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Abstract

Catastrophic failures of non-composite prestressed precast concrete adjacent-box beam bridges
have occurred in several states due to corrosion of the prestressing steel. These failures have
highlighted the need to improve methods used to detect corrosion damage and subsequently load
rate the damaged members. In light of this, PennDOT initiated a research program aimed at
improving inspection techniques through evaluation of off-the-shelf non-destructive testing
(NDT) technologies and correlation of surface conditions with non-visible strand corrosion.
Funding for the project was provided by the departments of transportation of Pennsylvania (the
lead agency), New York, and Illinois.

Currently, inspection of concrete box girder sections relies on visual methods which correlate
longitudinal and transverse cracking, spalling, and exposed strands with the rated level of
performance of the member. While the visual method provides a qualitative estimate of the
amount of damage, the specific location along a strand and the amount of damage to the strands
is not clearly defined. As a result, the assessment of the condition of the bridge could in some
cases result in an un-conservative or overly-conservative estimate of remaining strength.
Furthermore, without a high level of accuracy in locating damage to the strands, remediation and
rehabilitation is difficult to accomplish. To improve on the current inspection techniques the
visual inspection requirements are revisited through an extensive destructive evaluation study.
In addition, NDT methods are evaluated and compared with actual damage present in a group of
40-50 year old box beams removed from service. The goal of this project is to determine if
visual inspection techniques or currently available NDT technologies will allow for accurate
identification of non-visible corrosion of prestressing strands.

This report presents the results of the visual inspection, material testing, half-cell potential
mapping, and the destructive evaluation of the beams. The research results indicate that
fabrication techniques used for box beam construction in the 1950-1960 time period allowed for
large variations in construction tolerance. Half cell methods were shown to not provide an
accurate or reliable method of identifying corrosion of prestressing strands. Longitudinal
cracking was shown to provide an accurate and reliable means of identifying corrosion of
prestressing strands. Probabilities of corrosion on strands adjacent to longitudinal cracks are
determined and discussed. Additionally, a new recommendation for inspecting beams and its
impact on operating and inventory rating is provided.
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1 Project Overview

The overall objectives of the project are to:

1) Identify inspection methods, techniques and equipment to detect and evaluate corrosion
that is otherwise undetectable by visual inspection methods

2) Further refine visual inspection methods so as to better correlate external observations
and simple materials testing (e.g., chloride content, depth of carbonation, etc.) with the
extent and severity of corrosion.

To achieve these objectives, the project was organized into three primary tasks.

In Task 1, an extensive literature search was conducted to identify the literature that describes
non-destructive inspection techniques and equipment available in the US and abroad for
quantifying the conditions of prestressing strands not visible during current inspection
procedures. An electronic compilation/database of all literature reviewed has been developed
and has been published in the following report.

e Naito, C., Warncke, J., “Inspection Methods and Techniques to Determine Non Visible
Corrosion of Prestressing Strands in Concrete Bridge Components Task 1 — Literature
Review,” ATLSS Report No. 08-06, Sept. 2008, pp.71.

The purpose of Task 2 was to identify the most promising Non-Destructive Testing (NDT)
technologies available, and then assess the accuracy of these methods in a controlled laboratory
environment. A total of six vendors of NDT equipment were identified and were invited to the
laboratory to demonstrate their technologies on beam mockups. The methodology and results of
the second task is summarized in the following report.

e Jones, L., Naito, C., Hodgson, I., Pessiki, S., “Inspection Methods and Techniques to
Determine Non Visible Corrosion of Prestressing Strands in Concrete Bridge
Components Task 2 — Assessment of Candidate NDT Methods,” ATLSS Report No. 09-
09, June 2010.

Task 3 consisted of an assessment of the in situ conditions of the beams and development of a
recommended approach for rating of box beams with corrosion damage. The results of these
tasks are included in this report. The report includes (1) the inspections of the beams (including
visual inspection, half-cell potential mapping, and the destructive evaluation); (2) material
testing of the concrete; (3) correlation of the surface conditions with the in-situ corrosion
observed; and (4) development of a rating procedure and an example application of the
methodology.

1.1 Inspection Techniques

The beams were examined using three levels of inspection. The first level of inspection
consisted of a surface condition evaluation of the beams. The second level of inspection
consisted of potential mapping of the beams using the half-cell methodology per ASTM C876.
The third level of inspection was a destructive evaluation which included beam chipping, coring,
skinning, and strand exposure/removal. The following sections of the report present the details
of the inspection methods employed.
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1.1.1 Visual Inspection

The beams were visually examined to establish their in-situ condition. In addition, the results of
the visual evaluation were used together with the results of the half-cell mapping described
below to identify locations for core samples, strand exposure, and strand removal.

The visual inspection included a complete documentation of the existing condition of each beam.
This included the development of crack maps which provide description of all cracks (crack
length and width) as well as the extent and severity of all spalls and delaminations. This type of
data is commonly recorded during standard bridge inspections. The results of the visual
inspection serve as a baseline of comparison with other inspection methods that go beyond what
is currently performed on standard bridge inspections. An enhancement on traditional visual
inspection was conducted through detailed photography. Each beam was accurately
photographed to create an exact map of the crack locations along the length and width of each
beam segment. These photographs were later overlaid on the actual damage condition of the
strand to assess correlation between surface and subsurface conditions.

1.1.2 Half-Cell Potential Mapping

The half-cell potential method was used to develop corrosion potential maps of each beam. This
process was developed to detect corrosion of steel reinforcement within concrete structures,
primarily in the marine industry. The half-cell potential system comprises an external half-cell
electrode and a voltmeter used to detect the voltage differential within embedded steel
reinforcement. The magnitude of the voltage differential has been found to be an indicator of
corrosion potential. The process was performed in accordance with ASTM C876, and is
discussed in detail in section 6.

1.1.3 Destructive Evaluation

The destructive evaluation phase of this project comprised (1) the measurement of overall
section and cover dimensions; (2) removal and evaluation of core samples from the bottom
flange of each beam; (3) exposure and assessment of prestressing strands; and (4) an assessment
of the extent of delamination.

1.1.3.1 Cover and Section Measurement

All strand locations and the box cross-sections were measured at the cut face of each beam
segment. The measurements were taken to the nearest 1/16™ of an inch and plotted with respect
to the strand pattern and cross-sectional dimensions specified in the original design drawings.
These drawings were used to assess if variations in the sectional dimensions (e.g., cover) or other
fabrication errors contributed to development of corrosion. Cover along the length of each
strand was not directly measured but instead was assumed to vary linearly from one end of the
beam to the other.

1.1.3.2 Beam Cores

A number of core samples were removed from each beam specimen. Three different classes of
core samples were extracted for subsequent testing.

Four inch nominal diameter cores were extracted from the bottom flange of each of the seven
beams. The cores were used to conduct petrographic analysis, depth of carbonation, chloride
content, and air void analysis. In each beam, cores were taken at various locations to examine a
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range of surface conditions and measured half-cell potential levels. A category system was
established based on the measured half-cell potential and the presence of cracking at the core
location, as shown in Table 1-1. These cores are designated with an A, B, C, or D depending on
the aforementioned criteria. In some locations, two 4 in. nominal diameter cores were removed
in close proximity to one another. Where one core would be sent for forensic evaluation and the
second would be destructively evaluated at the ATLSS laboratory to examine corrosion damage
of the prestressing steel. This allowed for a comparison between half-cell potential readings and
strand damage due to corrosion.

Table 1-1: Category Code for Beam Cores Samples
Core Surface Crack? Half-Cell Potential
Category

A Yes Low

B Yes High

C No High

D No Low

No; used for
S compressive strength Low
evaluation

Strength cores, having a 2 in. nominal diameter, were taken from each beam; these are
designated with an “S” according to the established category code. These cores were only taken
in areas where a low half-cell potential reading was obtained, with the objective of determining a
representative estimate of compressive strength for each beam. The cores were tested in
accordance with ASTM C39.

Additionally, a series of 0.5 in. nominal diameter plugs — approximately 1 in. in length — were
taken along the width of two of the beams; Clearfield Creek Beam #4 and Lakeview Drive Beam
#19. These were taken to assist in correlating half cell potential, chloride level, and corrosion.

1.1.3.3 Exposure of Strands

After all core samples were removed, the bottom layer of prestressing strands was exposed
through a cutting and chipping process to assess the level of corrosion present. To accomplish
this task, a pneumatic chipping gun, a concrete saw, and a track to guide the saw was used as
illustrated in Figure 1-1:
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(a) pneumatic chipping gun (b) electric concrete saw
Figure 1-1: Tools Used to Expose Strands

With the saw, a cut was made between each strand in the bottom layer. Extreme care was taken
S0 as not to damage the strands with the saw. A steel angle guide was used to ensure a straight
cut along each beams length. Once all of the cuts along the beam were made, the chipping
process could be started. The concrete cover was then removed with a pneumatic chipping tool.
A visual of a beam after cutting with the saw and after chipping with the jackhammer is
illustrated in Figure 1-2. Once all of the strands were exposed, photographs were taken and each
strand was systematically examined to document the corrosion damage along its length. This
data was then used to produce a damage profile for each beam. The results of this survey are
discussed in detail in section 5.

(a) After Cutting (b) After Chipping
Figure 1-2: Exposure of Bottom Layer Strands

1.1.3.4 Delamination Assessment

Areas where the bottom flange concrete had delaminated were located using a sounding rod in
accordance with ASTM D4580. After sounding the concrete, minimal amounts of delamination
were found within the seven beam specimens. It should be noted however that a large
delamination was found in Lakeview Drive Beam #7 through visual inspection. Utilizing the
holes produced from coring — with each hole giving a view through the bottom flange — it has
been verified that delaminations were not present in the bottom flange of the six other specimens
at the core locations. This data is used concurrently with the visual inspection to aide in
detecting corrosion of the prestressing strands. More discussion on the results of this evaluation
is presented in section 3.6.
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1.1.4 Material Testing

A series of material characterization tests were conducted to assess the in situ condition of the
box beams.

1.1.4.1 Carbonation Evaluation

The depth of carbonation tests were conducted on cores removed from the beams. Carbonation
in concrete is characterized by the infusion of carbon dioxide, which reacts with alkaline
components in the cement paste; mainly Ca(OH),. This process leads to a reduction in the pH
level of the pore solution to less than 9.0. The reduction of the pH value can be readily assessed
by the color change of a suitable indicator. A solution of 1% phenolphthalein in 70% ethyl
alcohol was used to determine the depth of carbonation. Phenolphthalein turns non-carbonated
concrete red, and remains colorless in carbonated concrete. In order to measure the depth of
carbonation in concrete specimens, a slice is broken off and tested with phenolphthalein. The
slice must be thick enough to avoid the possibility of carbon dioxide penetration from the end
surface affecting the observed measurement from the side surfaces.

The indicator method does not make it possible, however, to determine whether the reduction of
pH value may have resulted from influences other than the absorption of CO; (e.g., SO, HCI or
other acidic gases). The color change observed after spraying with phenolphthalein may be due
to reactions observed on the newly created surfaces; therefore, proper handling of the pieces was
maintained prior to testing.

1.1.5 Total Chloride Evaluation

The total acid soluble chloride profiles of the beams were examined at the various core sample
locations throughout each beam. Two common methods of measuring the total chloride are used
in the United States. They are as follows:

e ASTM C1152 Standard Test Method for Acid-Soluble Chloride in Mortar and Concrete

e AASHTO T-260 Sampling and Testing for Chloride lon in Concrete and Concrete Raw
Materials

The methods measure the total soluble chloride in the concrete by pulverizing a 10g sample such
that it is able to pass through a fine sieve (N0.20 sieve for ASTM, No.50 sieve for AASHTO).
Both methods allow the use of potentiometric titration to determine the chloride content. The
chloride content is measured and reported as either a percent chloride by mass of cement or by
mass of concrete. The amount can also be quantified as pounds of chloride per cubic yard of
concrete. The AASHTO method will be followed for this study. The total chloride testing was
performed by The Erlin Company.

Alternatively, in lieu of ASTM C1152, ASTM C1218 Water-Soluble Chloride in Mortar and
Concrete could have been used to calculate the chloride profiles. However, in ASTM C1152 it
states that the amount of acid-soluble chloride in most hydraulic-cement systems is equal to the
total amount of chloride in the system. ASTM C1218 also warns that water-soluble chloride
determined at some particular time in the life of a cement system is capable of being
substantially different than that at another time. This could have led to a non-representative
chloride measurement. Consequently, acid-soluble chloride (ASTM C1152) was used in the
calculation of chloride percent by mass of concrete.
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1.1.6 Petrographic Analysis

Petrographic examinations of a limited number of cores taken from the beams were conducted.
The evaluation followed the practice defined by ASTM. The test method and scope is presented
below. One core sample (a “D” core) from each beam was analyzed.

e ASTM C 856- 04 Standard Practice for Petrographic Examination of Hardened Concrete
(Active)

“Scope: This practice outlines procedures for the petrographic examination of samples of
hardened concrete. The samples examined may be taken from concrete constructions, they
may be concrete products or portions thereof, or they may be concrete or mortar specimens
that have been exposed in natural environments, or to simulated service conditions, or
subjected to laboratory tests. The phrase "concrete constructions” is intended to include all
sorts of objects, units, or structures that have been built of hydraulic cement concrete.”

The quality of the concrete used in each beam was assessed in accordance with ASTM C856 to
identify if corrosion damage was related to poor concrete quality. The results of this
investigation are presented in section 4.2.2.

1.1.7 Air Void Analysis

Hardened air void analyses were conducted on cores removed from the beams. The air content is
used to assess if there is a correlation between entrapped and/or entrained air and the occurrence
of steel corrosion. The air void spacing and quality was evaluated using ASTM procedures.

e ASTM C457 Standard Test Method for Microscopical Determination of Parameters of
the Air-Void System in Hardened Concrete

“Scope: This test method describes procedures for microscopical determinations of the air
content of hardened concrete and of the specific surface, void frequency, spacing factor, and
paste-air ratio of the air-void system in hardened concrete (1). Two procedures are
described: Procedure A, the linear-traverse method and Procedure B, the modified point-
count method.”

The modified point count method was utilized for the study. The results are presented in section
4.2.2.4.

1.1.8 Strength Assessment

The strength of the concrete used in the beams was assessed by compressive strength testing of
cores taken from the beams. The cores were tested in accordance with ASTM C39. A minimum
of three cores were taken from each beam, so that an average strength could be calculated. The
cores were extracted according to ASTM C42, “Standard Test Method for Obtaining and Testing
Drilled Cores and Sawed Beams of Concrete.” The results of the examination are summarized in
section 4.3.
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2 Bridge Beam Acquisition, Geometries, and Details

Seven non-composite adjacent prestressed concrete box beams were acquired for this project.
The beams were recovered from three decommissioned bridges in the state of Pennsylvania. A
detailed summary of the bridge/beam location, the system and section geometries, and structural
details is presented in this chapter.

2.1 Box Beam Acquisition

The twelve PennDOT district offices were contacted to determine if any prestressed concrete
bridges were in the process of being decommissioned or replaced during the schedule of the
research (2008). Of the twelve districts only District 9 and District 12 had beams coming out of
service in the timeframe needed. A map of the eleven PennDOT districts is presented in Figure
2-1. A number of other districts had replacement projects scheduled for 2009 and 2010 but due
to the proposed project schedule these systems could not be included in the study. As a
consequence, the research program is limited to three bridges built in 1956, 1960, and 1961. Itis
expected that newer bridges are built with improved quality control procedures, thus the damage
conditions observed in the beams examined should represent a worse-case scenario.
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Figure 2-1: Pennsylvania DOT Districts [PennDOT]

Details of the bridges and shop drawings for each bridge type were provided by the district
offices. The bridge details are included as an appendix. The beams were chosen to represent
different fabricators, different ages, different details and a variety of damage conditions. A beam
summary is listed in Table 2-1. The section size, length, and general condition are included.

o Bridge 1: Clearfield Creek Bridge
Location: Flinton, Cambria County PA
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Type: Three Span Prestressed Adjacent Box Beam Bridge
Feature Intersected: Clearfield Creek (One span over creek and two spans over flood plain)
Bridge 1D: 11102101801351

Year Built: 1956

Beam Manufacturer: New Enterprise Stone and Lime Company

0 Bridge 2: Lakeview Drive Bridge
Location: Washington County, PA
Type: Four Span Prestressed Adjacent Box Beam Bridge
Feature Intersected: Interstate 70 (two Spans over traffic and two approaches)
Bridge ID: 62101400500000
Year Built: 1960
Beam Manufacturer: Spancrete
o0 Bridge 3: Main Street Bridge
Location: Strabane Township, Washington County, PA
Type: Four Span Prestressed Adjacent Box Beam Bridge
Feature Intersected: Interstate 70 (two Spans over traffic and two approaches)
Bridge ID: 62404900301265
Year Built: 1961
Beam Manufacturer: Spancrete
Table 2-1: Acquired Beam Data
Bridge: | Beam: | Span: Eg(r:ltg;?hn: Sgcrtoi(s)sn: Condition Description:
Clg?gild 3 1 15ft 42x36 Box | Longitudinal cracking with rust staining.
Clearfield 4 9 15t 49%36 Box L_ar'ge longitudinal crack with spalling
Creek visible.
Lakeview Heavily damaged section with spalls and
: 7 1 15ft 48x27 Box | cracks. The section was full of water.
Drive . - .
Examine potential for delamination
L akeview No 'cracking or corrosion visible on
Drive 16 2 12ft 48x42 Box section however (_)ther areas of beam have
significant corrosion.
Lakeview Longit_udinal _ _crack with _ h_eavier
: 19 3 12ft 48x42 Box | corrosion. Hairline and larger distributed
Drive .
cracks Use for visual assessment.
Heavy corrosion on bottom flange
Main 9 3 15t 48x42 Box without Iongitud_inal_ crackir_wg. _Large
Street patches. Determine if corrosion adjacent
to patch exists using NDE methods.
Main Longitudinal crack with heavy splitting.
3 3 15ft 48x42 Box | Examine damage formation and NDE
Street
study.
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Table 2-2 presents photographs of the soffit of each beam specimen. As previously noted the
condition of these beams varies from average (i.e., minimal cracking and exterior damage) to
poor (i.e., concrete spalling, large cracks, and rust staining).

Table 2-2: In-Situ Beam Condition

Clearfield Creek Beam 3

Clearfield Creek Beam 4

Lakeview Drive Beam 7

Lakeview Drive Beam 16
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Table 2-2: In-Situ Beam Condition

Lakeview Drive Beam 19

Main Street Beam 2

Main Street Beam 3

These seven beam segments, as shown above, were acquired from both PennDOT Districts 9 and
12. The beams were staged on site and sectioned into approximately 15 ft. long segments. They
were then transported to the ATLSS Center at Lehigh University. The beams were carefully
handled so as to minimize further deterioration or damage to the sections. The cutting and
shipping process is illustrated in Figure 2-2. A detailed description of each bridge and beam is
presented in the following sections.
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c) Field Handling of Cut Sections d) Tuckin of Sections
Figure 2-2: Beam Procurement

2.2 Clearfield Creek Bridge

Clearfield Creek Bridge (ID: 11-1021-0180-1351) carried Bear Valley Road (State Route 1021)
over the Clearfield Creek in Flinton, Cambria County, Pennsylvania. The bridge was located in
PennDOT District 9. The bridge was a three-span prestressed concrete adjacent-box beam
bridge with Span 1 over the creek and Spans 2 and 3 over a flood plain. There were twelve
beams in the cross-section. The bridge had an asphalt wearing surface placed on top of the box
girders. The beams were manufactured by New Enterprise Stone and Lime Company in 1956.

An inspection conducted in June 2006 identified damage to the superstructure. The damage
included longitudinal cracks along the bottom of all beams ranging from hairline to 3/16ths of an
inch in width. Lateral movement of the fascia beams was noticeable resulting in a sizeable
separation between the fascia and first interior beams. Numerous instances of spalling and rust
staining were observed. A vertical (flexure) crack was observed near mid-span on a fascia beam.
Replacement of all 36 beams was recommended and structural monitoring was given a priority.

2.2.1 Clearfield Creek Bridge Location & Layout
The Clearfield Creek Bridge was located in Flinton, PA as illustrated in Figure 2-3.
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Figure 2-3: Location Plan - Clearfield Creek Bridge (Google Maps)

Two beams from this bridge were acquired for further investigation at Lehigh University. The
bridge comprises three spans of approximately 73 ft. One beam is from Span 1, situated over the
creek. The other beam was located in Span 2, situated over the flood plain. Both are interior
beams as identified in the plan view drawing Figure 2-4. No beams were taken for study from
Span 3. The beams were inspected on-site and were chosen to have a moderate to low level of
damage associated with hairline cracking and discoloration. The shop drawings indicated that all
beams had a 28-day compressive strength requirement of 5000 psi.
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Figure 2-4: Plan View of Clearfield Creek Bridge

2.2.2 Clearfield Creek Bridge Span 1 Beam 3

As shown in Figure 2-5, each span is comprised of 12 prestﬂessed concrete box-beam girders. A |
Y4 in. slope per foot starts at the center and goes towards the nge of th bridge. Beam 3 was cut M
and transported to the ATLSS Center at Lehigh University #Pr furtheﬁ studies. It is shown in [l
Figure 2-6 that the overall beam length is approximately 73 ft., and tr‘lat the length of the cut [l
section to be studied is approximately 15 ft. in length. H | | |
|

SLOPE 3"/FT. SLOPE 1'/FT.

Figure 2-5: Section A-A of Clearfield Creek Bridge
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Figure 2-6: Plan View of Span 1 Beam 3 of Clearfield Creek Bridge

The structural drawings were supplied by PennDOT. This beam has a specified depth of 42
inches and a width of 36 inches. The prestressed steel reinforcement comprises thirty-seven (37)
3/8 in. diameter seven-wire strand with a minimum strand tensile strength of 250 ksi. The
strands are pretensioned to an initial stress of 175 ksi with specified locations as shown in Figure
2-7. The strands have a nominal area of 0.0799 in® per strand. A minimum clear cover of 1 %
inches was specified in the structural drawings. This requirement satisfies Section 1.6.16A of
the 1965 Standard Specification for Highway Bridges wherein it states that 1 % inches should be
used as clear cover for prestressing strands [AASHO 1965].

The beam is reinforced with #4 U-stirrups placed from the top of the beam. Matching U-stirrups
from the bottom of the beam are not included. Furthermore, no horizontal transverse
reinforcement is used in the bottom flange. The vertical legs of the stirrups are not properly
developed with hooks and may not provide adequate development of the reinforcement if shear
cracking were to occur. The beams were built in accordance with the design specifications of the
time. Current bridge specifications have increased the requirements for U-stirrups in bridge
sections as noted below:

AASHTO [2008] 5.11.2.6.4 Pairs of U-stirrups or ties that are placed to form a closed
unit shall be considered properly anchored and spliced where length of laps are not less
than 1.7 4d4, where 44 in this case is the development length for bars in tension.
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Figure 2-7: Span 1 Beam 3 of Clearfield Creek Bridge as per Structural Drawings
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2.2.3 Clearfield Creek Span 2 Beam 4

As shown in Figure 2-8, the cross-section of Span 2 is identical to that of Span 1 described
above. Beam 4 was cut and transported to the ATLSS Center at Lehigh University for further
studies. The length of the cut section selected for this study, shown in Figure 2-9, is
approximately 15 feet.

SLOPE $"/FT. SLOPE "/FT.

Figure 2-8: Section B-B of Clearfield Creek Bridge
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Figure 2-9: Plan View of Span 2 Beam 4 of Clearfield Creek Bridge
The details of Beam 4, shown in Figure 2-10, are identical to those of Beam 3.
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Figure 2-10: Span 2 Beam 4 of Clearfield Creek Bridge as per Structural Drawings
2.3 Lakeview Drive Bridge

The Lakeview Drive Bridge (SR-ID: 62-1014-0050-0000) carried Lakeview Drive (State Route
1014) over Interstate 70 in South Strabane Township, Washington County, Pennsylvania. The
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bridge was a four-span prestressed concrete adjacent box beam bridge with two approach spans
and two spans over traffic. The beams were manufactured by Spancrete Dickerson Structural
Concrete Corporation in 1960.

An inspection conducted in March 25 of 2004 identified heavy spalling on the bottom flanges of
the beams with exposed and corroded strands. In addition, longitudinal cracks with
efflorescence, scale, and heavy leaching were identified. Delaminations and significant strand
damage were noted. Priority beam replacement and repair was recommended and structural
monitoring was added to the bridge work plan.

On December 27, 2005 the east-side fascia beam of Span 3 failed near midspan and fell to the
highway below. No impact from traffic on the highway below or overload of the bridge itself
was reported. The bridge superstructure was subsequently removed and replaced with a new
system. A select number of beams from the bridge were saved and stored in the field.

2.3.1 Lakeview Drive Bridge Location & Layout
This bridge was located in South Strabane Township, PA as illustrated in Figure 2-11,
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Figure 2-11: Location of Lakeview Drive Bridge (Google Maps)

Three beams from the Lakeview Drive Bridge were acquired for further investigation at Lehigh
University. Beams from Spans 1, 2, and 3 were chosen. The location of the beams relative to
their original location on the bridge is shown in Figure 2-12. A general cross-sectional drawing
of the bridge is given in Figure 2-13. Spans 2 and 3 consist of 42 inch deep beams which both
have a span length of 91 feet 2 inches. Span 1 comprises 42 inch deep fascia beams and 27 inch
deep interior beams, each with a length of 56 feet 3 inches. Span 4 comprises 42 inch deep
fascia beams and 21 inch deep interior beams, each having a length of 44 feet 6 inches. Deeper
fascia beams are used on spans 1 and 4 to provide a consistent bridge profile when viewed from
the side. The required concrete compressive strength at 28-days varied based on span. Beam 7
had a required compressive strength of 5000 psi. Beams 16 and 19 had a required compressive
strength of 5900 psi.
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Figure 2-13: Cross-Section of the Lakeview Drive Bridge

2.3.2 Lakeview Drive Span 1 Beam 7

As shown in Figure 2-14, each span is comprised of 8 prestressed concrete box-beam girders. A
Y4 inch slope per foot starts at the center and goes ¥ of the length towards the edge of the bridge.
This slope then changes to % inch per foot for the remainder of the length of the bridge. A
segment of Beam 7 was cut from Span 1 and transported to the ATLSS Center at Lehigh
University for further studies. It is shown in Figure 2-15 that the overall beam length is 56 feet 3
inches, and that the length of the cut section to be studied is approximately 12 feet 10 inches in

length.

=

Figure 2-14: Beam 7 Location in Section of Lakeview Drive
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Figure 2-15: Plan View of Span 1 Beam 7 of Lakeview Drive Bridge

The structural drawings were supplied by PennDOT. The beam has a specified depth of 27
inches and a width of 48 inches. The prestressed steel reinforcement comprised thirty-eight (38)
3/8 in. diameter seven-wire strands with a minimum tensile strength of 250 ksi. The strands
were pre-tensioned to an initial prestress of 14 kips per strand (175 ksi). Each strand had a
nominal area of 0.0799 in?. The specified locations of the strand are shown in Figure 2-16. The
beam has groupings of two #5 hairpin stirrups at the top and two #4 L shaped bars at the bottom.
The bottom shear stirrups are located between the top and bottom layers of prestressing strand;
common practice during 1960-era construction. This detail is no longer common practice.
Current practice [AASHTO LRFD 2008, Sect. 5.10.3.1.5] dictates that longitudinal
reinforcement shall be enclosed within stirrups and ties.

The spacing of the top and bottom transverse reinforcement was not the same along the length of
the beam. The top flange shear reinforcement was to be spaced at 15 inches and the bottom
shear reinforcement was to be spaced at 24 inches. As a result, the top and bottom stirrups are
typically not in contact in the web. Since the stirrups are not adequately lapped the shear
reinforcement may not be fully developed. Clear cover is called out as 1 % inches in the
structural drawings. This satisfies Section 1.6.16A of the 1965 Standard Specification for
Highway Bridges wherein it states that 1 %2 inches should be used as clear cover for prestressing
strands [AASHTO 1965].
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Figure 2-16: Span 1 Beam 7 of Lakeview Drive Bridge as per Structural Drawings
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2.3.3 Lakeview Drive Span 2 Beam 16

As shown in Figure 2-17, this span is also comprised of eight prestressed concrete adjacent-box
girders; each of the same dimensions. A ¥ inch slope per foot starts at the center and goes ¥4 of
the length towards the edge of the bridge. This slope then changes to % inch per foot for the
remainder of the length of the bridge. A segment of Beam 16 was cut and transported to the
ATLSS Center at Lehigh University for further studies. It is shown in Figure 2-18 that the
overall beam length is 91 feet 2 inches, and that the length of the beam segment to be studied is
approximately 12 feet in length.

/ft slope

Figure 2-17: Location of Beam 16 in Section of Lakeview Drive Bridge
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Figure 2-18: Plan View of Span 2 Beam 16 of Lakeview Drive Bridge

The structural drawings were supplied by PennDOT. The beam has a specified depth of 40
inches and a width of 48 inches. The prestressed steel reinforcement comprises sixty (60) 3/8 in.
diameter wound seven-wire strand with a minimum tensile strength of 250 ksi with specified
locations as shown in Figure 2-19. The clear cover and stirrup spacing/placement are identical to
those found in Beam 7.
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Figure 2-19: Span 2 Beam 16 of Lakeview Drive Bridge as per Structural Drawings

2.3.4 Lakeview Drive Span 3 Beam 19

As shown in Figure 2-20, the cross-section of this Span is identical to that of Span 2. A segment
of Beam 19 was cut and transported to the ATLSS Center at Lehigh University for further
studies. It is shown in Figure 2-21 that the overall beam length was approximately 91 feet 2
inches, and that the length of the cut section to be studied is approximately 12 feet in length.

1/t slope

/ft slope

Figure 2-20: Location of Beam 19 in Section of Lakeview Drive Bridge

4-11y ﬁ ~—12-0 i 18-6 ‘
T =

PIER 2

‘ 27113 L 27113

Figure 2-21: Plan View of Span 3 Beam 19 of Lakeview Drive Bridge
The details of Beam 19, shown in Figure 2-22, are identical to those of Beam 16.
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Figure 2-22: Span 3 Beam 19 of Lakeview Drive Bridge as per Structural Drawings

2.4 Main Street Bridge

Main Street Bridge (ID: 62-4049-0030-1265) carried Main Street (State Route 4049) over
Interstate 70 in South Strabane Township, Washington County, Pennsylvania. The bridge
consisted of a four-span prestressed concrete adjacent-box beam superstructure with two
approach spans and two spans over traffic. The beams were manufactured by Spancrete
Dickerson Structural Concrete Corporation in 1961.

An inspection conducted in January of 2006 identified heavy spalling on the bottom flanges of
the beams with exposed and corroded strands. In addition longitudinal cracks with
efflorescence, scale and heavy leaching were identified. All beams were removed and the
superstructure was replaced.

2.4.1 Main Street Bridge Location & Layout
This bridge was located in South Strabane Township, PA as illustrated in Figure 2-23.
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Figure 2-23: Location of Main Street Bridge
Beams from the Main Street Bridge were acquired for further investigation at Lehigh University.
Two beams from Span 3 were chosen. The location of the beams relative to their original
location on the bridge is shown in Figure 2-24. The bridge cross-sections are shown below. The
required concrete compressive strength at 28-days varied. For span 4 the compressive strength
of 5600 psi was required. For all other beams a compressive strength of 5440 psi was required.

PIER 1 PIER 2 PIER 3
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Figure 2-24: Plan View of Main Street Bridge

2.4.2 Main Street Span 3 Beam 2

As shown in Figure 2-25, Span 3 is comprised of eleven prestressed concrete box-beam girders,
with the fascia girders being of different width (but the same depth) than the interior girders. A
% inch slope per foot starts at one side of the roadway and goes towards the other edge of the
bridge. An increased cross slope of % inch per foot was detailed over Beams 2 and 3. Beam 2
was cut and transported to the ATLSS Center at Lehigh University for further studies. It is
shown in Figure 2-26 that the overall beam length was 83 feet 5 % inches, and that the length of
the cut section to be studied is approximately 15 feet in length.
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Figure 2-25: Location of Beams 2 & 3 in Section of Main Street Bridge
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Figure 2-26: Plan View of Span 3 Beam 2 of Main Street Bridge

The structural drawings were supplied by PennDOT. The beam has a specified depth of 42
inches and a width of 48 inches The prestressed steel reinforcement comprises fifty-four (54)
3/8 in. diameter seven-wire strands with a minimum tensile strength of 250 ksi. The strands
were pre-tensioned to an initial prestress of 14 kips per strand (175 ksi). Each strand had a
nominal area of 0.0799 in®%. The strand locations are illustrated in Figure 2-27. Stirrup
placement consists of #4 hairpin stirrups up top and #4 U-bars on the bottom. The bottom shear
stirrups are located between the top and bottom layers of prestressing strand; common practice
during 1960-era construction. This detail is no longer common practice. Current practice
dictates that the bottom layers of stirrups are placed below the lowest level of strands. Clear
cover is called out as 1 % in. as per structural drawings; this satisfies Section 1.6.16A of the 1965
Standard Specification for Highway Bridges wherein it states that 1 %2 in. should be used as clear
cover for prestressing strands [AASHTO 1965].
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Figure 2-27: Span 3 Beam 2 of Main Street Bridge as per Structural Drawings
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2.4.3 Main Street Span 3 Beam 3

As shown in Figure 2-25, Beam 3 was also taken from Span 3. Beam 3 was cut and transported
to the ATLSS Center at Lehigh University for further studies. It is shown in Figure 2-28 that the
length of the beam segment to be studied is approximately 15 feet in length.
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Figure 2-28: Plan View of Span 3 Beam 3 of Main Street Bridge

The details of Beam 3, shown in Figure 2-29, are identical to those of Beam 2.
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Figure 2-29: Span 3 Beam 3 of Main Street Bridge as per Structural Drawings
2.5 Summary of Bridge Details
The following is a highlight of the above dection on bridge geometries and details:

= Seven beam sections were procured from three decommissioned bridges and transported to
the ATLSS Center at Lehigh University for further studies; these beams had varying degrees
of wear.

= All beams were recovered from non-composite adjacent prestressed box beam bridges. The
depth, length, width, concrete, and reinforcement properties varied between beams.
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= Prestressing reinforcement consists of 3/8 in. diameter seven wire bonded prestressing strand.
All strands were pre-tensioned to 70% of ultimate. A minimum strand ultimate strength of
250 ksi was specified.

= According to the structural design drawings, all bridges are supposed to have a minimum
clear cover of 1 Y inches or greater in accordance with the prevailing AASHO cover
requirement.

= The beams all utilized U-stirrups and/or L-stirrups. In all cases the stirrups were installed in
accordance with the prevailing design code. The stirrup arrangement used does not meet
current [AASHTO 2008] requirements. Either the stirrups are not hooked appropriately,
lapped adequately or are not aligned with the bottom U-stirrup to form a closed stirrup.
While this may have met the prevailing design code [1965 AASHO], the detailing used
would not meet current specifications for bridge beams.

= The stirrups in Lakeview Drive and Main Street Bridges were placed between the layers of
reinforcement in the bottom flange of the box beam; this was common practice at the time.
However, current practice is to place stirrups outside all layers of longitudinal reinforcement.

ATLSS 09-10 Task 3 - Forensic Evaluation Page 35



3 Investigation of Beam Condition

An in-depth forensic evaluation of each beam section was performed. A visual inspection
performed on each specimen documented any staining, spalls, cracks, etc. located along the
bottom flange. At the cut ends of each beam, dimensions and clear cover were measured to
evaluate if these sections were manufactured in accordance with structural drawings. The
condition of the void on each beam was inspected to determine if there was any water trapped
inside. Finally, Specialty Engineering, Inc. (SEI) conducted a thorough visual inspection as per
PennDOT guidelines and rated each structure. The aforementioned data is presented more
thoroughly below, grouped by bridge.

3.1 Forensic Evaluation of Clearfield Creek Beams

The beams were cut in the field to produce manageable sections. The section size and
description is summarized in Table 3-1.

Table 3-1: Clearfield Creek Bridge Beams
) i Section Cross . o
Beam: | Span: Length: Section: Condition Description:
3 1 15ft 42x36 Box Longitudinal cracking with rust staining.
4 5 15ft 42%36 Box Large Iongltudl\r;?slig:z\ck with spalling

3.1.1 Clearfield Creek Span 1 Beam 3 Visual Observations

The visual inspection for this beam, Figure 3-1, revealed the presence of long longitudinal cracks
along the center of the beam. Approximately 2% of the concrete surface was spalled off. The
crack is at its widest towards the Abutment (A1) end of the beam. The cracks along the beam
varied from hairline to 0.08 in. wide. Light rust staining and mild efflorescence was present.

Figure 3-1: Bottom Flange Crack and Spall Condition Span 1 Beam 3

3.1.2 Clearfield Creek Span 1 Beam 3 As-Built

The as-built drawings in Figure 3-2 indicate that the cardboard forms shifted during the concrete
placement. As a result, it appears that the thickness of the box girder webs and flanges change
along the length; this can lead to detrimental behavior of the section. A reduced web thickness
will reduce the shear strength of the member, whereas a reduced bottom flange thickness will
allow the top layer of strands to corrode more easily due to a resulting decrease in the concrete
cover (when water is present in the box void). It is also noted that reinforcing steel placement
deviates from the specified locations. The bottom strand locations varied primarily along the
horizontal axis, thus cover on the bottom strands was not significantly reduced. The average
clear cover to the bottom layer of strands was 1.45 in.
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Figure 3-2: As-Built Section Geometry of Span 1 Beam 3 of Clearfield Creek Bridge

3.1.3 Clearfield Creek Span 2 Beam 4 Visual Observations

The visual inspection for this beam, Figure 3-3, reveals a longitudinal crack starting from the P2
end and running nearly the full length of the beam segment. Approximately 3% of the concrete
surface was spalled off. The cracks along the beam varied from hairline to 0.05 in. in width with
the majority of cracks less than 0.003 in. wide. Minimal rust staining was present.

Figure 3-3: Bottom Flange Crack and Spall Condition Span 2 Beam 4

3.1.4 Clearfield Creek Span 2 Beam 4 As-Built

The as-built drawings in Figure 3-4 indicate that the cardboard forms shifted during the concrete
placement. As a result, the thickness of the box-girders webs and flanges change along the
length. A reduced web thickness will reduce the shear strength of the member, whereas a
reduced bottom flange thickness will allow the top layer of strands to corrode more easily. It is
also noted that reinforcing steel placement exhibited only minor deviations from the specified
locations, most noticeably in the prestressing strands within the webs of the box-girders. The
bottom strand locations varied primarily along the horizontal axis, thus cover on the bottom
strands was not significantly reduced. The average clear cover to the bottom layer of strands was
1.251n.
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Figure 3-4: As-Built Section Geometry of Span 2 Beam 4 of Clearfield Creek Bridge
3.2 Forensic Evaluation of Lakeview Drive Beams

The beams were chosen to represent a range of conditions from good to poor. The visible
damage ranges from no visible damage on beam 16 to heavy delamination and corrosion on
Beam 7. A detailed summary of each beam is presented in Table 3-2.

Table 3-2: Lakeview Drive Bridge Beams

Section Cross

Length: Section: Condition Description:

Beam: | Span:

Heavily damaged section with spalls and
7 1 15ft 48x27 Box cracks. The section was full of water.
Examine potential for delamination

No cracking or corrosion visible on section

16 2 12ft 48x42 Box | however other areas of beam have significant
corrosion.
Longitudinal crack with heavier corrosion.
19 3 12ft 48x42 Box Hairline and larger distributed cracks. Use

for visual assessment.

3.2.1 Lakeview Drive Span 1 Beam 7 Visual Observations

The visual inspection for this beam, Figure 3-5, indicated numerous cracks along the member’s
length. The cracks along the beam varied from hairline to greater than 0.06 in. wide. Severe
concrete spalling occurred along the edges of the member, with approximately 23% of the
overall concrete surface being spalled off. The strands are completely exposed and missing in
spots. A large delamination was detected in this beam. Overall, the beam was in very poor
condition.
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Figure 3-5: Bottom Flange Crack and Spall Condition Span 1 Beam 7

3.2.2 Lakeview Drive Span 1 Beam 7 As-Built

The as-built drawings in Figure 3-6 indicate that the cardboard forms shifted during the concrete
placement. As a result, it appears that the thickness of the box-girders webs and flanges change
along the length of the beam segment. The bottom flange thickness was increased. It is also
noted that reinforcing steel placement deviates from the specified locations. Fifteen of the 38
strands were missing at the cut section due to corrosion and spalling. The remaining strands
located in the bottom layer of the section varied laterally and vertically in the section. The
strands remaining had reduced cover.
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Figure 3-6: As-Built Section Geometry of Span 1 Beam 7 of Lakeview Drive Bridge

3.2.3 Lakeview Drive Span 2 Beam 16 Visual Observations

The visual inspection for this beam, Figure 3-7, shows no noteworthy cracks along the bottom
flange of the member. The cracks were limited to hairline widths. However, there are three
distinct areas where concrete has spalled off of the beam, displaying the corroded prestressing
steel underneath; this totaled to approximately 7% of the overall concrete surface. Some rust
staining and mild efflorescence is also noted.
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Figure 3-7: Bottom Flange Crack and Spall Condition Span 2 Beam 16

3.2.4 Lakeview Drive Span 2 Beam 16 As-Built

The as-built drawings in Figure 3-8 indicate that the cardboard forms shifted slightly during the
concrete placement. The web width was larger for the beams and the top and bottom flange
thickness was reduced. It is also noted that reinforcing steel placement deviates from the
specified locations such that there is less clear cover than specified. The average clear cover to
the bottom layer of strands was 0.975 in. This is of important due to the fact that clear cover has
a large effect on protecting the reinforcing steel from corrosion due to chlorides. This reduction
in cover could be attributed to the fact that the beam transverse reinforcement was placed on top
of the bottom layer of prestressing strand. Without proper support of the transverse
reinforcement the added weight would have easily deflected the strands. This effect would have
been amplified if a long strand length was used; for example, cases where multiple beams are
fabricated in one line. Current PCI construction methods do not allow for support of the
transverse reinforcement on strands.
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Figure 3-8: As-Built Section Geometry of Span 2 Beam 16 of Lakeview Drive Bridge
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3.2.5 Lakeview Drive Span 3 Beam 19 Visual Observations

The visual inspection for this beam, Figure 3-9, reveals two prominent cracks along the length of
the member. The cracks along the beam varied from hairline to 0.05 in. wide. One crack
extending from each pier end. The crack path bifurcates at many points along its length. There
is heavy rust-staining present on the member, as well as one minor area of spalling at the pier 2
end of the beam; thus the beam had less than 1% of its concrete surface spalled off. The circular
damaged area near the P3 end on the beam was created during previous inspections.

Figure 3-9: Bottom Flange Crack and Spall Condition Span 3 Beam 19

3.2.6 Lakeview Drive Span 3 Beam 19 As-Built

The as-built drawings in Figure 3-10 indicate that the cardboard forms shifted slightly during the
concrete placement. The web thickness was increased at the bottom of the beam and the bottom
flange thickness was reduced. It is also noted that reinforcing steel placement deviates from the
specified locations such that there is less clear cover than called for. The average clear cover to
the bottom layer of strands was 0.90 in. This is important due to the fact that clear cover has a
large effect on protecting the reinforcing steel from corrosion due to chlorides.
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Figure 3-10: As-Built Section Geometry of Span 3 Beam 19 of Lakeview Drive Bridge
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3.3 Forensic Evaluation of Main Street Beams

Two beams were recovered for further investigation. Sections of the beams were cut and
delivered to Lehigh University. Details on the beam section are summarized in Table 3-3.

Table 3-3: Main Street Bridge Beams

Beam | Span Section Cross Section | Condition Description
Length
2 3 15ft 48x42 Box | Heavy corrosion on bottom flange without

longitudinal cracking. Large patches.
Determine if corrosion adjacent to patch
exists using NDE methods.

3 3 15ft 48x42 Box | Longitudinal crack with heavy splitting.
Examine damage formation and NDE study.

3.3.1 Main Street Span 3 Beam 2 Visual Observations

The visual inspection for this beam, Figure 3-11, revealed severe spalling along the length.
Strands are completely exposed over a large area of the bottom flange. The strands in the spalled
area were heavily corroded and in some cases completely deteriorated. Minor hairline cracking
occurred between the spalled region. Due to the significant spalling — approximately 49% of the
concrete surface — and corrosion damage the beam is in very poor condition.

Figure 3-11: Bottom Flange Crack and Spall Condition Span 3 Beam 2

3.3.2 Main Street Span 3 Beam 2 As-Built

The as-built drawings in Figure 3-12 indicate that the cardboard forms shifted slightly during the
concrete placement. The web thickness was essentially maintained, however the bottom flange
thickness was increased and the top flange thickness was reduced. It is also noted that
reinforcing steel placement deviates from the specified locations such that there is less clear
cover than called for. The average clear cover to the bottom layer of strands was 1.18 in. In
addition two strands were lost at the pier 2 end of the beam and 3 were lost from the pier 3 end.

ATLSS 09-10 Task 3 - Forensic Evaluation Page 42



* 0 o o
¢ *o % o‘ ¢ * ‘e . ° . 3 o “ ° '3
N\
1" 1"
2" o
3" 3"
SCALE SCALE
Black - Specified Locations Black - Specified Locations
Red - Actual Locations Red - Actual Locations
Beam 2 PIER 2 End Beam 2 PIER 3 End
% & % o
s e we e
e %9 P %%%888 LSS & L8 o “o o0 8 8832933 % %%%%% o ©  wee
e 898 % 2% 988 88 RN g8 @ o ° P oo o 5 & &
a) As-built pier 2 face b) As-built pier 3 face

Figure 3-12: As-Built Section Geometry of Span 3 Beam 2 of Main Street Bridge

3.3.3 Main Street Span 3 Beam 3 Visual Observations

The visual inspection for this beam, Figure 3-13, revealed a longitudinal crack along the entire
beam length. In some portions of the crack, light spalling had occurred; totaling approximately
2% of the concrete surface. The crack width varied. Efflorescence and rust staining have also
been detected.

Figure 3-13: Bottom Flange Crack and Spall Condition Span 3 Beam 3

3.3.4 Main Street Span 3 Beam 3 As-Built

The as-built drawings in Figure 3-14 indicate that the cardboard forms shifted slightly during the
concrete placement. As a result, it appears that the thickness of the box-girders web and flanges
change slightly along the sections length. It is also noted that reinforcing steel placement is off
such that there is less clear cover than called for. The average clear cover to the bottom layer of
strands was 1.06 in.
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Figure 3-14: As-Built Section Geometry of Span 3 Beam 3 of Main Street Bridge

3.4 Trapped Water in Box Sections

Investigation of the box beam voids was conducted prior to the forensic investigation to
determine if standing water was present within the voids during service. As previously identified
in Naito et. al. 2007, vent holes were installed through the top flange and drain holes were
installed in the bottom flange of the box beams during fabrication. The vent holes are used to
allow heat to escape during concrete curing. These vent holes were left open after the curing,
providing an entry point for water runoff from the bridge deck to enter the void. Over time the
water degraded the cast-in-place cardboard forms, which in turn clogged the drain holes in the
bottom flange. Once the drains were clogged, water could not exit the beam resulting in the
collection of water within the void.

The presence of water within the void has numerous negative effects on the longevity of the
bridge. The water creates significant additional dead load on the beams. Since the water comes
from deck runoff high chloride levels are present in the water. This could result in corrosion
initiating from within the section. In cold regions the trapped water could freeze. The expansion
of the water as it turns to ice could result in bursting stresses within the beam thus exacerbating
longitudinal spitting cracks generated from corrosion. To alleviate these problems the vent holes
should be closed after the curing process and drain holes should be maintained during each
inspection.

The presence of water was evaluated in the seven beams through an examination of the
cardboard condition within each beam. A summary of the in-situ conditions is presented in
Table 3-4.

Table 3-4: Void condition
Beam: Void Condition:
Clearfield Creek Beam 3 (CC3) Wet
Clearfield Creek Beam 4 (CC4) Wet
Main Street Beam 2 (MS2) Dry
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Table 3-4: Void condition
Main Street Beam 3 (MS3) Wet
Lakeview Drive Beam 7 (LV7) Wet
Lakeview Drive Beam 16 (LV16) Wet
Lakeview Drive Beam 19 (LV19) Dry

3.5 Clear Cover Measurements

Measurements were taken at the cut ends of each girder. Clear cover was measured to the
nearest 1/16™ of an inch. The cover was measured at each end of the cut beam sections with the
exception of Lake View Drive beam #7, where the cover could not be measured due to
significant corrosion damage leading to severe spalling and strand deterioration. The clear cover
was measured on a total of 128 strands for a total of 256 cover measurements. The collected
data revealed that clear cover was much less than required in most areas. The cover measured
for each beam is summarized in Table 3-5. The average clear cover for each end of the cut beam
sections is summarized. As noted the strand cover varied from one end of the 15 ft. section to
the other.

Table 3-5: Beam Clear Cover
Beam ID: | Pier End: | Avg Clear Cover (in.): | Pier End: | Avg Clear Cover (in):
CC3 Al 1.57 P1 1.33
CC4 P1 1.35 P2 1.15
LV16 P2 0.91 P1 1.04
LV19 P3 0.91 P2 0.89
MS2 P3 1.21 P2 1.16
MS3 P3 1.02 P2 1.11

Measurements taken on as-built clear cover revealed that only one beam cross-section had an
average above the required 1.5 inches. In a statistical analysis of the strand cover it was
determined that 92% of all strands at the sectioned ends had less cover than required. The clear
cover varied from a maximum of 1.75 in. to a minimum of 0.6875 in. The average clear cover of
all measurements taken was 1.12 in. with a standard deviation of 0.23 in. The reduced cover
may have contributed to premature corrosion of the strands.

3.6 Sounding

Each of the seven beam specimens were sounded to detect areas where delamination had
occurred. This procedure was performed in accordance with ASTM D4580, “Standard Practice
for Measuring Delaminations in Concrete Bridge Decks by Sounding”. The bottom flange of
each beam was sounded using a metal hammer. Changes in pitch of sound of the hammer strikes
indicate areas where delamination exists. A “hollow” sound is heard when the delaminated
region is struck with a hammer. The difficulty in performing sounding for this case lies in the
construction methods used on these beams. As noted previously, the flange thickness varied due
to the cardboard forms used in the beams.
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Only three of the seven beams were found to have delaminations according to the sounding
method described. These beams are Main Street Beams 2 and 3, and Lakeview Drive Beam 19.
Figure 3-15, Figure 3-16, and Figure 3-17 show the locations of delaminations found on the
bottom flange of Main Street Beam 2, Main Street Beam 3, and Lakeview Drive Beam 19,
respectively. It can be seen that the delaminated regions occurred over or adjacent to the primary
longitudinal cracks. It should be noted that during the destructive evaluation, it was found that
Lakeview Drive Beam 7 was almost fully delaminated. However, due to the fact that the
delamination was fairly deep into the flange (approximately 2 to 3 in.) it was not detected by
sounding. A comparison of the sounding results with in-situ damage is discussed in section 7.5.

. delamination

Figure 3-15: Main Street Beam 2 - Regions of delamination found by the sounding method

>

delaminations

Figure 3-16: Main Street Beam 3 - Regions of delamination found by the sounding method

- .

delaminations

Figure 3-17: Lakeview Drive Bm.19 - Regions of delamination found by the sounding method

3.7 PennDOT Inspection

These beams were evaluated in accordance with the PennDOT inspection methodology.
Specialty Engineering, Inc. (SEI) inspected the seven (7) prestressed concrete box beam samples
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at Lehigh University’s ATLSS Laboratory on November 19, 2008. The inspection was
performed based on a visual inspection method outlined in PennDOT publication 100A. Some
possible defects could not be identified because the beams were cut short from the main section
and were placed upside down in the lab. Those defects include: loss of camber, differential
deflection between the adjacent beams, and the condition of the transverse tie rods. For all
interior beam samples, the condition of the sides of the beams was not factored into the condition
rating, since this examination is based on their in-situ inspection conditions. Table 3-6 discusses
the various condition ratings; the rating consists of a numeral scale from 0-9 and is based on
factors such as spalling, cracks, stains, etc present in the beam. Refer to Table 2-1 and Table 2-2
for information on each beam that led to its condition rating.

Table 3-6: Superstructure Condition Rating Guidelines for Prestressed Box-Beams [PennDOT]

Condition Rating Parcent # strands exposedc Other Deterioration of
{single beam) PIS Conerate Beams
9 - Excellent 0% Mo cracks, stains or spalls
8 « Very Good 0% Mo cracks, slains or spalls
7 - Good 0% Map cracks and miscellaneous haimine cracks
& - Satisfactory 0% Spalls Minor spallsidelaminations, <5%
Cracks Map cracks and misc. hairline cracks
5 - Fair 1-5% Spalls Spalisidelaminations, <15%
Transverse cracks None
Longitudinal cracks Hairline longitudinal cracks in bottam flange
Longitudinal Jaints Leakage at joints with light efflorescence
4 - Poor 6-15% Spalls Spalls/delaminations, 15-25%
Transverse cracks Hairline flaxure cracks across bot. flange
Longitudinal cracks Minor eflorescence and/or minor rusl slains
Longituding| Jeins Heavy efflorescence and/or minor rust stains
Transverse Tendons Loose or heavily rusted
Web cracks Initiation of vert. or diag. cracks in P/S beam near
open jis. in barrier {< 3" length)
3 - Serious 15-20% Spalls Spalis/delaminations, >25%
Transverse cracks Cipen fiexure cracks in bot. Flange
Web cracks Vert. ar diag. cracks in P/S beam near open jis. in
barrier
Camber Sagoing/Loss of camber
Transverse Tendons  |Broken or missing
2 - Critical =20% All Any cond. worse than delailed above

The visual inspection report was completed and submitted to Lehigh University. The beams
were situated in the North Bay of the ATLSS Center in an inverted position. As a consequence
of the orientation and the location of the beams, only the beam soffit was examined. The beams
were rated in accordance with the PennDOT strike-off letter issued in September of 2007. Three
of the beams were rated at 2; a critical condition. The inspection report is included as an
appendix to this report.

To supplement the inspection of the procured beam sections, the final In-Service State
inspections were examined. The final in-service ratings of the superstructures are summarized in
Table 3-7. Inspections on these bridges prior to the 2007 recommendation were based on the
overall condition of the bridge beams and not on an individual beam. As a consequence the
Lakeview Drive and Main Street Bridges had a less severe rating during their final in-service
inspection. Clearfield Creek was inspected six months after the Lakeview Drive collapse.
Longitudinal cracking of a majority of the Clearfield bridge beams and the separation of the
beams due to the corrosion of the tie rods resulted in the lower in-service rating.
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Table 3-7: PennDOT Beam Rating

Bridge | Beam | Span | Section | Cross Lehigh In-Service In-Service
Length | Section PennDOT Inspection Date Rating
Rating
CcC 3 1 15ft 36x42 5 06/13/06 2
CcC 4 2 15ft 36x42 4 06/13/06 2
LV 7 1 15ft 48x27 2 03/25/04 4
LV 16 2 12ft 48x42 4 03/25/04 4
LV 19 3 12ft 48x42 2 03/25/04 4
MS 2 3 15ft 48x42 2 01/04/06 3
MS 3 3 15ft 48x42 4 01/04/06 3

Utilizing the new rating guidelines provides a more restrictive evaluation of the bridge condition.
As illustrated in Table 3-7 applying the new guidelines to just a small portion of one beam from

each br

idge would have reduced the bridge rating of three of the bridges to a critical level. The

guideline provides a conservative guide and is appropriate for adjacent box beam systems.

38 S
The fol

ummary of As-Built Conditions
lowing bullets highlight the findings of the in-situ investigation:

On all sections the cast-in-place forms shifted during the concrete placement. This
resulted in an increase or decrease in the web or flange thickness. The change in
thickness was arbitrary and was not more prevalent in one location over another.

On all sections the placement of the reinforcing steel strand was erratic resulting in
considerable deviation between the specified locations and as-built locations. The
variation was both in the horizontal plane and vertical plane.

For beams with stirrups in the bottom flange, the reinforcement was placed on top of the
bottom layer of strands. This additional weight likely deflected the strands prior to
concrete placement resulting in a reduction in clear cover.

Placement of transverse steel on top of the bottom layer of reinforcement was common in
1950-1960 prestressed beam construction. This practice is no longer allowed. Current
construction requires that all strands be contained within stirrups and that the stirrups be
self supported.

Over 90% of all bottom layer strands had a clear cover less than the required 1.5 inches.

A large delamination was found in LV7 during the visual inspection. The large
delamination was not identifiable using sounding due to the depth of the delamination.

Limited areas of localized “delamination” were identified in Beams MS2, MS3, and
LV19 using the ASTM sounding method. A verification of these regions will be
discussed in the following sections of the report.

A visual inspection performed by SEI, in accordance with the current PennDOT
inspection guidelines resulted in a critical rating for three of the beams: MS2, LV7, and
LV19. The rating of the individual beams using the new guideline provided a lower
rating than the previous in-service rating conducted using the old guideline. The new
guideline is conservative and appropriate for adjacent non-composite box beam systems.
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4 Examination of Concrete Core Samples

Core samples were extracted from each beam and laboratory tests were performed by both
Lehigh University and The Erlin Company (TEC) of Latrobe, PA. Two types of cores were
extracted. The 4 in. nominal diameter cores were used for petrographic examinations, chloride
levels, and air-void analysis. The 2 in. nominal diameter cores were used for concrete
compressive strength tests. Additional 4 in. cores — designated by a prime notation, i.e.,: 2B” -
were taken with the intent of extracting the strands for visual inspection. This section of the
report details the results obtained from the testing of these core samples.

4.1 Beam Core Locations

Cores with nominal diameters of 2 and 4 in. were extracted from each beam. Table 1-1 provides
a summary of the core samples. The “S” cores have nominal diameters of 2 in. The core
number, core type, and the location on the bottom flange relative to the corner of the section are
specified below in Table 4-1:

Table 4-1: Core Locations on Beam Surface
CI(I):;e Category | Bridge | Beam Span Top/Bot Location (X,Y) [in.]
1 S MS 3 P3 --> P2 Bottom (64.5,9.0)
1 S MS 3 P3 --> P2 Bottom (68.7,9.1)
1" S MS 3 P3 --> P2 Bottom (59.3,9.5)
2 B MS 3 P3 --> P2 Bottom (62.6,32.8)
2' B MS 3 P3 --> P2 Bottom (68.6,32.3)
3 D MS 3 P3 --> P2 Bottom (61.6,42.0)
4 C MS 3 P3 --> P2 Bottom (144.5,12)
4 C MS 3 P3 --> P2 Bottom (151.1,12.6)
5 A MS 3 P3 --> P2 Bottom (144.5,36.7)
5' A MS 3 P3 --> P2 Bottom (151.3,36.6)
6 B MS 3 P3 --> P2 Bottom (168.8,32.4)
8 B MS 2 P3 --> P2 Bottom (86.8,16.9)
8' B MS 2 P3 --> P2 Bottom (93.9,15.4)
9 S MS 2 P3 --> P2 Bottom (142,9.6)
9' S MS 2 P3 --> P2 Bottom (145.9,9.4)
9" S MS 2 P3 --> P2 Bottom (137,9.4)
10 D MS 2 P3 --> P2 Bottom (154.5,16.6)
11 B CC 3 Al -->P1 Bottom (41.7,3.6)
12 C CcC 3 Al -->P1 Bottom (41.5,16.7)
12' C CC 3 Al -->P1 Bottom (48.7,16.6)
13 B CC 3 Al -->P1 Bottom (41.7,21.9)
13' B CC 3 Al -->P1 Bottom (48.8,22.2)
14 D CcC 3 Al -->P1 Bottom (41.7,30.9)
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Table 4-1: Core Locations on Beam Surface
Clcge Category | Bridge | Beam Span Top/Bot Location (X,Y) [in.]
15 S cC 3 Al -->P1 Bottom (121.1,9.2)
15' S cC 3 Al-->P1 Bottom (124.6,9.0)
15" S cc 3 Al -->P1 Bottom (115.7,9.0)
16 A CC 3 Al -->P1 Bottom (138.6,16)
16' A CC 3 Al -->P1 Bottom (145,15.8)
17 D LV 19 P3-->P2 Bottom (21.0,5.2)
18 C LV 19 P3 --> P2 Bottom (132.0,12.5)
18' C LV 19 P3 --> P2 Bottom (125.5,12.9)
19 S LV 19 P3--> P2 Bottom (33.7,23.5)
19' S LV 19 P3 -->P2 Bottom (39.3,23.5)
19" S LV 19 P3 --> P2 Bottom (28.9,23.5)
20 B LV 19 P3 --> P2 Bottom (62.0,35.9)
21 B LV 19 P3--> P2 Bottom (134.5,30)
21" B LV 19 P3 --> P2 Bottom (128.2,30.0)
22 C LV 16 P2 -->P1 Bottom (77.4,8.6)
22" C LV 16 P2 -->P1 Bottom (70.1,8.4)
23 D LV 16 P2 -->P1 Bottom (75.2,35.5)
24 S LV 16 P2 -->P1 Bottom (75.2,25.1)
24 S LV 16 P2 -->P1 Bottom (79.6,25.2)
24" S LV 16 P2 -->P1 Bottom (70.6,24.7)
24" S LV 16 P2 -->P1 Bottom (41.7,24.8)
24" S LV 16 P2 -->P1 Bottom (38.5,24.8)
24" S LV 16 P2 -->P1 Bottom (45.0,24.8)
25 B LV 16 P2 -->P1 Bottom (133.5,28.1)
25' B LV 16 P2 -->P1 Bottom (124.1,28.5)
26 C LV 7 P1--> Al Top (86,22)
27 D LV 7 P1-->Al Top (99,25.5)
28 A LV 7 P1--> Al Top (149,22)
29 S LV 7 P1--> Al Top (105.5,24)
29' S LV 7 P1-->Al Top (116.5,25.5)
29" S LV 7 P1-->Al Top (88.5,25)
29" S LV 7 P1--> Al Top (77,24)
30 B LV 7 P1-->Al Top (38.5,19)
30" B LV 7 P1-->Al Top (30,19)
31 A CcC 4 P1-->P2 Bottom (23,16)
31 A CcC 4 P1-->P2 Bottom (30,16)
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Table 4-1: Core Locations on Beam Surface
Clcge Category | Bridge | Beam Span Top/Bot Location (X,Y) [in.]
32 S cC 4 P1--> P2 Bottom (132.5,27)
32 S cC 4 P1-->P2 Bottom (135.25,27)
32" S CcC 4 P1-->P2 Bottom (128.5,27)
32" S CcC 4 P1--> P2 Bottom (28.5,27)
32" § CC 4 P1--> P2 Bottom (21,27)
33 B CcC 4 P1-->P2 Bottom (155,8)
33 B CcC 4 P1-->P2 Bottom (150,8)
34 D CcC 4 P1-->P2 Bottom (156,30)
35 C MS 2 P3 --> P2 Bottom (25.3,7.1)
35' C MS 2 P3 --> P2 Bottom (31.6,8.7)

In addition to the 2 and 4 in. cores, 1 in. nominal diameter cores — or “plugs” — were taken from
beams CC4 and LV19. These were taken with the intent of acquiring a chloride profile along the
bottom flange surface of the beams. The locations of the plugs are summarized in Table 4-2.

Table 4-2: Plug Locations on Beam Surface

Ref. Pier Y Measured _
Plug ID End for X From X,Y (in)
Top/Bot?
CC4-1 P1 Bottom 22.75,31.5
CC4-2 P1 Bottom 22.75,29.25
CC4-3 P1 Bottom 22.75,26.75
CC4-4 P1 Bottom 22.75,24.25
CC4-5 P1 Bottom 22.75,21.5
CC4-6 P1 Bottom 22.75,12.25
CC4-7 P1 Bottom 22.75,10
CC4-8 P1 Bottom 22.75,7.75
CC4-9 P1 Bottom 22.75,5.25
LV19-1 P3 Bottom 61.5,42.75
LV19-2 P3 Bottom 61.5,30.5
LV19-3 P3 Bottom 61.5,26.75
LV19-4 P3 Bottom 61.5,23.25
LV19-5 P3 Bottom 61.5,19.5
LV19-6 P3 Bottom 61.5,15.75
LV19-7 P3 Bottom 61.5,12.25
LV19-8 P3 Bottom 61.5,8.75
LV19-9 P3 Bottom 61.5,5.25

Beam CC3 had 11 cores extracted overall, as shown in Figure 4-1. Three strength cores were
taken, 5 cores were sent to TEC for analysis, and 3 cores were designated for strand extraction.

ATLSS 09-10

Task 3 - Forensic Evaluation

Page 51



Core 14D was designated for petrographic testing. Cores 13 and 16 were located along a
longitudinal crack.

14D

136 138’

16A 16A
12C 12C°

Figure 4-1: Core Locations for Beam CC3

Beam CC4 had 19 cores extracted overall, as shown in Figure 4-2. Five strength cores were
extracted, 12 cores were sent to TEC for analysis, and 2 cores were designated for strand
extraction. Core 34D was designated for petrographic testing. Cores 31 and 33 were located
along a longitudinal crack.

CC4-1

325" 325™ 325

325325
31A 31A°

Figure 4-2: Core Locations for Beam CC4

Beam LV7 had 8 cores extracted overall, as shown in Figure 4-3. Four strength cores were
extracted, 3 cores were sent to TEC for analysis, and 1 core was designated for strand extraction.
Core 27D was designated for petrographic testing. Core 30 was located along a longitudinal
crack.

30B 308’

Figure 4-3: Core Locations for Beam LV7

Beam LV16 had 11 cores extracted overall, as shown in Figure 4-4. Six strength cores were
extracted, 3 cores were sent to TEC for analysis, and 2 cores were designated for strand
extraction. Core 23D was designated for petrographic testing. Core 25B was located along a
longitudinal crack.
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Figure 4-4: Core Locations for Beam LV16

Beam LV19 had 28 cores extracted overall, as shown in Figure 4-5. Three strength cores were
extracted, 13 cores were sent to TEC for analysis, and 2 cores were designated for strand
extraction. Core 17D was designated for petrographic testing. Cores 20 and 21 were located
along a longitudinal crack.

LvD19-1
208

21B" 21B

18C' 18C

LVD19-9
Figure 4-5: Core Locations for Beam LV19

Beam MS2 had 8 cores extracted overall, as shown in Figure 4-6. Three strength cores were
extracted, 3 cores were sent to TEC for analysis, and 2 cores were designated for strand
extraction. Core 10D was designated for petrographic testing. Core 8 was located along a
longitudinal crack.

Figure 4-6: Core Locations for Beam MS2

Beam MS3 had 11 cores extracted overall, as shown in Figure 4-7. Three strength cores were
extracted, 5 cores were sent to TEC for analysis, and 3 cores were designated for strand
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extraction. Core 3 was designated for petrographic testing. Cores 2 and 6 were located along a
longitudinal crack.

Figure 4-7: Core Locations for Beam MS3
4.2 TEC Core Evaluations

Petrographic examinations, air-void analyses, and chloride profile analyses were conducted on
cores removed from all seven beams. The number of tests varied among the core category.
Accordingly, appropriate samples were: (1) examined using methods of ASTM CB856,
“Petrographic Examination of Hardened Concrete”; (2) analyzed for air-void parameters using
the modified point-count method of ASTM C457, “Microscopical Determination of Parameters
of the Air-Void System in Hardened Concrete”; (3) analyzed for chlorides using methods of
ASTM 1152, “Acid-Soluble Chloride in Mortar and Concrete”; and (4) analyzed for depths of
carbonation using a phenolphthalein indicator supplemented by petrographic microscopy. This
section summarizes the results of these studies.

The content of this section of the report has been adapted from the final report by The Erlin
Company (TEC), entitled “Petrographic Examinations and Air-Void and Chloride Analyses of
Concrete Cores for ATLSS Lehigh University (Box Beams).” Report TEC 409124, Latrobe, PA,
September 2009. In some cases, the adaptation is made verbatim with editorial changes to
maintain consistency in terminology.

4.2.1 Core Summary

Twenty-four core samples between the seven beams were analyzed by TEC. They are identified
relative to their location on the beam as shown below. Core diameters are 3 % inches and
generally vary in length from 4 inches to 7 3/8 inches. Cores from LV7 can be as short as 1 %
inches because the large delamination created a problem for drilling. Outside ends of the cores
are formed surfaces; other ends of Cores 3D, 10D, 14D, and 17D are formed surfaces — other
ends of Cores 23D and 34D are fractured surfaces. A summary of core dimensions, type, size,
and depths of reinforcing and prestressing steel, as well as tests completed for each core can be
found in Table 4-3.
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Table 4-3: Summary of Cores Submitted to TEC

Cor Core Length Strand Petrographic | Air Void | Chloride
e (in.) Cover (in.) Examination | Amnalysis Anmnaly-
No. sis‘]'j
1 3D | P2MS53 6/s Y. 2Y5 X X A
2 10D M2 5%, 119 2%, 2%, 271 X X A
3 14D | P1CC3 7% 145, 1%, 3.3 X X A
4 17D | P2LV19 /s e 1. 2%, 2V, 4, 41, X X A
5 | 23D |P1LVI6 | 4 — 471 1.1, 2%, 2%, X X A
6 27D | P1LVT | 3%, — 4l No strands X X A
7 34D | P2CC4 | 4'5—35Y, g 1y, 2575, 2% X X A
10 SA | P2M353 | 4-4%; 1lg. 211 B
15 | 16A | P1CC3 | 4-—4'; 1. 2% B
21 | 28A | PILVT | 1Y -2 1. 14,9 B
23 | 31A | P2cC | SYg— 5 1ty 1%4.3.3 B
8 2B | P2 M53 3%y-4 Trg. Trg. 177g, 2 B
11 8B | P2 M52 5'/g s, 2/s B
14 | 13B | P1CC3 | 4-4%, 1Y, 11,8 2%, B
17 | 20B |P2LV19 4™ s 2. 2.2 B
18 | 21B [P2Lvio| 3°,® 2149 1715, 2,271 B
20 | 25B |P1LVI6 | 47— 47, 1. 25 B
22 | 30B | P1LV7 4 1Y, 14, B
24 | 33B | P2CC4 8 1. 2%, B
9 ac | P2M53 | 3, — 47 1lg. 215 B
13 | 12¢ | P1CC3 4l 1. 1. 2%15. 2775 B
16 | 18C [P2LVI9 | 4—41, T1s. s, g, 2. 2V, 2V B
19 | 22¢ |P1LVI6 6 1,1, 2%, 21, B
12 | 35Cc | P2 M52 7 1ty 2%, B

() nA" denotes 4 analyses per core: outer surface; 2 strand levels; and inside surface. "B"
denotes 3 analyses per core: outer surface; and 2 strand levels.

) gtrands separated.

B} Cast impression.

) Estimate.

Seven cores scheduled for the petrographic and air-void analyses were saw-cut longitudinally
and lapped so cross-sections were available for the studies, the remaining concrete was saw-cut
into 1/2-inch thick sections at appropriate depths, processed, and used for chloride analyses; the
remainder was broken-up and used for more detailed petrographic examinations and depths of
carbonation analyses. The remaining 3.75 in. diameter cores were saw-cut into 0.5 in. thick
sections at appropriate depths, processed, and used for chloride analyses. A sample of the in-situ
condition of cores sent to TEC can be seen in Figure 4-8.
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Top
Figure 4-8: Sample of 3 % inch Core Submitted for Analysis

In addition to the standard 3 ¥ inch cores, there were eighteen 5/8 inch diameter cores, or plugs,
submitted and processed for chloride analyses. These plugs are shown in Figure 4-9.

Figure 4-9: 5/8 inch Diameter Plugs Submitted for Chloride Analyses
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4.2.2 Petrographic Examinations

One Category D core was taken from the bottom flange of each beam and analyzed
petrographically. Each core was sliced, photographed, and tested for: air void analyses,
carbonation, strand evaluation, and chloride analyses. The results of the study are presented
through the figures and data as shown below.

4.2.2.1 Petrography Photos

A cross-section of Core 3D showing relatively good grading and distribution of aggregates can
be seen in Figure 4-10. Non-corroded seven-wire prestressing strands are circled. Arrows point
to a crack at the top strand level. Aside from the crack there is no evidence of distress to the
concrete. The core was taped to facilitate processing. The acid-soluble chloride contents are
overlaid on the core section; the values shown are percent by concrete mass. The scale is in
inches.

2 3 :

Figure 4-10: Petrographic Examination of Core 3D from Beam MS3
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A cross-section of Core 10D showing relatively good grading and distribution of aggregates is
shown in Figure 4-11. The crack separated the concrete such that the strand wires — lightly to
severely corroded — were displaced. Within the yellow-boxed area is a vertically trending crack
(arrows) and severely corroded wire strand (circled). The circled bottom strands are non-
corroded. Aside from the cracks and corroded strand there is no evidence of distress to the
concrete. The core was taped to facilitate processing. The acid-soluble chloride contents shown
are percent by concrete mass. The scale is in inches.

Figure 4-11: Petrographic Examination of Core 10D from Beam MS2

A cross-section of Core 14D showing relatively good grading and distribution of aggregates can
be seen in Figure 4-12. Within the circles are non-corroded strands. The arrows point to cracks
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at the strand level. Aside from cracks there is no evidence of distress to the concrete. The core
was taped to facilitate processing. The acid-soluble chloride contents shown are percent by
concrete mass. The scale is in inches.

ﬁ.._.

: 14D
L IRAAUL U UL UL
Figure 4-12: Petrographic Examination of Core 14D from Beam CC3

Cross-section of Core 17D showing relatively good grading and distribution of aggregates can be
seen in Figure 4-13. Non-corroded seven-wire prestressing strands are circled. There is no
evidence of distress to the concrete. The core was taped to facilitate processing. The acid-
soluble chloride contents shown are percent by concrete mass. The scale is in inches.
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Figure 4-13: Petrographic Examination of Core 17D from Beam LV19

Cross-section of Core 23D showing relatively good grading and distribution of aggregates can be
seen in Figure 4-14. Non-corroded seven-wire prestressing strands are circled. There is no
evidence of distress to the concrete. The acid-soluble chloride contents shown are percent by
concrete mass. The scale is in inches.
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Figure 4-14: Petrographic Examination of Core 23D in Beam LV16

A cross-section of Core 27D showing relatively good grading and distribution of aggregates can
be seen in Figure 4-15. There is no evidence of distress to the concrete. The acid-soluble
chloride contents shown are percent by concrete mass. The scale is in inches.
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Figure 4-15: Petrographic Examination of Core 27D in Beam LV7
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A cross-section of Core 34D showing relatively good grading and distribution of aggregates can be
seen in Figure 4-16. Within the circles are non-corroded strands. The arrows point to cracks at
strand levels. Aside from the cracks there is no evidence of distress to the concrete. The core was
taped to facilitate processing. The acid-soluble chloride contents shown are percent by concrete
mass. The scale is in inches.

! T
Figure 4-16: Petrographic Examination of Core 34D in Beam CC4

4.2.2.2 Aggregates

The cores contain two different types of coarse, crushed, argillaceous calcareous aggregate
having 3/4-inch nominal maximum sizes. Both types are fine-grained, dense, and vug-free (no
cavities). Coarse aggregate of Cores 14D and 34D is dark medium grey to mainly dark grey
dolomitic limestone frequently finely fractured with the fractures healed by white, vein-type
dolomite, and sometimes having a brecciated texture. Coarse aggregate of Cores 3D, 10D, 17D,
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23D, and 27D is medium to dark grey, and occasionally medium yellow-brown calcitic
limestone having a 3/4-inch nominal maximum size. The medium grey particles usually contain
significant amounts of detrital quartz. The coarse aggregate types identified correspond to the
bridges as illustrated in Table 4-4. The presence of Dolomitic or Calcitic Limestone should not
have a significant effect on the strength or permeability of the concrete.

Table 4-4: Coarse Aggregate Types
Bridge Beams: Coarse Aggregate Type:
Clearfield Creek Dolomitic Limestone
Main Street and Lakeview Drive Calcitic Limestone

Fine aggregates are similar natural sand that contains major amounts of clear to translucent grey,
translucent orange single and multi-crystal quartz, feldspars, and lesser amounts granite,
weathered granite, sandstone, shale, coal, mafic minerals, volcanics, and magnetite. The fine
aggregate of Cores 14D and 34D are somewhat coarser than fine aggregate in the other cores and
contain greater amounts of quartz and feldspars. The aggregates have been chemically and
physically sound during their service in the concrete. Aggregate content by core can be found in
Table 4-5.

4.2.2.3 Pastes

The pastes of cores 3D, 10D, 17D, 23D, and 34D are similar except for color tones. Pastes are
deep buff with a grey overtone, dense, hard, firm, and fracture surfaces have semi-conchoidal
textures. Residual and relict Portland cement particles are abundant, hydration of the cement is
advanced, and the calcium hydroxide (Ca(OH)2) component of cement hydration occurs as
patchy and platy crystals. Residual and relict cement particles have sufficiently fine sizes to
indicate that cement having a high fineness (e.g. Type IllI) was used, and mineralogical
composition of residual cement particles is indicative of Types I/1l Portland cement. Features of
the pastes are indicative of 6 1/2 to 7 bags of Portland cement per cubic yard. Estimated water-
cement ratios are variable between Cores 3D, 14D, 17D, 27D and 34D from 0.38 to 0.43, and
variable within Core 10D from 0.47 to 0.54 and Core 23D from 0.43 to 0.51. The variability in
Cores 10D and 23D is due to failures to thoroughly intermix the batch and/or tempering water.
These cores correspond to MS2 and LV16, respectively. The variation in w/c ratio may result in
a variation in mechanical properties within the beam.

Paste of Cores 14D and 34D are deep brown with a grey overtone, dense, hard, firm, and fracture
surfaces have semi-conchoidal textures. Residual and relict Portland cement particles are
abundant, hydration of the cement is not advanced, the calcium hydroxide (Ca(OH)2) component
of cement hydration occurs as patchy and platy crystals, residual and relict cement particles have
sufficiently fine sizes to indicate cement having a high fineness (e.g. Type I1l) was used, and
mineralogical composition of residual cement particles is indicative of Types I/Il Portland
cement. Features of the pastes are indicative of 6 1/2 to 7 bags of Portland cement per cubic
yard, and estimated water-cement ratios are 0.38. Paste content can be found in Table 4-5.

4.2.2.4 Air Void Analyses

Air in Cores 3D, 14D, and 34D occurs as a handful of small spherical voids characteristic of
entrained air voids, and mainly as coarse spherical and non-spherical voids characteristic of
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entrapped air. The cores are very poorly air-entrained (if air-entrained at all) and have respective
determined air contents of 5.1, 3.4, and 2.7 percent. Specific surfaces are low (350 to 550
in%/in%), and void spacing factors are very high (0.012 to 0.018 in.).

In the remaining cores, air contents are from 2.7 to 8.1 percent, specific surfaces are from 440 to
855 in’/in*, and void spacing factors are from 0.004 to 0.009 in. They all contain many small,
discrete, spherical voids characteristic of entrained air voids; however, in Cores 10D and 27D
entrained air voids are erratically distributed.

None of the cores meet industry requirements for the combination of air content, specific surface,
and void spacing factor needed to protect critically saturated concrete from damage by cyclic
freezing and deicing chemicals. Specific values for air content, specific surface, and void
spacing factors which fail to meet industry requirements are highlighted in red in the table to
follow. The summary of the aforementioned data is presented below in Table 4-5. Based on the
measured hardened air analyses, all beams are prone to freeze-thaw damage in the presence of
de-icing salts. The inspection of the beams, however, did not indicate any freeze thaw damage
on the bottom flange surface. Consequently, while the hardened air quality is not satisfactory it
is unlikely to influence the occurrence of corrosion.

Table 4-5: Air Void Analyses Data Summary

Core Air Specific S[\)gz:li(:\g Paste | Aggregate

Beam: ID: Content: S}Jrzfgc?: Eactor Content: | Content:
(%): (in/in®) (in) (%) (%)
MS2 | 10D 6.5 530 0.008 27.6 65.9
MS3 3D 51 350 0.014 30.3 64.5
CC3 | 14D 3.4 355 0.018 34.1 62.5
CC4 | 34D 2.7 550 0.012 32.3 65.0
LV19 | 17D 8.1 835 0.004 26.0 65.9
LV16 | 23D 7.0 440 0.009 26.4 66.7
LV7 | 27D 2.7 855 0.007 25.9 71.4

Industry 164/ 15| >600 | <0008 - i
Requirements

4.2.2.5 Carbonation Evaluation

Depths of carbonation at the exterior ends of the cores were determined using freshly fractured
surfaces. The surfaces are coated with Phenolphthalein and regions that do not turn purple are
indicative of carbonation. Depths of carbonation are from nil to 3/32 inch, except for Core 10D
(beam MS2) where it is continuous to a depth of 5/8 inch and then sporadic to the level of the top
strands, a depth of 1 1/4 inches. The depths of carbonation are summarized in Table 4-6.

ATLSS 09-10 Task 3 - Forensic Evaluation Page 65



Table 4-6: Summary of Carbonation Evaluation for Petrography Cores
Estimated
Beam | Core | Estimated Cement Carbonation Cracks?
ID: ID: | w/cm ratio: Content: Depth: [in.] '
(bglyd’)
MS3 | 3D 0.43 6.5t07 3/32 Level of Top Strand
MS2 | 10D | 0.47-0.54 6.510 7 5/8 and Level of Top Strand
sporadic to 1.25
CC3 | 14D 0.38 6.5t07 Nil Level of Top & Bottom Strands
LVv19 | 17D 0.41 6.5t07 1/64 None
LV16 | 23D | 0.43-0.51 6.5t07 Nil to 1/8 None
LVv7 | 27D 0.41 6.5t07 Nil to 1/64 None
CC4 | 34D 0.38 6.5t07 Nil Level of Top & Bottom Strands

4.2.2.6 Strand Evaluation

Seven-wire prestressing strands having 3/8-inch diameters are present in Cores 3D, 10D, 14D,
17D, 23D, and 34D. Individual wire diameters are 1/8 inch. The degree of corrosion ranges
from essentially no corrosion to heavy corrosion, as shown in Figure 4-17.

.-L:...-H":'.-_' = A ' e
Very Light Corrosion

Light Corrosion

Heavy Corrosion

Figure 4-17: Degrees of Corrosion by TEC
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The extent of strand corrosion for each core is presented along with chloride content at the strand
level in Table 4-7. The chloride data is also shown above on the Petrographic cross-sections of
the cores. Not shown in Figure 4-11 is the severely corroded strands from Core 10D (Beam
MS2), wherein significant wire cross-sections were corroded; this was the only case for severely
corroded top strands.

Table 4-7: Seven Wire Strand Corrosion Evaluation
"Degree" of Corrosion: Corresponding Chloride
Beam Cor.e Top Strands / Bottom Content (%) of Concrete Cracks at Strand
ID: ID: ] Level?
Strands Mass:
Ms3 | ap | Essentially None/ 0.004 / <0.004 Top Strands
Essentially None
mMs2 | 10D | VeV Sﬁ‘l’;{ﬁ ['very 0.059/0.019 Top Strands
None to Very Light /
CC3 | 14D None to Very Light 0.006 / 0.005 Top & Bottom Strands
Lv1g | 17p | Essentially None / None <0.004 / < 0.004 None
to Very Light
None to Very Light /
LVi16 | 23D None to Very Light 0.024/0.017 None
cca | 3ap | None/ NL?;ﬁtto Very 0.007 / 0.005 Top & Bottom Strands

4.2.2.7 Secondary Compounds

Secondary very fine, white, acicular ettringite (3CaO-Al,03- 3CaS042H,0) is occasionally
present in a random void as a partial deposit on the void surface. Secondary very fine calcium
hydroxide (Ca(OH),) is occasionally present in a random void as a partial deposit on the void
surface. These compounds are innocuous and are a result of exposure of the concrete to moisture;
they can be commonly found in outdoor and exposed concrete structures. In this particular case-
study, they have no consequence on concrete performance and only signal the concrete has been
exposed to moisture.

4.2.3 Chloride Analyses

For the four inch nominal diameter cores, chloride contents were determined for the top and
bottom one-half inch and each strand level — or assumed strand levels for Core 27D where there
are no strands — of the cores used for the petrographic examinations. For the 5/8 inch diameter
concrete plugs taken from beams CC4 and LV19, the whole sample was analyzed because the
lengths were very short. The data for the four inch diameter cores can be found in Table 4-8.
The data for the 5/8 inch diameter cores can be found in Table 4-9.

The data from Table 4-8 shows the chloride by percent mass of concrete at different depths from
each core. If the value is highlighted in red, it has exceeded the ACI threshold value of 0.026%
by mass of concrete. The data shows a trend that the chlorides are highest at the bottom surface
of the beam — top surface of the core — and that they decrease as you go deeper into the flange
toward the void. The only exceptions to that are the cores taken from beams MS2 and LV7.
Beam LV7 had a large delamination in the bottom flange; this may have allowed direct chloride
penetration into the strands at that depth. Beam MS2 had half of the concrete bottom flange
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surface spalled; the petrography core also indicated large depths of carbonation. These
indicators may have led to increased chlorides within the flange.

Comparing the chloride levels from the multiple cores taken from each beam indicates that the
chloride level is sensitive to the beam type and location on the beam. Main Street beams 2 and 3
were located adjacent to each other but the chloride levels vary significantly. MS2 consistently
had low surface chloride levels but high chloride levels at the strand depth for the three cores
examined. MS3 however had high surface chloride levels but low chloride levels at the strand
depth for 3 of the 4 cores.

Two cores from Lakeview Drive beam 7 had higher chloride levels on the interior, indicating
intrusion from the inside of the beam. The third core indicated chloride intrusion from the
outside of the beam. This variation between cores indicates that the beam was subjected to
chlorides from both entrapped water within the beam void and from runoff over the exterior
surface.

Table 4-8: Chloride Analyses for All 3 % inch Cores
Core Chloride, % b{tMass of Con;:drete for Depth Shown:
ID: | Top (in) At 1(in§teel At 2(in)SteeI Bottom (in)
Ms2 | 0="h | 19,-1% 2/, -3 -
8B <0.004 0.271 0.072 -
MS2 0- 1/2 1- 11/2 21/2 -3 43/4 - 51/4
10D 0.011 0.059 0.019 0.009
MS2 0- 1/2 1- 11/2 23/4 - 31/4 -
35C | 0.026 0.082 <0.004 -
MS3 | 0-"p a1, 1%, -2, -
2B 0.277 0.005 <0.004 -
MS3 0- 1/2 3/4 - 11/4 2- 21/2 5-6 )
3D 0.227 0.004 <0.004 0.004
Ms3 | 0= | 1-1% 24— 2%, -
4C [ 0.439 0.007 <0.004 -
MS3 0—1/2 1- 11/2 21/2—3 -
5A 0.296 0.157 0.023 -
cca | 0-"1 17, -2 2°1, -3, -
12C 0.231 <0.004 <0.004 -
CC3 0- 1/2 11/4 - 13/4 23/4 - 31/4 -
13B 0.097 0.005 0.005 -
CCs3 0- 1/2 11/2 -2 3- 31/2 61/2 - 71/2 @
14D 0.075 0.006 0.005 0.006
cca | 0-1p 1Y%,-2 2, -3 -
16A [ 0.209 0.020 0.012 -
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Table 4-8: Chloride Analyses for All 3 % inch Cores
Core Chloride, % by Mass of Concrete for Depth Shown:

. . | At 1% Steel | At 2" Steel ]

ID: | Top (in) (in) (in) Bottom (in)

CC4 0- 1/2 11/4 - 13/4 3- 31/2 -
31A | 0.086 0.016 0.006 -
CC4 0- 1/2 11/4 - 13/4 23/4 - 31/4 -
33B | 0.040 0.005 0.005 -
cca | o= | 1t-1%, 2, -3 4 - 4%,
34D | 0.145 0.007 0.005 0.012
Lv7 | 0=1% 1-1Y, 2Y,-3 3Y,-4
27D | 0.168 0.011 0.004 0.004
Lv7 | 0-"p 1-11 | 1%,-29 -
28A | 0.059 0.061 0.089 -
LV7 0- 1/2 1- 11/2 21/2 -3 -
30B | 0.088 0.177 0.233 -
LVvi6 | 0=1, 1-1Y, 2, -3 -
22C | 0.029 0.023 0.012 -
Lvig | 0-"% | 1-1% 2',-3 4 - 44,
23D | 0.086 0.024 0.017 0.019
Lvie | 0= | 1-1% 2, -3 ]
25B | 0,078 0.023 0.024 -
Lvio | 0-"p [ *L-1Y, 27,-3 67"
17D | 0.303 <0.004 <0.004 <0.004
Lvigo | 0= | -1, 2_2Y, -
18C | 0.145 0.092 <0.004 -
LV19 0- 1/2 3/4 - 11/4 13/4 - 21/4 -
20B | 0.466 0.101 0.102 -
Lvio | o=, | -1, 2, - 2%, -
21B | 0.404 0.171 0.093 -

The data from Table 4-9 shows the chloride percent by mass of concrete for the 5/8 inch
diameter cores taken from the beam surface. The data indicates that chloride levels are higher
than the ACI threshold of 0.026 percent in 16 out of the 18 samples. The average chloride value
for beam LV19 (0.275) is higher than that for beam CC4 (0.071).
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Table 4-9: Chloride Analyses for 5/8 inch Cores

Chloride, % by

Core
#: Core ID: | Mass (9): Mass of Concrete:
1 CC4-1 45 0.183
2 CC4-2 4.7 0.040
3 CC4-3 4.4 0.020
4 CC4-4 4.0 0.094
5 CC4-5 5.8 0.109
6 CC4-6 6.1 0.011
7 CCa-7 35 0.084
8 CC4-8 35 0.080
9 CC4-9 6.5 0.049
10 LV19-1 5.9 0.188
11 LV19-2 6.3 0.394
12 LV19-3 6.6 0.206
13 LV19-4 6.8 0.209
14 LV19-5 2.6 0.316
15 LV19-6 5.6 0.425
16 LV19-7 5.6 0.217
17 LV19-8 75 0.244
18 LV19-9 54 0.280

4.3 Concrete Compressive Strength

A minimum of three strength cores — 2 in. nominal diameter — were extracted from each beam so
that tests could be performed to establish the in-situ compression strength of the concrete, f’..
These strengths were then compared to the minimum required compression strength specified in

the design drawings, listed in Table 4-10.

Table 4-10: Concrete Minimum Required Compression Strength

Bridge: Beam Types: 'c [psi]:
Clearfield Creek Beams 3 and 4 5000
Lakeview Drive Beams 16 and 19 5900

Beam 7 5000
Main Street Beams 2 and 3 5600

The cores were tested in accordance with ASTM C39; “Standard Test Method for Compressive
Strength of Cylindrical Concrete Specimens.” The cores were tested in a computer-controlled
SATEC universal testing machine. The results are as shown in Table 4-11:
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Table 4-11: Strength Core Results
. . Avg. -
L Correction fe : Type of | Reqdfe.

Core# | Beam | [jn] | L/D Factor® [psi] [gsci] cov Fé?:ture [psi]
1 3.47 | 2.02 1 8080 TYPE 3

1 MS3 | 3.24 | 1.88 1 8742 7728 | 16% TYPE 1 5600
1" 3.24 | 1.88 1 6361 TYPE 2
9 3.47 | 2.02 1 6111 TYPE 1

9 MS2 | 3.53 [ 2.05 1 4871 | 5436 | 12% TYPE 2 5600
9" 3.53 | 2.05 1 5327 TYPE 2
15 3.47 | 2.02 1 6919 TYPE 2

15' CC3 | 2.89 | 1.67 0.974 8262 8192 | 15% TYPE 1 5000
15" 2.89 | 1.67 0.974 9393 TYPE 1
19 3.47 | 2.02 1 5514 TYPE 2

19° [ LV 19| 288 | 1.67 0.974 5598 | 5263 | 10% TYPE 2 5900
19" 2.88 | 1.67 0.974 4676 TYPE 1
24 3.47 | 2.02 1 8438 TYPE 2
24' 3.54 | 2.06 1 10227 TYPE 1

24" | LV 16| 3.54 | 2.06 1 6555 7914 | 20% | TYPE 1/4 5900
24" 3.24 | 1.88 1 6219 TYPE 2
24" 3.32 | 193 1 8133 TYPE 2
29 2.88 | 1.67 0.974 6286 TYPE 3

29' LVv7 2.4 1.4 0.947 6020 | 5917 7% TYPE 1 5000
29" 2.62 [ 1.53 0.962 5444 TYPE 2
32 3.47 | 2.02 1 5968 TYPE 3
32' 2.88 [ 1.67 0.974 9117 TYPE 2

32" CC4 | 2.88 | 1.67 0.974 8413 7834 | 15% TYPE 2 5000
32" 3.54 | 2.06 1 7703 TYPE 3
32" 3.54 | 2.06 1 7969 TYPE 2

Notes:

1. L =length of core sample

2. D = diameter of core sample

3. Correction factor per ASTM C39
4. Type of fracture per ASTM C39

As shown in the table, the core samples of Beams MS2 and LV19 had compressive strengths less
than the required strength indicated on the design drawings; as shown in bold font. In the case of
beam LV19, all of the cores tested exhibited inadequate strength. All other beams exceeded their
design compressive strength.

4.4 Strand Extraction

To examine if a correlation exists between strand corrosion on the first and second layer of
reinforcement, a series of cores were taken where the strands within each core were extracted
and inspected for corrosive damage. Figure 4-18 (a) shows a sliced core before extraction; the
strands were numbered prior to extraction. The slices of the concrete containing the strands were
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then chiseled and hammered to remove the strand(s). Figure 4-18 (b) shows the final results
from strand extraction.

i

(a) Before Strand Removal (b) After Strand Removal
Figure 4-18: Removal of Strands from 4 inch Cores

The recorded data is presented below in Table 4-12. Listed strand IDs are for strands at the 2™
level of reinforcement. The damage for the corresponding strand at the 1% level of reinforcement
is also given; allowing for a comparison of the damage index at these two levels of steel
reinforcement. The concept of a damage indices are discussed more thoroughly in Section 5.1.
The correlation between damage at the 1% and 2™ levels is compared in detail in Chapter 7.

Table 4-12: Recorded Data for Extracted Strands
Strand Damage Index for
Blegm Clge Stlr Iz;nd Damage Strandgat 1% Level
Index of Reinforcement
CC3 12C' 3 0 0
12C’ 4 0 0
13B' 1 1 N/A
16A' 4 0 3
CC4 | 3IA 3 0 1
JIA’ 4 1 1
33B' 2 0 0
LV 7 30B' 1 1 N/A
LV 16 | 22C 4 1 1
22C’ 5 1 1
22C’ 6 1 1
25B' 3 0 0
25B' 4 0 0
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Table 4-12: Recorded Data for Extracted Strands
Strand Damage Index for
Beam | Core | Strand Damage Strandgat 1% Level
D D D Index of Reinforcement
LV 19 | 18C 4 0 0
18C' 5 1 1
18C' 6 1 2
21B' 1 3 N/A
21B' 2 1 N/A
21B' 3 1 N/A
MS2 8B' 1 0 N/A
8B 2 1 N/A
35C 1 0 N/A
MS3 2B’ 3 0 1
2B’ 4 2 3
4C' 2 0 1
5A 2 1 1

4.5 Core Summary

Cores with nominal diameters of 1 in., 2 in., and 4 in. were extracted from the bottom flange of
each box beam. Seven cores — one from reach beam — were examined petrographically, analyzed
for their air-void properties, and analyzed for chlorides at surface regions and strand levels by
TEC. Seventeen cores were analyzed for chlorides in surface regions and strand levels by TEC.
Eighteen small cores (1 inch diameter) were analyzed for surface chlorides by TEC. The
following is a highlight of the conclusions made from the core evaluation.

Six of the seven petrography cores are poorly air-entrained; only one core has air void
properties that meet industry requirements for concrete that will be protected when
critically saturated from damage by cyclic freezing and deicing chemicals. Visual
inspection of the beams, however, did not indicate any freeze thaw damage.

Aggregates are chemically and physically sound.

Corrosion of strand wires is nil to light, except for Core 10D (Beam MS2) where top
strands are severely corroded.

Carbonation was very shallow among cores except for Core 10D (Beam MS2); the
carbonation depth of Core 10D is 5/8 inch and sporadic to depths of 1 1/4 inch.

The base-level chloride content — due to chlorides from the concrete-making components
is from less than 0.004 percent to 0.006 percent by concrete mass. On that basis,
chlorides from the environment have infiltrated all but two of the concretes analyzed.

Chloride contents at top strand levels of 14 of the 24 cores analyzed exceed the American
Concrete Institute (ACI) corrosion threshold of 0.013 percent. Chloride contents at
second strand levels of 9 of the 24 cores analyzed exceed the ACI threshold.
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e Chloride levels varied within each beam and between adjacent beams. A high reading at
one region of the beam does not ensure that the elevated level will exist at all regions of
the beam.

e Of the 18 surface cores analyzed from Lakeview Drive beam 19 and Clearfield Creek
beam 4, 17 exceed the ACI threshold. The surface chloride content on LV 19 was over 20
times the ACI corrosion threshold.

e Horizontal cracks are present in 4 of the 7 cores examined petrographically. In Cores 3D
(MS3) and 10D (MS2) cracks are in-line with top strands; in Cores 14D (CC3) and 34D
(CC4) cracks are in-line with the top and second strands. It could not be determined if
these cracks formed during extraction or if they existed in-situ.

e Forensic evaluation of cores removed from MS2 indicates that corrosion is likely present
in the beam. The estimated water-cement ratio varied from 0.47 to 0.54 indicating a
failure to thoroughly intermix batch and/or tempering water. The compressive strength
of the beam had a large standard deviation and failed to meet the required design
strength. The air voids in the concrete were erratically distributed. The core had a depth
of carbonation of up to 1.25 in. from the exterior surface. The chloride content at the first
level of strand exceeded the ACI corrosion limit. Consequently, the exterior layer of
strands had very severe corrosion and concrete spalling.

e Based on the chloride levels measured, corrosion is likely at the first level of strands on
all beams. Corrosion is likely on the second level of strands for all Lakeview Drive
beams, and both Main Street beams. The chloride content at the second layer of strands
was low for Clearfield Creek beams.
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5 Subsurface Investigation of Prestressed Strands

The concrete cover on the bottom flange of each beam was removed in order to expose and
examine the condition of the lower level of strands. Incidences of corrosion damage were
documented along the length of each strand. The observed corrosion was categorized into five
levels of damage. These data points were then plotted to scale with a color-code indicating the
level of damage, resulting in a comprehensive damage profile for each beam. This data was be
used to validate which, if any, of the NDT methods adequately detect corrosion in these types of
members.

5.1 Strand Visual Inspection

Every strand within each of the beam specimens was exposed along its entire length, with the
exception of several strands from Lakeview Drive Beam #7. A tape measure was setup at one
end of each beam and extended along the length of the member to gage the exact distance of a
particular damage location relative to the pier end. In addition, at each location of corrosion
damage, the number of strands damaged and the severity of damage was recorded. Five levels of
corrosion damage were considered in the assessment, as well as a strand condition with no
corrosion damage. These levels were (0) no corrosion, (1) light corrosion, (2) pitting, (3) heavy
pitting, (4) wire loss, and (5) wire fracture; as shown in Figure 5-1. Photographs were taken of
all cases of significant corrosion damage (heavy pitting or worse). The damage levels are also
referred to as Damage Indices (D) in this report. Descriptions of each damage level follow:

e DI =0. No Corrosion. No visible indications of corrosion product on the surface of the
strand.

e DI = 1. Light Corrosion. Light corrosion product visible on the surface of the strand
removable by light sanding with no associated section loss.

e DI = 2. Pitting. Corrosion present with section loss between 0 and 20% of the wire
section area.

e DI = 3. Heavy Pitting. Corrosion present with section loss greater than 20% of the wire
section area.

e DI = 4. Wire Loss. Corrosion present and complete 100% degradation of individual
strand wires.

e DI =5. Fracture. Corrosion present and localized fracture of individual wires.

It is of importance to note that damage was not documented where concrete had spalled and
strands were exposed or missing.

ATLSS 09-10 Task 3 - Forensic Evaluation Page 75



No Corros1on (NC) w/ DI= O

Figure 5-1: Various Strand Damage Conditions
5.2 Damage Profiles

The visual inspection data was then compiled and overlaid on the photos to produce a damage
profile for each beam. The legend of corrosion damage levels is summarized in Figure 5-2. The
damage conditions occurred either at specific points or over various lengths along each strand.
Consequently these damage locations are illustrated as points and/or lines on the damage profile
overlays that follow. In all cases the strands are numbered starting at 1 at the top of the image.

= Light

. [@Pitting [CHeavy Pitting B Wire Loss M Fracture
Corrosion

Figure 5-2: Legend to Identify the Different Types of Corrosive Damage

5.2.1 Clearfield Creek Bridge Beam #3

The damage profile for Clearfield Creek Beam 3 is presented in Figure 5-3. As shown, most of
the damage is focused on strands seven, eight, and nine; starting from the A1 end. Many cases
of heavy and light pitting can be found, as well as two cases of wire loss. Towards the other pier
end (P1), damage in the form of heavy pitting can be found on strand ten. These incidences of
corrosion damage lie under the large crack found during the visual inspection.
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Figure 5-3: Damage Profile for Clearfield Creek Bridge Beam 3

5.2.2 Clearfield Creek Bridge Beam #4

As can be seen in Figure 5-4, this specimen is relatively damage free. Only light corrosion was
found on the strands of this beam; with a concentration on strand fifteen. It is important to note
the large longitudinal crack discovered during the visual inspection was directly over strand
fifteen.

Figure 5-4: Damage Profile for Clearfield Creek Bridge Beam 4

5.2.3 Lakeview Drive Bridge Beam #7

In Figure 5-5, the white box shows the area that was exposed and inspected. Prior to the
skinning process, the first three strands were completely missing, the next two were almost fully
exposed and certainly corroded, and the final two strands were missing and exposed in spots.
Both ends (P1 and Al) had a large amount of concrete spalled, limiting the length of strand that
could be exposed and inspected.

The most severe damage — fracture and heavy pitting — can be found closer to the Al side, on
strands 21, 22, and 23; there was a large delamination detected along the bottom edge during the
visual inspection. Due to this, no protection was being provided to those outer strands. During
the visual inspection, cracks were also found above strands 11/12 and above strands 13/14; as
shown, heavy pitting, and pitting occur along those locations.

Figure 5-5: Damage Profile for Lakeview Drive Bridge Beam 7
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5.2.4 Lakeview Drive Bridge Beam #16

As can be seen in Figure 5-6, most of the damage is focused in one distinct area. When using
this data jointly with the visual inspection, it is noticed that the large cluster of damage found just
off-center toward the P2 side is near the location of a large spall. Heavy pitting was found on
strand three, toward the P1 end of the beam; there was a crack found at this location during the
visual inspection. The most severe damage is the wire loss found on strand ten; where there
were no surface indicators of corrosion.

Figure 5-6: Damage Profile for Lakeview Drive Bridge Beam 16

5.2.5 Lakeview Drive Bridge Beam #19

As can be seen in Figure 5-7, most of the damage can be found on the upper half of the
specimen. The visual inspection showed several cracks along this area. Even though there
appears to be much damage on the beam, most of it is of the lighter nature; light corrosion and
pitting. Wire loss was documented on strands six, seven, eight, and nine. The lower half of the
beam is mostly undamaged, showing several spots with light corrosion damage and some
isolated spots with heavy pitting and pitting.

Figure 5-7: Damage Profile for Lakeview Drive Bridge Beam 19

5.2.6 Main Street Bridge Beam #2

The damage profile for beam MS2 is shown in Figure 5-8; it is important to note that the top half
of the beam was almost completely spalled off. This limited the amount of inspecting and
exposing done on the top half of the beam. The white box in the figure below indicates the area
of the beam inspected; with limited locations inspected along the top half.
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The bottom half of the beam had severe corrosion damage throughout its length. There was
some rust staining detected during the visual inspection on the bottom half, as well as a small
spalled area along the bottom of the beam. However, there was really no visual indication of the
severe amount of damage found after exposure and inspection. Wire loss or fracture was
detected on each of the strands in the bottom half of the beam except strand 15.
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Figure 5-8: Damage Profile for Main Stree rige Beam 2

5.2.7 Main Street Bridge Beam #3

As can be seen in Figure 5-9, the majority of the corrosive strand damage is present within the
top half of the beam. During the visual inspection, a documented large crack was present along
the beam length in this area. The major cases of corrosion documented for this specimen lie
under that crack. Wire loss was detected on strands 6, 7, 8, and 9 and wire fracture was detected
on strand 10. Only minor corrosion damage was detected in other areas away from the crack.

PO

Figure 5-9: Damage Profile for Main Street Bridge Beam 3
5.3 Exposure of the 2" Level of Strands

At several spots throughout each beam, after the exposure of the first layer of strands had taken
place, locations were determined where information about the second layer of strands was
desired. The acquired data will aide in determining the relationship between the two levels of
strands. A jackhammer was taken and punched through the remaining concrete in the bottom
flange of the girder to fully reveal the 2™ level. For a before and after the concrete was punched-
out image, see Figure 5-10.
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Figure 5-10: Before and After Decon
These punch-outs were 12 in. long by 7 to 13.5 in. wide. A minimum of two punch outs were
taken for each beam. Additional information can be found in Table 5-1. The location of the
bottom-left corner of each punch-out is referenced relative to the lower left corner of each beam.

e

struction

Table 5-1: 2™ Level Concrete Inspection Region Locations
Dimensions Ref.
Beam | PUNCN |\ idth*height | XY (in) | Pier | ToP/BOt
out ID . Corner
(in) End

MS3 1 12x12 24,25 P3 Bottom
2 12x10 96,25 P3 Bottom

3 12x10 144,25 P3 Bottom

MS2 4 12x8 24,26 P3 Bottom
5 12x8 60,14 P3 Bottom

6 12x8 108,14 P3 Bottom

LV19 7 12x10 48,26.5 P3 Bottom
8 12x11 96,26.5 P3 Bottom

LV16 9 12x11.5 36,26.5 P2 Bottom
10 12x11.5 96,26.5 P2 Bottom

LV7 11 12x13.5 112,27 P1 Bottom
12 12x13.5 64,27 P1 Bottom

CC4 13 12x7 36,2 P1 Bottom
14 12x7 84,2 P1 Bottom

CC3 15 12x9 12,21.75 Al Bottom
16 12x9 72,21.75 Al Bottom

The above data was used to create images of the punch outs superimposed on the beam surface;
the punch outs are represented as the white rectangles in the figures to follow. The exposed 2™
level of strands had a visual inspection performed on them to assess the location of corrosion.
The exposed 2" level strands are shown as the shaded white lines if no damage was found or
color coded to the same scale as shown in Figure 5-2 if damage was found.

As shown in Figure 5-11, two punch outs were taken for beam CC3. Punch-out 15 is located
near the longitudinal crack; the strand closest to the crack has corrosion damage in the form of
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pitting. Punch out 16 is located near the longitudinal crack; the three strands inspected exhibited
no signs of corrosion. It is important to note that the 2" level of strands has an alternate layout
than the 1% level of strands; therefore, the relationship to the 1% level of strands cannot be
determined.

Figure 5-11: Location of 2" Layer Punch outs on Beam CC3

As shown in Figure 5-12, two punch outs were taken for beam CC4. Punch out 13 is located at
an area under the crack; no damage was observed in the exposed strands. Punch out 14 is
located at an area under the crack; light corrosion was found on strand 15.

]
13 ———14

Figure 5-12: Location of 2" Layer Punch outs on Beam CC4

As shown in Figure 5-13, two punch outs were taken for beam LV7. Punch out 11 is located at
an area with two longitudinal cracks; all five inspected strands showed evidence of corrosion
which ranged from pitting to fracture. Punch out 12 is located at a longitudinal crack where two
strands were detected to have wire loss. It is important to note that the 2" level of strands has an
alternate layout than the 1% level of strands, limiting the comparison of the 1% and 2" level of
strands.

Figure 5-13: Location of 2" Layer Punchouts on Beam LV7

As shown in Figure 5-14, two punch outs were taken for beam LV16. Punch out 9 is located
near a spalled area where strand 10 had severe wire loss on the 1% strand level; the exposed 2"
strand level revealed heavy pitting on strand 10. Punch out 10 is taken over an area where no
damage was found on the 1% level of strands; the exposed 2™ strand level revealed no corrosion
damage.
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Figure 5-14: Location of 2" Layer Punchouts on Beam LV16

As shown in Figure 5-15, two punch outs were taken for beam LV19. Punch out 7 is located
along a longitudinal crack; exposed 2" level strands revealed one case of pitting. Punch out 8 is
located along a longitudinal crack; 2™ strand layer visual inspection revealed one case of wire
loss.

Figure 5-15: Location of 2" Layer Punch outs on Beam LV19

As shown in Figure 5-16, three punch outs were taken for beam MS2. Punch out 4 is located
above the spalled section on the beam; of the four exposed 2™ layer strands uncovered, two
wires had fractured, one was heavily pitted, and the remaining one was clean. Punch outs 5 and 6
revealed completely clean strands at the exposed 2™ level.

Figure 5-16: Location of 2" Layer Punch outs on Beam MS2

As shown in Figure 5-17, three punch outs were taken for beam MS3. Punch outs 1, 2, and 3
were taken along the longitudinal crack in areas where severe wire loss was present at the 1%
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layer of strands. All three exposed sections revealed heavy corrosion damage — heavy pitting,
wire loss, and fracture — at the second level of steel.

Figure 5-17: Location of 2" Layer Punch outs on Beam MS3

5.4 Summary of Subsurface Investigation of Prestressing Strands

The general condition of the strands and the methodology used to determine the condition were
presented in this chapter. The results of the visual inspection of the strands are presented
qualitatively. Detailed analyses of the results are discussed in section 7. The results presented in
this section are as follows:

e The subsurface strand condition varied over 6 levels. Undamaged, light corrosion,
pitting, heavy pitting, wire loss, and fracture. These conditions were defined on a
damage index from 0 to 5, with 0 being undamaged.

e Inspection of the first level of strands indicates that corrosion damage is typically
associated with longitudinal crack locations.

o Inspection of the second level of strands indicates that corrosion damage is also typically
associated with longitudinal crack locations.
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6 Half-Cell Potential Case Study

An effective method for measuring the presence of corrosion relies on the electrochemical
process to determine areas of active corrosion. The method has been standardized as ASTM
C876: “Standard Test Method for Half-Cell Potentials of Uncoated Reinforcing Steel in
Concrete.” This method has been developed and used extensively for concrete reinforced with
conventional reinforcing bars. The procedure involves measuring the voltage differential
between an external half cell electrode and the embedded steel. The half cell electrode is
composed of copper/copper sulfate (CSE), silver/silver chloride (SCE), or Mercury/Mercury
Chloride.

For conventional reinforcing steel in concrete, a voltage potential of less than -350mV (CSE) is a
strong indicator of corrosion activity. This value is not definitive for prestressing steels, for large
concrete covers, or for concretes with certain constituents. Consequently, it is recommended that
a map of the potential of the beam be developed and that corrosion activity be identified by
looking at large relative changes in potential over the surface.

The Half Cell Potential mapping was conducted using a copper electrode in a copper sulfate
solution (termed CSE or Cu/CuSQ,). A prefabricated Cu/CuSQO, probe produced by Elcometer
was used along with a Fluke digital multimeter — which can be seen in Figure 6-1 — to measure
the voltage potentials.

Fad l o fris.
Figure 6-1: Half-Cell Electrode with Multimeter

It is important to note that for some prestressed concrete beam applications, the individual steel
strands may be isolated from each other. For these conditions it is important to ground the half
cell to each respective strand being investigated. Due to the damage caused by removing
concrete cover in order to achieve an electrical connection to each strand, this approach may not
be feasible for beams whose strands are electrically isolated. However, since the sample beams
obtained for this project are fully cross-sectioned, all strands are exposed at the ends. Therefore,
potential mapping was conducted relative to each strand in the bottom layer.

6.1 Potential Mapping Procedure

Each strand had to be partially exposed — approximately 0.5 in. — at one end to make a
connection with the multi-meter (see Figure 6-2). The connection with the multi-meter is
illustrated in Figure 6-3.
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s
Figure 6-2: Exposed Strands at Sectioned Face of Beam

Figure 6-3: Electrical Connection between Multi-meter and Strand.

The half cell potential was conducted only on the layer of reinforcement that was closest to the
bottom flange surface. Consequently, only the bottom row of strands was exposed at the end.

To ensure good electrical continuity, the end of each exposed strand was cleaned with a wire
brush. This eliminated any rust contamination that may have been present. After the strands
were cleaned, the secondary portion of the testing was to determine whether the concrete surface
was adequately moist. To accomplish this, the following procedure was employed as
recommended in ASTM C876. The multi-meter (set to measure DC voltage) was attached to an
exposed strand and the half-cell electrode was placed at a point on the concrete surface
somewhere along that strand. If the reading was a near-constant value, then the concrete was
deemed to be adequately moist. However, if the reading consistently changed and was not
repeatable then the concrete was too dry and moistening was required prior to taking the
potential measurement.
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6.2 Procedure for Wetting Concrete Surface

As noted in ASTM C876, the best way to wet the concrete surface to obtain the most accurate
results is to use a solution consisting of 95 mL of commercial wetting agent or a liquid
household detergent mixed with 5 gallons of potable water. This procedure was not followed
due to concern that the presence of the water-detergent mixture on the concrete surface would
have adverse effects on the non-destructive testing procedures to be performed subsequently.

In lieu of using the water-detergent mixture, two different methods were employed to wet the
concrete surface. When the half cell measurements were taken for the Clearfield Creek and
Main Street beams, the beams were sitting on blocks in their normal orientation. To wet the
bottom surface a sprinkler was placed below the beam and set to oscillate along the length of the
beam. This provided a near-constant stream of water on the beam for 2-3 hours before
performing the half cell measurements. After thoroughly wetting the surface, the multi-meter
was placed on the concrete for five minutes to ensure that the reading was now near constant. If
a constant reading was observed, the half cell potential mapping continued.

The beam segments for Lake View Drive were soaked differently because they were brought into
the lab inverted; now the bottom beam flanges were facing up. This facilitated the soaking of the
beams without having to spray water on them. Instead, pieces of burlap were thoroughly soaked
in water and placed on the bottom of the beam as shown in Figure 6-4. A long plastic tarp was
then used to cover the burlap to prevent evaporation; see Figure 6-5. The burlap was left on the
beam for roughly 2-3 hours to ensure the concrete was sufficiently saturated. When
measurements were taken on these beams, the burlap was folded back progressively to only
uncover a single strand at a time and therefore prevent the beam from drying out.

o

Figure 6-4: Burlap Saking the Bottom of the Beam
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Figure 6-5: Plastic Tarp Covering the Beam During the Moistening Procedure

After the beam surface was highly saturated, the half-cell testing commenced. A string was
marked in one foot increments to use as a reference and simplify the data collection process. The
string was then stretched along the beam directly over a single strand.

To ensure adequate wetting of the electrode, a wet sponge was wrapped around the negative end.
The positive electrode of the half-cell apparatus was attached to the exposed strand while the
negative electrode was placed at each marking on the string in succession. At each marking, the
half-cell potential was measured and recorded. After completing the measurements for one
strand, the positive electrode was moved to the next exposed strand and the measurements
continued.

6.3 Interpretation of Results

These half-cell potential measurements were subsequently plotted as a color contour plot. An
example of the plot for one beam segment is shown in Figure 6-6. It is important to note that the
scale used in the following figure is used throughout the rest of this report. Dark blue through
green shading represents a very small probability of corrosion, yellow through light orange
shading represents an uncertain probability for corrosion, and dark orange through dark red
shading is indicative of a very high probability of corrosion. The half-cell potential readings are
discussed in more detail below.
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Figure 6-6: Half-Cell Potential Map of Lakeview Drive Span 3 Beam 19

As noted in ASTM C876, areas with half-cell potential values more positive than -0.2 V have a
90% probability that there is no corrosion in the reinforcing steel. Areas with values between -
0.2 V and -0.35 V have an uncertain probability for corrosion. Finally, areas that have readings
more negative than -0.35 V have a greater than 90% probability that corrosion exists. This
description is summarized in Table 6-1:

Table 6-1: Probability of Corrosion for Regular Reinforcing Steel
(per ASTM C876)

Half-Cell Potential Probability of Corrosion
Greater than -0.20 V 10%
Between -0.20 V and -0.35 V Uncertain
Less than -0.35 V 90%

These potential ranges were developed specifically for conventional reinforcing steel.

Their

accuracy with respect to prestressing strand is not available and will be examined in this study.
Contour plots indicate relative changes in potential that give a good indication that corrosion is
more likely to be initiating in certain regions over others.

6.4 Clearfield Creek Bridge Members

6.4.1 Clearfield Creek Span 1 Beam 3 Potential Mapping

The half-cell potential map, given in Figure 6-7, shows an increased propensity for corrosion
along the crack, as well as in the area of the lower left corner of the beam (Al side). These
readings indicate that there may or may not be corrosion in those particular areas, illustrated
through yellow shading. The readings indicate that in all other areas corrosion is not likely.
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Figure 6-7: Bottom Flange Half-Cell Potential Map - Clearfield Creek Beam 3

6.4.2 Clearfield Creek Span 2 Beam 4 Potential Mapping

The half-cell potential map, as given in Figure 6-8, shows susceptibility for corrosion along the
longitudinal crack. These readings insinuate that there may or may not be corrosion in that
particular area, indicated by the yellow shaded region. The readings indicate that in all other
areas corrosion is not likely.

Figure 6-8: Bottom Flange Half-Cell Potential Map - Clearfield Creek Beam 4
6.5 Lakeview Drive Bridge Members

6.5.1 Lakeview Drive Span 1 Beam 7 Potential Mapping

The half-cell potential map, given in Figure 6-9, shows that the Al side of the beam seems to
have less corrosion than the P1 side of the member. The potential map indicates a strong
likelihood of corrosion in the P1 area indicated by the red shaded regions.

Figure 6-9: Bottom Flange Half-Cell Potential Map — Lakeview Drive Beam 7

6.5.2 Lakeview Drive Span 2 Beam 16 Potential Mapping

The half-cell potential map, as given in Figure 6-10, shows a band where corrosion is possible
(indicated by yellow shading) above strands 25 and 26 near the bottom of the figure. The P1
side of the beam in this band seems to have an increased likelihood for corroded strands. The
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spalled sections have half cell measurements indicating a high likelihood for corrosion potential.
This has been verified through the visual inspection.

Figure 6-10: Bottom Flange Half-Cell Potential Map -- Lakeview Drive Beam 16

6.5.3 Lakeview Drive Span 3 Beam 19 Potential Mapping

The half-cell potential map, as given in Figure 6-11, indicates a potential for corrosion
everywhere except along the top and bottom across the length of the beam. Under the longer
crack, extending from the P3 side, corrosion is very likely.

Figure 6-11: Bottom Flange Half-Cell Potential Map — Lakeview Drive Beam 19
6.6 Main Street Bridge Members

6.6.1 Main Street Span 3 Beam 2 Potential Mapping

The half-cell potential map, given in Figure 6-12, indicates a potential for corrosion almost
everywhere on the beam. Of course, along the spalled areas the half-cell test gives readings that
indicate severe corrosion which again is clearly validated through visual inspection. There also
seems to be potential for corrosion under the entire unspalled area.
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Figure 6-12: Bottom Flange Half-Cell Potential Map — Main Street Beam 2

6.6.2 Main Street Span 3 Beam 3 Potential Mapping

The half-cell potential map, as shown in Figure 6-13, indicates a potential for corrosion
everywhere except along the entire top edge of the beam in the figure. It is very likely that
corrosion exists under the crack and in that general vicinity, as indicated by the red shaded
regions.

Figure 6-13: Bottom Flange Half-Cell Potential Map - Main Street Beam 3
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7 Discussion of Results

This section of the report examines the results of the various tests that have been performed as
described in the preceding sections. Conclusions are developed by comparing these results and
assessing whether trends exist that can be used to improve the reliability of inspections of
prestressed concrete structures. The concrete core evaluations were performed for petrography,
concrete cylinder strength, chlorides, air void characteristics, and carbonation. Comparisons are
made between the in-situ corrosion levels and the various measurements made to assess the
ability to aide in the corrosion detection process of concrete structures. These comparisons are
made with respect to half cell measurements and chloride levels. In addition, chlorides and half
cell voltage readings are compared with each other to see if there is any correlation between the
two. A statistical analysis will be presented in order to assess the viability of using longitudinal
cracks to detect corrosion during a visual inspection. Finally, a presentation of the relationship
between the 1% and 2" layer of strands will be discussed.

7.1 Concrete Core Evaluations

Strength testing was performed on the 2 in. nominal diameter cores, in accordance with ASTM
C39; refer to Table 4-11 to view those results. Chloride analyses of concrete cores were
performed by TEC in accordance with ASTM 1152; refer to Table 4-8 and Table 4-9 to view
those results. A more in-depth discussion on the aforementioned items is presented in this
section.

7.1.1 Discussion of Concrete Core Strength Results

As the results indicate in Table 4-11, there were large variations in concrete compressive
strength throughout some of the beams; the range being from 20% for beam LV16 to 7% for
beam LV7. There are several factors that may have affected the results.

One such contributing factor was the diameter of the tested concrete cores. As detailed in ASTM
C42, load-bearing structural members shall be at least 3.7 inches in diameter for the
determination of compressive strength. Another requirement for concrete cores, as per ASTM
C39, is that they must meet an approximate length-to-diameter ratio (L/D) of 2.0. The
geometries of the beam (flange thickness) did not permit the minimum diameter of 3.7 inches
while still satisfying the L/D ratio; thus, a nominal diameter of 2 inches was chosen. ASTM C39
states that the compressive strength for 2 inch nominal diameter cores is known to be both
somewhat lower and more variable than that for 4 inch nominal diameter cores.

Another factor that contributed to the strength variation was the range in water-to-cement (w/cm)
ratio detected by TEC. As shown in Table 4-6, two of the seven beams had a variable w/cm
ratio; beam MS2 had a range of 0.47 to 0.54 and beam LV16 had a range of 0.43 to 0.51. This is
most likely due to a failure to mix properly during batching. The variability in the water to
cement ratio could have produced a large variation in strength; such is the case for beam LV 16,
which had the highest coefficient of variation (COV) for compressive strength. Beam MS2 had a
12% variation in strength. This issue could also have contributed to the reason why beam MS2
had several specimens which did not meet the required strength as indicated on the structural
drawings.

All of the strength cores from beam LV19 failed to meet the required strength as indicated on the
structural drawings; beam LV19 also had the lowest strength COV at 10%. This is suggestive
that the mix for beam LV19 does not have adequate strength.
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7.1.2 Discussion of Chloride Analyses

As discussed previously, chloride levels were measured in the bottom flange of the beams.
Measurements were taken from cores at the bottom surface, bottom layer of strands, and the
second layer of strands. The results were presented in Table 4-8 and Table 4-9. Chloride
contents exceeded the American Concrete Institute (ACI) threshold of 0.026% at 9 of the 24
bottom strand levels and at 5 of the 24 second strand levels. Chloride levels were measured at
the exterior surface of the beams; 37 of 42 samples exceeded the corrosion threshold.

To assess the accuracy of the ACI threshold limit the measured acid-soluble chloride levels are
compared with the in-situ corrosion damage of the strands (i.e., damage index) found at those
same locations. There were 43 cases in which to compare the chloride levels with strand
damage. In 19% of the cases, strands had chloride values under the ACI threshold but still had
some form of damage. In 16% of the cases, strands had chloride values over the ACI threshold
but had no corrosion damage. As shown below in Table 7-1, the average chloride readings for
all cases with a damage index of 0 (no corrosion) was 0.0113 — under the ACI threshold -
compared to 0.0704 for the cases with a damage index greater than 0; which exceeds the ACI
threshold.

The standard deviations of the different corrosion levels were large. This is summarized in Table
7-1 and illustrated in Figure 7-1; the large variation was expected. Corrosion is often correlated
with chloride levels, but it is also sensitive to the amount of moisture present in service. Since
the samples were taken after the beams were taken out of service, the moisture condition of the
samples could not be evaluated.

Based on the chloride measurements and corrosion levels determined, the following conclusions
can be made: (1) on average the ACI limit of 0.026% divides the region between corrosion and
no corrosion, (2) the average chloride readings for all cases with a damage index of 0 (no
corrosion) was 0.0113 — under the ACI threshold — compared to 0.0704 for the cases with a
damage index greater than 0, (3) the variability in the chloride levels at each corrosion state is
very large making determination of chloride thresholds inappropriate for the data set, (4) it is
possible to have heavy pitting of the strands with chloride levels of 0.005%, (5) it is possible to
have no corrosion with chloride levels of 0.082%.

Table 7-1: Average Chlorides (% by mass of concrete) Based on Strand Damage
Damage Index: # of Samples Chloride Average: Standard Deviation:
0 21 0.0113 0.0183
>0 22 0.0704 0.0822
1 15 0.0733 0.0920
2 2 0.0465 N/A
3 5 0.0712 0.0671
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Figure 7-1: Chloride content relative to strand corrosion level

7.2 Half-Cell Profiles

To assess the effectiveness of the half-cell potential method, the strand damage profile has been
overlaid on the half-cell contour for each beam. Whether the detected corrosion damage exists
within regions of high half-cell potential can be assessed by examination of these composite
images. A statistical analysis was performed on the data in order to assess the voltage range
where corrosion is likely for prestressed steel.

7.2.1 Half-Cell and Damage Profiles

The damage indices and the half cell readings are compared in detail in this section. The half
cell and damage index utilize the same legends as previously used. The legends are reproduced
in Figure 7-2 for clarity.

] Light [ Pitting [T1Heavy Pitting [ Wire Loss [l Fracture

Corrosion
Half Cell Legend [Volt]
—— O ——
n & s &S &6 bbb ss s 02 e
S B oboWwww NN =2 s e 238
o2 T\ TR = S R B @D N oo = (o2 B\ |

o

Figure 7-2: Legend of damage index and Half Cell profile

As shown in Figure 7-3, the detected damage found on beam CC3 was primarily under the crack.
The half cell potential map clearly indicates the location of lower voltage readings under the
crack, indicated by the yellow shaded region that spans from end to end.
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Figure 7-3: Overlay of Damage Profile on Half Cell Potential Map for Beam CC3

As shown in Figure 7-4, the detected damage found on beam CC4 was primarily under the crack.
The half cell potential map clearly indicates the location of lower voltage readings under the
crack, indicated by the yellow shaded region that spans from end to end.

Figure 7-4: Overlay of Damage Profile on Half Cell Potential Map for Beam CC4

As shown in Figure 7-5, the detected damage found on beam LV7 — as shown in the white
rectangle in the figure below — was most concentrated at the bottom where the delamination was
found. The half-cell readings show high levels of voltage in this area.

Figure 7-5: Overlay of Damage Profile on Half Cell Potential Map for Beam LV7

As shown in Figure 7-6, the detected damage found on beam LV16 was minimal. The half cell
potential map shows an area of low voltage along the bottom of the beam spanning from end to
end, however no damage was found in this area. Also, a large amount of wire loss was found on
strand 10 (strands numbered starting with 1 at the top of the figure). The high half cell values
indicate that it is unlikely that corrosion would exist at that location.
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Figure 7-6: Overlay of Damage Profile on Half Cell Potential Map for Beam LV16

As shown in Figure 7-7, the detected damage found on beam LV19 was spread throughout a
cracked region just above the centerline of the beam. This highly cracked region showed voltage
readings which indicated corrosion.

Figure 7-7: Overlay of Damage Profile on Half Cell Potential Map for Beam LV19

As shown in Figure 7-8, the detected damage found on beam MS2 was spread throughout the
bottom half of the beam. The top half was spalled off and limited the inspection area to the
white box shown in the figure below; with limited amounts of inspection in the top half. The
highest levels of damage corresponded with low voltage readings.

Prfile on Half Cell Ptental Map for Beam MS2

As shown in Figure 7-9, the detected damage found on beam MS3 was located along the
longitudinal crack discovered during the visual inspection. The half cell potential readings for

Fiure 7-8: Overlay of Damage
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the strands under the crack indicated low voltage readings. Instances of light corrosion and
pitting were found at locations with high half-cell potential readings.

Figure 7-9: Overlay of Damage Profile on Half Cell Potential Map for Beam MS3

7.2.2 Statistical Analysis of Half-Cell Data

Half cell readings were taken at 1503 points on the bottom flange of the seven beams. Each
black dot in the half-cell potential maps, shown in Figure 7-3 through Figure 7-9, corresponds to
a half cell voltage potential measurement. Removal of the concrete cover and the inspection of
the strands allowed for the development of a damage profile plot revealing if damage existed at
any given half cell measurement location. A comparison of the half cell potential and the strand
damage is summarized in Table 7-2 and Table 7-3.

Table 7-2: Statistical Analysis of Half Cell Voltage Readings in Relation to Extent of
Damage
Damage Level Damage Sar_nple Min Half | Max Half | Average Half covV
Index Size Cell (V) Cell (V) Cell (V)

No Corrosion 0 1293 -0.600 0.091 -0.197 56.1%
Light Corrosion 1 63 -0.569 -0.027 -0.269 29.0%
Pitting 2 46 -0.528 -0.101 -0.316 32.9%
Heavy Pitting 3 79 -0.507 -0.084 -0.337 28.7%
Wire Loss 4 19 -0.454 -0.156 -0.349 25.4%
Fracture 5 3 -0.480 -0.253 -0.359 28.1%

The damage index corresponds to the type of damage: “0” represents no damage at the half cell
reading location, “1” represents light corrosion, “2” represents pitting, “3” represents heavy
pitting, “4” represents wire loss, and “5” represents wire fracture. It is important to note that the
average half-cell potential reading increases with the severity of damage indicating that the more
negative the voltage reading, the heavier the corrosion damage will be. There is a large
coefficient of variation in the half cell readings in relation to the type of damage.

A statistical analysis was performed in order to predict the probability of corrosion for
prestressing steels for different ranges of half cell potential. The results are summarized in Table
7-3.
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Table 7-3: Probability of Corrosion for Prestressing Steels
Based on Half-Cell Potential
Half-Cell Probability of

Potential Corrosion (DI > 0)
Greater than -0.20 V 3.7%
Between -0.20 V and -0.25 V 9.0%
Between -0.25 V and -0.30 V 18.6%
Between -0.30 V and -0.35 V 26.5%
Less than -0.35 V 45.5%

It is concluded that as the half cell potential reading becomes more negative, the probability of
corrosion increases. The results can be compared with the ASTM recommendations for
conventional reinforcement (Table 6-1). Based on the results of the study conducted in this
report it is found that conventional steel reinforcement is more likely to have corrosion than
prestressing steel with the same voltage.

Based on the results of the study, Half Cell Potential methods are not a viable means of detecting
corrosion of prestressing strands in box beams. Half Cell methods require connection to the
reinforcement to evaluate the potential between different points along the member. For
conventional construction (post 1980) strands are enclosed within stirrups which will likely
maintain continuity of all the reinforcement. For this condition only one connection to the
reinforcement is required. In older construction, however, continuity between the strands cannot
be ensured. For these conditions half cell methods will require connection to each strand which
results in considerable effort for inspection. To acquire a stable measurement the surface of the
concrete must be properly saturated. This is not readily achieved in the field. When the half cell
method is used under ideal laboratory conditions it correctly detected corrosion less than 50% of
the time. For elevated half cell potential measurements, less than -0.35V there is only a 45%
probability that corrosion will occur. Due to the difficulty in achieving a good measurement and
the poor accuracy of the method under ideal conditions, half cell is not viable for detecting strand
corrosion in pre-tensioned concrete box beams.

7.3 Chloride Half-Cell Correlation

From the four inch cores sent to The Erlin Company, the chloride percent by mass of concrete
was obtained; half cell potential readings were also taken at these core locations. In addition to
the four inch cores, 0.5 inch diameter plugs were taken along two of the beams widths; CC4 and
LV19. The half cell potential readings at these locations are known as well. In comparing half-
cell voltage readings and chlorides for the 0.5 inch diameter plugs, Figure 7-10 and Figure 7-11,
it is clear that correlation does not exist.
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Figure 7-11: Voltage & Chloride Values along the Length of Beam CC4

The half cell voltage readings and chloride values from the 0.5 inch diameter plugs and the 4
inch diameter cores were compiled and analyzed together. The data is summarized in Figure
7-12. A low correlation exists between half cell potential and surface chloride level.
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7.4 Establishing Probabilities of Corrosion

In order to develop qualitative recommendations for PennDOT inspections, it is useful to
compare the probabilities for corrosion under various conditions. These probabilities can be
used to reduce the area — and correspondingly strength — of the prestressing steel; leading to a
reduced moment capacity. Rating rules can be developed from these approaches which
realistically estimate the strength of a particular bridge based on condition.

To compute these probabilities, the same data-points used to compile the half-cell statistical
analysis are considered. The damage index of the strand at each of these data points is known;
allowing for a comparison of the state of corrosion and the surface condition of the concrete
bridge. The conditions considered for this analysis were: 1% level strands under a longitudinal
crack, 1% level strands with no longitudinal crack, 2" level strands under a longitudinal crack, 2™
level strands with no longitudinal crack, and 1 level strands adjacent to a longitudinal crack.

7.4.1 Probability of Corrosion of 1** Level Strands under a Longitudinal Crack
Every data point that corresponded to a longitudinal crack was collected and sorted to obtain the
data for Table 7-4.

Table 7-4: Probabilities of Corrosion of 1* Level Strands
under a Longitudinal Crack
Condition # Cases | Probability
Overall 115 -

No Corrosion (DI = 0) 34 29.6%
Light Corrosion (DI = 1) 10 8.7%
Pitting (DI = 2) 20 17.4%
Heavy Pitting (DI = 3) 40 34.8%
Wire Loss (DI = 4) 9 7.8%
Fracture (DI = 5) 2 1.7%
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Table 7-4: Probabilities of Corrosion of 1* Level Strands
under a Longitudinal Crack
Corrosion (DI > 0) 81 70.4%
Pitting or Greater (DI > 1) 71 61.7%

The data indicates that if a longitudinal crack is present above a strand, there is a 70.4%
probability that the strand will have corrosion. Furthermore, if corrosion does exist under the
crack, there is a 61.7% probability that the type of corrosion will be pitting or heavier; effectively
reducing the cross section and strength of the prestressing strands.

7.4.2  Probability of Corrosion of 1" Level Strands with no Longitudinal Crack

Every data point that did not occur over a longitudinal crack was collected and sorted to obtain
the data for Table 7-5.

Table 7-5: Probabilities of Corrosion of 1* Level Strands
with no Longitudinal Crack
Condition # Cases | Probability
Overall 1404 -
No Corrosion (DI = 0) 1259 89.67%
Light Corrosion (DI = 1) 53 3.77%
Pitting (DI = 2) 34 2.42%
Heavy Pitting (DI = 3) 47 3.35%
Wire Loss (DI = 4) 8 0.57%
Fracture (DI = 5) 3 0.21%
Corrosion (DI > 0) 145 10.33%
Pitting or Greater (DI > 1) 92 6.6%

The data indicates that when there are no surface indicators of corrosion (no crack) there is a
10.33% probability of finding corrosion in the prestressing strands underneath. Furthermore,
there is a 6.6% probability of finding corrosion damage warranting a reduction in wire cross-
section and strength (DI > 1) when no cracking is present.

7.4.3 Probability of Corrosion of 2™ Level Strands under a Longitudinal Crack

Every data point for a 2" level strand under a longitudinal crack was collected and sorted to
obtain the data for Table 7-6.

Table 7-6: Probabilities of Corrosion of 2™ Level Strands
under a Longitudinal Crack
Condition # Cases | Probability
Overall 32 -

No Corrosion (DI = 0) 17 53.13%
Light Corrosion (DI = 1) 3 9.38%
Pitting (DI = 2) 2 6.25%
Heavy Pitting (DI = 3) 4 12.5%
Wire Loss (DI = 4) 3 9.38%
Fracture (DI = 5) 3 9.38%
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Table 7-6: Probabilities of Corrosion of 2" Level Strands
under a Longitudinal Crack

Corrosion (DI > 0) 15 46.9%
Pitting or Greater (DI > 1) 12 37.5%

The data indicates that when a crack is present, the 2" layer strand above that crack has a
46.87% probability of having corrosion; of the various types of possible corrosion, heavy pitting
appeared with the highest frequency. Furthermore, there is a 37.5% probability of finding
corrosion damage of pitting or greater; leading to a reduction in strand cross-sectional area and
strength.

7.4.4 Probability of Corrosion of 2™ Level Strands with no Longitudinal Crack

Every data point for a 2" level strand with no longitudinal cracking was collected and sorted to
obtain the data for Table 7-7.

Table 7-7: Probabilities of Corrosion of 2™ Level Strands
with No Longitudinal Crack
Condition # Cases | Probability
Overall 55 -
No Corrosion (DI = 0) 47 85.45%
Light Corrosion (DI = 1) 5 9.09%
Pitting (DI = 2) 1 1.82%
Heavy Pitting (DI = 3) 1 1.82%
Wire Loss (DI = 4) 1 1.82%
Fracture (DI = 5) 0 0%
Corrosion (DI > 0) 8 14.6%
Pitting or Greater (DI > 1) 3 5.5%

The data indicates that 2" level strands with no surface indicators of corrosion have a 85.45%
probability of having no corrosion whatsoever; conversely there is a 14.55% probability of
having corrosion. However, light corrosion makes up a large portion (9.09%) of that probability.
Therefore, there is only a 5.45% probability of finding heavy enough corrosion (DI > 1) to
warrant a reduction in strand cross sectional area and strength.

7.45 Probability of Corrosion of 1° Level Strands Adjacent to a Longitudinal Crack

Every data point for a strand directly adjacent to a longitudinal crack was collected and sorted to
obtain the data for Table 7-8.

Table 7-8: Probabilities of Corrosion of 1% Level Strands
Adjacent to a Longitudinal Crack
Condition # Cases | Probability
Overall 95 -
No Corrosion (DI = 0) 66 69.47%
Light Corrosion (DI = 1) 6 6.32%
Pitting (DI = 2) 8 8.42%
Heavy Pitting (DI = 3) 11 11.58%
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Table 7-8: Probabilities of Corrosion of 1* Level Strands
Adjacent to a Longitudinal Crack
Wire Loss (DI = 4) 4 4.21%
Fracture (DI = 5) 0 0%
Corrosion (DI > 0) 29 30.5%
Pitting or Greater (DI > 1) 23 24.2%

The data indicates that when a longitudinal crack is present on the bottom beam surface, an
adjacent strand has a 30.5% probability of having corrosion; further there is only a 24.2%
probability of having corrosion heavy enough to reduce the cross sectional area and strength of
the strand.

7.4.6 Probability of Corrosion Summary

A methodology for dealing with longitudinal cracking was presented in a previous paper from
the ATLSS Center at Lehigh University [Naito, et. al. 2006]. It was recommended that when a
longitudinal crack is found on a beam, the prestressing strands underneath the crack be
discounted, as well as the strand adjacent to the crack.

From the probabilities as presented in Table 7-4 through Table 7-8, it is concluded that
completely discounting the strength of a strand adjacent to a longitudinal crack is overly
conservative. A summary of the probability of finding corrosion under various surface
conditions were computed. They have been organized into Table 7-9 and Table 7-10. As
illustrated there is 70.4% probability of corrosion on strands located above a crack. For strands
located adjacent to a crack the probability decreases to 30.5%. Strands located in the second
layer above a crack have a 46.9% probability of corrosion.

The reduction in strength associated with levels of corrosion was examined in 2006 [Naito, et. al.
2006]. The results of the study are reproduced in Table 7-11. Based on the findings light
corrosion did not alter the strength of the material. Pitting and heavy pitting resulted in a
decrease in the tensile strength due to the reduction in cross-section and stress concentrations
generated at the pitted sections.

Table 7-9: Probability of Finding Corrosion of Steel Strands Under a Longitudinal Crack

Location NC LC p HP WL F DI>0 | DI>1

Under Crack (1* Level) 29.6% | 8.7% | 17.4% | 34.8% | 7.8% | 1.7% | 70.4% | 61.7%

Adjacent to Crack (1" Level) | 69.5% | 6.3% | 8.4% | 11.6% | 4.2% | 0.0% | 30.5% | 24.2%

Under Crack (2™ Level) 53.1% | 9.4% | 6.3% | 12.5% | 9.4% | 9.4% | 46.9% | 37.5%

The above table was compiled using data presented in sections 7.4.1, 7.4.3, and 7.4.5.
Table 7-10: Probability of Finding Corrosion of Steel Strands with No Longitudinal Crack

- NC LC p HP WL F DI>0 | DI>1
@ 1% Level Strands 89.7% | 3.8% | 2.4% | 3.4% | 0.6% | 0.2% | 10.3% | 6.6%
@ 2" |_evel Strands 85.5% | 9.1% | 1.8% | 1.8% | 1.8% | 0.0% | 14.6% | 5.5%

The above table was compiled using data presented in sections 7.4.2 and 7.4.4.

ATLSS 09-10 Task 3 - Forensic Evaluation Page 103



Table 7-11: Average Wire Strength Due to Corrosion
: . . Relative
Wire Condition Strength [ksi] cov Strength
Light Corrosion 288.0 4.2% 100%
Pitting 230.0 10.6% 79.9%
Heavy Pitting 205.6 10.9% 71.4%
7.5 Sounding

Sounding was performed as described in Section 3.6 per ASTM D4580, “Standard Practice for
Measuring Delaminations in Concrete Bridge Decks by Sounding”. Small areas of delamination
were expected in three beams (MS2, MS3, and LV19) and generally occurred over or alongside
the main longitudinal cracks. Destructive evaluation did not find delamination at the areas
identified. This method failed to detect the large delamination on Beam LV7 that was found in
the destructive evaluation phase of testing.

The sounding technique identified regions of heavy pitting in the three beams examined.
Comparison of the strand damage and the delamination regions can be seen for Main Street
Beam 2 (Figure 3-15 and Figure 5-8), Main Street Beam 3 (Figure 3-16 and Figure 5-9), and
Lakeview Drive Beam 19 (Figure 3-17 and Figure 5-7). The regions of expected delamination
correspond directly with strand damage equivalent to Heavy Pitting or Wire Loss. From the
limited study it appears that sounding may provide a means of identifying non-visible corrosion
of prestressing strands. This may be attributed to the presence of corrosion product around the
strand which would result in a hollow region. Further study of this phenomenon is
recommended.

7.6  Relationship between 1% and 2" Level of Strands

The second level of steel was inspected by two different methods: the punch-outs performed with
a jackhammer and the extraction of the strands from the additional cores. The damage levels of
the second level of strands were compared with the 1% level of strands to determine if a
relationship existed. This data is compiled in Table 7-12.

Table 7-12: Relationship between 1% and 2" Layer of Strands
# of Cases for Comparison 87
# of Cases w/ Damage at 2nd Level 23
# of Cases w/ Damage at 1st Level 51
# of Cases w/ No Damage. at 2nd Level 64
# of Cases w/ Damage at 1st Level, but no Damage at 2nd Level 28
# of Cases w/ Damage at 1st Level, Damage at 2nd Level 23
# of Cases for DI2 > DI1 3
# of Cases for DI2 < DI1 20

The data indicates that when damage is found at the 1% level of strands, damage is present on the
2" level of strands 45.1% of the time. Conversely, damage was not present 54.9% of the time
when damage is found on the 1% level of strands. The average damage index for each of these
conditions was computed. When damage existed on the 1% layer of strands but no damage on the
2" layer of strands, the average damage index on the first level was 2.46. When there was
damage found at both the 1% level and 2" level of strands, the average damage index of the first
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level was 2.82. In analyzing cases where damage was present for both levels of steel, it is shown
that the damage index is larger on the 1% level of strands 87% of the time.

Thus it can be concluded that if corrosion exists on the first level there is approximately a 50%
chance that the second level will be corroded. This condition is more likely to occur with greater
levels of corrosion on the 1% level. Also for 87% of the cases the corrosion will be lower on the
second level of strands.

7.7 Effect of Strand Damage on Nominal Moment Capacity

The section geometry and material properties were taken from sections 2.2, 2.3, and 2.4 and used
to calculate the nominal moment capacity (¢Mn) of each bridge beam. The moment capacities
were calculated in two ways; through the strain compatibility method and the simplified fps
formulation provided by ACI for flexural members with effective prestress in excess of 50% of
the ultimate strand stress. The results are as follows in Table 7-13, where Ay represents the area
of prestressing steel, e is the eccentricity from the centroid of the strands to the centroid of the
section, I is the moment of inertia of the section, Ac is the area of concrete, P; is the initial
prestressing force, and Pe is the effective prestressing force.

Table 7-13: Box Beam Flexural Capacity

ACI €
Beam | 2% |ein)| 1.n®) | 2 | Fio| Pe | fu | Comp.
(in%) ‘ (in%) | (kip) | (kip) oMn | oM,

CC3 | 3.15 |16.28 | 146711 | 646.7 | 550.4 | 381.4 | 1890 | 1925
CC4 | 3.15 |16.28 | 146711 | 646.7 | 550.4 | 381.3 | 1890 | 1925
LV7 | 3.23 | 7.76 | 167604 | 645.0 | 565.3 | 415.9 | 1080 | 1115
LV16 | 5.10 | 17.29 | 62943 | 779.8 | 892.5 | 568.5 | 3160 | 3235
LV19 | 5.10 |17.36 | 191981 | 774.8 | 892.5 | 566.4 | 3160 | 3240
MS2 | 4.76 | 17.00 | 190187 | 772.2 | 833.0 | 543.3 | 2925 | 2995
MS3 | 4.76 | 17.00 | 190187 | 772.2 | 833.0 | 543.4 | 2925 | 2995

The nominal bending strength reductions were computed for the following three conditions:

e In-situ nominal moment capacity (¢M1); based on the forensic investigation of the
strands.

e The PennDOT Strike-off Letter 431-07-08 recommendations (pM2).

e Proposed nominal moment capacity (¢M3); using the new recommended probability
assessment based on a visual inspection;

For the in-situ nominal moment capacity, each damage profile (see sections 5.2 and 5.3) was
analyzed for the worst case of cross-sectional strand damage; this critical cross-section is
representative of the actual moment capacity of these bridge beams as they were in service. See
Table 7-11 for the reduction in strength based on the damage index. Strands having a condition
of WL or F were completely discounted from the strength calculations.

PennDOT Strike off letter 431-07-08 recommendations suggest that any strand intersecting a
longitudinal crack, as well as any adjacent strands to that crack, be fully discounted from
strength calculations.
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The proposed recommendations for reduction in flexural capacity use previously presented
probabilities (Table 7-9 and Table 7-10) in conjunction with random number generation to
produce average strength reductions based on a visual inspection — i.e., crack or no crack. A
random number was generated between 0 and 1 for ten thousand cases for each condition:
adjacent strands to crack, strand at 1% level under crack, strand at 2" level under crack, strand at
1% level with no crack, and strand at 2" level with no crack. Based on where the random number
fell relative to the cumulative probability of a specific condition, it was assigned a damage
designation of NC/LC, P, HP, and WL/F. The data from Table 7-11 was then used to reduce the
strength of a strand if a designation of P, HP, or WL/F was assigned (no strength reduction was
used for the NC/LC cases). The strength was averaged over the ten thousand cases of random
numbers to produce the average strength for a particular condition as shown below in Table 7-14
and Table 7-15. These values were included in the strength calculations to produce a new set of
proposed reduced moment capacities.

Based on the probabilistic examination of strand corrosion in beams with longitudinal cracking it
was found that for strands under a crack (1% or 2" level of steel) as well as strands adjacent to a
crack the cross sectional area should be reduced to 77.4% of the original area for capacity
calculations. Additionally, for strands in areas where no visible damage is observed the cross
sectional area should be reduced to 97.8% of the original area for capacity calculations.

Table 7-14: Strand Strength Reductions Based on Probabilities for
Longitudinal Cracking
Standard
Condition: Avg. Strength Deviation
Strand @ 1st Level Under Crack 77.5% 28.7%
Strand Adjacent to Crack 77.3% 20.3%
Strand @ 2nd Level Under Crack 77.4% 28.7%

Table 7-15: Strand Strength Reductions Based on Probabilities w/ No
Longitudinal Cracking

Standard
Condition: Avg. Strength | Deviation
Strand @ 1st Level 97.8% 11.4%
Strand @ 2nd Level 97.8% 11.7%

In order to simplify the strength calculations, and additionally make the method slightly more
conservative, the following is recommended:

e Strands intersecting a crack (1% or 2™ level of steel), as well as strands adjacent to a
crack, shall have their cross sectional area reduced to 75% of the original area for
capacity calculations

e All other strands in the section, not intersecting or adjacent to a longitudinal crack, shall
have their cross sectional area reduced to 95% of the original area for capacity
calculations.

Further clarification on this rating method will be given in the following section.
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7.7.1 Rating Recommendations

The development of the proposed bridge inspection rating method was illustrated in the
preceding section. In addition to longitudinal cracking, other factors such as deteriorated
concrete, spalling, exposed reinforcement, etc. were taken into account to produce the following
revised proposed bridge inspection summary. The summary is also included in the Appendix as
a standalone document.

The following guidelines are recommended for the inspection of adjacent prestressed concrete
non-composite box-girder bridges. The procedure requires that each beam member be evaluated
for the presence of longitudinal cracking, spalled sections, exposed strands, and deteriorated
concrete. The surface damage conditions for each member shall be recorded based on visual
observations.

For the purpose of load rating all damage within a region of two development lengths shall be
considered to occur at the same section. The computed development length can be used;
however, if design information is unavailable the lengths presented in Table 7-16 can be used for
typical seven wire strands:

Table 7-16: Inspection Window Size for Beams Based on Strand Diameter

Strand Nominal Diameter [in.] 3/8 7/16 1/2 Y Special
Inspection Window Length [in.] 128 150 170 180

The location of the reduced section strength shall be assumed to occur at the center of the
inspection window. The strength reductions shall be based on the presence of longitudinal
cracking and deteriorated concrete as noted in the following section.

FOR SPECIMENS WITH LONGITUDINAL CRACKING:

1. The following strand areas shall be reduced to 75% of the original cross-sectional area for
capacity calculations:
a. Strands on each level directly in line the crack.
b. Strands closest to the exterior surface adjacent to the longitudinal crack. If the adjacent

strand is greater than 3in. from the crack see the following item 2 for area reduction.

2. For beams with longitudinal cracking or corrosion induced spalling, all other strands in the
section shall be reduced to 95% of the original cross-sectional area for capacity calculations.

FOR SPECIMENS WITH DETERIORATED CONCRETE:

(Adopted from “Guidelines for Estimating Strand Loss in Structural Analysis of PPC Deck Beam

Bridges™ by the Illinois Department of Transportation)

1. For exposed strands observed with sound concrete adjacent to and above the exposed strands,
disregard the full strength of the exposed strands for capacity calculations.

2. For exposed strands observed with adjacent unsound concrete, disregard the full strength of
the exposed strands and all strands in regions of unsound concrete for capacity calculations.

3. For exposed shear reinforcement bars, disregard the full strength of strands located in the
lower row directly above the exposed section of stirrups for capacity calculations. If the
concrete is found to be unsound adjacent to the exposed area, disregard the strength of all
strands in all rows above the area of unsound concrete in capacity calculations.

4. For area of concrete where delaminations have been observed, remove all delaminated
concrete to determine the depth of the concrete deterioration:
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a. If shear reinforcement bars or strands are exposed, treat as in cases “1” through “3” as
shown above.

b. If no shear reinforcement bars or strands are exposed but there are indications that the
exposed concrete is unsound within the affected area, disregard the strength of all
strands located in the rows of strands above the area for capacity calculations.

c. If no steel reinforcement is exposed in the affected area and the concrete is deemed as
sound, do not disregard the strength of strands in the strength analysis.

5. For wet or stained areas of concrete observed on the bottom or side of beams, closely inspect
those areas to determine the soundness of the concrete:

a. If close inspection indicates that the concrete is unsound or delaminated, treat as in
case “4” above.

b. If close inspection confirms that the concrete is sound, do not disregard the strength
of strands in the strength analysis.

7.7.2 Rating Recommendation Example

A prestressed concrete box beam section is illustrated in Figure 7-13. The damage within a
region of one development length is included in the section image. Field inspection of the beam
identified three longitudinal cracks, spalling and an area of unsound concrete. The construction
documentation indicates that the beam is reinforced with 36 - 3/8 in. diameter seven-wire grade
270 prestressing strands. The spacing and arrangement of the strands is shown in Figure 1.

Using the recommended rating procedure the area reductions and reduced flexural strength is
computed. This is conducted in the following stages: 1) the location of cracking, spalling and
deteriorated concrete is used to determine a reduced area of prestressing steel (Figure 7-13), 2) a
new center of gravity of steel and corresponding eccentricity is computed (Table 7-17), 3) a
reduced nominal moment capacity is computed in accordance with ACI 318 recommendations.
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Figure 7-13: Sample Damaged Section Geometry

Table 7-17: Strand Area Reduction Calculations
Level: Original Area: Depth from Top: Reduced Area for Capacity Calculations:
1 A; =18 x 0.085 in° d. = 405 in A’1 = [(10 X 95%) + (6 X 75%) + (2 X 0%)]
=1.53in? 1= x 0.085 in® = 1.19 in?
, | A2=10x0.085 in’ & = 39in A’, = [(8 x 95%) + (2 X 75%)] x 0.085 in° =
=0.85 in? 2= 0.77 in?
— =2
3 | A 'foxl‘%'?fzs n ds =36 in A’3 = (2 x 95%) x 0.085 in? = 0.16 in?
4 A, =2x0.085in 4 = 30in A’; = [(1 x 95%) + (1 x 75%)] x 0.085 in” =
=0.17 in? 4= 0.15 in?
c As =2 x0.085 in & =27 in A’s = [(1 x 95%) + (1 x 75%)] x 0.085 in” =
=0.17 in? 5~ 0.15 in?
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Table 7-17: Strand Area Reduction Calculations

Level: Original Area: Depth from Top: | Reduced Area for Capacity Calculations:

As =2 x 0.085 in?
=0.17 in?

ds = 24 in A’g = (2 x 95%) x 0.085 in® = 0.16 in®

The distance from the extreme compression fiber to the center of gravity of steel is computed for
the original section, dp, and the damaged section d’, as follows.

q =ZAi'di d’ =Z:A'i'di
p ZAI P ZA'i

and

Calculations:
YA = [1.53in* + 0.85 in? + 0.17 in® + 0.17 in? + 0.17 in® + 0.17 in’] = 3.06 in
YA’ =[1.19 in* + 0.77 in? + 0.16 in* + 0.15 in? + 0.15 in* + 0.16 in’] = 2.58 in
dp = [1.53*40.5 + 0.85*39 + 0.17*36 + 0.17*30 + 0.17*27 + 0.17*24]/(3.06 ) = 37.6 in
d’p = [1.19%40.5 + 0.77*39 + 0.16*36 + 0.15*30 + 0.15*27+ 0.16*24]/(2.58 ) = 37.4 in
ep=0dp—C.G.C.=376in-21in=16.61in
e, =d,—C.G.C.=37.4in-21in=16.4in
@M, = 1995 ft*k
@M, = 1715 ft*k

7.7.3 Strength Reduction Based on Surface Damage

The seven beams examined in this report were studied to assess the reduction in flexural strength
based on the three different methods: (1) detected in-situ damage, (2) PennDOT SOL 431-07-08
rating method, and (3) the proposed rating method. For clarification on what these different
methods take into account, refer to section 7.7. For in-situ damage, the critical cross sections
chosen for the analytical study are presented along with the strand conditions in Figure 7-14.
These figures contain damage information for both levels of steel; refer to 5.2 and 5.3 for
additional clarification. The section analyzed is marked with a vertical line at the location with
the most strand damage. The PennDOT SOL 431-07-08 inspection method illustrated in the
previous section was applied to obtain the second set of moment capacities. Finally, the average
strand strength based on surface conditions from the proposed rating method was used to
compute the last set of moment capacities. The reduced flexural capacities are summarized in
Table 7-18 and Table 7-19. The inspection window recommendation previously mentioned was
NOT used for these calculations due to the abbreviated length of the beam sections and because
the locations of all corrosion damage were accurately determined through destructive evaluation.
For conventional applications of this proposed method, follow the guidelines as shown in section
7.8.
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Figure 7-14: Sections evaluated

Table 7-18: Reduction in Flexural Capacity (fps Formulation)

PennDOT Pub.100 Proposed
In-Situ Condition Recommendation Recommendation
. 0, 0, 0,

Bridge seam | Acl Fos Redu/gtion ACI Ty, Redu/gtion ACH s Redu/gtion
oM, OMy/oM,, oM, OM,/oM, OM3 OMs/oM,

Clearfield 3 1810 95.8 1580 83.6 1740 92.1

Creek 4 1855 98.2 1735 91.8 1770 93.7

. 7 475 44.0 305 28.2 455 42.1

'-al';fi"v'g"" 16 | 2920 92.4 2780 88.0 2810 88.9

19 3030 95.9 2755 87.2 2925 92.6

Main Street 2 2165 74.0 2035 69.6 2115 72.3

3 2775 94.9 2530 86.5 2715 92.8

Table 7-19: Reduction in Flexural Capacity (¢ Compatibility Formulation)

PennDOT Pub.100
Current Condition Recommendation New Recommendation
Bridge | Beam € % 0 - %
Comp. | Reduction & Comp. | % Reduction | & Comp. Reduction
oM; | oMi/oM, oM, oM/oM, ®M; OMs/oM,
Clearfield 3 1885 97.9 1615 83.9 1780 92.5
Creek 4 1925 100 1775 92.2 1810 94.0
Lakeview 7 485 43.5 305 27.4 455 40.8
Drive 16 2990 92.4 2840 87.8 2905 89.8
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Table 7-19: Reduction in Flexural Capacity (¢ Compatibility Formulation)
PennDOT Pub.100
Current Condition Recommendation New Recommendation
Bridge | Beam € % 0 - %

Comp. | Reduction e Comp. | % Reduction | & Comp. Reduction
oM; | oMi/oM, oM, oM, /oM, ®M; OMa/oM,

19 3105 95.8 2820 87.0 2995 92.4

Main 2 2205 73.6 2070 69.1 2155 72.0

Street 3 2845 95.0 2585 86.3 2775 92.7

On average the current condition of the beams reduces the flexural capacity to 85.2% of the
undamaged capacity. The PennDOT recommendation reduces the capacity to 76.3% of the
undamaged condition. The new recommendation reduces the capacity to 82.1% of the
undamaged capacity. Based on this comparison the existing recommendation is overly
conservative and the new recommendation provides a conservative estimate of the remaining
strength. The flexural capacity computed with strain compatibility is marginally higher than that
computed with the ACI simplification. The reduction in strength is approximately the same for
both methods.

In comparing the values for the in-situ strength values to the proposed probability based strength
reductions, Table 7-20, it is clear that the proposed approach yields slightly conservative yet
accurate results.

Table 7-20: Comparison of Actual Box-Beam Strength and Proposed Strength Reduction
% %

In-Situ | Proposed | Difference | In-Situ | Proposed | Difference

Bridge Beam | aAc fos | ACIfy ¢ Comp. | & Comp.
ACI fy £ Comp.
oM, oM, oM, oM,

Clearfield 3 1810 1740 3.9 1885 1780 56
Creek 4 1855 1770 4.6 1925 1810 6.0
. 7 475 455 4.2 485 455 6.2
Lagfi"v'ee"" 16 | 2920 | 2810 3.8 2990 | 2905 28
19 3030 2925 3.5 3105 2995 3.5
Main Street 2 2165 2115 2.3 2205 2155 2.3
3 2775 2715 2.2 2845 2775 2.5

7.8 Field Application of Proposed Recommendation:

Specialty Engineering, Inc. (SEI) reviewed the proposed recommendation, as outlined in Section
7.7.1, and used the approach to establish bridge ratings for the Ash Street Bridge over Roaring
Brook in Lackawanna County, PA; additionally, SEI also assessed that same bridge with the
current PennDOT rating method. This report can be viewed in full in the Appendix.

The Ash Street Bridge is a non-composite adjacent prestressed concrete box beams bridge
composed of 12 concrete box beams with a span length of 66.6 feet. The cross section of the
bridge is shown in Figure 7-15.
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Figure 7-15: Ash Street Bridge Cross-Section

The visual inspection performed by SEI revealed many longitudinal cracks, areas of concrete
spalling, exposed steel strand, and areas of delaminated concrete. A field sketch indicating the
locations of these flaws along the bottom flanges of the members is shown below in Figure 7-16.
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Figure 7-16: Field Sketch of Flaws from Visual Inspection
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Due to the fact that no shop drawings were available for this particular bridge, the exact strand
layout is unknown. Therefore, the PennDOT standard drawing ST-207 was used to recreate the
strand layout most likely to have been used for this type of bridge built during this time period.
It was determined to most likely be reinforced with twenty-two 7/16 in. diameter strands, having
an initial tensile stress of 175 ksi and an ultimate tensile strength of 250 ksi. Due to the diameter
of the reinforcement and as shown in Section 7.7.1, the inspection window to be used is 150
inches; this is shown as the shaded areas in Figure 7-16. The gross area of reinforcing steel is
calculated to be 2.40 square inches.

It was determined by SEI that Beam 3 had the most damage for any given inspection window,
therefore, this was the cross section in which the two rating method would be applied. In
applying the proposed rating method to beam 3, Figure 7-17, the reduced area of steel due to
flaws was determined to be 2.23 square inches. In applying the current PennDOT rating method
to beam, Figure 7-18, the reduced area of steel due to flaws was determined to be 1.74 square

inches.
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Figure 7-17: Strand Area Reductions by the Proposed Rating Method
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Figure 7-18: Strand Area Reductions by the Current PennDOT Rating Method

The strand areas and concrete properties were input into the PS3 program, which calculates the
Inventory and Operating Ratings for bridge beams. As shown in Table 7-21, the average percent
difference for an Inventory Rating between the two methods is 387.5%. As shown in Table
7-22, the average percent difference for an Operating Rating between the two methods is 75.9%.
These results indicate that the current PennDOT rating method is much more conservative than
the proposed method.

Table 7-21: Inventory Rating [Tons]
Vehicles: Current Method: | Proposed Method: _Percent
Beam 3 Beam 3 Difference:
H20 2.95 14.38 387.46
HS20 3.78 18.43 387.57
ML80 3.28 15.98 387.20
TK527 3.70 18.05 387.84
Table 7-22: Operating Rating [Tons]
Vehicles: Current Method: | Proposed Method: Percent
Beam 3 Beam 3 Difference:
H20 24.54 43.17 75.92
HS20 31.47 55.36 75.91
ML80 27.28 48.00 75.95
TK527 30.82 54.22 75.92

7.9 Summary of Discussion of Results

The overall discussion of results was presented in this chapter. An in-depth analysis of concrete
core results was presented; most specifically considering chlorides and concrete strength. The
half-cell potential method was considered from both qualitative and quantitative comparisons.
An attempt to correlate half-cell voltage readings and chloride percentages was made.
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Quantitative analyses were performed with respect to longitudinal cracks, adjacent strands, and
adjacent strand layers with the intent of aiding visual inspectors. The adjustments in nominal
moment capacities were computed based on finding strand damage. The results presented in this
section are as follows:

e The required concrete compressive strength was achieved in all but three beams: MS2,
LV16, and LV19. MS2 and LV16 exhibited a large variation in the strength. This
variation is attributed to the previously stated conclusion that these two beams had a
variation in wi/c ratio due to a failure to thoroughly mix during batching. LV19 had a low
standard of deviation in strength and was likely fabricated from non-conforming
concrete.

e Based on the chloride measurements and corrosion levels determined the following
conclusions can be made: (1) on average the ACI limit of 0.013% divides the region
between light corrosion and no corrosion, (2) the average chloride readings for all cases
with a damage index of O (no corrosion) was 0.0113 — under the ACI threshold —
compared to 0.0704 for the cases with a damage index greater than 0, (3) the variability
in the chloride levels at each corrosion state is very large making determination of
chloride thresholds inappropriate for the data set, (4) it is possible to have heavy pitting
of the strands with chloride levels of 0.005%, (5) it is possible to have no corrosion with
chloride levels of 0.082%.

e The average half cell potential reading tends to increase with the severity of damage (i.e.,
damage index). The average half potential for the different damage indexes are as
follows: (0) undamaged -197mV, (1) light corrosion -269mV, (2) pitting -316mV, (3)
heavy pitting -337mV, (4) wire loss -349mV, and (5) fracture -346mV.

e While the half-cell potential measurements and the in-situ stand corrosion damage were
correlated the coefficient of variation (COV) was large. The COV for the different levels
varied from 25% to 56%. Therefore while the half-cell readings provide an indication of
corrosion damage they should not be explicitly applied to predict a particular type of
damage.

o Statistical analysis of 1418 readings taken on the seven beams studied revealed that for a
potential reading below -350 mV only 45.5% of the time corrosion will be present. Thus
even for a high half cell potential measurements, the method was successful in
identifying corrosion less than half the time.

e A comparison of surface acid soluble chloride measurements and half cell potential
readings indicate that a poor correlation exists.

e Based on the results of the study, Half Cell Potential methods are not a viable means of
detecting corrosion of prestressing strands in box beams. Half Cell methods require
connection to the reinforcement to evaluate the potential between different points along
the member. For conventional construction strands are enclosed within stirrups which
will likely maintain continuity of all the reinforcement. For this condition only one
connection to the reinforcement is required. In older construction however continuity
between the strands cannot be ensured. For these conditions half cell methods will require
connection to each strand which requires considerable effort for inspection. To acquire a
stable measurement the surface of the concrete must be properly saturated. This is not
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readily achieved in the field. When the half cell method is used under ideal laboratory
conditions it correctly detected corrosion less than 50% of the time. For elevated half cell
potential measurements, less than -0.35V there is only a 45% probability that corrosion
will occur. Due to the difficulty in achieving a good measurement and the poor accuracy
of the method under ideal conditions half cell is not viable for detecting strand corrosion
in pretensioned concrete box beams.

e An examination of the relationship between longitudinal cracking and corrosion was
conducted. It was found that if a longitudinal crack is present, there is a 70.4%
probability of having corrosion underneath. If corrosion does exist under the crack, there
IS an 87.7% probability that the type of corrosion will be pitting or heavier; thus, reducing
the cross section of the prestressing strand at that location.

e When there are no surface indicators of corrosion (no crack) there is a 10.3% probability
of finding corrosion on the prestressing strands underneath; further there is only a 4.3%
probability of finding heavy damage (heavy pitting through fracture) when no cracking is
present.

e When corrosion damage was found at the 1 level of strands, damage was present on the
2" level of strands 45.1% of the time. Conversely, damage was not present 54.9% of the
time when damage is found on the 1% level of strands.

e Where corrosion damage was present for both levels of steel, it is shown that the damage
index is larger on the 1% level of strands 87% of the time.

e When a longitudinal crack is present on the bottom beam surface, an adjacent strand has a
30.5% probability of having corrosion; further there is only a 15.8% probability of having
heavy corrosion (heavy pitting through fracture) on adjacent strands to longitudinal
cracks. Therefore, discounting a strand adjacent to a longitudinal crack is conservative.

e On average the in-situ condition of the beams reduces the flexural capacity to 85.2% of
the undamaged capacity. The current PennDOT recommendation reduces the capacity to
76.3% of the undamaged condition. The proposed recommendation reduces the capacity
to 82.1% of the undamaged capacity. Based on this comparison the existing
recommendation is conservative and the new recommendation provides a less
conservative estimate of the remaining strength.

e The proposed rating recommendation was used to estimate the flexural strength of the
beams acquired. Comparing the in-situ strength with the probability based strength
reductions it is clear that the proposed approach yields slightly conservative yet accurate
results.

e The proposed rating recommendation and current PennDOT rating method were used by
SEIl to calculate the Inventory and Operation ratings for the Ash Street Bridge in
Lackawanna County, PA. The average percent difference for an Inventory Rating
between the two methods is 387.5%. The average percent difference for an Operating
Rating between the two methods is 75.9%. These results indicate that the proposed rating
method provides a significantly less conservative approach than what is currently being
used for adjacent box beams.
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8 Comprehensive Summary and Conclusions

Beams from the Lake View Drive, Main Street, and Clearfield Creek Bridges in PA were
forensically examined. The study included: (1) detailed photography of external corrosion and
spalling conditions corresponding to varying internal damage levels, (2) exposure of prestressing
strands (1 and 2™ layer) to correlate external surface conditions with internal strand damage, (3)
removal and evaluation of concrete cores for compressive strength evaluation, (4) removal and
evaluation of concrete cores for chloride profile, depth of carbonation, and petrography, (5)
measurement of beam cross-sections to assess as-built dimensions, (6) evaluation of the half cell
potential method, (7) an assessment of the correlation between half cell potential, chloride
content, and strand corrosion, (8) an evaluation of the effectiveness of sounding methods as
means to determine areas of concrete delamination, (9) establishment of a relationship between
corrosion on the 1% and 2™ level of strands, (10) improvement of current visual inspection
methods, and (11) the resulting impact of the inspection method on bridge rating procedures. It is
noted that this investigation and its results are limited to seven beams from three bridges. Other
conditions may exist on other non-composite prestressed concrete box beam bridges. From the
present study, the key findings and conclusions are as follows:

e The forensic evaluation revealed that large tolerances should be expected in 1950-1960 era
prestressed box beams construction. Prestressing strands deviate horizontally and vertically
in the cross-section from the locations specified on the design drawings. This may result in
reduced cover on the lower layer of strands and difficulty in correlating surface damage with
strands. The cardboard forms shift during the concrete placement altering the flange and web
thickness of the box beams.

e The combination of vent holes, cardboard forms, and an asphalt wearing surface allowed for
the possibility of water entry from the bridge deck surface during the service of the bridge.
While the presence of water within the box was not guaranteed, when it was present it
produced elevated chloride levels within the concrete on the interior of the beam.

e The concrete used in each beam was found to be sound. The aggregate was well graded and
distributed. The water cement ratios varied from 0.38 to 0.43 for 5 of the 7 beams. Main
Street Beam 2 and Lake View Drive Beam 16 had a large variation in w/c ratio due to a
failure to thoroughly intermix batch or tempering water.

e The required concrete compressive strength was achieved in all but three beams: MS2,
LV16, and LV19. MS2 and LV16 exhibited a large variation in the strength. This variation
is attributed to the previously stated conclusion that these two beams had a variation in w/c
ratio due to a failure to thoroughly mix during batching. LV19 had a low standard of
deviation in strength and was likely fabricated with a lower strength concrete.

e The concrete air quality did not meet the industry requirements needed to protect critically
saturated concrete from damage by cyclic freezing and deicing chemicals. MS3, CC3, and
CC4 were very poorly air-entrained. MS2, LV19, LV16, and LV7 contained air void
characteristics of entrained air however, for MS2 and LV7 the voids were erratically
distributed. The air content, void spacing factor, and specific surface was only achieved in
LV19. Nevertheless, none of the beams exhibited freeze thaw damage.

e Carbonation was not present in six of the beams studied. Main Street Beam 2 was found to
have carbonation present up to 1.25 in. below the soffit surface. The adjacent beam on the
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main street bridge (beam 3) was found to have significantly lower level of carbonation (3/32
in.). Beam MS2 had half of the concrete surface spalled off. It also showed sign of
carbonation. This could have led to the increased chlorides at the middle surface.

e Significant corrosion damage was observed on the bottom layer of strands in the beams.
Clear cover of the strands was measured at each cut section. The clear cover was less than
the prevailing AASHTO requirement of 1.5 in. in 92% of the cases inspected. The clear
cover varied from a maximum of 1.75 in. to a minimum of 0.69 in.

e Chloride content was found to be highest at the lower surface (soffit) of the beam, decreasing
towards the top of the bottom flange. This indicates that the chlorides leach into the beam
from the bottom surface. The two exceptions in this case study were beams LV7 and MS2
which had water present within the beam section during service.

e The in-situ strand condition varied from clean strands with no corrosion to heavy corrosion
damage and fracture. Six indices were defined to represent the level of damage present. The
damage indices were defined as (0) no corrosion, (1) light corrosion, (2) pitting, (3) heavy
pitting, (4) wire loss, and (5) full fracture.

e The average chloride percent by mass of concrete for strands with corrosion damage was
0.0704; this exceeds the ACI chloride threshold of 0.026. The average chloride percent by
mass of concrete for strands with no corrosion damage was 0.0113; this is under the ACI
threshold.

e The average half cell potential reading tends to increase with the severity of damage (i.e.,
damage index). The average half potential for the different damage indexes are as follows:
(0) undamaged -197 mV, (1) light corrosion -269 mV, (2) pitting -316 mV, (3) heavy pitting
-337 mV, (4) wire loss -349 mV, and (5) fracture -346 mV CSE.

e While the half-cell potential measurements and the in-situ stand corrosion damage were
correlated the coefficient of variation (COV) was large. The COV for the different levels
varied from 25% to 56%. Therefore while the half-cell readings provide an indication of
corrosion damage they are not reliable in identifying a particular level of corrosion damage.

o Statistical analysis of 1418 readings taken on the seven beams studied revealed that for a
potential reading below -350 mV CSE only 45.5% of the time corrosion will be present.
Thus even for a high half cell potential measurements, the method was successful in
identifying corrosion less than half the time.

e Based on the results of the study, Half Cell Potential methods are not a viable means of
detecting corrosion of prestressing strands in box beams. Half Cell methods require
connection to the reinforcement to evaluate the potential between different points along the
member. For conventional construction strands are enclosed within stirrups which will likely
maintain continuity of all the reinforcement. For this condition only one connection to the
reinforcement is required. In older construction however continuity between the strands
cannot be ensured. For these conditions half cell methods will require connection to each
strand which requires considerable effort for inspection. To acquire a stable measurement
the surface of the concrete must be properly saturated. This is not readily achieved in the
field. When the half cell method is used under ideal laboratory conditions it correctly
detected corrosion less than 50% of the time. For elevated half cell potential measurements,
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less than -0.35 V CSE there is only a 45% probability that corrosion will occur. Due to the
difficulty in achieving a good measurement and the poor accuracy of the method under ideal
conditions half cell is not viable for detecting strand corrosion in pretensioned concrete box
beams.

e A comparison of surface acid soluble chloride measurements and half cell potential readings
indicate that a poor correlation exists.

e An examination of the relationship between longitudinal cracking and corrosion was
conducted. It was found that if a longitudinal crack is present, there is a 70.4% probability of
having corrosion underneath. If corrosion does exist under the crack, there is an 87.7%
probability that the type of corrosion will be pitting or heavier; thus, reducing the cross
section of the prestressing strand at that location.

e When there are no surface indicators of corrosion (no crack) there is a 10.3% probability of
finding corrosion on the prestressing strands underneath; further there is a 4.3% probability
of finding heavy damage (heavy pitting through fracture) when no cracking is present.

e When corrosion damage was found at the 1% level of strands, damage was present on the 2"
level of strands 45.1% of the time. Conversely, damage was not present 54.9% of the time
when damage is found on the 1% level of strands.

e Where corrosion damage was present for both levels of steel, it is shown that the damage
index is larger on the 1% level of strands 87% of the time.

e When a longitudinal crack is present on the bottom beam surface, an adjacent strand has a
30.5% probability of having corrosion; further there is a 15.8% probability of having heavy
corrosion (heavy pitting through fracture) on adjacent strands to longitudinal cracks.
Therefore, discounting a strand adjacent to a longitudinal crack is conservative.

e On average the current condition of the beams reduces the flexural capacity to 85.2% of the
undamaged capacity. The PennDOT recommendation reduces the capacity to 76.3% of the
undamaged condition. The new recommendation reduces the capacity to 82.1% of the
undamaged capacity. Based on this comparison the existing recommendation is overly
conservative and the new recommendation provides a conservative estimate of the remaining
strength.

e The proposed rating recommendation was used to estimate the flexural strength of the beams
acquired. Comparing the in-situ strength with the probability based strength reductions it is
clear that the proposed approach yields slightly conservative yet accurate results.

e The proposed rating recommendation and current PennDOT rating method were used by SEI
to calculate the Inventory and Operation ratings for the Ash Street Bridge in Lackawanna
County, PA. The average percent difference for an Inventory Rating between the two
methods is 387.5%. The average percent difference for an Operating Rating between the two
methods is 75.9%. These results indicate that the proposed rating method provides a
significantly less conservative approach than what is currently being used for adjacent box
beams.
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Appendix A
Bridge Shop Drawings and DOT Details
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; s L 4 ) |, GENERALLY TUBES SHALL BE TWO (2) PANELS LONG. JOINTS IN UPPER
5, ' AND LOWER RAILS SHALL BE STAGGERED. JOINTS TO BE AT CENTERLINE
» OF POSTS WITH 2 CLEARANCE, EXCEPT AT EXPANSION JOINTS,

- i ' 2. W/ NEADLESS SET SCREWS SHALL BE PROVIDED AT EACH POST FOR
! TOP AND BOTTOM RAILS TO PREVENT RATTLING.

. 3. ALL PARAPETS & RAILINGS ARE PARALLEL TO HORIZOKTAL AND VERTICAL
o ] AL IGNHENT OF ADJACENT CURB.
L. ‘ i ot a0 4. ALL RAILING POSTS SHALL BE NORMAL TO GRADE. ALL RAILING POSTS
- VB . A - B R ot . ot B e o : ' a i 3 A o AND LIGHT POLE BASES SHALL BE LEVEL.
- ~ i ) g - L"", C - . Ry ‘ "‘(_‘ ®. 5. FOR SPACING OF RAILING POSTS, REFER TO DETAIL ORAWINGS OF
’ o i @ 3 - v Ventu fmv Lrent Fow - - STRUCTURE INVOLVED OR RAILING ERECTION DIAGRAMS.
|
i 6, FOR LARGE SCALE DETAIL OF RAILING POST -- SEE SHEET 2, OWG. S-1614-8.
- 7. BASES SHALL BE GROUTED AFTER ERECTION AND AL IGNMENT TO SEAL
OPENINGS BETWEEN BASE ANO CONCRETE.
- 8. ANCHOR BOLTS FOR RAILING POSTS SHALL BE SET NORMAL TG GRADE.
- 9. GUARD FENCE CONNECTION ANCHOR BOLTS AND RAILING POST ANCHOR BOLTS
= SHALL BE GALVANIZED STEEL A.S.T.M. SPEC. AlS3.
10, RAILING TUBES, POSTS, SET SCREWS, AND GUARD FENCE CONNECTION
SHALL BE ALUNYNUM ALLOY
11, RAILING TO CONSIST OF ALUMINUM ALLOY (6061-T6) HIGHWAY RAILING
e ROUND TUBE AND SHALL CONFORM TO A.S.T.N. SPEC. B235-50T,
ALLOY GST1A, CONDITION T6.
. 12, POSTS SHALL BE PENNA. HIGHWAY DEPT. S-1614-8, WUMINUM 3LLOY
PERMANENT MOLD CASTINGS 1356-T6) AND SHALL CONFORM TO A.S T.N,
SPEC. B108-5SQT, ALLOY SC70A, CONDITION T6.
13, GALV. STEEL WASHERS TO BF "TTFL GALV. A.5.T.m. SPEC. 1133,
T4, ALUMINUM ALLOY PLATE S { '061-T6) SHALL COMFORM TO A.S.T.M.
SPEC. 8209-51T, ALLOY € 1A, JONDITION T5,
15, CAULKING COMPOUND SHALL SE EITHER 'ALUMILASTIC® 33 MANUFACTURED
BY PARR PAINT & COLOR CO. OF CLEVELAND, OHIO or 'PERMAGUN' %

3‘.5‘-&.‘}.‘ 2NN L ¥ . e K t-' =3 MANUFACTURED BY THE PRESSTITE ENGINEERING CO. OF ST. LOUIS,
ama’§ i - AR Eaosn. Gomn 13;—.3—4_1_1:—?—’—“1_ MISSGURT, OR APPROVED EQUAL.
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