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Foreword

Proper and timely maintenance of the highway infrastructure is essential to obtaining the

level of service needed by the traveling public and for commerce. Failure to identify and

correct defects in a timely manner contributes to increased transportation costs and deteri-

oration rates. This Record contains 12 papers on maintenance techniques and technologies
“applicable to highway structures. It should be of interest to engineers responsible for structures
on the national, state, and local roadway systems.

Papers contain information on automated data collection technologies for recording bridge
deficiencies, efforts to predict structure condition, vulnerability of bridges to hydraulic failure,
use of radar to evaluate bridge deck conditions at highway speeds, use of high molecular
weight methacrylate monomers on bridge decks, and benefits of including rebar corrosion
rates in bridge deck condition surveys. Other topics are use of half-cell survey measurements
to identify high potential gradients on bridges, new grouts used for bonded tendons in post-
tensioned bridge structures, accelerated corrosion laboratory tests for metals, efforts to im-
prove field measurements for structure chloride content, a calcium magnesium acetate — based
deicing chemical, and infrared thermography to detect delaminations in reinforced concrete.
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Innovative Technology for Computer-
Automated Bridge Inspection Process

S. S. Kuo, Taomas E. DavipsoN, LEONARD M. Fi1j1, AND RicHARD KERR

A procedure is presented for automated data collection and re-
porting of bridge deficiencies. The procedure was developed under
the sponsorship of the Florida Department of Transportation
(FDOT). A computer program for field data collection based on
FDOT’s Condensed Inspection Report (CIR) was designed for
a handheld computer. The program is used to input condition
ratings and generate or edit comments for each bridge element
on the CIR. A text-file record of the inspection is stored in the
handheld computer for subsequent uploading to an office-based
personal computer (PC) system. Visual information on bridge
defects can be recorded with a camcorder or 35-mm camera, or
by sketch. The images are digitized and stored on computer disk
with an automated system developed for the PC. The PC system
uses the JetForm form program to place the images and text-file
inspection record onto the cover, CIR, Comprehensive Report
of Deficiencies, and Image Log forms. The complete bridge in-
spection reports are saved to computer disks for archiving and
for printing final copies on a laser printer. This automated pro-
cedure was tested in a FDOT bridge inspection district. Field
inspection time was comparable with the conventional method;
office time required for completion of reports was significantly
reduced.

This study presents the design of a computer-automated bridge
inspection system for the Florida Department of Transpor-
tation (FDOT). The purpose of the system is to increase field
inspection organization and accuracy and to speed office-based
report preparation. The field system uses a handheld com-
puter, a video camera, and computer programs to aid the
collection of bridge data. The office system combines a per-
sonal computer (PC), imaging equipment, and computer pro-
grams to assist report preparation and archiving.

In order to accomplish these tasks, the study includes
procedures and equipment for automating bridge inspection
data collection and reporting, development of data collection
and reporting software, a test of the system in a FDOT
bridge inspection district, and an evaluation of the inspec-
tion procedures.

INSPECTION PROCEDURES

The proposed bridge inspection system for FDOT has two
distinct parts: a field system and an office system. The field
system has three tasks: to record numerical ratings of the
condition of bridge components, provide an efficient method

S. S. Kuo, Civil and Environmental Engineering Department, Uni-
versity of Central Florida, Orlando, Fla. 32816-4450. T. E. David-
son, Parsons DeLeuw, Inc., 2300 Maitland Center Parkway, Mait-
land, Fla. 32751. L. M. Fiji, California Department of Transporta-
tion, 120 South Spring Street, Los Angeles, Calif. 91012, R. Kerr,
Florida Department of Transportation, Tallahassee, Fla. 32301.

of entering narrative descriptions of bridge component de-
fects, and visually document serious bridge component de-
fects. The office system has four tasks: to place the bridge
component condition ratings onto FDOT’s Condensed In-
spection Report (CIR), produce FDOT’s Comprehensive Re-
port of Deficiencies Section B narrative report describing bridge
component defects, store and print photo logs of bridge com-
ponent defects, and automatically integrate these sections into
a bridge inspection report that can be easily archived on com-
puter disk and printed.

The computer-automated bridge inspection system uses a
portable computer programmed to be compatible with FDOT’s
bridge inspection reporting procedures. Past bridge inspection
reports are uploaded to the portable computer from a desktop
PC used to store bridge inspection data. Narrative descrip-
tions of existing defects are edited by the inspectors. New
descriptions of defects are keyed into the portable computer
using a set of shorthand codes of commonly used descriptive
words. Videotapes, photographs, or sketches are made of
serious deficiencies and noted in the portable computer in-
spection program.

After all deficiencies have been documented, the inspectors
enter ratings of each bridge element’s condition. Descriptions
of the condition of each element are displayed to the inspector
before he or she enters a rating. When all ratings have been
entered, the program assembles the data into files that can
be transferred back to the PC at the inspection office.

On returning to the office, the inspectors download the new
inspection data to the PC. A form-generation program as-
sembles the data into a cover page, CIR, and Comprehensive
Report of Deficiencies and prints these sections at the request
of the inspectors. Digitizing programs request the video im-
ages, photographs, and sketches made during the inspection
and convert them to formats that can be stored on the com-
puter. Image logs containing descriptions of each defect vis-
ually documented on a bridge can then be printed at the
inspectors’ request.

Field work is accomplished by two-person teams. One in-
spector handles the portable computer while the other handles
the video and photographic equipment. Tool belts and car-
rying cases were designed to make carrying and using the
equipment easier. Small two-way radios provide communi-
cation for the inspectors if they are separated.

FIELD EQUIPMENT
Paravant RHC-44 Handheld Computer

FDOT specified that all field equipment be as lightweight and
durable as possible. The Paravant RHC-44 is a lightweight



handheld computer that uses removable battery-backed ran-
dom access memory (RAM) cards that perform the same
function as floppy disks in PCs. It is MS-DOS compatible and
can be programmed in BASIC, C, FORTRAN, Ada, and
Pascal.

Sony CCD-TRS Handycam 8-mm Camcorder

FDOT required that the camcorder chosen for the study be
durable, provide clear pictures, be as small as possible, enable
mounting of lights, and be usable underwater. No one cam-
corder meets all of these requirements, but the Sony CCD-
TRS5 camcorder meets most of them.

Voice Actuated Audionic FM Transceiver

The Radio Shack Voice Actuated Audionic FM Transceiver
was chosen as the communication device for this study because
of its small size, economical price, and innovative design. The
system has a single earpiece that functions as both a receiver
and a microphone.

Tool Belts

The portable field equipment just described can be carried
easily with properly designed carrying cases and used on bridges.
J.A.C. Custom Pouches of Marcellus, Michigan, used high-
strength, weatherproof Cordura and polypropylene to custom
make tool belts and carrying cases for the field equipment.
Two special carrying cases were designed for the portable
computer and camcorder.

OFFICE EQUIPMENT
PC

An MS-DOS PC based at the district inspection office is re-
quired to control the transfer and assembly of inspection data
into a report. Because the computer-automated bridge in-
spection system depends heavily on computer graphics, a PC
with a fast processors, large amount of internal memory,
and high-quality video and storage subsystems is necessary.
Figure 1 shows a schematic of the computer configuration
recommended for the computer-automated bridge inspec-
tion system.

Hewlett Packard Scanjet Plus Optical Scanner

The computer-automated bridge inspection system provides
two ways to acquire images for storage on computer disk.
The first of these methods uses the Hewlett Packard Scanjet
Plus Optical Scanner to digitize photos and sketches. Scanned
images can be saved on computer disk, displayed on a mon-
itor, or printed.
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Sigma Designs Video Image Capture Board

The second method of acquiring images for computer storage
uses the Sigma Designs Video Image Capture Board. The
image capture board is an expansion card that accepts stan-
dard video signals from a video camera or video cassette
recorder and digitizes frames for storage or display on a com-
puter. Video frames can be displayed in real time on a sep-
arate television monitor or at three frames per second on the
computer’s video graphics array (VGA) display. In either
case, frames are always captured in real time. Once captured,
images can be saved in Tag Image File Format (TIFF), PC
Paintbrush (PCX), or several other popular file formats.

Hewlett Packard Laser]Jet Series II Printer with Intel
Visual Edge Enhancement

To produce professional quality reports, a high-resolution
printing device is needed. A laser printer was chosen for this
study because of its ability to output high-resolution text and
graphics at a relatively low cost. The laser printer selected for
this study was the HP LaserJet Series II. The Intel Visual
Edge Enhancement for the Series II is a set of add-on boards
that enables the Series II to produce graphics with twice the
quality and up to six times the speed of the Series II alone.

FIELD DATA COLLECTION SOFTWARE

The field data collection software, which is written in Micro-
soft BASIC Professional Development System Version 7.0,
is designed to run on the RHC-44 handheld computer. The
software can also be run on any PC to enter existing data
from conventional inspections before the field work. Bridge
condition ratings and narrative defect descriptions are col-
lected with the program and organized into files for transfer-
ence to an office-based PC.

FDOT’s CIR for static bridges organizes a bridge into six
components: substructure, superstructure, deck, approach
roadway, channel, and nonstructural. These components are
further broken down into elements. The field data collection
program is based on the structure of the CIR. Figure 2 shows
the main menu of the field bridge inspection software known
as BIS. BIS has built-in routines that check the validity of
data entered. The program will warn the user if the data are
not acceptable. The data acquisition program is divided into
three components: general input, numerical condition ration
(NCR) input, and comment input and generation.

The general input section handles data that relate to the
cover sheet. These are the bridge numbers, date, and iden-
tification of inspectors. The software also asks the number of
bridges to be inspected. Up to six bridges can be inspected
simultaneously.

The NCR input section has built-in features to ensure that
all components and elements are addressed. NCRs of ele-
ments that have comments in the Comprehensive Report of
Deficiencies, Section B of the report, are automatically af-
fixed with an asterisk. The user of the report then knows to
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FIGURE 1 Schematic of recommended hardware configuration for automated bridge

inspection system.

BRIDGE INSPECTION PROGRAM

MAIN MENU
PRESS THE NUMBER OF THE ROUTINE
STATUS
1 SUBSTRUCTURE (NCR) [ ]
2 SUPERSTRUCTURE  (NCR) [ ]
3 DECK (NCR) [ ]
4 APPROACH ROADWAY (NCR) [ ]
5 CHANNEL (NCR) [ ]
6 NON-STRUCTURAL  (NCR) [ ]
7 QUIT
8 SHIFT TO ADJACENT BRIDGE
9 COMMENTS ON ANY ELEMENT

FIGURE 2 Data acquisition program main menu.

look for a comment. An opportunity to change the NCRs
assigned is also provided.

The comment input and generation section handles the gen-
eration and editing of comments on the deficiencies. New
deficiencies are described and located in a standardized for-
mat. A built-in word processors provides flexibility of editing
new and old comments.

At the completion of the inspection, the data are saved in
a format compatible with the Jetform software. The duration
of the inspection is then calculated and written to a file named
TIME.LOG. The TIME.LOG file is also used to monitor the
time interval of the activities for office preparation and print-
ing of reports. Flowcharts of the bridge inspection software
are shown in Figures 3-8.

OFFICE REPORTING SOFTWARE

The office reporting software is separated into two categories:
text handling software and image handling software. The text
handling functions, such as data file transfer, text data editing,
and text form printing, are controlled through the FDOT main
menu. The image handling functions, such as video image
capture, sketch and photo digitization, image editing, and
image form printing are controlled from the image editing
menu. The image editing menu is called from the FDOT main
menu and always returns control back to the main menu.

FDOT Main Menu

All of the office reporting functions of the computer-
automated bridge inspection system are accessed through the
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ELEMENTS
INSPECTORS

START INSP
RESUME

| BRIDGE NO.

A

RETRIEVE
OLD DATA

QUIT

BRIDGE NO.

1EVE

RETR
TEMPORARY FILE

~)—

1. SUBSTRUCTURE [NCR]
2. SUPERSTRUCTURE  [NCR]
3. DECK [NCR]
4. APPROACH ROADWAY [NCR)
5. CHANN [NCR]
6. NON-STRUCTURAL [NCR]
7. QuIT

8. SHIFT TO ADJ. BRIDGE
9. COMMENTS

B/

Ceomgnrs)
5w

FIGURE 3 Data acquisition flowchart, general input.

FDOT main menu. The main menu is written in Microsoft
BASIC Version 7.0. The menu brings together the large
variety of commercial and original programming used to cre-
ate the computer-automated bridge inspection system. A
flowchart of the main menu is shown in Figure 9.

Data Transfer

Before a bridge is inspected with the RHC-44, the old in-
spection report is transferred from the PC. After returning
from an inspection, inspectors must transfer updated inspec-
tion data back to the PC. Data are transferred between the
RHC-44 and the PC through a serial cable connected to RS-
232 ports on each computer. The FDOT main menu auto-
mates the transfer procedure. The bridge number is used to
select the appropriate inspection files to transfer.

Text Editing, Form Completion, and Printing

Once all inspection data have been transferred to the PC, two
options are available for adding comments or correcting mis-
takes. The first option, edit inspection data, uses a text editor
called QEdit from SemWare to give access to the data in their
original ASCII format. QEdit allows text to be typed, deleted,
inserted, and copied, among other features. The edited file
is then saved in ASCII format.

The second option for editing the inspection data, view or
print cover, CIR, and Section B report, uses JetForm from
Indigo Software. JetForm is a professional form design and
completion program that operates with Microsoft Windows.
The cover, CIR, and Section B forms were designed with
JetForm. Data fields for all of the necessary inspection in-
formation were placed on the forms with JetForm’s design
module. The data fields are accessible through JetForm’s form
completion module.
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g

OBTAIN NCR

ELEMENT

WRITE TO:
CIR FILE

SECTION B FILE
GRAPHICS DATA
LOG DURATION TIME

FIGURE 4 Data acquisition flowchart,
NCR input.

TEMPORARY
EXIT

Y

CREATE TEMPORY
FILE

END

The FDOT main menu calls the JetForm form completion
module for the desired bridge. The form completion module
uses the inspection data files for the bridge, which were struc-
tured to conform to JetForm’s file format, to fill in the data
fields on the forms. The data fields can then be stepped through
one at a time or page by page for viewing or editing. The
data files are updated with any changes or additions and saved
to disk.

Image Editing Menu

The purpose of the image editing menu is to coordinate the
commercial and original software used for digitizing, anno-
tating, and printing bridge defect images so that the process
is as automated as possible. The image editing menu is a
combination of two DOS batch files and a menu program
written in Microsoft BASIC. Figure 10 shows a simplified
block diagram of the interactions between the programs used
by the image editing menu. The image editing menu allows
easy access to each of the tasks involved in digitizing, editing,
printing, and displaying images. The menu is accessed from
FDOT main menu.

Capturing and Converting Video Images

Images from the camcorder are captured and converted to
digital form with automated software that controls the Sigma
Designs Image Capture Board. The digitized video pictures
are saved in .SHW files that can be manipulated and displayed
with computer software.

Scanning Photos and Sketches

The scanning process has been automated by a program called
ScanDOT, which was specifically written for the computer-

)

START NEW INSP
RESUME INSP
CANCEL SHIFT

—

lNSPECTION' ]lNSPECTIUNl | SHIFT |

0

FIGURE 5 Data acquisition flowchart, quit and shift section.
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ADD COMMENTS

¥

Trap ke
ESC=EXI

REVIEW COMMENT

w WORD PROCESSOR

F1=DECODE
F3=CODES
F4=Page Down
F5=Page Up

L]

F

KEY ESC

2-3 LETTER OF
THE WORD

BREAKDN
READ CODES

DISPLAY WORDS
AND CODES

FORMATPAGE
40 characters

COMBINE
(comments)

DECODE

FORMAT PAGE
40 CHARACTERS

END SUB
BACK TO CALLING
PROCEDURE

FIGURE 6 Data acquisition flowchart, comment generation by word processor.

automated bridge inspection system. ScanDOT reads the
image-description file written by the bridge inspection pro-
gram for a particular bridge and displays the descriptions for
each image one by one on screen. The operator finds the
picture or sketch matching the description, places it on the
scanner, and begins the scan by pressing a key.

Video Data Base of Structures

Video images converted to the .SHW file format can be dis-
played on a VGA monitor by using the SHOW.COM utility
program provided with the Sigma Designs Video Capture
Board. A slideshow program that takes advantage of the
SHOW.COM utility has been written to make the display of
images easier.

Form Utilities

The image form utilities selection on the image menu allows
three options for editing and printing image data and forms.
The first option, view image forms, allows viewing of the
forms as they will be printed with JetForm. The second op-
tion, edit image data, allows corrections of any typographical
errors made in the field. The third option, print image forms,
automatically prints out the finished image forms.

Manually Editing and Printing Images

PC Paintbrush IV Plus is the program used to manually edit
and print photographs, sketches, and video images. The pro-
gram has many sophisticated image enhancement functions if
required, but is relatively easy to use.
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FIGURE 7 Data acquisition flowchart, obtain defects.
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STARTING
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FIGURE 8 Data acquisition flowchart, word processor editing functions.
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FIGURE 9 Flowchart of utility program (FDOT main menu).

FIELD TESTING

Testing of the computer-automated bridge inspection system
took place in FDOT’s Bridge Inspection District One, which
is located in the Tampa area. Experiments were undertaken
2 days a week for 8 weeks. Five bridge inspectors participated
in the testing.

The field-testing procedure involved outfitting the inspec-
tors with the automation equipment and monitoring them as
they completed inspections. Completion times for the field
and office procedures were recorded by the field and office
computers. These times may be used in the future to compare
efficiency and cost of the system with the conventional in-
spection procedure.

The field tests were conducted by two-person bridge in-
spection crews on actual bridge inspections. One member of

the crew used the handheld computer; the other was respon-
sible for the camcorder.

The bridge inspectors followed their normal inspection pro-
cedure while in the field. They entered or edited narrative
descriptions of defects with the handheld computer and vid-
eotaped, sketched, or photographed major defects. After re-
cording all defects, they would review the comments and rate
each element of the bridge using the handheld computer. The
time to complete these tasks was recorded by BIS. The results
of the inspections are presented in Table 1.

Table 2 presents a comparison of the completion times for
the automated and conventional bridge inspection proce-
dures. The overall completion times for both methods are
virtually identical (Table 2). However, office times were sig-
nificantly less with the automated process. Simply comparing
completion times, however, does not take into account other
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FIGURE 10 Block diagram of image editing menu program interaction."

important benefits of the computer-automated bridge inspec-
tion system.

RESULTS AND CONCLUSIONS

The computer-automated bridge inspection system was tested
in FDOT Bridge Inspection District One for 8 weeks. Field
data collection time averaged 56 min. This time is 26 min
more than the 30 min estimated average of the current method.
However, two of the five bridge inspections required less than

30 min for data collection. It is estimated that once inspectors
became thoroughly familiar with the automated data collec-
tion system, they would require no more time than with the
conventional method.

Report preparation averaged 24 min, a 21-min savings over
the conventional report preparation method. Reports are
completed by inspectors without the aid of typists. A list of
other benefits from this system follows.

® Data are organized and handled efficiently by computer
software.
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TABLE 1 Inspection Times for Computer-Automated Bridge
Inspection System
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TABLE 2 Comparison of Average Completion Times for
Typical Bridge

BRIDGE # 100238 100124 100216 100075 550064
DATE 05-02-90 05-09-90 06-04-90 06-05-90 06-14-90
TYPE PRE- PRE- PRE- STEEL STEEL
STRESSED  STRESSED  STRESSED
CONCRETE ~ CONCRETE ~ CONCRETE
SPANS/ 153 3/146' 3n3s’ 6/151° 6398’
LENGTH
SKETCHES 2 0 2 1 1
PHOTOS 0 0 0 0 0
VIDEO 0 2 0 0 2
SECTION 1 1 1 2 1
B PAGES
FIELD TIME 71 %2 27 62 29
(MIN.)
OFFICE 8 38 9 42 2
TIME (MIN.)
TOTAL 79 130 36 104 52
TIME (MIN.)

® Inspection reports have a consistent format.

@ Inspection data are stored on computer disk.

@ Transfer of bridge inspection reports between offices can
be done electronically.

@ Data are accessible through FDOT’s bridge management
system,

e Computer software ensures that data are complete before
inspectors leave the bridge site.

@ Consultant reports would more easily conform to FDOT
specifications.

The following statement was made by Dewey Oliver, Dis-
trict One Structures and Facilities Engineer:

It is my estimate that once this system is fully implemented, a
savings in excess of $500,000 per year will be realized on in-

PROCEDURE AUTOMATED CONVENTIONAL
INSPECTION METHOD INSPECTION METHOD

PREPARATION FOR 15 15

iINSPECTION (MIN.)

INSPECTION (MIN.) 56 30

PREPARING SKETCHES 30 30

(MIN.)

REPORT COMPLETION 24 45

(MIN.)

PROOFING (MIN.) 5 5

TOTAL TIME (MIN,) 130 125

TYPICAL BRIDGE IS LESS THAN 600 FEET IN LENGTH.

spection of state structures. If we require consultants to use the
system, then we can double our savings.

Our current process allows 45 days from inspection until the
report is finalized. We average 30 days in our current process.
Using the automated process, this time frame could be reduced
to under 5 days. In most cases we have tested so far, an inspection
report preparation and report finalization have occurred in less
than 5 hours.
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Simulation Approach to Prediction of
Highway Structure Conditions

Y1 JiaANG AND KuMAREs C. SINHA

Various techniques, either statistical or stochastic, have been ap-
plied to predict highway structure conditions. Researchers found
the stochastic approach more appropriate than the statistical ap-
proach in highway project selections using dynamic optimization
techniques. However, it was also found that condition predictions
using the Markov chain could be biased, depending on the values
of transition probabilities. In an attempt to minimize the bias in
Markov chain predictions, the Monte Carlo simulation technique
was applied in the present study in combination with transition
probabilities obtained from Markov chain approaches. This study
showed that the simulation method could produce more realistic
predictions than the analytical Markov chain approach. The Monte
Carlo simulation method is described and compared with the
analytical Markov chain method. An application example is pres-
ented to show the mechanism of the Monte Carlo simulation
method and to compare the results of the simulation and Markov
chain predictions.

Stochastic processes, such as the Markov chain, have been
successfully applied to predict pavement and bridge condi-
tions (1,2). Advantages of the stochastic approach over the
statistical approach were exhibited in highway project selec-
tions using dynamic optimization techniques (3). However,
as with any other prediction techniques, uncertainty, random-
ness, and unrealistic assumptions are also involved in the
stochastic techniques. It was found in this study that condition
predictions using the Markov chain could be biased, depend-
ing on the values of transition probabilities. In an attempt to
minimize bias in the Markov chain predictions, the Monte
Carlo simulation technique was applied in combination with
the transition probabilities obtained from Markov chain ap-
proaches. The Monte Carlo simulation method generates ran-
dom numbers and compares these random numbers with tran-
sition probabilities of the Markov chain to determine the future
condition of highway structures. The present study showed
that the simulation method could produce more realistic pre-
dictions than the Markov chain approach. The simulation
method is described here and is compared with the analytical
Markov chain method. Although this prediction technique
can be used for estimating conditions of any highway struc-
tures, bridge condition predictions are made in this paper for
demonstration purpose. The Markov chain prediction model
developed earlier for the Indiana Bridge Management System
(2) is therefore briefly described to introduce the Markov
chain transition probabilities and to compare the results of
the two approaches.

Y. Jiang, Indiana Department of Transportation, Division of Re-
search, 1205 Montgomery Street, Box 2279, West Lafayette, Ind.
47906. K. C. Sinha, School of Civil Engineering, Purdue University,
West Lafayette, Ind. 47907.

MARKOYV TRANSITION PROBABILITIES

The Markov chain as applied to bridge performance predic-
tion is based on the concept of defining states in terms of
bridge condition ratings and obtaining the probabilities of
bridge condition changing from one state to another (2). These
probabilities are represented in a matrix form that is called
the transition probability matrix, or transition matrix, of the
Markov chain. Knowing the present state of bridges, or the
initial state, the future conditions can be predicted through
multiplications of initial state vector and the transition prob-
ability matrix.

According to the FHWA bridge rating system, bridge in-
spectors rate cach inspected bridge with a number between
0 and 9, with 9 being the maximum rating number for the
condition of a new bridge (4). The condition ratings below 3
need not be included in the Markov chain transition matrixes
because the lowest rating number before a bridge is repaired
or replaced is generally taken to be 3. Seven bridge condition
ratings can be defined as seven states with each condition
rating corresponding to one of the states. For example, con-
dition Rating 9 is defined as State 1, Rating 8 as State 2, and
so on. Without repair or rehabilitation, the bridge condition
rating decreases as the bridge age increases. Therefore, there
is a probability of condition changing from one state, say i,
to another state, j, during a given period of time, which is
denoted by p,;

Let the transition probability matrix of the Markov chain
be P, given by

The state vector for any time 7, Q, can be obtained by
the multiplication of initial state vector Q,, and the Tth power
of the transition probability matrix P:

On=0@¢*P*"P*...*"P=Q4uw"*P" (2)

where Q, and Q- are the vector expressions of condition
ratings at time 0 and T, respectively, and can be converted
to condition rating values (2). Because the present condition
[Q)] is known, the future condition at any given time T can
be predicted as long as the transition matrix P is given.
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The inspection of bridges includes ratings of individual com-
ponents, such as deck, superstructure, and substructure, as
well as of the overall bridge condition. Unless rehabilitation
or repair is applied, bridge structures gradually deteriorate,
so that the bridge condition ratings are either unchanged or
changed to a lower number during a given time period. That
is, a bridge condition rating should decrease or remain the
same as the bridge ages. Therefore, the probability p;; is null
for i > j, where i and j represent the states in the Markov
chain.

Because the rate of deterioration of bridge condition is
different at different bridge ages, the transition process of
bridge conditions is not homogeneous with respect to bridge
age. However, a Markov process requires a presumption of
homogeneity (5). Therefore, if only one transition matrix were
used throughout a bridge’s life span, the inaccuracy of con-
dition estimation would occur as a result of nonhomogeneity
of the condition transition process. To avoid overestimating
or underestimating the bridge condition, an approach called
zoning technique (I) was used to obtain the transition matrix.

A 1-year transition period was used in developing Markov
chain transition matrixes. In other words, p;; was the tran-
sition probability from State i to State j during 1 year. Bridge
age was divided into groups, and within each age group the
Markov chain was assumed to be homogeneous. A 6-year
group was found appropriate for the data base as well as for
solving equations of unknown probabilities. A separate tran-
sition matrix was developed for each group.

To make the computations simple, an assumption was made
that the bridge condition rating would not drop by more than
one state in a single year. Thus, the bridge condition would
either stay in its current state or fall to the next lower state
in 1 year. Therefore, the transition matrix of condition ratings
has the following form:

p(1) g0) 0 0 0 0 0
00 p2 g2 0 0 0 0
0 0 pB) g3 0 0 0
P= 0 0 0 p@ g4 0 0 (3)
0 0 0 0 p® g5 0
0 0 0 0 0 p®6) q(6)
o 0 0 0 0 0 1

where g(i) = 1 — p(i). p(i) is corresponded to p,; and g(i)
to p; ;. in Equation 1. Therefore, p(1) is the transition prob-
ability from Rating 9 (State 1) to Rating 9, and ¢(1), from
Rating 9 to Rating 8, and so on.

Because the lowest rating number before a bridge is re-
paired or replaced is 3, the corresponding transition proba-
bility p(7) equals 1. For each age group the transition prob-
abilities were obtained by minimizing the absolute distance
between the average bridge condition rating at a certain age
and the predicted bridge condition for the corresponding age
generated by the Markov chain (2). With the obtained tran-
sition matrixes, the future condition can be predicted by using
Equation 2.

To show the process of Markov chain prediction, a simple
example is presented as follows. Suppose a concrete bridge
on an Interstate highway is 35 years old now and has a deck
condition rating of 6. It is desired to predict the deck condition
in the next year. The transition matrix for the deck of this
type of bridges of 31 to 36 years old was obtained (2):
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0.44 056 0 0 0
0.50 0.50 0 0

0.40 060 0

0 0 040 060 O

0 0 0 025 075 O

0 0 0 0 020 0.80

0 0 0 0 0 1.0

0
0
0

<

0
0
0
0 (4)

"
I
cocooo@

The deck condition rating is 6, and the initial state vector Oy,
of the bridge deck is [0 0 0 1 0 0 0], where the numbers are
the probabilities of the condition ratings being 9, 8,7, . . .,
and 3, respectively. Because it is known that the current con-
dition rating is 6, the number corresponding to Rating 6 in
Q is 1, and others are 0. Thus, Q,, can be predicted using
Equation 2:

Quyy=Q@oXP
04405 0 0 0 0 O
0 05005 0 0 0 0
0 0 040060 0 0 O
=[0001000] | 0 0 0 040060 0 0 (5)
0 0 0 0 025075 0
0 0 0 0 0 0200.80
0o 0 0 0 O 0 10
or

Qu, = [0000.40 0.60 0 0]

QO can then be converted to a rating number, r;, by multi-
plying a vector of condition ratings R:

r

Oun X R

[0 00 0.40 0.60 0 0] 5.4

U
W

(6)

(SO V e NEN Je =
I

Therefore, the deck condition rating in the next year is pre-
dicted as 5. It should be noted that the predicted value was
rounded to its nearest integer number because the rating sys-
tem uses only integers as rating numbers.

An examination of matrixes Q, and P reveals that Qq,
has only one nonzero element, and each row, except the last
row, in P has only two nonzero elements. This indicates that
the Markov chain prediction of the next year’s condition rating
r, is affected by only the transition probabilities corresponding
to the current condition rating r,, or p(i) and q(i) = 1 — p(i),
where I is the condition state of r, as defined in Equation 3.
Therefore, the previous computations can be simplified as
follows:

ro=ry X p(i) + (r,—1) x q(i) ™

where i is the condition state corresponding to the given con-
dition rating. Thus, the prediction of the deck condition rating
can be made in one step:

F,=6x%X04+5x06=54~5. (8)
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SIMULATION APPROACH

Simulation techniques are widely used by engineers and re-
searchers to analyze the behavior of real systems using com-
puters. The Monte Carlo method (6) is one of the most com-
monly used simulation techniques for engineering modeling.
Through the Monte Carlo method, a decision is made by
comparing a random number generated by computer to a
known probability value of the given problem.

Bridge condition deterioration is a probabilistic process and
not a deterministic one. Therefore, the Monte Carlo method
is suitable for predicting bridge conditions as long as the prob-
abilities of condition changes are determined. If the deck
condition rating in the previous example is predicted by the
Monte Carlo method, the following steps would be necessary.

1. Generate a random number from a uniform distribution
in the interval [0.0, 1.0] using a computer or any other method
(such as a random number table).

2. If the random number =0.40, the predicted condition
rating is 6. If the random number >0.40, the predicted con-
dition rating is 5.

In this simulation, each of the uniform random numbers in
the interval [0.0, 1.0] has an equal chance of occurring. There-
fore, the probabilities of a random number falling into the
interval [0.0, 0.40] and the interval [0.40 1.0} are 0.40 and
0.60, respectively, exactly the same as the given probabilities.

Transition probabilities for different types of bridges at
different bridge ages were developed in an earlier study (2).
The Monte Carlo technique was applied in bridge condition
prediction using these probabilities. In this study, a simulation
program in FORTRAN 77 was developed on a UNIX com-
puter to predict bridge conditions. Random numbers can be
generated by the program using a FORTRAN random num-
ber subroutine. Figure 1 shows a flow chart of the simulation
prediction model. RNUN is an IMSL (7) subroutine which
generates a uniformly distributed random number once it is
called. This program can be used to predict the future con-
ditions of a number of bridges. It can be modified to predict
the conditions of highway structures other than bridges, such
as pavements. To do so, a user needs to obtain the appropriate
probabilities of condition deterioration of the structure, in-
corporate these probabilities into the program, and change
the appropriate IF-THEN conditions.

COMPARISON OF THE TWO APPROACHES

Both the Monte Carlo simulation and Markov chain analytical
methods use transition probabilities to estimate bridge con-
ditions. However, the results of the predictions are generally
not the same because of the different mechanisms involved.

A random number generated in the Monte Carlo simulation
has an equal chance of falling into any point in the interval
[0.0,1.0]. Itis therefore expected that Monte Carlo estimation
will closely reflect the given probability value when the num-
ber of bridges involved is reasonably large. For example, if
there are 100 bridges with deck condition ratings of 6, the
Monte Carlo simulation [p(4) = 0.4 from Equation 4] would
yield a prediction that about 40 bridge decks will remain in
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FIGURE 1 Flowchart of simulation prediction program.

Rating 6, and nearly 60 decks will deteriorate to Rating 5 in
the next year.

On the other hand, as indicated by Equations 7 and 8, the
Markov chain method predicts the deck condition ratings of
all the 100 bridges as 5. The transition probability of p(4) =
0.4 means that for about 40 out of 100 bridges, or 40 percent,
the deck condition rating would remain at 6 after 1 year.
However, the future condition ratings of all the 100 bridge
(100 percent) decks are predicted at 5 by the Markov chain
method (Equation 8). The Markov chain method would, in
this case, lead to an overestimation of bridge needs. As a
result, the estimated budget and other resources needed for
the coming year would be higher than what might be needed.
Depending on the value of a transition probability, the Mar-
kov chain method can also underestimate the number of bridges
that would deteriorate to a lower condition rating. This can
be shown by writing Equation 7 as follows because q(i) =

1 — p():
ry=r+p@i) -1 )

Therefore, if p(i) = 0.5, r, is rounded to r,, and if p(i) < 0.5,
ry is rounded to r, — 1. In the former case [p(i) = 0.5], the
number of bridges that would deteriorate to deck rating r, — 1
will be underestimated by the Markov chain method. In the
latter case, the number will be overestimated.

To demonstrate the differences between the two prediction
methods, 30 bridges were selected from the Indiana bridge
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inventory file for estimation of deck conditions and repair
costs if rehabilitation was found to be necessary. Table 1
presents the condition and cost information of these bridges
and the prediction results of the Monte Carlo simulation and
Markov chain methods. All the bridges had deck condition
ratings of 6 and were 31 to 36 years old. The corresponding
transition probabilities for these bridge decks were p(4) = 0.4
and g(4) = 1 — p(4) = 0.6. If a deck condition rating was
equal to or less than 5, the bridge deck was considered a
candidate for rehabilitation. To schedule the bridge rehabil-
itation activities for the next year, it was therefore necessary
to estimate the number of bridge decks that would have a
rating value of 5 the following year. The predictions of the
condition ratings and the associated rehabilitation costs for
the next year, made by both simulation and Markov chain
methods, are also included in Table 1.

TRANSPORTATION RESEARCH RECORD 1347

Using the Monte Carlo method, the deck condition of each
bridge was predicted by generating a random number and
comparing it with the transition probability 0.4. If the random
number was less than or equal to 0.4, the predicted deck rating
was 6; otherwise, the rating was 5. For the Markov chain
method, Equation 7 was used to predict the future deck con-
dition ratings. Because the decks with ratings of 6 would not
be rehabilitated, their corresponding repair costs were esti-
mated as $0 for the next year. However, if a deck rating was
predicted to fall to 5, its estimated rehabilitation cost was
included in the next year’s total rehabilitation cost.

As shown in Table 1, the simulation method predicted that
the rating of 13 bridge decks would remain at 6, and the ratings
of 17 bridge decks would deteriorate 5 after one year. The
predicted percentages of bridge decks remaining at Rating 6
and dropping to Rating 5 were 43 percent and 57 percent,

TABLE 1 Results of Simulation and Markov Chain Predictions

Simulation Markov

Rehab. Prediction Prediction

Bridge | Current Deck Cost}: Random p— —

Sk Rating (rp) | (5107 | ™0 " r, | ($10%) | r, | ($10%)
1 6 235 0.2682 6 0 5 235
2 6 276 0.4435 5 276 5 276
3 6 387 0.9589 5 387 5! 387
4 [ 281 0.0986 6 0 5 281
5 6 107 0.5558 5 107 5 107
6 6 121 0.2997 6 0 5 121
7 6 210 0.1469 6 0 5 210
8 6 400 0.9883 5 400 5 400
9 6 257 0.6276 = 257 5 257
10 6 330 0.4300 5 330 5 330
11 6 270 0.2014 6 0 5 270
12 6 201 0.9986 5 201 5 201
13 6 205 0.0605 6 0 5 205
14 6 476 0.0528 6 0 5. 476
15 6 102 0.1994 6 0 5 102
16 6 154 0.8356 5 154 5 154
17 6 621 0.1956 6 5 621
18 6 176 0.6856 5 176 5 176
19 6 124 0.1284 6 5 124
20 6 159 0.2720 6 5 159
21 6 247 0.1352 6 0 5 247
22 6 169 0.8433 5 169 5 169
23 6 93 0.4900 5 93 5 93
24 6 800 0.7173 5 800 5 800
25 6 500 0.6396 5 500 5 500
26 6 635 0.2340 [ 0 5 635
27 6 545 0.8986 5 545 5 545
28 6 385 0.8000 5 385 5 385
29 6 193 0.9178 5 193 5 193
30 6 288 0.4251 5 288 5 288

Total 8,947 5,261 8,947
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respectively. They were close to the given transition proba-
bilities of 0.4 (or 40 percent) and 0.6 (or 60 percent). How-
ever, results from the Markov chain method predicted that
the ratings of all 30 bridge decks (or 100 percent) would
decrease from 6 to 5 in the next year (Equation 8).

The total cost of repairing all 30 bridges was $8,947,000.
The total expected cost for the next year can be computed
using the transition probabilities (0.4 and 0.6) and estimated
costs ($0 for r, = 6; ¢, for r, = 5) of individual bridges:

30
Total expected cost = », (0.4 X $0 + 0.6 X C)

i+1

= $5,368,200 (10)

where c; is the estimated rehabilitation cost of Bridge i. Com-
pared with the total expected cost ($5,368,200), the total cost
predicted by the simulation method ($5,261,000) is apparently

110%
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a more reasonable estimation than the total cost predicted by
the Markov chain method ($8,947,000).

The results of the predictions indicate that the simulation
approach has advantages over the Markov chain approach in
estimating the rehabilitation costs as well as the number of
bridges to be repaired. Because a Monte Carlo simulation
prediction is based on generated random numbers, the result
varies with each different operation of the computer program.
However, it is also generally true that for each of the runs of
the computer program the percentage of bridges selected for
rehabilitation will be close to the given transition probability,
and the total cost predicted will also be close to the total
expected cost. This is because the chances that the uniformly
distributed random numbers fall into any subinterval of [0.0,
1.0] are proportional to the length of the subinterval.

To compare the results of different operations of the sim-
ulation program, the program was run 20 times. The results
of the 20 predictions are shown in Figures 2 and 3. Figure 2

0084 + + + + + 4+ + 4+ + 4+t F ottt o+t 4

90%

80% -

70%

50% -

40% |

30% -

Bridges To Be Rehalililitated

20%

10%

60% — i 8 B

5]
jaz}
jma]

BT T T T T T T

No. of Prediction

0 Simulation +

Markov Chain

—— Expected

FIGURE 2 Predictions of bridges to be rehabilitated by simulation and Markov

chain methods.
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FIGURE 3 Predictions of rehabilitation costs by simulation and Markov chain

methods.

expresses the predicted number of bridges to be rehabilitated
(the ones with deck Rating 5 in the next year) as the per-
centage of the total bridges. The total estimated rehabilitation
cost for these predictions is plotted in Figure 3. The results
of the Markov chain predictions and the expected percentage
(60 percent) and average cost ($5,368,200) are also included
in the figures for comparison. The two figures illustrate that
the simulation predictions of both the percentages and the
total rehabilitation costs were in the close neighborhood of
the expected values, whereas the Markov chain predictions
were consistently higher than the expected values.

The previous example showed that the simulation predic-
tions were reasonably close to the given transition probabil-
ities. The simulation predictions will reflect transition prob-
abilities more closely if a large number of highway structures
is involved. For pavement or bridge management, the number
of projects is usually sufficiently large. Therefore, the simu-
lation method will be an appropriate approach for predicting
facility conditions of these management systems. This method
would be especially useful in updating conditions of highway

structures if dynamic optimization techniques are applied for
project selections (3).

CONCLUSION

A highway structure condition prediction method using the
Monte Carlo simulation technique was presented here. This
method is suitable for pavement and bridge management.
Results of the study showed that the Monte Carlo simulation
method could provide more accurate predictions than the
Markov chain method. The simulation prediction model can
be incorporated into a dynamic optimization program to up-
date structural conditions at each stage of the optimization
computation. It can also be used separately to program re-
habilitation activities of highway structures. The simulation
predictions of number of projects, budget, and other re-
sources needed for a given program period would be close to
reality as long as the transition probabilities are reasonable.
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Assessment of Bridge Vulnerability to

Hydraulic Failures

A. M. SHIROLE AND M. ]. LoFTUS

A comprehensive Bridge Safety Assurance (BSA) program is
being implemented in New York State. It provides a system to
identify, assess, and evaluate the vulnerability of bridges to cat-
astrophic failures and then implement actions to eliminate or
mitigate such vulnerabilities. On the basis of a national survey of
bridge failures, six failure modes were identified as being the
most significant in terms of the potential damage they can cause
to highway bridges in New York State: hydraulic, overload, steel
structural details, collision, concrete structural details, and earth-
quake. The assessment phase of the overall BSA program as it
relates to the hydraulic failure mode is described. Specific details
of screening, classifying, and rating steps are described, and the
current status of these assessment efforts in New York State is
presented. Vulnerability-reduction actions that have been imple-
mented as a result of the assessment process to ensure bridge
safety against hydraulic failures are described as well.

The New York State Department of Transportation’s
(NYSDOT’s) Bridge Safety Assurance (BSA) program pro-
vides a systematic method to reduce vulnerability of the state’s
bridges to all potentially significant modes of failure. The
program has four phases:

® Identification of significant modes of failure,

® Assessment of vulnerability of bridges to failure modes,

e Evaluation of vulnerable bridges, and

@ Implementation of recommendations to reduce vulnera-
bility.

Planning aspects of these four phases have been described
previously by Shirolé and Holt (7). The identification phase
has been completed, and the following six failure modes were
identified as the most significant in terms of the potential
damage they can cause to highway bridges in New York State:

e Hydraulic,

@ Overload,

@ Steel structural details,

e Collision,

e Concrete structural details, and
¢ Earthquake.

The failure modes were identified on the basis of the re-
sults of a survey on bridge failures since 1950 compiled by
NYSDOT.

The evaluation and implementation phases are basically
similar for all the identified modes of failure. These phases
are described elsewhere (I) and will not be discussed here.

New York State Department of Transportation, 1220 Washington
Avenue, State Office Campus, Building 5, Albany, N.Y. 12232.

This paper is focused on the assessment phase of the BSA
program as it relates to hydraulic vulnerability. Specific details
of the assessment process and some vulnerability reduction
actions that have been implemented to ensure bridge safety
are described.

PROCEDURES FOR HYDRAULIC ASSESSMENT

The objective of the hydraulic assessment phase of the BSA
program is to rate the state’s bridges according to their relative
vulnerability to hydraulic failure. This objective is accom-
plished through a series of screening, classifying, and rating
steps that review hydraulic characteristics of individual bridges
to group them according to their relative susceptibility, and
classify and rate them on a list for appropriate actions.

Figure 1 is a flowchart of the overall hydraulic vulnerability
assessment phase. Key elements in the process are the screen,
classify, and rate steps. Each is designed to provide an in-
creasing understanding of the bridge’s hydraulic vulnerability.
They are intended to be progressed sequentially on a priority
basis. Bridges with higher vulnerabilities are moved through
the subsequent steps first to focus assessment and corrective
activities on the most critical bridges in the shortest time. This
results in a staggered progression of bridges through the as-
sessment process.

Vulnerability reduction measures shown in Figure 1 consist
of actions based on findings of the screening, classifying, and
rating steps. They include establishing floodwatch and post-
flood inspection lists, and identifying bridges requiring im-
mediate or future scour-protection retrofit.

The procedures used in the screening and classifying phases
of the assessment process are based in part on recommen-
dations made by a special Bridge Safety Assurance Task Force
(BSATF), appointed to study bridge safety assurance mea-
sures in New York State. It was made up of nationally rec-
ognized experts in a variety of fields, including hydraulics.
Richardson and Huber (2) reported on BSATF recommen-
dations relating to hydraulics. For implementation purposes,
task force recommendations were modified to better fit con-
ditions in New York. In general, the modifications did not
affect specific vulnerability factors being used, but consisted
of changes in the logic used in the screening or classifying
processes or adjustments in the importance or weight assigned
to vulnerability factors. For example, the classification step
uses only the most critical substructure unit as the basis of
final evaluation results, whereas the task force process used
a combination of pier and abutment evaluations. In New York
there is concern over hydraulic vulnerability of single-span
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FIGURE 1 Hydraulic vulnerability assessment process.

bridges, and the task force procedures made it unlikely that
a bridge without piers would be evaluated as highly vulner-
able. Another example of an area that changed is the weights
used for different types of pier and abutment foundation con-
figurations. These weights were adjusted to provide a greater
distinction between configurations of different vulnerabilities.

The assessment procedures described here are not being
used to assess vulnerability of bridges on Long Island and in
the New York City area. Bridges in those areas are subject
to hydraulic forces (e.g., tidal) that differ from the forces in
the other areas of the state. Consequently, different methods
are required to assess vulnerability. Procedures to assess the
vulnerability of bridges in those areas are being developed.

Descriptions of the different steps in the vulnerability as-
sessment process follow.

Screen

Figure 2 is a flowchart of the screening process. The primary
goal of the screening step is to set priorities for progressing
bridges to the classifying step. This goal is accomplished through
a preliminary inventory data base screen and a more refined
susceptibility screen. As a result of these screens, bridges are
put into four susceptibility groups, which rank the order for
progressing to the classifying step.

The inventory screen is designed to evaluate a large pop-
ulation of bridges, using information contained in Bridge In-
ventory and Inspection System (BIIS) data files. Structures
not over water are identified and removed from the assess-
ment process. No further actions are required for them. The
remaining bridges are screened on the basis of key substruc-
ture, superstructure, and hydraulic information in the BIIS
data base. This screening provides a relative assessment of
hydraulic susceptibility of a bridge and is used to set the order
for progressing bridges to the susceptibility screening step.

As seen in Figure 2, the susceptibility screening process is
divided in two parts (3). This process uses a review of bridge
plans, construction documents, inspection reports, and any
other available information to place bridges in four suscep-
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FIGURE 2 Hydraulic vulnerability assessment screening
process.

tibility groups, which imply a relative susceptibility to damage
from hydraulic forces and determine the order in which they
are progressed to the classifying step.

In the first part of the susceptibility screening, structures
having a low susceptibility to scour damage are identified on
the basis of the following screening criteria:

@ Piers and abutments out of floodplain,
® Slow stream velocity,

@ Nonscourable foundation materials, and
® Culverts.

Structures meeting any one of these criteria are placed in the
third or fourth susceptibility group. Bridges not meeting these
criteria are progressed to the second part of the susceptibility
screening step. The actual group selected depends on whether
any indications of scour damage are noted in the inspection
and condition reports. If scour damage is indicated, the struc-
tures are placed in the higher susceptibility group. For ex-
ample, bridges with piers and abutments founded on sound
nonscourable rock foundations are identified and placed in
the fourth group, provided that there are no indications of
scour damage. If there are, then the third group would be
appropriate.

In the second part of screening, bridges are placed in the
first, second, or third susceptibility group on the basis of pier
and abutment foundation configurations and assessment of
scour conditions. Figure 3 shows screening criteria and rec-
ommended susceptibility groupings. Again, as in the first part
of the screen, if there is scour damage, a higher susceptibility
group is recommended. For example, a bridge with vertical
wall abutments on short piles goes into the second suscepti-
bility group unless it shows scour damage, in which case the
first group is recommended.
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FIGURE 3 Substructure foundation screening.

After susceptibility screening, bridges in susceptibility Group
1 progress to the classifying step, followed by bridges in Groups
2, 3, and 4, respectively.

Classifying

The purpose of the classifying step is to evaluate the vulner-
ability of a structure to scour damage on the basis of its geo-
logic, hydraulic, and riverine conditions. The product of this
step is a classification score that serves two purposes. First,
it quantifies potential vulnerability of a structure to hydraulic
damage relative to other bridges in the classification process.
Second, it places a structure in a high, medium, or low hy-
draulic vulnerability class.

The vulnerability classes describe the potential of a struc-
ture for failure due to scour or other hydraulic forces relative
to other bridges in the classifying process. The classes are
used in determining vulnerability rating for a structure and
also in deciding whether a structure should be placed on a
floodwatch list (4) or a postflood inspection list.

Field evaluation of the bridge is essential to complete the
classifying step. In addition, it is important that classification
procedures are performed by an engineer specially trained in
bridge hydraulic principles, as these require judgments to be
made about hydraulic characteristics of a bridge and its stream.

The high, medium, and low hydraulic vulnerability classes
are defined in the following paragraphs.

High Vulnerability Class

For a structure to be placed in the high vulnerability class,
conditions must exist on the structure or in the stream that
create an unacceptable potential for failure due to scour or
other hydraulic forces. “Unacceptable” implies a risk clearly
greater than is consistent with design practice, and a single
intermediate or large flood could result in a failure. These
bridges would be candidates for scour retrofit on a priority
basis or on a short-term programmed basis and would have
highest priority for detailed hydraulic analysis. Until action
is taken and the bridge can be placed in a lower vulnerability
class, bridges should be on the floodwatch list. These bridges
would also be considered for a postflood inspection list.

Medium Vulnerability Class

For a structure to be placed in the medium vulnerability class,
conditions must exist on the structure or in the stream creating
a recognizable potential for failure due to flooding. Risk of
failure due to a single design flood or a historic flood is slight,
but repetitive floods of these magnitudes will probably result
in failure. These structures would be candidates for scour-
protection retrofit on a programmed basis. A detailed hy-
draulic analysis is required for these structures, and inclusion
on the floodwatch list should be considered. Bridges in this
category may also be candidates for a postflood inspection
list.
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Low Vulnerability Class

For a structure to be placed in the low vulnerability class,
conditions must exist on the structure or in the stream pre-
senting little potential for failure due to flooding. There is no
risk of failure due to a single design or historical flood, and
only a remote chance of failure due to an extreme flood.
Scour-protection retrofit is not required for bridges in this
category, but scour conditions should be checked as part of
general bridge inspections and after major floods. These struc-
tures should receive the lowest priority for a hydraulic analysis
and need not be placed on the floodwatch list. Inclusion on
a postflood inspection list may be considered for some struc-
tures in this category.

Figure 4 outlines the classification process, which is com-
posed of two sections: general hydraulic assessment and foun-
dation assessment. The foundation assessment section in-
cludes separate evaluations for abutments and piers. Figure
4 also shows the classifying score ranges used to determine
vulnerability class for a structure. The ranges are overlapped
to allow the evaluating engineer some discretion in assigning
a vulnerability class.

In each section of the classifying process, several param-
eters are examined and a specified value assigned that de-
scribes existing conditions, with more vulnerable conditions
receiving higher values. Figure 5 shows criteria and classifi-
cation scores which are used in the general hydraulic assess-
ment process, and Figures 6 and 7 show the criteria and the
scores for the abutment and pier foundation assessment proc-
esses, respectively. Specific instructions on applying these cri-
teria are in the NYSDOT Hydraulic Vulnerability Assessment
Manual (3).

In the foundation assessment section all abutments and
piers on a structure are evaluated, but only the most critical

_—
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=t 2. FOUNDATION ASSESSMENT

ABUTMENTS
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for the F dation As t Score.

FINAL CLASSIFICATION SCORE (1 + 2)
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T T
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FIGURE 4 Classification process.
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0 1 2-3

AGGRADING STABLE DEGRADING

c. CHARNEL CONFIGURATION

STRAIGET BRAIDED

MEANDERING
0 1 2

d. DEBRIS / ICE PROBLEM

NONE MIROR MAJOR
0 1-2 3-4

@. NERR RIVER CONFLUENCE

NO YES
0 1

£. AFTECTED BY BACKWATER

YES NO
0 1

g. EXISTING / HISTORIC SCOUR DEPTH

NONE SMALL | MEDIUM LARGE
(<1) (1-3') (>31)
0 1 2-3 4-5

h. HISTORIC MAXIMUM FLOOD DEPTH

< 10/ > 10’
1 2
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FIGURE 5 General hydraulic
assessment criteria.

substructure unit is used to determine the foundation assess-
ment score.

The final classification score for a structure is determined
by adding scores from the general hydraulics assessment pro-
cess and the foundation assessment process. The highest score
represents the most vulnerable structure. Classification scores
are then used to determine appropriate vulnerability classes
based on the ranges shown in Figure 4.

Classification procedures are designed to ensure objectivity
and provide a degree of uniformity in evaluations, yet allow
for the judgment of a trained hydraulic engineer. The process
allows for engineering judgment in assessing observed con-
ditions and accounting for factors pertinent but possibly not
covered in the detailed procedures. Evaluators have the op-
tion of increasing or decreasing scores, and can use some
judgment in deciding the final vulnerability category for a
structure.

An ancillary function of the classifying step is to identify
any bridges exhibiting potentially catastrophic conditions that
require immediate scour-protection countermeasures to safe-
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SMALL MEDIUM LARGE
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FIGURE 6 Foundation assessment criteria (abutments).

guard against failure. If potentially catastrophic conditions
are observed, then interim fixes can be implemented until
more permanent remedial measures can be designed and con-
structed. Typically, these interim fixes consist of heavy stone
fill placed around abutments and piers.

Rating

The purpose of the vulnerability rating step is to provide a
uniform measure of a structure’s vulnerability to failure on
the basis of likelihood of occurrence and consequences of a
failure. Six vulnerability rating categories have been estab-
lished, common to all six BSA failure modes, allowing com-
parison among bridges vulnerable to different failure modes.

Definitions for the six vulnerability rating categories are
presented in the following list. These categories specify the
type of corrective actions needed and the urgency with which
these actions should be implemented. They were developed
to apply to the modes of failure listed previously.

1. Safety priority action. This rating designates vulnerabil-
ity to failure resulting from loads or events that are likely to
occur. Remedial work to reduce the vulnerability must be
given immediate priority, and completion of work is desired
within 18 months.

2. Safety program action. This rating designates vulnera-
bility to failure resulting from loads or events that may occur.
Remedial work to reduce the vulnerability is desired within
3 years.
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a. EXISTING SCOUR COUNTERMEASURES

NOT SHEET PILE COFFERDAM RIPRAP OTHER NONE
REQ'D WALL
0 0 0 1 1 5

b. PIER FOUNDATIONS

A B Cc D E F

PILES |SPRD |PILES|SPRD |SPRD |UNKN
STEEL| ON TIMBR| ON ON

CONC |NON- EROD |EARTH
EROD ROCK
ROCK
0 0 4 5 10 10

c. FOOTING / PILE BOTTOM BELOW STREAMBED

> 20 15-20 10-15 7-10 4-7 < 4
0 1 2 3 4 5
d. ANGLE OF ATTACK (DEGREES)

0 0-20 20-45 45-90
0 2 3 4
e. PIER WIDTH
<3 3-5 5-8 8-10 > 10
1 2 3 4 5

f. SIMPLE SPANS

NO YES
0 1

g. MULTIPLE PIERS
IN FLOODPLAIN

NO YES
0 2

FIGURE 7 Foundation assessment criteria (piers).

3. Capital program action. This rating designates vulnera-
bility to failure resulting from extreme loads or events that
are possible but not likely. This risk can be tolerated until a
normal capital construction project can be implemented. Re-
medial work to reduce the vulnerability is desired within 5
years.

4. Inspection program action. Possible but unlikely expec-
tation of a failure that could cause traffic disruptions. In-
spection monitoring desired to ensure adequate load resis-
tance.

5. Not vulnerable. Adequate structural resistance to this
type of vulnerability. Failure unlikely.

6. Not applicable. No exposure to this type of failure vul-
nerability.

A vulnerability rating for a bridge is determined in a manner
similar to the classification process, where scores are assigned
to evaluate parameters for the likelihood and consequences
of a failure. These scores are combined and a range of values
used to determine the appropriate vulnerability rating cate-
gory.

The likelihood of a failure occurring is evaluated using re-
sults of the classification process and, when available, results
of a detailed hydraulic analysis. This ensures that all known
information about a structure’s vulnerability and resistance
to it are included in the rating process.
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Consequences of failure are determined on the basis of the
type of failure to which a structure is prone, and includes
factors to account for the traffic volume and highway classi-
fication of the structure.

STATUS OF THE ASSESSMENT PHASE

The hydraulic vulnerability assessment process is currently
being implemented for state-owned bridges over water. Ad-
vice is being provided for locally owned structures. At this
time, state-owned bridges on Long Island and in the New
York City area also are not included, as was mentioned pre-
viously. The current program encompasses more than 95 per-
cent of the entire state bridge population over water.

The status of the vulnerability assessment program as of
July 1991 is presented in the following list. To date, more
than 99 percent of bridges included in the program have been
screened and more than 40 percent classified. Rating tasks
have not yet begun. It is estimated that all state bridges over
water will have been screened, classified, and rated by the
end of 1993.

e Number of state-owned bridges: 6,625;
e Number of bridges over water: 3,919;
@ Susceptibility screening

—Group 1: 1,163,

—Group 2: 684,

—Group 3: 1,022,

—Group 4: 1,003,

—Total screened: 3,872;
@ Classifying

—~High vulnerability: 141,

—Medium vulnerability: 675,

—Low vulnerability: 843,

—Total classified: 1,659.

In addition to vulnerability assessment steps, the hy-
draulic vulnerability assessment process also includes con-
tinuing strategies to provide protection against hydraulic
failures. These strategies include a floodwatch program and
postflood inspection program to provide monitoring of vul-
nerable bridges during and after floods.

Floodwatch Program

The floodwatch program was established with issuance of the
NYSDOT Bridge Flood Warning Action Plan (4). Its purpose
is to ensure that bridges with a high susceptibility to damage
or failure from hydraulic forces are monitored during periods
of flooding for as long as they remain vulnerable. It calls for
continual or periodic monitoring of bridges during periods of
flood warning as issued by the National Weather Service (NWS).
Personnel are placed at a bridge site for the duration of the
flood warning event. If any movement, damage, or potentially
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dangerous conditions are observed, appropriate action, such
as bridge closure, can be taken.

Continuous monitoring is provided for bridges having a
potential for sudden and catastrophic collapse due to the force
of flood waters or other hydraulic forces. These are placed
in a high-risk floodwatch category. Bridges less prone to sud-
den collapse but to more gradual settlement or sagging failure
receive intermittent monitoring during a flood. These are placed
in a non-high-risk floodwatch category. Both the superstruc-
ture type and foundation type are considered in judging po-
tential for collapse.

Criteria for selecting the bridges to be placed on the flood-
watch list are based on results of the vulnerability assessment
procedures, with more precise criteria applying after each step
in the assessment process.

Currently, 703 bridges are included in the New York State
floodwatch program.

Postflood Inspection Program

The purpose of this program is to monitor performance of
vulnerable bridges after major floods. Bridges over water
having a pier or abutment protected with riprap, stone fill,
or paving blocks are included on the postflood inspection list.
Bridges in the floodwatch program are also placed on the list.

Inspections are conducted following issuance of a flood
warning by the NWS, after flood waters have receded enough
to allow substructures to be inspected. Only the structures in
areas included in the flood warning need to be inspected.

The inspection consists of visual inspection of substructures
and protective countermeasures on the bridge. If any move-
ment, loss of material, or any type of damage is observed,
the conditions are documented and appropriate corrective
actions implemented.

CONCLUSION

The hydraulic vulnerability assessment process described here
provides a systematic method for determining hydraulic vul-
nerability of a large population of bridges. Through a series
of screening, classifying, and rating steps, the hydraulic char-
acteristics of bridges are examined, and prioritized lists are
developed for corrective action. Concepts included in the as-
sessment process have been developed with substantial input
from numerous expert sources, and implementation of these
procedures as part of the overall BSA program will signifi-
cantly lower the vulnerability of New York’s bridges to hy-
draulic failures.

Currently, only state-owned bridges over water are being
addressed through the hydraulic assessment procedures. To
date, more than 99 percent of these bridges have been screened
and more than 40 percent classified. It is estimated that all
screening, classifying, and rating efforts for state bridges will
be completed by the end of 1993.
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Network Bridge Deck Surveys Using
High-Speed Radar: Case Studies of

44 Decks

KENNETH R. MASER AND ALAN RAWSON

The DECAR radar system was evaluated for highway-speed bridge
deck condition assessment by the New Hampshire Department
of Transportation on three survey networks comprising 44 decks.
DECAR (DEck Condition Assessment using Radar) incorpo-
rates van-mounted radar equipment, computer-based digital data
acquisition equipment operating in the van, a set of procedures
for organizing and conducting surveys, and software for collecting
and processing the data. It was shown in each of the three surveys
that groups of bridge decks could be successively surveyed at
highway speeds up to 55 mph during a continuous round trip over
the survey route. At this speed, production rates of 10 to 20 decks
per day can be easily expected. Of the 44 decks surveyed, 19
were evaluated during replacement or repair to determine deck
condition, and an additional 8 were new decks. The radar de-
terioration predictions using DECAR were compared with these
known conditions, with a correlation (R-squared) of 0.81, and a
standard error of +4.4 percent of the total deck area. When the
radar data were used to classify the decks into one of four cat-
egories, the radar results were accurate 93 percent of the time.
The DECAR results were shown to be repeatable when repeat
surveys were conducted at different times by different personnel.
It was concluded that the DECAR system could be effectively
and economically used to set up a bridge deck condition data
base for bridge management and to monitor deck performance
over time.

A major problem with bridge deck deterioration is the dif-
ficulty in assessing its severity and extent. The mechanisms
of deterioration occur below the surface, and their manifes-
tations are not readily seen in visual inspections. This is par-
ticularly true for overlaid decks, where both delamination and
freeze/thaw damage can occur without visual manifestations.
Many decks built during the Interstate construction period
fall into this category, with degrees of deterioration from 0
to 50 percent. Agencies are forced to program, rank, and
budget the repair and replacement of many structures whose
conditions are virtually unknown.

Recent research has led to the development and verification
of ground penetrating radar (GPR) for bridge deck condition
assessment (7). The work described here focuses on a network
survey application of GPR to support the implementation of
a bridge management system (BMS). In a network level sur-
vey a radar van travels continuously at normal highway speed

K. R. Maser, INFRASENSE, Inc., 765 Concord Avenue, Cam-
bridge, Mass. 02138-1044. A. Rawson, Bureau of Materials and Re-
search, New Hampshire Department of Transportation, P.O. Box
483, Stickney Avenue, Concord, N.H. 03302-0483.

logging data for every bridge deck that it crosses. For a given
round trip the van makes one pass on each lane. Multiple
round trips are required to obtain complete transverse cov-
erage of the deck. This survey method yields production rates
of 20 to 30 decks in a day, a rate that would allow for complete
coverage of a typical state bridge inventory in 50 to 300 work-
ing days. Additionally, the automated nature of the radar
processing allows efficient analysis of the large quantity of
data generated in these surveys. At this high production rate,
a BMS data base of the condition of all decks in the network
can be established during a 2- to 3-year period and updated
periodically. These updates would yield deterioration rates
and would be helpful in implementing a preventive mainte-
nance program.

The objective of the reported work was to implement,
test, and evaluate a pilot high-speed system for network-level
bridge deck evaluations. A description of the DECAR (DEck
Condition Assessment using Radar) system, developed and
evaluated by INFRASENSE and delivered to the New Hamp-
shire Department of Transportation (NHDOT), is presented
here. Also described are the field surveys that were carried
out with the DECAR system, including descriptions of the
decks and the survey methods, the results of the analysis of
the radar data collected during these surveys, and the com-
parison of these results to other available information (2).

DESCRIPTION OF RADAR DECK
SURVEY SYSTEM

The DECAR system for highway-speed bridge deck surveys
consists of the following elements (2):

® Radar equipment, fifth wheel, and van (Figure 1). The
equipment used in this project was developed for FHWA by
various vendors and loaned to NHDOT for this project (3).

® Anon-board computer, with an analog/digital (A/D) con-
version and data storage system,

@ User interface and data analysis software.

The user interface software organizes a four step network
survey methodology as follows:

® Layout of the survey route: Data on the decks to be
covered are found in the bridge inventory and entered into
the bridge description table of the program.
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® Detailed design of the survey: The surveyor estimates the
number of passes required for each bridge from the width
data and for the sequence of decks from maps. A network
survey of a typical 2-lane Interstate deck would consist of 6
passes, one in each wheelpath of each lane, and two on the
10-ft shoulder.

® Conduct of the field survey: As each pass of each deck
is about to be surveyed, the surveyor moves the cursor to the
appropriate cell of the survey matrix and presses a key to
initiate data collection. After the deck is crossed, data col-
lection is terminated by pressing a key, and the data are
automatically filed under a name that identifies the name of
the bridge and the transverse location of the pass. Normally
the radar vehicle will stay in the same wheelpath for a par-
ticular round trip. A complete survey is carried out by suc-
cessive round trips of the survey vehicle, during which all
passes of each deck are successively covered. The method was
tested during this program and was found to work effectively
at speeds up to 55 mph.

® Analysis of the radar data: The DECAR software is de-
signed for quantity analysis of the network radar data. This
analysis distinguishes the bridge deck data from the adjacent
pavement sections; sets up a batch file that includes the names
of the raw data files for each deck, the beginning footage of
each deck pass, and the known bridge length; and runs the
batch file for each deck, analyzing the data for each pass of
the deck and computing the total deck deterioration.

FIELD SURVEYS AND RESULTS
Description of Decks and Deterioration Analysis

Three networks representing 44 Interstate bridge decks were
surveyed during the course of this project. The surveys were
designed to include decks scheduled for rehabilitation in the
near future. A summary of the types and ages of decks in-
cluded in these surveys is presented in Table 1.

FIGURE 1 Radar equipment.
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TABLE 1 Types and Ages of Decks in Surveys

No. of decks Type Age (years)
27 IB-C, DPG 25-32

8 1B-C <5

5 IB-C, CRF 18-19

4 CRF 25-32

NotE: IB-C = concrete deck on I-beam girders, CRF = concrete rigid
frame, and DPG = concrete deck on plate girders.

Data Analysis

The data collected during these surveys were analyzed with
the DECAR data analysis system. The product of this analysis
is a percentage deterioration for each deck surveyed. For
decks whose conditions were known (because they were new)
or subsequently determined during rehabilitation, the pre-
dicted percentages were compared with the known ones.

The prediction method used in this study was identical to
that developed during previous research (Z,4,5). The percent
deterioration was determined by first computing the dielectric
constant of the concrete from the amplitude of the asphalt/
concrete reflection. For each pass, the percent of the pass
that exceeded the mean plus a threshold was computed; this
percent was averaged for all passes. This computation is shown
graphically in Figure 2. The percent computed was then fit
to the known deterioration conditions to develop a formula
for computing the deck deterioration from the radar-based
percentage. The formula for deterioration is based on the 20
percent threshold:

Percent deterioration = K1 + K2+(R20) 1)

where R20 is the percentage of the dielectric constants ex-
ceeding the mean plus 20 percent, computed as described
previously. The constants K1 and K2 were reevaluated during
this project to take into account differences in the data ac-
quisition equipment and level of detail in the radar survey
from what was done previously.
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FIGURE 2 Concrete dielectric constant versus distance along
deck.
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For new decks the actual deterioration was assumed to be
zero. For older decks the actual deck deterioration was de-
termined during deck reconstruction after removal of the as-
phalt by visual observation and chain drag of the exposed
concrete.

Table 2 presents a detailed analysis of the match between
the radar predictions and known levels of deterioration. The
analysis considers two factors: the accuracy in categorizing
the condition of the deck for ranking purposes and the close-
ness of the match between the predicted versus known percent
deterioration. The radar predictions are based on a regression
fit between R20 values and the measured surface conditions
for 26 of the 27 decks. One was eliminated from the regression
because of the poor match between the radar value and the
measured condition.

The radar predictions were used to place the decks into
four categories, as shown in Table 2 and Figure 3. These radar-
based categorizations were then compared with the catego-
rization based on the observed deck surface conditions. Based
on this comparison, the radar-based deck categorization is
accurate 93 percent of the time and only two of the 27 decks
are incorrectly categorized.

The closeness of match between the radar predictions and
the surface-measured conditions are described by the R-squared
and standard error. For the data in Table 2, the R-squared is
0.81, indicating a reasonably good fit between the radar pre-
dictions and the directly measured conditions. The standard
error, which is the standard deviation between the predicted
and actual values, is 4.42 percent of the deck area. An ex-
amination of the table shows that radar predictions for 21 of

TABLE 2° Summary of Actual Versus Predicted Conditions

BRIDGE DETERIORATION CATEGORY #
ID# RADAR KNOWN Radar Measured
NEW HAMPTON - ASHLAND
148/081 15 18 2/3 3
186/118 15 8 2/3 2
089/050 30 25 3 3
089/057 19 24 3 3
086/119 23 25 3 3
147/082 11 10 2 2
148/081 4 0 1 1
186/118 0 0 1 1
089/050 3 0 1 1
089/057 3 0 1 1
FRANCONIA - LITTLETON
132/086 0 o] 1 1
132/095 2 0 1 1
069/122 4 1 1 1
148/060 7 2 2 1
219/040 16 10 2/3 2
211/040 13 15 2 2/3
208/042 13 7 2 2
207/041 5 30 1/2 3 *%
211/039 0 5 1 1/2
100/050 18 25 3 3
147/060 5 10 1/2 2
053/122 1 3 1 1
068/121 0 2 1 1
077/115 29 25 3 3
116/109 19 30 3 3/4
131/095 1 0 1 1
132/086 1 0 1 1

* CATEGORIES *¥ Result not included in

1= 0-5 prediction model
2= 6-15

3= 16-30

4= >30

27

I Radar [ Ground Truth
# of decks

14 —
12 , |
10 :I

8 ] =

6 | 1 [

3 . |

2 |

0

0-5 6-15 16-30
% deterioration

FIGURE 3 Radar versus ground truth, bridge
deck categories.

the 27 decks are within 5 percent of direct observations, and
25 of the 27 are within 7 percent. Only 2 decks show significant
deviations: 116/109 at 11 percent and 207/041 at 25 percent.
The 25 percent discrepancy for 207/041 was a result of the
presence of large areas of deteriorated concrete, which were
not covered by the survey passes.

Influence of Survey Speed

Survey speed influences the longitudinal spacing of the radar
data. A study was conducted to investigate the influence of
survey speed on the radar predictions for deck deterioration.
For eight bridge decks, the deck deterioration was then cal-
culated in two ways: (a) using data at 2-ft spacing and (b)
using data at 1-ft spacing. The average difference between
these two analyses was (.64 percent, the maximum difference
1.8 percent. These differences are minimal, and, conse-
quently, survey speed does not appear to significantly affect
the results of the radar survey.

Repeatability Study

Factors affecting repeatability include (a) small differences in
locating the beginning and end of the deck in the data from
each pass, (b) deviations in the position of the antenna from
survey to survey, (c) differences in deck conditions and en-
vironmental conditions, and (d) variations in the character-
istics of the radar signal from survey to survey. To investigate
repeatability, three repeat surveys were conducted: the first
by INFRASENSE staff on May 2, one day after rain; the
second by NHDOT personnel under INFRASENSE super-
vision on June 7, 2 days after rain; and the third by NHDOT
personnel alone on August 14, 4 days after rain.

Figure 4 shows the comparisons of the results of the three
surveys for each of the 8 bridges of the network. The figure
shows that the radar analysis is highly repeatable. The average
difference between the three sets of analyses is 1.5 percent,
the maximum difference 3.1 percent.

CONCLUSION

The project has demonstrated that radar can be used to ac-
curately survey bridge decks on a network basis. The data
collection and analysis procedures have been automated and
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FIGURE 4 Repeatability study.

organized so that they can be carried out by state transpor-
tation department personnel with minimum training. The sur-
vey results are independent of survey speed and are objective
and repeatable. The information from these surveys can be
entered into a bridge deck condition data base, which can be
used as an integral part of a BMS. Repeat surveys on the
same decks can be carried out to monitor the progressive
development of problem conditions.
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Use of High Molecular Weight
Methacrylate Monomers To Seal
Cracks in Bridge Decks, Retard
Alkali-Silica-Aggregate Reactions, and
Prime Bridge Surfaces for Overlays

MicHAEL M. SPRINKEL

Presented are the results of a study undertaken to evaluate the
performance of high molecular weight methacrylate (HMWM)
monomers used to (a) treat the cracks and seal the surfaces of
two tined bridge decks, (b) seal the surface of one untined bridge
deck, (c) fill the cracks and seal the surface of a pavement to
retard an alkali-silica-aggregate reaction, and (d) prime the sur-
face of a bridge deck for a polyester styrene concrete overlay.
For the two tined bridge decks, the evaluation was based on data
collected during application, skid tests, permeability tests on cores
removed from decks, petrographic examination of the cracks in
the cores, and inspections of the decks for leaks. The evaluation
indicated that no significant problems were associated with the
application and that the treatments partially filled the top "% in.
of the cracks. However, because of traffic- and temperature-
induced strains across the cracks, the polymer in many of the
treated cracks was cracked after 1 year in service. Even so, the
treatments significantly reduced the permeability to chloride ions
of the top 2 in. of both the cracked and uncracked sections of
the decks. The permeability of cores taken from treated cracked
and uncracked areas after 1 year was 59 and 43 percent, respec-
tively, of the permeability of the untreated bases. After 3 years,
the permeability was 64 and 42 percent, respectively. Study results
indicate that applying HMWM monomers is a practical way to
reduce the infiltration of chloride ions into concrete surfaces with
cracks that are wider than 0.15 mm because of the low cost and
ease with which the treatment can be applied as compared with
a pressure injection of epoxy. Results also indicate that HMWM
monomers can be applied as a prime coat to improve the bond
strength of polyester styrene concrete overlays.

Cracks in concrete can provide water and salt easy access to
reinforcement, which can cause premature corrosion. The use
of an injection of epoxy to seal cracks is costly and time-
consuming; therefore, a more economical method of sealing
cracks is needed. High molecular weight methacrylate
(HMWM) monomers can be applied to the surface of a bridge
deck to seal the concrete and fill and seal the cracks (I —7).
The application is a simple process that does not require spe-
cialized pressure-injection equipment. Typically, a promoter
and an initiator are mixed with the monomer, and the mon-
omer is applied to the cracked surface with a broom or squee-
gee. Aggregate is usually broadcast onto the monomer to

Virginia Transportation Research Council, Box 3817 University Sta-
tion, Charlottesville, Va. 22903-0817.

provide for adequate skid resistance. When cracks are not
closely spaced, the monomer can be applied only to the cracks,
without covering the entire deck surface.

The California Department of Transportation applied
HMWM monomers to seal cracked and deteriorated concrete
in bridge decks, retard alkali-aggregate reactivity, and prime
surfaces before placing a premixed polyester overlay (1,7).
HMWM monomers have been used to seal cracks in a bridge
in Texas (1), a bridge in Iowa (2), and a bridge in Florida
(3), and to extend the life of a continuously reinforced con-
crete pavement in South Dakota that was spalling because of
an alkali-silica-fine aggregate reaction (4).

The Virginia Department of Transportation (VDOT) has
also used HMWM monomers on bridge decks (6). Tests for
recracking strength and filling conducted on concrete speci-
mens prepared in the laboratory indicated that HMWM mon-
omers can be successfully used to seal cracks of variable widths
(0.2 to 2.0 mm) and moisture content (5).

BACKGROUND

A demonstration conducted in 1987 showed that a simple
application of an HMWM monomer was as effective in sealing
some cracks in the tined deck of a bridge on I-81 in Virginia
as a vacuum injection of methacrylate and was more effective
than a pressure injection of epoxy (8). Although none of the
three treatments successfully filled the cracks (typically 0.1 to
0.2 mm wide), a low-modulus HMWM monomer (Rohm &
Haas PCM 1680) filled approximately 50 percent of the vol-
ume of the cracks in the top 4 in. of the deck. It is believed
that a factor in the relative success of using the HMWM
monomer was the time of application—it was applied in the
early morning when the cracks were open. Because of the
time required to prepare cracks for injection, injections of
the other materials were not performed until the afternoon,
when the cracks were closed. The HMWM monomer was
selected to treat the cracks in the deck because of the antic-
ipated low cost: approximately $1/ft, compared with approx-
imately $6/ft for routing and sealing with a low-modulus epoxy,
$20/tt for a pressure injection of epoxy, and $40/ft for a vac-
uum injection of methacrylate (6). In addition, the entire deck
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surface could be sealed with the HMWM monomer for about
$1/ft2.

A meeting was held by VDOT to obtain the input necessary
from FHWA and industry representatives to draft a special
provision for the treatment of the cracks in the decks of the
bridges on I-81 (6). Because it had been noted during the
demonstration that a small amount of the HMWM monomer
had leaked through the cracks into the New River, the special
provision required that the contractor protect traffic, water-
ways, and bridge components from the monomer. It is be-
lieved that the unit price for the treatment was high because
of this requirement, which made it necessary for the con-
tractor to work on the underside of the deck to seal the cracks
or collect the drips.

At least five companies market an HMWM monomer for
use in treating cracks. Four were noted elsewhere by Sprinkel
(6,8), and the fifth, Transpo Industries, Inc. (New Rochelle,
New York), supplied the T-70-M and T-70-X monomers that
were used. Unfortunately, data on the physical properties of
HMWM monomers and concrete are limited, and recom-
mendations for applications differ as a result of the recent
development of the monomers. Therefore, it was necessary
to collect the data needed to revise the special provision to
prescribe the physical properties of the monomers and the
application requirements for future installations. The litera-
ture from the five manufacturers stated that each could pro-
vide an HMWM monomer with a viscosity of 8 to 25 cps
(Brookfield Model LVT Viscometer, Spindle 1 at 60 rpm),
specific gravity of 1.02 to 1.08 at 77°F, low odor, bulk cure
in less than 3 hr at 73°F, surface cure in less than 8 hr at 73°F,
and gel time of 20 to 50 min.

PURPOSE AND SCOPE

The purposes of this paper are as follows:

1. Describe the application of two HMWM monomers on
two tined bridge decks, the condition of the cracks immedi-
ately following the treatments and 1 and 3 years after instal-
lation, and data on the physical properties of the monomers
(6). The evaluations were based on skid tests (ASTM E524),
permeability tests on cores (AASHTO T277), petrographic
examination of cores taken from cracks, and periodic on-site
inspections of the underside of the decks for leaks.

2. Describe the results of using an HMWM monomer to
seal an untined bridge deck.

3. Describe the results of using an HMWM monomer to
fill cracks and seal the surface on a section of I-64 to retard
an alkali-silica-aggregate reaction.

4. Describe the results of using an HMWM monomer as a
primer for a polyester styrene concrete overlay for a bridge
deck.

RESULTS
Tined Bridge Decks on I-81
Description of Application

The two bridges are continuous-span, steel-plate-girder bridges
constructed with prestressed concrete subdeck panels and
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composite, site-cast concrete decks (6). Each bridge has five
plate girders and 10 spans. The southbound travel lane (SBTL)
was opened to traffic in September 1985 and the northbound
travel lane (NBTL) in September 1986. Transverse cracks
were observed in both decks in 1986 directly above the joints
between the subdeck panels. Longitudinal cracks were ob-
served above the girders.

Cracks in two spans treated with a high-modulus HMWM
monomer (T-70-M) and cracks in two spans treated with a
low-modulus HMWM monomer (T-70-X) were evaluated. The
application of the two HMWM monomers was performed in
accordance with the special provision (6) that required the
contractor to protect traffic, waterways, and bridge compo-
nents from the monomer. To satisfy this requirement, the
contractor suspended polypropylene tarpaulins under the decks
from the parapets on each side of the bridges. By using the
tarpaulins to catch drippings, it was not necessary to caulk or
seal the cracks on the underside of the decks. According to
the contractor, no monomer dropped onto the tarpaulins.

The special provision also required that the concrete surface
and the cracks be blasted with oil-free compressed air to re-
move dirt, dust, and other loose material before application
of the monomer. Finally, the special provision required that
the monomer be applied between 1 a.m. and 11 a.m. at a
deck surface temperature between 55°F and 70°F. According
to the inspector, the monomer was applied between sunrise
and 11 a.m. at a deck surface temperature between 51°F and
70°F. On many days, the application was stopped before 11
a.m. because the deck temperature had reached 70°F (6).

Each monomer was mixed in 1- or 2-gal batches and poured
into 2-gal spray cans that were used to apply it to the cracks.
HMWM monomer gels rapidly when contained in large quan-
tities, and therefore 1 gal or less of mixed monomer was placed
in a spray can. The monomer was applied to the cracks at the
rate of 200 ft/gal. According to the inspector, many spray cans
became inoperable because the monomer gelled in the nozzle
or in the line between the nozzle and the container. The
special provision required three applications to each crack.
However, because of the narrow width of many of the cracks
and because the first application tended to seal the top of the
cracks, only the wider cracks received more than one appli-
cation. As can be seen in Figure 1, the deck surface within 3

FIGURE1 HMWM monomer applied to cracks in tined
bridge. To maintain good skid number, excess resin in valleys
must be broomed over deck surface before it gels.
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in. of a crack was usually treated with the resin. When too
much resin was applied to a crack, the excess resin was brushed
over the deck surface before it gelled so that the grooves were
not filled.

Once the cracks were filled, the monomer was applied to
the deck surface to seal the concrete and bring the color of
the deck surface between the cracks close to the color of the
surface in the vicinity of the cracks. The monomer used to
seal the deck surface was mixed in 5-gal batches and applied
with an airless sprayer (see Figure 2).

The monomers were supplied by Transpo Industries, Inc.
and applied by Academe Paving, Inc. The application was
initiated on May 10 and completed on June 2, 1988, with no
significant problems. Only 13 workdays and 17 days of lane
closure were required for the $271,496 contract. The cost was
as follows:

® Traffic control: $39,538 (14.6 percent),

® Crack sealing: 15,000 ft @ $2.97/ft + 226 gal HMWM
@ $85.20/gal = $63,805 (23.5 percent), and

® Deck treatment: 125,656 ft> @ $0.77/ft> + 838 gal @
$85.20/gal = $168,153 (61.9 percent).

Mechanical Properties of HMWM Polymer Specimens

The mechanical properties of the HMWM polymer specimens
are presented in Table 1. The 2-in. cube specimens of T-70-
X and T-70-M were molded at the job site using an ASTM
C33 concrete sand. The sand/monomer ratio was approxi-
mately 4.5 to 1 by weight. Some of the neat tensile specimens
were molded at the job site, and some were molded in the
laboratory of VDOT’s Materials Division. Subsequent to the
treatment of the decks on I-81, other HMWM monomers were
evaluated. Data for specimens of RPM-1100-V polymer that
were molded at the materials laboratory and at a pavement
job site (I-64 in New Kent County) are also presented in
Table 1.

The data for compressive strength and modulus of elasticity
(ASTM C109) shown in Table 1 are typical for cubes of HMWM
polymer and sand. The data for tensile strength, elongation

FIGURE 2 Airless spray guns were used to apply HMWM
resin to surface of tined bridge deck. Note that work crew is
wearing rubber boots and gloves, impermeable coveralls, and
canister breathing masks.
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at break, and modulus of elasticity (ASTM D638) are typical
for very brittle polymers, such as T-70-M, and flexible pol-
ymers, such as RPM-1100-V. On-site inspections in June 1988
revealed many cracks in the T-70-M polymer in the deck
cracks and few cracks in the T-70-X polymer in the deck
cracks. However, it can be seen from the data that the T-70-
X polymer lost most of its flexibility within 15 months, which
may explain the large increase in the number of cracks in the
polymer in the deck cracks after 1 year in service. The T-70-
M specimens were too brittle to test after 15 months. Neat
cubes of T-70-M made during the installation on [-64 shattered
at compressive strengths of less than 3,000 psi when tested at
30 hr and 28 days. On the other hand, neat cubes of RPM-
1100-V were compressed 1 in. without failure when tested at
28 days of age. More flexible polymers such as RPM-1100-V
should do a better job of sealing cracks that move.

Tests on Cores

Cores 4 in. in diameter and approximately 5.5 in. in length
were removed from the NBTL of Spans 6 and 7 (treated with
T-70-X) and Spans 8 and 9 (treated with T-70-M). Twenty-
eight cores were removed in June 1988, and 14 were removed
in July 1989. The cores were taken through transverse cracks,
longitudinal cracks, and concrete that did not appear to be
cracked (see Table 2).

Two 2-in.-thick slices were cut from each core. One slice
was cut from the top 2 in. of each core (“top” in Figure 3),
and the second slice was cut at a depth of 2 1/8 in. to 4 1/8
in. from the top surface (“‘base” in Figure 3). In 1988, the
cores were taken in pairs approximately 2 ft apart along cracks
selected for evaluation. Two slices from one core in each pair
were subjected to rapid permeability tests, and two slices from
the other core were subjected to a tensile splitting test.

After the rapid permeability tests were conducted, a slice
%4 in. thick, 2 in. wide, and approximately 4 in. long was cut
from each permeability specimen. The slice was cut in the
vertical plane and perpendicular to the crack in the specimens
with the cracks (see Figure 3). Both surfaces were polished
and examined under the microscope so that the width of the
crack could be measured as a function of depth and so that
the percentage of the crack width that was filled with HMWM
monomer could be recorded as a function of depth. Forty-
eight cracked surfaces were examined in 1988; none were
examined in 1989.

The two segments that were left after the center slice was
cut from each permeability specimen were subjected to a
flexural test. A total of 56 specimens were tested in flexure
in 1988; none were tested in 1989.

After the permeability tests on cores taken in 1989, the
specimens were subjected to a splitting tensile test, and, there-
fore, 14 cores did not have to be taken for splitting tensile
tests in 1989. The intent of the tests on the cores was to obtain
as much information as possible from as few cores as possible.

Permeability to Chloride Ion The results of the tests for
the permeability to chloride ion (AASHTO T277) of slices of
cores 2 in. thick taken in 1988 and 1989 are presented in Table
3. A value of 1,000 to 2,000 C is considered to represent low
permeability; 2,000 to 4,000, moderate; and more than 4,000,
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TABLE 1 Mechanical Properties of Specimens of HMWM Polymer
Young’s Medulus
Strength El ti of Elasticity®
(psi) at Break (%) | (Ib/in®x 10%)
Specimen Type Age X s b4 8 X 8
T-70-M wortar cubes 2mo 6,420 660 - = 240 65
T-70-M mortar cubes 15 mo 6,500 330 — = 266 24
T-70-M mortar cubes 3yr 6,440 12 — — — —
T-70-X mortar cubes 2 mo 8,000 160 _ — 20.3 2.7
T-70-X mortar cubes 15 mo 8,640 590 —_ 265 63
T-70-X mortar cubes 3yr 8,680 176 —_ —_ _— —_
T-70-M neat tensile 7 day 216 106 0.5 03 440 037
T-70-M neat tensile 16 mo — —_ - — e -—
T-70-X neat tensile 7day 3,036 402 | 54 08 5.80 0.47
T-70-X neat tensile 15 mo 881 397 13 04 6.77 1.06
T-70-X neat tensile 3yr 47 7 | 21 13 3.79 348
RPM-1100-V neat cubes® 28day | 4,260 360 - = - =
RPM-1100-V mortar cubes 28 day 7,390 14 —_ —_ —_— —
RPM-1100-V neat tenasile 7 day 2,900 230 202 5.0 — —
*Measured at <0.004 in./in, for cubes and <0.06 in./in. for tensile specimens.
bAt 1-in. deflection.
TABLE 2 Tests Conducted on Tined Bridge Cores
Number of Permeability | Petrographic Flexural Tensile
Type Crack Cores Taken Tests Examinations Tests Splitting Tests
in Core 1988 1989 | 1988 1989 | 1988 1089 | 1088 1989 | 1988 1989
Transverse 16 8 16 16 32 o 32 0 16 16
Longitudinal | 8 4 8 8 16 0 16 0 8 8
None 4 2 4 4 0 0 8 ) 4 4
Total 28 14 28 28 46 0 56 0 28 28
fe— 4 — high. The data in Table 3 show that the average permeability
CRACK - LT of the top 2 in. of the cores taken in 1988 was 44 percent of
e Tor |2 that of the base concrete, and for cores taken in 1989, it was
SAW 52 percent of that of the base concrete. No tests were per-
cut formed on base concretes in 1991, but the average permea-
BASE | o+ ! ! bility of the top 2 in. of the cores was 57 percent of the average
! | SRS of the bases tested in 1988 and 1989. The permeability in-
FLEXURAL TEST SETUP crea§ed afte.r 1 and 3 years in service, p.robably as a re.:sult of
L A traffic wearing away the HMWM coating and cracking the
i : ‘ HMWM polymer in the cracks. However, the protection pro-
H TINED TEXTURE . .
1 i vided by the T-70-X polymer has not changed much in 3 years.
: \: 12 The data in Table 3 also suggest that after 1 and 3 years
] - the permeability of the cracks treated with T-70-M had in-
Zﬂ:“?&ﬁfgﬁ"c | |_far creased more than the permeability of the cracks treated with
/ 11 . T-70-X, which was expected because the T-70-X is more flex-
S i ible than the T-70-M. In addition, the permeability of the

SAW CUT

T

TENSILE SPLITTING

TEST SETUP

FIGURE 3 Sketch of test specimens obtained from tined

bridge cores.

transverse cracks had increased more than that of the longi-
tudinal cracks after 1 year, as was expected because the trans-
verse cracks moved more than the longitudinal cracks. How-
ever, after 3 years, the permeability of the longitudinal cracks
had also increased. It is not known why the average perme-
ability for the base concrete without cracks was higher than

TABLE 3 Permeability of Tined Bridge Cores to Chloride Ions

(Coulombs)
1988 1989 1991
HMWM | Top Top/ | Top Top/ | Top Top/
Type Crack | Monomer | 2in. Base Base | 2in. Base Base | 2in. Base Base
Transverse Both 1,669 3,628 47 (1,980 2,444 81 [2,187 2986 73
Longitudinal Both [1,373 3,570 .38 |1,391 3,612 .39 |2,039 3,691 .57
Both Both |1,670 3,639 .44 |1,784 3,028 .59 (2,113 8,284 .64
None Both |1,297 3,850 .34 |1,908 4,404 43 [1,718 4,127 42
All specimens | T-70-X |1,427 3,416 42 |1496 3,013 .50 |1,660 3,215 .48
All specimens | T-70-M |1,635 3,671 46 |2,107 3,960 .63 |2412 9.766 .64
All specimens Both |1,691 3,497 44 |1,801 3487 .52 [1,981 3,492 .57
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the average for the concrete with cracks. The lower perme-
ability of the cracked specimens cannot be attributed to the
HMWM monomer because little monomer penetrated the
cracks to a depth of 2 to 4 in.

Petrographic Examinations Figures 4 and 5 show the re-
sults of petrographic examinations of vertical, polished cracked
surfaces obtained by cutting a slice % in. wide from the top
2 in. and next 2 in. of each of 12 cores (see Figure 3). Both
cut surfaces were polished and examined under the micro-
scope, and, therefore, 48 surfaces were obtained from 12 cores
taken through cracks in 1988. No petrographic examinations
were performed in 1989.

Figures 4 and 5 show the average width of the cracks as a
function of depth and the average width that is filled with
HMWM monomer. The transverse cracks were typically wider
than the longitudinal cracks. The following can be seen from
Figures 4 and 5:

® Many of the cracks are much wider at the surface than
throughout the top 4-in. depth of the deck.

® The cracks are very narrow (less than 0.2 mm), except
on the surface.

© The HMWM monomer did not fill the cracks very well
at depths greater than 0.5 in. from the surface.

® There is no difference in the performance of the mono-
mers (T-70-X versus T-70-M) from the standpoint of per-
centage of crack width filled as a function of depth.

Laboratory work (5) indicated that the monomer worked
well for cracks 0.2 to 2.0 mm wide. It is unlikely that any
currently available crack-filling technique would have led to
the cracks being filled more because of the narrow width of
most of the cracks. Fortunately, the American Concrete In-
stitute (ACI) indicates that cracks up to 0.18 mm wide are
tolerable in concretes that are exposed to deicing chemicals
and therefore do not need to be sealed (9). Because of their
low viscosity, penetrating sealers (such as silanes or siloxanes)
may have done a better job of sealing the walls of the cracks.
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FIGURE 4 Average crack width and crack width filled versus
depth (tined bridge), all cracks, Spans 6 and 7 (T-70-X). At
surface, average fill width = 1.09 mm and average crack width
= 1.26 mm.
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FIGURE 5 Average crack width and crack width filled versus
depth (tined bridge), all cracks, Spans 8 and 9 (T-70-M). At
surface, average fill width = 0.12 mm and average crack width
= 0.12 mm.

To see the relationship of crack width and the percentage
of crack width filled, cracks were grouped according to width
for each of the depths from the surface for which measure-
ments were made:

@ At the surface, most cracks were 95 percent filled, re-
gardless of width.

® At a depth of Y4 in. from the surface, cracks wider than
0.15 mm were 92 percent filled, but cracks 0.15 mm wide or
narrower were 44 percent filled.

® At a depth of ¥ in. from the surface, cracks wider than
0.15 mm were 57 percent filled, but cracks 0.15 mm wide or
narrower were 35 percent filled.

e At depths of 2 in. or more from the surface, the data
were too variable to draw conclusions, but most cracks were
filled less than 20 percent, and no HMWM polymer was found
at depths of more than 2" in. However, one crack as narrow
as 0.05 mm was 100 percent filled at a depth of 1 in.

Flexural Tests As shown in Figure 3, the portions of the
cores that were left after a slice was cut for petrographic
examination were subjected to a three-point flexural test to
determine the degree to which the HMWM monomer treat-
ment had bonded the sides of the cracks together and restored
the flexural strength of the concrete. A modulus of rupture
was computed for each specimen using the ASTM C293 for-
mula as follows:

R = 1.5 Pilbd?

where

R = modulus of rupture,

P = maximum applied load,

! =3in.,

b = 2in., and

d = depth of specimen at point of fracture.

The treatment did not restore the flexural strength of the
concrete. The average modulus of rupture was 110 psi for the
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cracked specimens, compared with 990 psi for the uncracked
specimens taken from the top 2 in. of the cores in 1988. The
results were expected, considering that the HMWM monomer
did not completely fill the cracks (6).

The surfaces of the failed specimens were examined to de-
termine the location of the failure. For the cracked specimens,
no failures occurred in the concrete, and all failures occurred
through the cracks. On the average, 40 percent of the failed
surfaces from the top 2 in. of the cores were coated with
polymer and 60 percent were coated with dust, road dirt, and
carbonation. Of the failed surfaces from the base slices, 100
percent were coated with dust, road dirt, and carbonation,
and no polymer was observed. Because of the foreign material
in a crack in a structure that is in service, it is unlikely that
any crack-filling technique can bond the crack surfaces to-
gether unless a technique is developed to clean the surfaces
of the crack before the filling operation. The restoration of
flexural strength in laboratory specimens (5) can be attributed
to the fact that the surfaces of the cracks were clean before
the treatment because the specimens were fabricated, broken
in flexure, put back in molds, treated with HMWM monomer,
and broken in flexure a second time. No flexural tests were
done on cores taken from the bridge deck in 1989.

Tensile Splitting Tests

In 1988, slices 2 in. thick were cut from one core for each
pair of cores taken along a crack and from one-half of the
cores taken through uncracked concrete. The slices were sub-
jected to a tensile splitting test as described in ASTM C496
and shown in Figure 3. The specimens were loaded at the rate
of 2,000 Ib/min, and the tensile splitting strength was com-
puted as 2P/ld, where P is the applied load, /is 2 in., and d
is 4 in. In 1989, tensile splitting tests were conducted on the
specimens that had been subjected to the rapid permeability
test because the specimens were not needed for petrographic
examinations and flexural tests. Test specimens with an //d
ratio of at least 1 as required by ASTM C 496 could not be
tested because the HMWM did not fill the cracks at depths
greater than 2.0 in.

Similar values in the range of 420 to 670 psi were found for
the cracked and uncracked specimens in 1988 and 1989, which
suggests that the HMWM monomer restored the tensile strength
of the concrete across the crack. However, this result is not
supported by the petrographic examinations or the flexural
test results. Evidently, the test subjected the cracked surfaces
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to shear instead of tension, and there were enough irregu-
larities between the surfaces that shear stresses were trans-
ferred as well as in the uncracked concrete. Approximately
30 percent of the failures in the cracked specimens occurred
in the concrete in 1988 and 1989. The failures that occurred
through the cracks provided surfaces that were coated with
polymer, dust, road dirt, and carbonation.

Skid Resistance

Skid tests were conducted at 40 mph using the bald tire (ASTM
E524) and the treaded tire (ASTM E501). Tests were done
with the bald tire in the summer of 1988, following the treat-
ments, and with both tires in 1989. As can be seen from the
data in Table 4, the treated surfaces have an acceptable skid
resistance. The acceptable skid resistance (bald tire numbers
greater than 20) can be attributed to the tined texture of the
deck surface and the fact that the HMWM monomer did not
fill the valleys in the texture. The application of sand (1 Ib/
yd?) may have had a minor effect.

Visual Inspections

The inspector made visual inspections of the underside of the
bridges during periods of rain for 1 year following the treat-
ments. According to the inspector, some leaks were noted on
Spans 6—9 of the NBTL, but he attributed the leaks to the
holes caused by taking cores from the deck. An inspection
by the author in the spring of 1989 revealed efflorescence next
to the joints between the subdeck panels on approximately
50 percent of the joints on the NBTL. Very little efflorescence
was noted on the underside of the deck on the SBTL. The
efflorescence was more prevalent in the negative moment
areas, as was expected. There was not a clear difference be-
tween the quantity of efflorescence under Spans 6 and 7 as
compared with Spans 8 and 9. The design of the continuous-
span structure and the large amount of deflection under traffic
likely accelerated the cracking of the polymer in the cracks.

Untined Bridge Deck
Rohm & Haas PCM 1100 and 1500 monomers were applied

to the eastbound lane of two spans of an untined bridge on
Route 601 over Polecat Creek in June 1986. Approximately

TABLE 4 Skid Numbers at 40 mph in Travel Lane

Sand " 5kid Numbers
HMWM Application | Treaded Tire Bald Tire
Structure Spans Treatment (b/yd?) 1987 1989 | 1087 1988 1989

1-81 Deck 6&7 T70-X2 1 — 48 — 3 36
1-81 Deck 8&9 T-70-M2 1 — 45 — 37 35
1-64 Pavement _ R & H 1540 0 A 7 = =
1-64 Pavement —_ R & H 1640 0.3 39 - 89 - —
1-64 Pavement — R & H 1540 1.0 66 — 47 - —
1-64 Pavement —_ R & H 1540° Excess 62 —_ 659 —_ -
1-64 Pavement — R & H 15404 Excess 61 — 89 — —
1-64 Pavement —_ None 0 46 —_ 24 _— -

150 ft¥/gal.

b126 ft/gal.

58 ft¥/gal.

438 ft2/gal,
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20 to 30 min after the deck was flooded with the HMWM
monomers and before gelation of the monomers, the deck
was covered with an excess of dry grade A silica sand (= No.
16 sieve size, Table 1I-19, VDOT Road and Bridge Specifi-
cations, July 1982) to provide a good skid number. Class I
waterproofing (VDOT Road and Bridge Specifications, July
1982) was applied to all other areas of the deck. The sections
with the HMWM monomers and the Class I waterproofing
were opened to traffic at the end of each workday. The results
of tests conducted on the overlays in July 1987 and November
1989 are presented in Table 5. The results are based on the
average of three tests on each overlay. It can be seen from
the data in Table 5 that the HMWM monomer treatment is
performing almost as well as the Class I waterproofing (EP5-
LV epoxy sand overlay). However, in 1989 the HMWM treat-
ment had all been worn away in the wheel paths, whereas the
epoxy overlay was in place. Therefore, epoxy overlays should
be used when it is necessary to increase the skid resistance of
a bridge deck.

Pavement with Alkali-Silica-Aggregate Reaction

Test sections were placed in June 1986 and August 1987 on
the untined westbound travel lane of I-64 in Louisa County
near Route 616 and in October 1989 on the tined eastbound
and westbound travel lanes of 1-64 in New Kent County.
Monomer was also applied with a squeeze bottle to individual
cracks in June 1986.

The applications placed in June 1986 were removed the
following year when the concrete was replaced. Cores taken
through the cracks following the treatments indicated that the
monomer partially filled the top 1 in. of the cracks.

The 50-ft sections placed in August 1987 were tested for
skid resistance in September 1987. The relationship between
the skid number and the sand application rate can be seen in
Table 4. Sections placed with 0 and 0.3 lb/yd® of sand were
removed before the opening of the pavement to traffic. Most
of the sand placed on the other sections was in place in 1991.

The twenty 100-ft test sections placed in October 1989 are
currently under evaluation. Monomers applied to these sec-
tions included Revolan RPM-1100-V, Transpo T-70-M, and
Sika Pronto 19.
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Bridge with Polyester Styrene Concrete Overlay

A multiple-layer polyester concrete overlay was placed on a
33-span bridge on Route 33 in September and October 1988
(6). Approximately 1 hr before the placement of the first layer
of the overlay on the westbound lane, a primer was placed
on each of 6 spans.

The following materials were used in the installation:

® Primer, Span 7: a general purpose, one-component poly-
urethane primer called Deco-Rez Type [ supplied by General
Polymers;

® Primer, Span 8: a three-component high-modulus HMWM
primer called T-70-P supplied by Transpo Industries;

® Primer, Span 9: a three-component low-modulus HMWM
primer called T-70-X supplied by Transpo Industries;

@ Primer, Span 10: a three-component low-modulus HMWM
primer called RPM-1100-V supplied by Revolan Systems;

® Primer, Span 11: a three-component HMWM high-mod-
ulus HMWM primer called RPM-2000 supplied by Revolan
Systems (routinely used as a primer for polyester overlays in
California);

® Primer, Span 12: a three-component medium-modulus
HMWM primer called RPM-2000XT supplied by Revolan
Systems;

® Polyester resin: a one-component, general purpose,
unsaturated polyester resin called 32-044 supplied by Reich-
hold Chemical; and

@ Aggregate: a No. 8 to No. 20 graded, dry, angular-grained
silica sand.

Tensile adhesion tests (ACI 503R) were conducted on each
of 9 spans of the bridge: 3 spans with no primer and 6 spans
with primer at the ages of 27 days, 1 yr, and 3 yr. The tests
showed that the average tensile rupture strength at 27 days,
1 yr, and 3 yr was significantly greater for the spans that
received the primer (see Table 6). On the basis of the test
results, it is recommended that a primer be used for all
multiple-layer polyester concrete overlays. A special provi-
sion for a multiple-layer polyester/methacrylate overlay sys-
tem that consists of a first course of HMWM monomer and
two courses of polyester was prepared (6).

TABLE 5 Test Results for Untined Bridge

Average Tensile Failure at Permeability of | Permeability of
Rupture Strength | Bond Interface Top 2 in. Base Concrete
(psi) (%) © (&}
Overlay 1987 1989 1987 1989 | 1987 1989 | 1987 1989
HMWM 294 4563 20 83 1,301 1,629 |7,189 5,640
EP5-LV 176 342 63 47 1,087 1,187 —_ 6,447

TABLE 6 Tensile Rupture Strengths of Bridge Spans with Overlay

Average Strength (psi)

Span Primer 1988 1989 1991
7 Polyurethane 361 366 199
8 T-70-P 361 360 204
9 T-70-X 268 284 242
10 RPM-1100-V 363 181 179
11 RPM-2000 338 298 194
12 RPM-2000-XT 366 307 183
6,13, 14 None 186 229 103
7-12 All 341 298 200
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CONCLUSIONS

1. On the basis of inspections of cores, it is estimated that,
on average, the HMWM monomer filled 95 percent of the
crack width at the surface. Cracks wider than 0.15 mm were
92 percent filled at a depth of % in., 57 percent filled at a
depth of 2 in., and less at greater depths. Cracks 0.15 mm
or less in width were 44 percent filled at % in., 35 percent
filled at %2 in., and less at greater depths. HMWM monomer
was observed at depths up to 2% in. and in cracks as narrow
as 0.05 mm.

2. The HMWM monomer probably did not penetrate and
fill the cracks more completely because of the narrow width
of the cracks, less than 0.2 mm on average. Cracks that are
wider than 0.2 mm are better candidates for the HMWM
monomer treatment.

3. The HMWM monomer treatment did not restore load
transfer across the cracks because the monomer only partially
filled the cracks and because of the dust, road dirt, and ef-
florescence on the cracked surfaces. Because of contaminants
on the walls of cracks in structures in service, it is unlikely
that crack treatments of any type can bond the sides of cracks
together.

4. The HMWM monomer treatment reduced the permea-
bility of the cracked and uncracked concrete to chloride ion.
The reductions were greater for the longitudinal cracks than
for the transverse cracks, particularly after 1 year in service.
After 3 years, the protection provided by the T-70-M polymer
had decreased, but that provided by the T-70-X polymer had
not changed much.

5. Acceptable skid numbers were obtained when the HMWM
monomer was applied to a tined texture and when an excess
of sand was applied to the HMWM monomer applied on
untined surfaces. ’

6. HMWM monomer can be applied as a prime coat to
improve the bond strength of polyester styrene concrete
overlays.

RECOMMENDATIONS

1. The application of HMWM monomers such as T-70-X
should be considered when it is necessary to reduce the in-
filtration of chloride ions into cracked concrete surfaces, with
cracks having a width of 0.15 mm or more.
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2. HMWM monomers should be used as a prime coat to
improve the bond strength of polyester styrene overlays.
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Inclusion of Rebar Corrosion Rate
Measurements in Condition Surveys of

Concrete Bridge Decks

GERARDO G. CLEMENA, DoNALD R. JacksoN, AND GARY C. CRAWFORD

The benefits derived from measuring rebar corrosion rates in
existing concrete bridge decks as part of condition surveys were
examined using data collected from several bridge decks by tra-
ditional inspection methods. Rebar corrosion rates correlated rea-
sonably well with metal losses observed in rebar specimens. Fur-
ther, it appeared that a metal loss of 3 percent to 6 percent by
weight may be the threshold metal loss necessary to initiate de-
lamination in reinforced concrete decks. However, because rebar
corrosion rates also vary with location in a deck and with temporal
fluctuating conditions in the concrete, their use in estimating the
remaining service life for concrete decks will be questionable until
an appropriate methodology for determining the representative
rebar corrosion rate for a deck and relating such to service life
has been developed.

Corrosion of embedded rebars is the primary cause of pre-
mature concrete deterioration in concrete bridge decks.
Therefore, a combination of inspection methods, such as vis-
ual inspection for concrete cracks and spalls, sounding for
delamination by chain drags or other techniques (I —4), mea-
surement of half-cell potentials (ASTM C876), chemical anal-
ysis of concrete samples for chloride contents (5,6), and use
of a pachometer for measurement of concrete cover, are used
in condition surveys of bridge decks. Together, the first three
inspection methods provide reasonably thorough information
on the extent of the concrete deterioration already existing
in a deck. The information provided by the remaining meth-
ods allows the bridge maintenance engineers only to guess
what may happen to the rest of the deck in the near future.
To eliminate such guessing by allowing the engineers to pre-
dict, with reasonable certainty, the amount of possible future
corrosion damage to the rebars and the concrete would re-
quire a method for measuring the existing rate of rebar cor-
rosion, which governs the rate of concrete deterioration. Such
a method can also be useful in assessing the effectiveness of
the various deck repair or treatment procedures in controlling
rebar corrosion.

Responding to this need, FHWA sponsored a study at the
former National Bureau of Standards that led to the devel-
opment of a prototype portable device for measuring the cor-
rosion rate of rebars in concrete in the field (7). Through
adaptation of the three-electrode linear polarization (3LP)

G. G. Clemena, Virginia Transportation Research Council, Box 3817
University Station, Charlottesville, Va. 22903-0817. D. R. Jackson,
Federal Highway Administration, 6300 Georgetown Pike, McLean,
Va. 22101. G. C. Crawford, Federal Highway Administration, 400
7th Street, S.W., Washington, D.C. 20590.

resistance technique, this device measures potentiostatically
the DC polarization resistance of a rebar, from which the rate
of corrosion of the rebar is calculated by using the Stern-
Geary (8) equation:

BB, dl _  dI

I, =—2f—m— = — 1
“r 2.3(B, + B))dE dE )
where
1., = corrosion current (mA),
(dl/dE) = slope of polarization plot (mA/mV),

B, = anodic Tafel coefficient,
B, = cathodic Tafel coefficient, and
k = formula constant.

To facilitate its routine use in the field, this prototype
3LP device was modified and made available commercially by
Clear (9).

The electrical resistance measured by this polarization tech-
nique includes the resistance of the concrete itself, which
could contribute to considerable error in the calculated cor-
rosion rate if not corrected for. The powerful AC impedance
technique, which uses AC signals of varied frequencies to
polarize the rebar, overcomes this problem by allowing sep-
arate measurement of the resistance of the concrete and, in
addition, provides insight into the mechanism of the corrosion
reactions (/0). However, the technique requires complex data
interpretation, which makes transfer of this technique from
the laboratory to the field less practical than the DC polari-
zation technique. For this reason, only the 3LP device was
used in this study to measure rebar corrosion rate.

To predict future damage, the ability to measure the rebar
corrosion rate in bridge decks alone is not adequate because,
similar to half-cell potentials, the corrosion rate can be ex-
pected to vary with both location and time. Because of non-
homogeneity in concrete, rebars at different locations are
exposed to varied corrosive conditions and, therefore, undergo
corrosion at different rates.

The corrosion rate of rebars at any location, in turn, changes
with time—reflecting the seasonal fluctuations of variables
such as moisture and oxygen content in the concrete and
temperature. It is also possible for an increase of chloride
concentration in the concrete with time to influence the cor-
rosion rate. Therefore, a measured corrosion rate is valid for
only the time during which the measurement was made. It is,
therefore, necessary to take into consideration these possible
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fluctuations of rebar corrosion rates in bridge decks when
attempting to estimate future corrosion damage in terms of
projected metal loss in the rebars and its resulting damage to
the surrounding concrete.

To facilitate the understanding of the manner in which the
rebar corrosion rate may fluctuate with location in a deck,
the authors collected and analyzed data from several concrete
decks using the 3LP method and various other traditional
inspection methods. This paper describes the collection and
analysis of these data. It also discusses data obtained from
semicontinuous monitoring for more than a year of the cor-
rosion rates of rebars in three fabricated concrete slabs that
contained a high concentration of chloride. These data were
intended to shed light on the manner with which the rebar
corrosion rate may fluctuate seasonally.

EXPERIMENTAL PROCEDURES
Deck Surveys

In conjunction with another study that involved a half-cell
potential survey of bridge decks, five concrete bridge decks
were used in this study. During the survey on each deck, a
preliminary sounding was conducted to allow selection of a
survey area that included numerous delaminated areas. A
square survey grid of 2.5-ft spacing was then marked on the
selected area for detailed inspection through the use of various
traditional inspection methods.

Traditional Inspection Methods

The traditional inspection methods used included visual in-
spection, sounding with chain drags and a hammer, and mea-
surement of half-cell potentials. Visible concrete distresses
such as cracks (especially those above the transverse rebars)
and spalls were recorded and carefully mapped to within 2
in. Chain drags and a hammer were used to detect concrete
delaminations, which were similarly mapped to within 2 in.

Survey of Rebar Corrosion Rates

The modified 3LP device was used to measure rebar corrosion
rates in each deck. Because of the amount of time (at least
2 min) required to perform the measurement at each location,
or grid point, a grid spacing of 5 ft was used.

To measure the corrosion rate of a rebar at each grid point,
the location and depth of the nearest rebar were determined
with a pachometer. A probe assembly, which consisted of a
pen-sized Cu/CuSO, reference electrode and a surrounding
counter electrode that was made of a sponge-encased copper
mesh, was then placed directly above the rebar. The probe
assembly was then connected to the rebar network in the deck
and to the 3LP device, and procedures were conducted to
measure the polarization resistance of the rebar. These pro-
cedures, described by Clear (9), essentially entailed incre-
mental polarization of the rebar to achieve potential shifts of
4, 8, and 12 mV (in ascending order) and noting of the re-
spective amounts of direct current needed to be applied through
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the counter electrode to effect these potential shifts. Using
these data, the linear polarization resistance (dFE/dl), which
is the slope of the “best-fitting” line, was calculated. Assum-
ing a formula constant of 41, as suggested by Clear (9), the
corrosion current was calculated from Equation 1. To allow
comparison, the calculated corrosion current (in milliam-
peres) was instead expressed in terms of corrosion current
density ({,) (i.e., current per unit area of rebar, which was
under the influence of the counter electrode), by using the
following formula:

1 3671
I p— corr = corr 2
a= =g 2
where

1, = corrosion current density (mA/ft?),

A = surface area of rebar (ft?),

B = equivalent bar size (number of eighths of an inch),
and

K = rebar length beneath the counter electrode (in.).

The calculated corrosion current densities were then plotted
in iso-contour lines for each deck.

After completion of each survey, the rebars at several se-
lected locations were extracted by partial concrete coring for
examination and determination of the thicknesses of concrete
cover and accumulated metal or weight losses as a result of
corrosion. The criterion used in the selection was that the
measured corrosion rates of the rebars at these selected lo-
cations must closely represent the range of corrosion rates
observed in the survey area.

The following procedures were used to determine the metal
loss on each piece of extracted rebar:

1. The rebar was thoroughly cleaned by careful chipping
with chisels and light sandblasting to remove corrosion prod-
ucts and the portion weakened by pittings.

2. The curved ends of the rebar were cut off to provide
straight ends that facilitated measurement of the length (L)
of the rebar, which was then made with a caliper to the nearest
0.01 in.

3. Using a top-loading balance, the weight of the rebar (W)
was then measured to the nearest 0.01 g. The weight was
divided by 453.6 to convert to pounds.

4. The metal loss of the rebar, in percentage by weight,
was then estimated by using the following relationship:

ML =100 x [(W/L)] — [(W/L)J/(WIL), 3)
where
ML = metal loss,
(W/L), = final weight per unit length (Ib/in.), and

(WIL), = estimated initial weight per unit length of the

rebar (Ib/in.).

The (W/L), was assumed to be the same for all extracted
rebars in each survey area and was the average weight per
unit length of two extracted rebars from each survey area that
had no visible sign of corrosion. The major sources of errors
in each estimate of metal loss included the cleaning of the
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rebar specimens (overcleaning or undercleaning) and the es-
timation of (W/L), for each deck sampled. It was estimated
that the combined error was at least 1.2 percent by weight.

Monitoring Rebar Corrosion Rates in Concrete Slabs
Fabrication of the Concrete Slabs

Three reinforced concrete slabs (3 ft x 3 ft), each with a
different thickness of concrete cover (1, 2, or 3 in.) over the
top-mat rebars, were fabricated according to the plan shown
in Figure 1. The concrete mixture used was a Virginia De-
partment of Transportation Class A4 concrete (17). To ac-
celerate corrosion of the top-mat rebars, enough NaCl was
added to the concrete mixture for the top 3-in. layer of each
slab to yield a chloride ion concentration of 10 Ib/yd® of
concrete.

To allow measurement of the temperature and moisture
content of the concrete, thermocouples and calibrated soil
moisture probes were installed in each slab at two locations
shown in Figure 1.
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Monitoring of Slabs

The slabs were allowed to cure outdoors for at least 60 days
before the corrosion rate of the rebars, the concrete temper-
ature, the moisture in each slab, and the outdoor air tem-
perature were monitored. Measurements of the rebar cor-
rosion rate in each slab were restricted to the two same rebars
(see Figure 1) throughout the monitoring period, during which
the slabs were exposed to the outdoor environment. The mon-
itoring lasted for approximately 16 months—from December
1989 to April 1991.

RESULTS AND DISCUSSION

The accuracy of the corrosion rates as determined by the
commercial 3LP device was uncertain. This is due to uncer-
tainty on the appropriateness of the suggested values of some
parameters (9) used in the calculation of the corrosion rate,
namely the Tafel constants (B, and B,) and the surface area
of the rebar that was actually under the influence of the counter
electrode during each measurement. A recent comparison
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FIGURE 1 Outdoor-exposed concrete slabs used to monitor
variation of rebar corrosion rate with seasons.
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with other similar devices indicated that the corrosion rate
values obtained with 3LP devices may be relatively high (12).
Nevertheless, the calculated corrosion rates for each survey
area were at least suitable for internal comparison.

Variation of Rebar Corrosion Rate With Location

As expected, the corrosion rates of rebars across a concrete
bridge deck varied. This variation is shown in Figure 2, which
shows the contour map of the rebar corrosion rates observed
in the survey area of Structure 09302, These corrosion rates
ranged from 0.11 to 4.5 mA/ft?, or 0.054 to 2.2 mil/year.
(Higher corrosion rates have been observed in other decks.)
This typical contour map shows the presence of several areas
wherein rebars corroded at relatively high rates. The orien-
tation of these active areas coincided with the orientation of
the transverse top-mat rebars of the deck, which are typically
the ones to corrode first. As Figure 2 shows, the concrete at
many of these active areas was already deteriorated, as evi-
denced by the presence of transverse cracks and delamina-
tions. That is not unexpected. The structure had been in serv-
ice for approximately 20 years at the time of the survey, and
the rebars may have been corroding for at least 10 years.
This variation in rebar corrosion rate with location has im-
plications for how a survey of corrosion rates should be con-
ducted for a bridge deck. Because the benefit of such a survey
is to allow prediction of when the rebars will reach the thresh-
old corrosion necessary to damage the concrete, it is obviously
of no use to measure the corrosion rates in concrete that is
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already damaged. Therefore, if a deck does not yet show any
sign of corrosion-related damage in the concrete, the survey
of rebar corrosion rates should be conducted over the entire
deck; otherwise, the survey should be limited to the portions
of the deck that are still undamaged. A combination of sound-
ing and a survey of half-cell potentials can be used to screen
out the damaged areas before a survey of corrosion rates (see
other paper in this Record by Clemeia et al.).

Once a survey has been completed, analysis of the observed
corrosion rates would require use of appropriate statistical
parameters. As shown in Figure 3, which shows the frequency
distributions for the study areas in Structure 09302 and two
other decks, the rebar corrosion rates in a bridge deck tend
to assume a log-normal distribution instead of a normal dis-
tribution. Similarly, half-cell potentials in concrete bridge decks
have been observed to assume log-normal distributions, with
rare exceptions (see other paper in this Record by Clemeria
etal.). Therefore, the use of statistical parameters appropriate
to a log-normal distribution (such as a geometric rather than
arithmetic mean) would avoid an erroneous estimation of the
severity of the rebar corrosion rates in a bridge deck.

Correlation Between Corrosion Rate and Metal Loss

The variation in rebar corrosion rate with location in a con-
crete deck, as shown in Figure 2, also raises an interesting
question: Is there any possible relationship between the in-
stantaneous corrosion rates that are obtained during a survey
and the current physical condition of the rebars? To provide
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FIGURE 2 Contour map of rebar corrosion rates (mA/ft?) observed in a section of Structure 09302.
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FIGURE 3 Frequency distributions of rebar
corrosion rates observed in three concrete bridge
decks.

an answer, it is necessary to examine the relationship between
corrosion rate and severity of corrosion damage to a rebar or
the extent of metal loss on the rebar. The metal loss (ML)
on a rebar is, simply stated, an accumulated damage that is
a direct function of the individual durations (7%) of corrosion
(e.g., in number of years) on the rebar and the corresponding
individual average annual corrosion rates (Ri).

ML = > Ri x Ti 4

If the annual corrosion rates were assumed to be practically
uniform since the initiation of corrosion, then

ML=Rx>Ti=RXTt 6)
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where Tt is the total duration of corrosion experienced by the
rebar. Equation 5 states that, if all the rebars in a deck started
to corrode at different times and at different rates, the metal
losses on the rebars at any time would not likely correlate
with their corrosion rates alone.

However, correlations between metal losses and rebar cor-
rosion rates alone appeared to exist for the bridge decks stud-
ied, at least for rebars from the same deck. For example,
when the rebars at several selected grid points in the survey
area in Structure (09302 were examined, it was observed that
the severity of the damage on each rebar was visually directly
related to the measured corrosion rate of the rebar (see Table
1). When the damage on the rebar was expressed quantita-
tively in terms of metal loss, it showed a significant degree of
correlation (coefficient of 0.89) with the corrosion rate, as
shown in Figure 4.

A similar correlation was found in the data for the other
survey areas, although the degree of correlation appeared to
vary from one deck to another (0.81 to 0.99). This implies
that corrosion of at least the majority of the rebars in each
deck studied started at about the same time. That is, Tt was
practically the same for the majority of the rebars in a deck;
therefore, any difference in the metal losses of the rebars at
different locations in a deck was due mostly to differences in
the (average) corrosion rates. This also indicates that it could
be possible to predict future metal losses (and concrete dam-
age) in statistical terms if the distribution of corrosion rates
in a deck could be determined.

Incidentally, when the data from all the deck areas were
combined, the resulting correlation between rebar metal loss
and corrosion rate was reasonably good and had a correlation
coefficient of 0.85 (see Figure 5). Although even less ex-
pected, such correlation was not impossible because the ages
of these decks were similar (i.e., 19 to 23 years of service).

It is possible to equate metal loss and damage in a concrete,
even in a very generalized manner, if a threshold metal loss
at which concrete in bridge decks begins to fracture (due to
the pressure of the corrosion products) is known. A range of
typical threshold metal losses may have to be determined
because the threshold is likely to vary among decks as a result
of differences in the strength of the concrete and the thickness
of the concrete cover over the rebars. Examination of the
condition of the concrete and the rebars in the limited number
(30) of concrete cores extracted in this study indicated that
the threshold metal loss ranged from 3 percent to 6 percent
(by weight) among the four decks surveyed, on which the
average concrete cover was from 1.49 to 2.14 in. (No deter-
mination of the strength of the concrete involved was at-
tempted.) As Table 2 shows, this threshold metal loss was
considerably higher than the metal losses equivalent to the
threshold depths of attack of 16 to 32 microns reported by
Hladky et al. (13). However, it is in agreement with those
equivalent to the threshold depths of attack reported earlier
by the same researchers (13).

Variation of Rebar Corrosion Rates with Time
As discussed earlier, the rebar corrosion rate measured for

each location in a concrete deck represents only the instan-
taneous rate occurring during the survey. Therefore, to as-



TABLE 1 Relationship Between Measured Corrosion Rate and Rebar Metal Loss in
Structure 09302

Corrosion
Core Rate Rebar Final Weight*® Metal Loss
Location Rebar Condition (mA/sq ft) Length (in) (lb) (Ib/in) (Ib/in) (%)
(10, 10) Very light corrosion in 0.56 3.373 0.2817 0.08353 0.00137 1.6
< 5% of surface
(30, 5) Very light corrosion in 091 3.810 0.3241 0.08506 —0.00016 -0.2
< 5% of surface
(25, 15) Light corrosionin35to  1.12 3.661 0.3036 0.08292 0.00198 2.3
40% of surface
(45, 10) Light corrosion 1.53 2.869 0.2432 0.08476 0.00014 0.2
(60, 5) Pitted in @ 40% of 1.68 3.844 0.3150 0.08196 0.00294 3.5
surface
(10, 5) Corrosion in @ 15% of 1.87 3.834 0.3170 0.08269 0.00221 2.6
surface
(20, 10) Pitted in @ 55% of 2.55 3.312 0.2685 0.08107 0.00383 4.5
surface
(45, 15) Severely pitted in > 50% 3.44 3.804 0.3003 0.07893 0.00597 7.0
of surface
(65, 5) Severely pittedin 80to  4.21 3.883 0.3049 0.07852 0.00638 7.6
90% of surface
(25, 5) Severely pitted in > 90% 4.47 3.834 0.3062 0.07987 0.00503 5.9
of surface
*The average initial weight of each rebar is estimated to be 0.08490 Ib/in.
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FIGURE 4 Correlation between metal losses observed on rebar specimens in Structure 09302
and their corresponding corrosion rates.
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FIGURE 5 Correlation between metal losses observed on all extracted rebar specimens and

their corrosion rates.

TABLE 2 Estimated Threshold Depth Attack and Metal Loss
on Rebars to Initiate Internal Concrete Cracking

Reference Depth ?:)Attack (915:4 l:;av!vlgi‘:l:t)
14 150 to 300 1.9 to3.8*
14 16 to 32 0.20 to 0.40*
Present study 3to 6

*Estimated from reported depths of attack and assuming that the
nominal size of rebars was No. 5.

sume that the results of a single survey represent an entire
year and the future wouid likely lead to either underestimation
or overestimation of the remaining service life of a deck. To
avoid such error, a practical methodology for determining the
annual average rebar corrosion rate of a deck, without the
time-consuming frequent repetition of the survey, must be
developed. To facilitate the development of such a method-
ology, the influences of moisture and temperature on the
corrosion rate of the rebars in three heavily salted concrete
slabs were monitored for approximately 450 days, almost on
a weekly basis.

As anticipated, the corrosion rates of rebars in the concrete
slabs fluctuated considerably with seasons, as shown in Figure
6. The fluctuations were no doubt in response to the combined
influences of, at the least, fluctuating moisture and temper-
ature in the slabs, shown in Figure 7. There appeared to be
more similarities between the profile for the rebar corrosion
rates of the concrete slabs and the profile for the average
moisture content in the slabs than with the profile for the
average concrete temperature; this probably indicates that
moisture has a greater influence on the corrosion rate of re-
bars than does temperature.
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130 -] Winter i Spring | Summer Fall | Winter spring
{ { i ] |
| | | |
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e |
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{1.0in Concrete Cover)

FIGURE 6 Observed average rebar corrosion rates in test
reinforced concrete slabs of varied concrete covers: (a) 1.0 in,;
(b) 2.0 in.; and (3) 3.0 in.

Separate regression analyses of the data for the three con-
crete slabs indicated that the best relationship between rebar
corrosion rate (I,), concrete moisture (M), and concrete tem-
perature (T') was expressed by

b c
Li=me+5m*7 +n (6)

where a, b, ¢, m, and n are constants. However, the corre-
sponding correlation coefficients varied considerably between
the slabs: with 84 percent for Slab 1, 48 percent for Slab 2,
and 66 percent for Slab 3 (see Figure 8).

It also appeared that the corrosion rates of the rebars ob-
served during the monitoring period also tend to be distrib-
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FIGURE 7 Fluctuations of average temperature and moisture
content in test concrete slabs.

uted log normally (see Figure 9), just as corrosion rates for
different locations in a deck were observed to assume. (This
is not surprising because other weather-dependent physical
variables, such as ambient concentrations of common air pol-
lutants, also tend to assume log-normal distributions.) This is
important because it indicates the appropriate statistical pa-
rameters to use when conducting a statistical analysis of data
related to the spatial and temporal distributions of rebar cor-
rosion rates for a deck.

In predicting the remaining service life of a concrete deck
from the rebar corrosion rate, one can use (a) the average
annual corrosion rate (at an average or the worst location in
the deck), (b) the highest annual corrosion rate (for the worst
case scenario), or (c) both the lowest and the highest annual
corrosion rates (to estimate a range of possible remaining
service life). Because the data presented confirmed that the
corrosion rate of rebars in a concrete deck varies not only
with location in the deck but also with time, determination
of the average annual corrosion rate would require a proper
statistical sampling procedure that takes into account both
types of fluctuation, which undoubtedly would be time-
consuming and costly.
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FIGURE 8 Comparison between observed corrosion
rates and those predicted based on concrete moisture
and temperature.

The worst case scenario would be relatively less involved
because it would require surveying a deck at a time when the
rebar corrosion rate is likely to be at a maximum, which could
be early summer or late spring, assuming that the patterns
shown in Figure 6 are typical. A disadvantage associated with
such worst case analysis is that the resulting cstimatc of re-
maining service life may be unrealistically low.

The third alternative could be relatively simple, too, be-
cause it probably requires just an additional survey—at a time
when the rebar corrosion rate is typically at its lowest, which
(according to Figure 6) could be midwinter. This analysis is,
however, more practical than the other two alternatives be-
cause it yields a range for possible remaining service life.
Although one approach may appear to be better in certain
aspects than the others, it must be emphasized that the re-
spective merits of these three alternative approaches to pre-
dicting the remaining service life of an existing bridge deck
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FIGURE 9 Frequency histograms of rebar corrosion
rates observed in test-reinforced concrete slabs.

have not yet been studied; the data presented could serve as
a starting point for such a study.

CONCLUSIONS

1. Although its accuracy was not verified by another in-
dependent method, the 3LP device appeared to be a conven-
ient tool for measuring the corrosion rate of rebars in field
concrete. However, the time necessary to make each mea-
surement (approximately 3 min) would make a complete sur-
vey of a bridge deck time-consuming.

2. Rebar corrosion rates appear to have a reasonable cor-
relation with rebar metal losses. Based on the limited rebar
samples involved in the study, the threshold metal loss that
initiates delamination in concrete was estimated to be 3 per-
cent to 6 percent, by weight.
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3. Rebar corrosion rate varies not only with locations in a
concrete deck but with other influencing factors in the con-
crete that appear to change with seasons. The frequency of
corrosion rates, with respect to locations and time, appears
to assume log-normal distributions.

4. In view of these fluctuations, a practical survey method
for determining the representative rebar corrosion rate of a
concrete deck and an analysis method for relating this rate to
remaining service life still need to be developed. Until such
methods are available, from the standpoint of bridge deck
inspections, the benefits provided by field measurement of
rebar corrosion rates would not be fully realized.
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Benefits of Using Half-Cell Potential
Measurements in Condition Surveys of

Concrete Bridge Decks

GERARDO G. CLEMENA, DoNALD R. JacksoN, AND GARY C. CRAWFORD

The benefits of using half-cell potential measurements in condi-
tion surveys of concrete bridge decks were examined using data
collected from several decks by visual inspection, sounding with
chain draggings, and measurement of half-cell potentials. Half-
cell potentials on a deck were found to fluctuate from survey to
survey, likely in response to seasonal fluctuations of temperature,
oxygen, chloride, and moisture content in the concrete. Conse-
quently, in contrast to ASTM interpretation guidelines (ASTM
C-876), the numerical value of each measured half-cell potential
by itself would be a poor indicator of the condition of rebars. In-
stead, the potential measured at each location should be consid-
ered relative to potentials measured in the surrounding concrete.
When the potentials were plotted on an iso-potential contour
map, the locations of active rebar corrosion and corrosion-
induced damage in the concrete were associated with high neg-
ative potential gradients. Because of the localized nature of rebar
corrosion, the recommended grid spacing of 4.0 ft (ASTM
C-876) for surveys of bridge decks was found to be too large to
allow location of existing active corrosion and the associated dam-
age to concrete. It was determined that a grid spacing of no more
than 2.0 ft should be used. If a half-cell potential survey is per-
formed on a sufficiently small grid and the collected measure-
ments are plotted on contour maps of iso-potential lines, the
locations of existing active rebar corrosion and corrosion-induced
damage in the concrete will be indicated with a high degree of
accuracy by areas of relatively high potential gradients. When
combined with the other inspection techniques, such a survey
would be extremely useful in estimating necessary repair.

Because concrete deterioration resulting from corrosion of
embedded rebars is the primary cause of premature deteri-
oration of concrete bridge decks in many states (including
Virginia), relevant deck conditions (such as cracking, spalling,
delamination, chloride content in the concrete, condition of
the rebars, and thickness of the concrete cover over the top-
mat rebars) are given considerable attention in bridge deck
surveys. Therefore, in addition to visual inspection, other
inspection methods (such as sounding with chain dragging for
delamination, use of a pachometer, measurement of half-cell
potentials, and chemical analysis of extracted concrete sam-
ples for chloride contents) are routinely used in detailed con-
dition surveys.

Because these inspection methods require many hours to
complete, the adequacy and relevancy of each method must

G. G. Clemeia, Virginia Transportation Research Council, Box 3817
University Station, Charlottesville, Va. 22903-0817. D. R. Jackson,
Federal Highway Administration, 6300 Georgetown Pike, McLean,
Va. 22101. G. C. Crawford, Federal Highway Administration, 400
7th Street, S.W., Washington, D.C. 20590.

be reexamined whenever warranted. Different concerns are
associated with the adequacy and relevancy of each of these
inspection methods. Consequently, with the exception of half-
cell potential surveys, various efforts have been made to either
replace or improve existing methods.

Visual inspection is not quantitative and is tedious, time-
consuming, and disruptive to traffic. Research efforts that
may lead to its partial replacement have included the use of
light-dependent resistors in measuring the width of cracks on
concrete surfaces (/) and the development of image-
processing algorithms for the analysis of the imagery of cracks
in concrete surfaces (2).

Users have similar concerns with sounding to detect con-
crete delaminations. To replace it, the use of infrared ther-
mography (3,4), short-pulse radar (5,6), and impact-echo (7)
techniques have been reported.

The standard AASHTO method for chloride analysis
(AASHTO T-260) is based on a potentiometric titration pro-
cedure developed by Berman (&) and improved by others (9).
The method is destructive and expensive because the pro-
cedures involved are lengthy and require powdered samples
from the deck. To reduce its cost by simplifying the analysis,
shortcut procedures based on the same potentiometric ap-
proach have been attempted (10,11). Unfortunately, all of
these procedures require reliance on a proper calibration curve
because of adverse solution matrix effects on the potentio-
metric readings of the sample solutions. In addition, these
procedures still require powdered samples from a deck.

The coexistence of corroding areas (or anodic half-cells)
and noncorroding areas (or cathodic half-cells) on rebars is
reflected in potential differences, or voltages, across the steel-
concrete interfaces. These potentials can be measured relative
to a constant reference potential provided by a suitable ref-
erence electrode. Accordingly, any change in the potential
between the reference electrode and the steel-concrete inter-
face can be attributed to, among other things, the corrosion
activity at the surface of the steel.

The standard method for measurement of half-cell poten-
tials in concrete (ASTM C-876) is based on a procedure de-
veloped by Stratful (72). In this method, the half-cell potential
of the rebar in concrete is measured by a high-impedance
voltmeter connected between the rebar network and a Cu/
CuSO, reference electrode that is in contact with the surface
of the concrete. To survey an entire structure, this measure-
ment is repeated by moving the electrode to other locations
or points following a grid pattern on the concrete surface.
The standard procedure noted that a 4.0-ft grid spacing has
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been found to be generally satisfactory for bridge decks and
that larger spacings increase the probability that localized
corrosion areas will not be detected.

Based on data by Stratful et al. (/3) obtained from sur-
veying bridge decks and those from a laboratory study by
Clear and Hay (14), the following guidelines are suggested
for interpretation of data (ASTM C-876):

1. If potentials over an area are greater than —0.20 V, the
probability that no steel corrosion is occurring in the area at
the time of measurement is greater than 90 percent.

2. If potentials are in the range of —0.20 to —0.35 V,
corrosion activity of the steel in the area is uncertain.

3. If potentials are less than —0.35 V, the probability that
steel corrosion is occurring in the area at the time of measure-
ment is greater than 90 percent.

This indicates that there is significant uncertainty in the
relationship between half-cell potentials and the condition of
rebars. This uncertainty has created doubts among bridge
engineers concerning the benefits of using half-cell potential
surveys to rank deck repairs and prepare repair plans where
the ability to delineate and quantify the amount of needed
repair, instead of predicting the probability of rebar corrosion
occurring at each location, is desirable. The researchers be-
lieve that the uncertainty arose from the constant fluctuation
of potential at any location with time, which has been reported
recently (15), in response to the changing dynamics of the
corrosion processes with seasonal fluctuations in the physical
properties of concrete.

PURPOSE AND SCOPE

Because the half-cell potential survey procedure is so simple,
inexpensive, and nondestructive, the researchers believed it
worthwhile to reexamine the relationship between half-cell
potential and condition of the rebar and concrete and to de-
termine if the uncertainty could be resolved so that potential
surveys could be used to locate and quantify deteriorated
rebars and concrete.

Another aspect that warranted reexamination was the ad-
equateness of the 4.0-ft grid spacing suggested by ASTM
(ASTM C-876). It is likely that this spacing is so large that a
significant percentage of corrosion-affected concrete areas go
undetected. This may have at least partially contributed to
the reports of mixed success obtained from the results of using
half-cell potential surveys.

To address these issues, the researchers collected data from
several concrete bridge decks, using various inspection meth-
ods, and analyzed them. The collection and analysis of these
data is discussed here.

EXPERIMENTAL PROCEDURES

Five concrete bridge decks were surveyed in this study. During
each survey, a preliminary sounding was conducted to allow
selection of a survey area that included numerous delaminated
areas. A square grid of either 1.0-ft or 2.5-ft spacing was then
marked on the selected area for detailed inspection using
various inspection methods.
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Visible concrete distresses, such as cracks (especially those
above the transverse rebars) and spalls, were recorded and
carefully mapped to within 2 in. Sounding was used to detect
concrete delaminations, which were similarly mapped to within
2 in.

The measurement of half-cell potentials was facilitated by
use of a multiple half-cell array, which consisted of an array
of four Cu/CuSQO, electrodes. Depending on the grid spacing
to be used in a survey, the electrodes were spaced 1.0 to 2.5
ft apart on a metal mounting bar, which was equipped with
a wheel at each end to facilitate movement on the deck. A
battery-powered portable data logger (Polycorder 700), which
was preprogrammed to serve as a digital voltmeter (with a
resolution of 1 mV), was used in conjunction with the half-
cell array to store automatically, throughout each survey, all
potential readings from the four electrodes. The stored data
were then subsequently downloaded to a desktop computer
for iso-potential contour mapping and statistical analysis using
an appropriate graphic software.

DISCUSSION OF RESULTS
Half-Cell Potentials and Concrete Condition

The half-cell potentials obtained from all study areas were
correlated with the condition of the concrete. To allow such
correlation, it was necessary first to classify a concrete as
either sound or deteriorated, on the basis of a criterion that
the researchers believed reasonably conformed to the manner
with which deteriorated concrete would be removed and re-
paired in a concrete deck. Accordingly, a concrete was clas-
sified as sound if there was no transverse crack, delamination,
or spall within 6 in. of the point of measurement of half-cell
potential; otherwise, the concrete was classified as deterio-
rated. Afterward, all the potential readings (approximately
2,000) were categorized into 50-mV increments (— 151 to —200
mV, —201 to —250 mV, etc.).

This correlation showed that practically all of the concretes
were in sound condition at potentials greater than or equal
to —150 mV, and all the concretes were deteriorated at less
than or equal to —450 mV (see Figure 1). However, this
correlation was characterized by deviations of varied degrees
between these extremes. For example, for concretes with po-
tentials between —301 and —350 mV, only 28 to 85 percent
were actually deteriorated; for concretes with potentials be-
tween —351 and —400 mV, only 70 to 100 percent were
deteriorated. (It is believed that this correlation would still
be generally valid even if a criterion other than 6 in. was used
in classifying the condition of the concrete.) This observation
agrees, in general, with the ASTM C-876 guidelines for inter-
pretation of half-cell potentials, even though the guidelines
attempted to relate potential only with probability for rebar
corrosion.

It is clear that there was not a sufficiently well-defined
relationship between concrete condition and the numerical
values of individual half-cell potentials, with the exception of
potentials at the extreme ends, that engineers can use to pre-
pare repair plans with a reasonable degree of confidence. This
also raises a concern about the appropriateness of replacing
existing concrete simply because the potential is less than or
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FIGURE 1 Correlation between half-cell potentials and frequency of
damaged concrete observed in all survey areas.

equal to —350 mV, which is a common practice of many
highway agencies.

As will be shown, the absence of such correlation is a result
of fluctuation of half-cell potential at any location with time,
which is likely in response to fluctuating temperature and
moisture in the concrete.

Potential Gradients and Concrete Condition

It was found that a convenient and effective way to locate
active rebar corrosion and its associated damage to the con-
crete is to plot the results of a half-cell potential survey on
an iso-potential contour map, on which the variation in po-
tential gradient is reflected by the spacing between the contour
lines, such as that shown in Figure 2 for one of the areas
surveyed.

Because of the nonhomogeneity of concrete and, therefore,
the distribution of chloride ions across the concrete, the cor-
rosion found on rebars and the associated damage to the
surrounding concrete are often localized in nature. Conse-
quently, as the reference electrode is moved from one location
on the concrete where the rebar underneath is not corroding
to another nearby location where the rebar is actively cor-
roding, the half-cell potential should become more negative.
Further, the probability that localized rebar corrosion is oc-
curring at the second location increases as the potential shifts
toward a more negative value at a relatively high potential
gradient (i.e., the contour lines are closely spaced). Con-
versely, if the potential shifts toward a more positive value,
the probability of localized rebar corrosion occurring at the
next location decreases.

Accordingly, the existence of numerous areas where active
rebar corrosion was likely to be occurring is indicated in Fig-
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ure 2. Over the surface of the concrete, the potential gradients
corresponding to these areas ranged from approximately —72
to —172 mV/ft. It is worthwhile to note that the orientation
of these areas coincided with the general alignment of the top
transverse rebars of the deck, which are the rebars that are
likely to corrode first.

Given sufficient time to corrode, the rebars would even-
tually accumulate a sufficient amount of oxidation products
to initiate delamination in the surrounding concrete. There-
fore, it is not unreasonable to expect that the concrete at
some of the active areas indicated in Figure 2 would already
be damaged, especially if the deck had been in service for 20
years. This was in fact the case. When the locations of all the
transverse cracks and delaminations detected in the concrete
were superimposed on the contour map in Figure 2 (as shown
in Figure 3), it was evident that many of the deteriorated
concrete areas matched the areas of high negative potential
gradients.

A similar correlation between locations of high lateral po-
tential gradients and locations of deteriorated concrete was
found for the other survey areas involved in the study. In
these areas, the potential gradients ranged from approxi-
mately —60 to —300 mV/ft.

It is estimated that at least 85 percent of the deteriorated
concrete areas in the survey area depicted in Figure 3 were
matched or accounted for by high potential gradients. The
failure of this potential survey to account for or detect the
remaining deteriorated concrete areas is attributed to the grid
spacing of 2.5 ft used in the survey, which appeared to be too
large. For example, consider the two narrow delaminated
areas at around (61.0 ft, 2.5 ft) and (85.0 ft, 11.0 ft). The
edges of both areas were located considerably far (at least 0.7
ft) from their nearest grid points for the effect of the localized
corrosion on the rebars to be manifest on the potentials mea-
sured at those grid points.

49
Optimum Grid Spacing for Half-Cell Potential Surveys

To determine the optimum grid spacing, it was necessary to
determine the maximum lateral distance from a corroding
rebar at which the effect of corrosion on the half-cell potential
was still discernible. Figure 4 shows a contour map that re-
sulted from detailed measurements of half-cell potential, in
an 0.5-ft spacing, around a typical small delaminated concrete
area that was approximately 1.2 ft wide. The transverse rebar
on which the corrosion that caused the delamination occurred
was situated directly beneath the crack at the center; other
transverse rebars were spaced 1 ft away. Again, the localized
nature of rebar corrosion (and its resulting damage) was man-
ifest in a large potential gradient, which was approximately
—250 mV/ft in this case, as the potential shifted from —525
mV at the most active area (center top) to approximately
—275 mV at 1 ft away on either side.

If the field of effect is defined as the maximum (lateral)
distance from the edge of a delamination or crack to a point
on the surface of the concrete where the half-cell potential
has shifted sufficiently toward positive to indicate that the
underlying rebar corrosion is almost indiscernible and if this
potential is assumed to equal —300 mV, Figure 4 shows the
field of effect to be less than 8 in. Therefore, if this delami-
nation happened to fall in the middle of a 2.5-ft grid square,
it would certainly not be detected. Because similar observa-
tions for the other decks indicated that the field of effect was
typically no more than 8 to 10 in., it is quite clear that grid
spacing of 2.5 ft—Ilet alone the 4.0-ft spacing recommended
by ASTM C-876 or the 5.0-ft spacing used by many highway
agencies—would still be too large to provide a complete as-
sessment of the condition of a concrete deck.

It appeared that the optimum grid spacing was approxi-
mately 1.0 ft. To ascertain this, a 1.0-ft grid spacing was used
to conduct a half-cell potential survey on another concrete
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deck. Then, in addition to the usual analysis of the entire set
of data, analyses to simulate the use of 2.0-ft and 4.0-ft spac-
ings were also conducted by simply disregarding potentials
measured at appropriate grid points during different
simulations.

The iso-potential contour map that resulted from the use
of 1.0-ft grid spacing (see Figure 5) clearly delineated the
presence of numerous areas of high potential gradients, rang-
ing from —100 to —300 mV/ft. These areas coincided with
or accounted for all the delaminations and severe transverse
cracks detected.

The contour map also showed several areas in which the
potential gradients were high, indicating the presence of rel-
atively active rebar corrosion, but the concrete was still rea-
sonably sound (with the exception of the presence of some
fine cracks) by the sounding inspection. In fact, the rebar
corrosion rates in a few of these areas (A, B, and C) were

measured by a 3LP device and found to be 2.87, 2.94, and
3.09 mA/ft2, respectively; these rates were approximately 3
times higher than those found at grid points (13, 3) and (21,
1), which were 0.99 and 1.06 mA/ft?, respectively.

Based on the generalized correlation between rebar cor-
rosion rate and metal loss that was found to be true for several
decks (with 19 to 23 years of service), the level of corrosion
observed in areas A, B, and C may translate to a metal loss
of approximately 2 percent to 6 percent by weight (see au-
thors’ other paper in this Record). Such metal loss is just
below an estimated threshold at which concrete could begin
to fracture, 3 to 6 percent by weight. This implies that if repair
is contemplated a bridge engineer should include the small
areas of A, B, C, and others in Figure 5 in the estimation of
the quantity of necessary repair. This raises an issue that must
be addressed in a future study—the determination of the
extent of concrete in each area of high potential gradient that
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must be included in the estimation of the quantity of necessary
repair.

If a 2.0-ft grid spacing was used instead, as shown in Figure
6, the delamination at the vicinity of grid point (6, 5) became
practically unaccounted for as a consequence of the incom-
plete data provided by this slightly larger grid spacing. Fur-
ther, there were some losses of details and distortion of the con-
figurations of some areas of high potential gradients. However,
these errors were relatively small and probably negligible.

If an even larger, 4.0-ft grid spacing was used, the corre-
sponding sampling of the same area would be so insufficient
that approximately 50 percent of the deteriorated areas would
be left undetected, and the areas of high potential gradients

51

would be seriously distorted (Figure 7). The results would not
represent the condition of the deck area surveyed with rea-
sonable accuracy.

The failure rate in detecting areas of active rebar corrosion
and concrete deterioration for a given grid spacing, with re-
spect to the 1.0-ft grid spacing, was estimated based on two
survey areas from which appropriate data were available (see
Figure 8). Assuming that the failure rate for 1.0-ft grid spacing
was 0 percent, the rate increased to 10 percent for 2.0-ft grid
spacing and then abruptly to approximately 62 percent for
4.0-ft grid spacing. Although these failure rates may represent
only the two particular survey areas, they nevertheless serve
to illustrate that the reliability of a half-cell potential survey
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to provide a complete picture of the condition of a deck is
considerably jeopardized when a large grid spacing, especially
one larger than 2.0 ft, is used.

Of course, as the grid spacing is reduced, the required
amount of sampling (or number of potential measurements)
in a survey increases exponentially, as illustrated in Figure 9.
If a 1.0-ft spacing were used, 1,084 individual potential read-
ings would have to be recorded for 1,000 ft* of concrete deck
area. The amount of sampling required decreases significantly
by 73 percent or 87 percent when the spacing is increased to
2.0 or 3.0 ft, respectively. Beyond these grid spacings, the
corresponding decrease in sample size required is compara-
tively less.

Selection of an optimum grid spacing should reflect a bal-
ance between reasonable accuracy (consistent with the pur-
pose of the survey) and a reasonable sample size (with its

associated survey time and cost). Consider the influence of a
desired accuracy on the sample size required per unit per-
centage of accuracy, as shown in Figure 10. For the 100 per-
cent accuracy provided by 1.0-ft spacing, the sample size re-
quired would be 10.8 measurements of potential per 1,000 ft?
of concrete per percentage accuracy. In contrast, for the 90
percent accuracy provided by using a 2.0-ft grid spacing, the
required sample size would be only 3.26 measurements per
1,000 ft> of concrete per percentage accuracy.

It must be emphasized that even though use of a small grid
spacing would increase sample size exponentially, the con-
comitant survey and analysis time would increase only min-
imally by using an array of Cu/CuSO, electrodes and a port-
able microprocessor-based data recorder similar to those used
in this study. However, if a compromise between accuracy
and required sample size is necessary, the 2.0-ft spacing is
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FIGURE 9 Number of sample locations in survey grid used for half-cell
potential survey as a function of square grid spacing.
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undoubtedly a reasonable choice, especially considering that
the field of effect on the potential from a corrosion site may
be 8 to 10 in.

Influence of Concrete Variables on Half-Cell
Potentials

Half-cell potentials reflect not only the condition of the rebars
and the concrete, as discussed previously, but also the elec-
trical resistance of the layer of concrete between the rebars
being measured and the Cu/CuSO, electrode. Because the
resistance of the concrete at any location in a deck is deter-
mined to various degrees by the thickness of the concrete

layer and the seasonally fluctuating variables of temperature
and moisture content, half-cell potentials can fluctuate from
survey to survey. The researchers believed that such fluctua-
tion has contributed to uncertainty concerning the interpre-
tation of half-cell potentials.

Because of this fluctuation, it is important to consider the
potentials measured in any survey not in terms of their mag-
nitude or numerical value (as recommended by the interpre-
tation guidelines in ASTM C-876) but in terms of their relation
to the magnitude of the potentials measured at the surround-
ing concrete.

This point can be demonstrated easily by superimposing
contour maps from separate surveys of the same concrete deck
area. Figure 11 shows the contour map in Figure 6 super-
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FIGURE 12 Frequency histograms of half-cell potentials observed
during two separate surveys of a section of a concrete bridge deck.

imposed on another obtained a month earlier for the same
concrete deck area. (The moisture content in the concrete
deck may be relatively higher during the earlier survey be-
cause of rainfall in the area days before the survey.) With the
exception of some minor differences, it is evident that the
contour maps remained quite similar. More important, the
general locations of the defective areas remained constant,
despite some apparent differences in the histograms for the
two sets of half-cell potentials (see Figure 12).

As the results show, as long as the overall condition of a
concrete deck has not changed significantly between surveys,
the resulting contour patterns should remain relatively un-
altered, although the numerical values of the separate sets of
half-cell potentials may vary. Therefore, the researchers argue
that the numerical value of each measured potential by itself
is a poor indicator of the condition of the rebars and the
concrete; instead, a high potential gradient is a better
indicator.

CONCLUSIONS

1. The half-cell potentials in a concrete deck can vary from
one survey to another, likely due to the influence of fluc-
tuating temperature, moisture, and oxygen in the concrete.
Therefore, the numerical value of each measured potential
by itself is a poor indicator of the condition of the rebars or
the concrete.

2. The localized nature of rebar corrosion (and the asso-
ciated damage to the rebars and the concrete) leads to the
manifestation of corrosion in large potential gradients on the
surface of the concrete deck. Such potential gradients may
range from —60 to —300 mV/ft. Consequently, a high po-
tential gradient would be a better indicator of the locations
of actively corroding rebars and damaged concrete than the
numerical values of individual potentials.

3. Even the 4.0-ft grid spacing recommended in ASTM
C-876 for half-cell potential surveys was found to be too large
to allow location of all existing areas of corroded rebars and
damaged concrete in bridge decks. This is likely a result of
the localized nature of rebar corrosion and the resulting dam-
age. Although a spacing of 1.0 ft is preferable, a spacing of
no more than 2.0 ft would provide a reasonable balance be-
tween accuracy and required sample size.

4. A half-cell potential survey can be used to locate and rea-
sonably quantify areas of active rebar corrosion and corrosion-
induced damage to the concrete in a concrete bridge deck
when conducted using a grid spacing of no more than 2.0 ft
and plotting the recorded half-cell potentials on contour maps.
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Improved Grouts for Bonded Tendons in
Posttensioned Bridge Structures

NEeiL G. THoMPSON, DAvID R. LANKARD, AND YAsH P. VIRMANI

A serious problem in the United States and elsewhere is the
deterioration of concrete bridges as a result of corrosion induced
by chloride (Cl-) intrusion into the concrete. Historically the
problem has been associated with conventionally reinforced con-
crete bridge structures as opposed to prestressed or posttensioned
structures. However, corrosion of steel tendons in prestressed
concrete structures is of greater concern because the structural
integrity of the bridge relies on the high tensile loading of the
tendons. Any corrosion or corrosion-induced cracking of the ten-
don could lead to catastrophic failure of the structure. In bonded
posttensioned construction, grout is the final line of defense against
corrosion of the uncoated steel tendon. The purpose of this re-
search was to develop and test new mixture designs for grouts,
develop and perform accelerated corrosion test methods on the
new grouts, and compare the corrosion performance of the new
grouts with the standard grouts. A variety of modifiers and ad-
ditives for grouts were examined, including high-range water re-
ducers, fly ash, silica fume, latex polymer modifier, expansive
agents, antibleed additives, and corrosion inhibitors. It was shown
that these additives can favorably influence grout fluidity, open
time, bleeding and segregation, Cl- permeability, mechanical
properties, and the resistance to corrosion of steel tendons
embedded in the grout. Several experimental grouts were de-
signed that provided improved properties compared with the grouts
used currently.

A detailed literature review was included in the research to
determine the state-of-the-art of grouting materials and grout-
ing technology for bonded posttensioned tendons. The results
of this literature review are presented in FHWA Report FHWA-
RD-90-102 (1,2).

In general, the performance of posttensioned concrete
structures in the United States is good. Although several in-
vestigations have been performed, few examples of bonded
posttensioned structures in which corrosion of the prestressed
tendons has occurred are documented (3 —8). Even in many
of these instances, investigators of the structures speculated
that corrosion might not have occurred il proper construction
practices and designs had been followed. However, in one
example (a Midwest parking garage), corrosion of imbedded
strands in a posttensioned construction occurred when a large
section of galvanized duct was breached due to corrosion as
a result of chloride migration. The corrosion attack resulted
in failure of at least one wire of the tendon.

It is inevitable that additional instances of corrosion-related
problems will be observed as the average age of these struc-
tures continues to increase, deicing salts continue to be used,

N. G. Thompson, Cortest Columbus Technologies, Inc., 2704 Saw-
bury Boulevard, Columbus, Ohio 43235. D. R. Lankard, Lankard
Materials Laboratory, Inc., 400 Frank Road Columbus, Ohio 43207.
Y. P. Virmani, Federal Highway Administration, 6300 Georgetown
Pike, McLean, Va. 22101-2296.

and the salts penetrate to greater depths within the concrete.
The catastrophic nature of a serious failure within a bridge
or parking garage makes it important for the industry to con-
tinue to improve its practices. Available technology could
improve performance significantly if incorporated into stand-
ard practices.

One such area in which improvements are possible is the
grouts used for filling the ducts containing the prestressed
steel within the posttensioned structure. Because grouts pro-
vide the final defense against corrosion of the prestressing
steel tendons that support the structure, it is imperative to
provide a grout that incorporates state-of-the-art technology.
Up to now, the majority of grouts used in bonded postten-
sioned concrete structures have been a simple mixture of port-
land cement and water with water/cement ratios typically
specified to fall below 0.44 to 0.50 and with expansive and
nonbleeding additives sometimes specified.

EXPERIMENTAL
Selection of Materials

Initially, screening trials were conducted to select admixtures
and additives that were compatible with the portland cement
used in the study. In most cases, each additive or admixture
modifier category was represented by only one material. The
following materials were selected for use in this study:

® Type II portland cement,

e Type F high-range water-reducing admixture (ASTM
C494),

e Silica fume (also called microsilica),

® Class F fly ash (ASTM C618),

® A styrene-butadiene polymer modifier (supplied as a lig-
uid with a solids content around 48 percent),

@ Calcium nitrite corrosion inhibitor,

® Aluminum powder expansion agent,

® Polysaccharide gum antibleed agent,

® Celbex 209X commercial grout admixture (blend of su-
perplasticizer, thickener, and controlled expansion agent),
and

@ Silica sand (maximum particle size 50 mesh).

Grout Preparation Procedures
Grouts were prepared using a 0.5 HP, high-shear mixer with

a propeller-type mixing blade (3 tines) typically operating at
around 500 r/min. Dry batch weight of the grout ingredients
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ranged from 4.4 to 8.8 Ib (2000 to 4000 gm). On a volume
basis, this yielded around 91.5 to 183 in® (1500 to 3000 cc) of
grout. In the majority of instances, the grout had the rheo-
logical characteristics of a thick liquid which could be poured
from the mixing container. After mixing of the grout, spec-
imens were prepared for measuring various physical and
chemical properties.

Grout Properties in the Fresh State

Two or more grout batches were required to prepare enough
material for all of the measurements. In a number of in-
stances, replicate batches were prepared to establish the pre-
cision of the tests.

Grout Unit Weight

Unit weight is the density of the grout in the fresh state. Unit
weight was measured by weighing a known volume of the
fresh grout in a graduated cylinder.

Time of Set

The time of initial and final set of the grouts was measured
in accordance with the Standard Test Method For Time of
Setting of Grouts For Preplaced Aggregate Concrete in the
Laboratory (ASTM C953-87). This procedure uses the Vicat
apparatus. Initial setting time is defined as the time when a
needle penetration of 1 in. (25 mm) is obtained. Final set is
defined as the time when the needle does not sink visibly into
the sample.

Fluidity and Open-Time Measurements

Most of the grouts behaved rheologically as liquids so it was
possible to use the flow cone procedure to quantify fluidity.
The procedure used here is defined by the Standard Test
Method For Flow of Grout (Flow Cone Method) (ASTM
C939-87). The time required for the 105.3 in.? (1725 cc) of
grout to exit the cone is measured as the efflux time of the
grout. Any grout that passes completely through the flow cone
under the force of gravity alone, regardless of total efflux
time, can be defined as a pourable grout.

A few of the grouts developed a thixotropic behavior im-
mediately after mixing and would not pass through the flow
cone. For other grouts, this thixotropic behavior developed
at a much later time. In both of these instances, the fluidity
of the grouts was then defined using the flow table procedure.
The equipment and procedure for this test is defined in the
Standard Specification For Flow Table For Use in Tests of
Hydraulic Cement (ASTM C230-90). In this investigation, the
initial fluidity of the grout was measured as the efflux time
after a 1-min wait. Efflux times were then measured period-
ically (every 20 to 30 min) until the grout would no longer
flow in a continuous stream through the cone. At that point,
fluidity measurements were continued using the flow table.
An open time for the grouts was defined as the sum of the
total time the grout remained pourable (passed through the
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flow cone) plus the time during which the grout retained a
flow value (from flow table) greater than 100 percent.

Expansion and Bleeding

Expansion and bleeding of the fresh grouts was measured
using the procedure of the Standard Test Method For Ex-
pansion and Bleeding of Freshly Mixed Grouts (ASTM C940-
87). The expansion of the grout mixture and its bleeding are
expressed as percentages of the initial volume of the grout.

Bleeding and Segregation Under Pressure

Normally, bleeding occurs simply as a result of sedimentation
of cement and aggregate particles with free water rising to
the surface. Another form of bleeding has been described
when grouts under pressure are in contact with strand ten-
dons. In this instance, bleeding occurs because of the filtering
action of the void spaces between the strands (9). Pressure
from the grouting operation forces the grout against the strands
where water passes through the interstices between the outer
strand and the center wire, whereas solid particles in the grout
do not. This filtering action is especially severe in strand ten-
dons with a high vertical rise, and bleeding can amount to up
to 20 percent of the height of the vertical rise. A test procedure
is available to measure the relative bleeding characteristics of
grouts that simulates the condition experienced in grouting
vertical tendons (9). A small quantity of fluid grout, 42.7 in.?
(about 700 cc), is placed in a pressure vessel having at one
end a Gelman Type AE filter (Gelman Science, Inc., Ann
Arbor, Michigan). Pressure is applied to the other end of the
vessel with water forced from the grout through the filter,
which retains 99.7 percent of all particles >.012 mils (>0.3
microns). The pressure at which water loss first occurs is
measured as well as the amount of water lost at a given pres-
sure up to 80 psi in 10 psi increments (552 kPa in 68.9 kPa
increments).

Grout Properties in the Hardened State
Compressive Strength

Compressive strength measurements were made following the
procedures of ASTM (C942-86, the standard test method for
compressive strength of grouts for preplaced aggregate con-
crete in the laboratory. Specimens for this test are 2 in (5.08
cm) cubes. In instances in which the grouts exhibit expansion
before initial set, the test procedure provides for the place-
ment of a plate over the cube mold to ensure that expansion
is confined. In this investigation, compressive strength was
measured at intervals of 1 day, 7 days, 28 days, and 90 days.

Permeability

The permeability of the grouts was measured using the Rapid
Determination of the Chloride Permeability of Concrete pro-
cedure (AASHTO T277-83). This test measures the total elec-
trical charge passed through a specimen 2 in. (5.08 cm) thick



58

that contacts sodium chloride solution on one side and an
alkali hydroxide solution on the other side.

Normally, the test is run at a voltage of 60 V DC for 6 hr.
It was found that when grouts were used instead of concrete,
a higher total charge was passed, which resulted in significant
heating of the grout specimen. Subsequently, the test pro-
cedure, as applied to grouts, was conducted using an applied
voltage of 30 V DC for 6 hr. This procedure accomplished
the objective of minimizing the temperature rise in the spec-
imen during the test.

Accelerated Corrosion Test Method

The accelerated corrosion test method (ACTM) was designed
based on the results of the preliminary experiments and con-
sideration of several variables, including freeze-thaw cycles,
wet-dry cycles, temperature, acceleration of Cl- migration,
specimen loading, types of ducts, types of prestressing steel,
grout cover, and grout curing. These variables are discussed
elsewhere (10).

The focus of ACTM is on the grout and not the total post-
tensioning system, which would include a detailed investi-
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gation of the entire system including tendon, grout, duct, and
concrete cover.

Figure 1 shows the as-cast specimen and the specimen ready
for testing. A primary focus of the as-cast specimen is the
rigid, air-tight mold (PVC tube) used for casting and curing
the specimen. After curing (minimum of 28 days), a gauge
section of the PVC tube is removed to expose the grout spec-
imen. This simulates a significant breach in the duct wall. The
specimen is tested within 24 hr and is kept immersed in a
saturated calcium hydroxide solution before testing. Main-
taining moist conditions on the exposed gauge section is crit-
ical to prevent microcracking.

The following procedure is used to perform ACTM:

1. Set up the test cell arrangement as shown in Figure 2
with the grouted test specimen immersed in a 5 percent NaCl
solution.

2. Use a potentiostat to polarize the grouted test specimen.

3. Set the potentiostat to apply +0.6 V (SCE).

4. Within 5 to 10 min of immersion, apply the +0.6 V
(SCE) by switching the potentiostat from the “isolate” or
“disable’” mode to the “‘run” mode.

5. Record current and potential periodically during the test
(every 10 to 30 min is sufficient).

Sell-Tapping Screw

Epoxy Seat

e

/Epoxy Seal
R

A Machined To
Expose
Gauge Sectlon

10.2¢m 11.4cm

!_J_

FIGURE 1 Diagrams of grouted pipe specimen: before cutting gauge section

(left) and ready for testing (right).
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FIGURE 2 Diagram of ACTM test cell arrangement.

6. Plot current versus time until a rapid current increase.
This signifies the initiation of corrosion.

7. Allow tests to continue for 48 hr after initiation of
corrosion.

RESULTS AND DISCUSSION
Physical and Mechanical Properties

Nine different grout series were evaluated in this program.
The distinction between the various series was made on the
basis of grout additives. Brief descriptions of the series ex-
amined follow.

1. Series 1, standard grout: The standard grout was chosen
to be representative of grouts that have been used for many
years in the United States. It is a simple mixture of Type II
portland cement and water with a water/cement ratio of 0.44.

2. Series 2, commercial antibleed admixtures: This grout
also has a normal water/cement ratio (0.45) but contains a
commercially available antibleed admixture that has been fairly
widely used in recent years (Celtite Inc.’s Celbex 209X).

3. Series 3, high-range water reducer (HRWR): The use of
a superplasticizer provides significantly reduced water/cement
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ratios (15 percent to 30 percent water reduction) while main-
taining the same level of fluidity. This series provides reduced
water content grouts that are otherwise comparable (from a
materials point of view) to the standard grout composition.

4. Series 4 and 10, corrosion inhibitor: The corrosion in-
hibitor (calcium nitrite) was used in grouts at both normal
(Series 10) and reduced (Series 4) water/cement ratios. These
series are unique in that it is the only grout that can possibly
contribute to an improved resistance to tendon corrosion after
the chloride ion has reached the steel.

5. Series 5, HRWR plus fly ash and sand: This series was
formulated in an effort to produce a relatively impermeable
grout that would function at the same performance level as
silica fume grouts while costing less.

6. Series 6, HRWR plus silica fume: Silica fume replace-
ments up to 20 percent of cement weight were evaluated.
Superplasticizers are required in these systems to achieve the
desired level of fluidity at a reduced water content.

7. Series 8, HRWR plus latex: There is little information
in the literature concerning the use of superplasticizers with
latex modifiers in portland cement —based systems. In the
present investigation, success was achieved in producing low
water/cement ratio, latex-modified grouts.

8. Series 11, HRWR plus expansive agent plus antibleed
additive: This series was evaluated to learn the effect of the
expansive additive on the performance of Grout Series 3
and 12.

9. Series 12, antibleed additive: In this grout series, a water
soluble, polysaccharide gum, providing superior antibleed be-
havior, was evaluated.

Actual components of the grout mixtures used in this study
are given in Table 1. Measured properties for several grout
mixtures are given in Tables 2-5.

Series 1: Standard Grout Properties and Behavior

The standard grout used in the investigation is a simple mix-
ture of Type II portland cement and water with a water/
cement ratio of 0.44. At a water/cement ratio of 0.44, the
standard grout had a unit weight of 118 Ib/ft> (1890 kg/m?)
and an initial flow cone efflux time of 18 sec. The grout poured
uniformly with no disruption or tearing of the grout stream.
The standard grout showed little bleeding at normal atmos-
pheric pressure but did lose almost half of its total water at
a pressure (gauge) of 80 psi (552 kPa). It is estimated that
the standard grout remains pumpable for more than 3 hr at
73°F (23°C). The standard grout showed good strength gain
behavior with a 7-day compressive strength of 6,000 psi (41,370
kPa) and a 90-day compressive strength of almost 10,000 psi
(68,950 kPa). Tested at 30 V, the standard grout showed a
rapid permeability test current flow of 2400 coulombs in 6 hr.

Series 2: Effect of Commercial Antibleed Admixture
on Grout Properties and Behavior

At an additional rate of 1.5 percent by weight of cement, the
commercial admixture had a beneficial effect on the water
retention under pressure of the grout and provided a modest



TABLE 1 Compositions of Grout Mixtures

Component

Grout Series

S=1

6B 6D

11

Type II,
Portland Cement,
parts by weight

100

100

100 100 100

100 100

100 100 100

Water,
parts by weight

44

46

36 34.7 40.8

39.6 | 43.2

12 42.7 32.7

Conbex 209X, %
(based on
ecomant weight)

HRWR, fl1 oz per
100 1b cement

15 15 40

24 55

15 32

Calciu? Nitrite,
gal/yd

Flyash,
_parts by weight

33

Silica Sand,
parts by weight

52

Gum,
parts by weight

0.01

Silica Fume,
parts by weight

11 25

Latex Modiflier,
parts by weight

3l.4

Al Powder,

Elrt! by we mlt

0.0075

TABLE 2 Physical Properties: Flow and Bleeding Characteristics

Unit Initial Flow N b Bleeding Under Pressure®
Grout Weight, Cone Efflux | Bleeding | Expansion
Series 1b/ft3 Time®, sec. Percent Percent Pressure, psi Percent of
at which water | Total water
loss first Removed at
effected 80 psi
1 118 18 0.1 Q 0 48
2-1 115 59 0 1.3 30 5
3 120 19 0,15 0 10 ia
4-1 121 22 0.60Q Q [4] 44
5-1 128.6 86 Q 0 40 5
6B 116 28 0 o] 10 16
6D 117 27 0 Q 30 6
] 117 16 0 0 50 1
11 126 57 Q 0 30 7
® ASTM C939
b ASTM C940

® Gelman pressure filtration procedure

TABLE 3 Physical Properties: Open and Setting Time and Heat Evolution

Grout Open Time, setting Time® Heat Evolution Behavior
Hr: Min
(Estimated Time
Grout Grout Remains Initial | Final Max imum Time to Reach
Series | Pumpable at 74F) Hr:Min | Hr:Min | Temperature, | Maximum Temperature
F Hr:Min
1 3:20 5:15 7:00 150 9:50
2-1 9:00 14:00 23:30 155 11
3 4:20 8:06 10:00 180 12:00
4-1 3:15 6:50 8:45 157 13:00
5~1 5:00 16:10 18:45 132 24:00
6B 1:53 6:50 9:00 170 11:00
6D 6:00 10:23 12:00 150 15:00
8 5:20 9:57 1l:lS 155 16:00
11 7:30 13:00 13:50 qP ND
® ASTM €953

ND - No Data
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TABLE 4 Mechanical Properties

Grout Compressive Stren_gi:h.a psi
Series 1d 7d 28d 90d
1 2700 5960 7840 9860
2-1 155 3410 5580 6530
3 4170 8000 9530 10,980
41 1700 6225 8740 9710
5~1 900 6450 8400 13,385
68 3310 7130 10,030 11,620
6D 1930 6760 8830 9340
8 1775 5710 7150 9190
11 1850 4810 5440 6225
& ASTM C942.

TABLE 5 Rapid Permeability Data”

Coulombs
Grout 60 v 30 v
1 33,000 2,400
(36,000)°

2-1 59,000 14,500

3 24,000 4,300

4-1 32,000 4,000
5-1 6,960 370 (140)°
6B 270 1,000 (910)"

6D 590 150

8-1 15,000 1,600

11L ND 7,200

8 AASHTO Designation T277-83.

Duplicate specimens.
ND - No Data.

expansion (1.3 percent) with an increase in the time that the
grout remained pumpable. At this addition rate, the grout
did have an adverse (but acceptable) effect on compressive
strength development and a significant adverse effect on the
chloride permeability of the grout.

Series 3: Effect of HRWR on Grout Properties and
Behavior

The use of an HRWR provided for the maintenance of ad-
equate fluidity and working time in the grouts at up to a 20
percent reduction in water content. Relative to the standard
grout, the grouts containing the HRWR showed improve-
ments in the rate of strength development and in the water
retention capacity under pressure. An expected reduction in
chloride permeability brought about by the lower water/ce-
ment ratio of the admixed grout (relative to the standard
grout) was not seen in the present investigation.
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Series 4 and 10: Effect of Calcium Nitrite Corrosion
Inhibitor on Grout Properties and Behavior

Grouts containing the calcium nitrite corrosion inhibitor were
prepared at water/cement ratios of 0.365 (Grout No. 4-1) and
0.44 (Grout No. 10-1). No property data were obtained on
Grout No. 10-1. Only ACTM specimens were prepared from
this grout. The main objective of property measurements on
the corrosion inhibitor-containing grout was to ensure that
the inhibitor had no adverse effect on the properties of the
grout in the fresh and hardened state while providing the
desired corrosion inhibiting function in the hardened grout.
A comparison of the grouts with (Grout 4-1) and without
(Grout 3) the corrosion inhibiting admixture confirms this
desired result. The only exception is alower 1 day compressive
strength for the grout containing the corrosion inhibitor. This
was an unexpected result because the calcium nitrite corrosion
inhibitor is expected to act as a set accelerator. However, in
the present case, the set-retarding function of the HRWR
appears to offset this function.

Series 5: Effect of Fine Aggregate (Sand) Additions on
Grout Properties and Behavior

Sanded grouts containing up to 28 percent sand were prepared
with ratios of water/cement and fly ash between 0.27 and 0.32.
These grouts had a pourable fluidity and maintained their
pumpability for up to 5 hr. Although initially pourable, these
grouts were quite viscous; Grout 5-1 showed an initial flow
cone efflux time of 86 sec at a water/cement and fly ash ratio
of 0.32.

The use of fine aggregate (sand) in these grouts has the
potential for reducing overall grout cost without having any
adverse effect on engineering properties relevant to the bonded
posttensioning application. In fact, properties such as strength
development and bleeding behavior may be improved by the
sand addition. It is also expected that the volume stability of
sanded grouts will be superior to that of unsanded grouts
(reduced drying shrinkage strain). The overall pumpability of
these relatively viscous, high unit weight grouts remains to
be determined.

Series 6: Effect of Silica Fume on Grout Properties
and Behavior

Grout compositions were studied that contained Type II port-
land cement and silica fume additions of 5, 10, 15, and 20
percent of cement weight. In all of the silica fume grouts, it
was necessary to use the HRWR to achieve and maintain
satisfactory fluidity characteristics. Two of the silica fume
grout compositions that were studied most extensively in the
present investigation were Composition 6B (10 percent silica
fume) and Composition 6D (20 percent silica fume).

The time during which the silica fume grouts remain pump-
able can be controlled by controlling the quantity of HRWR
used. This phenomenon is shown in Figure 3 for a 10-percent
silica fume grout (Grout 6B). At the 10 percent silica fume
addition, the open time of the grout varied from 1% hr to 8
hr when the HRWR was increased from 25 oz/cwt (16.2 m)/
kg) to 55 oz/cwt (35.8 ml/kg).
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FIGURE 3 Initial and time-dependent efflux
time of Grout 6B (90 percent Type II portland
cement, 10 percent silica fume grout) as
affected by superplasticizer (M150) (water/
cement and silica fume ratio = 0.365).

Relative to the standard grout, the use of silica fume (10
and 20 percent cement replacement) in conjunction with an
HRWR provided significant improvements in water retention
capacity (under pressure) and in chloride ion permeability.
These benefits were achieved without sacrificing strength and
working time characteristics.

Series 8: Effect of Latex Polymer Modifier on Grout
Properties and Behavior

Acrylic and SBR latex polymer modifiers were evaluated. The
SBR latex modifier provided the most stable grout and the
most consistent properties. The latex addition was 15 percent
(percent of cement weight based on dry latex solids). The use
of an SBR latex in conjunction with an HRWR provided
significant improvements in grout properties relative to the
standard grout in the application of interest. The latex-
modified grout showed the best performance of all grouts
tested in the pressure filtration test. A pressure of 50 psi (345
kPa) was required before any water was lost from the grout,
and at a final pressure of 80 psi (552 kPa) only 1 percent of
the total water was removed from the latex-modified grout
(Composition 8-1).

Series 11: Effect of Expansive Additive on Grout
Properties and Behavior

Opinion is divided on the merit of incorporating an expansion-
causing additive in grouts for bonded, posttensioned construc-
tion. In this program, a grout composition (Composition 11L)
was developed to study this variable.

The performance of Composition 11L somewhat paralleled
the performance of the grout containing the commercial an-
tibleed admixture (Composition 2-1 at a water/cement ratio
of 0.46). Although Composition 11L at a water/cement ratio
of 0.34 was initially pourable, it was quite viscous. One in-
teresting and unexpected phenomenon associated with Com-
position 111 was the nature of the expansion caused by the
aluminum powder. In simple cement and water systems, a
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powdered aluminum additive typically provides some expan-
sion within 15 to 60 min after the contact time between water
and cement. For Grout 11L, no expansion occurred in the
grout for up to 3 hr after mixing. At that point (3 hr) the
grout began to expand and showed a final expansion value of
9 percent after 6 hr.

Series 12: Effect of Experimental Antibleed Admixture
on Grout Properties and Behavior

A number of antibleed and thickening admixtures were eval-
uated in the program. After initial screening tests, most of
the work was done on grouts containing a polysaccharide gum.
The principal intended function of the gum was as an anti-
bleed/antisegregation additive. The cumulative water loss in
the pressure filtration test from grouts with and without an-
tibleed additives is shown in Figure 4. The polysaccharide
gum not only increases the pressure required to first force
water from the grout but also limits the total amount of water
forced from the grout at the highest pressure (80 psi or 552
kPa). The best result was obtained using 0.20 percent of the
gum in silica fume grout Composition 6D. Here, 70 psi (483
kPa) was required before any water was forced from the grout
and at 80 psi (552 kPa) only 0.5 percent of the total water
was removed from the grout.

At increasing levels of polysaccharide gum (to a maximum
of 0.20 percent), the fluidity of the grout is adversely affected.
However, at the highest addition rate (0.20 percent of cement
weight), the grout is still pumpable.

Accelerated Corrosion Test Method

Typical results from ACTM are shown in Figure 5, and results
for all of the grouts tested are summarized in Table 6. More
detailed data are found in FHWA Report FHWA-RD-91-092
(1,2). It is important to note that a poor grout with a high
water/cement ratio (0.65) gave, by far, the worst results, which
indicates that ACTM can differentiate good from poor grout.
The addition of HRWR (and corresponding decreases in water/
cement ratio), fly ash and sand, silica fume, and latex modifier
all improved the corrosion performance over Grout 1. Grout
5-1, containing the HRWR, sand, and fly ash, provided the
longest time to failure.

Using the specified ACTM test, Grout 10-1, which was the
same as Grout 1 with the addition of an inhibitor, indicated
a decrease in corrosion performance when compared with
Grout 1. This was unexpected; these results were further ex-
amined. It is believed that ACTM is too severe for evaluating
inhibitor performance and that the 0.6 V (SCE) applied po-
tential exceeds the breakdown potential for steel in an inhib-
ited grout. Therefore, the ACTM masked the inhibiting abil-
ity of the grout. To examine this problem, ACTM was modified
to use an applied potential of 0.0 V (SCE). The 0.0 V potential
is sufficient to accelerate corrosion once Cl~ reaches the steel
surface, but will not unrealistically break down protection
provided by an inhibitor of the type utilized in this study. The
data presented in Table 6 show the results for the modified
ACTM for Grout 1 (standard) and Grout 10-1 (standard plus
inhibitor). The time to failure for Grout 1 is similar for both
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FIGURE 4 Cumulative water loss from indicated grouts (from 0 to 80 psi) using Gelman pressure filtration funnel.

the 0.6 V applied ACTM and the modified 0.0 V applied
ACTM. This indicates that the modified ACTM is adequate
to examine corrosion performance. A significant improve-
ment in the corrosion performance was realized when an in-
hibitor was added to the grout (time to failure increased from
177 up to 713 hr) based on the modified ACTM results. Al-
though the data are limited, the improvement in corrosion
performance is significant. Therefore, when an inhibitor is
added, the modified ACTM must be used. Typical plots for
current and time for the rapid Cl- permeability tests are
shown in Figure 6. When a 60 V applied voltage was used,
overheating occurred and extrapolation of the data was re-
quired. In a few instances the overheating resulted in cracking
of the grout specimen. A comparison of rapid Cl~ permea-
bility results for the 60 V and 30 V applied voltage is presented
in Table 5. The only discrepancy in the data is with Grout
6B. The 30 V tests were repeated; it is believed that these
data are correct, which indicates that the 60 V data may be
in error.

The ACTM results and the AASHTO rapid Cl- permea-
bility results for several grouts are compared in Table 7. For
the five grouts for which both sets of data are available, there
is a reasonable correlation between the two sets of data. As
permeability increases, the time to corrosion initiation de-
creases. This correlation suggests that if Cl~ permeation is
the major contributor to corrosion initiation, the rapid Cl-
permeability test may be sufficient to characterize a grout’s

corrosion performance. Therefore, in the absence of inhibi-
tors, a specification of time to corrosion initiation may include
only the rapid Cl- permeability test. However, initial test
results using a modified (0.0 V, SCE, polarized) ACTM in-
dicates that the addition of an inhibitor significantly increases
the time for corrosion initiation. It was not expected that the
rapid Cl- permeability would have indicated this result.
Therefore, when an inhibitor is incorporated in the grout, the
modified ACTM test is required to characterize the corrosion
performance. It should also be recalled that ACTM provides
an indication of the rate of corrosion following corrosion ini-
tiation.

CONCLUSIONS

1. The results of investigations to date indicate that, in
general, bonded posttension concrete structures exhibit ex-
cellent performance. However, in at least one instance, cor-
rosion of the duct material and subsequent corrosion and
failure of individual strands of a tendon have been reported.

2. Present specifications are inadequate for ensuring opti-
mum corrosion protection of the prestressing steel based on
state-of-the-art grout technology.

3. It is possible to achieve and control a specified level of
grout fluidity and acceptable open time through the use of
controlled dosage rates of HRWR.
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FIGURE 5 ACTM current-time data for replicate standard specimens for Grout 1 (standard grout).

TABLE 6 Summary of ACTM Results

Standard Standard Standard
Specimens, Specimens, Specimens,
(0.6V, SCE, (0.6V, SCE, (0.0V, SCE,
Grout Polarized) Polarized) Polarized)
Identification Time-To- Current Time-To-
Failure, Following Failure,
Hours Failure, mA? Hours
e e e i
Ho. | Standard 164 41 177
No. 1B Standard/
High w/c 30 46 -
No. 10-1
Standard/Inhibitor 129 26 713
No. 5-1 HRWR/
Flyash/Sand 418 8 -
No. 6B HRWR/
Silica Fume 295 18 -
No. 8-1 HRWR/
Latex Mod. 237 14 -
No. 11L HRWR/
Expansive/Anti- 168 32 -
Bleed

% Mean Value

4. Use of modifiers and additives provided improved resis-
tance to pressure-induced grout bleeding:

® Reduction in water/cement ratio had a marginal beneficial
effect,

@ Silica fume combined with low water/cement ratio had a
significant beneficial effcct,

® SBR latex polymer modifier produced a significant re-
duction in pressure-induced bleeding, and

® Antibleeding admixtures were effective in rcducing
pressure-induced bleeding.

5. On the basis of results from this investigation, the use
of expansive additives for grouts designed for bonded, post-
tensioned construction should be reconsidered.

6. A test protocol (ACTM) was developed that provides a
relatively fast evaluation of the ability of grouts to delay the
onset of corrosion in prestressing steel, which simulates bonded
posttensioned bridge exposures while accelerating the cor-
IOSiON Process.

7. Evaluation of corrosion performance is accomplished by
two performance tests: the ACTM developed in this study
and the modified AASHTO rapid Cl- permeability test method
(30 V applied voltage).
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FIGURE 6 Rapid Cl- permeability test results for
Grout 1 for 60 V (top) and 30 V (bottom) applied
voltage.

8. Rapid CI~ permeability test gives similar ranking of grout
performance as ACTM when Cl~ permeability is the primary
mechanism controlling corrosion initiation. ACTM provides
more detailed information (time to corrosion initiation and
current following initiation) than rapid Cl1 - permeability test.

9. A modified version of ACTM must be used when inhib-
itors are added to the grout, and in these cases ACTM may
be the only method for evaluating corrosion performance.

10. On the basis of ACTM results, grout additives and mod-
ifiers that significantly reduce Cl- permeation also signifi-
cantly increase the time to corrosion of embedded steel ten-
dons.

11. Grout 5-1, containing 33 percent (cement weight) fly
ash, provided a threefold increase in the time to corrosion
relative to the standard grout.

12. Grout 6B, containing 10 percent (cement weight) silica
fume addition, provided a twofold increase in the time to
corrosion relative to the standard grout.

13. Based on limited comparison data from the modified
ACTM, the calcium nitrite corrosion inhibitor provided im-
provement in corrosion performance.
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TABLE 7 Comparison of ACTM Results (0.6 V, SCE,
Polarization) with AASHTO Rapid CI~ Permeability Test

ACTM AASHTO Rapid
(0.6V, SCE, Permeability Test
Grout Polarized), (6h at 30V),
Identification hours coulombs
No. 1 Standard
(wic = 0.44) 164 2,400
No. 11L HRWR/
Expansive/Anti-Bleed 168 7,200
No. 8-1 HRWR/Latex Mod. 237 1,600
No. 6B HRWR/Silica Fume 295 1,000 (910)°
No. 5-1 HRWR/Flyash/Sand 418 70 (lfnﬂ)a
——————

B Duplicate Specimens
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Laboratory and Field Corrosion Test
Methods for Highway Metals Exposed to

Inhibited Rock Salt

RoNALD J. SmitH, DoNALD W. PrEIFER, ]. ROBERT LANDGREN,

BERNIE BurtTkE, AND DAaviD McDONALD

Corrosion-inhibited rock salt as an alternative deicing material
has been extensively researched through laboratory and field tests
of exposed structural steels, aluminum, and galvanized steel. Be-
cause ASTM corrosion test methods G4, G31, and B117 do not
address this area of corrosion, a series of specifically designed
corrosion tests in the laboratory and at bridge and highway sites
was undertaken. Realistically sized metal coupons were used in
tests undertaken to explore the role of chloride ion concentration
in the deicing solution, the ratio of wet/dry time, and the differ-
ence between immersion tests and spray tests to achieve wetting
with solutions of inhibited and normal rock salt. Test results
indicate that a particular inhibited rock salt can cause reductions
in weight loss from 25 to 98 percent, with average corrosion
reductions of 55 to 70 percent in the laboratory tests. Results
from field tests on the Dan Ryan Expressway and the Chicago
Skyway during the 1990 — 1991 winter suggest a similar corrosion
reduction of about 65 percent based on the wire resistance change
per weight of chloride collected at six highway and bridge sites.
Results of the test series during a 2-year period point toward
realistic accelerated corrosion test methods to ensure that alter-
native deicing materials that show good laboratory performance
also provide good performance on highways and bridges.

The deterioration of bridge systems and other metal structures
along highways has prompted investigations of alternative
deicing chemicals to provide reduced corrosion of embedded
reinforcing bars in concrete or exposed metals on highway
structures. Evaluation of alternative deicing chemicals in-
volves laboratory testing, for both product development and
evaluation by potential customers. The purpose of laboratory
tests is to evaluate and select materials performing effectively
under actual field conditions. Laboratory tests are necessary
to avoid the high costs, in terms of both dollars and time, of
large-scale field tests made under relatively uncontrolled con-
ditions.

A cyclical wetting and drying procedure for accelerated
laboratory testing of deicing chemicals on reinforced concrete
specimens, as reported in FHWA and NCHRP studies (I-
10), is becoming well established. Similar procedures for eval-
uation of exposed metals are not as well defined in terms of

R. J. Smith, Akzo Salt Inc., Abington Executive Park, P.O. Box
352, Clarks Summit, Pa. 18411-0352. D. W. Pfeifer, J. R. Landgren,
B. Butttke, and D. McDonald, Wiss, Janney, Elstner Associates,
Inc., 330 Pfingsten Road, Northbrook, Ill. 60062.

the relationship between laboratory results and actual field
performance. Akzo Salt, in cooperation with Wiss, Janney,
Elstner Associates, Inc. (WJE), initiated a program for eval-
uation of corrosion of bare metal specimens exposed to deic-
ing chemicals by laboratory procedure that could be directly
related to relative field performance.

Test practices and methods for studying the corrosion of
exposed metal specimens are published by ASTM and the
National Association of Corrosion Engineers. Chief among
these are ASTM G4, corrosion coupon testing; ASTM G31,
laboratory immersion corrosion testing; and ASTM B117, salt
spray test. Many investigators have used these ASTM pro-
cedures, or variations of them, to compare the corrosion per-
formance of deicing chemicals. Although they provide relative
performance in the laboratory, these procedures do not re-
produce parameters that may be critical to corrosion reactions
in the field. As a result, and as noted in ASTM G31, labo-
ratory evaluation may provide misleading results or results
that cannot be used to predict actual field performance.

This Akzo/WJE investigation examined, with the use of
realistically sized metal coupons, the role of the ratio of wet/
dry time, salt concentration, and cycle length with respect to
laboratory corrosion performance relative to actual field per-
formance. In addition, the use of the resistance wire method
of measuring field corrosion as a replacement for costly steel
coupon mass loss methods was evaluated. The resistance wire
method provides the advantage of nondestructive measure-
ment, allowing cumulative data to be obtained from a single
specimen over long periods of time at considerably reduced
cost.

The referenced ASTM laboratory tests generally use thin
steel coupons having small volume/surface (v/s) ratios. As
noted in ASTM B117, G4, and G31, the specifics of the cor-
rosion test conditions cannot be standardized because accel-
erated corrosion testing has so many variables. It is also stated
in ASTM G31, “In designing any corrosion test, consideration
must be given to the various factors discussed in this practice,
because these factors have been found to affect greatly the
results obtained.” In this Akzo/WJE investigation, the ge-
ometry of the test coupon was selected to more closely repre-
sent the v/s ratio found in structural members. Typical wide
flange beams and plates have v/s ratios from 2 to 40 times
greater than the thin specimens commonly used in ASTM
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corrosion testing, but only 1 to 5 times that of the selected
Yo- X %- X 4-in. specimen. Thus, the selected test specimen
is more reasonable when compared with structural shapes.

Field exposure can be divided into three periods: wet time,
drying time, and dry time. The authors hypothesized that the
relative lengths of wet time and drying time provide the con-
trolling influence on total corrosion of the specimen. That is,
corrosion takes place when a corrosive solution is present,
and little corrosion occurs during the dry period. Accelerated
testing could be better achieved by defining the proper ratio
of wet and drying times to dry time to represent actual field
conditions and accelerating the test by shortening or elimi-
nating the dry period. Data generated from these tests and
tests currently under way indicate that this may be correct.

The accelerated laboratory tests and field tests are discussed
here. The actual data and a more detailed discussion are
presented in a supplemental document available from Akzo
Salt Inc.

1989 TEST SERIES ON A36, A572, AND A588
STEEL, GALVANIZED 36 STEEL, AND 6061-T6
ALUMINUM

Two different corrosion inhibition materials (Numbers 1 and
2) were used in a 15 percent NaCl solution. The uninhibited
NaCl solution strength was also 15 percent. Two 30-day ac-
celerated corrosion test procedures were used. One test method
addressed the cyclical wet and dry environment; the second
addressed the partial immersion environment. The mean per-
cent improvement in weight loss for the A36, A588, and A572
steels for Solutions 1 and 2 for the wet/dry test method ranged
from 40 to 54 percent.

1990 TEST SERIES ON A36 STEEL WITH 11
DIFFERENT DEICER FORMULATIONS

This test series used the same wet/dry test cycle. Eleven dif-
ferent deicing solutions were evaluated. All solutions used 15
percent NaCl. Ten solutions contained corrosion inhibitors;
one was uninhibited.

Test results showed that the 10 formulations increased the
effectiveness of the inhibitors tested in 1989 from the 40 to
54 percent range to the 81 to 94 percent range.

1990 TEST SERIES ON ASTM STEEL AND ASTM
A615 GRADE 60 REINFORCING BAR STEEL

The objective of this series was twofold: to determine (a) if
15 percent salt solutions containing the inhibitors would be
equally effective on A36 prisms and A615 reinforcing steel
and (b) if immersion of the specimens in alkaline salt solutions
similar to the pH found in concrete would have a passivating
effect. A review of the data indicates the following:

® The specimens in 11 different inhibited salt solutions (nor-
mal pH of 7) showed a decrease in percent metal loss over
those specimens exposed to plain salt solutions. The magni-
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tude of improvement ranged from 36 to 94 percent for A36
steel and from 86 to 98 percent for A615 rebar.

® The use of Ca(OH), in the salt water solutions (pH =
12) produced a remarkable 98 percent reduction in the metal
loss during the laboratory test series with both steels. This
decrease in the metal loss was due solely to pH change.

1990 TEST SERIES ON ASTM A36 STEEL WITH
VARIOUS SOLUTION STRENGTHS AND
VARIOUS SALT SPRAY/DRY TEST PERIODS

A new 30-day accelerated corrosion procedure and apparatus
were developed. Previously, the laboratory test specimens
were totally immersed for 60 min during each 6-hr cycle. This
total immersion did not allow high oxygen availability during
the wet period. The new method used a salt spray instead of
total immersion. The salt spray times and number of spray
cycles per day were also varied.

Four different deicer solutions were evaluated with six se-
ries. The inhibited and uninhibited solutions used NaCl con-
centrations of 3 and 15 percent. In Series 4 —6, one 15-min
fresh water rinse each day was used to simulate one short
period of daily precipitation.

These data indicate that the inhibitor is effective at both
concentrations when the steel surfaces are sprayed for 50 to
80 percent of the test period, with improvement in weight
loss ranging from 46 to 90 percent and averaging 70 percent.
When sprayed for 25 percent of the total cycle period, the
improvement in weight loss ranged from 25 to 84 percent and
averaged 54 percent. These data suggest that the average
improvement in a typical bridge environment subjected to an
inhibited salt spray concentration between 3 and 15 percent
could be between 55 and 70 percent.

These test results suggest that as the concentration strength
decreased from 15 percent to 3 percent the corrosion-induced
weight loss increased from 1.3 to 2.6 times, averaging 1.95
times. This suggests that as highway agencies use less salt or
dilute the salt with other materials, the concentration strength
of the solutions splashed onto these bridges is probably de-
creasing, which in turn allows for much greater corrosion-
induced weight loss.

FIELD TESTS IN CHICAGO DURING WINTER
1990—-1991

The concentration of salt solutions applied on bridge struc-
tures and pavements remains largely unknown. Thus, labo-
ratory corrosion experiments may not be representative of
actual highway conditions. For this reason, a field study of
A36 steel coupons under both inhibited and normal salt en-
vironments was initiated. The tests continued through the
winter of 1991 —1992.

Seven sites were chosen by WJE and the cooperating agen-
cies. As a control measure, three sites (1—3) exposed to
normal deicing salts were chosen along I-94 on the Dan Ryan
Expressway. Three other sites were deiced with the corrosion
inhibiting salt. These sites (4 —6) were on the Chicago Sky-
way. Great care was taken to ensure that the six sites appeared
to be similar, although traffic volumes are not equal. The I-
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94 sites certainly have much greater traffic volume. All six
highway and bridge sites are within a 10 mi radius. A seventh
site, on the roof of a WJE building, was chosen to allow an
investigation of steel coupons not exposed to deicing salts.

At the end of each month during the 3 months of exposure,
a single coupon was collected and tested from each of the six
highway sites, and three coupons were collected from the WJE
building roof. A prototype test method for determination of
corrosion rates in the field was also developed by WIE. Six
wire specimens were mounted at each of the seven sites and
their electrical resistance measured using a fine-scale ohm
meter.

To quantify the salt exposure at each site, a salt spray and
water collector was mounted near the steel coupons. The salt
solutions were collected at each site at the end of each month
and analyzed. The weight losses after three months of winter
weather for the atmospherically corroding specimens were 30
to 37 percent of the two other exposures where deicer salts
were applied. The relationship between theoretical coupon
weight loss and theoretical wire resistance shows a good cor-
relation between theory and field measurements. The amount
of wire resistance change per gram of collected inhibited salt
in the collectors is 31 percent of that of the normal salt after
the 3-month period.

Chloride-induced corrosion, defined as the weight loss at
each exposure that is over and above that caused by normal
atmospheric corrosion, was calculated by subtracting the av-
erage weight loss at Site 7 (WJE) from the average from the
other exposures. The average chlorine-induced weight loss
per gram of collected inhibited salt is 35 percent of that for
the normal salt after the 3-month period. This conclusion is
based on the reasonable assumption that the amount of weight
loss due to chloride ions is proportional to the quantity of
chloride exposure at the site.

CONCLUSION

Extensive laboratory and field tests on exposed steels, alu-
minum and galvanized steel were undertaken during a 2-year
period. These tests were directed toward establishing realistic,
accelerated test methods to ensure that alternative deicing
materials that provide good corrosion reduction in laboratory
tests also exhibit these properties on highway and bridge
systems.

Certain corrosion-inhibited rock salt materials achieved re-
ductions in weight loss in laboratory and field tests that av-
eraged about 55 to 70 percent, with some laboratory tests
achieving as much as 98 percent weight loss reductions when
compared with normal rock salt.

TRANSPORTATION RESEARCH RECORD 1347

Tests are continuing, and future tests will focus on the role
of oxygen and variable chloride concentrations during wet
and drying times, as well as the role of the dry time in the
corrosion process. Future tests will use automatic data-logging
of corrosion activity under bridge site and laboratory condi-
tions to better understand this complex process.
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Measuring the Chloride Content of

Concrete

StePHEN E. HERALD, RicHARD E. WEYERS, AND PHILIP D. CADY

The deterioration of reinforced concrete due to the corrosion of
the reinforcing bars may be expressed as the sum of three time
events: time to initiation of corrosion, time to first spalling, and
time to failure. Three corrosion processes have to be character-
ized to determine the corrosion state of the concrete within the
three events. The three processes are the rate of chloride diffusion
and present level of chloride contamination, rate of corrosion,
and rate of maintenance activities from first spalling to failure.
Thus, measuring the chloride content of concrete as a function
of depth is critical to determining the chloride contamination state
and the rate of chloride diffusion into concrete. The present stan-
dard methods are too arduous, time-consuming, and costly for
use in the field and for measuring the chloride content of the
relatively large number of samples needed to characterize the
chloride contamination level of concrete bridges. The laboratory
work in the development of a field-worthy method of measuring
the chloride content of reinforced concrete structures was ad-
dressed in this study.

A literature review was performed, and four methods were
selected for the laboratory study: Quantab chloride titrator
strips, specific chloride ion electrode, spectrophotometer, and
argentometric digital titrator. The laboratory study was com-
posed of the determination of the accuracy of the method
with respect to the AASHTO T-260 standard method and the
effect of cement content and temperature. In addition to the
control with no additional chlorides added to a concrete mix-
ture, contamination levels of 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 8.6,
10.8 and 12.8 1b chlorides/yd® of concrete were tested. On the
basis of accuracy, cost, speed, and level of expertise required,
the specific ion electrode was selected for further evaluation
of the effects of cement content and temperature. Cement
content was shown to have no effect on the results. However,
the reaction temperature does influence the measured chlo-
ride content. A correction factor was developed for the effect
of the reaction temperature.

The deterioration of concrete bridges from the chloride-
induced corrosion of the reinforcing steel in the United States
is well known. A recent projection estimated the financial
liability of corrosion-induced deterioration in bridges at $20
billion, increasing at a rate of $0.5 billion annually (/). To
optimize the cost-effective solution to the protection, repair,
and rehabilitation of concrete bridges, one must identify the
present corrosion state of the bridge components. The cor-
rosion state of a bridge component will be within one of the

S. E. Herald and R. E. Weyers, Civil Engineering Department, Vir-
ginia Polytechnic Institute and State University, Blacksburg, Va. 24061.
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three time events: time to initiation of corrosion, time to first
spalling, or time to failure. The three processes associated
with the time events are the rate of chloride diffusion and the
present level of chloride contamination, the rate of corrosion,
and rate of maintenance activities from first spalling to failure.
Thus, measuring the chloride content of concrete as a function
of depth is critical to identifying the present corrosion state
and predicting the future contamination level using the rate
of chloride diffusion.

The present standard methods of measuring the chloride
content of concrete, AASHTO T-260 and ASTM C114, are
too arduous, time-consuming, and costly for use in the field
and for measuring the chloride content of the relatively large
number of samples needed to characterize the chloride con-
tamination state of concrete bridges. The laboratory work in
the development of a field-worthy method of measuring the
chloride content of reinforced concrete structures was ad-
dressed in this study.

BACKGROUND

Methods to use to determine the chloride ion content of
concrete may be classified as nondestructive and destructive
techniques. Nondestructive techniques include the dual
neutron-gamma ray and the neutron-gamma ray spectro-
scope. Destructive methods, requiring a drilled powdered
sample, include the AASHTO standard method, x-ray fluo-
rescence, gas chromatograph, Quantab chloride titrator strips,
specific ion electrode, spectrophotometer, and argentometric
digital titrator.

The dual neutron-gamma ray technique was developed for
FHWA by Columbia Scientific Industries (2,3). The instru-
ment is capable of measuring chloride content with respect
to depth; its detection limits are 0.04 to 0.08 1b/yd* and depth
resolutions are 0.40 to 8 in., depending on the calibration
model. The choice of the wrong calibration model (Cl- depth
distribution model) will result in significant measurement er-
rors. Calibration models would have to be developed for spe-
cific types of bridges (e.g., concrete or steel beams, varying
deck thickness, varying overlay thickness, coastal or inland
bridges) (3). The method is relatively fast, 2 to 3 measure-
ments per hour with a 10-min data acquisition time. Instru-
ment operation is straightforward and requires little training.
However, instrument calibration and setup must be done by
qualified scientists. Although operational costs are relatively
low, capital costs are high. Also, the equipment is large and
is mounted on a self-contained vehicle and thus is limited to
use on bridge decks.
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Neutron-gamma ray spectroscopy also uses a californium-
252 neutron source for composition measurements, but uses
a high-resolution, high purity germanium detector rather than
a Nal (T1) crystal gamma-ray detector (4 — 6). The instrument
has been used to measure the relative difference with regard
to surface position of the chloride content of a masonry wall
by normalizing the chloride intensities to the value of silicon
(C1-/Si ratio). The procedure assumes the value of silicon
remains relatively constant throughout the material. Porta-
bility problems, calibration requirements, and equipment costs
significantly limit the usefulness of the device for determining
the chloride content of concrete bridge components.

X-ray fluorescence and gas chromatography analysis meth-
ods of powder samples offer no advantage over other powder
analysis methods because of the related power requirements
(x-ray fluorescence requires approximately a 100-kV source),
cost (between $25,000 and $100,000 for equipment only), and
level of expertise required. These limitations restrict the use
of the instruments to the laboratory.

Quantab chloride titrator strips are simple and fast to use
and are applicable to field measurement techniques of powder
samples. Simplified procedures for the Quantab method were
developed by the Building Research Station, Garston, Wart-
ford, for analyzing the chloride content in portland cement
concrete. The analysis procedure developed for the Quantab
titrator strips consists of an acid digestion of a 5 g sample of
powdered concrete. Fifty mL of 1 N nitric acid solution were
used to digest the chloride followed by neutralization of the
acid using 5 g of anhydrous sodium carbonate. Chloride con-
centration of the sample was then determined using the Quan-
tab titrator strips (7).

The Building Research Station, Garston, Wartford, also
developed a simplified procedure for the chloride determi-
nation in portland cement concrete using the (argentometric)
test method. In this procedure, the 5-g powdered concrete
sample is acid digested with 50 mL of 1 N nitric acid. While
the sample mixture is being stirred, 5 g of sodium bicarbonate
is added to the sample mixture. Once completely dissolved,
the mixture is allowed to stand for 1 to 2 min. Finally, the
mixture is filtered into a beaker using Whatman 41 or an
equivalent filter paper. The filtered solution is then titrated
by pouring 5.75 mL of the filtrate into a mixing bottle. One
capsule of potassium chromate powder indicator is added to
the sample. A silver nitrate solution is added drop by drop
and the sample is swirled after each drop. The sample is
titrated from a bright yellow to faint reddish brown color,
and the number of digits required to complete the titration
is recorded (7).

The development of the specific ion probe method for
measuring the chloride content of concrete was first conducted
at The Pennsylvania State University (). The procedure was
further developed for field use by James Instruments (9). The
method digests a 3-g powered sample in a chloride extraction
solution. A combination specific chloride ion electrode con-
nected to a voltmeter is inserted into the sample mixture, and
the millivolt reading is recorded. The chloride content is de-
termined by using a calibration equation, which in turn is
determined every time the instrument is turned on.

The spectrophotometric method compares the color dif-
ference of a chloride extracted mixture with a standard ref-
erence solution. The chloride content is a direct digital read-
out in parts per million (10).
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The most promising methods, on the basis of initial equip-
ment cost, level of expertise required, and portability (which
may be adapted to the rapid field measurement of the chloride
content of reinforced concrete using powder samples), are the
specific ion electrode, spectrophotometric, and argentometric
digital titration methods, and Quantab titrator strips. Sub-
sequently, these methods were selected for laboratory
investigation.

EXPERIMENTS

The laboratory investigation of the four test methods con-
sisted of three phases: accuracy of the four test methods as
compared with the AASHTO standard test method, the effect
of cement content, and temperature on the performance of
a best select test method.

For the accuracy, cement content, and temperature tests,
concrete specimens 1 ft2 X 6 in. thick were cast at 10 chloride
contamination levels. Specimens were cast at chloride additive
rates of 0.0, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 8.6, 10.8 and 12.8 1b
Cl~/yd® of concrete using a sodium chloride solution. Con-
crete slabs were cast at a water/cement ratio (w/c) of 0.40,
0.47, and 0.50 with Type I cement contents of 658, 640, and
552 Ib/yd® of concrete, respectively, at each of 10 chloride
contamination levels. The fine aggregate was a natural sand
and the coarse aggregate was a nominal 1-in. crushed lime-
stone. The specimens were moist cured for 46 days. A rotary
hammer drill with a ¥%-in. carbide drill bit was used to sample
each of the concrete slabs. The extracted powder from the
multiple drill holes in a single contaminated slab was com-
bined, dried, and sieved over a number 50 sieve, and the
retained 50 sieve material was discarded.

Bridge deck class concrete specimens (w/c = 0.47) were
used in the initial series of chloride content tests to determine
the accuracy of the four methods. The substructure and su-
perstructure mixtures (w/c = 0.50 and 0.40, respectively) were
used to determine the effects of cement content. A single
chloride contamination level (1.4 Ib Cl-/yd®) was used to
determine the effects of chloride extraction reaction temper-
ature.

LABORATORY TESTING

The standard potentiometric titration method was used to
standardize the 0.01 N silver nitrate and sodium chloride so-
lutions used for the analysis of chloride in accordance with
the standard AASHTO procedure. Tests for chloride content
using the four select methods were performed on standardized
solutions to verify their accuracy before the specimens were
tested. The test results for all four selected methods were
within the range of accuracy specified by the manufacturers.

Specific Ion Probe

A deviation from the recommended calibration procedure
involved a regression analysis of the calibration measurements
instead of determination of the calibration equation graphi-
cally. This deviation was used to allow more precision in the
test results.
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A plot of the results obtained using the specific ion probe
as a function of the potentiometric titration results and the
95 percent confidence limits for the prediction interval are
presented in Figure 1.

Spectrophotometric

Samples analyzed using the spectrophotometer were also
compared with the results obtained from the potentiometric
titration procedure. A plot of the spectrophotometer and the
potentiometric titration results and the 95 percent confidence
limits for the prediction interval are presented in Figure 2.

Digital Titrator

Samples analyzed using the digital titrator were also compared
with the results obtained from the potentiometric titration
procedure. A plot of the digital titrator as a function of the
potentiometric titration results and the associated 95 percent
confidence limits are presented in Figure 3.
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SPECIFIC ION ELECTRODE, 0.8, % Cl

FIGURE 1 Potentiometric titration versus specific ion probe.
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Quantab Titrator Strips

Acid digested samples analyzed using the Quantab titrator
strips were compared with the results obtained from the po-
tentiometric titration procedure. A plot of the Quantab ti-
trator strips number as a function of the potentiometric titra-
tion results and the 95 percent confidence limits for the predicted
value are presented in Figure 4.

COMPARISON OF TEST METHODS

As indicated from an analysis of the results obtained from
the first series of tests for chloride, the highest accuracy is
achieved using the specific ion probe followed by the digital
titrator, spectrophotometer, and the Quantab titrator strips
(see Table 1). These are considered the most important cri-
teria for selecting the appropriate method because errors in
measuring the chloride content of bridges may influence the
results obtained in estimating the extent of chloride contam-
ination and in predicting the time to depassivation.

The initial cost of the specific ion probe was greater than
the other selected methods. It should be noted that hidden
costs are associated with the spectrophotometer, digital titra-
tor, and the Quantab titrator strips. Items such as filter paper,
beakers, stirring rods, nitric acid, and deionized water are
required for all three methods. Additional items such as fun-
nels, a funneling apparatus, and pipets are required for the
spectrophotometer and the digital titrator. Finally, a magnetic
stirrer and magnetic stirring rods are desirable when using the
digital titrator.

No special sample preparation is required for the specific
ion probe. The probe can be calibrated in less than 10 min,
after which samples can be weighed and analyzed in less than
10 min. This allows the operator 7 min to weigh the sample
before testing.

The procedure for weighing and preparing the sample for
the spectrophotometer and the digital titrator requires the
same amount of time. Once the samples are prepared, the
analysis procedure using the spectrophotometer requires a
little less than the digital titrator. The operator must pay
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FIGURE 2 Potentiometric titration versus spectrophotometer.
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FIGURE 4 Potentiometric titration versus Quantab titrator strips.

TABLE 1 Comparison of Test Methods

L1

Accuracy
Method R-sq (Adj) *Cost **Speed Level of Expertise
Specific Ion Probe 99.0% $1860.50 | Simple
Spectrophotometer 96.3% 1363.57 2 Medium
Digital Titrator 98.3% 156.74 3 Medium
Quantab Titrator Strips 91.2% 49.30 4 Simple

*Cost represents the initial cost of the equipment and the chemicals necessary for analyzing 40 specimens.
**Speed represents the order in which samples may be weighed, prepared, and tested using each method.

**4[ avel of expertise gives an indication of how complicated each procedure is to use.
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particular attention during the titrating procedure when using
the digital titrator so the midpoint of the titration will be
recognized.

The procedure for weighing and preparing the sample to
be analyzed using the Quantab titrator strips does not require
as much time as for the spectrophotometer and the digital
titrator. However, sometimes the operator may be required
to wait as long as 20 min before the results may be read using
the Quantab titrator strips.

The analysis procedure for the specific ion probe was sim-
plified for the operator when compared with the original pro-
cedure developed by James Instruments (9). Essentially, the
operator records readings displayed by the electrometer while
following a step-by-step procedure. Two precautions must be
followed in using this procedure to obtain accurate results.
Otherwise, the procedure is simple, quick, and straightfor-
ward. Procedures for the spectrophotometer and the digital
titrator are a little more complicated than those for the specific
ion probe. The operator not only must realize the importance
of following the procedure completely, but also must be able
to detect interferences and compensate for them. The analysis
procedure for using the Quantab titrator strip is a little more
complicated than the procedure for the specific ion probe,
but it requires little technical expertise.

Considering each of the criteria, which are summarized in
Table 1, for selecting the method for determining the chloride
content of concrete, the specific ion probe was determined to
be most suitable for the purpose intended. First, the apparatus
required for the spectrophotometer and the digital titrator is
more suited for use in the laboratory than in the field. Second,
both of those procedures require a certain level of expertise
to achieve meaningful results. Finally, the Quantab titrator
strips do not provide the accuracy that is desirable for deter-
mining the time to depassivation and, at times, may require
an excessive amount of time for analysis.

EFFECTS OF CEMENT CONTENT

A comparison of the results for the effects of cement content
on the specific ion electrode method encompassed using the
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accuracy test results (w/c = 0.47) along with the results of
the testing of 0.50 and 0.40 w/c slab series. As shown in Figure
5, it appears that there is no significant effect of cement con-
tent on the performance of the specific ion probe. In addition,
a statistical analysis of the results indicated there was no cor-
relation between the results obtained for chloride content
using the specific ion probe and cement content.

EFFECTS OF REACTION TEMPERATURE

The results obtained for the specific jon probe during this
series of tests were compared with the results obtained for
the specimen from the first series of tests to determine the
effects of temperature.

Figure 6 shows the relationship between the correction fac-
tor for the specific ion probe suggested by the results of the
regression analysis relative to the reaction temperature.

SUMMARY AND CONCLUSIONS

The objective of this study was to identify a field procedure
for determining the chloride content of concrete. This objec-
tive was accomplished by a preliminary investigation of four
select methods to determine their effectiveness in measuring
the chloride content of concrete followed by a subsequent
analysis of the select method to determine the effects of ce-
ment content and reaction temperature. Ultimately, a field
procedure for determining the chloride content in concrete
will be validated.

Results from the initial phase of the investigation indicated
that the Quantab titrator strips would provide a rough esti-
mate of the chloride content in a concrete specimen.

The results of the tests using the spectrophotometer indi-
cated that reasonable estimates of chloride content could be
obtained particularly for low levels of chloride.

The digital titrator may also be used to obtain good esti-
mates of chloride content in concrete specimens. This pro-
cedure allows for accuracy in measuring the chloride content
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FIGURE 6 Temperature correction for specific ion probe.

over a broader range of contamination levels than with the
spectrophotometer.

The specific ion probe provided more accuracy in measuring
chlorides in concrete than the previous methods tested. In
addition, less than 5 min per specimen was required for the
analysis procedure during the laboratory investigation.

The second and third phases of the investigation indicated
the specific ion probe test results were not affected by dif-
ferent cement contents but were affected by changes in chlo-
ride extraction temperature. Consequently, a correction fac-
tor for temperature was developed.

ACKNOWLEDGMENTS

The research reported here was funded by the Strategic High-
way Research Program under contract C-101. The authors
are indebted to John P. Broomfield, the SHRP project tech-
nical contract manager, for his sound advice.

REFERENCES

1. Strategic Highway Research Program: Research Plans. TRB, Na-
tional Research Council, Washington, D.C., May 1986, pp. TRA
4.1-4.60.

2. J. R. Rhodes et al. In Situ Determination of the Chloride Content
of Portland Cement Concrete in Bridge Decks— Feasibility Study.

Report FHWA-RD-77-26. FHWA, U.S. Department of Trans-
portation, Feb. 1977, p. 114.

3. J. R. Rhodes et al. In Situ Determination of the Chloride Content
of Portland Cement Concrete in Bridge Decks. Report FHWA-
RD-80-030. Aug. 1980, p. 59.

4. R. A. Livingston. X-Ray Analysis of Brick Cores from the Pow-
ell-Waller Smokehouse, Colonial Williamsburg. Proc., Third North
American Masonry Conference, June 1985, pp. 61/1-16.

5. L. G. Evans et al. Neutron/Gamma Ray Techniques for Inves-
tigating the Deterioration of Historical Buildings. Nuclear In-
struments and Methods in Physics Research, A242, 1986, pp. 346—
351.

6. L. G. Livingston et al. Diagnosis of Building Condition by Neu-
tron-Gamma Ray Technique. ASTM STP 901. ASTM, Philadel-
phia, Pa., 1986, pp. 165-180.

7. Building Research Station. Determination of Chloride and Ce-
ment Content in Hardened Portland Cement Concrete. Building
Research Establishment Information Sheet, 1S 13/77, July 1977,

8. T. D. Larson, P. D. Cady, F. P. Browne, and N. B. Bolling.
Deicer Scaling Mechanism in Concrete. Pennsylvania State Uni-
versity, University Park, Dec. 1970, pp. 87-100.

9. CL Test Model CL 500 Instruction Manual. James Instruments
Inc., Chicago, Ill., 1988, p. 11.

10. DRI2000 Spectrophotometer Procedure Manual, 2nd ed. Hach
Company, Loveland, Colo., Sept. 1988, p. 395.

The opinions, findings, and conclusions are those of the authors and
not necessarily those of the sponsoring agency.

Publication of this paper sponsored by Committee on Corrosion.



TRANSPORTATION RESEARCH RECORD 1347

75

Recent Research on Alternative

Deicers at Chevron

C. D. Buscemi, K. A. Hoenkg, anD K. L. EKLUND

A calcium magnesium acetate (CMA)—based deicing product
has been tested as an alternative to salt-based deicers, which are
corrosive to steels used in the construction of bridges, roadways,
and automobiles. The CMA-based deicer showed much lower
corrosion rates than salt-based deicers in alternative immersion
tests. Electrochemical testing of steels in CMA-based deicer sug-
gests that although similar corrosion potentials to salt-based de-
icers occur with the CMA-based product, corrosion currents, and
thus corrosion rates, are greatly reduced. Results of alternative
immersion and electrochemical testing are presented.

Substantial corrosion of roadways and bridges due to the ap-
plication of deicing salts has come to be recognized as a major
problem. Today’s road salts contain chlorides, which are re-
sponsible for the corrosion of bridge and roadway steels. Sub-
stitute deicing chemicals have been formulated and are being
tested in various forums for their ability to remove snow and
ice without causing further infrastructure damage.

Two classes of deicers are undergoing testing currently. One
class uses small amounts of inhibiting chemicals added to plain
road salt; in this case the chloride-containing road salt is still
the deicer, but the chemical additions cause reduction of metal
corrosion rates as long as the inhibiting chemical remains in
contact with the steel.

Another class of deicer relies not on chlorides, but on low-
corrosion chemicals, which are deicers themselves. These de-
icers have the potential to eventually allow removal of de-
structive chlorides entirely from the infrastructure.

CURRENT RESEARCH ON DEICERS

Research has been focused on three primary areas: corrosion
of bare metal, corrosion of steel rebar in concrete, and de-
terioration of concrete. In all cases, solutions of varying con-
centration have been tested. Representative concentrations
range from 3.5 percent to more dilute values, which simulate
what might be encountered on a roadway following deicer
spreading and melt runoff.

Bare metal testing is a straightforward way to evaluate the
effects of deicing solutions on structural metals, can be done
quickly and cheaply, and has provided much of the infor-
mation known about deicer corrosivity. Although corrosion
rates for bare metal do not necessarily indicate corrosion rates

C. D. Buscemi, Materials Unit, Chevron Research and Technology
Co., 100 Chevron Way, Richmond, Calif, 94802-0627. K. A. Hoenke,
Chevron Chemical Co., 6001 Bollinger Canyon Road, San Ramon,
Calif. 94583-0956. K. L. Eklund, Department of Materials Science,
Carnegie-Mellon University, Pittsburgh, Pa. 15213.

for reinforcing steel in concrete, bare metal tests allow com-
parisons of the relative effects of deicing solutions on struc-
tural highway metals.

To determine the effects of deicing solutions on reinforcing
steel bar in concrete, tests have been done on concrete slabs
containing rebar. These tests take longer to complete, so less
data are currently available on rebar in concrete.

Tests on the effects of deicing solutions on concrete have
also been performed. In these tests, concrete slabs are usually
cyclically ponded with deicing solutions, so that they go through
wetting and drying cycles that simulate actual road conditions.
Freeze-thaw cycles are a common test on concrete to deter-
mine if use of alternative deicing chemicals leads to increased
cracking and pothole damage during the winter.

WHAT IS KNOWN ABOUT BARE METAL
CORROSION BY CALCIUM MAGNESIUM
ACETATE?

Most corrosion testing of calcium magnesium acetate (CMA)
to date has been on structural steels. CMA has been found
to reduce corrosion of highway steels by five to fifteen times
compared with plain road salt.

Extensive coupon weight loss work by Locke and Kennel-
ley, sponsored by FHWA, concluded that corrosion of steel
in CMA is about two to five times less than in salt solution
(1,2). The corrosion rate of A-36 steel in CMA was found to
be only 1 mil per year (mpy) in a 2 percent CMA solution.

Another large study on the effects of CMA has been per-
formed by the Michigan Department of Transportation (DOT)
(3), which tested a variety of structural steels, including ASTM
A-36 bridge steels, A-588 weathering steel rebar, and gal-
vanized steel, along with several galvanic couples of stainless
steel with carbon steel and with aluminum. Welds were also
tested, as were some common aluminum alloys. Test solutions
included CMA, various CMA/NaCl mixtures, NaCl with a
commercially available MgCl, corrosion inhibitor, simulated
acid rain, and distilled water.

Steel specimens in CMA corroded at only 1/4 to 1/15 the
rate of steel specimens in NaCl (5 —10 mpy for CMA versus
30— 60 mpy for salt). CMA also caused less pitting. Additions
of one part CMA to two parts NaCl also greatly reduced
corrosion rates over plain salt. Steel welds were dramatically
less corroded in CMA as well. Aluminum was attacked ag-
gressively in neither CMA nor salt, but pitting was less in
CMA. CMA was only slightly more corrosive than distilled
water, and was less corrosive than simulated acid rain.

The Minnesota and Washington DOTs have also seen
reduced corrosion of highway steels by CMA. Minnesota
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reported that out of seven deicers sprayed on steel three
times daily over a period of about 250 days, a 20/80 mix of
CMA/salt showed the least corrosion, actually less than water
alone (unpublished data). The CMA/NaCl mix corroded steel
six times less than plain salt, and two times less than its
closest competitor. Washington DOT reported corrosion five
to seven times less in CMA solution (about 4 mpy) than in
salt solution (4).

Southwest Research Institute (SWRI) reports corrosion rates
for steel in pure CMA to be near zero (5). SWRI found that
additions of about 20 percent CMA to NaCl solutions reduces
corrosion by up to 80 percent more than plain salt.

In another comprehensive FHWA report (6), CMA was
found to be less corrosive than salt to automotive steels, stain-
less steels, aluminum alloys, automotive and road paints, brake
linings, and portland cement concrete. CMA did no damage
to plastics, elastomers, ceramics, rubbers, sealants, adhesives,
and asphalts.

WHAT IS KNOWN ABOUT CORROSION OF
REBAR IN CONCRETE BY CMA?

Locke and Kennelley performed electrochemical measure-
ments of corrosion potential for rebar in concrete (1,2). They
concluded that although an active corrosion potential is mea-
sured for rebar in concrete exposed to CMA solutions, the
actual corrosion rate is small compared with that in salt so-
lution. Another important conclusion was that “galvanic type”
corrosion cells can be set up when corrosion potential differs
from one area of a reinforced concrete mat to another.

Locke and Kennelley found that CMA solutions ponded
on reinforced concrete can change local corrosion potentials;
however, their work did not measure corrosion current, which
would have yielded a clearer picture of the amount of cor-
rosion that was occurring. The finding that CMA causes active
corrosion potentials for rebar in concrete, but that actual
corrosion is small, has been reproduced by Chevron. It will
be discussed in more detail in the section dealing with Chev-
ron’s electrochemistry work.

Two European studies, one by British Petroleum (7), the
other sponsored by the Danish Ministry of Transport (8), have
concluded that corrosion by salt solutions of steel embedded
in concrete can be slowed down or terminated once the use
of salt is discontinued and the concrete is exposed to CMA
solution. The Danish study concluded that ponding a 50/50
CMA /salt mix ‘‘has a retarding effect on the corrosion of steel
in concrete.”

The most current work on rebar in concrete is being per-
formed by Peart at FHWA. Peart’s unpublished data show
that ponding of either clean or chloride-contaminated con-
crete by CMA solutions results in minimal corrosion current
and passive corrosion potentials, whereas ponding of the same
slabs with salt solutions results in higher corrosion currents
and active corrosion potentials.

WHAT IS KNOWN ABOUT THE EFFECTS ON
CONCRETE OF CMA?

In several major studies, CMA caused the least damage to
concrete of all deicers tested, including the road salt com-
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monly used today. Michigan DOT found freeze-thaw damage
from salt to be dramatically decreased when CMA was added
to NaCl and to be eliminated by plain CMA (9). A salt-based
deicer containing phosphates, tested at the same time, caused
more concrete spalling as well as more corrosion to rebar than
even plain salt.

A study by Nadezhdin et al. found that CMA caused less
freeze-thaw damage than any of the other deicing chemicals
tested, including CaCl,, sodium formate, urea, and NaCl (10).
CMA accounted for far less spalled concrete material than
plain road salt in a 100-cycle test.

Chollar and Virmani found that salt ponded on concrete
slabs caused rust-filled surface cracks to develop (11). Over
time, cracks grew wider and deeper. CMA, on the other hand,
showed no evidence of concrete cracking. Electropotential
measurements of rebars embedded in concrete showed CMA-
ponded specimens lie in the passive (noncorroding) range,
whereas salt-ponded specimens lie in the active (corroding)
range.

An interesting side effect of spreading CMA on roadways
has been the observation by several state DOTs that CMA
has a residual effect on concrete. That s, once CMA is applied
to a roadway, it tends to be less susceptible to being washed
away, so that subsequent applications need not be as frequent.
A recent thesis published at Michigan Tech explains that CMA
actually is absorbed into limestone and diffuses into some
types of rock, thereby creating a reservoir of deicer in the
roadway surface that is available at the next snowfall (12).

CHEVRON’S CURRENT RESEARCH ON CMA

This part of the report is divided into three sections. Results
of a 3-month planned interval test utilizing alternative im-
mersion testing of plain carbon steel (ASTM A-36) in solu-
tions of CMA and other deicers are summarized in the first
section.

The second section concerns alternative immersion testing
of a weathering steel commonly used for bridges (ASTM A-
588). The weathering steel was subjected first to immersion
in salt solutions and then to alternative deicers to determine
the effect of deicers on precorroded bridge steels.

Results of subsequent electrochemical testing which was
performed to further explore the corrosion phenomena ob-
served in the immersion tests are summarized in the third
section.

Alternative Immersion Testing of Plain Carbon Steels
Background

A 3-month planned interval test was used to determine steel
corrosion rates after longer-term exposure to solutions of
Chevron CMA-based deicer and several other deicers. The
advantage of such testing is that both the liquid corrosiveness
and the metal corrosivity can be measured. Not only were
corrosion rates determined, but pH, solution conductivity,
corrosion potential, metal surface appearance, corrosion
product composition, acetate concentration, and microbio-
logical activity of Chevron CMA-based deicer also were
measured.
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In a planned interval test, samples are placed in test so-
lutions for different durations and at different times as shown
in Figure 1 (13). Comparison of the corrosion rates observed
in the first month (A,) with those in the third month (B)
shows changes in the corrosiveness of the liquid. Comparison
of A, (the corrosion rate of only the final month of the 3-
month immersion) with B gives information on changes in
metal corrodibility with time. Metal corrodibility is affected
by such factors as corrosion product formation and other
changes to the metal surface.

Procedure

Six ASTM A-36 carbon steel coupons (2 X 4 X Yiein.) were
hung from nylon rods and immersed in several different deic-
ing solutions and distilled water at ambient temperature (Table
1) for 10 min, then raised into ambient air for 50 min. This
cycle was repeated throughout the 3-month testing period
using an automatic hydraulic system controlled by an elec-
tronic timer.

Corrosion potentials, conductivity, and pH of the solutions
were recorded twice a week in each of the test solutions. Two
samples from each solution were removed at the end of each
exposure period (1, 2, and 3 months), and their corrosion
rates determined. Corrosion products and scale on certain
samples were analyzed.

Corrosion Rate Results

Figure 2 shows average corrosion rates after 1, 2, and 3 months
for each of the test solutions. The CMA-based products, and
urea, showed low corrosion rates (less than 5 mpy)—about
the same as water. By far the highest corrosion rate was that
of pure salt (30—60 mpy); 10 percent Chevron CMA-based
deicer or CMA added to salt solutions reduced the corrosion
rate to about Y5 that of NaCl alone.

A=A A
" d
A
e_t B
oM i of >
@ = ° —>

1 3 t+1

Time in Months

FIGURE 1 Planned interval test design. Each arrow
represents immersion of corrosion coupons in solution for
duration shown (¢ = 2 for 3-month test).
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TABLE 1 Solution Chemistries for 3-Month Planned Interval
Testing
Solution Composition Concentration
Water Distilled Water 100%
NaCl Sodium Chloride 3.5 wt%
Chevron CMA- CMA-Based 3.5 wt%
Based Deicer
NaCl/Chevron 9 g. Sodium Chloride 3.5 wt%
CMA-Based Deicer 1 g. Chevron Deicer
Reagant 7 moles Mg Acetate 3.5 wt%
Grade CMA 3 moles Ca Acetate
NaCl/Reagant '9 g. Sodium Chloride 3.5 wt%
Grade CMA 1 g. Reagant Grade CMA
Urea Chevron Chemical Urea 3.5 wt%
NaFo Commercial Grade 3.5 wt%

Sodium Formate

For the Chevron CMA-based deicer, some samples dis-
played a passive film with zero corrosion rate and underwent
minimal active corrosion. There appear to be two stable cor-
rosion potentials for CMA: one active with a corrosion rate
of about 5 mpy, and one passive with zero corrosion. It is not
statistically correct to average the corrosion rates in such cases.
For this reason, only the nonzero (active) corrosion rate has
been used in determining average corrosion rates. A more
detailed explanation of the dual corrosion potential for CMA
is given in the next section.

In most cases, average corrosion rate decreased with ex-
posure time. Figure 2 shows that the highest corrosion rates
generally occurred in the first month of testing. This could
be a result of either a decrease in metal corrodibility or an
increase in liquid corrosiveness. In most cases, it was found
that metal corrodibility decreased over time. This is because
scale formation tends to act as a barrier that decreases the
availability of corrodent species at the metal surface.

A detailed analysis of metal corrodibility and solution cor-
rosivity is beyond the scope of this paper, but interested read-
ers can obtain more detailed information from the Chevron
Materials Laboratory.
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FIGURE 2 Summary of results from A-36 carbon steel alternative immersion corrosion

testing.

Corrosion Coupon Surface Analysis

After a 4-week exposure, representative metal samples from
each solution were cleaned per ASTM G1-88 and analyzed
using a scanning electron microscope. Samples tested in NaCl
were the most corroded. Chevron CMA-based deicer, CMA,
and urea samples showed little surface attack. Surface ap-
pearances correlated well with the corrosion rates measured
during the test.

Corrosion Coupon Scale Analysis

Scales from all samples were typically iron oxide and iron
hydroxide corrosion products, such as Fe,O, (magnetite) and
various forms of FeO(OH). Precipitation deposits were also
found in scales. Examples of this are CaCOj, (calcite) in Chev-
ron CMA-based deicer and CMA-containing solutions, and
NaCl in salt solutions.

How the corrosion mechanisms for CMA-based solutions
are affected by scale formation is described in the second
section. As mentioned previously, the presence of scales can
decrease metal corrodibility.

Conclusions from Carbon Steel Tests

e CMA-based solutions cause minimal corrosion (less than
5 mpy) to A-36 carbon steel, even when tested in alternative
immersion conditions, which are more severe than constant
immersion because of the ample supply of oxygen. Urea also
showed minimal corrosion of A-36 carbon steel.

e Addition of 10 percent CMA or Chevron CMA-based
deicer to salt lowered the corrosion rate to roughly that of
plain salt (10—20 mpy for the mixtures versus 30—60 mpy
for plain salt).

® CMA-based solutions show corrosion behavior that can
be either passive, indicating zero corrosion, or active, which

accounted for corrosion of about 5 mpy or less. Potentials can
change from passive to active and back within the same test.

Alternative Immersion Testing of Weathering Steels
Introduction

For this test, ASTM A-588 weathering steel was chosen be-
cause it is commonly used on bridges because of its increased
corrosion resistance.

The test was designed to simulate changes in corrosion
phenomena that would occur if alternative deicers were ap-
plied to previously corroded and chloride-attacked bridge steel.
Samples were thus first subjected to salt solutions and then
to deicing solutions. To our knowledge, this is first time such
a test program was carried out.

Procedure

The procedure for these tests was essentially the same as for
those described in the previous section. Samples of weathering
steel were immersed in ambient temperature solution for 10
min, followed by drying in ambient air for 50 min. The cycle
was continued for the duration of the 6-week tests. For the
first 2 weeks samples were immersed in salt solution; for the
next 4 weeks samples were immersed in the same 10 deicing
solutions and distilled water as in the previous section.

Samples were removed at various intervals, and corrosion
rates were measured. Some samples were removed after just
2 weeks to determine corrosion rate in salt solution only;
others were left in for 6 weeks to determine if corrosion rate
was lowered after the switch from salt to alternative deicer.

A mixture of 10 percent Chevron CMA-based deicer and
90 percent NaCl was also tested following salt solution im-
mersion to determine whether Chevron CMA-based deicer
has inhibitor capabilities when added to salt on precorroded
weathering steels.
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Results of Testing on Weathering Steels

Figure 3 shows the results of tests on weathering steel. For
simplification, only the final corrosion rates (those that oc-
curred during the 4 weeks of immersion in deicing chemicals)
are shown.

As anticipated, corrosion rates were highest for the samples
exposed to NaCl only (about 28 mpy). As in the tests on
carbon steel, CMA-based solutions (including reagent grade
CMA and Chevron CMA-based deicer) performed the best,
with corrosion rates dropping to 2—6 mpy.

Corrosion in urea was slightly higher in these tests (about
8 mpy), suggesting that for steel previously exposed to NaCl,
urea does not slow corrosion as fast as CMA.

Corrosion rates in plain water were also significantly higher
than in CMA solutions (about 9 mpy), showing that switching
to alternative deicers such as CMA can limit further damage
to steel previously exposed to chlorides. The corrosion rate
for the 10/90 Chevron CMA-based deicer and NaCl mixture
dropped to 12 mpy versus 28 mpy for the plain salt solution.

Conclusions from Weathering Steel Tests

® When applied to precorroded samples of weathering steel,
CMA-based solutions reduced the corrosion rate to ¥ to Vio
that in NaCl solution after 4 weeks (3 —6 mpy for the CMA-
based deicers versus 28 mpy for plain salt).

e Addition of 10 percent CMA or Chevron CMA-based
deicer to salt reduced corrosion by about half versus plain salt
(12 mpy for the mixture versus 28 mpy for plain salt).

Electrochemical Testing
Summary

Both the tests on carbon steel discussed in the first section
and those on weathering steel discussed in the second section
indicated the possibility that carbon steels were passivated in
the presence of CMA-based solutions, such as the Chevron
CMA -based deicer. To explore the mechanisms at work be-
hind these two product types, electrochemical tests (poten-

o .
Chevron Deicer
Urea

Water

NaCl / CMA

NaCl / Chev Deicer
Sodium Formate
NaCl

0 5 10 15 20 25 30
Corrosion Rate (mpy)

FIGURE 3 Summary of results from A-588 weathering steel
alternative immersion corrosion testing.
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tiodynamic scans) were conducted on carbon steel (ASTM A-
36) and weathering steel (ASTM A-588) in Chevron CMA-
based deicer and in pure CMA.

Procedure

Potentiodynamic scans were run per ASTM standard G5. Test
solutions of 3.5 wt percent concentration were made from
pure CMA, Chevron CMA-based deicer, and salt. To ensure
an oxygen concentration similar to that of the alternative
immersion tests, air was bubbled through the solutions for 15
min before sample immersion. Solution temperatures were
held at 30°C throughout the test using a constant temperature
bath.

The working electrodes were machined from ASTM A-36
carbon steel and ASTM A-588 weathering steel. Surfaces were
wet-sanded with 600 grit emery cloth, rinsed, dried, and stored
in a desiccator for 1 hr before testing. Average surface area
of several samples (4.55 cm?) was used for consistency in
calculations. The platinum auxiliary electrodes were cleaned
with hot aqua regia and electrolyzed in 10 percent sulfuric
acid. A saturated calomel electrode was used for the reference
electrode such that all potentials can be referred to as versus
standard calomel electrode (SCE).

Each sample was degreased with trichloroethane and rinsed
with distilled water immediately before immersion in the test
solution. After 1 hr of exposure, the rest potential (Ecorr)
was recorded. Samples were cathodically cleaned by applying
a potential of —800 mV (versus SCE) for 10 min. The po-
tential was then swept through a range of —800 mV to 1200
mV (noble) at a rate of .6 V/hr and the corresponding currents
recorded. To obtain a hysteresis effect, the scan was then run
in the negative (active) direction. The potential was held at
1200 mV for 10 min, then driven from 1200 mV to —800 mV.

All data were collected and plotted using EG&G PARC
Model 332 Softcorr Corrosion software. Calculations of cor-
rosion rates by the Polarization Resistance and Tafel Extrap-
olation methods were also completed by the computer.

Potentiodynamic Testing

Potentiodynamic testing can be used to determine the
behavior of metal in a corrosive solution. As it corrodes,
the metal (anode) transfers electrons to the cathode. This
reaction, being electrochemical, occurs at a given potential
(E). The amount of corrosion is directly related to the number
of electrons transferred. This, in turn, sets the corrosion
current (i).

Metal in solution can be forced to change potential by
supplying an additional current to the sample. When this pro-
cess is done progressively, a graph of E versus i results (a
potentiodynamic scan). The behavior of the metal during
such a test typically takes one of two forms, as shown in
Figure 4 (14).

In Curve A the corrosion current, and thus the corrosion
rate, increases for every increase in potential. Such behavior
is active, with corrosion of steel by NaCl being an example.
Curve B, however, shows an increase in corrosion with an
increase in potential up to a critical point, where the corrosion
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FIGURE 4 Anodic polarization curves.

rate drops dramatically to a passive state. As E is further
raised, i eventually increases again in a transpassive region.

Figure 5 shows a summary of the behaviors possible for a
metal/solution combination that displays active-passive be-
havior (14). Active-passive behavior is typical of stainless steels
that passivate by forming an adherent, protective chromium
oxide scale that prevents future corrosion of the metal
beneath.

Just as there is an anodic curve for the corroding metal
anode, there is a corresponding cathodic curve for the cath-
odic metal area to which electrons are flowing. Figures 6 and
7 show some typical cathodic curves and the effect they have
on the corrosion behavior of the metal (14).

In Figures 6 and 7, the curves on the left are true polari-
zation curves. These curves represent the actual relationship
of potential to current for the anode and for the cathode, if
they could be separated. In the laboratory, potentiodynamic
tests yield the experimental curves shown on the right. These
curves measure net current only; wherever the cathodic and
anodic curves intersect, the measured net current is zero be-
cause their signs (4/—) are opposite. True corrosion current
is determined by extrapolating the slopes of the anodic and
cathodic portions of the experimental curve in the vicinity of
the intersect point. The true corrosion current for any of the
experimental curves is denoted by the bull’s-eyes in Figures
6 and 7. A bull’s-eye also denotes the true corrosion potential
for any curve—the potential at which the magnitude of the
anodic current equals that of the cathodic current, and the
net experimental current becomes zero.

The complete shapes of the true polarization curves on the
left can be surmised by analyzing the experimental polari-
zation curves on the right. Figures 6 and 7 will be discussed
later when actual tests with deicing products are evaluated.

Log | —m8m ——r—P

FIGURE 5 Typical active-passive polarization curve, showing
regions of varying corrosion rate and type.

True Experimental
Polarization Curven Polarization Curves
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FIGURE 6 Various shapes of experimental polarization curves
caused by changing locations of anodic and cathodic curves.
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FIGURE 7 When the anodic and cathodic portions of the true
polarization curves intersect (or nearly intersect) in more than
one location, the experimental curve is subject to so-called
double loop behavior (a). This phenomenon has been seen for
steel in Chevron CMA-based deicer.

Electrochemistry Results on CMA and Chevron
CMA-Based Deicer Solutions

All of the CMA-based products showed active-passive be-
havior (Table 2). The solid-line scan in Figure 8 is a forward
potentiodynamic scan performed with A-36 steel in a 3.5 per-
cent CMA solution, which shows active-passive behavior. The
dashed line is a reverse scan showing three distinct stable (one
metastable) corrosion potentials. This behavior has been re-
ferred to previously as double-loop behavior (2). The phe-
nomenon is well known, as noted in Figure 7a, and is indic-
ative of an unstable passive film (74).

In such cases, the metal may either be passive or actively
corroding, corresponding to the highest and lowest intersec-
tion points where the anodic and cathodic curves meet. This
explains the fact that some CMA-based samples tested in the
past have shown no corrosion (passive), whereas identical
samples in the same test container have shown corrosion of
2—5 mpy (active). This theory is supported by the fact that
CMA showed a dual corrosion potential in electrochemistry
tests. Measurements typically fell either between 0 and —200
mV, or between —500 and —700 mV.

Figure 9 shows how corrosion potential for CMA can be
nearly equivalent to that for plain salt, whereas corrosion rate
is an order of magnitude less. In Figure 9, B, is about — 650
mV, whereas Eqy, is about —610 mV. These are representa-
tive of active potentials found in this study, which have been
duplicated in other studies.

It is a fact that the corrosion rate for CMA is less than that
for NaCl. This is because the corrosion current of CMA (icya)
is less than that of NaCl (iy,q). In Figure 9, for example, the
corrosion current for CMA is about 5 uA/cm?, whereas that
for the salt solution is 10—50 uA/cm? This explains how
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TABLE 2 Results of Potentiodynamic Scans, 3.5 wt Percent
Unstirred Solutions

Rest’ Corr. lee
Sol'n/Sample  Potentlal  Ecorr” Rale uA/cm? Ecc Pasn?
Chevron CMA- 192 mV  -554 mV 2.7 mpy Note 1 Note 1 yes
Based Deicer/ -550 mV 2.7 mpy
A588
CMA 7:3/ ~513mV  -676 mV 6.9 mpy 1837 -430 yes
A588 -666 mV 6.6 mpy
Chevron CMA- -75mV  -322mV 0.86 mpy 2.03 Note 1 yes
Based Deicer/ -326 mVy 0.16 mpy Note 1
A588
CMA 7:3/ =700 MV -705 mV 6.0 mpy 2378 -480 yes
A36 -696 mV 4.3 mpy
. . . .
Rest potential after one hour in solution.
** Potential where icore €Quals zero (by computer).
Upper value calculated by Tafel Extrapolation method.
Lower value calculated by Linear Polarization method.
Note I: Full passivation (anodic nose does not exist).
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FIGURE 8 Active-passive behavior observed in CMA solution
with A-36 steel, typical of behavior exhibited by all CMA-based
deicers on both A-36 and A-588 steels. The dashed-line reverse
scan showing one metastable (®) and two stable (O) corrosion
potentials is shown in Figure 7a and results from an unstable
passive film,
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FIGURE 9 Representative E versus i curves for CMA and salt solutions. Corrosion
potential is similar, but corrosion current is significantly greater for salt solution. Both

curves were generated using mild steel.

measured corrosion rates for CMA-based solutions can be
less than 5 mpy, whereas those for plain salt reach about
20-60 mpy.

For any solution it is the corrosion current (i), not the
potential (E), that indicates corrosion rate. Because corrosion
involves the transfer of ions and electrons from metal to so-
lution, the amount of current generated is directly related to
the amount of corrosion that is occurring. For alternative
deicers, therefore, it is imperative that corrosion current be
measured along with corrosion potential. Erroneous conclu-
sions can be reached if corrosion potential alone is considered
as a measure of corrosion rate.

As discussed earlier, Chevron CMA-based deicer can also
display both passive and active corrosion behavior. Even in
the active potential range, however, corrosion rates are ex-
ceedingly low. Table 2 presents corrosion currents for Chev-
ron CMA-based deicer that are in the neighborhood of — 300
to —700 mV. Although such a low potential indicates active
corrosion, in the case of the Chevron CMA-based deicer, that
active corrosion is occurring at the rate of only about 3 mpy—
much less than the 20— 60 mpy that has been typically mea-
sured for salt.

Conclusions From Electrochemistry Testing

® CMA-based products (including Chevron CMA-based
deicer) exhibit an active/passive behavior, causing identical
samples in the same corrosive environments to show either
passive corrosion or active corrosion with low corrosion rates.

e In CMA-based solutions passive behavior occurs at a cor-
rosion potential of 0 to —200 mV with essentially no corro-
sion. Active behavior occurs at a corrosion potential of — 500
to —700 mV and with corrosion rates of 2—35 mpy.

@ Active and passive corrosion behavior can occur on iden-
tical samples in the same environment; this mechanism is
understood and documented in the literature.

® Tests of alternative deicers should include measurement
of both corrosion currents and potentials because it has been
shown that corrosion potentials for CMA-based solutions can
be similar to those for salt solutions, whereas measured cor-
rosion currents and corrosion rates are markedly different.
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