus
time, this plot also indicates that the mgjority of the acoustic emission energy is coming from
the girder near the center of the bridge under thistraffic load.

Plots of amplitude versus time for the time period before, during, and after the passage of
overload 2 are shown in figure 31. The effect of this overload on the acoustic emission
activity is clear in thisfigure. From thisfigure, it appears that the outermost girder is more
acoustically active due to the passage of the overload than the interior girders. Thisis
consistent with the formation of new cracks in the outermost girders due to the passage of the
overload. Increased acoustic emission activity in the outer girders would be expected since
these girders had, most likely, not been as heavily loaded as the innermost girders prior to the
passage of the overload. Hits of approximately 80 dB were recorded in the outermost girder,
while hits of approximately 90 dB were recorded in the two inner girders. Thisis consistent
with alarger percentage of the overload being carried on the inner girders. The lack of
recorded hits above 90 dB indicates that major events such as breakage of prestressing
strands did not occur in the monitored portions of the structure.
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A plot of cumulative signal strength versus time for the passage of the overload is shown in
figure 32. Thisfigure indicates that the acoustic emission energy generated was the largest in
the central girder, which is again consistent with alarger percentage of the overload being
carried by thisgirder. Interestingly, the second largest cumulative signal strength value was
generated in the outermost girder. Thisis consistent with alarge number of new cracks being
formed in this outer girder, even though these cracks were of lesser energy content than those
activated in the innermost girder.
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CONCLUSIONS

Conclusions based on the limited visual inspection and monitoring of strains, deflections, and
acoustic emission performed on Sunday, November 10, during the passage of the overload
are beyond the scope of thisreport. However, some limited analysisis given.

The recorded strain, deflection, and acoustic emission information generally points to the
conclusion that major damage did not occur to the monitored portions of the structure due to
the passage of overload 2. This conclusion is supported by the following observations:

1. Plunging failure of the piles did not occur as evidenced by the surveying
information,

2. Themagjority of the strain gauges affixed to the bottom of the prestressed
girders returned to the zero position after the passage of the overload, and

3. Acoustic emission events greater than 90 dB were not recorded during the
passage of the overload. The amplitude of the recorded hits during the
passage of the overload was similar to that recorded during light traffic
loading.

While live load distribution is beyond the scope of this report, it is generally noted that the
inner girders supported alarger percentage of the overload than the outer girders. This
conclusion is supported by observations of the recorded strains and displacements during the
passage of the overload. Theratio of recorded strain from the innermost to outermost girder
was approximately 2 to 1. Theratio of recorded maximum deflection from the innermost to
outermost girder was approximately 2 to 1.5.

The acoustic emission data generally indicated that the outer girders were more heavily
loaded during the passage of this overload than they had previously been in their history. The
data tended to indicate that a considerable amount of new crack growth took place in the
outer girder due to the passage of the overload. The acoustic emission data also indicated
that alarger percentage of the overload was carried by the inner girders.
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RECOMMENDATIONS

Field monitoring of bridges under known loads can provide valuable insight into the behavior
of the structure. Thisinsight can, in turn, be used to better evaluate the effects of both
normal traffic and overloads.

The monitoring of this particular overload was done with very little advance notice.
However, much of the data that was gathered is thought to be reliable. Thisis particularly
true for the deflection, strain, and acoustic emission data gathered at midspan of the
prestressed girders. Although the information gathered seemsto bereliable, itis
recommended that the reliability of this data be further verified. Verification could be
achieved with the use of surface-mounted full-bridge strain gauges such as those
manufactured by Bridge Diagnostics, Inc. Such gauges are intended for use on concrete
structures; extensions to the gauges can be added to provide sufficient gauge length to obtain
more reliable readings. The use of the full-bridge configuration is helpful in minimizing
background noise. It isrecommended that these or similar gauges be placed adjacent to the
existing electrical resistance surface-mounted foil strain gauges and that the structure be
loaded with atruck (or trucks) of known weight. The results gathered with the two different
gauges can then be compared, and the results obtained by the electrical resistance foil strain
gauges can be either verified or discounted. The electrical resistance foil gauges were
weatherproofed and should be viable for approximately two years from the time of
installation.

Should the results obtained by the electrical resistance foil gauges used for this project prove
to bereliable, it is recommended that the general assumptions (degree of fixity at the joints,
live load distribution, etc.) made for the structural response due to the passage of the overload
be examined to determine their validity. This could provide valuable information in regard to
the structural capacity of bridges subjected to future overloads.

It is aso recommended that the monitored portion of the bridge be loaded with trucks of
known weight and that the strain and displacement response be monitored and recorded. A
two-dimensional grillage or three-dimensional finite element model of the monitored portion
of the structure can then be developed and the model can be correlated to the results obtained.
A calibrated model of this kind would be useful in verifying design assumptions made for
conventional loading (HS-20, etc.) or future overloads on this or ssmilar structures.
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For future load testing on the monitored portion of this structure, it is recommended that
acoustic emission monitoring be used to assess the level of damage that takes place in the
structure due to normal truck loading. Thisinformation should then be compared to the level
of damage caused by the passage of the overload. Reloading with the load trucks should be
employed to aid in the analysis of the acoustic emission data.

In all cases of field monitoring prior to extreme overloads, it is recommended that a thorough
visual inspection of the structure be performed and the results of the visual inspection be
documented in photographic and written form both before and after passage of the overload.
To alow for adequate time to set up instrumentation properly, access to the structure should
be provided a minimum of five days prior to the passage of the load to be monitored. Since
notice is often very short prior to this type of project, it is recommended that a retainer
contract for this type of monitoring be considered.

Strain is a sensitive and readily measurable quantity for the assessment of structural behavior.
When monitoring strain in reinforced concrete structures, the possibility of existing cracks
should be considered. In the case of prestressed concrete structures, cracks may not be
present in the tension region. In this case, conventional electrical resistance strain gauges can
provide satisfactory results. When electrical resistance strain gauges are used, the surface
preparation iscritical. The type of wire used is also important, and high quality three-
conductor 16-gauge (or better) shielded wire should be used for runs of over 50 feet in length.

If the strains to be measured are small, power should be provided to the data acquisition with
a battery, the system should be well grounded, low-pass noise rejection filters should be used,
and averaging of the data over time should be considered. Vibrating wire strain gauges are
more stable over time than electrical resistance gauges and are therefore preferable for long
term monitoring (though at higher cost). Fiber optic strain gauges offer the additional
advantage of stability and no electrical interference. Units for the interpretation of fiber optic
sensors are costly at thistime. Other options that have recently been developed or arein
development include distributed sensor arrays that can be remotely accessed.

Deflection information may be more useful for certain structures, such as reinforced concrete
structures with a high degree of cracking. Where the underside of the structure is accessible
from land, string potentiometers or LVDTSs can be used to accurately measure deflection.
Where this accessis not available, conventional surveying technigues can be used to provide
limited information under static loads. Laser systems are available that can provide better
information at increased cost. Digital photography can also be used and the images can then
be "pixelated” to determine deflection.
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The options mentioned above concern the overall mechanical behavior of the structure. This
information can be extended to portions of the structure that are not monitored through
computer modeling, such asfinite element analysis.

Acoustic emission is a very sensitive measure of damage in a structure. In comparison with
other nondestructive eval uation methods it has the advantage of providing global
information. Another advantage is the fact that it is a passive method, and therefore, only
loading of the structure is required for the generation of data. As aforementioned, acoustic
emission depends on load history, and this should be considered in the analysis of the data.

Structural health monitoring is an area of active research and the previously explained points
discuss common and useful possibilities. Recommendations for particular monitoring
projects will depend on many factors including the time period to be monitored, the
investment to be made in the monitoring system, and the type of structure.

49






ACRONYMS, ABBREVIATIONS, & SYMBOLS
ae = acoustic emission
d = deflectometer
dB = decibel
Hz = hertz
LVDT = linear voltage displacement transducer
micro-strain = engineering strain x 10°
pico=1x 10"
pV's = pico-volt* second
sg = strain gauge

t = target
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