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NATIONAL COOPERATIVE HIGHWAY RESEARCH 
PROGRAM 

Systematic, well-designed research provides the most effective 
approach to the solution of many problems facing highway 
administrators and enginees. Often, highway problems are of 
local interest and can best be studied by highway departments 
individually or in cooperation with their state universities and 
others. However, the accelerating growth of highway transpor-
tation develops increasingly complex problems of wide interest 
to highway authorities. These problems are best studied through 
a coordinated program of cooperative research. 

In recognition of these needs, the highway administrators of the 
American Association of State Highway and Transportation 
Officials initiated in 1962 an objective national highway research 
program employing modem scientific techniques. This program 
is supported on a continuing basis by funds from participating 
member states of the Association and it receives the full co-
operation and support of the Federal Highway Administration, 
United States Department of Transportation. 

The Transportation Research Board of the National Research 
Council was requested by the Association to administer the 
research program because of the Board's recognized objectivity 
and understanding of modern research practices. The Board is 
uniquely suited for this purpose as: it maintains an extensive 
committee structure from which authorities on any highway 
transportation subject may be drawn; it possesses avenues of 
communications and cooperation with federal, state, and local 
governmental agencies, universities, and industry; its relation-
ship to the National Research Council is an insurance of ob-
jectivity; it maintains a full-time research correlation staff of 
specialists in highway transportation matters to bring the find-
ings of research directly to those who are in a position to use 
them. 

The program is developed on the basis of research needs iden-
tified by chief administrators of the highway and transportation 
departments and by committees of A.ASHTO. Each year, spe-
cific areas of research needs to be included in the program are 
proposed to the National Research Council and the Board by 
the American Association of State Highway and Transportation 
Officials. Research projects to fulfill these needs are defined by 
the Board, and qualified research agencies are selected from 
those that have submitted proposals. Administration and sur-
veillance of research contracts are the responsibilities of the 
National Research Council and the Transportation Research 
Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make significant 
contributions to the solution of highway transportation problems 
of mutual concern to many responsible groups. The program, 
however, is intended to complement rather than to substitute 
for or duplicate other highway research programs. 
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FOREWO RD 	This report contains the findings of a comprehensive assessment of methods for 
damage evaluation and repair of steel bridge members. These findings, in the form 

By Staff of a manual of recommended practice, are immediately applicable and will be of 
Transportation interest to engineers, researchers, and others concerned with the design, construction, 

Research Board and maintenance of steel bridges. 

Steel bridge members often are subjected to damage due to accidental impact, 
mishandling, or fire. Methods used for repair of such members include heat straight-
ening and welding or bolting splices, replacement components, or reinforcement. At 
present, the decision to repair a damaged member, and the techniques used, are 
determined on the basis of the inspector's or engineer's evaluation of the situation, 
with little sound engineering information available for guidance. To place this decision-
making process on a more rational basis, it is necessary to assemble information 
concerning the effect of these repair techniques on the service life, safety, performance, 
and maintenance of the structure. Decisions on method of repair must also consider 
the costs, user inconvenience, and esthetics of the repair technique. 

This report contains the findings of NCHRP Project 12-1 7A, "Guidelines for 
Evaluation and Repair of Damaged Steel Bridge Members." The objectives of this 
study were to provide guidance for the assessment of accidental damage to steel bridge 
members and to identify, develop, and evaluate the effectiveness of repair techniques. 

The main portion of this report consists of a manual of recommended practice 
containing detailed procedures for evaluation of damage as well as information on 
repair techniques and the effects of those repairs. Information presented in this report 
will be useful immediately in solving practical problems in bridge repair. Guidelines 
are presented for the following methods of repair: flame straightening, hot mechanical 
straightening, cold mechanical straightening, welding, bolting, partial replacement, 

and complete replacement. 
The researchers' complete, final report on this study is included in the appendix. 

Background on the research approach and additional details are presented on the 
findings that led to the development of the manual. 
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GUIDELINES FOR EVALUATION AND 
REPAIR OF DAMAGED STEEL 

BRIDGE MEMBERS 

SUMMARY 	This report is primarily a practical user's manual for dealing with damaged steel 
bridge members. It is the second phase of a two-phase research program conducted 
under NCHRP Project 12-17A. The first phase report (11) found that 33 states had 
a total of 815 bridges damaged over a 5-year period. Seven-hundred sixty-seven of 
these bridges were repaired. The 48 remaining bridges were either replaced or remained 
in service without repair. Ninety-four percent of the bridges damaged included damage 
due to overheight vehicles. Other reported causes of damage were overweight vehicles, 
overwidth vehicles, out-of-control vehicles, and a marine collision. The types of steel 
bridges most frequently damaged are girder and truss bridges. However, the guidelines 
are also applicable to other steel bridge types. The first-phase report contains infor-
mation on state acceptance of various repair processes. This second-phase report 
contains existing practices for assessment of damage and the evaluation of these existing 
practices. 

There is no known published report that deals with the entire problem of damage 
to steel bridge members. This lack of information and guidelines has resulted in repair 
techniques that are not always appropriate for particular damage incidents. The 
decision to repair or replace a damaged member is most often based on an evaluation 
made under the emergency pressure to restore the facility to use. The findings indicate 
that some repair-in-place methods do not adequately restore members to their original 
condition. Some members have been replaced where the findings indicate that repair-
in-place techniques would have been more appropriate. 

The user's manual in this report establishes guidelines for evaluation and repair of 
damaged steel bridge members. The guidelines are based on information gathered 
during the first-phase report plus additional information collected from knowledgeable 
individuals, state personnel, a steel fabricator, and literature. Included in the guidelines 
are inspection of damage (Ch. Two), assessment of damage (Ch. Three), selection of 
repair method (Ch. Four), and repair of damage (Ch. Five). Included in methods of 
repair are flame straightening, welding, hot straightening, cold straightening, and 
bolting. 

The guidelines for assessment of damage and for selection of repair methods are 
structured to result in logical and appropriate techniques. Primary factors included 
are strength of damaged member, user inconvenience and speed of repairs, fracture 
critical members, type of steel and steel properties, the effect of vehicle impact on 
steel properties, strength of repair methods, effect of toughness on repair method 
criteria, durability of repair, and relative cost. Each repair technique is addressed in 
a thorough and logical manner. Examples of good and poor techniques are given. 

One finding of this study is that many highway agencies have not organized the 
process of evaluation and repair of damaged steel members. Case histories are generally 
incomplete or not available. Good documentation builds up a background of experience 
that can be very useful in future damages. Another finding of this report is that the 
damage inspection phase should be differentiated and separated from the engineering 
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assessment phase. Inspection should report the factual, pertinent damage information. 
Damage assessment should then be accomplished through logical engineering calcu-

lations. 
A principal finding of this study is that many states do not use flame straightening 

as a method of repair. This less expensive and efficient repair method has been used 
successfully for more than four decades. Flame straightening accomplished in ac-
cordance with the guidelines in this manual will not degrade steel properties signif-
icantly. The manual may encourage many additional highway agencies to use this 

effective repair method. Cold mechanical straightening may be accomplished under 
certain conditions without significantly degrading steel properties. Hot mechanical 
straightening is recommended for limited usage. Welding in accordance with manual 
guidelines can be an effective repair method. Bolted splicing is a very safe method of 
repair and is recommended for the repair of fracture critical members, and repair of 

A-5 14 and A-5 17 high-strength steels. 
The manual contained in Chapters One through Five has been written in a con-

structive manner and should contribute to the development of good techniques for 
evaluation and repair of damaged steel bridge members. The report on how the research 
was conducted and the research results are detailed in Appendix A. This appendix 
also coven the conclusions reached and suggestions for further research. Bibliographic 
references are provided in Appendix B. 

CHAPTER ONE 

INTRODUCTION TO MANUAL OF RECOMMENDED 
PRACTICE 

This user's manual establishes guidelines for evaluation and 
repair of accidentally damaged steel bridge members. Included 
in the guidelines are inspection of damage, assessment of dam-
age, selection of repair method and repair of damage. Methods 
of repair include flame straightening, welding, hot straightening, 
cold straightening, bolting, partial replacement, and full re-
placement. The guidelines for assessment of damage and selec-
tion of repair methods are structured to lead to logical and 
appropriate methods of repair. However, this manual is not a 
handbook. The "Commentary" section in Appendix A explains  

why certain guidelines were adopted. All manual users should 
study the Commentary. References have been given to support 
conclusions. 

Each repair technique is addressed in a thorough and logical 
manner. Combinations of repair methods are discussed. Ex-
amples of good and poor techniques are given. Drawings and 
photographs are included to supplement the written text. Di-
mensions and sizes shown on these drawings are not expected 
to be typical for specific use. The guidelines are practical in 
nature and based on the best information currently available. 



CHAPTER TWO 

GUIDELINES FOR INSPECTION OF DAMAGE 

Best inspection and assessment of damage will be accom-
plished by establishing standard procedures for inspection, re-
porting, engineering assessment, and the monitoring of 
completed repairs. The monitoring of repairs has been included 
in inspection of damage to afford personnel responsible for in-
spection the opportunity to improve their damage inspection 
and assessment techniques. From information gained through 
this research project, it is recommended that personnel respon-
sible for inspection and damage assessment develop their specific 
procedures prior to the time when it is required to respond to 
a damage incident. This will better ensure uniform treatment 
and more orderly progress. Establishment of procedures, With-
out pressure from an emergency, should result in best practices. 
Coordination and sharing of input should occur between all 
personnel that will participate in the inspection and assessment 
process. All departments of transportation that participated in 
this research indicated the interest and expertise required to 
organize this area of the problem in a manner that will suit 
their particular needs. 

All sections of the "Manual of Recommended Practice" 
should be thoroughly studied prior to starting work on any 
single phase. 

OFFICE RESPONSIBLE FOR INSPECTION 

The bridge engineer is normally responsible for the prepa-
ration of repair plans. Because the bridge engineer is responsible 
for repair design, this office should be responsible for inspection. 
One major component for assessment of damage is the field 
inspection of damage. The bridge engineer's office should be 
best qualified for inspection of damage. Where organization 
constraints place the responsibility with others, cooperative ac-
tion with bridge engineer personnel should be a requirement. 

INSPECTOR QUALIFICATIONS 

Damage inspection shall be performed by competent person-
nel. Severe damage shall be inspected by competent structural 
engineers. 

INITIAL INSPECTION AND ACTION 

The primary objectives of initial inspection should be to ensure 
safety to the user and to reduce further damage to the bridge. 
When damage is severe, an experienced structural engineer 
should make the initial inspection and determine whether to 
restrict traffic or close the bridge. Preliminary strengthening 
should be made immediately to prevent further damage. Pre-
liminary strengthening may also be made to allow traffic on the  

bridge. These preliminary actions are normally based on judg-
ment supplemented by brief calculations. If a severely damaged 
member is fracture critical, immediate steps should be taken to 
prevent bridge collapse. When a member is damaged beyond 
repair, the engineer may recommend at this time to partially or 
wholly replace the member. 

When bridge closure is required, sufficient time must be al-
lowed to ensure that adequate inspection and comprehensive 
evaluation is achieved. When safety of the user is in question, 
the bridge should be closed until it is conclusively determined 
that traffic can be safely restored, Political and public pressure 
should not be allowed to cause unwarranted decisions when 
safety is involved. Damage inspection and evaluation involving 
structural safety may normally require engineering office time. 
Extensive temporary support and strengthening systems may 
require plan preparation and procurement of materials. All tem-
porary structural systems must be designed to ensure safety to 
the user. The time required to restore traffic will dpend on 
severity of damage and will vary with each accident. The en-
gineering staff should recognize the need for expediency. Dam-
age evaluation and plan preparation should have immediate 
priority. However, user safety must take precedence over res-
toration of traffic. 

INSPECTION SEQUENCE AND RECORD 

Damage inspection normally begins with the most critically 
damaged area first, followed by inspection of other damage in 
descending order of severity. Inspect the main supporting mem-
bers first. Tension members should be inspected for indication 
of cracking. Compression members should be inspected for in-
dications of buckling. When more than one member has been 
damaged, a complete description of damage for each member 
should be given. 

All areas inspected, including those areas inspected that did 
not suffer damage, shall be recorded. This procedure aids the 
decision-making process of what, if anything, should be done 
to repair a member. 

INSPECTION EQUIPMENT AND SKILLS 

Good access to the damaged area is necessary. A platform 
truck with adjustable height platform or a "cherry picker" is 
very useful. Check to ensure that the damaged structure can 
support inspection loads before putting any loads on the struc 
ture. It may seem obvious, but a large amount of information 
can be gained from visual inspection. Personnel assigned to 
inspection should have good eyesight and a critical mind. The 
fact should be accepted that some enginee'ts have better qualities 
of observation. For the best inspection, personnel should be 



assessed accordingly. Significant deformations, distortions, 
nicks, cracks, and gouges can often be detected by eye alone. 
A flashlight and mirror are excellent tools for inaccessible lo-
cations. A magnifying glass should be included with inspection 
equipment. With lOX magnification, comparatively small cracks 
can be detected. Under good conditions, surface cracks 0.004 
in. wide (0.1 mm) can be seen. The surface must be clean. 
Painted surfaces should be visually inspected for cracks. Cracks 
in paint and rust staining are indications of cracking in the steel. 
Heavy coatings of ductile paint may bridge over cracks that are 
tight. When there is any doubt about ability to inspect for cracks, 
the paint should be removed. Damaged fracture critical members 
should be blast cleaned and magnetic particle inspected. 

The inspection team should have good camera equipment. It 
is recommended that, in addition to a conventional camera, an 
instant photo camera be included. The instant photo camera 
will provide immediate pictures for evaluation purposes, while 
the conventional photographs will provide the more permanent 
record. Training should be provided to ensure that a sufficient 
number of properly descriptive pictures are taken of each dam-
age. String lining can be used to determine bending offsets and 
curvature. Dial gauges could be assembled for determining cur-
vature but are not necessary. 

Magnetic particle, or dye penetrant, and/or ultrasonic testing 
may be necessary for detecting and determining ends of cracks. 
The use of this type of testing must be closely correlated with 
damage assessment. For example, it would be unproductive to 
use this type of testing in an area that will require partial 
replacement. 

Rockwell hardness tests are a useful indicator in determining 
the type of an unknown steel. Filings can be taken to obtain 
chemical analysis. Charpy impact and tensile tests can be made 
on specimens taken from the member if the steel quality is 
unknown. These tests are not used on a routine basis. They may 
be used if there are other indications of questionable steel quality 
such as high Rockwell hardness, cracks in areas of plastic strain, 
and evidence of brittle fracture. 

INSPECTION REPORT 

Standard Form 

It is useful to develop a standard form to be used in reporting 
damage. Items that are common to all damaged members, such 
as bridge name, location, and site conditions, may be shown on 
a single form. A separate form sheet will generally be required 
for each member, and it may be appropriate to use different 
forms for trusses and plate girders. If necessary, attachments to 
the form can be made to more fully describe the damage. The 
usefulness of a standard form is primarily to set forth in an 
organized manner the results of the inspection. An inspection 
form also serves as a reminder for the inspector of the various 
items to inspect. All reports should be clear and legible. 

Most agencies have plans for existing bridges. These plans 
are valuable to have on hand during the bridge inspection and 
may be used to supplement the standard forms. When plans are 
not available, more sketches may be needed. Members should 
be precisely identified in accordance with the plans and/or with 
clearly detailed sketches. Good photographs are very helpful in  

making damage assessments and subsequent repairs. All pho-
tographs should be clearly labeled, giving name of object, di-
rection of view, and approximate distance to object. The amount 
of bending deflection and rotational twist shall be measured at 
enough points to draw an accurate curve. 

The inspection report should not normally contain recom-
mended repair procedures. Factors that might alter solutions 
should be included. 

A cross-referenced record system should be established to 
provide ready access to all steel damage incidents. This system 
should provide ready access to the inspection reports. Damage 
categories should contain type of structure, cause of damage, 
type of steel, and type of member. Damage assessment calcu-
lations, repair calculations and repair details should be included. 

Contents 

When only part of a member is damaged, the member element 
should be substituted for member. The contents of the inspection 
report should include: 

1. Bridge Name 
2. Bridge Location Description including Location Map 
3. Date of Damage 
4. Date of Inspection 
5. Law Enforcement Accident Report 
6. Cause of Damage 
7. Site Conditions 

Damage Over Traffic 
Damage Over Water 
Other 

8. Type of Structure 
9. Information on User Inconvenience 

10. Bridge Plans if Available 
11. Supplementary Sketches 
12. Member Identification 
13. Member Category 

Fracture Critical 
Primary 
Secondary 
Compression 
Tension 

14. Type of Steel 
15. Information on Steel Properties 
16. Description of Damage 

Nicks and Gouges 
Cracks 
Member Displacement and Curvature 
Member or Bearing Rotation 
Tears 
Member Severed 
Photographs 
Narrative Description 

17. Factors That May Affect Repair Solutions 
18. Description of Initial Action 

Traffic Restriction 
Member Strengthening 
Other 



MONITORING OF REPAIRS 

Follow-up inspection of repairs should be on a regular basis. 
All of the recommended repairs in this manual are intended to 
restore members to their required strength and durability. How-
ever, experience has shown that complete restoration may not 
be possible for all damages. Practical considerations such as cost 
and user inconvenience may also dictate the use of repairs that 
have an element of doubt regarding complete restoration. Mem- 

bers that have complete restoration should be inspected with 
the same frequency as the complete bridge. Member repairs 
containing reasonable doubt regarding strength and durability 
should be inspected at more frequent intervals. The frequency 
should be established by the persons responsible for repair, and 
the bridge maintenance engineer should be advised. 

CHAPTER THREE 
S 

GUIDELINES FOR ASSESSMENT OF DAMAGE 

These guidelines have been developed from the evaluation of 
present techniques and an objective/subjective analysis gained 
from actual working experience. Guidelines have not been in-
cluded for established procedures that are commonly used in 
this type of work. Except as specifically noted, guidelines for 
accomplishing work have not been repeated where information 
on these items is covered elsewhere in this manual. Reference 
is made to "Guidelines for Repair of Damage" (Ch. Five). This 
manual does not endorse producis or manufacturers. Trade or 
manufacturers' names, if included, are only for guidance and 
possible contact by those who have not developed their own 
specifications for materials that might be used in repair tech-
niques. 

As noted in the summary of this report, the most frequent 
cause of damage is due to overheight vehicle impacts. Other 
reported causes of damage were overweight vehicles, overwidth 
vehicles, out-of-control vehicles, and a marine collision. Steel 
members are occasionally damaged because of mishandling and 
from fire. Guidelines furnished in this manual are applicable to 
all of the above types, of damage. 

The purpose of assessment of damage is to decide what should 
be done to an accidentally damaged steel member. One of three 
decisions should be made: 	- 

Do nothing. 
Repair the member. 
Replace the member. 

Repair of the member includes partial replacement of members. 
Assessment of damage stops short of "Selection of Repair 
Method." 

ASSESSMENT OF DAMAGE BY WHOM AND 
WHERE 

Preliminary assessment of damage shall be made during in-
spection of damage as described under "Initial Inspection and 

Action" in Chapter Two, "Guidelines For Inspection of Dam-
age 

Final assessment of damage is preferably made by the same 
persons who inspected damage. Assessment of damage can also 
be made by other persons experienced in dealing with acciden-
tally damaged steel members. At least one experienced structural 
engineer should participate in the final assessment of damage. 
Final assessment of damage should be made in an office envi-
ronment away from the bridge site. The lack of adequate time 
is often a critical element in the assessment and repair of seri-
ously damaged members. Personnel directly involved in assess-
ment, selection of repair, and repair, should certainly be made 
aware of the importance of time. Management, however, should 
not place undue distractions or pressure on the persons directly 
involved. The best repair decisions are made when pressure is 
limited, and generally minimize overall repair time. 

STRENGTH OF DAMAGED MEMBER 

Brief calculations determining the approximate strength of 
the member may be made during the inspection phase. These 
calculations are normally made to detemine whether to restrict 
traffic or close the bridge. These preliminary calculations may 
also be made to determine the necessity of preliminary strength-
ening in order to prevent further damage to the bridge. 

During assessment of damage, a complete evaluation of 
strength should be made. This analysis should determine stress 
levels in the damaged member, and these stresses shall be com-
pared to the design stresses. Service load stress should always 
be computed. Overload, ultimate load, and fatigue stresses 
should be calculated as appropriate. Stress calculations should 
include the effect of stress range and the fatigue category of the 
member. All preliminary calculations and decisions made during 
the inspection phase shall be reviewed. 



USER INCONVENIENCE AND SPEED OF REPAIRS 

User inconvenience and speed of repairs are so interrelated, 
they are considered as one in this manual. The following are 
general guidelines that should be considered to address these 
items: 

Safety to users and strength of the structure shall have 
primary importance. The decisions as to stability of the damaged 
structure, or portions thereof, shall be conservative. 

Depending on the actions required by the damage, the 
best traffic control system shall be established. To reduce user 
inconvenience, the establishment of the best detour route should 
be carefully considered. 

Recognizing that the initial decision probably was made 
only on inspection of the damage, the engineering assessment 
should be made ithmediately. Should the engineering assessment 
determine that initial traffic restrictions were too severe, they 
should be revised to reduce user inconvenience. 

Procedures to obtain emergency replacement girders for 
girder bridges should be established in advance of accident hap-
penings. The need for any specialized equipment and materials 
should be established. The work that can effectively be accom-
plished by state forces should be known by all personnel that 
may be involved in assessmet and repair. 

The acceptability of various repair-in-place techniques 
should be established prior to an accident. Should any of the 
repair techniques outlined in this manual appear advantageous, 
it is recommended that they be studied at an early date. There 
are normally some features that are unique for each accident. 
However, the need for types of repair equipment is similar. The 
availability of come-alongs, jacking posts, and temporary ver-
tical posts for use in repairing girder bridges should be studied 
in advance. Similar equipment for through truss bridge accidents 
may be needed. In addition, jacking posts to relieve the stress 
on damaged compression members and auxiliary cables or ten-
sion elements to relieve tension on tension members may be 
needed. 

Replacement methods should also be studied prior to 
accidents to facilitate fast action. 

A team should be trained and equipped to respond to 
emergencies. This team could then train and supervise other 
personnel on the job. 

The required speed of repairs may dictate replacement 
or repair-in-place techniques, and each agency's ability to re-
spond to a particular situation may dictate the final decision. 
Climatic conditions also may influence decisions affecting user 
inconvenience and speed of repairs. 

In general, repair-in-place techniques will result in less 
inconvenience to users. Because of less removal work, repair-
in-place techniques should also result in faster repairs. 

FRACTURE CRITICAL MEMBERS 

Fracture critical members (FCM) or member components are 
tension members, or tension components of members, whose 
failure would be expected to result in collapse of the structure. 
Tension components of bridge members consist of components 
of tension members and those portions of flexural members that 
are subject to tensile stress. Any attachment that is welded to 
a tension component of a fracture critical member becomes a  

part of the tension component and is therefore fracture critical. 
Examples of facture critical members are the girders of a two-
girder bridge, steel pier cap beams, tie girders of a tied arch 
bridge, suspended span hangers, truss tension chord and web 
members, and other nonredundant members. 

Fracture critical members shall receive a more rigorous as-
sessment of damage than nonfracture critical members. Selection 
of repair procedures for fracture critical members shall be more 
conservative than selecting repair procedures for nonfracture 
critical members. In general, crack repairs shall be made with 
bolted splices. If other methods are used, such as welding or 
flame straightening, elements shall be fully strengthened by add-
ing new bolted splice material. Enough new material shall be 
added so that the damaged material can be neglected in com-
puting strength. 

See section on "Bolting" in Chapter Five for repair of fracture 
critical members. 

PRIMARY MEMBERS 

Primary members can be classified as compression or tension 
members. Tensile areas of members such as tensile portions of 
girders are treated as tensile members. Many of the limiting 
restrictions in this manual apply only to tension members. 

To qualify as a compression member, no combination of load-
ing shall produce tension in the portion of the member being 
repaired. Compression members are not fatigue critical and, 
therefore, stress range limitations used for tensile members do 
not apply. Charpy impact toughness requirements apply to ten-
sion members only. Strain limitation values apply to tension 
members only. Most cracks in bridge steels subject to compres-
sion may be satisfactorily repaired by welding. Most partial 
replacement repairs can be satisfactorily welded in compression 
areas. 

SECONDARY MEMBERS 

Secondary members are stressed because of deflection of pri-
mary members and/or are stressed because of secondary loads 
such as wind and earthquake. Secondary members that carry 
compression only shall be assessed and repaired in the same 
manner as primary compression members- Tension secondary 
members may be repaired by flame straightening and hot me-
chanical or cold mechanical straightening. Cracks can be re-
paired by straightening and welding provided the steel is 
weldable. No limitation on maximum strain shall be placed on 
secondary members, provided they can be straightened to al-
lowable alignment. 

TYPE OF STEEL AND STEEL PROPERTIES 

When bridge plans are available, the type of steel will normally 
be shown on the plans. The type of steel and its properties have 
a major influence on damage assessment and the selection of 
the type of repair. When the type of steel is not known, a strong 
effort should be made to determine the steel characteristics. This 
effort is particularly important in assessing damage and selecting 
repairs for tension members. The New York State Department 
of Transpottation has found that welding steels with Rockwell 
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hardness greater than C30 requires special care, including high 
preheat, interpass, and post-heat temperatures. Rockwell hard-
ness is one indication of type of steel. A complete chemical 
analysis should be performed before welding unidentified hard 
steels. 

If necessary, specimens can be cut from nonstressed areas of 
the member and tested. Chemical analysis can be performed on 
chips obtained by shallow drilling. The information required is 
related to the proposed repair method. Bolted splices do not 
affect member properties, other than to reduce the net area, and 
can be used with all bridge steels. Flame straightening in com-
pliance with the guidelines recommended in this report does not 
significantly degrade bridge construction steels, with the possible 
exception of A-5 14 and A-5 17 steels, and can be used with 
nearly all bridge construction steels. Welding of tension mem-
bers requires the most knowledge of member properties and 
composition. Repair welding is not recommended unless enough 
knowledge is available to know that the steel is weldable. Hot 
mechanical straightening and cold mechanical straightening are 
recommended for limited use. See Chapter Four, "Guidelines 
for Selection of Repair Method," for other limitations. 

MAXIMUM ALLOWABLE STRAINS 

It is recommended that primary tension member areas having 
more than 5 percent nominal strain due to accidental damage 
shall not be straightened unless the straightened elements are 
fully strengthened by adding additional splice material. Member 
areas having nominal strains equal to or less than 5 percent but 
more than 15 times the yield point strain shall not be straight-
ened when these strains occur at severe fatigue critical areas. 
Severe fatigue critical details are defined as AASHTO stress 
categories lower than C. If severe fatigue critical details are 
present, the member element shall be strengthened. As a min-
imum, 50 percent additional area should be added. This mini-
mum addition is based on the simple premise that if the member 
was initially designed for a working stress of about 0.5 Fy, the 
straightened member element could be neglected entirely and 
the maximum stress would not exceed Fy. All primary tension 
member areas in severe fatigue critical areas with less than or 
equal to 15 times the yield point strain may be straightened. 
The preceding strain limitations apply to primary tension mem-
bers or primary members with tensile areas. No limitation on 
strain is placed on compression members and tension or 
compression secondary members. 

Figure 1 shows the method used to compute radius of cur-
vature for members with maximum curvature equal to or less 
than 15 times the yield point strain. Table 1 gives the minimum 
radii of curvature for various plate widths for maximum strains 
not to exceed 15 times yield point strain. Table 2 shows mini-
mum radii of curvature for various plate widths for maximum 
strain not to exceed 5 percent. 

RADIUS OF CURVATURE AT YIELD 
POINT STRAIN 

Check member or member element curvature. It is not rec-
ommended to straighten areas where the bend radius is greater 
than R = WE/21y, where W is the flange or member width, 
E is the modulus of elasticity, and Fy is the yield point stress. 
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61 
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Figure 1. Radius of curvature at 15 times yield point strain. 

Table 1. Minimum radii of curvature. 

A-7 
=33000pei 

A-36 
FY3600psi 

S 	(ft.) 	
,0 

W 	.) (in 
y5OOOOp 

S 	(ft.)* 	 W (in.) (in.) 5 	(ft 

18 	 8 8 20 	 8 13 

9 22 	 9 20 	 9 14 

10 24 	 10 22 	 10 16 

11 27 	 11 25 	 11 18 

12 29 	 12 27 	 12 19 

13 32 	 13 29 	 13 21 

14 34 	 14 31 	 14 23 

15 37 	 15 34 	 15 24 

16 39 	 16 36 	 16 26 

17 41 	 17 38 	 17 27 

18 44 	 18 40 	 18 29 

20 49 	 20 45 	 20 32 

22 54 	 22 49 	 22 35 

24 59 	 24 54 	 24 39 

* Minimum radius of curvature for maximum strain not to exceed fifteen 

times yield point strain. For tensile members or members with tensile 

areas. This table does not apply to secondary members or compression 

members. 
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Table 2. Minimum radius of curvature. 

W (in.) R (ft.)* 

8 7 

9 8 

10 8 

11 9 

12 10 

13 11 

14 12 

15 13 

16 13 

17 14 

18 15 

20 17 

22 18 

24 20 

strain ._L = 5 percent 
f/f 

ThenR 	 Y 

Then S 
0.1 

• minimum radius of curvature for maximum strain not to exceed five 

percent nominal strain. 

These areas have not been plastically deformed and straightening 
these areas will be counter productive and may result in reverse 
bending. These members should return to their original position 
when adjacent plastically deformed members have been straight-
ened. Table 3 gives the radii of curvature at yield point strain 
for members of various widths for A-7, A-36, and low alloy 
steels. 

CALCULATION OF DAMAGE CURVATURE 

The assessment of damage to a member and selection of the 
repair method can best be accomplished from accurate inspec-
tion information. A sufficient number of measurements must 
be made to apply the proposed guidelines. The assessment proc-
ess should provide information that can be used to select the 
appropriate repair procedure. The assessment calculations of 
damage to a steel member should provide the curvature and/ 
or rotation in radians, the minimum radius of curvature, the 
direction of curvature, the areas in which the direction of cur-
vature reverses, and the radii of curvature at sufficient points 
along the displaced member. This information can then be used 
to determine those areas where straightening is required, in 
addition to the amount of straightening required within any 
particular length of the damaged member. This information will 
prove useful in all repair methods. 

The following incremental method will define the required 
curvature characteristics of a damaged steel member. Deflection 
offsets should be measured at equal increments along the length 
of the damaged member. 

These measurements should be made from a taut stringline  

Table 3. Radius of curvature at yield point strain. 

A-7 
33.000 

A-36 
psi 	 Fy = 36.000 

8 	(ft.) 	 W (in.) 
psi 	 50.000 

I R 	ft.) 	 W (in.) 
p 

8 293 	 8 269 	 8 193 

9 330 	 9 302 	 9 218 

10 366 	 10 336 	 10 242 

11 403 	 11 369 	 11 266 

12 440 	 12 403 	 12 290 

13 476 	 13 436 	 13 314 

14 513 	 14 470 	 14 338 

15 549 	 15 503 	 15 363 

16 586 	 16 537 	 16 387 

17 622 	 17 571 	 17 411 

18 659 	 18 604 	 18 435 

20 732 	 20 671 	 20 483 

22 806 	 22 738 	 22 532 

24 879 	 24 806 	 24 580 

that describes the member location prior to displacement. It is 
recommended that an incremental length of 12 in. be used for 
an element such as a girder or truss member. For local distor-
tions such as sharp flange bends or web indentations, where 
bends occur over short lengths, the increments should be in the 
range of 2 to 4 in. The measurements should be made with a 
rule graduated in one-hundredth inch increments, and careful 
measurements are required. 

Figure 2 shows the measured displacements for a portion of 
a damaged steel girder. An equation based on the difference in 
slopes between incremental points is shown that gives the radius 
of curvature at each incremental point. By solving the equation 
for Points 1 through 11, it is seen that the direction of curvature 
is defined, along with the radius of curvature at each point. The 
calculated values of the radii and the direction of curve are 
shown on the deflection diagram. It is seen that the deflection 
curve reverses between Points 1 and 2, and Points 9 and 10. At 
Point 8 there is no curvature. At Point 6, the point of impact, 
the minimum radius of curvature is approximately 15 ft. The 
maximum radius of curvature (other than tangents) occurs at 
Points 3 and 4 and is approximately 600 ft. The difference in 
slopes gives the radians of curvature at each incremental point. 
Thus, it can be seen that this method provides the needed 
curvature information to more objectively select an appropriate 
repair procedure. Experience and/or conditions may greatly 
reduce the number of measurements required for a specific dam-
age. However, the use of this assessment method should result 
in a more successful engineering solution to damage repair work. 
The incremental method is approximate since the increments 
are finite and because the incremental length is assumed to be 
equal to the arc length. However, by using 12-in, increments, 
and because of the relatively small angles of rotation, the ap-
proximation is close to the actual. 

NICKS AND GOUGES 

Nicks and gouges shall be carefully described and photo- 



graphed. Superficial nicks and gouges can be repaired by grind-
ing smooth. More serious damages to weldable steel can be 
repaired by welding. More serious damages of nonweldable steel 
can usually be repaired by adding bolted splices. Requiring 
partial replacement due to nicks and gouges is rare. The dis-
tinction between superficial and serious shall be made by stress 
calculations. 

CRACKS 

Crack assessment must be preceded by a detailed inspection 
to locate the cracks and determine their length and width. Visual 
inspection is always the first step, supplemented with magnetic 
particle, or dye penetrant. Impact cracks are usually surface 
connected and ultrasonic testing is not generally necessary. The 
stress and shock of impact will sometimes cause cracking well 
away from the area of principal damage. Look for spalling of 
paint or scale as an indication that some unusual strain has 
occurred at such locations and use as a guideline for areas of 
detailed inspection. Visual examination is not limited to these 
areas, however, since a crack may occur in areas that were 
shock loaded but were not strained enough to spall the paint 
or scale. Visual inpsection shall be supplemented with magnetic 
particle inspection in suspect areas. Particular attention should 
be given to the examination of the toes of butt and fillet welds 
in areas subjected to damage as this is an area where cracks 
often occur. 

Visual inspection alone may not determine the full length of 
the crack. Sometims a crack may be hidden by scale, rust, or 
paint. Use one of the other inspection processes to support visual 
inspection. These other inspection processes can delineate the 
crack precisely or discover "hidden" cracks. Remove paint 
around restraining details that may be crack initiation sites and 
magnetic particle inspect. 

Field inspection for cracks is done by magnetic particle, dye 
penetrant, and occasionally ultrasonic inspection. The first two 
are the easiest to use and require simple and inexpensive equip-
ment. Dye penetrant inspection detects only cracks that are 
exposed to the surface. Such an inspection should be adequate 
as all cracks resulting from impact damage should be open to 
the surface. Ultrasonic inspection is a good method for detecting 
cracks in limited areas, but it requires a highly trained operator, 
expensive equipment, and a smooth surface on which to apply 
the ultrasonic transducer, and the results may be influenced by 
proximity to other attached members or detail parts. It is not 
generally suitable for overall inspection. Even though ultrasonic 
inspection is difficult to use, some engineers have been very 
satisfied with ultrasonic inspection and prefer this method. In-
ternal and hidden cracks can be detected by ultrasonic inspec-
tion. After the crack is delineated, strong consideration should 
be given to drilling a temporary stop hole at the crack end. The 
decision should be based on an estimate of extent of crack 
propagation and resulting danger prior to crack repair. Drill a 
1 / 2-in.  to 3/4-in, hole ahead of the surface indication of the 
crack limit to ensure the crack goes into the hole. Crack size 
is not a controlling factor when the crack is caused by accidental 
damage, and the crack is subsequently fully repaired and in-
spected. However, the curvature strain should not exceed the 
"Maximum Allowable Strains" criteria in this chapter. Cracks 
in primary tension members may be repaired by welding, pro-
vided the steel is weldable and Charpy impact values meet 

Meaired Cff.se/,s arvd Ca/c,/a ?'ed ,qad,/ 
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Figure 2. Calculation of damage curvature. 

AASHTO specifications. Welds should extend slightly ahead of 
the crack tip to remove the fracture process zone. The scope of 
this manual is limited to the assessment of damage and repair 
of cracks caused by accidental damage. The impact forces that 
caused the cracking are removed almost instantaneously follow-
ing impact. However, when inspecting accidental damage, 
cracks may be discovered that are the result of nonaccidental 
damage, such as fatigue. All cracks that are discovered should 
be fully assessed, and the cause of the crack should be deter-
mined. Material toughness, crack size, and stress level are pri-
mary factors affecting brittle and fatigue fractures. Fisher et al. 
(19) and Rolfe and Barsom (31) are sources of information 
related to fracture and fatigue control. Most cracks in compres-
sion members and in secondary members can be successfully 
repaired by welding. Visual inspection with lOX magnification, 
dye penetrant, magnetic particle testing, and ultrasonic testing 
should all be used, as appropriate, to determine width, depth, 
and length of cracks. 

Judgment based on agency experience must be a part of dam-
age assessment of cracks. Some agencies have a successful history 
of crack repair. The guidelines for repair of damage by welding 
in this report place a strong emphasis on high-quality welding, 
nondestructive testing, and close inspection. 
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CHAPTER FOUR 

GUIDELINES FOR SELECTION OF REPAIR METHOD 

The purpose of these guidelines is to arrive at the best repair 
solutions for any individual damage incident. A combination of 
repair methods may result in the best repair solution. Damage 
assessment and repair of damage are interrelated. Anyone in-
specting or assessing damage should thoroughly study Chapter 
Five, "Guidelines for Repair of Damage." 

FLAME STRAIGHTENING 

This repair method does not significantly degrade steel prop-
erties and should be considered for the repair of all bent members 
with the following exceptions: 

Do not flame straighten fracture-critical members unless 
the flame-straightened area is fully supplemented by bolted splic-
ing. 

For primary tension members, see Chapter Three, 
"Guidelines for Assessment of Damage," "Maximum Allowable 
Strains." 

Do not flame straighten members when the radius of 
curvature in the plane of bending is more than WE/2Fy where 
W is member width, E is the modulus of elasticity, and 1y is 
the yield point. However, any deviation from the required align-
ment after removing all external forces can be assumed to have 
resulted from yielding and can be straightened. 

Do not attempt to flame straighten excessively wrinkled 
plates or plates with excessive kinks. It is nearly impossible to 
flame straighten this type of damage. 

There is evidence to indicate that A-5 14 and A-S 17 steels, 
which are quenched and tempered, can be flame straightened 
without degrading steel properties. However, there are serious 
reservations. The steel must not be allowed to reach a temper-
ature higher than the tempering temperature, which is approx-
imately 1,150 F. In addition, Pattee et al. (12) states that 
prolonged heating at lower temperature can also promote the 
formation of brittle microstructures. Rothman et al. (10) states 
that quenching of these steels should be employed as a part of 
the flame-straightening process for plates under stress. These 
steels are hardenable and quenching must be followed by tem-
pering to avoid serious degradation. Rothman (18) concludes 
that the study shows that there is a strong indication that 
quenched and tempered steel plates used in shipyard construc-
tion can be straightened with no unacceptable loss in mechanical 
properties. 

Flame straightening of A-5 14 and A-5 17 steels shall not be 
used as a normal procedure. Where other repair methods that 
give greater assurance against degradation are not possible, 
flame straightening of these steels must be approached with 
caution and with a thorough knowledge of the adverse metal- 

lurgical consequences that can occur due to improper straight-
ening procedures. Very little A-5 14 and A-5 17 steel has been 
used in highway overpasses throughout the country. The nonuse 
of flame straightening to repair these steels would have a very 
minor effect on repair of accidentally damaged steel bridges. 

HOT MECHANICAL STRAIGHTENING. 

This is a process where heat is applied to all sides of a bent 
member, and while the member is still hot it is straightened by 
applying force. Agencies that use this method restrict the max-
imum temperature to 1,200 F. as reported by Mishler et al. (11). 
The results of this type of straightening are unpredictable. When 
the radius of bending curvature is small and concentrated in 
one location, hot straightening may result in a series of buckles 
occurring in the heated zone. When the radius of curvature is 
relatively large, hot straightening may result in a member with 
a series of smaller curves, depending on the number of heating 
points. Mishler and Leis (11) conclude that hot mechanical 
straightening probably should not be performed on quenched 
and tempered steels, because heating could degrade ductility 
and toughness. Degradation may result from excessive bends or 
wrinkles. It is believed that flame straightening is a superior 
method and should be used in lieu of hot mechanical straight-
ening for all primary tension members. Hot mechanical straight-
ening may be used on primary compression members or 
secondary members provided the operators have the skill to 
produce results that are free of wrinkles, cracks, bulges, and 
poor alignment. 

COLD MECHANICAL STRAIGHTENING 

Cold mechanical straightening is a process where an acci-
dentally bent member is straightened by applying force. No heat 
is used. Mishler and Leis (11) give a good discussion of the 
degradation that may result when cold mechanical straightening 
is used. They point out the complexity of determining degra-
dation effects. 

The amount of plastic strain and the number of strain cycles 
are the two most important factors affecting the degradation of 
steel due to cold mechanical straightening. Cold straightening 
a bridge member may result in one complete cycle. It is believed 
that a bridge member can be cold straightened once without 
causing significant degradation, provided the plastic strain is 
limited to 5 percent nominal strain. See Chapter Three, "Guide-
lines for Assessment of Damage," "Maximum Allowable 
Strains." No limitation on amount of strain is placed on primary 
compression members or secondary members. However, as the 
amount of strain increases, it will become increasingly difficult 



11 

to cold straighten members without seriously reducing tough-
ness and ductility and inducing wrinkles, kinks, or cracks. Plas-
tic curvature at the ends of restrained members may be very 
difficult to cold straighten. Cold mechanical straightening shall 
not be applied to member areas that have cracks, nicks, or 
gouges. Cold mechanical straightening should not be applied to 
members with low Charpy impact values. Low Charpy impact 
values are defined as those values that do not meet current 
AASHTO specifications. The effect of low temperature on 
Charpy impact values shall be considered when cold mechanical 
straightening is performed. The degradation effect of cold 
straightening members that are twisted or rotated is unknown. 
It is not recommended that twisted or rotated members be cold 
straightened. 

WELDING 

Welding may be used for several types of repair, including: 
defect or crack repair, welding replacement segments into place, 
and adding straightening plates by welding. Poorly executed 
weld repairs in tensile areas can be very dangerous and in some 
instances may do more harm than good. 

The steels to be repair welded shall be weldable steels. These 
steels include A-36, A-441, A-572, and A-588. Some agencies 
may have attained the expertise to effectively weld less weldable 
steels such as A-7, A-242, and A-440. Welding repair of A-5 14 
and A-5 17 steel is not recommended. Welding repair of fracture 
critical members is not recommended. Welds located in 
compression stress regions are not fatigue susceptible provided 
the stress is always compression (Fisher et al., 19). Although 
cracks may form at a detail in a residual tensile stress region 
of a compression member, these cracks will not propagate be-
yond that region and do not adversely affect the member's load-
carrying capacity. Cracks in compression members generally are 
not fatigue cracks. Weld repairs located in compression areas 
of weldable steels should be satisfactory. 

Do not weld members with low Charpy impact values. Low 
Charpy impact values are those values that are lower than 
current AASHTO requirements. Preferably do not weld in ex-
tremely cold weather (below 32 F) when Charpy impact values 
are low. 

BOLTING 

Bolting may be used as a repair method or as a supplement 
to other repair methods. Replacement of a damaged element 
with a new piece of steel fastened with high-strength bolts is 
regarded as the safest method of repair. Replacing damaged 
riveted elements with bolted material may not be excessively 
difficult and should be considered. Adding bolted splice material 
to welded members generally is difficult, time consuming, and 
expensive. A combination of welding, and bolting at plate ends, 
may be an attractive solution for weldable steels, as shown in 
Albrecht et al. (30) (see Figs. 59, 61, and 62). Figures 59 and 
61 illustrate that additional splicing with high-strength bolts 
may be used to improve stress categories. Fracture critical mem-
bers should be repaired by bolting or repaired by other methods 
and fully straightened by adding new bolted material. Tensile 
areas of A-5 14 and A-S 17 steels should be repaired by bolting. 
Members that do not meet the qualifications for flame straight-
ening will normally require bolted splices. 

PARTIAL REPLACEMENT 

In some instances damage will be so serious that partial re-
placement is necessary. These damages include excessively wrin-
kled plates, excessive deformations and bends, tears in member 
elements, and large cracks. 

Partial replacement will normally consist of removing the 
damaged area and replacement with either a welded insert or 
a bolted splice insert. Welded inserts should meet the criteria 
given in this manual. The steel must be weldable and Charpy 
impact values must be equal to or better than AASHTO re-
quirements. Welded inserts are not recommended for fracture 
critical members. Partial replacement by bolting and welding is 
an acceptable method, provided the longitudinal web weld is 
located in a compression area. This partial replacement can be 
used for any appropriate situation provided the web is weldable 
in a shear-compression area. The web could also be spliced by 
bolting instead of welding. 

Partial replacements can be used in conjunction with other 
repair methods, such as flame straightening. For example, a 
bent member with # crack could be flame straightened and the 
crack repaired by a bolted splice. 

COMPLETE REPLACEMENT 

Complete replacement of a member is normally the most 
expensive method of repair. Replacing a girder will require 
removing a portion of the roadway slab. If the girder is contin-
uous, more than one span length may have to be removed, or 
new bolted or welded splices introduced. Removal of truss mem-
bers will require tension ties or compression posts to carry all 
loads during replacement. Jacking may be required to obtain 
the correct distance between end connections. Joint rotations 
resulting from the damage will increase replacement difficulty. 

If a member is excessively damaged throughout its full length, 
replacement may be the only alternative. Other less difficult 
methods of repair should be carefully studied prior to selecting 
complete replacement. 

COMBINING METHODS OF REPAIR 

In selecting method of repair for a member, using a combi-
nation of repair methods should be considered. Flame straight-
ening may be combined with welding of cracks, nicks, or gouges. 
Flame straightening may be combined with bolting. Bolting may 
be combined with welding. 

STRENGTH OF REPAIR METHOD 

A distinction is made between fracture critical and nonfrac-
ture critical members or elements. Fracture critical members 
should be repaired by methods that unquestionably restore full 
strength. These methods may include bolted splices, partial re-
placement by bolting, and full replacement. All loading con-
ditions, including service load, overload, and ultimate load, 
should be fully restored, and the service life should be fully 
regained. 

Nonfracture critical members may be repaired by the same 
methods used for fracture critical members. However, other less 
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costly methods should also be considered and used as appro-
priate. These methods include mechanical straightening, hot 
straightening, flame straightening, welding and bolting. All 
strength conditions and service life shall normally be fully re-
stored. 

EFFECT OF TOUGHNESS ON REPAIR METHOD 
CRITERIA 

There is justifiable concern regarding the relationship between 
steel toughness and repair of damaged steel members. Toughness 
is the ability of a steel to absorb energy under suddenly imposed 
stresses (impact conditions) by deforming plastically prior to 
fracture. The measure of this ability (at a high rate of loading) 
is called impact strength. Notches or stress concentrations such 
as inside corners, changes in section size, holes, and threads are 
present in nearly all structures. Notches are a natural occurrence 
of fabrication, caused for example, during joining by welding. 
Notches create stress concentrations and can initiate failure in 
a structure if they are not properly accounted for during design 
and material selection. If a steel is to resist brittle fracture during 
impact loading, it must have the ability to absorb considerable 
energy, particularly at points of stress concentration. Ability of 
steel to absorb impact energy in the presence of a notch is called 
impact notch toughness. The term toughness means impact 
notch toughness in this report. Brittle fracture can occur at 
stress levels below normal design values when steel is subjected 
to impact loads at comparatively low temperatures. Metal tough-
ness must be considered for all repairs. 

Low Charpy impact values are defined as those values that 
are less than currently specified by AASHTO specifications. 
Compression members with low Charpy impact values can be 
repaired in accordance with the same criteria used for adequate 
Charpy impact values. Criteria for repair of steel subject to 
design tensile stresses and having low Charpy impact values 
include the following: 

Fracture critical members require special methods of re-
pair. See section on "Use of Bolted Splices," in Chapter Five. 

Bolted repairs may be used. 
Properly executed flame straightening does not signifi-

cantly affect toughness of any bridge construction steels with 
the possible exception of A-S 14 and A-S 17 steels and may be 
used for members or portions of members that have not cracked. 

Do not repair cracks or notches by welding alone. Areas 
that have cracks or notches may be repaired for durabiity (i.e., 
corrosion resistance) by welding, but should have full strength 
restored by splicing with high-strength bolted splices. 

Secondary members can normally be straightened by hot 
or flame straightening or a combination thereof. 

Adequate Charpy impact values are defined as those values 
that meet current AASHTO specifications. Criteria for repair 
of steel with tensile stresses and adequate Charpy impact values 
include the following: 

Fracture critical members require special methods of re-
pair. See "Bolting." 

Bolted repairs may be used. 

Properly executed flame straightening may be used except 
for A-5 14 and A-5 17 steels. However, do not attempt to flame 
straighten at a point that has a crack or notch. 

Repair of cracks and notches by welding of weldable steels 
may be used with the exception of A-5 14 and A-5 17 steels. 
Included in the steels normally considered to be weldable are 
A-7, A-36, A-441, A-572, and A-588. do not weld during tem-
peratures below 32 F, when Charpy impact values are low. 

Secondary members can normally be straightened by cold 
or hot mechanical straightening, flame straightening, or a com-
bination thereof. 

DURABILITY OF REPAIR 

Durability of repair must be given a high priority. All methods 
of repair should have durability equal to or better than the 
original member. The accessibility of all parts of a repaired 
structure for inspection, cleaning, and painting shall be accom-
plished by the proper proportioning of repairs and the design 
of their details. Closed sections, and pockets or depressions that 
will retain water, shall be avoided. Pockets shall be provided 
with effective drain holes or filled with waterproofing material. 
It is very important that nonpainted weathering steel be free 
draining. Details shall be arranged so that the destructive effects 
of bird life, the retention of dirt, leaves, and other foreign matter 
will be reduced to a minimum. AASHTO specifications contain 
information pertaining to seal welds, maximum pitch of sealing 
fasteners, and the maximum edge distance for fasteners. Seal 
welds should meet all requirements of the specifications because 
they transmit stress and may embrittle the base metal. 

RELATIVE COST 

The cost ratio of repairing in-place to total replacement will 
vary from less than 10 percent to nearly 100 percent. All damage 
such as nicks, gouges, and cracks will be much less expensive 
to repair in-place assuming that repair in-place is appropriate. 
Members that have been plastically deformed can normally be 
straightened at a small fraction of the cost of replacement. Holt 
(20) states that flame straightening of major bridge members 
can be accomplished for as little as 5 percent of replacement 
costs. He further states that easily replaced members can be 
repaired by flame straightening for 65 percent of the replacement 
costs. Moberg (15) states that flame straightening will usually 
cost about one-third to one-half as much as complete replace-
ment. Mishler and Leis (11) give cost data for flame straight-
ening the Lewis River truss bridge in Washington State, which 
was severely damaged when a large piece of machinery broke 
its binder chains and hit a vertical truss member. Flame straight-
ening cost $7,500. It was estimated that replacement would have 
cost $18,000. It is believed that where the use of flame straight-
ening is appropriate, a major cost savings can be realized. 

Members with excessively wrinkled plates or tears will nor-
mally require partial replacement. Partial replacements are usu-
ally less expensive than total replacements. Partial replacement 
of girders can usually be effected without removing the concrete 
slab over the top of the girder. 

Replacement of an entire bridge member is both costly and 
time consuming, and in addition it is usually a complex oper- 
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ation. The entire replacement of a steel truss member or the 
entire replacement of a plate girder may also induce stresses 
that are difficult to analyze. Items that affect the cost of replacing 
girders include: 

Length and size of girder. 
Amount of roadway slab removed. 
Removal of curb or sidewalk. 
Simple or continuous span. 
The necessity for temporary supports. 
Working access and traffic closure hours. 
Traffic control. 
Climate (winter undesirable —most agencies). 

It is recommended that a cost estimate be made for the repair 
of each damage incident. Actual costs should be recorded for 
aid in making future cost estimates. Cost should be a major 
consideration in the selection of a repair method. 

AESTHETICS 

The methods of restoring strength covered in these guidelines 
should give acceptable aesthetic details. Welding, straightening 
members, adding splice plates, partial or full replacements, 
should all give acceptable aesthetic quality. It is assumed that 
the new material would be painted to match the existing steel. 
Replacing a portion of a weathering steel girder might not give 
an immediate color match. This situation should be resolved by 
considering the necessary aesthetic quality for each specific case. 

REPAIR METHOD TO CONSIDER 

Selection of the repair method should be based on an objective 
analysis. The selection of an appropriate repair method is related 
to material properties, the type of member, and the type of 
damage. Table 4 has been developed to assess differences be-
tween repair methods caused by these factors, and is intended 
as a guide in the selection process. For example, a weldable steel 
may be welded and/or flame straightened. A nonweldable steel 

Table 4. Repair method to consider. (Note: Tensile areas of flexural 
members are treated the same as tension members.) 

- Rir method to Consider - - - 
a' 
0 
0 

C 
a'  - 

US 
V 
AC a'O 

a' 
10  C 

Damage Assessnt 
Factors I -, 

a'  

o a. 

Weldable Steel Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Non-Weldable Steel Yes Yes Yes No YSS No Yes Yes Yes 

Low Charpy Impact Values Yes No No I No Yes No Yes I Yes Yes 

Adequate Charpy Impact 
Values Yes Yes YeS Yea Yes Yes Yes Yes Yes 

Fracture Critical member No No No I No Yes Yes Yes Yes Yes 

Primary Tension Member Yes Yes- te5s Yes Yes Yes Yes Yes Yes 

Secondary Members Yes Yes Yes Yes Ycs Yes Y5 Yes Yes 

All Coupression Members Yes Yes Yes Yes Yes Yes Yes Yes Yes 

Tearing and Excessive 
Wrinkles No No No No No No No Yes Yes 

Primary Tension Member 
Curvature Strain Meets 
Guidelines Yes Yes Yes. Yes Yes Yes Yes Yes Yes 

Primary Tension Member 
Curvature Strain Does 
Not Meet Guidelines No No No No Yes Yes No Yes Yes 

Member Curvature Radius 
More than 	WE Member will return to correct position when 

2F, adjacent members or joints are straightened 

Cracks - Weldable Steel Yes No I 	No Yes Ye I 	Yes Yes 1 Yes t 	Yes 

A-514 and 5-517 Steel No No No No Yes Yes Yes Yes 	Yes 

Superficial Nicks and 
Gouges Grind defect smooth 

Nicks and Gouges 
Weldable Steel No 	No I No 	Yes 	No I 	Yes Yes 	Yes 	Yes 

* Flame straightening is recommended. 

may be flame straightened but not welded. Important factors 
that apply to all repair methods such as relative cost, user 
inconvenience, durability, and strength are not included in this 
table. Table 4 should be used in conjunction with all other factors 
that will affect the final repair method selection. 

CHAPTER FIVE 

GUIDELINES FOR REPAIR OF DAMAGE 

OFFICE RESPONSIBLE FOR REPAIR METHOD 

The best and most consistent repair procedures will result 
when the same office is responsible for assessment of damage 
and repair of damage. In many states, district or regional offices 
inspect damage and make repairs. The headquarters bridge office 
is consulted for severe or unusual damage. Where responsibility 
is divided, close coperation is needed to ensure consistently 
good repair procedures. 

ACCOMPLISHMENT OF WORK BY STATE FORCES 
OR CONTRACTOR 

It appears that the best results, lowest cost, and most prompt 
action are attained by state forces. It is recommended that state 
forces accomplish the work in all states that have enough damage 
work to efficiently use the needed equipment and personnel. 
Personnel may perform other engineering functions when they 
are not repairing damage. States should be selective in choosing 
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outside contractors. Several eastern states use the same highly 
regarded contractor. When repair work is accomplished by cOn-
tract, the specifications of the contract should stipulate the 
experience and competency requirements for bid submittal. Con-
tract specifications should include provisions to assure quality 
control of the contract work. As a minimum, those items of 
work that should be subject to inspection monitoring are listed 
under "Repair Inspection" in this chapter. Effort needs to be 
expended to ensure that qualified contractors perform bridge 
repair work. 

EQUIPMENT REQUIRED 

Specialized equipment is needed for each method of repair. 
However, there are general types of equipment that are usually 
needed for all repair work. Good access to the damaged area 
is required. Agencies that do their own repair work generally 
have a hydraulically operated platform mounted on a truck. 
The simple access provided by free-standing scaffolding may be 
entirely adequate. In determining access, the high and low work 
elevations and foundation condition under the work area are 
important access considerations. The least expensive means of 
good access should be used. 

Exhibit 1, "Minimum Equipment Necessary to Initiate Re-
pairs With a Single Crew," is the equipment assembled at the 
work site by the New York State Department of Transportation. 

Exhibit 1. Minimum equipment necessary to initiate repairs with a single crew. If more than one crew is used in the work, additional 
equipment will be required. Expendables must be replaced as the work progresses. 

The following equipment should be assembled at the work site at the beginning of the repair: 

1—Platform Truck, adjustable height; 8 ft X 8 ft work platform. 
2-300-amp DC welding machines. 
1 —450-CFM Air Compressor. Note: The Compressor is to be used for gouging, chipping, grinding, bolting, and forced air cooling. The 

Contractor's attention is directed to the provisions of the Occupational Safety and Health Act which limits air cleaning pressure to 35 
psi. 100 lb per square inch is required for air cooling. It may be necessary to furnish suitable protective equipment for the workmen 
during air cooling. (Forced air cooling is optional. The contractor may elect to let the steel cool down without artificial cooling.) 

1—Impact Wrench with sockets. 
1 —Oxyacetylene cutting unit. 
1 —Air carbon arc gouger (3/8-in, electrode capacity, swivel head unit with 2 air nozzles minimum). 

Furnish with 1/4-in, gouging electrodes. 
1—High Speed Disc Grinder with extra 9-in, diameter grinding discs. 
1 —20,000-rpm Pencil Grinder with rotary files and carborundum grinding cones. 
2—Propane Heating Torch Units complete with propane and oxygen gauges, 100 ft of hose for each unit, pigtails (manifolds), "T" connections, 

4 ft long heating torches equipped with heating tips equivalent to Harris #3H and #5H. Each heating unit should be set up with one, 
100-lb tank of propane and two, 240 cf. (K) tanks of oxygen. 

2-25-Ton Hydraulic Jacks (Enerpac Model S-178 or equal), with 2 gallons spare hydraulic fluid. 
1-50-Ton Hydraulic Jack (Enerpac Model RC-506 or equal). 
1— 10-Ton Hydraulic Jack (Enerpac Model RLC-101 or equal). 
2-6-Ton Chain Come-alongs. 
1—Generator, (3,000 watt minimum, 110 volts). 
1—Electrode Drying Oven (Phoenix #300 or equal). 
1—Pneumatic Chipping Gun with chisels for slag removal. 
6-8 in. x 8 in. x 10 ft Oak Timbers minimum. 
1—Chain Saw. 

Assorted hardwood wedges. 
1-50-lb Hermetically Sealed Container of E70- 18 5/32 diameter electrodes. 
4-100-lb Tanks of Propane. 

16—Oxygen cylinders as described above. 
Safety equipment for all workmen, inspectors, etc.. 
Traffic Control Materials and Equipment 



15 

The Washington State Department of Transportation (DOT) 
includes the following equipment in their flame straightening 
unit (Exhibit 2). 

Figure 3 shows the Washington State DOT truck unit at a 
job site and one interior view showing some of the equipment. 

Figure 3. Washington State DOT platform truck Left photo shows truck at job site; right photo shows interior view. 

Exhibit 2. 

1—Platform Truck, All Hydraulic Aerial Tower with 25-ft lift. 7 ft x 7 ft nonrotating platform with 2 ft-9 in. x 7 ft sideway extensions 
and removable 30-in, chain safety railing. Lift unit is operable from the ground and from the platform. The MT 650 Allison Truck 
Transmission has one S.A.E. power take-off opening. A 110-volt AC, 3,000-watt, 30-ampere auxiliary generator is included. There are 
holders for 3 sets of oxygen and acetylene bottles with two sets of gauges and two hose reels with 100 ft of quarter-inch hose. An 8,000- 
lb hydraulic winch with 200 ft of 3/8 X 6 >< 37 wire rope is mounted on the front. All bins and trays are of 16 gauge galvanized steel. 

2-25-Ton Hydraulic Rams. 
6-10-Ton Hydraulic Rams with various strokes. 
2—Hydraulic C clamps. 
6—Mechanical clamps and Carpenter clamps. 
4-3-Ton Chain Come-alongs. 
1— 1-Ton Chain Come-along. 
2—Oxyacetylene Torches. Setup provides for simultaneous operation with two sets of gauges and hoses. Heating tips are National or Victor 

of various sizes. 
12-3/4 in. and 7/8 in. Drift Pins. 
1—Air Powered Rivet Gun. Used for peening. 
1—Electric Sander Grinder. 
1—Air Powered Wrench. 

Various lengths of short and long chains with hooks. 
Small tools include hammers and sledges of various weights, saws, crowbars, 3/4 in. and 7/8 in. socket, spud, and open end wrenches, pipe 

wrenches, screwdrivers, pliers, chisels, punches, paint scrapers, wire brushes, paint brushes, wedges, shim plates of various sizes, 2-in. 
square steel bars of various lengths, carpenter level and angle, and measuring tape. 

Safety equipment includes goggles, safety glasses, thick leather gloves, ear protectors, spare hard hats, safety cables and slings, first aid kit, 
and water and chemical fire extinguishers. 

Welding equipment is supplied by District forces that do the required welding work. 
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Therefore: 

Fundamentals 
	

AE 
= aiT(l) 

General 
	

And: 

For any rise in temperature, steel expands, and for any de-
crease in temperature, steel contracts. The coefficient of expan-
sion is normally expressed as linear. The thermal expansion or 
contraction of steel is volumetric as well as linear. A valuable 
application of the principle of thermal expansion and contraction 
is the ability to modify the dimensions of a steel member by 
heating the member and at the same time restraining the thermal 
expansion in one or two dimensions until plastic deformation 
has resulted. Unrestrained thermal contraction is allowed to 
occur during cooling. If one or two dimensions are restrained 
from expanding as a member is heated, plastic flow occurs when 
the temperature increase is sufficiently large. The restrained 
dimensions(s) will be less than the normal expansion and the 
unrestrained dimension(s) will, because of the plastic flow, in-
crease more than the normal thermal expansion (the total vol-
ume remains the same). As the member cools, the thermal 
contraction will be unrestrained and equal to the normal thermal 
contraction in all three dimensions. The result will be that the 
restrained dimension(s) will be less than their original value, 
and the unrestrained dimension(s) will be more than their orig-
inal value. 

By controlling the restraint, the temperature variation, and 
the number of heating cycles, any degree of dimension modi-
fication may be obtained that satisfies the same total volume. 

The temperature at which plastic flow will begin is related 
to yield point and degree of restraint. In addition, any strain 
due to residual stress of mechanical imposed stresses prior to 
or during heating will alter the point at which plastic flow begins. 
If compression is present, the temperature rise to initiate plastic 
flow is decreased. If tension is present, the temperature rise to 
initiate plastic flow is increased. 

When a confined steel is heated beyond the temperature re-
quired to initiate plastic flow and then allowed to cool, the 
elastic compression is relieved first, followed by tension in the 
heated zone. Yield strength tension will be achieved if the con-
fined zone is heated to a sufficiently high temperature and 
allowed to cool and will not exceed this tensile value regardless 
of how hot it is heated. Yield stress, modulus of elasticity, and 
coefficient of expansion all vary with temperature. 

Single Axis—Perfect Confinement 

A steel member that is restrained from expanding in one axis 
will be subjected to compression strain as it is heated: 

= a.T 

where € = strain in in./in.; a = coefficient of thermal expansion 
in in./in./deg F. and A T 	temperature rise in deg F. See 
Figure 4. 

P1 
= 	A also equals aLXT(l) 

AE 

= aT 
AE 

But: 
P 

- = strain = 
AE 

Therefore: 
aT 

Single Axis— Variable Confinement 

It is useful to briefly review the effect of variable restraint in 
a single axis. See Figure 5. 
Where: a- = stress in the heated zone; 

a = free thermal expansion in./in./deg F; 
E = modulus of elasticity of the cold restraining ma- 

terial, psi; 
= modulus of elasticity of the heated zone, psi; 

N = ratio of restraining cross section to heated cross 
section, or (A + A)/B; 

1 = length of heated zone, in.; 
PB  = 2 PA  and PA  = PB/2 
N = (A + A)/B 
N = 2A/B 

During heating, B is in compression and A is in tension; after 
cooling, B is in tension and A is in compression. 

Figure 4. Single axis, perfect 
confinement. 
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Therefore the stress at the point of initiation of plastic flow 
in the heated zone doubles when restraint is increased from N 
= 1 to N = oo (based on the assumptions shown). 

An approximate method of determinig the minimum tem-
perature rise from normal atmospheric temperatures is shown 
in Figure 6 for a hot zone restraint ratio of N = 1 in A-36 
steel. The restraint of N = 1 was selected because this is the 
approximate behavior of a single heated spot in a relatively large 
surrounding plate and is useful for flattening plates (Holt, 16). 
The yield strength curve is based on Figure 7. The modulus of 
elasticity is assumed to be 29,000,000 psi and the coefficient of 
expansion constant at 0.0000065 in./in./*F. 

o 	a 	aE 

'F 

 

1 + 1 	2 

E,, NE, 

Assuming a temperature of 500 F, the stress, 

(0.0000065) (29,000,000) (500-70) 

0- 	 2 

a- = 40,530 psi 

This value is plotted and a line drawn to 0 psi at 70 F. The 
intersection of this line with the yield-strength curve indicates 
the approximate temperature to initiate plastic flow. From Fig-
ure 6: 

36 A'ei 

#30. 

#20 

#10. 

0 

k 
. 

I.) 

'ls 

-'0. 
e/d 100/rn' S74-ess-, 

36ffs1 

70 	No,-,r,oI 7èmp 
0 /00 200 300 400 500 600  

7e,,pe1--07'c.4'.--e "P 

where: 57'ee/ 4pe 
N-/,(4 spc,'heo,') 
Es = 29.000,000 psi a74 

-1-ernpe,o7upe s 
o( =0.00000$  
Yield poirn sft-ess is bcised 
on Figure. 7. 

* The Qppr-0j(i/77O7'C fl7/.1/ifl(/Ifl 4emper-c74(.Ir-e 
required 1'0 obi'air, ii ax/mum i-es,dua/ 7ensWI 
in ihe heo~ed zone. AssImpi'ioris asno'd. 
(Values ore app,_ox/rr,alCe.) 

Figure 6. A-36 steel spot heat temperature. 
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Figure 7. Yield stress versus temperature for A-36 steeL 

T = 432 F, and o- = 34.5 ksi 

Check; o = 
(0.0000065) (29,000,000) (432 - 70) 

2 

= 34,100 psi 

34,100 psi = 34,500 psi from Figure 6. 

Now draw a line parallel to the elastic stress line intersecting 
the 70 F line at + 36,000 psi. This line intersects the yield-
strength line at the minimum temperature required to produce 
yield point residual tension in the heated zone. From Figure 6, 
this value is found to be approximately 783 F, and a- = 31.0 
ksi. 

(0.0000065) (29,000,000) (783 - 70) - 
Check: o = 	

2 	
36,000 

o = 67,200 - 36,000 = 31,200 psi 

31,200 psi 31,000 psi from Figure 6. 

Figure 8 develops curves similar to Figure 6 for steels with 
50,000-psi yield strength. The following values were developed 
from data found in United States Steel Corporation Design 
Manual ADUSS 27-3400-04: 
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Figure & Fy = 50-ksi spot heat temperature. 

a•  aE 
-i--; assuming a temperature of 600 F, the stress 

0.0000065 (29,000,000) (600 — 70) 
= a.  = 

2 

a-  = 50,000 psi 

This value is plotted and a line drawn to 0 psi at 70 F. The 
intersection of this line with the yield-strength curve indicates 
the approximate temperature to initiate plastic flow. From Fig- 
ure 8, T = 510 F, and o = 42.0 ksi. 

Check: 

0.0000065 (29,000) (510 — 70) - 
a-  = _______________________ — 41.5 = 42.0 ksi 

2 

Now draw a line parallel to the elastic stress line intersecting 
70 F line at + 50 ksi. This line intersects the yield-strength line 
at the minimum temperature required to produce yield point 
residual tension in the heated zone. From Figure 8, this value 
is about T = 940 F, and a-  = 32.5 ksi. 

Check: 

0.0000065 
_ 	

(29,000) (940 — 70) 
a- = 

 
— 50 ksi = 32.0 ksi 

2 

Values are approximate. 	 32.0 32.5 ksi 
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Figures 6 and 8 demonstrate simplified methods of claculating 
heating temperatures for spot heats. They are accurate enough 
for practical use. Variations in modulus of elasticity and coef-
ficient of thermal expansion due to rising temperature have not 
been included. 

Heat Patterns 

Spot Heats 

All heat patterns begin as a heated spot. A small circular 
area is heated to a higher temperature than the surrounding 
steel. The heated zone expands but is restrained by the sur-
rounding steel or a combination of surrounding steel and pre-
load. When the temperature rise is great enough the yield stress 
of the steel will be reached and the steel will expand in the 
direction of least resistance. This means that the steel will con-
tinue to expand in thickness (upset) but will be restrained from 
fully expanding in the plane of the plate. 

According to Holt (16) and Goodier (21), the radial and 
tangential stresses in the hot zone will be compression equal to 
0.5 a(AT) (E). In the restraining material the radial stress will 
be compression, but the tangential stress will be tension as shown 
below: 

a2  
radial o r = c 0.5 a (Afl(E)(_, ) 

tangential a-, = T0.5 a (AT) (E) 
(1-2  

Where E = modulus of elasticity, a = radius of heated zone, 
r = radius at which stress is calculated; A T = temperature 
difference between hot zone and restraining steel, a = coeffi-
cient of thermal expansion. See Figure 9. 

These formulas only apply to the elastic range, with an abrupt 
temperature drop between the hot and cold zones. This condition 
does not exist in practice but useful information can be obtained 
by examining the pattern of the resulting stresses. Plastic flow 
in the heated zone will follow I gure 6 for A-36 steel and Figure 
8 for Fy = 50 ksi steels. The tension and compression applied 
to the restraining steel will result in plastic flow at a lower 
temperature difference between the hot and cold areas than is 
necessary to upset the heated zone. The plastic flow actually 
initiates in the restraining metal just outside the spot-heated 
zone. Excessive heat input rates maximize this action and may 
result in buckling of the plate rather than upsetting the heated 
spot. The buckling is due to a sharp temperature gradient across 
the thickness of the material which causes the restraining pe-
riphery of the hot zone to upset on only one side and produce 
a permanent annular bend. Empty pans set on hot burners will 
buckle due to this action. 

Only a few seconds of heating are required for thin steel plates 
since the hot zone only needs about 783 F for A-36 steel to 
achieve maximum residual tension. See Figure 6. When proper 
heating of a spot is accomplished, on removing the heat source, 
cooling begins and the heated area contracts. The end result 
should be tension in all directions across the heated area in the 
plane of the plate. 

Heating of a spot should be accomplished with a single orifice 
torch, heating with a slow circular motion about 1 in. in di- 
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Figure 9. Spot heat. 

ameter, on the convex side of the plate. This slow circular motion 
softens the temperature difference between the heated zone and 
the restraining area as well as through the material thickness. 
When this area has reached the required temperature, the di-
ameter of the circular motion may be increased until the desired 
area is heated. The maximum diameter shall preferably not 
exceed four times the thickness of the plate; however, the di-
ameter shall not exceed 8 in. for any case (Holt, 16; Moberg, 
15). Large heat patterns may cause buckling. Always heat spots 
from the convex side of the material to be straightened since 
the heated side will upset more than the opposite side. Spot 
heats are used to remove bulges, dents, and dishes from plates. 

Strip Heats 

Strip heats are elongated spot heats. They are started with a 
slow circular heating motion to heat a spot. Then the torch is 
moved in a wave or weave motion along the strip to the desired 
length of heat. See Figure 10. 

Strip heats can be effectively used to remove a single direc-
tional bulge in a plate. An example would be a girder web plate 
that has bulged due to shrinkage of flange to web welds or due 
to accidental damage. The heat would be applied along the 
convex side. The thermal stress in a long narrow heat is twice 
as great transverse to the long axis of the heat as parallel to it. 
Therefore, the plastic deformation can be controlled to obtain 
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Edge Heats 

Edge heats have been used to straighten smooth, gentle bends. 
The technique used is to apply heat to a strip of uniform width 
along the full length of the convex edge of the member. Brock-
enbrough (22; 23) studied the heat curving of welded plate 
girders with heavy flanges. Heat was concentrated at edges and 
surfaces. New York engineers have advised that they believe 
edge and surface heating contributes to total camber losses that 
can continue for months. The most common procedure used to 
heat curve girders is to apply a series of vee heats. It is believed 
that vee heating should be regarded as the superior heat pattern 
for flame straightening bent members. Most accidental damage 
causes relatively sharp curvature. 
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Figure ia Strip heat. 

a pull or tension on cooling, in the desired direction. The ap-
proximate temperature rise required for maximum residual 
stress is obtained from Figure 6 or Figure 8. 

Line Heats 

A line heat can be used to remove the distortion caused by 
a weld along a plate, or to straighten accidentally bent members. 
See Figure 11. Rotation of a plate or member along a line may 
be achieved by rapid heating along the line on the face to be 
shortened. After heating the line, there will be little resistance 
to contracting and rotation will result. 

A line heat can be made with any torch; however, large torches 
may create buckling in thin plates. A single orifice torch is 
normally used for steel less than 1/2 in. thick. The restraint for 
the heated zone is furnished by the cold metal ahead of the line 
to be tracked. The attainment of proper temperature is critical 
to obtain success. The speed of travel of the torch will largely 
determine temperature. The best temperature is approximately 
1,200 F through the steel thickness. If this heat is achieved with 
uniform speed of travel, a bend of 1 deg to 3 deg per heat is 
possible (Holt, 16). 

L,i,e Neai' -i 	-8ern' P/ai'e 

Vee Heats 

The basic pattern for straightening a bend in steel members 
is the vee heat. See Figure 12. The boundary of the vee heat 
should be marked with soapstone. Start heating at the apex with 
a circular motion until the desired temperature is reached. The 
maximum temperature shall be 1,200 F for bridge steels con-
sisting of mild steel or low alloy steel with yield points of 
approximately 33,000 psi to 50,000 psi. Heating above 1,200 F. 
may cause steel degradation. In addition, heating above 1,200 
F is inefficient. Field experience has shown that heating above 
1,200 F does not give a corresponding increase in straightening 
action. Heating to higher temperatures may result in an un-
desirable combination of hot mechanical straightening and flame 
straightening. 

See "Temperature Indicators" under section heading "Tem-
perature" for temperature indicator guidance. Progress from 
point A in a serpentine fashion at uniform speed to bring the 
steel under the torch to the desired temperature. Each heated 
path must just touch the edge of the previous heated path so 
that all of the wedge is heated to the proper temperature with 
no space between these tracks. Never back up or retrace as the 
heat is made, but continue along in one motion until the edge 
of the member is reached. 

The restraint provided by a member during vee heating con-
sists essentially of two restraint stages. For the first stage, con-
ditions are similar to those for a spot heat. The surrounding 
material provides compressive restraint. During the second stage 
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when the wide part of the vee is being heated near the edge of 
the member, there is little cold metal left to restrain the expan- 
sion. However, during the second stage, the steel at the apex of 
the vee is cooling. The thermal contractions are sufficient to 
cause yielding in tension in the cooling region and that action 
in turn causes yielding in compression in the region being heated. 
It is this second stage restraint that causes vee heat straightening 
to be efficient. The necessary development of these restraint 
stages is the reason that the heat pattern shall not be retraced 
until the steel has cooled. 

The depth of a vee heat can extend over the full depth of an 
element. However, full-depth vee heats will normally shorten 
the overall length of a member. It is very rare that shortening 
is desirable and for straightening members within an existing 
structure it is unacceptable. Half-depth heats do not cause sig-
nificant shortening and should normally be used. 

Enough heat input shall be used to distribute the heat as 
uniformly as possible through the thickness of the element. 
Metal thicker than 1 in. will normally require heating from both 
sides with two torches working simultaneously. Built-up mem-
bers are hard to straighten properly due to the difficulty in 
getting adequate heat across the interface between plates. See 
Figure 13. It may be practical to remove a partial length of a 
cover plate to flame straighten the member. After straightening, 
the partial length cover plate would be replaced and spliced. 

The angle of the vee can be varied from a very narrow 10 
deg to a very wide 60 deg. The amount of straightening produced 
increases with an increase in angle. However, as the heat gets 
wider, the tendency of the heated flange to buckle increases. 
Stop heating if buckling starts to occur. A buckle must be 
straightened before further flame straightening of the member 
can be accomplished. It is recommended that vee heat base 
widths be not less than 3 in. wide but not more than 10 in. 
wide (Mishler and Leis, 11). See Figure 14 for typical combi-
nation heat patterns. 

Camber Adjustment Heat Pattern 

Vertical camber adjustments can be made provided the ver-
tical load on the girder is removed. When the bottom flange is 
in tension, the vertical load should be large enough to produce 
nominal compression. Camber adjustments are normally made 
after other damage has been repaired. The recommended heat 
pattern is shown in Figure 15. The New York Steel Construction 
Manual (28) contains recommendations for heat curving of new 
bridge members. 

Predicting Number and Sizes of Vee Heats 

The number and size of heats for early all damage conditions 
cannot be predicted precisely. However, this lack of precise 
predictability does not prevent accurate flame straightening of 
bent members. As the straightening process proceeds, the num-
ber, location, and size of heats, and amount of auxiliary force 
can be modified to give accurate final results. Primary variables 
affecting amount of straightening per vee heat include initial 
and final residual stresses and their distribution, member re-
straint, variations in applying each vee heat, amount of auxiliary 
force (preload) used, and actual yield point stress of the member.  
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Figure 15. Camber adjustment heat pattern. 

Figure 16 shows the thermal strain behavior of A-36 and Fy 
= 50 ksi steels confined perfectly on one axis. Holt (16) and 
Moberg (15) show similar relationships and have used these 
relationships to determine the approximate effect of vee heats. 
Holt's field measurements indicate that the values for single axis 
perfect confinements as shown in Figure 16 are valid for free 
members. Moberg discusses the variation among literature 
sources as to the amount of shortening per vee heat. 

The curves shown in Figure 16 may be used for determining 
the approximate effect of vee heats for steels with specified yield 
points of 33,000 psi and 50,000 psi. These curves include the 
effect of rising temperature on coefficient of expansion, yield 
point, and modulus of elasticity. 

Although the number of vee heats required to straighten a 
member cannot be precisely predicted, there is useful knowledge 
to be gained in studying a vee heat example. 

For purposes of illustration, the Holt equation will be used: 

Upset = 
DW-- (See Fig. 17) 

Where upset is the plastic strain per vee heat, D is the deflection 
of the bent member in length L, and W is the width of the 
member. 

Upset = S. W 

where S, = plastic strain caused by heating W = width of the 
vee heat; thus 
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DW D SW 
W. = --; or = -- 

Example 1 

Assume D = 1.5 in., W = 10 in., and L = 20 ft. From 
Figure 16, S, = 0.00864 for A-36 steel. 

DW 	1.5(10) 
W 	

LS = (20)(12)(0.00864) = 7.2 inches 

6 	
WV  

2 arc tan 2(D) 

Where D = depth of vee heat, assume D, = 1/2W 

= arc tan 7.2 = 2 arc tan = 0.72 
2!' 10 

0 = 2(36°) = 72° 

Maximum recommended 6 is 60°, therefore use two heats of W 
= 3.6 in. for each heat. 

3.6 
= 2 are tan 10 = 0.36 

2(-) 

6 = 2(20V) = 40°. 

Example 2 

Assume width of member = 12 inch. Assume depth of vee 
heat = 6 in. Assume 0 = 45° for each vee heat. 

Determine radians of straightening for each vee heat: 

D —  S W, 

L W 

W = 2 tan 22.5° (6 in.) = 2(0.414)(6) = 5.0 in. 

From Figure 16, S,, = 0.00864 

D = 0.00864(5.0 in.) 
12 

0.0036 radians of straightening per vee heat. 

Temperature 

Heating 

The primary reasons for using substantial heat input is to 
ensure heating completely through the thickness of the metal, 
which will more evenly distribute final residual stresses and to 
ensure upsetting completely through the thickness. Rapid heat-
ing will reduce expansion of adjacent parts by minimizing con-
ductivity. It is also true that rapid heating is more efficient 
provided excessive temperatures do not occur. A flame-straight-
ening goal should be to heat rapidly, consistent with staying 
below the maximum permissible temperature, and attaining uni-
form heat distribution. Shallow, rapid heats are not recom- 

mended. Shallow heats produce high residual stresses and 
members cambered by this method will tend to lose camber. 
The extra time required to attain through-the-thickness heating 
will result in a more uniform residual stress distribution. 

Persons who are not completely experienced in flame straight-
ening may feel more comfortable in making a preliminary heat 
that is slower in heating and has less temperature rise to avoid 
overheating. The result will be less straightening. The heat pat-
tern can be retraced after the steel has cooled. The heat does 
not have to cool to ambient temperature. However, the steel 
should be cool enough to place a hand on the heated area. The 
first heat should be considered as an experiment and close ob-
servation is necessary. 

Whether single orifice or multiorifice heating tips are used 
depends primarily on the size and thickness of the metal being 
heated. To be most effective, heat input should be as rapid as 
possible. In general, single orifice tips should be used for steel 
thicknesses to '2  in. Multiorifice tips are more efficient when 
heating thicker metal. Straightening action relies on the con-
straint supplied by the cold metal that surrounds the heated 
zone. Maximum constraint is obtained when the thermal gra-
dient between the heated zone and the surrounding metal is 
steep. If an area is heated too slowly, heat will be conducted 
into the surrounding metal, and the heated area will not upset 
as desired. To achieve rapid through-heat, tip size should be as 
large as possible without overheating the surface. The steepest 
possible temperature gradient between the heated zone and the 
surrounding metal, which does not cause buckling, is desirable. 
Large multiorifice tips may spread the heating area too much 
and cause buckling. Heating of flanges with large torches near 
the web may buckle the web. Tip sizes can range from single 
orifice welding tips, ranging in size from No. 3 to No. 9, to 
multiorifice tips up to 1 in. The heating temperature, width of 
heat, and heating tip size should all be conservative. More rapid 
heat control can be achieved by using smaller tips. Tip size for 
a specific application should be established by an experimental 
first pass, if not firmly established by past experience. Practi-
tioners may not achieve the best results if they arbitrarily use 
a certain type of heating tip or set arbitrary limits on tip sizes. 
Also, different gases used for heating may affect the selection 
of the most efficient heating tip. 

Acetylene used with oxygen may be the most popular fuel. 
Acetylene, propane, butane, or natural gas can be used with 
oxygen. MAPP gas performs similarly to acetylene. Acetylene 
and MAPP gas are readily available; however, when burned 
with oxygen, the flame has a temperature of 5,000 to 6,000 F. 
With these high temperatures, operators may have difficulty in 
limiting steel heat tempertures to 1,200 F. The other fuels burn 
with lower flame temperatures, and their use may be preferred. 
New York heats with propane and oxygen, and Washington 
heats with acetylene and oxygen. 

Maximum Temperature 

For spot heats in plates, 783 F maximum for A-36 steel is 
all that is necessary. A temperture of 940 F is all that is necessary 
for steels with yield strength of 50 ksi. Higher heating will not 
increase contraction and will increase the possibility of buckling. 
For vee heats use 1,200 F maximum for all carbon and low-
alloy steels. Higher heat will not increase contraction and may 
increase the possibility of buckling. For all heat patterns use 
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1,200 F maximum temperature for all carbon and low alloy 
steels. A preliminary heat of 800 F is good practice when starting 
to flame straighten. Normalized carbon and alloy steels may be 
flame straightened provided care is taken not to heat above 
1,200 F. Flame straightening of quenched and tempered A-5 14 
and A-S 17 steel is not recommended as a normal practice. 

Cooling 

Heated steel shall be allowed to air cool. Cooling with dry 
compressed air may be permitted after the steel has cooled to 
600 F. Accelerated cooling methods such as the application of 
ice or water quenching shall not be used. Accelerated cooling 
may have one or more adverse effects. Nonuniform cooling may 
result in an uncontrolled shrinkage pattern, which may distort 
the member. Accelerated cooling may result in shrinkage cracks. 
Accelerated cooling may cause a phase change in the steel similar 
to the effect of quenching. The resulting steel may have hard, 
brittle areas. 

Temperature Indicators 

Determining the temperature by observing the appearance of 
the heated area requires experience. When a steel and torch 
have been selected, the speed of travel of the torch is one factor 
in determining temperature. The slower the torch travels, the 
higher the steel temperature. However, metal thickness is also 
a factor. Thick metal requires more heat input than thin metal 
to obtain the same temperature. Temperature indicating crayons 
can be used to assist flame straighteners to gain visual temper-
ature recognition. Once experience is gained, the use of tem-
perature indicating crayons can be reduced and the operator 
can usually recognize the proper temperature by the color of 
the steel. Vee heats are the standard flame straightening heat. 
In making these heats, the operator must concentrate on having 
each heat path just touch the edge of the previous heat path so 
that all of the wedge is heated to the proper temperature with 
no space between heat paths. Excessive use of temperature sticks 
can distract from this process. 

At 1,200 F steel has a silvery satin appearance when viewed 
through a #4  welding lens. This is true only when the surface 
has been cleaned of all flammable materials. Paint or other 
materials on the surface of the steel will burn with a bright 
white or red color and obscure the subtle blue-gray colors the 
operator is trying to observe. 

In practice, it is during the first heats that the operator needs 
help in determining temperature. It is only after several heats 
have been applied and the paints, oils, and mill scale have been 
burned and wire brushed away that the blue-gray color of the 
steel can be observed. See Figure 18. 

The light level at the work area affects the perceived color. 
In darkness, a 900 F to 1,000 F heat appears bright red; in 
bright sunlight, a 2,000 F heat may appear dull red. Under 
normal daylight conditions, a cherry red color usually means 
that the heat is too hot. If the steel is black after cooling, the 
heat was too hot. A properly heated area will be gray in color 
after cooling. Enough temperature stick crayons shall be used 
to ensure that required temperatures are being attained. Crayons 
manufactured for 600 F and 800 F are usually sufficient for 

r-/ leai'ed ar-ea 	irns 
edq of- 

9'rnoves n
e / c1-ay wfler, cool. 

bl'e -black 
fr looheadof 
lLo,_c/i. (Some 
obse,-ve,-s describe  

as block phonMrn \ 	PIOOr-O'7C 	Mth'h 
614,14617 	4-7 darci'-9 fn7es) 

	

L. ffoe of 	I I ma,-ked WI 744 sOaos/cY,e. 
birnedpair-n / / 

	

prev/ois 	I -1-0sn40,7 of 7b& 40,-Ch.  
fleai4 (3). 	I 

,r ec,L/o,, of 7ravI. 

Figure 18. Appearance of a vee heat. 

spot heats. Crayons manufactured for 600 F, 1,100 F, and 1,250 
F are usually sufficient for vee heats. An 800 F crayon will be 
needed for the preliminary heat. The heating torch should be 
in motion when estimating heat by color. Remove torch from 
surface momentarily whenever the heating temperature reaches 
1,200 F. 

Contact pyrometers have not been used widely. Graham (24) 
experimented with the use of a contact pyrometer and deter-
mined that it always gave an erroneous reading approximately 
200 F below the value indicated by temperature crayons. Any 
agencies using pyrometers should verify their calibration and 
accuracy. 

Effect on Steel Properties 

There is ample evidence that properly executed flame straight-
ening does not significantly degrade mild steel or low-alloy 
bridge steels. Flame straightening has been successfully accom-
plished for more than 40 years (Holt, 25 and 26; and Harrison 
27). Harrison's tests of mild steel flat bars showed insignificant 
increases in Rockwell hardness, virtually no change in ultimate 
strength, and an inexplainable increase in impact energy mea-
sured in ft-lb. Rothman et al. (10) tests of A-441 steel showed 
slightly higher transition temperatures, but the change was not 
considered significant. Yield and tensile strengths were un-
changed, elongation in 2 in. was reduced from 34.5 to 28.0. The 
specification requirement for elongation was 18.0 (ASTM). Nor-
malized steel A-537-A showed no loss in properties due to flame 
straightening. Pattee et al. (12) state that low-alloy steels with 
yield strengths ranging from about 45,000 to 75,000 psi can be 
heated to conventional flame-straightening temperatures (ap-
proximately 1,100 F to 1,200 F) without significantly affecting 
their mechanical properties. Pattee et al. (9) tests concluded 
that flame straigtening of A-441 is an acceptable procedure that 
does not give an adverse effect on material properties. Holt (16) 
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states that flame straightening will improve material properties, 
including Charpy impact energy, with the exception of an in-
significant reduction in ultimate tensile strength. 

Moberg (15) notes that the conclusions of recent studies in-
dicate that even heat-treated steels can be flame straightened 
without material degradation if appropriate maximum temper-
tures and exposure times are observed. The most recent literature 
acknowledges that flame straightening will not degrade A-5 14 
and A-5 17 steels provided heating temperatures are kept below 
the tempering temperature of 1,150 F. Mishler et al. (11) notes 
that experimental data show that by controlling flame straight-
ening to limit the surface temperature to 1,050 F, no significant 
reduction in strength or toughness occurred. However, flame 
straightening of these steels is not recommended. A number of 
knowledgeable people have reservations about flame straight-
ening these steels. Examples of successful straightening of these 
steels are unknown. Due to their thermal strain behavior, these 
steels would also be difficult to straighten. The plastic strain of 
A-5 14 and A-S 17 steels heated to 1,050 F is less than 60 percent 
of the plastic strain of A-36 steel heated to 1,200 F (calculated 
from Holt, 16). The heated element is assumed to be perfectly 
confined along one axis. 

Using an Auxiliary Force 

Most successful flame-straightening operations do use an aux-
iliary or preloading force to control and expedite the straight-
ening process. If an axial compressive force exists in the member 
and the member is bent so that its centerline falls outside the 
middle third of the member, then the bending stresses due to 
eccentricity will exceed the axial stress in the extreme fibers and 
prevent flame straightening. The axial compression must be 
substantially removed, and external transverse forces applied to 
provide restraining compression in the area which needs to be 
flame shortened. Bent compression members without adequate 
auxiliary forces could buckle when heated. Tension members 
will stretch rather than upset, if the stress from dead loads plus 
misaligment exceeds the yield point at the heat temperature. If 
the yield point at the heat temperature will be exceeded, an 
auxiliary force must be used to reduce the tensile stresses. To 
be absolutely safe, an auxiliary force should be used to bring 
the tensile stress to compression in the heated zone. A common 
method of applying an external transverse force is to use a come-
along, or chain pull, to provide compressive stress in the region 
which needs to be upset. Other methods utilize combinations 
of posts, clamps, and jacks. A compression jacking post is fre-
quently used to remove the axial compression from a bent 
compression member so that it can be safely flame straightened. 
Cables or auxiliary tension members can be used to relieve stress 
in tension truss members. 

The amount of lateral force shall have an upper limit to 
prevent a combination of hot and cold straightening. The New 
York State Department of Transportation figure of 20 ksi max-
imum induced lateral stress due to an auxiliary force is rec-
ommended. The auxiliary force will cause plastic flow greater 
than that obtained on free members. The lateral force shall be 
applied prior to heating, and additional force shall not be applied 
until the heat is completed. When a number of heats are nec-
essary, the force must be adjusted between heats; the reason 
being that each heat causes displacement, thus reducing the load  

on come-alongs or screw jacks. Hydraulic jacks should be locked 
so that they also give a slightly elastic, but essentially an auxiliary 
force that reduces with displacement. Auxiliary forces that pro-
duce a constant load shall be avoided. An example would be a 
gravity load applied to a horizontal member with an upward 
vertical bend. Experienced flame straightening engineers report 
isolated incidents of difficulty in getting members to begin to 
straighten. However, these same members may straighten with 
inordinate rapidity after they start to straighten. Auxiliary con-
stant load forces may produce reverse curvature, or in rare 
instances could produce failures. Another detrimental effect of 
constant load forces is that hot mechanical straightening may 
occur. All auxiliary lateral forces shall be the type that reduce 
in magnitude during each heat cycle. 

Peening 

Peening during the application of vee heats is recommended. 
See Figure 19. Tensile stresses are created on the concave side 
of the bent member as the beam starts to straighten. These 
tensile stresses act to resist the straightening action. Light peen-
ing of this area adds very localized compressive stresses, which 
reduce the tensile stresses. By reducing these tensile stresses, 
there is less resistance to the straightening action and a greater 
amount of straightening will occur during each heating and 
cooling cycle. Reducing these tensile stresses, which are residual, 
is beneficial to strength properties. It is estimated that one-third 
to one-half of the residual stress in rolled sections can be re-
moved by peening. 

Peening is done after the heat has been applied and the tem-
perature of the metal is less than 300 F. Peening shall be done 
with the flat surface of a ball peen or similar hammer. The 
blows shall be light enough that no marking of the steel occurs. 
The effects are further enhanced if the area being peened is 
backed up with a heavy sledge held against the surface opposite 
that being peened. Since only light blows are required, the peen-
ing operation should be done manually. 

Heat Location Limitations 

Accidental damage may cause high strain curvature within a 
short length. Thus, when straightening accidentally damaged 
steel, it may be necessary to reheat the same area to achieve 
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Figure 19. Peening a vee heat. 



P/ace,ne,-,/ of clack Srace Ai'embe,-., 

6ear-iI-79 

lack --I I 

Corp vex 

Load App/ica//or /. 
Web  

Co"? ' 

Reverz5e' Ir,a'e /o/,,,, 

5.ce.5.gjve' kVeb 

Figure 20. Application of straightening force to damaged 
beam. 

Vertical Girder Supports 

The amount of dead load that a damaged girder is carrying 
should be determined from measurements and calculations. If 
the girder is carrying less than its original dead load, an as-
sessment should be made showing how the bridge will perform 
under design loads without full restoration of dead load carried 
by the repaired member. Vertical jacking is normally required 
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the required straightening. This is an acceptable practice. How-
ever, it is better practice to locate heats adjacent to preceding 
heats, wherever possible. 

Do not attempt to flame straighten at notches or cracks. 
Heating at these locations may cause notches to crack, and 
increase the size of existing cracks. Notches and cracks in weld-
able members can normally be repaired by welding during the 
flame straightening process. Avoid applying heats at butt weld 
locations. There is not a high consensus that this is a dangerous 
practice, but there is enough concern to support the recom-
mendation. Because of the existing residual stresses in the heat 
affected zone it may also be less productive to apply heat at 
these locations. Do not apply heats at fatigue critical details. 
For example, do not apply a heat at the end of a tension cover 
plate welded to a flange plate. Also, do not apply heat to a 
girder web in the tensile area, at points of intersecting welds. 
To summarize, do not locate heats in tensile areas at points that 
have high stress concentrations due to live loads. Locating heat 
patterns without regard for existing steel details and condition 
can result in yield point stresses in dangerous places. This state-
ment is also true for flame cutting and welding. Approximate 
flame straightening is not a dangerous practice. Field welding 
can often be the cause of more problems than flame straight-
ening. However, flame straightening does require knowledge and 
guidance to consistently produce excellent results. 

Flame Straightening Girder Bridges 

Typical Damage 

The most common vehicle-caused accidental damage to gir-
ders results in a lateral bend of the bottom flange accompanied 
by angular rotation of the bottom flange. The web will also be 
bent, and the top flange may have angular rotation. Top flange 
rotation rarely occurs if the girder is composite with the roadway 
slab. There will also be a web indentation if the web has been 
impacted. See Figures 20, 21, and 22. Girder diaphragms and 
bottom lateral bracing may also be bent. 
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Figure 21. Application of straightening forces to damaged beams. 
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to restore full dead load. Jacking may be from posts under the 
bridge or against beams placed over the member. 

During the flame straightening process, the girder strength 
is temporarily reduced due to heating. As a general guideline, 
live load should not be allowed on the girder during heating 
and cooling. If the dead load stress is significant, it may be 
necessary to jack vertically to reduce stress to a nominal amount. 
See Figures 23 through 27 for typical methods of providing 
vertical girder support. Figures 25 and 26 were prepared by the 
Illinois Division of Highways for mechanical straightening; how-
ever, a similar system can be used for flame straightening. 
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Roadway Slab Supports 

When the roadway slab must be supported during girder 
repair, a typical detail as shown in Figures 28, 29, and 30 may 
be used. 

Typical Auxiliary Force Details 

The reasons for using a lateral auxiliary force have been given, 
see "Using an Auxiliary Force," under "Flame Straightening" 
in this chapter. For typical details see Figures 20, 21, 22, 31, 
32, and 33. Note that Figure 20 in combination with Figure 33 
shows a method of applying an auxiliary force to a web inden- 
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Figure 23. Section view of vertical supports. 	 Figure 24. Section adjacent to piers. 
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Figure 26. Bridge supports during straightening of girder. (Courtesy Illinois) 

tation which will be flame straightened. Also note in Figure 20 
that an excessive straightening force can result in a reverse web 
indentation. 

Straightening the Girder 

Straightening is normally accomplished in the reverse se-
quence that took place when the damage occurred. Straightening 
should be started with components away from the point of 
impact, such as at diaphragms and lateral bracing. When dia- 

phragms and bracing have been bent beyond the elastic limit, 
they should be partially straightened first, to permit proper 
girder straightening. Straightening of secondary members is ac-
complished by flame straightening, hot straightening, or me-
chanical straightening. A combination of these three methods 
may be used. Flame straightening is preferred due to its lack 
of significant steel degradation. The flame straightening process 
for secondary members is very similar to flame straightening 
primary members. Come-alongs, screw jacks, and hydraulic 
jacks may be used to expedite the process. Because of the dif-
ferent shapes encountered and their orientation, the heat pat- 
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Figure 28. Alternate method of supporting slab during repair operation. (Courtesy Illinois) 

terns may be different. See "Heat Patterns" under "Flame 
Straightening." 

Sharp web indentations such as sharp dents, nicks, and gouges 
cannot be repaired by flame straightening. The web indentation 
must have smooth convex and concave curves. See Figure 20. 
The auxiliary force applied to the crest of the convex side should 
be large enough to place the crest in compression. This force 
should place the outside convex ring in compression. The re-
quired force can be determined by an approximate calculation 
supported by observation. For the Bothell Bridge repair (Mo-
berg, 15), an 18,000-lb auxiliary force was used to expedite  

straightening a web indentation of 1.15 in. After the force has 
been applied, circumferential heats similar to spot heating are 
applied to the crest of the indentation around the jacking cyl-
inder head and around the convex ring surrounding the inden-
tation on the outside of the beam. After the initial heats, a 
bearing plate will normally be required between the jacking 
cylinder and the crest of the web indentation to distribute the 
load so that a reverse indentation is not created. See Figure 20. 

Straightening the girder should be accomplished by using the 
following procedure: 
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Use a taut wire to measure lateral displacements from 
original position. Measure displacements before and after ap-
plying auxiliary force and after each heat. 

Determine member element curvature by measuring dis-
placement offsets from a reference string line, straightedge, or 
plumb line. Do not heat in areas where the bend radius is greater 
than R = WE/2 Fy, where Wis the flange width, E is modulus 
of elasticity, and Fy is the yield point stress. These areas have 
not been plastically deformed, and heats applied to these areas 
will be counter productive and may result in reverse bending. 

Determine the approximate number and size of vee heats. 
See "Predicting Number and Size of Vee Heats" under "Flame 
Straightening." 

Apply the auxiliary force or forces in accordance with 
previous instructions. 

Apply vee heats and other heats in accordance with pre-
vious instructions. Use a heating sequence similar to Figure 34. 
A heating sequence can be repeated if necessary. 

The vertical jack or jacks shown in Figure 33 provide an 
auxiliary force to assist in rotating the bottom flange back into 
the proper plane. 

Repeat process until satisfactory alignment has been at-
tained. 
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Example of Damage Repair 

A good example of a damaged girder, repaired by flame 
straightening, is the Imnaha Street overcrossing on State Route 
(SR) 14 in the State of Washington. The west facia girder was 
hit by a truck-mounted crane approximately midway between 
the rocker bearing point and the first diaphragm. The inspection 
of the damage determined that the girder was bent over a dis-
tance of 28 ft. The bottom flange of the girder was rotated to 
nearly a vertical position. The maximum displacement of the 
bottom flange was 22 in. from normal position at the point of 
impact. The rocker expansion bearing was slightly rotated or 
twisted and concrete was spalled, exposing an anchor bolt at 
the fixed bearing. The length of span between bearings is 68 ft. 
Thus, it is seen that the force of impact caused movement at 
the fixed bearing, approximately 54 ft away from the impact 
point. Figure 35 shows the framing plan, and the information 
from the Washington DOT "Damage Report." It was deter-
mined that this damaged girder could be totally repaired by 
flame straightening by Washington DOT personnel. The flame 
straightening work was accomplished by bridge division engi-
neers assisted by district maintenance personnel. 

The decision to flame straighten the girder was primarily 
based on the past experience of the Washington DOT engineers. 
The girders on the Imnaha Street overcrossing are WF 36 x 
260, A-7 steel. The bottom flange yielded as a flat plate in 
bending about its strong axis. The bottom flange was located 
distorted at the point of impact by bending about its weak axis 
at its junction with the web, resulting in a "dish-like" shape. 
The web was bent as a flat plate about its weak axis from its 
junction with the top flange. The bends in the web were gradual 
from the tangent point at the diaphragm to the rocker bearing, 
with no local distortions. There were no tears or cracks caused 
by the collision; however, there were some local dimples in the 
edge of the bottom flange at the impact point. No steel of the 
girder was kinked or distorted that would prohibit flame 
straightening. This brief description outlines the damage as-
sessment which resulted in the decision to flame straighten the 
girder. 

Figure 36 shows the girder as damaged and as repaired. By 
looking closely at the repaired girder, one can see a slight dis- 

Figure 36 Imnaha girder damaged and repaired. Left photo shows damaged girder; right photo shows repaired girder. 
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tortion at the point of impact. Figure 37 shows the local "dish-
like" distortion of the bottom flange at the point of impact. 
Also, one can see the increasing rotation of the bottom flange 
toward the impact point. The auxiliary force details in Figure 
38 show the jacks used to apply vertical load to the girder flange 
and transverse load to the girder during flame straightening 
operations. The jacking loads were applied prior to each heat 
and no adjustment was made during the heating and cooling 
cycles. Therefore, the repair was accomplished by flame straight-
ening only, with no mechanical hot or cold straightening taking 
place. The auxiliary loads were applied to reduce tension stresses 
and to accelerate the straightening process. The flame straight-
ening details in Figure 38 show the line heat patterns on the 
web to achieve straightening. This heat pattern was located on 
the convex crest of the web bend from the bottom flange di-
agonally up the web and then parallel with the top flange. This 
pattern then turned down toward the rocker bearing point. Vee 
heats can also be seen along the bottom of the web in the vicinity 
of the impact point. These initial heats were made to assist in 
rotating the bottom flange to a perpendicular position with the 
girder web. 

As the hit occurred, the bottom flange tended to bend as a 
flat plate about its strong axis. The web tended to bend as a 
flat plate about its weak axis, and as the load continued to be 
applied, the bottom flange was locally distorted at the point of 
impact. Actually, of course, the distortions occurred almost 
simultaneously. The damage resulted in compound and reverse 
curvatures caused by points of fixity and restraint. The repair 
was started by rotating the bottom flange back to a more per-
pendicular position with respect to the web. In addition to the 
two jacks used to vertically load the inside bottom flange, two 
come-alongs were fastened to the outside edge of the bottom 
flange through the rail balusters. The come-alongs were fastened 
to 4-ft long steel bars behind the base of the baluster. These 
come-alongs exerted an upward pull on the outside half of the 
bottom flange, and can be seen in Figure 38. The object to the  

right of the two come-alongs is a hose line to the hydraulic 
pump. Initial vee heats (line heats could have been used) were 
applied to the web just above the bottom flange in the impact 
area. These heats were followed by heats along the convex crest 
bend in the web. The "dish-like" damage to the bottom flange 
was straightened concurrently with the flange rotation correc-
tion and web straightening, by applying line heats along the 
crests of the convex bends. Alternating heats were applied to 
the several girder elements being straightened to ensure a grad-
ual return of the girder elements to their original position. An 
attempt to achieve too rapid movement of any one element will 
slow the overall progress, or may cause excessive stress, resulting 
in buckling or cracking. Some vee heats, to initiate transverse 
movement of the flange, were applied before the bottom flange 
was perpendicular to the bottom portion of the web. This was 
done to assist in straightening the web and to reduce restraint. 
However, the majority of the transverse flange straightening was 
accomplished after the flange was brought to a nearly perpen-
dicular position with the bottom portion of the web. The vee 
heats on the flange were made with two torches simultaneously 
because of the material thickness. Straightening of the web was 
accomplished concurrently with all of the straightening oper-
ations. 

Straightening a girder with these various and large distortions 
requires patience and experience. The general overall straight-
ening procedure should be planned in advance of starting work. 
However, the planned procedure may very likely require mod-
ification as the work progresses. It was believed that the rocker 
bearing rotation would be corrected during the transverse flange 
straightening operation. When the transverse straightening of 
the bottom flange became slower than anticipated, the engineer 
in charge decided that restraint was being caused by the slightly 
twisted bearing. A vertical jacking force was placed at the rocker 
bearing point, which resulted in the rotation of the rocker back 
to its original position, and subsequent flange heats became more 
effective. 

Figure 37. Imnaha damage closeup. 
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Figure 38. Imnaha flame straightening details. 
Top photo shows auxiliary force details; bottom 
photo shows straightening in progress. 

Guidelines Applied to Typical Example 

The following is an assessment of damage to the Imnaha 
Street overcrossing, based on the guidelines contained in this 
manual. The inspection information shown in Figure 35 is used, 
and interpretation is made to correlate the damage to the guide-
lines. It is noted that the information shown by the Washington 
DOT "Damage Report" is similar to present practices followed 
by the various states. Referring to Table 4, the items under 
flame straightening that indicate this method should not be 
considered need to be assessed. The girder is not fracture critical 
and is a rolled section with no fatigue critical details. There was 
no tearing and there were no sharp wrinkles, or cracks. There 
were some dimples at the point of impact, but these could be 
classified as superficial damage, and the steel was not A-5 14 or 
A-5 17 steel. Therefore, if the damage curvature resulted in less 
than 0.05 (5 percent) nominal strain, the girder could be flame 
straightened without any additional strengthening or partial 
replacement. 

Present assessment practices utilize most of the factors con-
tained in the manual, but no state is using a calculated minimum 
radius of curvature as an assessment factor. Since a minimum 
radius of curvature, related to nominal strain, is proposed as a 
principal guideline, more measurements are needed than are 
presently being made. Offset measurements along the damaged 
portion of a member should be made at a sufficient number of 
points to enable the calculation of radius of curvature of the 
various elements of the member. Observed tangent points should 
be carefully noted to improve the assessment process. The ro-
tation of a flange about the web should be measured and local 
distortions should be thoroughly described. Figure 39 shows the 
recommended measurements of damage for the Imnaha Street 
overcrossing to more objectively apply the minimum radius of 
curvature guidelines. 

The recommended minimum radius of curvature for non-
fatigue critical members of A-7 steel is R = W /0.1, as shown 
in Table 2. Therefore, the minimum radii of curvature for the 
Imnaha girder elements are: 
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Figure 39. Measurements for curvature calculations. 

0.845 	1 
Web, weak axis R = 	X - - - 0.70 ft 

0.1 	12 

Flange, weak axis R 	
1.44 

x .j. 1 = 1.20 ft 

Flange, strong axis 
R = 16.555 	1 

 0.1 X 
	= 13.80 ft 

The determination of whether the girder could be flame 
straightened, without any strengthening or partial replacement, 
should be based on the minimum radii of curvature. To apply 
the proposed criteria it is necessary to know the actual radii of 
curvature of the various girder elements. Measured information 
is not available from the Imnaha damage report to calculate the 
minimum radius of curvature in the web or at the local distortion 
in the flange. However, by correlating the radius of curvature 
of the web to the calculated offset of 1-2 in., the radius of 
curvature of the web is determined to be more than the rec-
ommended minimum radius of 0.7 ft. As seen in Figure 37, the 
local distortion of the flange is gradual with no sharp bends or 
kinks. Reverse curvature is clearly evident. Correlating the min-
imum recommended radius of 1.20 ft for the flange thickness 
to the photographs, it is determined that the flange radius of 
curvature is more than 1.20 ft. Therefore, the web curvature 
and local flange distortion fall within the recommended criteria, 
and these girder elements could be flame straightened. 

The transverse curvature of the bottom flange acting as a flat 
plate, occurred over a length just slightly more than 28 ft. The 
measured offset of 22 in. was made to the edge of the rotated 
flange. At the point of impact the bottom flange rotated about 
the web by bending about its weak axis (flange thickness). There-
fore, the measured offset is greater than should be used to 
calculate the radius of curvature of the bottom flange acting as 
a flat plate. The following interpretation of the known data was 
made for assessment of damage to the bottom flange. It was 
decided that the maximum rotation of the bottom flange was 
about 75 deg. The depth of the dish was assumed to have been 
2 in. measured laterally. Then the transverse deflection that 
should be used to calculate radius of curvature is 1 ft 10 in. less 
8 8  in. (6.14 in. + 2 in.) or approximately 1 ft 2 in. 
Deflections based on the maximum deflection of 1 ft 2 in. were 
approximated for the incremental points as shown on Figure 
39. The radius of curvature for points 9 through 17 are shown 
on this figure. The minimum radius of curvature, based on the 
approximate deflections, was 11.32 ft. The recommended min-
imum radius of curvature for the flange about its strong axis is 
13.80 ft. Therefore, the radius of curvature of the damaged 
bottom flange was less than the recommended minimum. These 
proposed guidelines would have required strengthening of the 
bottom flange after straightening. A crack developed in the 
bottom flange, on the concave side, after one of the heat ap-
plications, reinforcing this interpretation. The engineer in charge 
of the work described the crack as extending into the flange 
edge about '2  in. on the top and about 4  in. on the bottom. The 
crack occurred in the area of impact and was observed the 
morning following a heat application at this point. He believes 
that more peening in this area would have prevented the crack. 
The crack was gouged out and repaired by welding, prior to 
further flame straightening. The dimples in the flange at point 
of impact were ground smooth. With the more comprehensive 
measurements as recommended in Figure 39, it would have been 
possible to more accurately assess this damage.  
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It should be noted that this method of damage assessment 
not only gives the radius of curvature at each incremental point, 
but also shows the direction of the curve. Areas in the member 
that did not experience yield point strain are identified, and 
these areas should not receive heat applications. The difference 
in slopes between adjacent increments gives angular change in 
radians and can be used to estimate the number of heats that 
will be required to flame straighten that area. This method of 
damage assessment is a powerful tool and can be effectively 
used to improve flame straightening techniques. 

Flame Straightening Trusses 

Typical Damage 

The most typical cause of damage is the result of an overheight 
vehicle hitting the portal bracing at the approach end of the 
truss. On some occasions, the vehicle may travel partially 
through the truss span, striking intermediate sway frame brac-
ing. The damage may be confined to the portal and sway frame 
bracing. The end post is generally stiff enough that the lower 
portal strut is sheared and/or bent without serious damage to 
the end post. The end post may be pulled inward enough to be 



Top Chord bent beyond the elastic limit. Striking the sway frames may 
result in pulling the vertical truss members inward. In cases 
where the inward displacement is large enough, the top and 
bottom chord members may be pulled down or up, respectively. 

Depending on the stiffness of the vertical members, additional 
yield modes may occur. The truss diagonals may prevent the 
chord members from being displaced; however, the stiffness of 

14. the vertical members may be such that they will also be displaced 
, 	 longitudinally. 
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External Truss Supports 

When the damage is confined to portals and sway bracing, 
external truss supports are not required. Truss diagonals and 
verticals that have been bent beyond the yield point do not 
usually require external truss supports. If chord member inter-
section points have been deflected downward, vertical jacking 
may be required to supplement flame straightening, by installing 
an external truss support. 

As described under "Damage Assessment," the first consid-
eration for severely damaged structures is to ensure the safety 
of the bridge against collapse. All forms of immediate strength-
ening shall be considered, including come-alongs, jacking posts 
of timber or steel, tension ties, and strongbacks. Materials for 
this purpose should be readily available. Work should also begin 
immediately to construct a pile trestle, if needed, to support the 
structure and to be used to provide the external forces necessary 
to straighten the bent members. 

Typical Auxiliary Force Details 

The reasons for using an auxiliary force have been given, see 
"Using an Auxiliary Force" under "Flame Straightening." Some 
devices such as jacks and come-alongs are similar to those used 
for straightening girders. See Figure 21. Additional methods of 
applying auxiliary force are shown in Figures 40, 41, and 42. 
Figures 43 and 44 illustrate a method used by the Illinois Di-
vision of Highways to mechanically straighten a bent member. 
A similar method may be used to expedite flame straightening. 
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Figure 41. Auxiliary support for repair of truss diagonal, tension 
member. 

Straightening the Members 

Straightening is normally accomplished in the reverse se-
quence that took place when the damage occurred. Bent mem-
bers away from the point of impact are usually straightened 
first because members away from the impact point generally 
have less end of member restraint. Members with riveted or 
bolted ends will generally have reverse curvature at the member 
ends and will generally require working three heat patterns in 
sequence as illustrated in Figure 34. Care must be taken in 
studying where heats are required, since some bending may be 
elastic, and applying heats to these areas is counter productive. 
On occasion an entire intersection involving several members is 
rotated. All members intersecting this point must be worked 
together. Individual members may have plastic rotation. These 
members can be straightened with a combination of vee heats 
and/or the heats shown in Figures 14 and 11. 
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Secondary members can normally be straightened by flame 
straightening, hot straightening, or mechanical straightening. A 
combination of these three methods may be used. Flame straight-
ening is preferred because of its lack of significant steel deg-
radation. 

Straightening truss members shall be accomplished by using 
the following procedure: 

After carefully studying the truss, prepare a straightening 
procedure. This procedure should include the member straight-
ening sequence, joints that are rotated, and members that must 
be worked together. In addition, the plan should include the 
expected straightening procedure for each member. This plan 
may need to be modified during the straightening process, but 
having a plan will help ensure orderly progress and give an 
early warning when the structure does not straighten according 
to plan. Required changes of the plan are not considered un-
usual; it simply means that the structure is not behaving as 
anticipated and there is a need to rethink a part of the plan. 

Use a taut wire to measure displacements from original 
position. Observe displacements before and after applying aux-
iliary force and after each heat. 

Determine member element curvature by measuring dis-
placement offsets from a reference string line, straightedge, or 
plumb line. Do not heat in areas where the bend radius is greater 
than R = WE/Fy, where W is the flange width, E is modulus 
of elasticity, and Fy is the yield point stress. These areas have 
not been plastically deformed and heats applied to these areas 
will be counter productive and may result in reverse bending. 

I 
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Figure 42. Auxiliary support for repair of truss vertical, 
tension member. 

SECT/ON A-A 
Figure 43. Strongback for straightening truss end post. (Courtesy 
Illinois) 	 Figure 44. Section A-A of Figure 43. 
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Determine the approximate number and size of vee heats. 
See "Predicting Number and Size of Vee Heats" under "Flame 
Straightening". 

Apply the auxiliary force or forces in accordance with 
previous instructions. 

Work in accordance with the straightening procedure 
plan. 

Apply vee heats and other heats in accordance with pre-
vious instructions. Check displacements and rotations at 
frequent intervals to ensure progress according to your straight-
ening plan. If necessary, rethink and modify the straightening 
procedure plan. 

Repeat process until required alignment has been at-
tained. 

Examples of Truss Damage Repairs 

Flame straightening damaged truss bridges is both cost ef-
fective and time saving. In addition, location and access, diffi-
culty in replacing complete members, and the necessity to 
maintain or restore traffic as soon as possible may dictate that 
repairs be made in place. Many repair-in-place projects may 
incorporate partial and/or complete replacement of members, 
in conjunction with straightening. 

One example of a damaged truss bridge posing difficult access 
problems was a cantilever deck truss bridge on Aurora Avenue 
in Seattle, Washington. The damage to this bridge was caused 
by a barge-mounted crane that struck the lower chord of the 
suspended span, located 150 ft above the water level. As seen 
in Figure 45, the removal and replacement of a member in this 
location would have been extremely difficult and costly. As can 
be seen, access for repairing by flame straightening was accom-
plished by lowering work platforms and equipment by a truck-
mounted crane from the roadway deck. The work platforms 
provided workmen good access for flame straightening opera-
tions. The work in progress shows the clamping of a steel bar 
strongback to the damaged member to apply an auxiliary force 
to facilitate the flame straightening. The straightening of the 
damaged members on this bridge was accomplished in approx-
imately 3 weeks at a fraction of the cost and inconvenience that 
replacement would have required. Alaska repaired a similar 
damage to a bridge in Juneau. Both of these projects resulted 
in structural restoration of the damage. 

The Toutle River bridge located at St. Helens, Washington, 
was damaged by a truck-mounted log loader. The portal member 
was practically cut in two. The south end post was laterally 
displaced 8 in. and the north end post was laterally displaced 
11 in. The panel points at the first vertical hanger were displaced 
downward 1 in. The extensive damage to the portal member, 
the lateral displacement of the end posts, and the curvature 
induced in the posts is clearly evident in Figure 46. In order to 
restore log truck traffic and to facilitate repair work, timber 
auxiliary members were placed. One transverse 12 x 12 was 
placed between the end posts, and diagonal 12 x 12 posts were 
placed below and parallel to the end posts. Jacks were installed 
at one end of each of the 12 x 12 timbers to transfer load from 
the damaged members to the timber diagonals. In addition, the 
capacity of the first vertical hanger allowed for the placement 
of an external truss support at this point, as seen in Figure 47, 
to assure more safety, and also to assist in restoring grade at 
this panel point. Steel jacking boxes and platforms were installed  

at the bottom end post locations as seen in Figure 47. Locating 
the jack in a box, retains the jack and allows for placement of 
shims between the top platform of the box and the auxiliary 
post. When an agency does this type of repair work, jacking 
boxes should be designed and constructed prior to the time 
when they may be needed. A steel landing platform was designed 
and placed at panel point U- 1 to support the 12 x 12 as seen 
in Figure 48. Also note the transverse jacking setup between 
the two end posts in Figure 48. This auxiliary member was used 
to apply auxiliary force when the end posts were straightened. 
Note the safety lines attached to all component parts of the 
assembly to ensure that nothing can fall and cause injury or 
accidents. The center portion of the damaged portal member 
was removed and replaced. The end posts and the vertical dis-
placements were repaired by flame straightening. Repair work 
on this bridge started September 20, 1978, and was completed 
on December 6, 1978. The work cost approximately $35,000. 
The length of time spent on this repair was partially caused by 
leaving the damaged portal in place. The engineer in charge of 
the work felt most of the portal damage could be straightened. 
This required that the transverse timber strut between the end 
posts could not be placed at the point of maximum displacement, 
since this area was occupied by the portal. Therefore, the trans-
verse auxiliary force was not too effective, and it was necessary 
to straighten the portal member concurrently with the end posts. 
The time to straighten the end posts would have been reduced 
if the portal member had been completely removed prior to the 
start of the flame straightening operations. It is noted that 
straightening members of the size and stiffness of these end 
posts does require considerable time and patience. 

One of the most spectacular truss bridge damages experienced 
by the Washington DOT is graphically shown in Figure 49. A 
dozer with blade attached, being transported on a lowboy truck, 
struck and extensively damaged the Deep River Bridge located 
on SR 4 in southwest Washington. Five main truss members of 
the 160-ft center bearing swing span were destroyed. The end 
post, two vertical hangers, and the first two diagonals in the 
north truss were damaged beyond repair. The main compression 
diagonal U3-L4  was displaced laterally away from the roadway 
centerline about 15 in., as was the vertical hanger U3-L3. Panel 
point L1  was displaced down 1 l/2  in., L2  was down 6Y, in., and 
L3  was down Y, in. Figure 50 is a line drawing of the Deep 
River Bridge, showing the main members that were replaced 
and straightened. When this damage was first inspected, it was 
determined that five members required total replacement. Panel 
point L2  was displaced downward over 1 ft. It was estimated 
that vertical U3-L3  and diagonal U3-L4  were both displaced 
transversely a maximum of about 18 in. Based on the experience 
of the engineers with the Washington DOT, it was decided that 
this damage could be repaired by combining flame straightening 
and replacement of damaged members. The damage occurred 
on August 10, 1970, and the bridge was repaired and open to 
both marine and vehicular traffic on August 26, 1970. This 
demonstrates the effectiveness of having trained staff personnel 
available to handle this type of emergency. The Washington 
DOT trains engineers to do flame straightening assisted by dis-
trict maintenance personnel. By having bridge engineering per-
sonnel perform the work, it is possible to start work with a 
minimum amount of time spent on assessment of damage. How-
ever, to be most effective, and to ensure an engineering approach 
in repairing damaged members, it is recommended that damaged 
components be thoroughly inspected and assessed. With an ex- 
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Figure 45. Aurora Avenue Bridge in Seattle, Washington. Left photo shows access to work area; right photo shows work in progress. 

Figure 46. St. Helens— Toutle River Bridge. Top 
photo shows starting work; bottom photo shows aux-
iliary members in-place. 
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Figure 47. St. Helens— Toutle River Bridge. Top 
photo shows auxiliary bent at panel point L1; bottom 
photo shows jacking box in place. 

perienced staff, a quick decision could be made to repair. While 
the preliminary work, such as placing auxiliary members and 
installing trestle bents, is proceeding, the engineering assessment 
should be made. 

When trusses are damaged, the truss joints usually remain 
rigidly intact. Due to the joint stiffness, the members bend 
outside of the gusset plates. Therefore, to calculate the curvature 
of these members, the member displacements should be mea-
sured from a reference line between gusset plates. Measurements 
should be made of all damaged members at 1-ft increments. 
With these measurements one can calculate the radii of cur-
vature along the member as previously described in "Calculation 
of Damage Curvature." The curvature radii can then be used 
to determine the repair procedures to follow; and the location 
and approximate number of vee heats can be established prior 
to the actual flame straightening operations. By determining the 
curvature and following the manual guidelines, it is believed 
that an objective engineering assessment can be made to facilitate 
the straightening of damaged truss members. Another condition 
that must be assessed in truss repairs is the possible rotation of 
damaged members. When a truss member is twisted in addition  

to being displaced vertically, longitudinally and/or transversely, 
the rotation or twist of the member must be straightened con-
currently with straightening the member in the longitudinal and 
transverse directions. As shown in Figure 50, truss joint rotation 
can be measured from a plumb line to the panel point. Rotation 
of a bent member can be achieved by applying line heats as 
shown in Figure 11. 

If the main compression member U3-L4  in the Deep River 
Bridge had failed, the bridge would have collapsed. The south 
undamaged truss, the floor system, the north bottom chord, and 
members U3-L3  and U3-L4  kept the structure from total collapse. 
Action was immediately taken to place a pile trestle to support 
the damaged bottom chord. In Figure 51 the trestle bent is in 
place and vertical jacks are being placed prior to straightening 
the bottom chord. One clearly sees the displacement of the 
chord, and by looking closely one can see the curvature of the 
member adjacent to the panel points. Note the location of the 
vee heats that were applied to the chord as shown in Figure 50. 
The top chord also required similar heating patterns to 
straighten that member. Figure 51 also shows the bottom chord 
after being straightened. Thirty-five-ton jacks were used at each 
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Figure 48. St. Helens— Toutle River Bridge. Top 
photo shows support bracket for diagonal post; bot-
tom photo shows auxiliary force jack in place. 

Figure 49. Deep River Bridge damage. Left photo shows collision; right photo shows damage before start of work. 
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Figure 51. Deep River Bridge, lower chord. Left photo shows bottom chord before straightening; right photo shows straightened bottom 
chord. 
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Figure 52. Deep River Bridge, auxiliary post at L4. 

panel point to supply the auxiliary force to straighten the bottom 
chord. Twist in the bottom chord at L.2, caused by the failure 
of U2-L2, required rotational straightening at that location in 
addition to vertical straightening. Figure 52 shows the jack 
installation for the auxiliary post U3-L4. The jack is located in 
a box attached to a platform welded to the gusset plate. The 
timber post was jacked from this point as U3-L4  was straightened, 
and shims were placed between the jacking box platform and 
the timber post to assure a positive load at all times. Come-
alongs or chain pulls were used to apply the auxiliary forces when 
U3-L4  and U3-L3  were flame straightened. These chains were 
tensioned from panel points of the lower chord of the opposite 
truss. The auxiliary diagonal timber post and come-alongs are 
in place before straightening of U3-L4  as seen in Figure 53. 
Where the radii of curvature in this member showed plastic 
strain has occurred, vee heats were applied to the convex side 
of the curves. The bends in the member required application of 
heat at the point of impact, and also at the truss joints where 
the member was restrained. By calculating the radii of curvature 
in the member, one can locate placement of heats more accu-
rately. To avoid shortening of the lacing bars, and thereby 
causing distortion of the member, the lacing bars were cold 
straightened. This must be done concurrently with flame 
straightening the member to relieve the restraint caused by the 
bent lacing bars. As seen in Figure 53, member U3-L4  has been 
effectively straightened. Since U3-L4  is a compression member, 
the guidelines do not place a restriction on the radii of curvature 
that can be straightened for this type of member. 

An innovative temporary support is seen in Figure 54. Shortly 
after work was started, one of the engineers observed vertical 
motion when he was removing steel at U1 . To stabilize the point, 
a section of guardrail was welded to the remaining sections of 

Figure 53. Deep River Bridge, member U3-L4. Left photo shows U3-L4  before straightening; right photo shows U3-L4  after straightening. 
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Figure 54. Deep River Bridge repair. Left photo shows innovative temporary support; right photo shows completed truss repair. 

L0-U. Prior to welding at the lower end a force of 20,000 lb 
was jacked into the guardrail section. Chains were then attached 
from the guardrail to the sagging bottom chord. There is no 
way to assess the effectiveness of this temporary measure, other 
than to observe that it was possible to continue the work and 
complete the repair, also shown in Figure 54. As of November 
1983, the Deep River Bridge is still in service, still carrying 
logging truck traffic, and occasionally still experiencing damage 
from overheight vehicles. 

Repair Inspection 

Repair inspection as defined here includes inspecting and 
monitoring all aspects of the flame straightening during the 
repair project. Included in the repair inspection of the project 
are: 

Equipment used. 
Straightening limitations. 
Auxiliary force or forces. 
Alignment and curvature during straightening. 
Use of temperature indicators. 
Heat patterns used. 
Location of heat patterns. 
Heating. 
Maximum temperatures. 
Cooling. 
Peening. 
Examination of steel for cracks that may have been un-

detected during damage assessment. Use of lOX visual inspec-
tion. 

Final alignment within tolerance. 

FINAL ALIGNMENT TOLERANCES 

It is not believed that it is practical to give tolerance tables 
or tolerances in terms of length. The factors that affect the  

determination of acceptable alignment tolerance include type of 
member (compression, tension, or a girder), stiffness, length, 
allowable stress, and end restraints. An acceptable tolerance 
should be determined on an individual member basis. Acceptable 
increase in stress should be the final determining factor. 

HOT MECHANICAL STRAIGHTENING 

For a description of this method and recommendations for 
its limited use, see "Guidelines for Selection of Repair." Repair 
inspection shall be magnetic particle dye penetrant, and lOX 
visual inspection. See "Nondestructive Testing" under "Weld-
ing." 

COLD MECHANICAL STRAIGHTENING 

For a description of this method and recommendations for 
its limited usage, see "Guidelines for Selection of Repair." 

Procedure 

Figure 43 shows a successful method of cold straightening 
used by the Illinois Division of Highways. Figure 55 shows a 
cold straightening device used by the New York State Depart-
ment of Transportation to remove web indentations. This device 
will successfully straighten web indentations; its effect on metal 
properties is unknown. It is believed that the method of removing 
web indentations described under "Flame Straightening" is su-
perior and it is recommended for normal use. The Washington 
State Department of Transportation uses cold straightening for 
straightening lacing bars of damaged truss members. Heating 
these bars changes their length and distorts the spacing of the 
member elements. These bars have been cold straightened with 
a hammer for nearly four decades. No detrimental effects have 
been observed. Other methods of applying a straightening force 
are similar to the methods shown under "Flame Straightening." 
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Cold straightening a member should be accomplished by using 
the following procedure: 

Use a taut wire to measure displacements from original 
position. Measure displacements at multiple locations during 
and after applying the straightening force. 

Determine member element curvature by measuring dis-
placement offsets from a reference string line, straightedge, or 
plumb line. Do not apply force in areas where the bend radius 
is greater than R = WE/2 Fy, where W is the member width 
in the plane of the bend, E is the modulus of elasticity, and Fy 
is the yield point stress. These areas have not been plastically 
deformed and applying forces to the areas will be counter pro-
ductive and may result in reverse curvature. 

Apply forces uniformly along the length of bend to be 
straightened. 

Work in accordance with your straightening procedure 
plan. 

Check displacements at frequent intervals to ensure prog-
ress according to your straightening plan. If necessary, rethink 
and modify your plan. 

Repair Inspection 

Repair inspection as defined here includes monitoring all 
aspects of the cold straightening process. Included in the repair 
process are: 

Application of straightening forces. 
Alignment and curvature during straightening. 
Examination of steel for cracks. Use of both magnetic 

particle dye penetrant, and lOX visual inspection. See "Non-
destructive Testing" under "Welding." 

Final alignment within tolerance. 

WELDING 

Welding is used for several types of repair, including defect 
or crack repair, welding replacement pieces into place, and 
adding strengthening plates by welding. The guidelines for weld 
repairs may seem conservative. However, poorly executed weld 
repairs in tensile areas can be very dangerous and in some 
instances may do more harm than good. Therefore, strong em-
phasis has been placed on high-quality welding: nondestructive 
testing and rigorous inspection. See "Selection of Repair 
Method/Method of Repair/Welding" for welding limitations. 

Basic Criteria 

Current AWS and AASHTO specifications shall apply. Pre-
heat should always be used when making weld repairs. Minimum 
preheat temperature shall be 300 F. Preheat, interpass temper-
ature maintenance, and post heat shall be contiguous operations. 
Preheat and interpass temperatures shall be sufficient to prevent 
crack formation. Preheat and interpass temperatures combined 
with heat input during welding shall be such that the hardness 
of the heat-affected zones does not exceed a Rockwell hardness 
of C-27. Postheat shall be used when making repair welds. 
Postheat temperatures shall be 200 F minimum for metal equal 
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Figure 55. Device for straightening web deformations. (Courtesy 
New York) 

to or less than 1 in. thick to 450 F minimum for metal over 1 /2  

in. thick. Postheat temperature shall be maintained for l/2  hours 
minimum. After this time period, reduce and then remove the 
heat source and cover the weldment so that the repair weld will 
cool slowly to ambient temperature. All welding shall be per-
formed by qualified welders. It will usually be necessary to be 
well qualified for overhead welding. Successful field welding 
experience is necessary. 

One of the concerns in field welding of bridge steels, either 
for defect repair or partial replacement, is the prevention of 
underbead cracks (sometimes called delayed or hydrogen 
cracks). These cracks form from a combination of hydrogen 
dissolved in the weld metal as it cools, and a hard microstructure 
in the heat-affected zone. The hydrogen may be picked up from 
the covering of cellulose-type electrodes, moisture, dirt, scale, 
or organic materials such as grease, paint, or crayon marks on 
the weld joint surfaces. All welding procedures should result in 
low hydrogen content. A hard microstructure may be caused 
by fast cooling after welding in bridge steels having chemical 
compositions at or near the maximum composition limits. All 
bridge steels, including A-7, can have compositions high enough 
for these hard zones to form. 

Prior to welding, the joint surfaces should be cleaned by power 
wire brushing or light grinding to remove any rust that may 
have formed. Grinding is preferred, particularly if the rust is 
heavy, as wire brushing may not remove the rust completely. 
Other foreign material (dirt, oil, paint, crayon marks, etc.) also 
should be removed with a solvent. This cleaning operation will 
help to minimize hydrogen pickup. 

The shielded metal-arc (covered electrode) process is the usual 
method used for repair welding. The gas metal-arc, or metal 
inert gas process (also known as GMA or MIG), has found 
very little use. It may be specified as an alternate to covered-
electrode welding. Kansas uses this process with solid electrode 
wire and Oklahoma has used it with flux cored electrode wire. 
Each of these processes has advantages, but covered-electrode 
welding is more versatile for field use and does not require the 
specialized equipment used for GMA welding. Low-hydrogen 
covered electrodes, such as E7016 and E7018, should be used 
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instead of cellulose-covered electrodes E6010 and E7010 to min-
imize hydrogen pickup. The low-hydrogen electrodes have cov-
erings that produce very little hydrogen. The cellulose-covered 
electrodes have organic-based coverings that produce large 
quantities of hydrogen. To aid in preventing shrinkage cracking, 
the minimum electrode size should be 5/32 in. diameter. Use 
ductile weld metal; E701 8 and E601 8 are ductile electrodes. 
Overmatching of weld metal, i.e., when the weld metal is sig-
nificantly stronger than the base metal, is undesirable. 

The coverings of the low-hydrogen electrodes readily pick up 
moisture from the atmosphere, which then becomes a source of 
hydrogen. These electrodes must be given special care to prevent 
this moisture pickup. The electrode cans should not be opened 
until shortly before welding is started. If possible, the electrodes 
should be placed in a 250 F electrode oven as soon as the can 
is opened and kept in the oven until ready to weld. The electrodes 
should be warm to the touch when used. Small heated con-
tainers can be used to keep a ready supply of electrodes con-
venient to the welder. The electrodes should not be handled 
with greasy gloves or allowed to contact water or other foreign 
matter. If this does happen, throw away the electrode rather 
than take a chance of putting hydrogen into the weld by using 
it. 

Defect Repair 

The defects that may be repaired by welding include nicks, 
gouges, and cracks. Repair involves grinding the defect to pro- 
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Figure 56. Shallow nicks and gouges.  

duce an acceptable contour or shape and then filling in the 
ground-out area with weld metal. 

Dents usually cover a relatively large area so filling these 
defects is not practical or desirable. The survey of the states 
(Mishler, 11), indicated that a few states do consider dents as 
repairable by welding. Such repair should be done only if the 
dent is shallow and covers a relatively small area. Depositing a 
layer of weld metal over a large area can cause more distortion 
and harm than it corrects. If a dent is considered serious enough 
that it should be repaired, flame straightening is better suited 
than welding. 

Nicks and gouges that are shallow can be repaired simply by 
removing the defect by grinding. The purpose here is simply to 
remove the sharp root that usually is present in such detects 
and to blend the edges of the defect into the surface of the 
surrounding material. See Figure 56. The basis for grinding only 
shall be a stress calculation. If the increase in stress is acceptable, 
this may be the best method of repair. The ground-out area 
shall be inspected by magnetic particle or dye penetrant to ensure 
that the defect has been removed. Nicks and gouges that cause 
higher than allowable stresses should be repaired by welding. 
The nick or gouge is prepared for welding by grinding to provide 
a generous radius at the bottom of the defect. The bottom of 
the ground-out area should be inspected by dye penetrant or 
magnetic particle techniques to be sure that there are no cracks 
present. The ground-out cavity then would be filled with weld 
metal. The welding procedures (electrode type, preheat, etc.) 
used should be qualified and be the same as used for welding 
in a partial repair piece to repair a damaged member. The 
completed weld should be inspected in the same manner as any 
load-carrying weld. 

Cracks shall be removed by hand grinding, arc or flame 
gouging. Prior to arc or flame gouging, preheat the work area 
to 150 F minimum. If arc or flame gouging is used, the groove 
that is produced should be ground to remove cutting scale before 
welding. The root of the gouge should be inspected by dye 
penetrant or magnetic particle to be sure all of the crack has 
been removed. If the crack is not completely removed, it will 
propagate through the repair weld that is deposited on top of 
the crack. In such a situation, the propagated crack may end 
up being more extensive than the original crack that was re-
moved. The importance of completely removing the crack can-
not be stressed too highly. As was stated for the repair of nicks 
and gouges, the groove remaining after crack removal should 
be filled using a qualified welding procedure. 

It is important to keep in mind that small, poor-quality welds 
can result in crack initiation as readily as large, full-penetration 
butt welds. A tensile live-load stress range of only 2 ksi may 
cause crack growth. During the repair process it may be possible 
to improve poor fatigue resistant details located in the damaged 
area. 

Stresses shall not exceed the category stresses given in 
AASHTO Article 1.7.2. Fisher (14) and (19) contain much 
helpful information showing classification of bridge details. Fig-
ure 57 in this manual shows poor and good examples of lon-
gitudinal stiffener welded connections to girder webs. The 
assumption is made that the connections experience 2 ksi or 
greater live-load tensile stress. If a repair includes a low fatigue 
resistant weld, it should be inspection monitored at regular 
intervals. 
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Welding Repair Procedure Drawings 

Written repair procedures including full-size drawings as nec-
essary to fully describe the deficiencies and the proposed repair 
shall be prepared. Standard drawings can be prepared to show 
typical repairs. Repair procedure drawings shall be prepared to 
show the defect in plan view, elevation, and section as necessary 
to adequately locate and describe the defect and the proposed 
repair. A space shall be provided on the sheet for the inspector's 
signature to show that he had inspected the defect and has found 
that the drawings accurately describe the defect as it appears 
prior to repair. The proposed repair procedure shall be described 
in detail, including at least the following information listed in 
a proposed sequence of operation: 

The area of the steel adjacent to the defect shall be cleaned 
by grinding to expose the surface boundaries of the defect. 

Plan views and sections of the excavation of defects shall 
be shown. All air carbon arc gouging shall be followed by 
grinding to remove carbon pickup and to remove surface irreg-
ularities. 

Magnetic particle testing shall be performed in accord-
ance with specifications to ensure that the limits of the defects 
have been completely removed prior to welding the excavation. 

All preheat and interpass temperatures shall be shown. 
When required, peening, postheat, and stress relief heat treat-
ment procedures shall also be described. 

Runoff tabs and backup bars shall be shown in detail. 
They shall be removed after welding and all surfaces shall be 
finished flush by machining or grinding. 

The welding procedure specification shall be shown. 
Nondestructive tesing procedures shall be performed at 

the completion of the repair; the methods and procedures shall 
be described on the repair drawing. 

A space shall be provided for the inspector's signature 
indicating the work has been acceptably completed in accord-
ance with the approved weld repair. 

Repair Example 

The example shown in Figure 58, courtesy New York State, 
shows repair of a weld crack. This crack was not due to acci-
dental damage. However, it is a good illustration of repairing 
a crack by welding. 

Peening Welds 

Stout (5) states that peening as an adjunct to welding has, in 
general, been beneficial in preventing weld-metal cracking and 
in reducing shrinkage stresses and distortion. Peening consists 
of the plastic flow of weld metal by the application of hammer 
blows. The weld metal is spread laterally by the peening, so 
that the inward pull of each bead as it cools is counteracted. 
However, Stout states that embrittlement of the weld metal may 
occur when it is peened. Fortunately, this adverse effect is erased 
by the deposition of another weld pass on top of the peened 
layer. A heavily peened weld surface layer may be a crack starter. 
Peening of the first or last layer of weld metal should be con-
sidered a dangerous process. Peening of an unsupported first 
pass may cause tearing.  
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Figure 57. Weld details at stiffeners. 

The New York State Department of Transportation will per-
mit peening of intermediate weld layers of large multipass repair 
welds to control shrinkage stresses and prevent cracking. This 
permission is subject to departmental approval of the peening 
process. After the root pass is made, each layer of weld passes 
is peened. Peening is done with an air gun using a round-nosed 
peening tool. The peening tool shall be rounded to a 1/4-in. 
minimum radius at the striking end. All peening energy shall 
be directed against the convex surface of the weld beads. No 
peening of base metal or of the fusion boundaries will be per-
mitted. Peening is not permitted closer than 1 / 16 in. to the 
edge of the weld metal. Care shall be taken to prevent overlap-
ping or cracking of the weld or base metal. No peening shall 
be done on the root or surface layer of the weld. Peening may 
only be done when the weld is between 150 F minimum and 
550 F maximum. No procedure or equipment will be permitted 
that will allow moisture, oil, or other materials to contaminate 
the weld joint. After each peening, the weld is torch heated 
before further welding to remove any surface moisture that may 
occur from the air exhaust of the air gun. As a further precaution 
against underbead cracking, lubrication of the air line is pro-
hibited because the exhaust of lubricated air could deposit an 
oil film on the weld. 

Fisher et al. (19) reports the effectiveness of peening existing 
fillet weld toes as a means of improving fatigue strength. Peening 
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ConStrutjon Manual (DCM). 

REPAIR PREOURE 

Preheat the work area of the flange plate to 3500  F 
minimum. After preheating, air carbon are gouge as 
Shown in Detail 8 to remove the crack. 
Grind the surface of the excavation to remove carbon 
pickup and irregularities. 
Perform magnetic particle inspection of the excavation 
to insure complete removal of the crack. 
Preheat the flange repair area to 3500  F minimum and 
maintain. Preheat, interpass temperature maintenance, 
and postheat shall be contiguous operations. 
Reid the excavation using the submerged arc process in 
accordance with the provisions of the approved welding 
procedure specifications. 
Remove the runoff tab and grind the repaired area flush 
and Smooth. 
IncreaSe the heating temperature to boten 4000  F and 
5000  F. Maintain the postheat temperature for 1-1/2 
hours minimum. After this time period, reduce and 
then remove the heat source and cover the weldnmnt so 
that the repair weld will cool Slowly to ambient 
temperature. 
Radiograph the repaired area. 

3. Perform ultrasonic inspection after the repaired area 
has cooled to ambient temperature for at least 24 hours. 

10. All NOT shall be done in accordance with the provisions 
of the SCM. 

Defect has been examined prior to repair and appears to be as 
deScrihed. 

QR Inspector 	 Date 

Repair has been completed, tested and is acceptable. 

A Inspector 	 Date 

Figure 58. Crack repair. (Courtesy New York State)  

the weld toe was observed to be most effective when the min-
imum stress was low. This appeared to be directly related to 
the compressive residual stresses introduced by the peening proc-
ess. Other tests indicated that peening can be used to retrofit 
existing bridges where the dead load is in place. Peening of 
intermediate weld passes is recommended for butt welds of plates 
thicker than 1 in. Anyone considering peening should become 
completely familiar with the peening process. 

Partial Replacement 

If a portion of the damaged beam is to be cut out and replaced, 
more elaborate preparations are required. See Figure 59. Typ-
ically, the damaged portion of the beam is removed by manual 
flame cutting following previously marked cutting lines. One 
state has indicated that they use mechanized cutting with the 
cutting torch being mounted on a traveling carriage. This car-
riage rides on a track that is attached magnetically to the mem-
ber being cut. The advantage of mechanized cutting is that the 
cuts are very straight and smooth, which facilitates fitup with 
the replacement piece. Traveling mechanisms of this type are 
available commercially and have been widely used in various 
fabrication plants. 

Good fitup also depends on the care with which the replace-
ment piece is prepared. This means that the replacement piece 
must match the cutout portion of the bridge member as closely 
as possible. This can be achieved only by very accurate mea- 
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Figure 59. Partial replacement by welding. 
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surement of the cutout area, transfer of these measurements to 
the replacement part, and very accurate cutting of the replace-
ment part. Extra time and care given to this operation will avoid 
the problems that arise when trying to weld pieces having poor 
fitup. 

Whenever possible, use the in-place member as a template or 
pattern for marking the exact geometry of the cutout on the 
replacement piece instead of transferring measurements. The 
State of Illinois has had success in using the following procedure. 

After the damaged portion of the bridge member is cut out 
and the cut edges are prepared for welding, the replacement 
part of the web is hoisted in place against the bridge member. 
New sections of the web and flange are welded in place sepa-
rately. The web-to-flange fillet weld is made after the new sec-
tions are welded in place. The replacement part has been rough 
cut oversized so it overlaps the cutout in the in-place member. 
After the replacement part is positioned in place against the 
bridge member, the outline of the cutout area is marked onto 
the replacement part. The replacement part then is removed 
and cut to the exact shape of the cutout area by making the 
cuts along the marked lines. While this procedure requires extra 
handling of the replacement part, it does produce an exact fitting 
replacement part. 

The extra time and handling effort that is required is justified 
since less effort will be required in the actual welding operation. 
The better joint fitup that is achieved will provide savings in 
welding time and welding consumables and will produce better 
quality welds. Illinois also prefers to angle the ends of the cutout 
area instead of making these cuts vertically. Their reason for 
angling these cuts away from the vertical relates to welding. 
They believe that vertical welding with low-hydrogen electrodes 
is difficult and by orienting the joints away from vertical, it 
becomes easier to produce a sound weld deposit. The cutouts 
made by most states are rectangular, with horizontal and vertical 
cuts being used to remove the damaged portion. Either method 
can give satisfactory results. 

Careful consideration must be given in making the flange and 
web welds. See Figure 59. A cope hole in the web is normally 
needed to obtain a satisfactory flange butt weld. However, end-
ing the web fillet welds at the cope hole reduces the stress 
category at this point to E or possibly D, depending on the cope 
hole radius. One of two choices should be made; extend the 
partial replacement segment to points where the tensile live load 
stress meets category E or D, or add web splice plates similar 
to those shown in Figure 59. These plates shall be fastened with 
high-strength friction bolts. Use of these plates should increase 
the stress category to B. 

Whenever possible, butt welds shall be welded from both sides. 
The joint preparation shall be in accordance with AWS and 
AASHTO specifications. If access to the root side of the joint 
is not available, of course all welding must then be done from 
one side. This will require much more careful fitup to obtain 
good penetration without burnthrough. Some users weld a splice 
plate on top of one-sided welds. For good fitup, the weld re-
inforcement should be ground away before attaching the splice 
plate. This is the procedure used in Washington State when 
repairing laced members, since there is no access to the root 
side of weld joints. The splice plates are sized to carry the full 
load on the member element. Adding welded splice plates to 
strengthen tension members or to strengthen tension areas of 
members may be considered. See Figure 60. The continuous 
weld fastening the splice plate to the member is a category B 
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Figure 60. Welded cover plates. 

weld. Refer to AASHTO Article 1.7.2. The stress for category 
B should not be exceeded. The weld category at the plate ends 
is category E or lower. If feasible, bolted splice plates or welded 
splice plates with bolted ends, Figure 61, are much preferred. 
If it is necessary to use welded splice plates with no bolting, 
they shall be extended to a point where the tensile live load 
stress range meets AASHTO specifications. 

It is beyond the scope of this report to show all of the diverse 
types of welds, number and sequence of interpasses, back-goug-
ing requirements, and other specific weld detail information that 
may be required for each individual repair. This information 
should be shown as appropriate on the Welding Repair Pro-
cedure drawings. 

Nondestructive Testing (NDT) 

General 

All repair welds should have NDT to ensure high quality. 
High-quality field repair welds are more difficult to attain than 
high-quality shop welds made during initial fabrication. The 
reasons include probable higher shrinkage stresses, manual weld-
ing, all-position welding, and field weather conditions. There-
fore, in order to ensure high-quality repair welds, NDT should 
be equal to or better than NDT of shop welds. Types of NDT 
used are dye penetrant, magnetic particle, radiography, and 
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ultrasonic. New York (28) and Fisher et al. (19) contain much 
useful NDT information. Surfaces being inspected should be 
clean and dry and free of oil, rust, loose mill scale, and paint. 
Complete testing details are not presented in this manual. 

Radiographic Testing 

All tension repair welds, including repair of defects in tensile 
areas of primary members, should be fully radiographed. Ra-
diographic testing of other welds may be required by the in-
spector or as shown in the plans and/or specifications. All repair 
compression and shear joints in a member shall be radiographed 
when radiographs of tensile areas show excessive defects. All 
welds to be radiographed must be prepared by grinding. Par-
ticular care must be taken in grinding fillet welds to avoid 
grinding defects. Transverse nicks caused by the grinding tool 
must be avoided. Extension bars and runoff plates shall be 
removed prior to radiographing. Radiography shall be in ac-
cordance with current practice, including ASTM E-94, "Stan-
dard Recommended Practice for Radiographic Testing," and 
ASTM E-142, "Standard Method for Controlling Quality of 
Radiographic Testing." To be acceptable, welds tested by ra-
diographic inspection should show no cracks regardless of the 
direction of stress. Porosity or fusion-type discontinuities should 
not exceed the same acceptable criteria used for shop welding. 

Ultrasonic Testing 

Ultrasonic testing should be used as a supplement to radi-
ographic inspection. Ultrasonic testing should be used at the 
same repair welds where radiographic testing is required. Testing 
with both Straight Beam Search Units and Angle Beam Search 

Units may be necessary. To be acceptable, welds tested by ul-
trasonic inspection should show no cracks regardless of the 
direction of stress. Porosity or fusion-type discontinuities should 
not exceed the same acceptable criteria used for shop welding. 

Magnetic Particle Testing 

Magnetic particle testing should be used as a supplement to 
radiographic and ultrasonic testing. Magnetic particle testing 
should be used at the same repair welds where radiographic and 
ultrasonic testing is required. All fillet welds in tension areas 
not possible to radiograph or ultrasonic test should be magnetic 
particle tested. Magnetic particle or dye penetrant testing should 
be used to ensure that nicks, gouges, or cracks have been re-
moved from ground-out areas. Magnetic particle testing may 
be superior to radiograph or ultrasonic testing in detecting sur-
face cracks. 

Testing shall be performed in accordance with ASTM E-709, 
"Standard Method for Dry Powder Magnetic Particle Inspec-
tion," using the prod technique. Arcing, which may damage 
base metal, must be controlled by proper testing techniques. 
Wherever magnetic particle inspection is performed on ASTM 
A-588 steel or any steel with a minimum specific yield stress 
exceeding 50 ksi, aluminum prods should be used on the test 
equipment. The use of copper prods is not permitted on such 
steels. Consideration shall be given to using external electrical 
fields which prevent arcing. Pairs of prods should be oriented 
in two directions approximately 90 deg apart at each inspection 
point to detect both longitudinal and transverse discontinuities. 
The prod positions should overlap as the testing progresses to 
ensure 100 percent inspection of the areas to be tested. Griuiding 
may be required to provide proper electrical contact and to 
remove surface irregularities that interfere with interpretation 
of test results. To be acceptable, welds tested by magnetic par-
ticle inspection should show no cracks. Porosity or fusion-type 
defects should not exceed the same acceptable criteria used for 
shop welding. 

Dye Penetrant Testing 

This inspection method is limited to the detection of discon-
tinuities that are open to the surface. This inspection method 
is an inferior substitute for magnetic particle testing. Magnetic 
particle testing can detect tighter cracks, and surface cleanliness 
is not as important. Dye penetrant is not an acceptable substitute 
for radiograph or ultrasonic testing. The principal advantages 
of dye penetrant testing are the ease with which the tests are 
conducted and the minimal skills involved. It is considered the 
most portable of all methods. It may be used to check compres-
sion welds and to ensure that nicks, gouges, or cracks have been 
removed from ground-out areas. Its use during welding may 
prevent later rejection when ultasonic and radiographic inspec-
tion is used. Dye penetrant tests should be performed when the 
steel is between the temperatures of 40 F and 110 F. All testing 
shall be performed in accordance with the provisions of ASTM 
E-165, "Method B, Visible Solvent, Removable Penetrant." The 
surface being inspected shall be cleaned in accordance with 
ASTM E-l65. Surface irregularities that interfere with the inter-
pretation of test results should be removed by grinding. All 
welds should be smoothed by grinding prior to testing. To be 



acceptable, welds tested by dye penetrant inspection should show 
no cracks. Porosity and fusion-type defects should not exceed 
the same acceptable criteria used for shop welding. 

Visual Inspection 

With lOX magnification, comparatively small cracks can be 
detected. Under good conditions, surface cracks between 0.125 
in. and 0.25 in. minimum length and 0.05 in. minimum depth 
can be seen. The surface must be clean. This simple and inex-
pensive method of detection cracks should be used as backup 
inspection for all NDT. 

Weld Inspection 

Weld inspection, as defined here, includes monitoring all as-
pects of the repair welding project. Included in the weld in-
spection are: 

Preparation of metal base. 
Monitor required preheat prior to any arc or flame goug-

ing. After any arc or flame gouging, grind surface to remove 
carbon pickup and irregularities. 

If weld is a nick, gouge or crack repair, monitor magnetic 
particle test to ensure that the limits of the defect have been 
completely removed prior to welding. 

Protection of electrodes. 
Fitup of parts to be welded. 
Check for required runoff tabs and backup plates. 
Preheat. 
Preheat, welding, and postheating shall be one continuous 

process. 
Observe welding process to ensure compliance with ap-

proved welding procedure specifications and plans. 
Postheat. 
Remove any runoff tabs and backup plates. 
Grind smooth in accordance with specifications and 

plans. 
Radiograph. 
Ultrasonic inspection. 
Any other NDT inspection. 
If weld is a low-fatigue resistant weld, establish a field 

monitoring schedule. 

Bridge Traffic 

Bridge traffic during welding can create vibration or stresses 
of sufficient magnitude to impair weld quality. Prohibition of 
any traffic that causes motion or stress on the part being welded 
is recommended. 

BOLTING 

Bolting may be used as a repair method or as a supplement 
to other repair methods. Replacement of a damaged element 
with a new piece of steel fastened with high-strength bolts is 
regarded as the safest method of repair. See Figure 62 for a 
method of replacing a damaged segment of a plate girder using 
high-strength bolts. All bolts shall be high-strength friction bolts  
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Figure 62. Girder repair. 

unless existing high-strength bearing bolts are being replaced 
with new high-strength bearing bolts. It is believed that all 
agencies have the ability to design, prepare plans and specifi-
cations, and inspect fabrication and installation of common 
bolted splices. Therefore, this manual does not include guidelines 
for these aspects of bolted splices. 

Fracture Critical Members 

Repair procedures for fracture critical members shall be more 
conservative than repair procedures for nonfracture critical 
members. Repairs shall be made with bolted splices. If other 
methods are used, such as flame straightening, elements shall 
be fully strengthened by adding new bolted splice material. 
Enough new material shall added so that the existing material 
can be neglected in computing stresses. Partial or full replace-
ment shall be considered. 

Use of Bolted Splices 

The use of bolted splices is generally difficult, time-consum-
ing, and expensive. This is particularly true when adding bolted 
splices to welded members. Replacing riveted elements or sup-
plementing their strength with bolted material is not so difficult 
and should always be considered. Tensile areas of A-5 14 and 
A-5 17 steels shall be repaired by bolting. If other methods are 
used to repair these steels, they shall be fully supplemented by 
bolted splicing. 

Areas of elements that have low Charpy impact values shall 
not be repaired by welding alone. These areas may be repaired 
by welding for durability but shall have full strength restored 
by splicing with high-strength bolted splices. Low Charpy im- 
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pact values are defined as those values which do not meet current 
AASHTO specifications. 

Adding a bolted plate to a welded plate girder is difficult and 
expensive. The length of plate required is generally long and 
holes must be drilled through a template. The repair shown in 
Figure 62 may be less expensive. Figure 61 shows an acceptable 
method that may be much less expensive. 

PARTIAL REPLACEMENT 

Replacing a segment of a member will normally be accom-
plished by welding, bolting, or a combination of welding and 
bolting. Partial replacements shall have the same high-quality 
workmanship and rigorous inspection given other welding and/ 
or bolting repairs. Partial replacement is discussed in the 
"Guidelines for Selection of Repair Method," and in the "Guide-
lines for Repair of Damage" under "Welding." 

COMPLETE REPLACEMENT 

When removing members, care must be taken not to damage 
the connecting metal left in place. Any nicks or gouges should 
be repaired in accordance with the guidelines given in this man-
ual. The interface area shall be cleaned. Lengths of replacement 
members shall have the same length as the original member, 
including the effect of temperature and camber. Jacking may 
be necessary to install the new member. The entire replacement 
process requires careful inspection. Complete replacement is 
discussed in the "Guidelines for Selection of Repair Method." 

MISHANDLING DAMAGE 

Accidental damage at steel fabrication plants is rare. Handling 
accidents during transportation are infrequent but do occur. A 
primary reason is the condition of the access road. If the access  

road has a steep transverse slope or a soft surface, the hauling 
vehicle and steel member may tilt enough to cause the member 
to be unstable. If the member is relatively weak about the vertical 
axis, such as a plate girder, plastic bending may result. On rare 
occasions, the contractor's handling equipment may be inade-
quate or pick up points may be too few in number. Guidelines 
for members damaged by vehicles may also be used as guidelines 
for mishandling accidents. 

FIRE DAMAGE 

Steel bridges will suffer damage when subjected to high tem-
peratures due to fire. The damage will normally consist of plastic 
bending due to exceeding the yield strength at the elevated 
temperature or it may be due to buckling from thermal stesses 
that exceed the elastic stability stress. 

Research on flame straightening has indicated that exposure 
to temperatures below 1,200 F does not adversely affect the 
properties of common bridge steels. ASTM A-5 14 and A-5 17 
steels are an exception and must not be subjected to temperatures 
higher than the tempering temperature which is approximately 
1,150 F. It may be difficult or impossible to determine the tem-
perature to which the metal has been exposed due to a fire. 
Nonenclosed bridge fires normally heat to lower temperatures 
than enclosed building fires, provided the fire combustibles are 
the same. It is recommended that specimens be taken and steel 
properties determined. 

If steel properties have not been degraded, the guidelines for 
members damaged by vehicles may also be used as guidelines 
for fire damage. 

Flame straightening of fire-damaged members will normally 
cost much less than replacement of members. The flame straight-
ening repair of the McChord Air Force Base Hangers I and 2 
saved approximately $1,250,000 (Holt, 16 and 20). Partial re-
placement may also be used for repair of fire-damaged bridges 
(Stolldorf, 29). A combination of repair methods should be 
considered for the repair of bridge members damaged by fire. 
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RESEARCH REPORT 

INTRODUCTION AND RESEARCH APPROACH 

Introduction 

Steel bridge girders and truss members are often damaged by 
overheight vehicle impact. On rare occasions, loads being carried 
by trucks have broken their binding chains while crossing 
through truss bridges. These loads have then turned laterally 
or fallen from the vehicle and damaged steel members. Over-
width vehicles and out-of-control vehicles have also caused dam-
age. Damage due to mishandling during construction has 
occurred. Fire damage occurs on rare occasions. 

Severity of damage varies from minor nicks or dents to com-
plete fracture of steel elements. Some bridge engineers have the 
impression that replacement is the conservative and safe method 
of repair. Replacement of an entire bridge member is both costly 
and time consuming, and such replacement is usually a very 
complex operation. The entire replacement of a steel truss mem-
ber or the entire replacement of a plate girder may also induce 
stresses that are very difficult to analyze. Replacement may be 
restricted to replacing a portion of a critically damaged member. 
Replacing a portion of a member requires assessment of damage 
and evaluation of repair techniques. At present, the decision to 
repair or replace a damaged member and the techniques used 
are determined on the basis of the inspector's or engineer's 
evaluation of the situation, with little published information 
available for guidance. 

Although flame straightening of bridge members has been 
successfully used for several decades, it is not a generally ac-
cepted method by many highway agencies. It is believed that 
the primary reason for this nonacceptance is the lack of practical 
guidelines for assessment of damage and methods of repair. 

The primary objective of this project was to produce a manual 
of practice for dealing with the entire problem of damaged steel 
bridge members. This manual of recommended practice is con-
tained in Chapters One through Five of NCHRP Report 271. 

Research Approach 

The research was accomplished by completing seven tasks 
described as follows: 

Task I 

Review existing information and obtain and review additional 
information. The Phase I report (II) for this project contained 
useful information. This information was used, as appropriate, 
in accomplishing the continuation phase. The Phase I report 
also contained a good bibliography. A number of the references 
were obtained and reviewed. The first-phase report titled "Eval- 

uation of Repair Techniques for Damaged Steel Bridge Mem-
bers" was prepared by H. W. Mishler and B. N. Leis as part 
of NCHRP Project 12-17. Several reports published since Phase 
I were reviewed and used as appropriate. 

There was very little information in the Phase I report re-
garding assessment of damage. For purpose of definition, as-
sessment is used to describe the process of deciding what, if 
anything, should be done with a particular damaged member. 
Personal visitations were made to the States of Colorado, Kan-
sas, Maryland, Massachusetts, Michigan, New Hampshire, New 
Jersey, New York, Pennsylvania, Texas, and Washington. A 
high priority was placed on visiting eastern states because of 
the greater number of and subsequently higher incidence of 
damage to steel girder bridges in that area. The project re-
searchers had more personal knowledge of through truss vehicle 
damages. The State of Washington contributed valuable addi-
tional information. A steel fabricator in Pennsylvania who has 
successfully repaired damages for several eastern states was vis-
ited. Personal visitations were made to Dr. Richard E. Holt of 
the University of Washington, Dr. John W. Fisher of Lehigh 
University, and Dr. Karl Frank of the University of Texas. 

Task 2 

Evaluate existing techniques used to assess damage. Damage 
assessment was evaluated in detail. The data evaluated were 
obtained from Task 1. As a minimum, the following items were 
considered in making the evaluation: 

Inspection of Damage 
Office responsible for inspection. 
Inspector qualifications. 
Initial inspection and action. 
Inspection sequence and record. 
Inspection equipment and skills. 
Inspection report: (a) standard form, (b) contents. 
Monitoring of repairs. 

Assessment of Damage 
Assessment of damage by whom and where. 
Strength of damaged member. 
User inconvenience and speed of repairs. 
Fracture critical members. 
Primary members. 
Secondary members. 
Type of steel and steel properties. 
Maximum allowable strains. 
Radius of curvature at yield point strain 
Calculation of damage curvature. 
Nicks and gouges. 
Cracks. 



54 

Selection of Repair Method 
Method of repair: (a) flame straightening, (b) hot me-

chanical straightening, (a) cold mechanical straightening, (d) 
welding, (e) bolting, (f) partial replacement, (g) complete 
replacement. 

Combining methods of repair. 
Strength of repair method. 
Effect of toughness of repair method selected. 
Durability of repair. 
Relative cost. 
Aesthetics. 
Selection of repair method-table. 

There was very little documented information on existing 
techniques for assessment of damage. In general, assessment of 
damage was largely judgmental supported by brief, if any, cal-
culations. The task of evaluating existing techniques used to 
assess damage became less. The task of preparing guidelines 
became greater. 

Task 3 

Evaluate existing techniques used to repair damage. The pri-
mary source of data was the information contained in the Phase 
I report. However, all of the information sources described in 
Task 1 were used as appropriate to evaluate repair of damage. 
As a minimum, the following subjects were evaluated: 

Office responsible for repair method. 
Accomplishment of work by state forces or contractor. 
Equipment required. 
Flame straightening: (a) fundamentals, (b) heat patterns, 

(c) predicting number and sizes of vee heats, (d) temperature, 
(e) effect on steel properties, (f) using an auxiliary force, (g) 
peening, (h) heat location limitations, (i) flame straightening 
girder bridges, (j) flame straightening trusses. 

Repair inspection. 
Final alignment tolerances. 
Hot mechanical straightening. 
Cold mechanical straightening: (a) procedure, (b) repair 

inspection. 
Welding: (a) basic criteria, (b) defect repair, (c) welding 

repair procedure drawings, (d) repair example, (e) peening 
welds, (f) partial replacement, (g) nondestructive testing, (h) 
weld inspection, (i) bridge traffic. 

Bolting: (a) general, (b) fracture critical members, (c) use 
of bolted splices. 

Partial replacement. 
Complete replacement. 

Based on the information gathered in Task 1 and the accom-
plishment of Task 2, guidelines for inspection and assessment 
of damage were prepared. The best techniques for assessment 
of damage were incorporated in the manual. As a minimum, 
all of the factors addressed in Task 2 were incorporated in the 
guidelines. Guidelines for selection of repair method was ac-
complished as a part of Task 4. 

Task 5 

Prepare guidelines for repair of damage. Based on the infor-
mation contained in the Phase I report, supplemental infor-
mation gathered during Task 1, and the accomplishment of Task 
3, guidelines for the repair of damage were prepared. As a 
minimum, all of the factors addressed in Task 3 were incor-
porated in the manual of recommended practice. 

Recommended repair methods are described in detail. Ex-
amples of both successful and unsuccessful repairs are described 
as appropriate. Repair techniques were categorized and related 
to type of damage and service life as appropriate. 

Task 6 

Prepare manual of recommended practice. This manual is 
addressed to bridge engineers. It is believed that portions will 
be useful to highway administrators, members of repair crews, 
and others. It is a practical user's manual for dealing with 
accidentally damaged steel bridge members. Guidelines are 
based on the best information currently available. 

The outline for sections of the manual of recommended prac-
tice are as follows: 

Inspection of damage. 
Guidelines for assessment of damage. 
Selection of repair method. 
Guidelines for repair of damage. 

These sections have been subdivided to include factors 
described in Tasks 2 and 3. 

Task 7 

Preparation of final report. 

Task 4 

Prepare guidelines for damage assessment. Knowledge gained 
during this project indicates that many states have not organized 
the problem of dealing with accidental damage. A lack of ad-
vance preparation can lead to extraordinary pressure during an 
accident and result in decisions that are inappropriate. There-
fore, one of the objectives of the manual of recommended prac-
tice is to set forth an organized procedure for assessment of 
accidental damage. 

FINDINGS 

Introduction 

The primary purpose of this project was to prepare a manual 
of recommended practice for dealing with damaged steel bridge 
members. The main text (Ch. One through Ch. Five) is the 
manual. Nearly all summary data, mathematical formulas, ex-
amples, figures, and tables are presented in the manual. 
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Flame StraIghtenIng 
	

Existing Assessment of Damage 

A principal finding of this report is that although flame 
straightening has been successfully used for more than four 
decades, many states do not use this method. It is believed that 
many states consider this repair method to be an art rather than 
an engineering process. The findings in this report indicate that 
the method can be analyzed using basic engineering fundamen-
tals. Certain factors such as predicting the number of heats 
required to straighten a member cannot be predicted precisely 
in advance; however, by checking the misalignment during 
straightening and varying the number and location of heats, 
precise results can be obtained. A finding of this report is that 
flame straightening performed in accordance with guidelines 
presented in the manual will not significantly degrade steel 
properties. The most current testing literature agrees with this 
finding. 

Effect of Vehicle Damage 

It has been found that possible degradation of steel properties 
due to vehicle-caused damage has been largely ignored by states 
that use cold mechanical straightening, hot mechanical straight-
ening, or flame straightening. This report sets maximum allow-
able strains due to vehicle impact, based on current state-of-
the-art information. A convenient method for measuring 
curvature strain has been developed and included. Curvature 
measurements provide a means to assess damage and to calculate 
the number and location of flame straightening heats. One cycle 
of cold straightening does not change steel properties provided 
the straightening loading exactly reverses the damage loading. 
Since the damage normally occurs with a high rate of loading, 
some change in steel properties should be expected. It has been 
found that members may have been inadvertently straightened 
that were not plastically deformed. A simple formula has been 
developed and included that should eliminate straightening of 
members or portions of members that have not been plastically 
deformed. 

inspection Procedures 

From information gained through this research project, it is 
recommended that personnel responsible for inspection and 
damage assessment develop their specific procedures prior to 
the time when it is required to respond to a damage incident. 
This will ensure more uniform treatment and more orderly 
progress. Establishment of procedures, without pressure from 
an emergency, should result in best practices. The state bridge 
engineer is normally responsible for the preparation of repair 
plans. Since the bridge engineer is responsible for repair design, 
this office should be responsible for inspection. One major com-
ponent for assessment of damage is the field inspection of dam-
age. The bridge engineer's office should be best qualified for 
inspection of damage. Where organization constraints place the 
responsibility with others, cooperative action with bridge en-
gineer personnel should be a requirement. The inspection of 
damaged steel bridge members should be performed by, and/ 
or with direct supervision of, structural bridge engineers. 

The assessment of damage appears to be largely judgmental 
supplemented by brief calculations. This procedure is adequate 
during the inspection phase to determine whether to restrict 
traffic or close the bridge. These preliminary calculations are 
generally acceptable to determine the necessity of preliminary 
strengthening in order to prevent further damage to the bridge. 
During assessment of damage, a complete evaluation of strength 
should be made. This analysis should include strain levels due 
to the damage. Stresses should be compared to the design 
stresses. All preliminary calculations and decisions made during 
the inspection phase should be reviewed. 

Fracture Critical Members 

Some states do not make a repair distinction between primary 
tension members and fracture critical members. Fracture critical 
members or members components are tension members, or ten-
sion components of members, whose failure would be expected 
to result in collapse of the structure. Assessment of damage and 
selection of repair methods will be more conservative for fracture 
critical members than for nonfracture critical members. Fracture 
critical members should be repaired with bolted splices. If other 
methods are used, such as flame straightening, elements will be 
fully strengthened by adding new bolted splice material. 

Repair of A-514 and A-517 Steels 

Welding repair of A-514 and A-5 17 steels is not recom-
mended. The field welding difficulties are the same as welding 
lower strength steels. These difficulties include probable high 
shrinkage stresses, manual welding, all-position welding, and 
weather conditions. The major difference is that A-514 and 
A-5 17 steels are high-strength quenched and tempered steels. 
It is difficult to field weld these steels without injuring the 
quenched and tempered microstructure. 

Straightening repair of A-514 and A-5 17 steels is not rec-
ommended as a normal procedure. Recent literature acknowl-
edges that flame straightening will not degrade A-514 and 
A-5 17 steels provided heating temperatures are kept below the 
tempering temperature of 1,150 F. Examples of successful field 
straightening of these steels in bridges are unknown. Where 
other repair methods that give greater assurance against deg-
radation are not possible, flame straightening of these steels 
must be approached with caution, and with a thorough knowl-
edge of the adverse metallurgical consequences that may occur. 
Bolting repair of A-514 and A-S 17 steels is recommended. Very 
few overpasses have been constructed using A-514 and A-S 17 
steels. The preceding recommendation will have very little effect 
on repair of damaged bridges. 

Order of Repair 

Repair work will generally be expedited by starting in the 
reverse order of damage. This normally means at locations away 
from the impact point. Members at these locations will have 
the least amount of bending curvature and the least amount of 
end rotation. It may not be possible to completely straighten or 
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repair these members because adjacent member damage may 
have rotated member ends. It is frequently necessary to work 
in partial cycles toward the point of impact. This repair sequence 
will generally be necessary at the point of impact. Plate girders 
may have a combination of lateral flange bending, flange ro-
tation, and a dish-shaped flange deflection on the impact side. 
The girder web will usually be deflected laterally, and may have 
an indentation at the impact point. Straightening will usually 
be accomplished by partially straightening the web, the flange 
dish, the flange rotation, the lateral flange displacement, and 
then repeating this cycle until all components are straight. 

Peening 

Peening during the application of flame straightening heats 
is recommended. Tensile stresses are created on the concave 
side of the bent member as the beam starts to straighten. These 
tensile stresses act to resist the straightening action. Light peen-
ing of this area adds very localized compressive stresses, which 
reduce the tensile stresses. By reducing these tensile stresses, 
there is less resistance to the straightening action and a greater 
amount of straightening will occur during each heating and 
cooling cycle. Reducing these tensile stresses, which are residual, 
is beneficial to strength properties. It is estimated that one-third 
to one-half of the residual stress in rolled steel can be removed 
by peening. Peening of intermediate weld passes is recommended 
for butt welds of plates thicker than 1 in. 

Fatigue Critical Details and Welding 

The presence of fatigue critical details should be considered 
in making both welding and straightening repairs. Fatigue cracks 
can originate at points having only 2- to 2.5-ksi tensile stress 
range. Once fatigue cracks have initiated, they will propagate 
into member elements having higher stress ranges, even though 
these elements do not have fatigue-prone details. Because of 
continuity by welding, cracks will propagate more readily into 
other member elements of welded members than into riveted 
members. The manual recommends maximum curvature strains 
due to damage and relates these strains to maximum AASHTO 
stress categories. Welding can be a successful repair method; 
however, poorly executed weld repairs in tensile areas can be 
very dangerous and in some instances may do more harm than 
good. Members to be repair welded should be weldable steels 
and meet AASHTO Charpy impact criteria. The manual places 
strong emphasis on high-quality welding, nondestructive testing, 
and rigorous inspection. 

Documentation 

Documentation of damage assessment and repair appears to 
be minimal. There is a tendency to rely on the knowledge and 
expertise possessed by one or two individuals in a particular 
state. When these individuals retire or change jobs, substantial 
knowledge may be lost. A cross-referenced record system should 
be established to provide access to all damage incidents. The 
system should provide ready access to the inspection reports. 
Damage categories should include type of structure, cause of  

damage, type of steel, and type of member. Assessment calcu-
lations, repair calculations and repair details should be included. 

COMMENTARY 

Introduction 

Replacement and repair-in-place techniques have been de-
veloped and successfully used for the repair of damaged steel 
bridge members. Partial and/or complete replacement of dam-
aged members is often chosen for repair rather than the tech-
nique of straightening the damaged members in place. Many 
agencies have chosen to replace, because straightening tech-
niques have been thought of as an art rather than an objective 
engineering process. A principal reason for this belief has been 
the lack of the development of an engineering process for the 
assessment and repair of damage. The manual of recommended 
practice presents the concept of repairing damaged members on 
an engineering basis. When the assessment of damage is related 
to maximum allowable strains and damage curvature, repair by 
straightening can be more objectively analyzed. 

Most of the findings in the form of technical data, tables, 
charts, and recommended practicç are included in the manual. 
To facilitate the use of the manual by bridge engineers, concise 
background information and references are part of the manual, 
and are not repeated here. The commentary included here is 
material that is not required by users of the manual, but provides 
additional basis for manual guidelines. For all bridge design, 
the Standard Specifications for Highway Bridges (1) adopted 
by the American Association of State Highway and Transpor-
tation Officials (AASHTO) sets forth minimum design standards 
and should be followed in all repair work. 

Present Practices 

The first phase study of this project, made by Battelle, Co-
lumbus Laboratories, found that only 6 states, of those respond-
ing, make extensive use of flame straightening for repairing 
damaged steel members. Twelve states occasionally use flame 
straightening, and 17 states rarely or never use flame straight-
ening. The Battelle study showed 24 states use mechanical 
straightening, while 12 states do not, and 34 states, of 36 states 
responding, will allow partial and/or complete replacement of 
a damaged member in conjunction with welding. Since so many 
states allow mechanical straightening and replacement by weld-
ing, it is believed a more engineering-oriented knowledge of 
flame straightening will increase the use of this effective means 
of damage repair. Personal contact was made, primarily with 
eastern states, to determine present practices of inspection, dam-
age assessment, and repair procedures. All 6 states that exten-
sively use flame straightening, and 15 states that occasionally 
or never use flame straightening, were contacted. Engineers from 
New York advised that they generally repair by flame straight-
ening and welding. New York is included as one of the states 
that extensively use flame straightening. The guidelines in the 
manual incorporate the objective evaluation of information 
gained from the meetings with personnel from these states. 

All states contacted indicated that the inspection, assessment, 
and repair of damage to steel members is under the responsibility 
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of the bridge engineer. In some cases, because of decentraliza-
tion, the responsibility of the bridge engineer may be in the 
form of overview rather than direct participation. Inspection, 
assessment, and repair of damage should be under the direct 
responsibility of the bridge engineer. Because of the critical 
nature, and often difficult inspection characteristics, of damaged 
steel members, inspection and assessment should be accom-
plished by an engineer competent in this work. Inspection re-
ports are normally letter or memo type, and include pictures 
and sketches of the damage. Some states make string line mea-
surements of damage displacements, and all inspections report 
critical features, such as tears, cracks, sheared bolts and rivets, 
cracked welds, and distorted members. The guidelines recom-
mend that a complete inspection form be established by each 
agency to ensure that all elements of the damaged structure are 
adequately inspected. More formal damage reports will result 
in better documentation and will be useful in the future. They 
will eliminate the prevalent practice of relying on memory. All 
states indicated that in most cases, they know the type and grade 
of steel. Most steel bridges have used A-7, A-36, A-242, A-440, 
A-441, or A-588 grade, with very little quenched and tempered 
steel. The grade of steel needs to be known to accomplish good 
weld repair. Most agencies believe these steels are all weldable 
using the proper techniques. 

The cause of damage does not normally affect the agencies' 
type of repair. In the case of fire damage, degradation of the 
steel may be more closely evaluated than in the case of collision 
damage. If it is established that no appreciable degradation 
occurred in the steel, the recommended guidelines can be applied 
to fire-damaged members. 

Most agencies contacted use existing plans and stress calcu-
lations to assess the strength of damaged members. Because of 
the severity of some damages, many of those contacted believe 
that these calculations may have little meaning, and assessment 
of the damaged condition is based on judgment and past ex-
perience. When the damage is such that nothing needs to be 
done, the strength of the damaged member can be established 
by calculations. Assessment is generally separate from inspec-
tion. The selection of repair method is made by most agencies 
after the damage assessment phase. Alternate repair methods 
are normally considered and generally the selected repair will 
be based on cost, user inconvenience, and aesthetics. Some agen-
cies indicated that repair of damage to fracture critical members 
would be the same as for redundant members. However, the 
majority indicated special measures would be taken. These spe-
cial measures ranged from replacement of the member to flame 
straightening with special external supports during repair. All 
agencies indicated that repairs should restore structural strength, 
anticipated life, and durability to equal the originally designed 
conditions. Partial and/or complete replacement of damaged 
members is acceptable to all agencies contacted. No well-defined 
and comprehensive method for damage assessment was found 
that could be directly incorporated in the manual. The method 
of damage assessment presented in the manual relates maximum 
allowable strain to damage curvature. It is recommended that 
more accurate measurements of damage displacement be made 
during inspection. More displacement measurements may allow 
a more accurate calculation of the damaged member strength 
to the total structure. Also, these measurements will provide 
the means to calculate damage curvature by the method of 
individual displacements as described by Williams (2), and as 
shown in Figure 2 in Chapter Three. On the basis of the damage  

curvature, the guidelines can be used to assist in the selection 
of the repair method. If flame straightening is selected, the 
damage curvature calculations provide the means to determine 
the location and approximate number of heats necessary to 
straighten the member. By more fully assessing the damage, 
considerable time may be saved during the repair process. As-
sessing damage by this engineering approach should lead to wider 
acceptance of flame straightening. 

It was determined that only 4 states accomplish flame straight-
ening with their own personnel. Washington and New York do 
most of their own work, and Michigan does its own work when 
the job requires less than 2 weeks time. New Hampshire does 
a minor amount of work with bridge maintenance welders. The 
other states accomplish flame straightening by contract. No 
agency was found to have a formalized training program. Train-
ing of state forces is accomplished by on-the-job training. New 
York engineers stated that any certified welder can perform heat 
straightening with adequate instructions and training. The states 
that do their own straightening have engineering personnel who 
either perform or closely supervise the work. Agencies agree 
that all types of bridge members can be straightened. Some of 
the eastern states expressed reservations with regard to trusses, 
while Washington's majority of work is on truss members. It 
is believed that the experience of an agency is the main factor 
leading to reservations regarding structure type. Also, reser-
vations may be caused by the heating tip size normally used. 
Some practitioners advocate the use of single orifice heating tips, 
while others believe larger multiorifice tips are preferred. In the 
case of smaller members, notably found in trusses, a larger tip 
could cause overheating. Heating tip size should be determined 
by the size of member, as explained in the manual. Most states 
recommend a heating temperature of approximately 1,200 F. 
for carbon and low alloy steels. Quenched and tempered steels 
should never reach the tempering temperature, and should not 
be heated to more than 1,050 F. Those states that allow flame 
straightening believe that acceptable heating temperatures do 
not have a significant degrading effect on the steel. This is 
substantiated by the fact that AASHTO specifications allow 
heat curving. States that repair with flame straightening apply 
auxiliary force to reduce member stresses and to facilitate the 
straightening process. Generally the only cold bending that is 
allowed is on secondary members or lacing bars. Hot bending 
is allowed by some states. Present practice regarding peening 
of the portion of a member opposite the heated area is divided. 
Some practitioners believe it is beneficial, while others do not. 
The guidelines recommend peening since it should cause stress 
redistribution and result in less residual stress. The straightening 
tolerances ranged from those specified by AASHTO to none. 
The principal concern of those states that flame straighten is 
the heating temperature. The manual recommends the use of 
temperature measuring crayons for flame straightening. Most 
states monitor repaired members on the same frequency as their 
regular inspection cycles. It is recommended that if there is any 
question regarding adequacy of a repair, more frequent moni-
toring should be established. 

A repair of a damaged girder in Armstrong County, Penn-
sylvania, resulted in replacement of the web and bottom flange 
for 80 ft in a 123-ft span. Shoring was placed to remove load 
from the girder. The portion to be removed was cut out and 
the new girder section was welded in place. This procedure 
followed the procedures outlined in NCHRP Report 222 (3, 
pp 33, 34) and is similar to details in Figure 59 contained herein 
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(Ch. Five). The decision to replace was based on the condition 
of a sharp kink in the web and some kink in the bottom flange. 
This method of repair should fully reestablish structural ade-
quacy. 

Damage to a 4-ft section of web and bottom flange of a W 
36 X 245 beam in a 90-ft span occurred in Massachusetts. The 
repair work was accomplished by placing temporary shoring 
under the damaged section. A beam was then located on the 
curb above the damaged beam for support during the repair. 
Load transfer to the support beam was accomplished through 
threaded rods to plates located on top of the support beam and 
the underside of the top flange of the damaged beam. The 
deflection of support beam was specified to be sufficient to 
remove load from the damaged beam. The severely damaged 
section was cut out, the remaining damaged beam web and 
flange were flame straightened, and a new 4-ft section was 
welded into place. A new bottom cover plate was welded in 
position, and the repaired beam was slowly released from the 
support beam to complete the repair. The method for support 
is similar to details shown in Figure 23 (Ch. Five). Rather than 
supporting from the bottom flange as shown in Figure 23, the 
support of the damaged beam was from the underside of the 
top flange. Provided all welds and length of cover plate meet 
requirements, this repair will restore full structural adequacy. 

The State of Kansas replaced three damaged vertical truss 
members on Bridge No. 166-50-25.24 in La Bette County. The 
repair was accomplished by placing slings, or temporary sup-
ports, at the panel points where the verticals required replace-
ment. The method of temporary support was similar to details 
shown in Figure 42 (Ch. Five). The required length of the new 
member was required to be within Y. in. of original. Where 
partial length members were replaced, field cuts were specified 
to be made and dressed to within Y. in. New connections were 
made with high-strength bolts. Only one member was replaced 
at a time. By designing proper splice details, this repair will 
restore full structural adequacy. 

One tie beam of a steel arch pedestrian bridge at N.E. 80th 
Street near Bellevue, Washington, was badly damaged and re-
quired partial replacement. Previously this same member had 
been damaged and was flame straightened. In order to replace 
the damaged section, a temporary jacking device was designed 
to take the place of the tie member during removal. The jacking 
device consisted of two 13/8-in. threaded rods through steel blocks 
bearing on existing tie plates beyond the damaged area. The 
rods were about 38 ft long, while the damaged section of the 
tie girder was approximately 20 ft long. The replacement section 
was reconnected with high-strength bolts. This repair restored 
full structural adequacy. 

The facia and first interior W 36 X 182 beams of a continuous 
bridge in Susquehanna County, Pennsylvania, were damaged. 
Because of the continuity condition, the repair procedure in-
volved both flame straightening and partial replacement. A tem-
porary beam was placed under the parapet and adjacent to the 
facia beam. Load was transferred to the temporary beam while 
the damaged beams were flame straightened to the splice point. 
When the damaged beams were straightened to the splice point, 
the sections of the damaged beams beyond the splice point to 
the free ends were removed and replaced with new sections. A 
detailed and explicit sequence of repairs was specified to ensure 
that proper load transfer occurred during all stages of repair 
and replacement. Calibrated jacks were specified, and antici-
pated loads were calculated. The final adjustment to ensure  

desired final load on the repaired girders was achieved by ad-
justment of the bearings supporting the repaired beams. When 
load transfer is achieved, this repair method will restore full 
strength. 

A continuous girder bridge located in Bothell, Washington, 
north east of Seattle, was damaged by an overheight vehicle. 
The damaged beam was a W 33 x 118 with a span length of 
45 ft. The facia beam was displaced 4 in. laterally approximately 
9 ft from a bearing point. The web of the beam was indented 
a little over 1 in. at point of impact. The bottom flange of the 
first interior beam was displaced laterally about 3/4  in. at the 
diaphragm. This is the only bridge damage found by this re-
search where accurate damage displacements were measured 
and recorded. These measurements were made over the entire 
length of damage from a string line stretched taut over the span 
length of 45 ft. There were no tears or kinks in the damaged 
beam. The repair of this damage was accomplished by flame 
straightening. The straightening operations were completed over 
a 5-day period. The number of vee heats to straighten this 
damage was estimated to be 82. The actual number of heats 
applied was 74. The estimated number of heats was calculated 
by Holt's formula, which is described in the manual in Chapter 
Five, under "Predicting Number and Size of Vee Heats." The 
repair of this bridge by flame straightening met all the require-
ments contained in the manual. 

New Hampshire has developed a fairly uniform system for 
repairing damaged girder bridges. The majority of their repairs 
is accomplished by a combination of flame straightening and 
strengthening. The damaged girder is jacked vertically the re-
quired distance to remove load. The adjacent girders are jacked 
approximately one-half that distance. The damaged beam is then 
straightened to original position by controlled heating. The jack-
ing loads are required to be applied to the top flange of the 
damaged member. After the beam is straightened and other 
required repairs are made, a new cover plate is welded to the 
bottom flange. The new cover plate is extended to a near zero 
stress range location, or to approximately the same location as 
any existing cover plates. This method of repair will restore the 
beam to equal or greater than its original strength. 

Rockwell Hardness LimItatIons 

Stout et al. (5, p.  80) defines hardness as the resistance to 
indentation. There is no close relation between hardenability 
and hardness, despite the fact that the latter is commonly used 
to measure hardenability. Hardness depends primarily on the 
carbon content of a steel and secondarily on the presence of 
alloying elements. Hardenability is affected strongly by the al-
loying elements present and is dependent to a lesser extent on 
the carbon content. It is a familiar fact that the addition of 
carbon or alloying elements to steel generally makes the steel 
more difficult to weld. In determining whether a steel is hard-
enable, both hardness and microscopic examination are fre-
quently employed. Hardness may be caused by rapid cooling of 
hardenable steels. Hardness is a useful indicator in determining 
the type of an unknown steel. 

For many years it was commonly accepted that underbead 
cracking could be avoided in plain carbon steels, welded with 
other than low-hydrogen electrodes and without preheat, if the 
maximum hardness in the heat-affected region did not exceed 
36 Rc (Stout et al., 5). Similarly, welding experience indicated 
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that hardness below 22 Re appeared to ensure sufficient ductility 
for satisfactory performance under service loads (Stout et al., 
5). When consideration is restricted to avoiding underbead 
cracking, the hardness composition concept has been helpful in 
differentiating between steels that are readily weldable and steels 
that require more critical appraisal from the standpoint of their 
need for preheat, postheat, or low hydrogen welding techniques. 
Heat-affected zone hardness alone does not necessarily provide 
a reliable index of crack sensitivity. The New York DOT has 
advised that they became very conscious of hardness from Dr. 
Warren E. Savage and their own experience. They have found 
that steels with Rockwell surface hardness values greater than 
C30 may have microstructures susceptible to hydrogen cracking. 
Their Steel Construction Manual (SCM) contains the following 
requirement for oxygen cutting of A-588 steel: 

The Contractor (Fabricator) shall take steps to insure that the 
flame cut edges of main material are not hardened by the cutting 
process. This may be achieved by preheating, postheating, or 
control of the burning process. Flame cut edges found to have 
a Rockwell hardness value of C30 or greater will be considered 
unacceptable. A portable Rockwell Hardness Tester will be em-
ployed by the inspector to determine conformance with these 
requirements. Unacceptable hard surfaces shall be removed by 
grinding or machining. 

Hardness values in the New York SCM are specified to avoid 
hard heat-affected zones (HAZ) that can be avoided by con-
trolling oxygen cutting and welding. 

Although Rockwell hardness is not a true indicator of metal 
toughness, a change in Rockwell hardness is an indication of a 
phase change in the heat-affected zone due to welding and a 
consequent change in metal structure. One of the transforma-
tions may be the formation of some martensite with high carbon 
equivalent which is hard and has a deleterious effect on tough-
ness. This transformation may be due to an excessive cooling 
rate. The New York State Department of Transportation is 
concerned that steels with Rockwell hardness greater than C27 
in the heat-affected zone will have undesirable characteristics. 
Hardness tests are specified as a quality control measure. Rock-
well tests are preferred over Brinell tests because of the smaller 
indentation caused by the Rockwell indentor. A portable center 
punch indentor is used for shop and field work. 

The Effect of Vehicle Impact on Steel Properties 

It is possible to take coupons from a damaged area and 
compare Charpy impact values with coupons taken from an 
undamaged section of the same material. The Michigan State 
Transportation Department has made this type of test for ac-
cidental vehicular damage. Their research Project 78-TI-453(6) 
compared Charpy impact values adjacent to an impact area 
fracture with values taken elsewhere in the beam. The beam 
had suffered prior damages and heat repairs. The Charpy 
V-notch tests adjacent to the fracture showed a drop from an 
average of 6.55 to 2.60 ft-lb at 20 F (20 F was used for tests 
since the accident occurred at about this temperature). The 
project concluded that the primary problem was that the impact 
resistance was so low in the first place, rather than a brittle 
condition being caused by the repair procedures. Dr. John Fisher 
of Lehigh University has stated that the entire Charpy impact 
curve must be drawn to obtain meaningful information. 

Michigan State Research Project 75-TI-275( 7) is of interest. 
This rolled beam constructed of A-7 steel suffered brittle fracture 
due to a vehicle severely impacting the girder. The Charpy 
impact tests at 40 F showed an average impact energy of 17 ft-
lb in the top flange and 16 ft-lb in the bottom flange. These 
values are higher than the AASHTO toughness specification of 
15 ft-lb at 40 F for a beam of this type made of A-36 steel. 
Specimens of this beam were tested at various temperatures and 
transition temperature curves were drawn. The bottom flange 
developed a low value of only 2 ft-lb at 0 F, which would predict 
a brittle behavior at this temperature with or without a high 
loading rate. The temperature of the beam at the time of the 
accident was reported as below 40 F and possibly below the 
freezing point. The conclusions drawn were: the fracture ex-
perienced by this beam was initiated by a severe and unusual 
impact loading. The 40 F properties of the beam cannot be 
deemed as inadequate. (Michigan has stated that 79 bridges with 
A-7 steel were tested and 15 were found to have 40 F Charpy 
impact tests of less than 15 ft-lb.) The observed fracture behavior 
demonstrates that brittle fractures can occur in so-called ductile 
materials. It should be remembered that toughness and ductility 
are not the same. Materials such as lead are ductile but not 
tough. Lowering the Charpy impact test temperatures indicated 
a rapid decrease in the corresponding toughness. It is agreed 
that impact loads can cause brittle fractures at low temperatures. 
However, significant changes in steel properties adjacent to brit-
tle cracks have not been documented. 

Members that are ductile and tough have a large area under 
the stress-strain curve as shown in Figure A-i for A-36, A-242, 
A-440, and A-441 steels. Stout et al. (5) point out that ductility 
is lower and fracture transition temperatures are higher for steels 
that have been plastically strained and aged compared to iden-
tical steels that have not been plastically strained and aged. 
Strain aging can severely reduce ductility and toughness. How-
ever, strain aging at ambient temperature and low prestrain (5 
percent) does not significantly degrade steel. 

The American Institute of Steel Construction (AISC) (8) 
illustrates graphically that beyond yield point strain, the steel 
continues to deform in the direction of applied stress for a total 
displacement equal to about 15 times that produced elastically, 
with no significant increase or decrease in applied stress. After 
that, strain hardening commences and further deformation can 
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take place only with some increase in applied stress. Note from 
Figure A-i that a strain of 15 times the yield point is not a 
large percentage of the total strain curve for A-36 steel. 

It is known that bridge elements have been successfully 
straightened with strains greater than 15 times the yield point 
strain. The extent of steel degradation, if any, is unknown. The 
studies of strain and its effects generally have considered only 
low strain rates, expressed in in. I. /sec, as are experienced 
during the straightening operation. Behavior will be different 
when high strain rates such as may occur when damage is 
inflicted are applied. Strain rates and the magnitude of straining 
will vary throughout the damaged area. However, it is believed 
that a study of higher strain effects due to cold mechanical 
straightening may be useful in determining an upper strain limit. 
While strain rate may be important, the amount of strain, 
in./ in., should have a greater effect on mechanical properties 
of impact damaged steel. 

Pattee et al. (9) show an increase in transition temperature 
of 16 F for A-441 steel and 33 F for ABS-B steel due to cold 
straightening to strains of about 5 percent. The Charpy V-notch 
energy at room temperature was 96 ft-lb for A-441 steel and 
138 ft-lb for ABS-B steel specimens sectioned from plates in 
direction of rolling. The Charpy values for specimens sectioned 
from plates transverse to direction of rolling was 28.5 ft-lb for 
A-441 steel and 89.5 ft-lb for ABS-B steel. The report does not 
contain data to prepare Charpy curves. 

Table A-i from Rothman et al. (10) indicates that the only 
significant degradation effects appear to be the Charpy results. 
For ABS-B steel the Charpy data were essentially unaffected 
by 5 percent compressive strain, but were shifted 40 deg to 
higher temperatures by the 5 percent tensile strain. For A-537 
A steel, the Charpy curves were affected equally by compressive 
and tensile strains of 5 percent with each being shifted approx-
imately 30 deg to higher temperatures. The 20 ft-lb temperatures 
indicate a possibility that the steels may have had adequate 
toughness after straightening. Charpy curves were not drawn. 

Mishler et al. (11) states that ABS-B steels are as-rolled steels 
with a maximum yield strength of about 35,000 psi. The steels 
of this category include the common bridge steels, A-7 and 
A-36. A-537A steels are as-rolled, normalized, or stress-relieved 
steels with maximum yield strength of about 50,000 psi. The 
steels of this category that are used in bridge construction are 
A-242, A-441, A-572, and A-588. 

Pattee et al. (12) state that the available data indicate that 
low strains (less than 5 percent) have little effect on the base 
metal properties. 

Dr. John Fisher of Lehigh University has stated his opinion 
that most vehicle damages would not produce strains of more 
than 5 to 10 times yield point strain and that these strains would 
not cause significant degradation of ductile steels. It is also his 
opinion that bridges can normally be repaired at fatigue cracks 
and notches to indefinitely prolong life. Dr. Karl Frank of the 
University of Texas has stated that he believes bridge steels will 
not be significantly degraded from impact damage unless crack-
ing or fractures occur. 

Conclusions for maximum allowable strain due to accidental 
damage are given in "Guidelines for Assessment of Damage," 
under "Maximum Allowable Strains." 

Welding A-514 and A-517 Steel 

Nearly all knowledgeable persons interviewed considered 
weld repair of A-S 14 and A-S 17 steels as being potentially dan-
gerous. The field welding difficulties are the same as welding 
lower strength steels. These difficulties include probable high 
restraint, high-shrinkage stresses, manual welding which may 
include starts and stops, all-position welding, and weather con-
ditions which may increase the possibility of hydrogen embrit-
tlement. All of these difficulties may result in increased fatigue 
susceptibility. The major differences are that A-541 and A-S 17 
steels are high-strength quenched and tempered steels. It is 

Table A-I. Cold-straightening at room temperature. (Rothman, R.L., and Monroe, R.E. (10)) 

Steel 
Applied 
Strain 

Upper 
Shelf 

(ft.-lb.) 

narpy Mesults  
20 ft.-lb.; 
Temperature 

Tensile 
Strenth 

 ksi 

Yield 
Strength 
ksi 

Elongation 
in 2 inches 
percent 

Transition 
Temperature 
o_F. 	(a) 

ABS-B as received 112 44 -10 64.0 38.5 36 

5% tensile 105 84 50 71.2 67.7 31.5 

5% compr. 117 43 8 -- -- -- 
2% tensile -- -- -- 67.7 51.8 37.0 

A-537A as received 90 1 -48 87.4 55.1 33.5 

5% tensile 74 28 7 92.1 84.2 27.0 

5% compr. 81 29 7 -- -- -- 
2% tensile -- -- -- 89.2 67.0 31.5 

(a) Transition temperature is the temperature at which absorbed energy was 50 percent of upper 
shelf energy. 



difficult to weld these steels without injuring the quenched and 
tempered microstructure. The injuries may appear in either or 
both of two ways: (a) the presence of cracks in the base metal 
and in the weld metal as well as porosity and inclusions in the 
weld metal, and (b) changes may occur in the useful base metal 
properties such as strength, ductility, notch toughness and cor-
rosion resistance. It is true that these steels can be satisfactorily 
welded in a controlled shop environment. Shop welding tech-
niques are normally superior to field welding. 

Literature pertaining to welding of these steels has been re-
viewed. This review was not conclusive. It is the opinion of the 
researchers, based on the best information available, that field 
weld repair of these steels should not be attempted. Repair 
welding these steels for durability is acceptable provided the 
welded areas are fully spliced with plates and high-strength bolts. 
Very little A-514 and A-517 steel has been used in highway 
overpasses; therefore, this recommendation is expected to have 
a very minor effect on the repair of accidentally damaged steel 
bridges. 

Steel Toughness 

Ductility tests of ductile steels conducted at room temperature 
produce extensive plastic flow and then ductile shear-mode fail-
ures in most instances. However, as test temperatures are low-
ered, all ferritic materials are susceptible to brittle fractures that 
are preceded by no readily detectable plastic flow and that 
propagate at high velocities. Bridge steels can fail in either a 
ductile or brittle manner, depending on temperature, loading 
rate, and constraint. As stated by Rolfe and Barsom (31), the 
presence of a notch or some other form of stress raiser makes 
structural materials susceptible to brittle fracture under certain 
conditions. 

The mode of a fracture refers to the manner of crystallo-
graphic separation which can be either a shear along slip planes 
or cleavage between or through grains. Generally the appearance 
of a shear fracture is dull and fibrous, whereas a cleavage fracture 
is granular and crystalline. Behavior refers to the amount of 
plastic flow associated with the fracture in that ductile fractures 
are preceded and accompanied by extensive deformation, 
whereas brittle fractures are not. Most fractures are neither 
completely brittle nor completely ductile. Most bridge steels 
exhibit a gradual transition from ductile to brittle behavior with 
increases in the factors that cause brittleness: higher carbon, 
coarse grain size, lower temperature, high loading rates, and 
increases in section thickness. 

The gradual transition in fracture behavior from ductile to 
brittle can cause a problem in the application of the transition-
temperature approach to the design of structures. This is because 
it is extremely difficult to determine the transition temperature 
needed for satisfactory service for a given full-size structure 
using a small specimen. However, Stout et al. (5) dealt with 
this problem by use of the transition temperature in the Charpy 
V-notch test on samples taken from structures as large as mer-
chant ships. 

According to Carter (13), if the yield strengh is higher than 
the fracture strength, a material will fail due to brittle fracture. 
However, if the yield strength is lower than the fracture strength, 
the material will plastically deform prior to failure. Currently 
the most common method of measuring the relative notch tough- 
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Figure A-2. Charpy impact curve. 

ness of steels is the Charpy V-notch impact test. Various criteria 
are used in establishing the impact-transition temperature. One 
of the most widely used is the temperature at which the test 
specimen breaks with a certain relatively low level of energy 
absorption, frequently 15 ft-lb force (see Fig. A-2). Another 
criterion commonly seen in the literature is the temperature at 
which the fracture contains 50 percent shear area. The entire 
curve must be studied prior to drawing conclusions regarding 
the effect of increased Charpy transition temperature on steel 
elements susceptible to brittle fracture. Lower shelf to upper 
shelf transition rates vary for different types of steel. 

There are many older steel bridges that do not meet presently 
specified minimum Charpy impact toughness requirements. 
Michigan (6) is an example of a bridge girder that did not meet 
presently specified Charpy impact toughness requirements. 
However, older bridges have performed very well and in many 
instances carry higher live loads than originally designed for. It 
may be true that these bridges were designed in a conservative 
manner but it is believed that the live-load stress range is rel-
atively high. Member and joint fasteners for these bridges were 
primarily rivets with minor use of bolts. There are stress con-
centrations in riveted bridges, and fatigue cracks have occurred 
in riveted members (Fisher, 14), but the edge distances and 
stresses used have been very successful in preventing crack ini-
tiation and growth. Riveted construction normally uses multiple 
plates or shapes, and when one element cracks, the crack does 
not directly enter the other elements. 

Welded bridges require very close attention to weld details 
and allowable stresses used at these details in order to prevent 
crack initiation and growth. Cracks may initiate at points of 
high stress concentration. One example is at the end of a fillet 
weld fastening a cover plate to a tension flange. Another example 
is the intersection of longitudinal and vertical sitifener fillet 
welds. Undetected cracks within a weld may also propagate due 
to live-load stresses. Cracks may propagate at low stress ranges 
(2 ksi to 2.5 ksi) with a high number of stress cycles. 
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Flame Straightening—Maximum Temperatures 

Moberg (15, p. 21) states that the heat most often mentioned 
in connection with flame straightening is 1,200 F. For most 
steels, that temperature gives maximum thermal upsetting with-
out any detrimental effects on the metallic structure of the steel. 
Holt (16) recommends a maximum temperature of 1,200 F for 
all steels in normalized or annealed condition, and the maximum 
temperature for quenched and tempered steels (ASTM A-514 
and A-517) shall not exceed the tempering temperature. Pattee 
et al. (12) state that low-alloy steels with yield strengths ranging 
from about 45,000 to 75,000 psi used in the as-rolled or nor-
malized condition can be heated to conventional flame straight-
ening temperatures (-. 1,100 to 1,200 F) without significantly 
affecting their mechanical properties. Pattee et al. (9) note that 
the study results show that the widespread use of flame straight-
ening of A-441 steel is an acceptable procedure and that flame 
straightening of A-441 is permissible at temperatures up to 
1,400 F. Rothman et al. (10) note that the study results showed 
that normalized A-537A could be flame straightened at tem-
peratures of 1,300 F with no loss in steel properties. 

Review of the preceding references and other literature in-
dicates that 1,200 F should be the maximum flame straightening 
temperature. Heating above this temperature may result in un-
desirable steel properties. Quenched and tempered steels such 
as A-514 and A-517 shall not be heated above 1,050 F, which 
is below the tempering temperature of 1,150 F. 

Peening During Flame Straightening 

Dr. Karl Frank of the University of Texas does not believe 
peening to be very advantageous as an aid in conjunction with 
flame straightening. The New York State Department of Trans-
portation considers peening of little value; however, they do 
believe that peening will reduce residual stress. The Washington 
State Department of Transportation believes that peening is a 
very valuable aid in straightening bent members. They believe 
that it relieves residual stresses and hastens the straightening 
process. Dr. Richard E. Holt has stated that residual stress in 
flame-straightened members can be removed by peening, starting 
near the outside edge of the concave side and working toward 
the centerline. He has also stated that residual stress is a con-
troversial subject, and did not give an opinion as to percentage 
of residual stress that could be removed by peening. 

Mishler et al. (11) state that the effectiveness of the flame 
straightening operation can be enhanced by the use of light 
peening of the tension areas adjacent to the heated areas. Peening 
is done after the heat has been applied and cooling has begun. 
Tensile stresses will be created in the portion of the area on the 
concave side of the bent member (the unheated area between 
the heated wedge apex and the opposite beam edge) as the beam 
starts to straighten. These tensile stresses will act to resist the 
straightening action. Light peening of this area adds very lo-
calized compressive stresses that reduce the tensile stresses. By 
reducing these tensile stresses, there is less resistance to the 
straightening action and a greater amount of straightening will 
occur during each heating and cooling cycle. Peening should be 
done with the flat surface of a ball peen or similar hammer. 
The blows should be light enough that no marking of the steel 
occurs. The effects are further enhanced if the area being peened  

is backed up with a heavy sledge held against the surface opposite 
that being peened. 

Harrison et al. (17) made tests which indicate that consid-
erable plastic elongation can result from light transverse ham-
mering on a tension member whose steady stress is well below 
its yield point. This reference notes that if the tension side of a 
bent member is lightly hammered during application of a steady 
transverse force, straightening can be effected under a steady 
force which alone is insufficient to produce yielding. 

Peening of heated material should not be done when the 
temperature of the steel is in the blue brittle range. Steel is more 
brittle in this range than above it or below it. The blue brittle 
range of bridge steels occurs between approximately 300 F to 
700 F. Peening at points away from the heated area, such as 
connections or connecting members, can be effective in flame 
straightening. An element causing restraint may be relieved of 
stress by peening, thereby hastening the flame straightening 
process. 

Heat Input During Welding 

Welds can easily crack during welding if insufficient preheat, 
interpass temperature, and inappropriate heat input are used 
during welding. An extreme example would be the deposition 
of an initial small weld bead along a groove joining two thick, 
restrained plates, assuming zero preheat. The heat absorption 
of the base metal and consequent rapid cooling of the weld and 
heat-affected zones would easily cause embrittlement that, com-
bined with shrinkage stresses, could crack the weld or heat-
affected zones. The use of preheat, maintenance of interpass 
temperature, and use of proper heat input during welding min-
imizes the likelihood of cracking. Restricting the minimum size 
of electrode to /32  in. helps to ensure that welding heat input 
meets minimum standards. Back gouging of butt welds which 
removes the initial weld pass and a portion of the heat-affected 
zone is beneficial by removing defective or potentially defective 
weld and base metal. Back gouging before welding the second 
side of groove-welded joints is an effective means of ensuring 
weld soundness. Postheating slows the shrinkage rate and min-
imizes cracking by providing the temperature and time necessary 
for hydrogen diffusion. 

Strengthening Steel Bridges with Post-Tensioning 

Because of changes in design specifications and rating criteria, 
increase in truck traffic loadings, and the placement of additional 
deck surfacing, many bridges may require strengthening. 
Strengthening of deficient steel bridges through the installation 
of high-strength post-tensioning tendons may provide an effec-
tive and economical solution. Work has been performed and is 
continuing as reported by Sanders and Klaiber (4). The labo-
ratory testing phase of this research verified that post-tensioning 
could be used. A field testing phase strengthened two existing 
bridges. The field testing program demonstrated the feasibility 
of post-tensioning existing steel bridges. The two existing bridges 
will be inspection monitored every 3 months over a period of 
2 years. Both bridges will again be test loaded to determine if 
changes have occurred over that period of time. 
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Two post-tensioning techniques for temporary repairs of truss 
tension members are shown in Figures 41 and 42 (Ch. Five). 
Figure 41 shows details for a truss diagonal and Figure 42 shows 
details for a truss vertical. The Georgia DOT used temporary 
post-tensioned steel rods when required to replace 71 ft of the 
suspended section of the Eugene Talmidge Memorial Bridge in 
Savannah Harbor. Both bottom chords were severed when a 
freighter struck the suspended truss span. The repair work was 
accomplished in less than 3 months. Eighty-ft long steel rods 
were mounted and tensioned through plates welded to the bot-
tom of the truss members. The New York DOT strengthened 
a fire-damaged through truss by post-tensioning in January 
1982. This temporary repair was in place for one year. The 
Washington DOT temporarily strengthened the deteriorated 
bottom chord of a timber truss by installing post-tensioned 
cables in the plane of the bottom chord. Post-tensioning tech-
niques can eliminate expensive falsework and shoring. Also, 
post-tensioning may be advantageous from the standpoint of 
work and space requirements. Post-tensioning should be con-
sidered for repair work as well as for permanent strengthening 
projects. 

CONCLUSIONS AND SUGGESTED RESEARCH 

Conclusions 

The conclusions are based on review and evaluation of the 
information and data obtained during this project. In main, the 
authors concluded that enough reliable information and data 
had been evaluated to prepare a practical user's manual. The 
scope of this study did not include metallurgical testing. In 
particular, the following conclusions were made: 

Although flame straightening repairs have been successfully 
used for over 40 years, many states do not use this less expensive 
method of repair. More use of this repiar method would reduce 
the time and cost of making bridge repairs. Flame straightening 
does not significantly degrade steel properties when proper pro-
cedures are followed. The flame straightening process can be 
analyzed by using engineering fundamentals. 

There is no known report or manual that deals with the entire 
problem of accidental steel damage and the repair of damaged 
bridge members. The lack of such a manual may contribute to 
the present use of many inappropriate repairs. Methods for 
assessing damage and selection of repair methods vary widely. 
Organization appears to be important. Those transportation de-
partments that place responsibility for inspection, assessment, 
and repair of damage in one division are generally more con-
sistent in determining appropriate decisions. This conclusion 
may also apply to the repair of all bridges. 

The possible degradation of steel due to vehicle damage has 
been largely ignored. Establishing damage curvature guidelines 
should result in safe repairs. 

A steel member can be cold strengthened once without sig-
nificant degradation of steel properties, provided the strain is 
limited to the values given in the manual of recommended 
practice. 

Welding repairs can be successful; however, a strong emphasis 
must be placed on high quality welding, nondestructive testing, 
and rigorous inspection. 

All information contained in the manual, including infor-
mation pertaining to fatigue critical details, should be studied 
by bridge designers. A conclusion has been reached that bridge 
designers should be more aware of bridge maintenance problems. 
Better maintainability should be incorporated in bridge designs. 

Combination of repairs such as flame straightening plus add-
ing bolted splice material is 'effective. Adding welded or bolted 
splice material may be used to increase the bridge capacity to 
carry heavier live loads and improve the safety of repaired 
members. Fracture critical members (FCM) that have been 
straightened should be strengthened to provide for possible 
losses in toughness and ductility. Fracture safety is improved 
by reducing the stress. 

Suggested Research 

Research and successful application of heat curving, cam-
bering, and straightening of bridge steels have proven the ef-
fectiveness of flame straightening. The AASHTO specifications 
include criteria for heat curving and cambering of rolled beams 
and welded girders. Damaged steel bridges have been success-
fully repaired by flame straightening for nearly 50 years. It is 
believed that further research pertaining to the effect of heat 
curving or straightening is not required to substantiate that this 
technique, properly applied, does not significantly degrade steel 
properties. 

However, the effect of accidental damage on steel properties 
has not been thoroughly researched and tested. The maximum 
allowable strains for flame straightening recommended herein 
are based on slow loading rates. There is evidence that the 
guidelines are conservative; however, the evidence is noncon-
clusive. More research and/or testing of accidentally damaged 
steel would be useful. Steel properties at points of varying dam-
age strains could be compared with properties at points of zero 
damage strain. Specification-required properties should be com-
pared. Tests should include Charpy impact results, stress-strain 
curves including ultimate load stress and strain, reduction in 
area, and percentage of total elongation. Tests should be made 
to determine the effect of repeated damage. In determining steel 
properties of repetitively damaged and strengthened steel, the 
effect of damage and straightening will be established. Tests 
should include representative bridge steels (i.e., A-7, A-36, 50 
ksi and A-S 14). Such tests on damaged steel could be accom-
plished by most state agencies with their present testing facilities. 
Light secondary members, such as sway braces in a truss, are 
members that suffer repetitive damage. These members are such 
that samples could be taken without affecting safe structure 
capacity. Also, they often sustain extensive strain from acci-
dental damage. Portions of bridge members that require re-
placement could also be used for test purposes. This type of 
proposed testing should establish the strain limit for repair of 
damaged steel. If laboratory damage tests are conducted, light 
members could be used to facilitate testing purposes, since the 
objective of this research is to ascertain steel properties of steels 
subjected to rapid loading. Further testing could provide more 
conclusive data for determining the severity and number of 
damages that can be repaired to result in safe and durable 
rehabilitation. 
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