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Foreword 

-- This manual represents the results of a comprehensive investigation of the 
use of heat straightening to repair steel bridge members and elements. For the 
practitioner, it is a manual demonstrating safe and economical procedures for 
implementing heat-straightening repairs. For the supervisor, it is a guide for 
ensuring proper conduct of repairs. For the bridge engineer, it provides engineering 
guidelines as well as information on developing plans and specifications for heat- 
straightening repair. 

- 

.-. 

The manual is divided into three parts. Part I provides a background and 
overview of the heat-straightening process. It is intended for an audience ranging 
from practitioner to contractor to supervisor to bridge engineer. Part II is a 
technical guide intended primarily for engineers. This section provides detailed 
technical information on most aspects of heat straightening. Part Ill contains 
guides, specifications and reference material. 

- 

- 

- 

Sufficient copies of the manual are being distributed by FHWA Bulletin to 
provide a minimum of two copies to each FHWA regional and division office and 
five copies to each State highway agency. Additional copies are being made 
available to other interested parties including consultants and practitioners. 

- 

-. 

David Densmore 
Bridge Office 
Office of Infrastructure 

Notice 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. 

- 
The contents of this report reflect the views of the contractor who is responsible 
for the accuracy of the data presented herein. The contents do not necessarily 
reflect the official policy of the Department of Transportation. - 

This report does not constitute a standard, specification, or regulation. 
-- 

The United States Government does not endorse products or manufacturers. Trade 
or manufacturers’ names appear herein only because they are considered essential - 
to the object of this document. 



Preface 

Damage caused by overload, vehicle impact, mishandling, earthquake, or fire is a 
perennial problem associated with steel bridges. For almost half a century, heat-straightening 
techniques have been applied to bends and distortions in order to restore the original shape of 
steel elements. A few craftsmen, who have years of experience with heat straightening, perform 
the technique in the field with varying degrees of success. However, the scientific principles of 
heat straightening have not been well understood or documented for the profession. In order to 
address these issues, the Federal Highway Administration has sponsored a project to develop a 
set of comprehensive training materials on methods of conducting heat-straightening repairs. 
This manual is one part of this project and serves as a reference manual on heat straightening. 
Additional materials include a video illustrating heat-straightening repair techniques and an 
interactive computer program designed to be used as an educational tool for heat straightening. 
This package of materials is available through the Federal Highway Administration. 
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Chapter 1. Introduction 

Purpose of This Manual 

Damage caused by overload, vehicle 
impact, mishandling, earthquake, or fire is a 
perennial problem associated with steel 
structures. For almost half a century,’ heat- 
straightening techniques have been applied 
to bends and distortions in order to restore 
the original shape of steel elements. A few 
craftsmen, who have years of experience 
with heat straightening, perform the tech- 
nique in the field with varying degrees of 
success. Some of these experts have mas- 
tered heat straightening, but the process is 
still considered more of an art than a sci- 
ence. 

The ability to repair damaged struc- 
tural steel members in place, often without 
the need for temporary shoring, has gener- 
ated interest in heat straightening from the 
engineering profession. However, engineers 
have had to rely primarily on their own 
judgment and the advice of experienced 
technicians in applying heat-straightening 
techniques. Two key questions have often 
been raised: Do heat-straightening proce- 
dures exist which do not compromise the 
structural integrity of the steel? And if so, 
how can such repairs be engineered to en- 
sure adequate safety of the repaired struc- 
ture, both during and after repair? The pri- 
mary goal of this manual is to answer these 
two questions. 

This manual is divided into three 
parts. Part I provides a background and 
overview of the heat-straightening process. 
It is intended for a general audience ranging 

from heat-straightening practitioner, to con- 
tractor, to inspector, and to bridge engineer. 

Part II is a technical guide to heat 
straightening. Intended primarily for engi- 
neers, this section provides detailed techni- 
cal information on most aspects of heat 
straightening. These chapters provide the 
experimental, analytical and theoretical basis 
for the heat-straightening process. 

Part III contains guides, specifica- 
tions and reference material. An engineer- 
ing guide serves as a standard for the prac- 
tice of heat straightening. Portions are in- 
tended for the practitioner, contractor, in- 
spector and bridge engineer. A set of stan- 
dards or specifications for heat straightening 
repair are included along with a glossary and 
references. The specifications are suitable 
for incorporation into contract documents as 
technical specifications. 

This manual is also designed to be 
used in conjunction with a multimedia in- 
structional computer program and video 
produced as part of this FHWA sponsored 
project. The goal of the program is to pro- 
vide a comprehensive set of instructional 
materials for those interested in learning 
about heat-straightening repair. 

History of Heat Straightening 

The origins of heat straightening can 
be traced to the early days of welding. Steel 
fabricators observed how the heat from 
welding caused distortion in regular pat- 
terns. Some of these individuals began to 
experiment with ways to reverse this distor- 
tion by heating the steel in specific patterns 
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to counteract the initial distortion. With ex- 
perience, some of these technicians devel- 
oped skills at not only removing weld dis- 
tortion, but repairing other damage as well. 
These heating procedures developed as au 
art form passed from one practitioner to the 
next. 

During this period, the use of curved 
steel members gained popularity for both 
practical and aesthetic reasons. Primary ex- 
amples include horizontally curved bridge 
girders and camber to negate dead load de- 
flections. Heat curving techniques were de- 
veloped for these applications. While many 
of the heating techniques are similar to those 
used in heat straightening, there is a distinc- 
tion between the two. Heat curving is typi- 
cally performed on undamaged steel, usually 
in the controlled environment of the fabrica- 
tion shop. The typical radius of curvature 
for heat-curved members is quite large 
meaning that the curvature is usually very 
gradual. On the other hand, heat straight- 
ening is used on damaged steel in which the 
yield stress has been exceeded, and often ex- 
cessively, well into the strain-hardening 
range. Most heat straightening is conducted 
in the field, under highly variable weather 
conditions, and often with the members at 
least partially loaded. These differences 
mean that techniques and criteria for heat 
straightening may sometimes differ substan- 
tially from those of heat curving. 

Little information has been available 
in terms of quantification of the heat- 
straightening process. The earliest written 
information found was traced to Joseph Holt 
who defined some of the basic concepts of 
heat straightening in an unpublished manu- 
script in 193 8. Over the years since, more 
publications began to appear which tended 

to be more qualitative than quantitative in 
nature. 

Well into the 1980’s, the use of heat 
straightening was so little understood that 
one-half the States did not allow heat- 
straightening repair of bridges (Shanafelt 
and Horn, 1984). At that time there were 
reasons why heat-straightening repair had 
not been widely accepted. First, the basic 
mechanism of heat-straightening was not 
well-understood in that the effects of both 
external restraints (jacking) and internal re- 
straints (redundancy) were considered to be 
of minor concern rather than fundamental to 
the broad application of the process. Second, 
as a result of not identifying the importance 
of these parameters, there had been little 
documentation of the behavior of vee heated 
plates subjected to varying degrees of con- 
straint and even less on rolled shapes. Third, 
while a fair amount of research indicated 
that most material properties are relatively 
unaffected by heat straightening, two im- 
portant aspects had been overlooked: the in- 
fluence of strain aging on ductility; and re- 
sidual stress distribution. Finally, the re- 
search information available was predicated 
almost entirely on laboratory studies of sim- 
ple elements. The reported field investiga- 
tions were qualitative rather than quantita- 
tive and thus could not serve as a building 
block for validating heat straightening. Be- 
cause of these voids in heat-straightening re- 
search, it was indeed true that the artesian 
practicing the trade was much more impor- 
tant than the engineer. Consequently, heat- 
straightening repair was often not considered 
on engineered structures. 

In recent years, considerable research 
has been conducted to quantify the heat- 
straightening process. The technical data 
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presented here represent a comprehensive 
evaluation of the heat-straightening process. 

A scientific basis is provided which 
will enable an engineering evaluation of 
heat-straightening repairs. In turn, the 
methodology for conducting actual repairs is 
also presented. 

In the past, heat straightening has 
been more art than science. While the fun- 
damental principles and basic methodology 
will be presented here, heat straightening is 
a skill requiring practice and experience. 
The proper placement and sequencing of 
heats combined with control of the heating 
temperature and jacking forces distinguishes 
the expert practitioner. 

Typical Types of Damage 

The focus of this manual is on re- 
pairing damage to members of steel bridge 
structures. However, the principals are ap- 
plicable to any type of steel structure. Dam- 
age to steel bridge members may result from 
a variety of causes. Among the more t?e- 
quent are: vehicle impact, over-height 
trucks, unrestrained equipment on trucks, 
fire, and earthquake. While damage in 
structures may appear random, certain pat- 
terns and characteristics are distinguishable. 
A convenient way to classify damage is to 
define the four fundamental damage pat- 
terns, although typical accidents often in- 
clude a combination of these types. The 
fundamental damage categories are: 

1. Category S 

This type refers to damage as a result 
of bending about the “strong” or major axis. 
For rolled or built-up shapes, the web ele- 
ment is bent about its strong axis with one 
flange element in compression and one in 
tension. In addition to plastic deformation, 

the compression flange will sometimes ex- 
hibit local buckling due to the high com- 
pressive stresses. A typical example is 
shown in fig. 1.1. 

Figure 1.1 Graphic illustration of Category S 
damage. 

2. Category W 

This category refers to damage as a 
result of bending about the ‘tveak” or minor 
axis. For rolled or built-up shapes the web 
is usually at, or near, the neutral axis. Con- 
sequently, it may be below yield and not de- 
formed into the inelastic range. The flange 
elements are bent about their strong axes and 
usually exhibit classical flexural yield pat- 
terns. Typical examples are shown in fig. 
1.2. 
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(a) Category W damage on a built-up double channel 
truss member. The damage was caused by a log fal- 

ling from a truck on a bridge in North Louisiana. 

(b) Category W damage to main girders caused by 
wind during construction of a Louisiana bridge. 

Figure 1.2. Examples of Category W damage. 

- 

3. Category T 

This type refers to damage as a result 
of torsion or twisting about the longitudinal 
axis of a member. For rolled or built-up 
shapes, the flange elements tend to exhibit 
flexural plastic deformation in opposite di- 
rections. The web is often stressed at levels 

below yield. If one flange is constrained 
(such as the case of a composite bridge 
girder), then the unconstrained flange ele- 
ment is subjected to plastic deformation and 
yielding may also occur in the web. Exam- 
ples are shown in fig. 1.3. 
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(a) Category T damage to a composite wide 

flange beam. Damage was induced by a jack 

as part of an experimental program at LSU. 

(b) Category T damage on a composite bridge girder impacted by an over-height vehicle in Wisconsin. 

Figure 1.3. Examples of Category T damage. 
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Figure 1.4. Category L damage showing flange 
buckles on wind bracing on Mississippi River 

Bridge in Greenville, MS. 

4. Category L 

This category includes damage that 
is localized in nature. Local flange or web 
buckles, web crippling and small bends or 
crimps in plate elements of a cross section 
typify this behavior. An example is shown 
in fig. 1.4. 

The importance of this classification 
system is that well-defined heating patterns 
can be established for each category. Once 
these patterns are understood, they can be 
used in combination for damage that in- 
cludes multiple categories. 

Objectives of This Manual 

The goals of this manual are to: 

Describe and quantify the fundamentals 
of the heat straightening process. 

Address specific methods for repairing 
the basic damage categories described 
above. 

Provide guidelines for repairing more 
complex combinations of the basic dam- 
age categories. 

Provide detailed technical research data 
for engineers and scientists. 

Provide guidelines for conducting and 
supervising heat-straightening repairs. 

Provide model specifications for con- 
ducting heat-straightening repairs. 

How to Use This Manual 

This manual is intended as a refer- 
ence guide for conducting heat-straightening 
repairs. Part I, including Chapters 1, 2, and 
3, contains an overview of heat straightening 
and is designed as an introduction for those 
unfamiliar with the process. Part II, includ- 
ing Chapters 4 though 10, is a technical 
guide in which the details of the process are 
presented. This part contains a detailed ex- 
planation of all important aspects of heat 
straightening. Research data is presented 
and analyzed. This part serves as a technical 
reference in which the interested reader can 
pursue specifics on any aspect of heat 
straightening. Part III contains an engi- 
neering guide, recommended specifications, 
a glossary, and a list of references. The en- 
gineering guide summarizes the heat- 
straightening repair process in the form of a 
manual of practice. This guide summarizes - 
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the steps to be considered Tom assessment access material interactively. It contains an 
of damage to planning the repair process to overview section as well as sections on 
supervising the repair. The technical speci- management, design and techniques for heat 
fications are given in a form which may be straightening. An index provides a listing of 
incorporated into contracts or may be suit- commonly used heat straightening patterns. 
able for inclusion in codes and standards. The program also provides a step-by-step 

In conjunction with the development example of how to conduct a bridge repair. 
of this manual, a multimedia instructional The video is available in VHS format. It 
computer program and video have been pre- provides an overview of how to conduct 
pared. The fundamentals of heat straight- heat-straightening repairs. This manual pro- 
ening are illustrated in both. The multime- vides background material and more in- 
dia computer program is available on a depth information as a supplement to the 

compact disc (CD) and allows the user to computer program and video. 
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Chapter 2. Heat Straightening Basics 

What Is Heat Straightening? 

Heat straightening is a repair proce- 
dure in which a limited amonnt of heat is 
applied in specific patterns to the plastically 
deformed regions of damaged steel in re- 
petitive heating and cooling cycles to pro- 
duce a gradual straightening of the material. 
The process relies on internal and external 

restraints that produce thickening (or upset- 
ting) during the heating phase and in-plane 
contraction during the cooling phase. Heat 
straightening is distinguished from other 
methods in that force is not used as the pri- 
mary instrument of straightening. Rather, 
the thermal expansion/contraction is an un- 
symmetrical process in which each cycle 
leads to a gradual straightening trend. The 
process is characterized by the following 
conditions which must be maintained: 

1. 

2. 

3. 

The maximum heating temperature of 
the steel does not exceed either (a) the 
lower critical temperature (the lowest 
temperature at which molecular changes 
occur), or (b) the temper limit for 
quenched and tempered steels. 

The stresses produced by applied exter- 
nal forces do not exceed the yield stress 
of the steel in its heated condition. 
Only the regions in the vicinity of the 
plastically deformed zones are heated. 

When these conditions are met, the 
material properties undergo relatively small 
changes and the performance of the steel 
remains essentially unchanged after heat 
straightening. Properly conducted, heat 

straightening is a safe and economical pro- 
cedure for repairing damaged steel. 

A clear distinction should be made 
between heat straightening and two other 
methods often confUsed with heat straight- 
ening: hot mechanical straightening and hot 
working. Hot mechanical straightening dif- 
fers Corn heat straightening in that applied 
external force is used to straighten the dam- 
age. These applied forces produce stresses 
well above yield, resulting in large move- 
ments during a single heat cycle. Often the 
member is completely straightened by the 
continued application of a large force during 
a single cycle. The results of this type of 
straightening are unpredictable and little re- 
search has been conducted on this proce- 
dure. Specific concerns about hot mechani- 
cal straightening include: 

1. Fracture may occur during straightening 

2. Material properties may be adversely 
affected 

3. Buckles, wrinkles or crimps may result 

The Engineer should recognize that hot me- 
chanical straightening is an unproven 
method which may lead to damaged or de- 
graded steel. As such, its use should be con- 
sidered only in special cases in which other 
methods are not viable. 

Hot working is distinguished from 
heat straightening in that both large external 
forces and high heat are used. This method 
is similar to hot mechanical straightening in 
that external forces are used. In addition, 
the steel is heated well above the lower criti- 
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cal temperature and often glows cherry red 
indicating a temperature above the upper 
critical temperature. The results of this pro- 
cess are highly unpredictable and may result 
in: 

1. 

2. 

3. 

4. 

Fracture during straightening 

Severe changes in molecular structure 
which may not be reversible 

Severe changes in mechanical properties 
including a high degree of brittleness 

Buckles, wrinkles, crimps, and other 
distortions 

Hot working should not be used to repair 
damaged steel. 

Some practitioners will tend to over-jack 
and over-heat yet claim to be heat straight- 
ening. The reader is cautioned to be aware 
of these distinctions when specifying heat 
straightening as opposed to either hot me- 
chanical straightening or hot working. 
Why Heat Straightening Works 

The basic concept of heat straight- 
ening is relatively simple and relies on two 
distinct properties of steel: 

l If steel is stretched or compressed past a 
certain limit (usually referred to as 
yield), it does not assume its original 
shape when released. Rather, it remains 
partially elongated or shortened, de- 
pending on the direction of the originally 
applied force. 

l If steel is heated to relatively modest 
temperatures (370-700°C or 700- 
1300°F), it’s yield value becomes sig- 
nificantly lower while at the elevated 
temperature. 

To illustrate how steel can be permanently 
deformed using these two properties, con- 
sider the short steel bar in fig. 2.la. First, 
the bar is placed in a fixture, much stronger 
than the bar itself, and clamped snug-tight 
(fig. 2.lb). Then the bar is heated in the 
shaded portion. As the bar is heated it tries 
to expand. However, the fixture prevents 
expansion in the longitudinal direction. 
Thus, the fixture exerts restraining forces on 
the bar as shown in fig. 2.1~. Since the bar 
is prevented from longitudinal expansion, it 
is forced to expand a greater amount later- 
ally and transversely through it’s thickness 
than in an identical unrestrained bar. Con- 
sequently, a bulge will occur in the heated 
zone. Because the bulge has been heated, its 
yield value has been lowered, resulting in 
some yielding which does not occur in the 
unheated portions. When the heating source 
is removed, the material will cool and con- 
tract three-dimensionally. The clamp cannot 
prevent the bar from contracting longitudi- 
nally, As cooling progresses the bar short- 
ens and the bulge shrinks. However, a por- 
tion of the bulge is permanent even after the 
bar has completely cooled and the bar has 
shortened from its original length, fig. 2.1 d. 
In essence a permanent redistribution of 
material has occurred in the heated zone 
leaving the bar slightly shorter with a small 
bulge. This permanent bulge, or thickening, 
in the heated zone is called “upsetting”. The 
redistribution of material is referred to as 
‘cplastic deformation” or “plastic flow”. The 
clamping force is often referred to as a re- 
straining force. Through cycles of clamp- 
ing, heating, and cooling, the bar could be 
shortened to practically any length desired. 

_ 

- 

- 

- 
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(a) Undeformed steel bar 

Haatmd zone J u 

(b) Snug-tight clamp restraining the bar 

(c) Upsetting during heoting 

(d) Final configuration of heated bar 

Figure 2.1. Conceptual example of shortening a 
steel bar. 

This simple example illustrates the 
fundamental principles of heat straightening. 
However, most damage in steel members is 
much more complex than stretching or 
shortening of a bar. Consequently, different 
damage conditions require their own unique 
heating and restraining patterns. 

The purpose of this chapter is to ex- 
plain the basic techniques used in heat- 
straightening. 

There are three key elements to the 
heat-straightening process. The first is to 
select proper heating patterns and sequenc- 
ing to fit the damage. The second is to prop- 
erly control the heating temperature, and rate 
of heating and cooling. The third is to pro: 
vide appropriate restraints during the heating 

cycle which can be relaxed or modified 
during the cooling cycle. The place to begin 
a discussion of heat straightening basics is 
with the first key: proper heating patterns 
and sequencing. 
Fundamental Heating Patterns 

Several types of simple heating pat- 
terns exist. When these patterns are com- 
bined into specific combinations, effective 
heat straightening results. As a starting 
point in understanding heat straightening, it 
is helpful to first consider a flat plate. Most 
steel bridge members are an assemblage of 
plate elements arranged to maximize 
strength and stiffness while minimizing 
material. Once an understanding of the 
heating patterns for a single plate is devel- 
oped, these concepts can be extended to 
other shapes. There are several basic heat- 
ing patterns used for flat plates. 

Vee Heat.-The vee heat is the most 
fundamental pattern used to straighten 
strong axis (category S) bends in steel plate 
elements. As seen in fig. 2.2, a typical vee 
heat starts with a very small spot heat ap- 
plied at the apex of the vee-shaped area us- 
ing an oxy-me1 torch. When the desired 
temperature is reached (usually around 
650°C or 1200°F for mild carbon steel), the 
torch is advanced progressively in a serpen- 
tine motion toward the base of the vee. This 
motion is efficient for progressively heating 
the vee from top to bottom. The plate will 
initially move upward (fig. 2.2a) as a result 
of longitudinal expansion of material above 
the neutral axis producing negative bending. 
The cool material adjacent to the heated 
area resists the normal thermal expansion of 
the steel in the longitudinal direction. As a 
result, the heated material will tend to ex- 
pand, or upset, to a greater extent through 
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movement during heat-strolghtsning 
roriglnai deformed shape 

(a) Plate movement during early heating 
phase (deflection decreases) 

&trafnlng 
force 

(b) Plate movement near the completion 
of heating (deflection increases) 

/ \- --- 

(c) Final position after cooling (deflection 
decreases) 

Figure 2.2. Stages of movement during vee heat. 

the thickness of the plate, resulting in plastic 
flow. At the completion of the heat, the en- 
tire heated area is at a high and relatively 
uniform temperature. At this point the plate 
has moved downward (fig. 2.2b) due to lon- 
gitudinal expansion of material below the 
neutral axis producing positive bending. As 
the steel cools, the material contracts longi- 
tudinally to a greater degree than the expan- 
sion during heating. Thus, a net contraction 
occurs. Because the net upsetting is propor- 
tional to the width across the vee, the 
amount of upsetting increases from top to 
bottom of the vee. This variation produces a 
closure of the vee. Bending is produced in 
an initially straight member, or straightening 
occurs (if the plate is bent in the opposite 
direction to that of the straightening move- 

Figure 2.3. Schematic diagram of edge heats used 
to heat-curve a beam. 

ment, fig. 2.2~). For many applications, it is 
most efficient to utilize a vee that extends 
over the full depth of the plate element but, 
partial depth vees may be applicable in cer- 
tain situations. When using partial depth 
vees, the open end should extend to the edge 
of the element. The vee depth is varied by 
placing the apex at a partial depth location. 
The most typical partial depth vees are the 
three-quarter and half depth. Applications 
for partial depth vees will be discussed in 
later sections. 

Edge Heats.-If a smooth gentle bend 

- 

- 

- 

- 

- 

is desired, a line along the edge of the mem- 
ber is heated. The line may be continuous or 
intermittent, depending on the degree of 
curvature desired. This pattern is often used 
to heat-curve rolled shapes in the fabricating 
shop. A schematic is shown in fig. 2.3. 

Line Heats.-Line heats are employed 
to repair a bend in a plate about its weak 
axis. Such bends, severe enough to produce 
yielding of the material, often result in long 
narrow zones of yielding referred to as yield 
lines. A line heat consists of a single 
straight pass of the torch, fig. 2.4. The re- 
straint in this case is often provided by an 
external force although movement will occur 

- 

- 

- 

.- 
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Figure 2.4. Line heat in progress on the web of a 
wide flange beam. 

without external constraints. This behavior 
is illustrated in fig. 2.5. A line heat is ap- 
plied to the underside of a plate element 
subjected to bending moments produced by 
external forces (fig. 2.5a). As the torch is 
applied and moved across the plate, the tem- 
perature distribution decreases through the 
thickness (fig.2.5b). The cool material 
ahead of the torch constrains thermal expan- 
sion, even if bending moment constraints are 
not present. Because of the thermal gradi- 
ent, more upsetting occurs on the torch (or 
hotter) side of the plate. During cooling this 
side consequently contracts more, creating a 
concave bend on the torch side of the plate 
similar to that shown in fig. 2.5d. Thus, to 
straighten a plate bent about its weak axis, 
the heat should be applied to the convex side 
of the damaged plate. The movement can be 
magnified by the use of applied forces which 
produce bending moments about the yield 
line (fig. 2.5~). Referring to a section 
through the plate transverse to the line heat 

(b) Transverse section AA showing a 
schematic of decreasing steel 
temperature contours proportional 
to distance from torch tip 

Transvars~ rxpanrion 
agnified during heating 

ransversa expansion 
constrained during hratlng 

(c) Transverse section AA during 
heating showing effect of bending 
moment constraints 

(d) Transverse section AA during 
cooling 

Figure 2.5. Schematic of line heat mechanism. 
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Figure 2.6. Strip heat in progress with a completed strip heat in the foreground. 

(fig. 2Sc), the restraining moments tend to 
prevent transverse expansion below the plate 
centerline. In a manner similar to the vee 
heat mechanism, the material thus tends to 
expand through the thickness, or “upset”. 
Upon cooling, the restraining moments tend 
to magnify transverse contraction (fig. 2.5d). 
The speed of the travel of the torch is criti- 
cal as it determines the temperature attained. 
With proper restraints and a uniform speed 
of the torch, a rotation will occur about the 
heated line. 

Spot Heats.-For a spot heat, a small 
round area of the metal is heated by moving 
the torch in a slow circular motion increas- 
ing the diameter until the entire area of the 

metal is heated. A spot heat causes upset- 
ting of the metal through the thickness due 
to the restraint provided by the cool sur- 
rounding material. On cooling, a spot heat 
leaves tensile stresses in all the radial direc- 
tions across the heated area. During a spot 
heat, the torch should not be held at a par- 
ticular point for too long, as the spot may get 
too hot and buckling may occur due to ex- 
cessive thermal expansion on the heated side 
of the member. Spot heats are used to repair 
localized damage such as bulges, dents, bel- 
lies, or dishes in a plate element. 

- 

_- 

- 

.- 

- 

Federal Highway Administration 16 - 



R  

I I  

F 

Figure 2.7. Schematic of strip heat on the top 
flange of a wide flange beam. 

Strip Heats.-Strip heats, also called 
rectangular heats, are used to remove a bulge 
in a plate element or to complement a vee 
heat. Strip heats are similar to vee heats and 
are accomplished in a like manner. Begin- 
ning at the initiation point, the torch is 
moved back and forth in a serpentine fashion 
across a strip for a desired length, fig. 2.6 
and 2.7. This pattern sequentially brings the 
entire strip to the desired temperature. The 
orientation can be an important considera- 
tion. The strip heat may be initiated at the 
midpoint and moved toward both edges si- 

multaneously using two torches. This ap- 
proach would minimize weak axis bending 
of the beam shown in fig. 2.7a. A second 
alternative with similar effect is shown in 
fig. 2.7b using a single torch and starting 
from one side. Depending on the structural 
configuration, the strip may also be started 
at a free edge as shown in fig. 2.7~. How- 
ever, without restraints, this orientation may 
produce some weak axis bending. By alter- 
nating the initiation point to opposite edges 
in successive heating cycles, the weak axis 
bending can be minimized. 
Defining Basic Damage Patterns and 
Yield Zones 

The fundamental damage categories 
have previously been defined. A yield pat- 
tern is associated with each damage cate- 
gory. The yield zone of steel is that area in 
which inelastic deformation has occurred. It 
is important to recognize the region of 
yielding because heat should only be applied 
in the vicinity of the yield zones. Typical 
yield zones are shown in fig. 2.8. These 
sketches are schematic to depict the basic 
patterns. The yield zones may vary in length 
depending on the type of loading and degree 
of damage. Often, these zones can be de- 
termined by visual inspection and are identi- 
fied by paint peeling or loosened rust and 
mill scale. Analytical methods are also 
available when necessary to accurately de- 
termine yield zones. The yield zone for 
category S damage to a wide flange beam is 
shown in fig. 2.9 along with the appropriate 
heating pattern. 
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(a) Category S damage (strong axis) 
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(b) Category W damage (weak axis) 
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Figure 2.8. Yield zones for basic damage patterns. - 
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(c) Category T damage (Torsional) for 
wide flanges 
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(d) Category L damage (Local) 

Figure 2.8. Continued. 
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Figure 2.9. Yield zone and veelstrip heat layout 
for a category S I shaped beam. 

Basic Heating Patterns 

The repair of damaged steel mem- 
bers often requires a combination of vee, 
strip, line, or spot heats. A series of such 
heats, applied consecutively as a group, is 
referred to as a heating pattern. The order in 
which these individual heats are conducted 
is referred to as the heating sequence. The 
process of conducting a complete heating 
pattern and allowing it to cool is referred to 
as a heating cycle. Structural steel shapes 
for bridges can be considered as an assem- 
blage of flat plates. Almost invariably, 
damage to these shapes involves the bending 
of some of these plate elements about their 
own major axes. Consequently, the heat 
straightening of steel begins with the appli- 
cation of vee heats to such plate elements. 
The application of a single vee heat to a flat 
plate has already been described. This basic 
vee heat is the building block upon which 
heat straightening of bridge members rest. 
The heating patterns used for the four fun- 
damental damage categories are outlined in 
this section for typical rolled shapes. 

Flat Plate Bent About Major Axis 
(Category S).-The deformed shape of the 
typical bent plate is shown in fig. 2.10. The 
heating pattern is the full-depth vee as 
shown. Because the net change in curvature 
after one pattern of heats is small, cycles of 
heating and cooling are required to com- 
pletely straighten a damaged plate. For each 
cycle, the vee (or vees) should be moved to 
a different location in the vicinity of the 
yield zone region as suggested by the dashed 
lines in fig. 2.10 so that the exact same spot 
is not continually reheated. More heats 

__ 

- 

- 

-- should be placed in the central part of the 
yield region and fewer near the extremities 
to reflect the difference in damage curvature. 
This principle applies for all heating pat- 

terns in the following sections. 

.__ 

Structural Members Bent About 
Their Strong (Major) Axis (Category S).- 
As shown in fig. 2.11, the heating pattern for 
these cases consist of a vee and strip heat 
combination. For purposes of defining 
heating patterns, it is convenient to refer to 
the elements of a cross section as either pri- 
mary or stiffening elements. The primary 
elements are those damaged by bending 
about their major axes, such as the webs in 
fig. 2.11. The stiffening elements are those 
bent about their minor axes, such as the 
flanges in fig. 2.11. Typically, vee heats are 
applied to primary elements while strip, line 
or no heat at all may be applied to stiffening 
elements. For the case under consideration 
here, a vee heat is first applied to the web. 
Upon completion, a strip heat is applied to 
the flange at the open end of the vee. The 
width of the strip heat always equals the vee 
width at the point of intersection. This pro- 
cedure allows the vee to close during cool- 
ing without restraint fi-om the stiffening 
element. No heat is applied to the flange at 

- 

- 

.- 

_ 

- 

- 

- 

- 

- - 
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Yield Zone 

Figure 2.10. Plate vee heat pattern over yield zone. 
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Figure 2.11. Heating patterns for wide flanges and 
channels bent about their major axes 

(Category S). 

the apex of the vee. This veekrip combina- 
tion is repeated by shifting over the vicinity 
of the yield zone until the member is 
straight. 

Structural Members Bent About 
Their Weak (Minor) Axes (Category W).- 
The heating pattern for these cases is similar 
to the previous case but note the primary and 
stiffening elements are reversed. The vee 
heat is first applied to both flanges (either 

simultaneously or one at a time) as shown in 
fig. 2.12. After heating these primary ele- 
ments, a strip heat is applied to the web. 
The only exception is that no strip heat is 
applied to stiffening elements located adja- 
cent to the apex of a vee heated element 
since this element offers little restraint to the 
closing of the vee during cooling. Note that 
the width of the strip heat is equal to the 
width of the vee heat at the point of inter- 
section. For all cases the pattern is repeated 
by shifting over the vicinity of the yield 
zone until the member is straight. 

Structural Members Subject to 
Twisting Damage (Category T).-The 
heating pattern for this damage case is 
shown in fig. 2.13. The vees on the top and 
bottom flange are reversed to reflect the dif- 
ferent directions of curvature of the opposite 
flanges. The vee heats are applied first and 
then the strip heat is applied. Note that for 
the channel, the strip heat need only be ap- 
plied to half depth. This half depth strip al- 
lows the lower flange vee to close with 
minimal restraint from the web. 
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Figure 2.12. Heating patterns for wide flanges and 
channels bent about their minor axes 

(Category W). 

’ Llns heats ’ ’ Vee heat star pattern 

(a) Web bulge heating patterns 
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Plan (line heats only) 
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(b) Local flange damage heating 
pattern 

Figure 2.14. Typical heating patterns for local 
damage. 

Figure 2.13. Wide flanges and channels with 
twisting damage (Category T). 

(a) Heoting pattern for 
damage primarily in 
the plane of the top 
leg. 

(b) Heating pattern for 
damage primarily in 
the plans of the 
vertical leg. 

Figure 2.15. Heating patterns for angles. 
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Figure 2.16. Oxyacetylene fuel system. 

Figure 2.17. Fuel mixing nozzle. 
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Figure 2.18. Single orifice tip. 

Figure 2.19. Rosebud tip. 
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Flanges and Webs with Local 
Buckles (Category L).-A local buckle or 
bulge reflects an elongation of material. 
Restoration requires the bulging area to be 
shortened. A series of vee or line heats can 
be used for this purpose as shown in fig. 
2.14. These vees are heated sequentially 
across the buckle or around the bulge. For 
web bulges either lines or vees may be used. 
If vees are used, they are spaced so that the 
open end of the vees touch. There is a ten- 
dency for practitioners to over-heat web 
bulges. For most cases, too much heat is 
counter-productive. The preferred pattern is 
the line heats in the spoke/wagon wheel 
pattern. For the flange buckle pattern (fig. 
2.14b) either lines or a combination of lines 
and vees may be used. For most cases, the 
line pattern with few or no vees tends to be 
most effective. Since the flange damage 
tends to be unsymmetrical, more heating 
cycles are required on the side with the most 
damage. 

Angles.-Since angles usually do not 
have an axis of symmetry, the heating pat- 
tern requires special consideration. Typi- 
cally, the heating pattern is similar to that of 
a channel. However, the vee heat on one leg 
of an angle will produce components of 
movement both parallel and perpendicular to 
the heated leg. Thus, the heating pattern 
shown in fig. 2.15 may need to be alternated 
on the adjacent leg. Another method to 
minimize out-of-plane movement is to use 
the strip heat patterns suggested in fig. 2.15. 

Equipment and Its Use 

The primary equipment utilized for 
heat straightening is a heating torch. The 
heat source is typically an oxygen-fuel 
mixture. Typical fuels include acetylene, 
propane, and natural gas. The appropriate 

fuel is mixed with oxygen under pressure at 
the nozzle to produce a proper heating 
flame. An oxygen and acetylene setup is 
shown in fig. 2.16 and the standard nozzle in 
fig. 2.17. A regulator is used to reduce pres- 
sures to working levels of loo-140 kPa (15- 
20 psi). Either a single orifice torch tip, fig. 
2.18, or a multiple orifice tip, fig. 2.19, may 
be used. The size and type is dictated by the 
fuel selected and thickness of material to be 
heated. A No. 8 single orifice tip is gener- 
ally satisfactory for thicknesses up to 20-25 
mm (3/4 or 1 in) with acetylene. For thinner 
material a smaller tip is recommended. If 
heavy sections are being heated, a single ori- 
fice tip may not be adequate. For such cases 
a rosebud or multiple orifice tip is recom- 
mended. The size may vary depending on 
the material thickness. The determining 
factor is the ability to raise the through-the- 
thickness steel temperature to the specified 
level. Note that whether single or multiple 
orifice, the torch should be a heating torch 
and not a cutting torch. 

The oxyacetylene fuel is preferred by 
many because it is a “hot” fuel. However, 
this fuel is also highly volatile. Some prefer 
a propane fuel, which is safer to handle. 
Since it does not burn as hot, a larger tip or 
rosebud orifice may be required. In either 
case the key is to be able to quickly heat a 
small area. Torch size and fuel must be ad- 
justed to meet these criteria. 

Safety Considerations 

The fuel used in heat straightening is 
volatile and dangerous. Fuel tanks should 
always be handled with extreme care. 
Safety precautions include: 

l Always place a protective cap on head of 
tank before handling. 
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l Always secure tanks prior to heat 
straightening. 

l Examine tanks for damage prior to each 
use. 

l Check lines and fixtures for leaks or 
damage prior to each use and that proper 
check valves are installed. 

In addition, the technician using the 
torch must be safety conscious at all times. 
Precautions include: 

l Wear protective goggles while heating as 
shown in fig. 2.20 (a no. 3 lens is rec- 
ommended). 

l Be careful of where the lighted torch is 
pointed at all times. 

l Wear protective gloves and clothing. 

l Always be in a stable, secure position 
prior to opening valves and lighting the 
torch. 

- 
l Follow proper procedures when using 

scaffolding and use safety harnesses 
when working above the ground. 

Temperature Control 

_- 

One of the most important and yet 
difficult-to-control parameters of heat 
straightening is the temperature of the 
heated metal. Factors affecting the tern- 
perature include size and type of the torch 
orifice, intensity of the flame, speed of torch 
movement, and thickness and configuration 
of the member. Assuming that adequate 
control of the applied temperature is main- 
tained, the question arises as to what tern- 
perature produces the best results in heat 
straightening without altering the material 
properties. Early investigators had different 
opinions on temperature control. However, 
more recent comprehensive testing programs 
have shown that the plastic rotation pro- 
duced is directly proportional to the heating 
temperature, up to at least 870°C (1600°F). 
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The maximum temperature recom- 
mended by most researchers is 650°C 
(1200°F) for all but quenched and tempered 
high-strength steels. Higher temperatures 
may result in greater rotation but out-of- 
plane distortion becomes likely and surface 
damage such as pitting will occur at 760”- 
870°C (1400” to 1600” F ). Also, tempera- 
tures in excess of approximately 700°C 
(1300°F) (metallurgically referred to as the 
lower phase transition temperature) may 
cause changes in molecular composition 
which could alter material properties after 
cooling. The limiting temperature of 650°C 
(1200°F) allows for about one hundred de- 
grees of temperature variation, which was 
found to be a common range among experi- 
enced practitioners. AASHTO/AWS D1.5 
(1996) specifies maximum heating tem- 
peratures of 590°C (1 lOOoF) for quenched 
and tempered steels and 650°C (1200°F) for 
all others. For A514 and A709 (grades 100 
and lOOW), a minimum tempering tem- 
perature of 620°C (1150°F) is required. 
Thus, the 590°C (1100°F) limit provides a 
30°C (50°F) safety factor. However, for 
A709 grade 70W the specified minimum 
tempering temperature is 590°C (1100°F). 
A maximum heating temperature of 565°C 
(1050OF) is recommended for this grade to 
provide a 30°C (50’F) safety factor and to 
avoid property changes. 

To control the temperature, the speed 
of the torch movement and the size of the 
orifice must be adjusted for different thick- 
nesses of material. However, as long as the 
temperature is rapidly achieved at the ap- 
propriate level, the contraction effect will be 
similar. Various methods can be used to 
monitor temperature during heating. Princi- 
pal among these include: visual observation 
of color of the steel; use of special tempera- 

ture sensing crayons or pyrometers; and 
infi-ared electronic temperature sensing de- 
vices. More details on the use of these tech- 
niques are given in Chapter 3 (Role of Engi- 
neer, Inspector, and Contractor.) 
Restraining Forces 

The term “restraining forces” can re- 
fer to either externally applied forces or in- 
ternal redundancy. These forces, when 
properly utilized, can expedite the straight- 
ening process. However, if improperly ap- 
plied, restraining forces can hinder or even 
prevent straightening. In its simplest terms, 
the effect of restraining forces can be ex- 
plained by considering the previous plate 
element as shown in fig. 2.2. The basic 
mechanism of heat straightening is to create 
plastic flow, causing expansion through the 
thickness (upsetting) during the heating 
phase, followed by elastic longitudinal con- 
traction during the cooling phase. This up- 
setting can be accomplished in two ways. 
First, as the heat progresses toward the base 
of the vee, the cool material ahead of the 
torch prevents complete longitudinal expan- 
sion of the heated material, thus forcing up- 
setting through the thickness. However, as 
shown in fig. 2.2, some longitudinal expan- 
sion occurs because the surrounding cool 
material does not offer perfect confinement. 
After cooling, the damaged induced distor- 
tion is reduced in proportion to the confine- 
ment level from the internal restraints. 

A second method of producing the 
desired upsetting (usually used in conjunc- 
tion with the vee heat) is to provide a re- 
straining force. The role of the restraining 
force is to reduce or prevent longitudinal 
plate movements associated with expansion 
during the heating phase. For example, if a 
restraining force is applied as shown in fig. 
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2.2, the upsetting effect will be increased by 
constricting the free longitudinal expansion 
at the open end of the vee. A restraining 
force is usually applied externally, produc- 
ing a bending moment tending to close the 
vee. Caution must be used in applying ex- 
ternal forces, since over-jacking may result 
in fracture of the member. To minimize the 
cracking potential, it is recommended that an 
external force be calculated and set prior to 
actual heating and not be readjusted until 
the cooling phase of the cycle is complete. 

In essence, a restraining force acts in 
a similar manner to the cool material ahead 
of the vee heat torch movement. The mate- 
rial behavior can be viewed as shown in fig. 
2.21. A small element from a plate, when 
constrained in the x-direction and heated, 
will expand and flow plastically primarily 
through the thickness (fig. 2.21c). Secon- 
dary plastic flow will occur in the y- 
direction. However, this movement will be 
small in comparison with that of the z- 
direction, because the plate is much thinner 
than its y-dimension and offers less restraint 
to plastic flow. Upon cooling with unre- 
strained contraction, the final configuration 
of the element will be smaller in the X- 
direction and thicker in the z-direction (fig. 
2.21d). The material itself cannot distin- 
guish the cause of the constraint: either 
cooler adjacent material in the case of the 
vee heat or an external force in the case of a 
restraining force. In either case the plastic 
flow occurs in an identical manner. 

Sometimes the structure itself pro- 
vides additional restraint through redun- 
dancy. For example, if the simply supported 
beam depicted in fig. 2.2 were fixed at the 
supports, the member stiffness increases by 
33 percent. This increased stifmess would 
provide additional restraint over the simply 

supported case. In general, structural re- 
dundancy increases the movement per heat - 
in a member. 

In light of this discussion, a set of 
criteria for constraining forces can be devel- 
oped. These criteria apply for internal as 
well as external constraints. 
1. Constraints should be passive during the 

heating phase; that is, they should be ap- 
plied before heating and not increased by 
external means during heating or cool- 
ing. 

_ 

- 

- 

2. Constraints should not impede contrac- 
tion during the cooling phase. 

3. Constraints should not produce local 
bucking of the compression element 
during the heating phase. 

4. Constraints should not produce an un- 
stable structure by either the formation 
of plastic hinges or member instability 
during the heating phase. 

From a practical viewpoint, these criteria 
mean that (a) the vee angle should be kept 
small enough to avoid local buckling, (b) the 
external restraining forces must be applied 
before heating and be self-relieving as con- 
traction occurs, and (c) the maximum level 
of any externally applied forces must be 
based on a structural analysis of the com- 
plete structure that includes the reduced 
strength and stiffness of a member due to the 
heating effects. 

- 

- 

__ 
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Figure 2.21. Characteristics of plastic flow and restraint during heat straightening. 

Table 2.1. Recommended torch tips for various material thicknesses. 

3 75 Rosebud 5 
>4 100 Rosebud 5 
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Practical Considerations 
This description of the heat straightening 
process provides the basic methodology. 
However, the proper application of heat is a 
skill requiring practice and experience and at 
this juncture, the art of heat straightening 
meets the technology. The practitioner 
needs to understand the variables involved 
in the process and how to control them. 
Some of the more important variables are 
discussed here. 

Torch Tip Size and Intensity.-The 
amount of heat applied to a steel surface is a 
function of the type of fuel, the number and 
size of the orifices as well as the adjustment 
of the fuel pressure and intensity at the noz- 
zle tip. Selecting the appropriate tip size is 
primarily a function of the thickness of the 
material. The goal is to rapidly bring the 
steel in the vicinity of the torch tip to the 
specified temperature, not just at the surface, 
but through out the thickness. Once this 
condition is obtained at the initial heating 
location, the torch should be moved along 
the path at a rate that brings successive sec- 
tions of steel to the specified temperature. A 
tip that is too small for the thickness will 
result in an inadequate heat input at the sur- 
face that does not penetrate adequately 
through the thickness. If the tip is too large, 
there will be a tendency to input heat into 
the region so quickly that it is difficult to 
control the temperature and distortion. table 
2.1 is a general guide for selecting a tip size. 
However, this table is only a guide. Inten- 
sity of the torch, ambient temperature, steel 
configuration, access, and fabrication details 
may influence the choice of tips. Adjust- 
ments can also be made in the torch intensity 
to improve the heating response. A hotter 
flame is helpful if the configuration of the 
steel tends to draw heat away from the spot 

of heating. A less intense flame allows for 
a slower pace as the torch is moved along 
the path. The intensity may be adjusted so 
as to compensate for variables encountered 
in the field. 

Material configuration.-The pace 

__ 

- 

of moving the torch along the path will be a 
function of the configuration of the member, 
location of damage and fabrication details. 
At the initiation of heating, the torch typi- 
cally remains on a single spot as the tern- 
perature rises. Once the heating temperature 
is reached, a steady movement along the 
path of heating can usually be maintained. 
However, backside attachments such as 
stiffeners may serve as a heat sink requiring 
the slowing of the torch movement over 
certain zones. 

One typical example is the heating of 
the flange of a rolled beam where the web- 
flange juncture must be heated more slowly 
since the web draws heat away from the 
flange. Sometimes the pace must be quick- 
ened to maintain a uniform heat. A common 
example is at the conclusion of a vee heat at 
a free edge. By the last pass along that edge, 
the wave of heat moving down the vee al- 
most overtakes the torch. As a result, the 
last pass is usually conducted very quickly. 
Practice heats will allow you to develop a 
feel for how to vary the torch speed over 
various configurations. 

- 

- 

_ 

- 

Judging the Temperature.-In the- 
ory, control of temperature may seem easy: 
watch the color of the steel and use tem- 
perature crayons. In practice, temperature 
control is quite difficult. First, the satiny 
silver color of steel indicating 650°C 
(1200°F) is often obscured. The torch flame 
often reacts with surface impurities includ- 
ing paint, oil or previous temperature crayon 

- 

- 

- 

__ 

Federal Highway Administration 30 -_ 



marks themselves. When the flame hits 
these, it may burn bright yellow or orange 
and hide the surface near the tip. The avail- 
able light also influences visual observa- 
tions. In daylight or bright indoor light, the 
silver color is easier to read and no dull red 
can be seen. However, in outside shadow 
zones or on overcast days or with limited 
artificial light, the steel will emit a slight 
dull red glow at the same temperature. As a 
general rule, if you can see red in normal 
lighting, you’re heating too hot. Many shop 
fabricators, erectors and welders operate on 
the principle that more heat is better. There 
is at least one book on heat straightening in 
which the author begins his description with: 
“First, heat the steel until it glows cherry 
red. . .“. This is not heat straightening! Call 
it hot working, hot mechanical straightening, 
or even blacksmithing; but don’t confuse it 
with heat straightening. When heat straight- 
ening is done properly the steel is not heated 
above its lower phase transition temperature. 
The steel’s properties will not change sig- 
nificantly when the temperature is correctly 
controlled. Overheating may create brittle, 
fracture sensitive zones, which could result 
in a sudden failure. Constant vigilance is 
required to maintain the heating temperature 
in the correct range. It takes practice to de- 
velop the skill of recognizing and control- 
ling the temperature 

Jacking Forces.-Earlier in this 
chapter a clear distinction was made be- 
tween hot mechanical straightening and heat 
straightening. The technique of hot me- 
chanical straightening consists of lowering 
the yield strength by heating and then me- 
chanically applying sufficient jacking loads 
in a single application to straighten the dam- 
age by inelastically deforming the section. 
Heat straightening on the other hand, re- 

quires that the restraining forces result in 
stresses that are less than the yield stress at 
the elevated temperature. Movement occurs 
as a result plastic deformations during con- 
traction, not by mechanical overload. 
Therefore, initial restraining forces are an 
integral part of heat straightening. First, you 
should always know how much external 
force is being applied to the system. Thus, 
all jacks should be gauged and calibrated. 
Second, the maximum jacking force should 
be calculated to insure that over-stress at 
elevated temperatures will not occur. Often, 
these computations require a structural engi- 
neering analysis, although for certain fie- 
quently encountered cases, some rules of 
thumb can be established. These issues are 
addressed in detail in the technical part of 
this manual (Part II). The practitioner must 
be aware that over-jacking may cause over- 
correction, buckling or a sudden fracture 
during the process. It might also result in 
difficult to detect micro-crack damage which 
could permanently weaken the repaired 
structure or greatly reduce fatigue resistance. 

Heating Patterns.-One of the keys 
to heat straightening is appropriate heat pat- 
terns to fit the yield zones of the steel. Basic 
patterns were illustrated in figs. 2.10-2.15. 
Yield zones, where the steel has inelastically 
deformed, occur in regions of sharpest cur- 
vature. Some practitioners have a tendency 
to heat in a broader zone, but this again is a 
case of more being less-Stay with the rec- 
ommended patterns and do not expand them. 
Heat straightening is a cyclic process. The 
movement occurs gradually by contraction 
during cooling. Sometimes 20 or more 
heating cycles are required to completely 
straightening a damaged member. Since a 
heating pattern usually covers only a portion 
of the yield zone, the pattern should be 
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shifted on a cycle-by-cycle basis. The sig- 
nificant portion of a single heating pattern 
array should be in the yield zone with fewer 
heating cycles near the edges and more near 
the center where curvature is the sharpest. 
Also, only make a single continuous pass 
through a given zone during one heating cy- 
cle. Going back and re-heating before the 
material has cooled interrupts the contrac- 
tion process. The heat straightening predict- 
ability and effectiveness is consequently re- 
duced. 

Sequencing of Heats-When a com- 
bination of vee, strip or line heats is used, 
the order of heating is referred to as the se- 
quence. The sequencing of heats may be 
important in some straightening operations. 
However, little research has been conducted 
to verify its effects. Some practitioners feel 
that proper sequencing will accelerate the 
straightening and help keep residual stresses 
to a minimum. Consider the case of an I 
beam with Category S damage requiring a 
vee heat in the web and a strip heat in the 
flange as shown in fig. 2.11. 

A common sequence is to heat the 
vee first, followed immediately by the strip. 
The resulting residual stresses and move- 
ments per heat are discussed in Chapters 4 
and 6. An alternative used by some practi- 
tioners is to heat the web vee first and allow 
it to cool for a few minutes before heating 
the flange strip. It is felt by some that this 
approach will reduce the residual stresses 
significantly. The available research data 
and difference sequences used in practice 
indicates that more than one sequence can be 
successful for many cases. Since different 
sequences are successfully used in practice, 
it appears that heat straightening is not 
overly sensitive to the sequence used. At 
this time there is not adequate documenta- 

tion to support one sequence over another 
for a particular heating pattern. The experi- 
ence of the practitioner is the most reliable 
guide to proper sequencing. The sequencing 
patterns shown in this manual are based on 
those often successfully used in practice. 

Lack of Movement.-One of the 
more perplexing aspects of heat straighten- 
ing is that sometimes there is no movement. 
Should this happen, repeat the pattern for 
several cycles, making sure to shift it to a 
new location within the yield zone after each 
cycle. Sometimes there is a residual stress 
pattern tending to oppose movement. Sev- 
eral heating cycles will tend to redistribute 
or dissipate these opposing stresses and may 
lead to the desired movement. Should the 
problem persist, it is probable that the jack- 
ing forces are too low. A reanalysis of the 
jacking layout is recommended, particularly 
in light of redundancies that may exist. Fi- 
nally, check the heating patterns to insure 
that they are consistent with the damage. 
For example, neglecting to heat all separate 
yield zones during one heat cycle could pre- 
vent movement. The key point is that if the 
steel doesn’t move, there is a reason. It is a 
matter of finding the reason. Difficult prob- 
lems may require a consultant more experi- 
enced in heat straightening. Over-heating or 
over-jacking is not a solution. 

Cooling the Steel.-Ambient air cool- 
ing is the safest method. Rapid cooling is 
dangerous if the steel has been over-heated 
and may produce brittle “hot spots”. How- 
ever, once the steel has cooled below the 
lower phase transition temperature, rapid 
cooling is not harmful. Many practitioners 
allow the surface of all the steel to cool be- 
low 3 15°C (600°F) prior to of accelerating 
cooling. Such a surface temperature reduc- 

_ 
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tion insures that the interior steel tempera- 
ture has dropped. One approach to acceler- 
ated cooling is to use compressed air blown 
on the heated surfaces. Faster cooling can 
be obtained with water mist cooling. How- 
ever, the steam generated could result in 
burns and the water runoff could lead to a 
clean-up problem especially if it covers ar- 
eas which must be subsequently heated. The 
following cautionary measures should be 
taken when considering this option: (1) a 
mist applicator which allows the technician 
to remain at a safe distance; (2) protective 
clothing and goggles; and (3) a method for 
safely disposing of the waste water 
Key Points to Remember 

Heat straightening is based on the prin- 
ciple of partially constraining the mate- 
rial expansion during heating while al- 
lowing unrestrained contraction during 
cooling. 
There are several fundamental heating 
patterns including the: vee, line, edge, 
spot, and strip heat. 
Fundamental heating patterns may be 
used separately or in combination de- 
pending on the damage type. 
Heating equipment usually consists of: 
oxygen and gas fuel tanks, heating 
torches, hoses, single or multiple orifice 
heating tips, and temperature monitoring 
crayons or equipment. 
Exercise safety precautions at all times. 
Familiarize yourself with the yield zone 
patterns associated with various damage 

conditions: 
+Category S: Strong axis bending 
Kategory W: Weak axis bending 
+ Category T: Twisting 
+ Category L: Localized damage 

Learn the proper heating patterns associ- 
ated with each category of damage. 
Temperature of the steel should gener- 
ally be limited to 650°C (1200°F) for 
carbon steels and low alloy (yield < 60 
ksi or 400 mPa). 
For quenched and tempered steels the 
limiting temperature should be: 

+ 590°C (1100°F) for A514 and 
A709 grades 100 and 1OOW 

+ 565OC (1050°F) for A709 Grade 
7ow 

Proper restraining forces can expedite 
the heat-straightening process. 
Restraining forces (usually jacks) should 
be set to restrain the steel during heating 
but to allow free contraction during 
cooling. 
Restraining forces should be applied in a 
direction tending to restore the member. 
Restraining forces should be limited so 
that the material is not over-stressed 
during heating. 
Patience should be exercised in allowing 
the heated areas to fully cool below 
120°C (25OOF). Re-heating too soon 
may prevent the desired movement and 
result in additional damage to the steel. 

Federal Highway Administration 33 



- 

-. 

Federal Highway Administration 34 
- 



chapter 3. Assessing, Planning and Conducting Successful Repairs 

As with other types of repair, a suc- 
cessful heat-straightening repair requires 
assessment, planning and design. Several 
procedures should be considered as part of 
the process. These aspects may include: 
determination of degree of damage, location 
of yield zones and regions of maximum 
strain, limitations for heat-straightening re- 
pair, selection of heating patterns, and se- 
lection of jacking restraints. Each requires 
the exercise of engineering judgement. 
Outlined in this chapter are some key as- 
pects of assessing, planning and designing a 
repair. One of the primary keys is main- 
taining coordination between the engineer, 
field supervisor or inspector, and the con- 
tractor conducting the repair. 

Role of Engineer, Inspector and Contrac- 
tor 

The engineer is responsible for se- 
lecting the most appropriate repair technique 
for the specific damage. Alternatives must 
be evaluated and the most effective solution 
determined. The key considerations include: 
cost, constructability, adequate restoration of 
strength, longevity of repair, time to com- 
plete repair, aesthetics, and impact on traffic. 
These aspects constitute the concept we refer 
to as design. Although frequently over- 
looked, repairs should be designed in a 
similar manner to new structures. The typi- 
cal process includes: selecting a trial repair 
scheme, conducting a structural analysis 
(which may require assUMPfions of certain 
geometric or material properties), sizing the 
parameters of the repair (or verifying the 
capacity after repair), possibly re-analyzing 

and re-designing, evaluating alternate repair 
or replacement schemes, and finally, pro- 
viding complete details and specifications 
for the system selected. 

Heat-straightening repair is not the 
solution for every damage situation. The 
engineer’s role is to make an assessment as 
to its specific applicability. Aspects to con- 
sider are: current condition of the rest of the 
structure and other anticipated repairs, de- 
gree of damage, presence of fractures, cause 
of damage and likelihood of repetitive dam- 
age occurring, accessibility, and the repair 
method’s impact on material properties. 
Once the heat straightening alternative is 
selected, then the repair parameters such as 
traffic control, contractor access and work 
areas, permitted hours of work, typical 
heating patterns, maximum restraining 
forces and locations, and maximum heating 
temperature must be chosen. Finally, plans 
and specifications should be developed 
which generally define how the repair is to 
be accomplished. 

Since most heat-straightening repairs 
are conducted by contractors, the field su- 
pervisor (or inspector), representing the 
bridge owner, has major responsibilities. 
The supervisor must insure that the repair is 
being conducted according to plans and 
specifications. Of particular importance is 
insuring that procedures are followed which 
are not detrimental to the steel. 

The third member of the team is the 
contractor who actually executes the repair. 
The ultimate success of the project hinges on 
the skills and understanding for the project 
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by the contractor’s personnel. While others 
may have designed the repair plan, the de- 
tails of execution lie with the contractor. 
Important considerations may include: (1) 
scaffolding arrangements; (2) selection of 
proper heating equipment; (3) implementing 
the restraint plan with appropriate jacks and 
come-alongs; (4) placing the heats in proper 
patterns and sequences; and (5) analyzing 
the progress of the repair. The contractor 
must be alert to the response of the structure 
and be prepared to suggest changes to expe- 
dite the process. In spite of our current 
knowledge and analytical capabilities, 
movements during heat straightening cannot 
always be predicted accurately. 

The primary reasons for this diffi- 
culty are that: (1) damage patterns are often 
a complex mixture of the idealized cases and 
require experience to determine the details 
of the heating process; and (2) residual 
stresses and moments which may have been 
locked into the structure during the damage 
phase are sometimes difficult to predict and 
may prevent the expected movement. The 
contractor must be able to assess the reaction 
of the structure to the planned repair and 
suggest modifications if the structure is not 
performing properly. These modifications 
may range fi-om changes in heating patterns 
and jacking arrangements to decisions on 
whether to remove secondary or bracing 
members during the repair. 

Perhaps most important is that the 
engineer, the supervisor and the contractor 
maintain open and clear channels of com- 
munication. This interaction of the three 
key players in a heat-straightening repair 
will go a long ways toward insuring a suc- 
cessful project. 

Keys to a Successful Repair 

A successful repair requires the con- 
u-01 and selection of certain specific pa- 
rameters. The first key is the selection of 
the heating patterns and sequences. The 
combination of vee, line and strip heats must 
be chosen to fit the damage patterns. Heat 
should only be applied in the vicinity of 
those regions in which yielding of the mate- 
rial has occurred. Typically, vee heats 
should be relatively narrow. A good rule of 
thumb is to limit the open end of the vee to 
250 mm (10 in) for one inch thick plates. 
However, a smaller limit should be consid- 
ered for progressively thinner plates. These 
limits will minimize distortion which might 
occur due to local buckling of the plate ele- 
ment. 

- 

- 

- 

- 
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The second key is to control the 
heating temperature and rate. Temperatures 
should be limited to 650°C (1200°F) for car- 
bon and low alloy steels, 590°C (1100°F) 
for A514 and A709 (Grade 100 and 1OOW) 
quenched and tempered steels and 565OC 
(1050°F) for A709 (Grade 7OW) quenched 
and tempered steel. Higher heats may ad- 
versely affect the material properties of the 
steel and lead to a weaker structure. 

‘- 

- 

_ 
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The third key is to control the re- 
straining forces during repair. One of the 
most critical factors is the applied restrain- 
ing force. Research has shown that the use 
of jacks to apply restraints can greatly 
shorten the number of heating cycles re- 
quired. However, over-jacking can result in 
buckling or a brittle fracture during or 
shortly after heat straightening. To prevent 
such a sudden fracture as illustrated in fig. 
3.1, jacking forces should always be limited. 
The recommended procedure is to calculate 
the plastic moment capacity of the damaged 

- 
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Figure 3.1. Brittle fracture during heat straightening. 

member and limit the moment resulting 
from the combination of initial jacking 
forces and dead loads to one-half of this 
value. If practitioners do not take this pre- 
caution brittle tiactures may occur. It is 
strongly recommended that jacks be gauged 
and calibrated with the maximum force 
limitation computed. Of course, the jacking 
forces should always be applied in the di- 
rection tending to straighten the beam. The 
execution of a heat-straightening repair that 
incorporates these keys must begin with the 
assessment of the damaged structure. 

Steps in the Assessment Process 

Many incidents resulting in damage 
to steel bridges produce an emergency 
situation to some degree. The first step in 
the rehabilitation process is to assess the de- 
gree of damage and the safety of the existing 
structure during a site investigation. The 
purpose of this section is to provide guide- 

lines for damage assessment. These guide- 
lines are in the form of steps required for a 
complete assessment. All aspects may not 
be required in each case. Judgement must 
be used when deciding if, and when, to 
eliminate a part of the process. 

1. Initial Inspection and Evaluation 
for Safety and Stability 
The purpose of the inspection is to 

protect the public and emergency service 
personnel. This inspection is often visual 
and conducted with special concern for 
safety. The major aspects of damage are 
recorded and documented with photographs 
and measurements. During this inspection, a 
preliminary list of repair options should be 
made. Particular attention should be paid to 
temporary needs such as shoring, traffic 
control, and other short-term considerations. 
A part of this evaluation may require a re- 
view of the design drawings and computa- 
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tions to determine the safety and stability of 
the bridge. Knowledge of the specific cause 
of damage may also influence the final deci- 
sion on repair and should be investigated if 
possible. Typical damage causes are: (1) 
overheight or overwide vehicle impact; (2) 
overweight vehicles or overloads; (3) out-of- 
control vehicles or moving systems; (4) 
mishandling during construction; (5) fire; 
(6) blast; (7) earthquakes; (8) support or 
substructure movement; and (9) wind or 
water-borne debris. 

2. Detailed Inspection for Specific 
Defects 

The decision to conduct a heat- 
straightening repair depends on the type and 
degree of damage. Three aspects should be 
carefully checked: (1) signs of fi-acture; (2) 
degree of damage; and (3) material degrada- 
tion. 

Signs of Fracture.-While some 
fractures are quite obvious, others may be 
too small to visually detect. However, it is 
important to determine if such cracks exist 
since they may propagate during the heat- 
straightening process. When in doubt, one 
of the following conventional methods can 
be utilized. 

The use of a dye penetrant is effec- 
tive in detecting cracks. The process in- 
volves first thoroughly cleaning the surface. 
Then a liquid dye is sprayed on the surface 
and permitted to stand, during which time 
the dye is drawn into surface discontinuities. 
Excess dye is then cleaned from the surface 
and a developing solution applied. The de- 
veloper reacts with dye remaining in the 
cracks. The dye can be observed because of 
the color change. 

Another procedure is to use mag- 
netic particle inspection. A magnetic field is 
introduced by touching the metal with a 
yoke or prods. A flaw in the steel causes a 
disruption of the normal lines of magnetic 
flux. If the flaw is at or near the surface, 
lines of magnetic flux leak from the surface. 
Fine iron particles are attracted to the flux 
leakage and indicate the crack location. 

- 

_ 

- 

A third procedure is ultrasonic test- 
ing by one of several techniques. These - 
procedures typically involve the analysis of 
pulses passing through undamaged versus _ 
damaged material. 

Finally, radiographic testing may be 
utilized to produce a visual image of any 
flaws in the material. 

- 

Degree of Damage.-An evaluation 
of the degree of damage requires measure- 
ments to be taken. Two types of damage 
require measurements: (1) Overall bending 
or twisting of a member; and (2) localized 
bulges or sharp crimps. These measure- 
ments can be used to compute the maximum 
damage-induced strain or to determine the 
degree of damage. The usual procedure is to 
begin by measuring offsets from a taut line 
or straight-edge. A typical layout is shown 
in fig. 3.2. The idea is to use the unyielded 
adjacent regions as reference lines since 
their curvature is small in comparison to the 
plastic zones, or use the offsets in the dam- 
age zone to compute the degree of damage. 
For the first case, tangents from the straight 
portions define the angle or degree of dam- 
age between the tangents. If the offsets are 
taken in the elastic zone on either side of the 
damage as shown in fig. 3.2b, the degree of 
damage, 
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Figure 3.2. Offset measurements to calculate de- 
gree of damage and radius of curvature. 

Figure 3.3. Relationship of degree of damage to 
radius of curvature and cord length. 

qd, can be computed. Based on measure- 
ments taken at the site, degree of damage 
can be calculated as follows: 

(pd @‘(y .I 
I 

In some cases direct measurements 
of <pd can be made. One procedure is to 
stretch two taut lines forming tangents on 
either side of the damage. By stretching the 
lines until they intersect, the degree of dam- 

-1 Y3-Y4 +taIl (- 
L) 

(Eq. 3.1) age can be measured with a protractor. For 
2 small zones of damage, two straight edges 

can be used to produce the tangent intersec- 

where <pd is the d egree of damage or angle of 
permanent deformation at the plastic hinge 
and yi is a measured offset as shown in fig. 
3.2b. The length of damage, cd, is defined 
by the chord connecting the tangents to the 
inelastically damaged region as shown in 
fig. 3.3. If qa and cd are known, the radius of 
curvature can be computed as 

R= cd 

tions. Again, the angle of damage can be 
measured with a protractor. While this 
method may seem somewhat crude, a rea- 
sonable degree of accuracy can be obtained. 

For the case the offsets are taken in 
the damage zone (see fig. 3.2a). The radius 
of curvature, R, can then be approximated as 

1 Yr-I - 2Yr -I- Yr+1 
-= 
R L2 
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The degree of damage can then be 
calculated fi-om: 

qd L sin- = - 
2 R 

or cpd = 2si&) 
R 

(Eq. 3.5) 

It should be recognized that ap- 
proximations are involved in using these 
equations. The assumption is made that the 
radius of curvature is constant over the en- 
tire length of the damage. However, the ra- 
dius of curvature usually varies. If the dam- 
age curve is smooth, this assumption is 
fairly accurate. If the curve is irregular, the 
assumption becomes more approximate. For 
the more pronounced irregular curvatures, it 
is advisable to measure only the worst por- 
tion of the damaged region using the three- 
point offset procedure and the calculation of 
radius of curvature from eq. 3.3. In general, 
the approaches described here give a good 
estimate of the radius of curvature and, con- 
sequently, strain. The use of these parame- 
ters in the design of repairs will be described 
in a later section. 

Material Degradation.-Certain as- 
pects of material degradation will influence 
the decision to heat straighten. One area of 
concern relates to nicks, gouges and other 
abrupt discontinuities. Such flaws in the 
damage zone will be stress risers during the 
repair when jacking forces and heat are ap- 
plied. It is recommended that such disconti- 
nuities be noted and ground to a smooth 
transition prior to heat straightening. 

A second aspect relates to exposure 
to high temperature (such as a fire) when the 
damage occurred. As long as the tempera- 
ture has not exceeded either the tempering 
temperature or the lower phase transition 
temperature, no permanent degradation 
would be expected to occur in the steel. 
However, if the damaged steel was exposed 
to higher temperatures, metallurgical tests 
should be performed to ensure material in- 
tegrity before heat straightening is applied. 
Tests that should be considered include: (1) 
a chemical analysis; (2) a grain size and mi- 
cro structure analysis; (3) Brine11 hardness 
tests; (4) Charpy notch toughness tests; and 
(5) tensile tests to determine yield, ultimate 
strength, and percent elongation. 

_ 

-_ 

- 

- 

- 

_ 

Several visual signs may suggest ex- 
posure to high temperature including: 
melted mill scale, distortion, black discol- 
oration of steel, and cracking and spalling of 
adjacent concrete. Tests can then be con- 
ducted at suspicious regions. For example, a 
significant increase in Brine11 hardness, in 
comparison to undamaged areas of the same 
member, indicates potential heat damage. 
Or, for the Charpy V Notch test at 4.4”C 
(40”F), a significant reduction in values over 
those from an undamaged specimen may 
indicate damage. The most definitive test is 
usually a micro structure comparison be- 
tween damaged and undamaged pieces. 
Evidence of partial austenization and re- 
crystallization into finer grain size indicates 
heating above the lower phase transition 
temperature. 

Geometry of the Structure.-Often 
the bridge configuration is available from 
design drawings and it is a good policy to 
confirm that the system does conform to 

- 

‘- 

- 

_ 
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- 

-. 

_ 
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Figure 3.4. Radius of curvature for a damaged 
beam of curvature and cord length. 

these drawings. If drawings are not avail- 
able, then enough measurements should be 
taken so that a structural analysis can be 
conducted if required. 

Steps in the Planning and Design Process 

Once the damage assessment is com- 
plete, the repair can be designed. The fol- 
lowing steps may be required as part of this 
planning and design process: 

l Analyze the degree of damage and 
maximum strains induced. 

l Conduct a structural analysis of the sys- 
tem in its damaged configuration. 

l Select applicable regions for heat 
straightening repair. 

l Select heating patterns and parameters. 
l Develop a constraint plan and design the 

jacking restraint configuration. 

l Estimate heating cycles required to 
straighten members. 

l Prepare plans and specifications. 

Each of these aspects are discussed in the 
following sections. 

1. Analysis of Degree of Damage and 
Determination of the Maximum 
Strain due to Damage 

Research data has shown that heat 
straightening can be successful on steel with 
plastic strains up to 100 times the yield 
strain, E,. There is reason to believe that 
even larger strains can be repaired. How- 
ever, since no research data exists beyond 
the 100~~ range, engineering judgement is 
required. In order to evaluate whether the 
damage exceeds this level, the maximum 
curvature should be measured as previously 
described. Shown in fig. 3.4 is a damaged 
beam of uniform curvature. The radius of 
the bend is defined as radius of curvature, R. 
Since strain is proportional to curvature and 

curvature can be computed from field meas- 
urements, it is often convenient to compare 
the radius of curvature to the yield curva- 
ture, R,,, expressed as 

where E = modulus of elasticity, F, = yield 
stress, and y,, = the distance from the cen- 
troid to the extreme fiber of the element. 

The radius of curvature is related to 
the strain by 

(Eq. 3.7) 
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Figure 3.5. Strain ratio vs. normalized radius of curvature (p vs. IUymd. 

where R is the actual radius of curvature in 
the damaged region. 

Since damage measurements are 
taken at discrete locations, the radius of cur- 
vature can be approximated from eq. 3.2 or 
3.3. Once the smallest radius of curvature is 
determined in the damaged region, the 
maximum strain can be computed from eq. 
3.7 and compared to the yield strain 

5 E, =- 
E 

(Eq. 3.8) 

The ratio of maximum strain to yield strain, 
referred to as the strain ratio, p, is used as 

one measure of the extent to which the steel 
has been damaged. From eqs. 3.7 and 3.8, 
the strain ratio is 

- 

- 

(Eq. 3.9) - 

- 
Since E is a constant for all steel grades 
(200,000 MPa or E=29,000 ksi), p can be 
obtained graphically in terms of the ratio 
WYmax and F, for various steel grades as 
shown in fig. 3.5. A similar approach can be 
used for localized bulges, buckling or 
crimps. 

- 

-- 

- 
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offset line 

Figure 3.6. Offset measurements for example 3.1(25.4 mm = 1 in and 0305 m = 1 ft). 

Heat-straightening repairs have been Example 3.1 
conducted for strains up to lOOa,, or p=lOO. 
Repairs may be successful at even greater 
strains. However, research studies have not 
included strains in excess of loos,. Engi- 
neers should use judgement in straightening 
beyond this range. Also, fire damage in- 
volving high temperature may be an excep- 
tion to this limit. If the distortion is due to 
fire, it is probable that material properties 
have been affected. Repair decisions should 
be based on metallurgical analysis and engi- 
neering judgement as well as strain limita- 
tions. 

Problem.-The bottom flange of an 
A36 steel composite bridge girder (W27 x 
161 with a flange width of 356 mm or 14.02 
in) was impacted by an over-height vehicle. 
The flange deflected laterally producing a 
plastic hinge at the impact region. Offset 
measurements are shown in fig. 3.6. Based 
on these measurements, compute the degree 
of damage, and the radius of curvature in the 
damaged region, the radius of curvature at 
initial yield and the ratio of maximum strain 
to yield strain. 

As a rule of thumb for single curva- 
ture bends with a plate depth about the axis 
of bending of up to 305 mm (12 in), if the 
degree of damage is less than 12”, it is not 
necessary to measure for maximum strain. 
The only exception would be if the region of 
damage were concentrated over an ex- 
tremely short length resembling a sharp 
crimp as opposed to a plastic hinge type of 
bend. 

Solution.-The offset measurements 
outside the yield zone are used to calculate 
degree of damage from eq. 3.1 

= 25.35” = 0.0224 rad. 

The radius of curvature in the damaged re- 
gion, R, is calculated from the offsets in the 
yield zone using eq. 3.3 
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1 = 4-4 - 2(4*49) + 4-3 = +*0175 
R (412 

R = 57.1 in. (1,451 mm) 

The radius of curvature at initial yield, Ry, is 
computed from eq. 3.6. Using E=200,000 
MPa (29,000 ksi) F,=248 MPa (36 ksi), and 
ymax (one-half the flange width) = 14.02/2 = 
178mm (7.01 in). 

R = w,ow7.w 
Y 36 

=5647 in. = 470.6 ft. (143.4 m) 

Since R <<Ry, significant plastic deforma- 
tions have occurred. The ratio of maximum 
strain to yield strain is obtained from eq. 3.9 

~ = (2900fm7*01) = 98 g 
(57.1)(36) . 

indicating that the maximum strain is 97.1 
times the yield strain. This value can be 
obtained graphically using fig. 3.5. Entering 

, the value of R/y,, as 

RfY, 
57.1 = - = 8.15 
7.01 

on the horizontal scale, the ordinate ~1 is the 
point at which R/y,, intersects the Fy=248 
MPa (36 ksi) curve as shown in fig. 3.4. 

2. Conduct a Structural Analysis of 
the System 

The strength of the damaged struc- 
ture is usually evaluated by a structural 
analysis. This analysis serves two purposes: 

(1) to determine the capacity in its damaged 
configuration; and (2) to compute residual 
forces induced by the impact damage. The 
analysis can be based on the undeformed 
geometry except when the displaced ge- 
ometry of the Came or truss system (after 
damage) results in changes in internal forces 
by more than 20 percent. However, even if 
undeformed geometry is used in the analy- 
sis, the deformed geometry should be used 
when computing the member stresses. The 
allowable stresses should be based on the 
original properties of the material. 

- 

_ 

- 

-- 

- When a member has a significant 
change in shape due to damage, the section 
properties should be modified when calcu- 
lating stresses. While each specific applica- 
tion must be considered on an individual 
basis, some general guidelines can be devel- 
oped. Assuming that no fractures have oc- 
curred, bending and compression members 
are the most critical to evaluate. Forces due 
to applied loads in tension members tend to 
straighten out-of-plane damage (and are thus 
self-correcting), while such forces in bend- 
ing or compression members tend to mag- 
nify the damage. 

Change in cross section shape.-The 

_ 

- 

‘_- 

^ 

- 

primary variable in evaluating the stress 
level for a damaged bending member is the 
section modulus. Typically, the most seri- 
ous strength reduction is due to deforma- 
tions resulting from twisting or lateral dis- 
tortion of the cross section. A good example 
is an impact on the bottom flange of a bridge 
girder by an over-height vehicle. Two ideal 
cases are evaluated here for two wide-flange 
sections. As shown in figs. 3.7 and 3.8, the 
damage is assumed to produce a rotation of 
the web about the juncture of the web and 
top flange. 

- 

- 

- 

- 

- 

Federal Highwcry Administration 44 
- 

-. 



Horizontal Ditplacsment Component, a (in.) 
0 4.1 8.2 12 15.4 l&4 20.6 22.6 23.6 24 

0.4 

0.3 

0.2 

0.1 

0 
0 10 20 30 40 50 60 70 80 90 

Angle of Rotation. 0 (dograw) 

p4 

Figure 3.7. Reduction in effective section modulus 
for a W 24x76 beam subjected to varying degrees 

of idealized damage (Note: 25.4 mm = 1 in). 

The bottom flange is modeled in two ways: 
either it remains parallel to the top flange, or 
it remains perpendicular to the web. Actual 
combinations of damage often fall between 
these two conditions. Plotted in fig. 3.7 and 
3.8 are the variations in the selection 
modulus (for bending about the strong axis) 
associated with different levels of damage 
for two beams: a W24 X 76 and WlO X 39. 
The case of the bottom flange remaining 
perpendicular to the web is the more critical 
case for the comparison of section modulus 
values. As can be observed, the section 
modulus dips fairly rapidly with an increase 
in the cross section rotation. A 10” rotation 
results in a strength reduction within the 
range of 8-15 percent, depending on the 
section, while at 20”, strength reduction is 
between 18 and 29 percent. Although an 
engineer should evaluate the specific condi- 
tions and config.uration of each case, a good 
general guideline is to repair the member if 
the section modulus is reduced by 10 per- 
cent. This level of damage typically corre- 

Hotizonlol Dtrplacrment Component, a (in.) 
0 0 1.7 3.4 1.7 3.4 5 5 6.4 7.6 6.6 9.4 9.8 10 6.4 7.6 6.6 9.4 9.8 10 

“0 10 20 30 40 50 60 70 60 90 

Angle of Rotation, 0 (degrees) 

Figure 3.8. Reduction in effective section modulus 
for a W 10x39 beam subjected to varying degrees 

of idealized damage (Note: 25.4 mm = 1 in). 

sponds to a rotation of approximately 10”. 
In reference to the field tests conducted on 
the WlO X 39 and W24 X 76 beams as de- 
scribed in Chapter 7, the damage induced 
was considered to be moderate. In both 
cases the flange remained almost perpen- 
dicular to the web. The calculated bending 
strength reduction for the WlO X 39 beam 
was calculated in the range of 25 percent. 
The reduction for the W24 X 76 beam was 
on the order of 9 percent. 

P-A Effects.-For compression mem- 
bers, the square of the minimum radius of 
gyration is the section property associated 
with the strength of the member. The effect 
of the two idealized cases of damage previ- 
ously described is plotted in fig. 3.9 and 
3.10. In this case, the configuration in 
which the bottom flange remains parallel to 
the top flange is the more critical. The 
curves are very similar for both wide-flange 
sections. The reduction in strength, as 
measured by the square of the radius of gy- 
ration, is not quite as large as the 

Federal Highway Administration 45 



Horizontal Displacement Component. c (in.) 
0 4.1 6.2 12 15.4 16.4 20.6 22.6 23.6 24 

1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 
I I I I I -\I- I 

. 

“0 10 20 30 40 50 60 70 80 90 

Angle of Rotdon, 0 (degrees) 

Figure 3.9. Reduction in the square of the effective Figure 3.10. Reduction in the square of the effec- 
minimum radius of gyration for a W 24x76 beam tive minimum radius of gyration for a W 10x39 
subjected to varying degrees of idealized damage beam subjected to varying degrees of idealized 

(Note: 25.4 mm = 1 in). damage (Note: 25.4 mm = 1 in). 
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Figure 3.11. Effect of amplification factor for lateral deflections on compression members. 
- 
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corresponding case for section modulus. lowable values. In deciding upon this 
The reduction is only about 5 percent for the value, it was assumed that relatively small 
10” rotation and about 14 percent at 20” ro- initial values of lateral deflections would 
tation. However, another aspect that must exist due to lateral loads or fabrication im- 
be considered when evaluating compression perfections, e.g., within the elastic range. 
members is the strength reduction due to the When a compression member has larger 
P-delta effect. If a simply supported column permanent deformations well into the plastic 
has an initial midpoint deflection, y,, due to or strain-hardening range due to damage, 
impact damage, then the deflection (and then the effective strength of the member is 
bending moment) is amplified according to reduced by a larger factor than expressed by 
the amplification factor even the column safety factor. 

A.F.= ” 
l-pKuk* 

(Eq. 11.6) 

where P is the axial load and Peuler is the 
Euler buckling load. This factor is taken 
into account in design codes by an adjust- 
ment in the safety factor for columns. 

Consider the DISC code (1989), for 
example. The long column formula (eq. E2- 
2) is the classical Euler buckling formula, 
divided by a safety factor of 23/12. Con- 
versely, the safety factor for tension mem- 
bers is given as 5/3. The reason for the 
higher safety factor for compression mem- 
bers is to account for the P-delta magnifica- 
tion effect. A plot of the amplification fac- 
tor is given in fig. 3.11. As the load ap- 
proaches the critical buckling load, the de- 
flection (and consequently the moment) ap- 
proaches infinity. Failure must therefore be 
defined as the point where the deflection 
(and consequently the moment) remains fi- 
nite but becomes excessively large. The 
safety factor for column buckling was there- 
fore increased by 0.25 above that used in 
tension members. As can be seen from fig. 
3.11, this extra safety factor accounts for 
0.08 of the total load ratio reduction to al- 

In light of these considerations, even 
relatively small permanent deformations 
should be repaired for compression members 
unless additional bracing is added or a sta- 
bility analysis is performed to justify that the 
strength reduction is small. 

Residual forces.-The analysis of re- 
sidual forces in damaged systems requires a 
plastic analysis. To illustrate the procedure, 
a bridge girder laterally supported by dia- 
phragms will be used. For lateral impact, 
such as might occur with an over-height ve- 
hicle, the girder acts as a continuous beam 
with the diaphragms as interior supports. If 
an impact load occurs, the lower flange has 
positive bending at the impact point and 
negative bending at the adjacent diaphragm 
supports. A layout modeling this type of 
girder is shown in fig. 3.12. During impact, 
it is assumed that plastic hinges form at the 
impact point and at adjacent supports. 
These hinges form a mechanism from which 
the impact load can be computed. Using a 
plastic analysis, the load, P,, can be calcu- 
lated and a moment diagram constructed, 
fig. 3.12b. The impact load is now applied 
in the reverse direction and an elastic analy- 
sis performed, fig. 3.12~. The superposition 
of these two diagrams (b and c) give the 
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Impact Force, RJ 

A 
(a) Beam model 

(b) Plastic analysis moment 
diagram 

(c) Moment diagram for 
elastic analysis with 
Load = -PU 

(d) Residual moments ( b+c ) 

Figure 3.12. Plastic analysis for residual moments. 
in a laterally impacted girder. 

residual moments due to the impact which 
produces plastic deformation; fig. 3.12d. 
These resulting moments should be assessed 
in combination with other loadings such as 
the live and dead load on the bridge. 

3. Select Regions Where Heat 
Straightening is Applicable 

While the primary consideration for 
allowing heat-straightening repair is the de- 
gree of damage limitation, other criteria may 
also influence the decision. Of particular 
importance is the presence of fractures or 
previously heat straightened members. A 
fracture may necessitate the replacement of 
part, or all, of a structural member. In some 
cases it may be feasible to heat straighten 

the suspect region and then repair it in- 
place by mechanical connectors. In other 
cases a portion of the member may be re- 
placed while the remainder is repaired by 
heat straightening. 

An example of combining heat 

- 

- 

straightening with replacement is when one 
or more girders are impacted by an over- 
height vehicle. This type of accident often 
displaces the bottom flange. If the impact 
point is near diaphragms, the diaphragms are 
often severely damaged. An example is 
shown in fig. 3.13. It is usually much more 
economical to simply replace a diaphragm 
rather than taking a lengthy time to 
straighten it. The recommended procedure 
is to remove the diaphragm (especially if it 
would restrain desired movement of the 
member) heat straighten the girder, and then 
replace the diaphragm with a new one. 

- 

-- 

_ 

- 

- 

In general, heat straightening can be 
.- applied to a wide variety of structural mem- 

bers. However, some have cautioned about 
straightening fracture critical members _ 
(Shannafelt and Horn, 1984). Although 
there is no research data to support a ban on 
heat straightening fracture critical members, - 
practically no fatigue testing has been con- 
ducted. If careful control of heating tem- 
perature (including the limits imposed by - 
section 12.12 of the AASHTO/AWS D1.5 
Bridge Welding Code) and jacking forces 
are maintained, and if notches and nicks are - 
ground smooth, there is no reason to expect 
problems. It is recommended that additional 
care be used for fracture critical members to - 
insure that the heat straightening is properly 
conducted. -- 

-- 
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Figure 3.13. Diaphragm damage due to vehicle impact on girder. 
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Figure 3.14. Heating pattern and sequence for Figure 3.15. Heating pattern and sequence for 
bending combination about both the combination weak axis bending and local 

strong and weak axis. flange bulge. 
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4. Select Heating Patterns and Pa- 
rameters 

Typical Heating Patterns.-The fun- 
damental heating patterns have been de- 
scribed in Chapter 2. Since typical damage 
is often a combination of these fundamental 
damage types, a combination of heating 
patterns is often required. The key is to se- 
lect the combination of patterns to fit the 
damage. When in doubt, a good policy is to 
address the attention to one of the basic 
heating patterns at a time. For example, re- 
move the Category W damage prior to ad- 
dressing the Category L damage. It should 
be noted that with proper combinations, sev- 
eral types of damage can be removed expe- 
ditiously. For example, suppose that a wide 
flange section is impacted such that the 
bending occurs about an axis at an arbitrary 
angle to the principal axes, i.e., bending oc- 
curs about both the strong and weak axis. 
The heating pattern, fig. 3.14, requires a vee 
heat on the web to restore the strong axis 
damage and vee heats on the flanges to re- 
store the weak axis damage. The heats 
should be executed sequentially as num- 
bered in fig. 3.14. Note that no stip heat is 
required on the web since a vee is used 
there. Restraining forces should be used to 
produce bending moments about both the 
strong and weak axis as indicated in fig. 
3.14 tending to straighten the damage. Once 
the damage is corrected about one of the 
principal axes, the heating pattern should 
revert to one of the fundamental patterns 
until straightening is complete about the 
other principal axis. 

As a second example, consider a 
wide flange beam with weak axis bending 
damage combined with a local bulge in one 
flange. The heating pattern is shown in 

fig.3.15. Vee heats are used on the top and 
bottom flanges along with a web strip heat 
similar to the standard weak axis pattern. 
However, partial depth vees are used on the 
flange with the bulge along with a series of 
line heats along bulge yield lines. Since a 
yield line is likely to occur at the lower web 
fillet, a line heat is also needed on the web. 
Restraining forces are used to create bending 
moments about the weak axis as shown in 
fig. 3.15. In addition, a jacking force should 
be applied on the local bulge as shown on 
the cross section in fig. 3 .15. The sequence 
of heats is also indicated in the figure. 

_ 

_ 

- 

-. 

- 

A third example is damage resulting 
from impact of a composite bridge girder 
which produces weak axis damage to the 
bottom flange and twisting due to the re- 
straint of the top flange. The heating pattern 
is shown in fig. 3.16 consisting of a bottom 
flange vee heat, a web strip heat and a line 
heat at the top fillet of the web. The heating 
sequence is shown in fig. 3.16 as well as the 
restraining moment required on the bottom 
flange. 

- 

- - 

- 

-. 

A final example is the case of multi- 
ple plastic hinges formed about the weak 
axis such as might occur for a beam con- 
tinuous over interior supports. The heating 
pattern is shown in fig. 3.17. Note the re- 
versed direction of the vees to reflect the 
multiple curvature damage. The restraining 
moments must also reflect the reverse cur- 
vature nature of the damage as shown in the 
figure. 

Vee Depth.-In general the vee depth 

- 

-- 

- 

- 

should be equal to the width of the plate 
being straightened. Partial depth vees pro- 
vide no advantages in reducing shortening as 
some have speculated. The primary situation 

-- 

- 
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Figure 3.16. Heating pattern and sequence for 
combination of weak axis bending of lower flange 

and twisting. 

for half depth vees is in the repair of local 
damage. 

Vee Angle.-The angle of the vee is 
usually limited by practical considerations. 
It should be as large as practical for the spe- 
cific application. If the open end of the vee 
is too wide, out-of-plane distortion often oc- 
curs. Likewise the vee area should be small 
enough to heat quickly so that differential 
cooling is limited. A good rule of thumb is 
to limit the open end of the vee to approxi- 
mately one-third to one-half the plate width 
but not greater than 254 mm (10 in). These 
limits translate roughly to 20-30” vee angles. 
If the width of the open end of the vee, V, is 
selected, the vee angle is 

V 
8 = 2 tan-’ - 

2w 

where W is the plate width. 

(Eq. 3.10) 

(a) Damage curvature 

(b) Top flange 

(c) Side 

(d) Bottom flange 

Figure 3.17. Heating pattern for reverse curvature 
bending. 

Number of Simultaneous Vee 
Heats.-Simultaneous vee heats may be per- 
formed with proper spacing. It is recom- 
mended that the vees be spaced at least one 
plate width, W, apart. Also, if multiple 
plastic hinges occur, each hinge may be 
heated simultaneously. 
5. Develop a Constraint Plan 

Since jacking forces can expedite re- 
pairs, it is recommended that such forces be 
utilized. Jacks should be located to produce 
their maximum effect in the zones of plastic 
deformation. It is recommended that jacks 
always be gauged and calibrated prior to 
use. Also, jacks must be properly secured so 
they will not fall out as pressure subsides 
during cooling. The loads applied to the 
structure should always be known and lim- 
iting values established. A jacking arrange- 
ment for a composite girder bridge is shown 
in fig. 3.18. Lateral forces are utilized on 
the lower flanges, fig. 3.18a, while jacks 
between flanges are used for local damage, 
fig. 3.18b. 
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Figure 3.18. Jacking arrangements for global and local damage on a composite girder bridge. 

For cases where residual moments 
are small, the jacking moment, Mj, should be 
limited to 

use a jacking moment of only ?4 Iv$, during - 
the first two cycles. 

On occasion, a hairline fracture will 
occur or become visible during an interme- 
diate cycle of heat-straightening repair. The 
causes are believed to be: (1) excessive re- 
straining forces being applied during the 
heating process; (2) repetitive repair of a re- 
damaged element; and/or (3) the growth of 
micro cracks initiated during the induction 
of damage. As item (1) is the primary cause, 
restraining forces should always be specified 
at safe limits and should be monitored dur- 
ing actual repair. For item (2) the repair of 
previously heat straightened material should 
be limited to only two damage/repair cycles. 

_._ 

- 

- 

- 

- 

MP M,I- 
2 

where I$, is the plastic moment capacity of 
the member. 

For cases where residual moments 
exist, the jacking moment should be limited 
to 

Mj ~~(M~ +M,) 

where M, is the residual moment and is 
positive when tending to straighten the 
member. Residual moments will be relieved 
during the first few heats. Rather than com- 
puting residual moments, an alternative is to 

One problem associated with the 
computation of jacking forces is that for in- 
determinate members, the bracing, dia- 
phragms or other attachments may be diffi- 
cult to model. In addition, it is sometimes 
necessary to make an estimate in the field as 
to the magnitude of jacking forces. The 

- 

- 

- 
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jacking force limit can be approximated by 
measuring the deflection when the force is 
applied. Since end support restraint condi- 
tions will fall between the two ideal cases of 
simple and fixed supports, the deflection can 
be calculated by estimating the degree of 
restraint. The deflection that produces a 
maximum stress equal to 50 percent of yield 
for 248 MPa (36 ksi) yield strength steel on 
a center point loaded member can be ex- 
pressed as: 

, ,  
r  

force should produce a midpoint deflection 
within the range of these two values, de- 
pending on the level of end restraints. 

Example 3.2 

Problem.-For example, consider the 
case of a composite girder of A36 steel in 
which the lower flange (305 mm or 12 in 
wide) had been impacted by an over-height 
vehicle at a diaphragm location. In order to 
heat straighten the member, the damaged 
diaphragm was removed, leaving a clear 
distance between remaining diaphragms of 
1.16 m (38 ft). Determine the limits of lat- 
eral displacement due to a jacking force if 
the jack is placed at the midpoint of the span 
at the point where the diaphragm was re- 
moved. 

(1) For 248 MPa (36 ksi) steel 

(a) Simple supports 

6,= &&))2 (Eq. 3.13) 

(b) For fixed supports 

(Eq. 3.14) 

(2) For 345 MPa (50 ksi) steel 

(a) Simple supports 

LX =&c&g2 (Eq. 3.15) 

(b) For fixed supports 

(Eq. 3.16) 

where e is the clear span length and y,, is 
the distance from the centroid of the steel 
section to the extreme fiber. A safe jacking 

Solution.-For a 305 mm (12 in) 
flange ym = 152 mm (6 in). Using eqs. 3.13 
and 3.14, the range of deflections for a safe 
jacking force is 22-44 mm (7/8 - 1 3/4 in). 
A conservative limit would be to use the 
jacking force producing the 22 mm (7/8 in) 
deflection. However, if the bottom flange is 
continuous over the supporting diaphragms, 
a higher value may be used. One approach 
would be to use a jacking force associated 
with the average of these two values which, 
rounded to the nearest 6 mm (l/4 in), would 
be 31.8 mm (1 l/4 in). This type of ap- 
proximation may serve as a useful guide 
when more accurate modeling techniques 
are not available. 

6. Estimate the Heats Required to 
Straighten the Members 

The estimate of number of heats pro- 
vides a time line for the project. Comparing 
the estimated movement with the actual 
movement as it progresses also indicates 
whether the heating is being properly done. 

Federal Highway Administration 53 



The number of heats, n, can be completed as collapse load, P,, and the plastic moment, 

<Pd y1=- 
9P 

(Eq. 3.17) 
3% P, =- 
7.5 

- 

where q+, is the predicted plastic rotation per 
heat and <Pi is the degree of damage. For- 
mulas for the plastic rotation associated 
width various structural shapes and damage 
conditions are provided in the Part II of this 
manual. 

For a W 12x40 bent about its weak axis, the 
plastic moment capacity, q, is 

A4, = FyZ, 

7. Repair Plans and Specifications 

The final step is to prepare plans and 
specifications for the project. These plans 
will be the supervisor’s guide as well as the 
contractor’s directive. Suggested specifica- 
tions are given in Chapter 12. 

where Z, is the plastic section modulus 
about the weak axis. Thus, 

Example 3.3 

M, = (36ksi)(16.8in3) = 604.8in -k = 

50.43 - k (68.3kN - m) 

Problem.-The truss section of A36 
steel shown in fig. 3.19a was part of a bridge 
through truss. The continuous member 
ABC was damaged when a log fell fkom a 
truck and struck at the midpoint between AI3 
which is 4.57 m (15 I?) in height. Section 
BC is also 4.57 m (15 fi). Member ABC is a 
W 12x40 arranged such that the impact pro- 
duced bending about its weak axis. Deter- 
mine the jacking force and heating pattern 
for the heat straightening repair of the mem- 
ber assuming that a plastic hinge formed in 
the member at the impact point and joint B 
and that adjacent members suffered minor 
damage. 

and 

p = ww 
u 7.5 

= 20.2kips (89.8kN) 

Solution.-It will be assumed that the 
member can be analyzed as a continuous 
beam as shown in fig. 3.19a. A plastic 
analysis can be conducted assuming the 
mechanism shown in fig. 3.19b. From a 
plastic analysis, the relationship between the 

The moment diagram resulting from the im- 
pact is shown in fig. 3.19~. The residual 
moments can be calculated by first applying 
P, in the reverse direction, conducting an 
elastic analysis and obtaining the moment 
diagram in fig. 3.19d. The superposition of 
moment diagrams (c) and (d) gives the re- 
sidual moments in the truss member as 
shown in fig. 3.19e. If residual moments are 
neglected, the maximum allowable jacking 
force will produce a maximum moment of 

- 

- 

- 

- 
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(a) Truss member analyzed as 
continuous beam 

(b) Plastic hinge failure mechanism 

50.4ft* k 

50.4ft.k 

(c) Moment diagram due to impact 

28.4ft.k 

61 .Sft* k 

(d) Elastic moment diagram for 
Pu in o posite direction 
from (a P 

(e) Residual moment diagram 

11.6ft.k 

25.2ft- k 

(f) Moment diagram for 50% Mp 
jacking force and neglecting 
residual stresses 

36.3ft. k 

(g) Moment diagram for 50% Mp 
jacking force plus residual 
stresses 

Figure 3.19. Schematic diagrams for example 3.3 
(Note: 0.305 m = 1 ft and 1.36 kN-m = 1 ft-kip). 

Mj = MP - = 50.4 / 2 = 25.23 - k 
2 

(34.2kiV - m) 

Referring to the elastic moment diagram, 
fig. 3.19d, the jacking force can be obtained 
by proportioning the moments and applied 
force 

pi 25.2 -=- 
20.2 61.5 

Pj = 8.2Skips (36.8k-N) 

The moment diagram for this load is shown 
in fig. 3.19f. It is recommended that the first 
2 heats be conducted with a jacking force of 
one-half the maximum value ~j = 18.4 kN 
or 4.14 kips) which allows the residual mo- 
ments to be dissipated. If residual stresses 
are included, the moment diagram for Mj + 
M, is shown in fig. 3.19g. A reduction in the 
jacking force is required so that the maxi- 
mum moment does not exceed 34.2 kN-m 
(25.2 ft-k). The value Of Pj = 18.4 kN (4.14 
k) provides a moment of 32.1 kN-m (23.7 ft- 
k) which satisfies this constraint. Defining 
the curvature after damage at the impact 
point as positive, the curvature at point B 
would be negative. Referring to fig. 3.17, 
the heating pattern at the impact point is that 
associated with the negative restraining 
moments and at point B the pattern is that 
associated with the positive restraining mo- 
ments. Since the jacking plus residual mo- 
ments at point B are negative, point B 
should not be heated during the first two cy- 
cles. Once the residual moments are re- 
lieved, the jacking moment is positive and 
point B can be heated simultaneously with 
the impact point. The degree of damage at 
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the impact point will be approximately twice 
that at joint B. Therefore, the jacking force 
should be placed near the impact point to 
maximize the moment at that location. 
Also, the moment at the impact point is ap- 
proximately twice that at point B. Thus, the 
plastic rotation at B will be on the order of 
one-half that at the impact point and the 
member will straighten with about the same 
number of heats at each location. 

If the open end of the vee is taken as 
one-half the flange width, that is 152 nun (6 
in), the vee angle can be calculated from eq. 
3.10 as 

t9=2tan-’ V G = 2tan’[ 
&=28o 

Supervisor’s Responsibilities 

Monitoring the temperature.- 
Excessive temperatures may cause surface 
damage or lead to increased brittleness. 
Temperature can be monitored in several 
ways. One of the most accurate is to use 
temperature-sensing crayons. These crayons 
melt at a specified temperature and are 
available in increments as small as 14°C 
(25°F) (fig. 3.20). By using two crayons that 
bracket the desired heating temperature, ac- 
curate control can be maintained. The cray- 
ons will burn if exposed directly to the flame 
of the torch. Therefore, the torch must be 
momentarily removed (one or two seconds) 
so that the crayons may be struck on the sur- 
face. An alternative is to strike the crayon 
on the backside at the point being heated. 

Another temperature monitoring 
method is to use a contact pyrometer (fig. 
3.21). This device is basically a thermocou- 

ple connected to a readout device. It can be 
used in a matter similar to a temperature 
crayon by placing it on the surface. Because 
the pyrometer relies on full contact with a 
smooth surface, the readings vary with posi- 
tion and pressure, typically underestimating 
the actual temperature. It is recommended 
that the pyrometer be calibrated with tern- 
perature crayons prior to using. 

Infrared devices are also available. 
These devices record the temperature and 
provide a digital readout. 

__ 

- 

-- 

- 

To complement the crayons, py- 
rometer, or infrared devices, visually ob- 
serve the color of the steel at the torch tip. 
Under ordinary daylight conditions, a halo 
will form on the steel around the torch tip, 
fig. 3.22. At approximately 650°C (1200°F) 
this halo will have a satiny silver color in 
daylight or bright lighting. The observation 
of color is particularly useful for the techni- 
cian using the torch to maintain a constant 
temperature. However, this is the least accu- 
rate method of monitoring temperature and 
is approximate at best. 

- 

- 

_ 

_ 

- 

Controlling restraining forces.- 
Another concern for the heat-straightening 
supervisor is the control of restraining 
forces. Typically hydraulic or mechanical 
jacks are used to apply restraining forces 
(see fig. 3.23 as an example) and should be 
calibrated so that the force being exerted can 
be determined. The maximum allowable 
force should be computed as part of the de- 
sign process and specified in contract docu- 
ments. 

-- 

_ 

_ 

- 
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Figure 3.20. Temperature sensing crayons. 

Figure 3.21. Contact pyrometer for measuring heating temperature. 
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Figure 3.22. Heating in progress illustrating silver color around torch tip. 
- 

- 

Figure 3.23. Jacks in place on a Wisconsin bridge. 
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Approving Heating Patterns.-The 
supervisor should approve the heating pat- 
terns and torch paths used. The general 
patterns can be set as part of the design of 
the repair. However, as heating progresses 
there may be a need to modify the patterns. 
The supervisor should understand the prin- 
ciples for using various patterns and approve 
modifications on site as required. 

Checking Tolerances.-A significant 
concern is the tolerance for the completed 
repair. The contract documents should 
specify the allowable tolerances and the su- 
pervisor should verify that these limits either 
have been met or where (and why) excep- 
tions were accepted. While tolerance levels 
similar to that of new construction may be 
used, often a looser tolerance level may be 
used to reduce the number of heat cycles 
required, especially in restricted areas and to 
minimize the cost of the repair. This deci- 
sion should be made as part of the design 
process. 

The above items relate specifically to 
heat straightening. The supervisor should 
also exercise normal control of the job site, 
as with any construction project, including 
monitoring of safety procedures. 

Common Mistakes to Avoid 

Because heat straightening has 
evolved as an art form, many practitioners 
have developed some skills. Most of these 
craftsmen have worked in steel fabrication 
or erection and many are experienced weld- 
ers. They know methods to remove distor- 
tion in steel, However, many of their tech- 
niques are not heat straightening. The most 
conmion mistakes are: 

Mistake No. 1: Heating the Steel Until it 
is Cherry Red 

Such an approach is dangerous be- 
cause the steel may pass through both the 
lower critical and the upper critical tem- 
peratures. The heating/cooling cycle may 
not result in a reversible molecular change. 
The heat-straightened steel may have brittle 
characteristics and not be suitable for bridge 
applications. Use temperature crayons to 
verify the heating temperature. 
Mistake No. 2: Jacking the Girder 
Straight While it is Hot 

Over-jacking can lead to a sudden 
brittle fracture. It may also result in micro 
cracks not readily visible which will weaken 
the structure. All jacks should be gauged 
and the forces limited to safe levels well 
below the material yield stress. 

Mistake No. 3: Heating Too Large an 
Area. 

Some feel that the more surface area 
heated the better. However, the principle of 
heat straightening is to allow differential 
heating followed by contraction during 
cooling to move the steel. Heat straighten- 
ing is most effective when small regions are 
heated. Narrow vee, strip or line heats, with 
unheated metal in between minimizes over- 
all expansion yet allows contraction cooling 
to take place. In fact, heating too much area 
may prevent heat straightening. 

Mistake No. 4: Heating Outside the Yield 
Zones 

The goal of heat straightening is to 
gradually restore the yield zones to their 
original configurations. By limiting heat to 
only the vicinity of these areas, the damage 
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mechanism is reversible. Heating in non- 
yielded regions often results in a misaligned 
structure. 

Mistake No. 5: Using Inefficient or Im- 
proper Heating Patterns 

Certain heating patterns have been 
shown to be particularly effective: vee heats 
on major axis plate element bending, line 
heats for minor axis bending, and strip heats 
on stiffening elements. An understanding of 
the role of each heating pattern is essential 
to effective heat straightening. 

Checking Procedures for Supervisors 

Remember that the goal is not just to 
straighten the damage, but to straighten it 
safely. There are a number of checks that 
should be made by the supervisor as the re- 
pair progresses. 

1. Review and approve all heating pat- 
terns prior to initiating the repair . 

2. Periodically check the jack gauges to 
insure that excessive force is not be- 
ing used. 

3. Periodically monitor the temperature 
using temperature sensing crayons, a 
contact pyrometer, or other sensing 
device. 

4. Constantly observe the color of the 
steel at the torch tip. In normal day- 
light lighting, the steel should have a 
satiny silver halo at the tip. At night 
or in heavy shadows, a slight dull red 
glow may be visible. 

5. Establish reference points from 
which to measure movements. A 
taut line is useful although it must be 
moved aside during heating. In 
smaller regions a straight edge may 
be used. Sometimes it is convenient 

to measure from a fixed part of the 
adjacent structure which will not 
move during the straightening proc- 
ess. 

_. 

6. Always be sensitive to safety issues 
since the work is usually performed 
with at least some vehicle lanes 
open. Insure that jacks and other 
equipment are secured from falling. 

7. Final approval should be based on 
meeting the specified tolerances. 

Key Points to Remember 

- 

‘- 

- 

The engineer’s role is to design the re- 
pair. 

The field supervisor monitors the repair 
process to insure it meets plans and 
specifications. 

The contractor implements the design. 

Communication is essential between en- 
gineer, supervisor and contractor. 

Keys to a successful repair include: 

Selection of appropriate heating - 
patterns and sequences. 

Controlling the heating tern- - 
peratures and rates. 

Using suitable restraining forces. - 
Damage assessment includes: 

+ Initial inspection and evaluation 
for safety and stability. 

+ Detailed inspection for specific 
defects such as signs of fracture 
and material degradation. 

+ Taking measurements to charac- 
terize damage. 

+ Determining the cause of dam- 
age. 
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+ Determining the presence of 
cracks, tears or other problems 
not amenable to heat-straight- 
ening repair. 

l Steps in the planning and design process 
include: 

+ Analysis of degree of damage 
and determination of maximum 
strain due to damage. 

+ Conducting a structural analysis 
of the system. 

+ Selecting regions where heat 
straightening is applicable. 

+ Selecting heating patterns and 
parameters. 

+ Developing a constraint plan. 

+ Developing repair plans and 
specifications. 

l Supervisor’s responsibilities include: 

+ Monitoring the heating tempera- 
ture. 

+ Monitoring restraining forces. 

+ Approving heating patterns. 

+ Checking Tolerances. 

l While some rational limitations exist 
when considering the heat-straightening 
option, engineering judgcment is an es- 
sential ingredient for a successful repair. 
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PART II. TECHNICAL GUIDE FOR HEAT-STRAIGHTENING REPAIRS 
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Chapter 4. Effects of Heating on the Material Properties of Steel 

Introduction 

The potential for detrimental effects 
from heating damaged steel has limited the 
implementation of heat straightening. How- 
ever, with an understanding of the properties 
of steel, heat straightening can be safely 
conducted. Heating steel reduces the yield 
stress as well as the elastic modulus but the 
coefficient of thermal expansion increases 
with temperature. The behavior of these pa- 
rameters complicates attempts to understand 
the response of steel to heat straightening. In 
addition to these short-term effects, heat can 
result in long-term consequences which may 
be detrimental. 

The large majority of steels used for 
bridge construction in the United States are 
either carbon or low alloy steel. At ambient 
temperature, these steels have three major 
constituents: ferrite, cementite and pearlite. 
The iron-carbon equilibrium diagram shown 
in fig. 4.1 illustrates the relationship of these 
components. Ferrite consists of iron mole- 
cules with no carbon attached, cementite is 
an iron-carbon molecule, (Fe&); and pear- 
Iite is a mixture of cementite (12 percent) 
and ferrite (88 percent). A low carbon steel 
has less than 0.8 percent carbon, too little 
carbon to develop a 100 percent pearlite 
compound, resulting in pearlite plus fkee fer- 
rite molecules. High carbon steels (carbon 
content between 0.8 and 2.0 percent) have 
more carbon than required to form pearlite, 
resulting in a steel with additional cementite. 
Low carbon steels tend to be softer and 

more ductile because these are characteris- 
tics of ferrite. Cementite is hard and brittle 

thus high carbon steels are harder and less 
ductile. 

Temperatures greater than about 
700°C (13OOOF) begin to produce a phase 
change in steel. This temperature is often 
called the lower critical (or lower phase 
transition) temperature. The body centered 
cubic molecular structure begins to assume a 
face centered cubic form. With this struc- 
ture, a larger percentage of carbon will be 
carried in solution. When steel cools below 
the lower critical temperature, it attempts to 
return to its body centered structure. Since 
this change requires a specified time frame, 
rapid cooling may not permit the complete 
molecular change to occur. Under these cir- 
cumstances, a hard, strong and brittle phase 
called martensite occurs. The steel in this 
form may have reduced ductility and be 
more sensitive to brittle fracture under re- 
peated loads. 

The upper critical (or upper phase 
transition) temperature is the level at which 
the molecular change in structure is com- 
plete. At this temperature (around 8 15 
925°C or 1500-1700°F for most steels, de- 
pending on carbon content) the steel as- 
sumes the form of a uniform solid solution 
called austenite. It is at temperatures be- 
tween the lower and upper critical that a 
wide range of mill hot rolling and working 
can occur. As long as the temperature is 
lowered slowly in a controlled manner fi-om 
these levels, the steel assumes its original 
molecular configuration and properties. 
This temperature control is more difficult to 
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Figure 4.1. Iron-carbon equilibrium diagram. 

maintain at a fabrication shop or in the field Residual Stresses in Heat-straightened 
when conducting heat straightening repairs. Plates 

Consequently, if the temperature 
during heat straightening is not kept below 
the lower critical temperature, undesirable 
properties may be produced during cooling. 
It is this concern that has limited the appli- 
cation of heat straightening in many cases. 
A related issue is the question of residual 
stresses. When heated steel cools, the sur- 
faces having the most exposure to the cool- 
ing environrnent contract more rapidly. This 
unequal contraction produces the residual 
stresses found in most steel shapes and it is 
important to understand how heat straight- 
ening affects these residual stress patterns. 
The purpose of this chapter is to first pro- 
vide data on the residual stress patterns of 
heat-straightened steel, and second, to pro- 
vide a summary of how heat straightening 
affects material properties. 

Although residual stresses are often 
mentioned in literature on heat straightening, 
there has been little documented research in 
this area. Past research was conducted in the 
context of heat curving (not heat straighten- 
ing), and thus is somewhat limited in its ap- 
plicability to heat straightening. Some of 
the most notable research was conducted at 
the University of Washington (Roeder 
1985), where a finite element model was 
developed to predict the local behavior of a 
plate element subjected to a vee heat. Re- 
sidual stresses were estimated using the 
model and experimental strains were also 
measured. An example of Roeder’s results 
are shown in fig. 4.2. 

Experimental research was con- 
ducted (Brockenbrough 1970b) to back up 
earlier theoretical residual stress studies 

- 

- 

- 

- 

- 

- 

- 
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Figure 4.2. Experimental strain and theoretical 
residual stress distribution for 2/3 depth, 45’ vee 

heated plate subjected to 1000°F temperature 
(Roeder, 1985). 

(Brockenbrough 1970a) on heat-curved plate 
girders subjected to line heats. These 
stresses, determined by the “sectioning 
method”, were reasonably consistent with 
the theoretical values, Similar theoretical 
methods were used on vee-heated plate ele- 
ments (Nicholls and Weerth 1972) and on 
wide flange beams (Horton 1973). How- 
ever, the results were not supported by any 
experimental data. 

Significant residual stresses occur in 
most structural steel members. Such 
stresses usually result from differential 
shrinkage during cooling in the manufacture 
of both rolled and welded built-up shapes. 
However, the cutting and punching process 
during fabrication may also produce residual 
stresses. Residual stresses are quite high 
and values may reach 50 percent of yield for 
some rolled shapes and approach yield for 
some welded built-up members. With one 
exception, residual stresses have been ne- 
glected in code requirements governing steel 

design. The reasons for neglecting residual 
stresses relate to two characteristics: (1) The 
ductility of steel allows for a moderating 
redistribution of residual stresses when a 
member is subjected to large loads, and (2) 
since residual stresses are self-equilibrating, 
large compressive stresses at one location on 
a cross section are balanced by tensile 
stresses at another location. As a conse- 
quence, the stresses at a specific cross sec- 
tion producted by applied loads is additive 
to the residual stresses at some points and 
are subtractive at others. The result is that 
the ultimate strength of a member is usually 
not affected by residual stresses. The ex- 
ception is compression members in which 
high residual stresses may reduce the buck- 
ling strength. American design codes ac- 
count for residual stresses in compression 
members by assuming an average residual 
stress value of 50 percent of the yield stress. 
This assumption may lead to somewhat 
conservative designs for rolled shapes 
(which have smaller residual stresses) and 
slightly less conservative designs for welded 
built-up shapes (which have larger residual 
stresses). European codes have adopted the 
multiple column curve approach in which 
different formulas are used depending, on 
the magnitude of residual stresses. For these 
codes the level of residual stress affects the 
design capacity. 

Avent, Robinson, et. al. (1993) have 
conducted research to provide insight as to 
whether heat straightening produces some 
negative effects due to residual stresses. 
The study included: both plates and rolled 
shapes; variations in vee angle, vee depth 
and level of external restraining forces; and 
degree of initial damage. Residual stress 
patterns were determined by using the 
“sectioning method”, a well-established, but 
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Figure 4.3. Measured residual stresses in a vee 
heated plate prior to heating. 

destructive procedure. After taking initial 
distance measurements between two fixed 
points on the steel, a narrow strip containing 
these points is cut out (by milling to avoid 
heating the steel). The distance is re- 
measured and the change reflects the mag- 
nitude of residual stresses in that strip. 
Practical considerations limit strips to ap- 
proximately % in width and changes in 
length are quite small over the gauge lengths 
required; typically 4 in. These considera- 
tions limit the accuracy of the process. 
However, the results provide a reasonable 
assessment of residual stress patterns after 
heat straightening. For all residual stress 
values given in this chapter, a positive sign 
denotes tension and negative denotes com- 
pression stresses. 

Figure 4.4. Average residual stress values for vee 
heated plates which were originally undamaged. 

(Avent and Wells 1982). A series of 100 x 6 
x 610 mm (4 x */4 x 24 in) long, initially 
straight A36 steel plates were vee heated 
four times each. The heating parameters are 
shown in table 4.1, Residual stresses were 
measured across the vee heated zone for 
each plate with the 102 mm (4 in) gauge 
length centered on the vee for each strip. A 
distinction can be made by classifying 
“small vee angles” as those being less than 
or equal to 60” and “large vee angles” as 
those greater than 60’. These two categories 
have significantly different magnitudes of 
residual stresses, especially at the edges. 
The averages of all plates within each cate- 
gory are shown in fig. 4.4. The smaller vees 
exhibited considerably higher compressive 
stresses at the edges. 

An unheated plate (Plate UH) was The residual stress patterns in all of 
tested for residual stresses to provide the ba- the plates were similar in shape to Roeder’s 
sis for determining changes resulting fi-om theoretical distribution (fig. 4.2), where 
vee heats. Stresses found in each strip are normalized values were used. An evaluation 
plotted in fig. 4.3. The values are fairly low of the individual results indicates that most 
and the shape compares reasonably well vee heat parameters had little effect on re- 
with standard residual stress assumptions sidual stresses. The exception was that the 
and previous experimental measurements largest vee angle cases (82”) had maximum 
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Table 4.1. Heating parameters for undamaged plates. 

I I I I I 
Plate Vee Angle Jacking Ratio Depth Ratio 

P-l 20 0.00 1.00 

P-2 45 0.00 1.00 

P-3 60 0.00 1 .oo 

P-4 

P-5 

20 0.00 1.00 

45 0.50 0.75 

P-6 45 0.00 0.75 I 
P-7 82 0.50 0.75 

P-8 82 0.00 0.75 

Table 4.2. Heating conditions and degree of damage for deformed plates. 

Plate Angle of Damage Max Strain Vee Angle Jacking Ratio Vee Depth Avg. Plastic Rotation 

(deg/millirad) (Multiple of Yield (degree) W&j Ratio per vee heat (millira- 

Strain) dians) 

P-9 6.40/l 11.8 30 45 0.25 1.00 4.63 

P-10 23.621412.2 100 45 0.25 1.00 3.82 

P-11 5.58/97.4 30 45 0.50 1.00 5.94 

P-12 1 l-80/205.9 80 45 0.50 1.00 5.60 

P-13 18.71327.6 90 45 0.33 1.00 5.56 

P-14 5.99Do4.5 30 45 0.50 0.75 4.69 

P-15’ 21.12/368.6 80 20 0.50 0.75 3.81. 

P-16’ 25.061437.4 90 20 0.50 1 .oo 3.41 

P-17’ 18.2U317.8 100 60 0.50 0.75 6.43 

P-18’ 25.021436.7 100 60 0.50 1.00 6.56 

‘The last four specimens were used just for plastic rotation data and were not straightened completely (20 heats were applied to 
each) 
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Dayage 

4” 

Figure 4.5. Regjons utilized in residual stress 
measurements of damaged and heat straightened 

plates (Note: 25.4 mm = 1 in.). 

stresses of 40-60 percent less than those with 
smaller vee angles. However, for vee angles 
from 20-60°, the residual stress variation 
was small. Similarly, neither the jacking 
ratios nor depth ratios significantly influ- 
enced residual stresses. In all cases the dis- 
tribution of residual stresses were symmetri- 
cal. Thus, with the exception of vee angle, it 
appears that the heating/cooling cycle is the 
primary factor influencing residual stresses. 
Since the entire cross section was elevated to 
the same temperature, the residual stress 
distribution tended to be symmetrical. In 
comparison to the unheated plate, the maxi- 
mum stresses were found to be over 100 
percent larger. For vees in the 20-60” range, 
the maximum compression residual stresses 
were on the order of 172 MPa (25 ksi). 

A second series of 100 x 6 x 610 mm 
(4 x ‘/4 x 24 in) long plates were initially 
damaged and then heat straightened. The 
parameters are shown in table 4.2. After 
straightening, average residual stresses were 
determined by the sectioning method for 
three different regions on the damaged 
plated: Regions A, B, and C (see fig. 4.5). 

Typically, eight strips were cut from each 
plate. The plates were classified in groups 
of small degree of damage (6”) and large de- 
gree of damage (12 to 24”) where degree of 
damage, (pd, is defined as shown in fig. 3.3. 
These two groups experienced slightly dif- 
ferent residual stress patterns. The small 
degree of damage classification exhibited a 
maximum strain ratio (eq. 3.9) of approxi- 
mately 30 times yield strain and the larger 
degree of damage cases 80 to 100 times 
yield strain. The residual stress distributions 
for both cases are shown in figs. 4.6 and 4.7. 

__ 

- 

- 

- 

- Since all of these plates had signifi- 
cant damage, a large number of heats (25 
100) were required to straighten them. It 
appears that the repetitive heating tended to 
reduce the residual stresses in comparison to 
the undamaged heated plates. All but one of 
the five plates exhibited the parabolic distri- 
bution predicted by Roeder (1985). The ex- 
ception (plate II) had compression stresses at 
the center as well as the edges. As a result 
the average values for the two plates with 
the 6” damage did not follow the expected 
pattern. For all cases the maximum com- 
pressive stresses at the edges ranged be- 
tween 83-179 MPa (12-26 ksi) and, the ten- 
sile stresses ranged between 55-83 MPa (8- 
12 ksi). The stresses were computed using 
the commonly assumed value of 200,000 
MPa (29,000 ksi) for the steel’s modulus of 
elasticity (E). It should be noted that a few 
of the gage holes were destroyed in the 
stripping process, thus rendering the strips 
unreadable. 

Based on the measured residual 

- 

- 

- 

- 

_ 

- 

- 

- 

stresses,’ a theoretical model can be devel- 
oped by assuming the distribution to be 
parabolic. With a maximum tensile stress of 

_ 

- 
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Figure 4.6. Residual stress distribution for dam- 
aged and vee heated plates in region B (assumed 

modulus = 200,000 MPa or 29,000 ksi). 

69 MPa (10 ksi) and a maximum compres- 
sive stress of 138 MPa (20 ksi), the residual 
stresses can be approximated by 

0, =10(1-12x2) (Eq. 4.1) 

where x is the distance tiom the center of the 
plate to the residual stress location divided 
by the plate width and o, is the residual 
stress in ksi. 

Residual Stresses in Rolled Shapes 

Residual stress patterns have been 
experimentally determined for some repre- 
sentative samples of angles, channels and 
wide flange sections. The geometry of the 
shapes prevented measurements with the 
extensometer on both sides of certain strips. 
However, the continuity and consistency of 
the values indicate that by just measuring 
one side, sufficient accuracy was obtained. 
The residual stress values for angles are 
shown in fig. 4.8 - 4.11. The strip number 

Figure 4.7. Residual stress distribution for dam- 
aged and vee heated plates in region A and C (as- 

sumed modulus = 200,000 MPa or 29,000 ksi). 

locations are shown in the figures along with 
the location of the vee and strip heats. 

In the two originally undamaged an- 
gles (figs. 4.8 and 4.9), the residual stress 
patterns were quite similar. Somewhat 
higher compressive stresses were found at 
the edges in Fig 4.9. The only difference 
between these two specimens was the vee 
angle used (20” and 45”, respectively). For 
these two cases the apex of the vee was lo- 
cated at the toe of one leg and a strip heat 
was used on the opposite leg. 

The residual stresses for a 4x4~114 
angle that was damaged and then heat 
straightened is shown in fig. 4.10. An inter- 
esting fact is that the damaged angle speci- 
men exhibited the same pattern of residual 
stresses as the undamaged angles although 
the damaged angle had somewhat higher 
values. For this case, the apex of the vee 
was located at the heel of one leg and a strip 
heat was not required on the opposite leg. It 
is apparent that the heating/cooling process 
in the angles results in quite high (around 
280 MPa or 40 ksi) compressive stresses 
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Figure 4.8. Stresses in angle VI-l (20” vee, apex at Figure 4.9. Stresses in angle VI-4 (45’ vee, apex at 
toe, M&M, = 0.00, depth ratio = 1.00). toe, Mj/M, = 0.00, depth ratio = 1.00). 

Stress (ksi) 
L -40 -20 0 20 40 

8 

1 
1 . . . 8 

I2146676 
Strip Number 

Stress (ksi) 

1 .‘. 8 

.: :: 
1  *J.o*7* 

Strip Number 

-_ 

- 

-_ 

- 

- 

- 

- 

Figure 4.10. Stresses in angle L4x4 (45’ vee, apex 
at heel, M,/M, = 0.50, depth ratio = 1.00). 

Figure 4.11. Stresses in angle L6x4x5/16 (45” vee, 
apex at heel, Mj/M, = 0.33, depth ratio = 1.00). 

- 

-_ 
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Figure 4.13. Residual stress strip locations (Cate- 
gory S heat). 

1 . . . a 

Figure 4.12. Stresses in channel IX-6 (45’ we, 
M#$Q = 0.50, depth ratio = 1.00). 

near the toes, regardless of the location of 
the vee apex, relative to the stiffening ele- 
ment. For each of these cases the residual 
stresses were large compressive values at 
edges and comers and somewhat smaller 
tensile forces over the central portion of 
each cross section element. 

The residual stress pattern for an 
unequal leg angle is shown in fig. 4.11. The 
angle was damaged and straightened with 
vee heats on the long leg. Since the apex of 
the vee was at the heel, no strip heat was re- 
quired on the stiffening leg. Here the pattern 
varied from the equal leg angles, although 
the maximum values were of similar mag- 
nitude (approximately equal to the yield 
stress). 

Of primary importance is the obser- 
vation that residual stresses in heat 

Figure 4.14. Residual stress strip locations (Cate- 
gory W heat). 

straightened angles are quite high and ap- 
proach yield stress at some points. While 
the distribution of these stresses may vary, 
the magnitudes are similar to that of welded 
built-up shapes. 

The residual stresses for a category S 
heating pattern on an originally undamaged 
C 6x8.2 channel are shown in fig. 4.12. The 
pattern is not as well defined as for angles. 
However, significant residual stresses were 
found with the magnitudes approaching the 
yield stress. 

Residual stresses were also experi- 
mentally determined in the heated region of 
W 6x9 wide flange beams using the sec- 
tioning method. In all of the beams, eight 
strips were cut from each flange, and six 
strips were cut from the web (see figs. 
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Eight undamaged W 6x9 wide 

82545678 
Strip Number 

1 .-. 8 
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1 . . . 8 Strist (ksl) 

Strip Number 

Figure 4.15. Residual stresses in unheated wide 
flange beam “UJP. 

4.13 and 4.14). The shape of the exten- 
someter used to measure the gage lengths 
prohibited obtaining stresses in the web 
within about 1.5 inches from either of the 
flanges, thus limiting stress reading to six 
strips. 

An unheated specimen (Beam UH) 
was tested for residual stress (fig.4.15), to 
compare with the heated specimens. These 
stresses closely matched a plot of the resid- 
ual stresses in a roller straightened W6x20 
shape shown in the Structural Stability Re- 
search Council’s “Guide to Stability Design 
Criteria for Metal Structures” (1976). Roller 
straightening (or rotor-king) is a cormnon 
mill practice for straightening small wide 
flange shapes to meet sweep and camber tol- 
erances. The process redistributes and 
greatly reduces the initial residual stresses in 
the flanges (a characteristic evident in Beam 
UH, where these stresses are quite low). 

flange beams were heated using the standard 
patterns (five Category S and three Category 
W). Four heats were conducted for each 
beam. The heating parameters are shown in 
table 4.3. Plots of the residual stress pat- 
terns are shown in figs. 4.16-4.23. From the 
residual stress patterns in the heated undam- 
aged beams, the following observations are 

.- 

- 

-- 

-. 

made: 
l The residual stresses are greatly 

increased when vee heats are ap- 
plied to undamaged beams. The 
maximum values equal yield for 
Category S and approximately 
one-half yield for Category W 
heats. 

The patterns were significantly 
different in the Category S and 
Category W heated specimens. 

Jacking ratio and depth ratio 
were again found to not signifi- 
cantly change the stress patterns, 
when all other parameters were 
held constant. 

- 

- 

-’ 

By classifying the 20- and 30- 
degree vee angles as small and 
the 45degree vee angles as large, 
there were significant pattern dif- 
ferences in the two classifications 
in the Category S specimens (no 
significant difference in Category 
W specimens). 

- 

_. 

- 

Four W 6x9 wide flange beams were 
bent about their weak axis (Category W) and 
repaired using the standard patterns. All 
beams were repaired with % depth, 45” vees 
and a jacking ratio of 50 percent. 

-- 

- 

- 
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Table 4.3. Heating conditions for undamaged wide flange beams. 

Beam Vee Angle 

B-l 20 

B-2 30 

Jacking Ratio 

0.00 

0.00 

Depth Ratio 

1 .oo 

1 .oo 

Category 

S 

S 

I B-3 I 45 I 0.00 I 1.00 I s 

B-4 45 0.25 1.00 S 

B-5 45 0.50 1 .oo S 

B-6 20 0.00 1.00 W 

I B-7 I 20 I 0.50 I 1 .oo I w 
I B-8 45 0.00 1 .oo W 

12345676 

Strip Number 

Strip Heated /I . . . a Stress (ksi) 
Flange 

12345678 

Strip Number 

12345671 

Strip Number 

Vee 

Strip 

12545678 

Strip Number 

L’ ::.i 
* (D * _..j...g... i...: 

I f  i : : : ; : : j : : “ - . : : :  

la 

“g 5 .  ..i...i :._.i... 

a : .  

o-20 40 

Stress (ksi) 

Figure 4.16. Stresses in beam B-l (20” vt?e, Mj/M, 
= 0.00, depth ratio = 1.00). 

Figure 4.17. Stresses in beam B-2 (30” vee, M,/M, 
= 0.00, depth ratio = 1.00). 
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Figure 4.18. Stresses in beam B-3 (45O vee, Mj/M, Figure 4.19. Stresses in beam B-4 (45’ vee, Mj/M, 

= 0.00, depth ratio = 1.00). = 0.25, depth ratio = 1.00). 

-40~: ::::’ 
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Strip Number 
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strip ;po”,‘k.$/ 1 . . 8 Stress (ksi) 

Strip Number 
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Strip Number 
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Strip Number 
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Figure 4.20. Stresses in beam B-5 (45” vee, Mj/M, Figure 4.21. Stresses in beam B-6 (20” vee, Mj/MP 
= 0.50, depth ratio = 1.00). = 0.00, depth ratio = 1.00). _ 
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Figure 4.22. Stresses in beam B-7 (20” vee, MI/M, Figure 4.23. Stresses in beam B-8 (45’ vee, Mj/M, 
= 0.00, depth ratio = 1.00). = 0.50, depth ratio = 1 .OO). 

A unique part of these tests was that 
all beams except the first were re-damaged 
and repaired several times. Residual stresses 
were obtained after the last repair cycle for 
each beam. In each case the degree of dam- 
age was approximately 7O which required 
about 20 heats to complete the repair. Re- 
sidual stress measurements were made on 
beams after 1,2, 4, and 8 damage/repair cy- 
cles. Measurements were taken at the center 
of damage. Shown in fig. 4.24 are the aver- 
age residual stresses in the flanges of the 
specimens for the different categories and 
locations (the shortening of the beams pre- 
vented the measurement of residual stresses 
in the webs, except for the single dam- 
age/repair cycle). The stresses were fairly 
consistent in the beams with one and two 
damage/repair cycles and fairly consistent in 
those with four and eight damage/repair cy- 
cles. This behavior indicates that the num- 
ber of damage cycles 

has some effect on the residual stress distri- 
bution. Values are shown, using an assumed 
modulus of elasticity of 200,000 MPa 
(29,000 ksi). 

It is interesting to note that the resid- 
ual stress patterns in all of these beams were 
exactly opposite in nature to that of the un- 
damaged beams which had tension in the 
flanges and compression in the web. For the 
damage/repair cases, the large number of 
vee heats tended to shorten the flanges more 
than the strip heats shortened the web. Thus 
the flanges had tension stresses while the 
web had compression stresses. The web 
compression was obvious by severe web 
buckling which occurred after a number of 
damage/repair cycles (A correction factor 
was applied to account for curvature when 
computing the residual stress of each strip). 
Actual repairs would have required this local 
buckling to be heat straightened. 

Vsr Heated 
Strip Number 

Vee Heated- 
Flange 

40 :.. . ../._.._..:_._I-:...:... 
a 20 _,j,,,:..,~._.j. .;...i.,. 
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__.j.../.._i,._:...j,..~... .-i4 j//j:/ 
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12345678 
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Figure 4.24. Residual stress distribution damaged, Category W side flange beams (assumed E = 200,000 MPa 
or 29,000 ksi). - 

Residual stresses were measured for 
a single W 6x9 beam with Category S dam- 
age which was repaired using the standard 
pattern. The residual stress patterns are 
shown in fig. 4.25. Both flanges were in 
compression while the web was in tension. 
The maximum compressive stresses in the 
flanges approached yield while those in the 

cept, these members are all treated the same 
and no capacity reduction would be as- 
sumed. However, if multiple column curves 
are used (typical of many European coun- 
tries), then heat straightened columns would 
fall in a lower strength curve after heating 
due to residual stresses. Consequently, there 
would be some loss of design strength. 

_ 

- 

- 

web were somewhat less. A comparison of 
the residual stresses for the undamaged and 
damaged beams showed a reasonably good 
correlation for Category S. 

The large residual stresses created 
during heat straightening have several impli- 
cations. First, if the member is a compres- 
sion element, the high residual stresses are 

Second, high tensile residual stresses 
reduce the effectiveness of jacking forces by 
effectively canceling out the compressive 
stresses in areas with externally applied 
force which causes compressive stresses. 
Movement could be reduced or even re- 
versed, if the jacking force moment does not 
compensate for the residual stresses. 

‘- 

__ 

_ 

similar to welded built-up members. Since 
U.S. codes use a single column curve con- 

-_ 
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Figure 4.25. Residual stresses in Category S dam- 
aged wide flange beam (45” vee, Mm = 0.50, 

depth ratio = 1.00). 

Basic Material Properties From Labora- 
tory Tests 

Thermal Expansion.-One of the 
most fundamental aspects of heat straight- 
ening is the thermal expansion characteris- 
tics of steel. The coefficient of thermal ex- 
pansion is a measure of the rate of strain per 
degree temperature. Between 65650°C 
(250-1,200”F) this coeflkient varies directly 
with temperature such that the rate of expan- 
sion increases as temperature increases 
(Blodgett, 1972; Ditman, 1961; Nichols and 
Weerth, 1972; Roeder, 1985). A plot 
showing the variation of the coefficient of 
thermal expansion for low carbon steels is 
shown in fig. 4.26 (Roeder, 1985). Most 
curves of this type do not exceed a tem- 
perature of 650-760°C (1200-1400°F) 

Temperature, OC 

0 200 400 600 

0 200 400 coo 800 1000 1200 1400 

Temperature, OF 

Figure 4.26. Variation of coefficient of thermal 
expansion versus temperature (Roeder, 1985). 

because some research has indicted that the 
thermal expansion may become irregular 
over the range of temperatures between 700- 
870°C (1300-1600°F). This region is re- 
ferred to as the phase transformation zone 
and the behavior is attributed to molecular 
change which might have detrimental effects 
on the steel properties. However, Roeder 
has shown that for vee heats the thermal ex- 
pansion continues to increase in a well- 
behaved manner up to 870°C (1600°F) for 
carbon steels, although at this temperature, 
surface damage such as pitting becomes evi- 
dent. 
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Figure 4.27. Normalized yield stress and modulus 
of elasticity versus temperature (Roeder, 1985). 

Modulus of Elasticity.-Between 30- 
650°C (lOO-1200”F), the Modulus of elas- 
ticity decreases with increasing temperature. 
At 650°C (1200°F) the Modulus of steel 

typically decreases to one-half of its 
Modulus at room temperature. This rela- 
tionship is shown in fig. 4.27 where E, is the 
modulus at an ambient temperature of 21°C 
(70°F) which is 200,000 MPa (29,000 ksi) 
and T is in degrees Fahrenheit. Two inves- 
tigators (Nicholls and Weerth, 1972 and 
Horton, 1973) have reported the results of 
measuring the Modulus of elasticity after the 
heat straightening. No appreciable change 
in the Modulus of elasticity was found after 
completing the heat straightening process 
and allowing the material to cool to ambient 
temperature. 

Yield Stress.-Two aspects are im- 
portant in relating the yield stress to the heat 
straightening process. The first is the varia- 
tion in the yield stress during the heating 

process. The second is the permanent ef- 
fect heat straightening has on yield stress 
after the steel has cooled. 

_ 

A plot of the yield stress versus tem- 
perature (Roeder, 1985) is shown in fig. 4.27 
for carbon steel where T is the temperature 
in degrees Fahrenheit and F, is the nominal 
yield stress at 21°C (70°F). It can be seen 
that the yield stress may be on the order of 
40 percent its original value when the tem- 
perature reaches the 650°C (1200°F) associ- 
ated with heat straightening. This charac- 
teristic has the positive effect of enabling 
plastic deformation to occur at relatively low 
stresses during the straightening process. 
However, it may produce a negative effect in 
that the area being heated is temporarily 
weakened. 

Of long-range interest is the effect on 
the yield strength after cooling has taken 
place. A number of researchers have meas- 
ured the yield stress after the heating/cooling 
cycle to determine the modified characteris- 
tics. For the carbon steel tests representing 
over 25 specimens fi-om various investiga- 
tors (see table lO.l), the yield stress in- 
creases an average of 10 percent after heat 
straightening. Six specimens of high 
strength, low alloy steel showed a 2 percent 
increase in yield stress while eight speci- 
mens of heat-treated, high strength carbon 
steel showed an average increase in yield 
stress of 7 percent. The only steel that 
showed a decrease in yield stress was the 
quenched and tempered steel where the av- 
erage of 12 specimens produced a 6 percent 
decrease in yield stress. This data indicated 
that the long term effects of the heat 
straightening process has a small but gener- 
ally positive effect on the yield stress. 

- 

- 

- 

- 

- 

- 

__ 

_ 
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In addition, the tested specimens 
were heated for various lengths of time, 
cooled both by air and by quenching with a 
mist, and were subjected to various super- 
imposed loads and residual stresses. None 
of theses variables had significant effect on 
the yield stress with the possible exception 
of the quenched and tempered steel. In the 
case of quenching, the yield stress was, on 
the average, unchanged from the original 
yield. 

Ductility After Heat Straighten- 
ing.-Ductility has often been measured as 
the elongation over a two inch gage length 
expressed as a percentage. Test data (see 
table 10.1) shows that there is typically a lo- 
20 percent decrease in ductility after the 
steel has experienced a cycle of heat 
straightening. This range is the percent re- 
duction and should not be construed as the 
actual reduction. The average decreases are: 
carbon steels, 8 percent; High strength, low 
alloy steels 18 percent; quenched and tem- 
pered steels, 14 percent; and quenched and 
tempered constructional alloy steels, 11 per- 
cent. While these changes in ductility char- 
acteristics are significant, the magnitude of 
the reduction is in an acceptable range. 

Notch Toughness.-The Charpy V- 
notch test is widely used as a guide to the 
toughness of steels in structures susceptible 
to brittle fracture. A small rectangular bar 
with a specified V-shaped notch at its mid- 
length is simply supported at its ends as a 
beam and fractured by a blow firom a 
swinging pendulum. The amount of energy 
required to fracture the specimen is calcu- 
lated from the height to which the pendulum 
rises after breaking the specimen. The data 
is taken at a range of temperatures and a plot 
of energy versus temperature (on the ab- 

scissa) is generated. The resulting curve is 
S-shaped with an upper limit asymptote of 
constant energy absorption as the tempera- 
tures increase above a certain upper critical 
temperature and a lower limit asymptote as 
the temperature goes below the lower criti- 
cal temperature. These limits are referred to 
as the upper and lower shelf. Tests (see ta- 
ble 10.1) have shown that there is no signifi- 
cant change in the upper shelf energy ab- 
sorption before and after the heat straight- 
ening process for any grade of steel. 

A second measure of the notch 
toughness can also be obtained from the 
Charpy tests. The temperature at which 50 
percent of the upper shelf energy was ab- 
sorbed, T,, is measured and the difference 
between the original T,, and the T, after a 
completion of a heat straightening cycle is 
checked. Positive differences represent a 
decrease in notch toughness due to heat 
straightening while negative numbers repre- 
sent an increase. Researchers (table 10.1) 
have found a considerable variation within a 
given steel grade. However, the average 
values indicate that only the quenched and 
tempered, low alloy steels have a significant 
positive shift (18OC or 32°F). 

Another measure of notch toughness 
is the fracture transition temperature. This 
temperature is the one in which the percent- 
age of shear fracture is 50 percent of the 
cross section. Pattee, et. al. (1969) used this 
criteria in evaluating several grades of steel 
that had been heat straightened. The Drop 
Weight Tear test was used instead of the 
similar Charpy test. The fracture transition 
temperature changes were modest for all 
cases except the A517-A steel where there 
was a significant positive shift indicating a 
fracture sensitivity. 
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Only one series of fatigue tests on Mechanical Properties of Heat- 
flame straightened members were found in 
the literature (The shortening. . ., 1946). In 
this case three eye bars of A-7 steel were 
heat shortened and then fatigue cycled. 
When compared to similar specimens which 
had not been heated, the fatigue strength at 
both 500,000 and l,OOO,OOO cycles were 
similar. Although data is sparse, there is no 
indication that carbon steels will have a 
shortened fatigue life after heat straighten- 
ing. 

Shanafelt and Horn (1984) have rec- 
ommended that fracture critical members 
(nonredundant tension members or compo- 
nents) not be repaired by heat straightening 
unless the member is fully strengthened by 
the addition of cover or splice material. No 
technical data was presented to back up this 
recommendation. The data presented here 
suggest that such restrictions are overly con- 
servative with perhaps the only exception 
being the high strength quenched and tem- 
pered steels. The reductions in notch tough- 
ness are relatively modest otherwise. 

Straightened Plates 

Most testing for the basic mechanical 
properties of heat-straightened plates have 
been conducted on undamaged plates. 
These tests were typically conducted on un- 
damaged plates which had been vee heated 
only 3 or 4 times. Researchers concluded 
from these tests that: (1) little change oc- 
curred in modulus of elasticity, (2) slight 
increases were found in yield and ultimate 
tensile stress, and (3) lo-25 percent reduc- 
tion in ductility was observed. Of more sig- 
nificance are the properties of damaged 
plates (or rolled shapes) after experiencing 
the large number of heats required to fully 
straighten the member. To investigate this 
behavior, material properties tests were con- 
ducted on damaged plates in which a large 
number of heats had been applied. 

Tensile tests were conducted on cou- 

Rockwell Hardness.-A few investi- 
gators have conducted Rockwell hardness 
tests on heat straightened specimens. Patee, 
et. al. (1969, 1970) indicated that the hard- 
ness test may be a better measure of material 
properties than tensile tests because the 
hardness test measures such a small area. 
Harrison (1952) also conducted hardness 
tests. Both of these researchers found that 
the hardness values did not change appre- 
ciably before and after heat straightening. 

pons taken from the residual stress strips 
described previously. Yield strength, tensile 
strength, percent elongation, percent reduc- 
tion area; and modulus of elasticity were 
determined for plates P-9 through P-14. For 
each plate, coupons were taken from the 
heated area at the apex (strip 1 or 2), middle 
(strip 4 or 5), and open end (strip 7 or 8) of 
the vee. Also, a strip from an unheated re- 
gion of the same plate (strip UH) was tested 
for comparison purposes. 

Yield Stress and Tensile Strength.- 
The results of the coupon tests are shown in 
table 4.4. Some coupons exhibited signifi- 
cant increases in yield stresses over that of 
the unheated material (most notably at the 
top of the vee). The average increase for 
eight coupons at the vee apex was 17 per- 
cent. This value is nearly twice the increase 

- 
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Table 4.4. Material properties of damaged plates. 

Specimen/Strip Yield Stress Maximum Ten- Percent* Percent Red. Modulus of Elasticity 
(Mpa) WI sile strength Elongation In Area 

WW (W 
(MFa x 103) (ksi x 10’) 

P-9 UH 323 46.8 474 68.7 45 58 199 28.9 

1 356 51.7 486 70.5 33 46 ---- ---- 

5 343 49.8 487 70.6 38 60 219 31.7 

7 345 50.0 485 70.3 39 60 222 32.2 

P-10 UH 336 48.7 494 71.7 41 56 222 32.2 

2 361 52.3 491 71.2 30 62 209 30.3 

5 358 51.9 496 71.9 31 60 172 24.9 

7 356 51.7 481 69.7 34 64 125 18.2 

P-11 UH 311 45.1 499 72.4 42 57 215 31.2 

1 382 55.4 507 73.6 30 60 219 31.7 

4 352 51.1 501 72.6 41 58 177 25.6 

8 333 48.3 491 71.2 36 57 158 22.9 

P-12 UH 303 43.9 459 66.5 46 60 167 24.2 

2 359 52.0 472 68.4 34 63 154 22.3 

5 333 48.3 474 68.8 36 60 158 22.9 

7 324 47.0 476 69.0 36 60 117 17.0 

P-13 UH 323 46.9 480 69.6 43 59 197 28.6 

2 345 50.0 487 70.7 32 57 250 36.3 

5 317 46.0 468 67.9 -- 150 21.7 

7 301 43.7 466 67.6 35 65 126 18.3 

P-14 UH 292 42.3 476 69.0 41 58 192 27.8 

2 414 60.1 521 75.6 28 51 301 43.6 

4 335 48.6 494 71.7 35 59 245 35.5 

8 351 50.9 487 70.7 34 56 199 28.9 

Rates of strain=O.4545 in/in per minute up to yield 

=1.07 14 in/in per minute up to failure 

* 1 -inch gage length 

R 
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found for the undamaged plates discussed in 
the previous section. It is obvious that the 
large number of repetitive heats provided a 
degree of heat treatment not reflected in a 
small number of heats on undamaged plates. 
The maximum tensile strength values were 

more consistent, having variations of less 
than 4 percent except for plate No. 14, 
which had a 10 percent increase. The net 
effect of heat straightening is to narrow the 
gap between yield stress and maximum ten- 
sile strength. 

Modulus of Elasticity.-Based on 
limited data, it has been assumed that single 
vee heats on mild steel did not affect the 
modulus of elasticity. However, the results 
shown in table 4.4 indicate considerable 
variation in modulus of elasticity. Varia- 
tions for a given plate ranged fi-om 1 l-77 
percent. The average values for plates P-9 
and P-14 increased 11 percent and 30 per- 
cent, respectively. However, the average 
values for the other four plates decreased in 
the range of 13-3 1 percent. This evidence 
indicates that heat straightening tends to re- 
duce the modulus of elasticity in the heated 
regions. 

Ductility.-The percent elongation 
significantly decreased for all strips tested. 
This result is consistent with previous tests 
on undamaged vee heated plates. The elon- 
gation of the unheated strips ranged from 
41-46 percent while the average for each of 
the heated plates ranged f?.om 32-37 percent. 
Thus the elongation of heat-straightened 

plates tended to decrease by nearly one-third 
but all still met or exceeded material specifi- 
cation requirements. 

An important observation is that the 
changes in material properties resulting from 
the damaging and straightening processes 
were very similar for each plate, in spite of 

the differences in degree of damage, jack- 
ing ratio, vee depth and the number of heats 
applied. It appears that these parameters do 
not significantly affect material properties. 

An independent sample t-test was 
conducted for each property in table 4.4 to 
attach a statistical significance to the effects 
of one damage/straightening cycle on these 
properties. This test is an excellent method 
to determine the confidence level for pre- 
dicting changes from some process or event, 
even with a small number of samples. Table 
4.5 shows the confidence levels of one dam- 
age/repair cycle causing an increase (or de- 
crease) in the particular material properties 
of a steel plate specimen. A high level of 
confidence exists that yield strength will in- 
crease, and that percent elongation will de- 
crease (at all positions within the heated re- 
gion). However, the confidence level of in- 
creased tensile stress and decreased reduc- 
tion of area are low since values under 95 to 
97.5 percent are often rejected in hypothesis 
testing (Hicks 1982). 

Considering only the high confi- 
dence levels for yield stress increase and 
ductility reduction, the respective percent- 
ages of these properties (for each specimen) 
in relation to those in the unheated speci- 
mens and the ASTM standards are listed in 
table 4.6. For yield stress, the ASTM stan- 
dard minimum value is 248 MPa (36 ksi), 
and the standard for minimum percent elon- 
gation is 34 percent for a 50 mm (2 in) 
gauge length. 

It should be noted that the highest 
values for yield stress (414 MPa or 60.1 ksi) 
was obtained in strip #2 of plate P-14. This 
was the only plate with a depth ratio of 0.75 
for which tensile tests were conducted. Be- 
cause this strip #2 is in a region that has un- 
dergone compressive deformation but has 
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Table 4.5. T-test confidence levels for material properties of heat-straightened plates. 

Strip No. Yield Stress* 

land2 99.9 

4and5 99.2 

7and8 96.2 

Maximum Stress* 

92.0 

78.0 

53.9 

Percent Elongation** 

99.9 

99.6 

99.9 

Percent Red. In Area** 

69.8 

3.7 

8.9 

*Confidence level that heat straightening a deformed plate will cause an increase in the property shown over that of 
the same specimen before the damage/straightening cycle 

**Confidence level that heat straightening a deformed plate will cause an decrease in the property shown over that 
of the same specimen before the damage/straightening cycle 

Table 4.6. Comparison of material properties in heat straightened steel plates with unheated specimens and 
ASTM standard values. 

Plate/Strip Yield Stress Percent Elongation 
% of UH Specimen % of ASTM Standard % of UH Specimen % of ASTM Standard 

P-9 1 110 114 74 97 
5 106 138 84 112 
7 197 139 87 115 

P-10 2 107 145 73 88 
5 107 144 76 91 
7 106 144 83 100 

P-11 1 123 154 71 88 
4 113 134 98 121 
8 107 131 86 106 

P-12 2 118 144 74 100 
5 110 134 78 106 
7 107 131 78 106 

P-13 2 107 139 74 94 
5 110 128 _-- w-v 
7 107 121 81 103 

P-14] 2 142 167 68 82 
4 115 135 85 103 
8 120 141 83 100 
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not been directly heated, it is suspected to 
retain more strain hardening effects than if it 
were contained within the vee heated area 
(as other strip #Z’s are for full-depth vees). 
The minor restretching effect in the upper 
portions of this plate (addressed by Roeder, 
1985) may have caused cyclic hardening not 
experienced if the material was heated. This 
specimen alone (among the plates) experi- 
enced a significant increase in tensile 
strength over the unheated specimen for that 
plate (10 percent). It should also be noted 
that similarly elevated yield and tensile 
strengths were experienced (near the vee 
apex) after the first damage cycle in the 
study of repetitively damaged wide flange 
beams, described in the next section where a 
depth ratio of 0.75 was also used. 

Mechanical Properties of Heat-Straight- 
ened Wide Flange Beams 

Tensile tests were conducted on 
strips taken from four W 6x9 beams dam- 
aged by bending about their minor axis 
(Category W). The residual stresses for 
these beams were discussed earlier and the 
results shown in fig. 4.24. In each case 45”, 
3/4 depth vees and a 50 percent jacking ratio 
were used. The standard Category W pat- 
tern of vee heats on both flanges and a strip 
heat on the web was employed. In addition 
to evaluating material properties, the pur- 
pose of these tests was to determine the ef- 
fects of repetitive cycles of damage and re- 
pair. Consequently, Beam B-l was dam- 
aged and repaired once, while Beams B-2 to 
B-4 were damaged and repaired twice, four 
times and eight times, respectively. In each 
case the degree of damage was in the range 
of 6-8” and required about 20 heat cycles to 
repair. After the last damage/repair cycle for 
each beam, one of the flanges was sectioned 

and tensile tests conducted on strips near 
the apex, center and open end of the vee. 
The resulting properties are given in table 
4.7 where UH indicates an unheated strip 
(see fig.4.14 for strip numbers). 

Yield Stress.-A significant increase 
in yield stress and tensile strength occurred 
near the apex of the vee and it was progres- 
sively larger in proportion to the number of 
damage/repair cycles. A plot of the varia- 
tion is given in fig.4.28. The yield stresses 
at other locations increased in the range of 
9-21 percent and averaged a 13 percent in- 
crease (similar to the damaged plate results). 
The data confirms that the apex of the vee is 
the most sensitive zone. Repetitive damage 
and repair cycles result in large increases in 
yield stress, especially after two or more cy- 
cles. Tensile strength followed a similar 
pattern as shown in table 4.7 and fig. 4.29. 
However, the tensile strength at the apex 
increased at only half the rate of the yield 
stress as shown in table 4.8. This narrowing 
of the normal gap between yield stress and 
tensile strength suggests that heat straight- 
ening should be limited to no more than 2 
damage/repair cycles. 

Modulus of Elasticity.-The modulus 
of elasticity averaged 8-23 percent lower for 
members with one or two damage/repair cy- 
cles. However an increase was observed for 
the beam with four cycles. In general, the 
level of variation was similar to that of dam- 
aged plates. 
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Ductility.-The elongation after one 
or two damage/repair cycles (31-32 percent) 
followed the trend of plates with about a 
one-third reduction. However, for four or 
eight cycles the elongation is proportionally 
reduced as shown in fig. 4.30 and table 4.8. 

_ 

- 
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Table 4.7. Mechanical properties of damaged and heat straightened W 6 x 9 Category W wide flange beams 
(Vee angle=45”, jacking ratio=50 percent and depth ratio=75 percent)‘“. 

Specimen/Strip Yield Stress Maximum Stress Percent Percent Red. Modulus of Elasticity 
WV (ksi) WW W) Elongation In Area (MPa x 10’) (ksi x 103) 

B-1 GJW 313 45.4 465 67.4 43 63 223 32.3 

1 398 57.7 507 73.6 30 62 234 33.9 

5 372 53.9 506 73.4 36 64 166 24.1 

7 340 49.4 484 70.2 29 64 218 31.6 

B-2 w-9 328 47.6 471 68.3 42 66 203 29.4 

2 438 63.5 538 78.0 31 60 170 24.7 

4 354 51.3 520 75.4 32 61 123 17.9 

8 360 52.2 490 71.0 31 65 203 29.4 

B-3 WI 311 45.1 469 68.0 43 65 185 26.9 

2 489 70.9 569 82.5 22 59 232 33.7 

4 390 56.6 519 75.3 26 57 199 28.8 

8 363 52.7 523 75.9 27 42 267 38.7 

B-4 0 323 46.8 470 68.1 45 66 267 38.7 

2 607 88.1 683 99.1 15 41 270 39.2 

4 354 51.3 526 76.3 24 52 -_-- __I 

8 343 49.8 493 71.5 23 61 --_ _--- 

‘Rates of strain=O.2206 in/in per minute up to yield 

=0.8824 idin per minute up to failure 

*All values have been converted to represent an ASTM standard sized specimen (see ASTM A370 section 
11.6.l)and a l-inch gage length was used 
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Figure 4.28. Yield stress versus number of damage/repair cycles. 
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Figure 4.29. Tensile stress versus number of damage/repair cycles. 
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Table 4.8. Comparison of material properties in heat-straightened steel beams with unheated specimens and 
ASTM minimum standard values’. 

Beam/Strip Yield Stress Tensile Strength 

% UH O/o ASTM % UH % ASTM 

B-112 127 160 109 110 

B-114 119 150 109 110 

B-1/8 109 137 104 105 

B-2/2 133 176 114 116 

B-214 108 143 110 113 

B-2/8 110 145 104 106 

B-312 155 197 121 123 

B-3/4 124 157 111 112 

B-318 115 146 112 113 

B-4/2 188 244 146 148 

B-414 110 143 112 114 

B-4/8 106 138 105 107 

‘Converted values for ASTM standard size specimens were used 

% Elongation 

% UH O/o ASTM 

69 88 

85 106 

69 85 

74 91 

79 94 

74 91 
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64 79 
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51 68 
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I 
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Figure 4.30. Percent elongation versus number of damage/repair cycles. 
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Table 4.9. Material properties taken from an improperly heat straightened girder of an Iowa bridge re- 
moved from service. - 

Note: Chemical analysis percent by weight: Carbon-0.289; Manganese-0.647; Silicon-0.032; Sulfur-O.03 1; Phos- 
whorus-0.009 I 

- 

-- 

- 

The data reinforces the conclusion of limit- 
ing the number of damage/repair cycles to 
no more than two. 

Mechanical Properties from Heat 
Straightened Girders 

Studies of mechanical properties for 
field straightened girders are rare. However, 
one such study was conducted by 
Putherickal, (1992). The Iowa Department 
of Transportation has allowed heat straight- 
ening of bridge girders for a number of 
years. One such girder (W 30 x 108) was 
removed from service several years after re- 
pair for reasons unrelated to the original heat 
straightening repair. Identical tests were 
conducted on a segment in the heat straight- 
ened zone and from an unheated segment. 

A micro structure comparison be- 
tween the heated and unheated specimens 
showed clear signs of recrystallization in the 
heat straightened area. The heated piece was 
partly austenitized and recrystallized into 
finer grains. This evidence indicates that the 
steel was heated above the lower critical 
temperature. 

- 

A summary of the mechanical prop- 
erties measured is given in table 4.9. Both 

- yield and tensile strength increased signifi- 
cantly but the increases were not propor- 
tional. Elongation decreased significantly _, 
and the Brine11 hardness indicates that mate- 
rial became harder, indicating that the mate- 
rial was overheated. The Charpy V notch -. 
values in the unheated regions were poor. 
However, the values in the heated regions 
were even worse. All the data suggest that 1- 
the material in the over-heated zone became 
more brittle. The need for careful control of 
material temperature during heating is rein- - 
forced by this field data. 

This example illustrates that even 
though it is not advisable to overheat steel - 
during heat straightening, it does not neces- 
sarily mean that the member should be 

- scrapped if accidentally overheated. Rather, 
engineering judgement is required to deter- 
mine the safety of the member based on data I 
presented in this manual. 
Member Shortening 

- The subject of member shortening 
due to heat straightening has been men- 
tioned in the literature but little research has __ 
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Original Plate Length 

Final Plate Length 
(after straightenrng) 

Figure 4.31. Shortening of a beam or plate after 
heat straightening. 

been conducted. One researcher stated that 
using smaller vee depth ratios should result 
in less member shortening, given any par- 
ticular damage situation (Moberg 1979). 
However, it could be argued that less short- 
ening would occur when using fklldepth 
vee heats, since the top fibers have been 
heated and are subjected to a tensile stress. 
In fact, the amount of shortening in a mem- 
ber can be quite significant, regardless of the 
vee depth used. Fig. 4.31 shows the basic 
concept of the shortening phenomenon. If 
the plate is damaged about its strong axis 
with a midpoint loading as shown, the top 
edge of the plate experiences compressive 
yielding (shortening) and the bottom edge of 
the plate experiences tensile yielding 
(stretching). As the plate is subjected to the 
heat straightening process, the top edge ex- 
periences some ‘krestretching” in the longi- 

tudinal direction (as evidenced by Roeder’s 
strain distribution). However, these positive 
strains are small in comparison to the si- 
multaneous shortening of the bottom edge of 
the plate. To quantify the amotmt of short- 
ening experienced for a given amount of 
damage, measurements were made on some 
of the deformed plates. Cold bending will 
usually result in an increase in the centerline 
length of a member. To eliminate this fac- 
tor, the initial lengths were measured before 
damage was induced and final measure- 
ments taken after heat straightening was 
completed. Regardless of initial and final 
lengths, all of the shortening occurs only 
within the damaged region (meaning short- 
ening should not be expressed as a percent- 
age of total length, but simply as a length 
itself). 

A plot of shortening vs. degree of 
damage is shown in fig. 4.32 for 6 x 100 x 
610 mm (% x 4 x 24 in) plates bent about 
their strong axis. The shortening varies 
quite directly with degree of darnage, up to a 
certain point (somewhere between 18 and 24 
degrees), for the specimens studied. Short- 
ening appears to be a function of plate width 
(since strain will vary with plate width for a 
given angle of damage). The shortening is 
also affected by the degree of damage itself, 
but does not vary with vee depth ratio, at 
least in the 0.75 to 1.00 range. The amount 
of shortening in the full depth vees of Plate 
P-14 was about the same as for deformed 
beams P-9 and P-11 in which the same 
amount of damage was experienced and %- 
depth vees were used. All of the specimens 
with % depth vees followed the same trend 
of shortening exhibited by those heated with 
full-depth vees. A formula for estimating 
shortening is: 
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Figure 4.32. Shortening versus degree of damage for plate elements. 

s = 0.005wqd for 0 < qd < 24” (Eq. 4.2) 

where S = shortening in inches, <pd = angle 
of damage in degrees, and W = plate width. 

Four beams (W6x9’s) were also in- 
vestigated for shortening in the study. Each 
beam was damaged repeatedly about its 
weak axis to an angle of about seven degrees 
(approximately the same as the least dam- 
aged of the deformed plates). Each incident 
of damage was repaired using 45 degree 
vees with a depth ratio of 0.75 and a load 
ratio of 0.5. The number of damage/repair 
cycles varied for each of the beams but each 
repair cycle consisted of approximately 20 
heat cycles. Each time a beam was damaged 
and straightened, a net shortening of about 

2.5 mm (0.10 in) occurred in the heated re- 
gion. These values agreed well with the 
plate shortening equation. It therefore ap- 
pears that eq.4.2 can be applied to wide 
flange beams as well as plates. 
Redistribution of Material 

As a result of shortening, the heated 

- 

--’ 

.- 

portions of the deformed plate elements 
thickened (or upset) upon straightening. 
This fact becomes especially important in 
influencing future damage (if any) of the 
plate element. After the residual stress strips 
were cut from each plate element, thick- 
nesses were measured at various locations 
along each strip. Thicknesses at five points 
on each of the eight strips were measured to 
0.025 mm (0.001 in) accuracy. 

- 

- 

__ 

- 
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Thickening was greatest for the 
plates damaged to the largest degrees. For 
example, in Plate P-10, which was the 
specimen with the greatest amount of dam- 
age (23.62”), the thicknesses (measured for 
each strip) along the center of damage aver- 
aged 16.6 mm (0.655 in). When compared 
to the average thickness of the plate before 
damage (12.3 mm or 0.485 in), the thicken- 
ing resulted in a 32 percent increase in 
cross-sectional area. At points further away 
from the center of damage, thickening is less 
pronounced, but nevertheless, some thick- 
ening occurs within the entire yield zone. 
While a thicker cross-section results in a 
stronger member at that location, little 
structural significance should be placed on 
the thickening experienced. 

For the damaged wide flange beams, 
thickening also occurred in the heated re- 
gion. After straightening the first time, the 
thickening caused a spreading of the yield 
zone in each subsequent re-damage. The 
thickening resulted in a smoother distribu- 
tion of curvature (due to thinner portions 
further from the centerline tending to yield 
first), although the total angle of damage 
was kept as consistent as possible for each 
bend. Due to the larger yield zone, the heat 
locations were spread over a greater length. 
The number of heats required to straighten 
each bend remained fairly consistent, just 
more widely distributed. 

Impact of Heat Straightening on Me- 
chanical Properties of Steel 

Clearly, research data indicates that 
heat straightening does affect mechanical 
properties of steel. Early researchers used 
undamaged steel and a small number of 
heats to conclude that property changes were 
minimal. However, tests on damaged and 

heat-straightened plates and beams indicate 
that some property changes may be of sig- 
nificance. Yield stress may increase by as 
much as 20 percent in some cases, especially 
in the vicinity of the apex of vee heats. Ten- 
sile strength also increases but at only one- 
half the rate of yield stress. The ductility as 
measured by percent elongation may de- 
crease by one-third and the modulus of elas- 
ticity may decrease by over 25 percent in 
some heated regions. 

The importance of increased yield 
stress and tensile strength and decreased 
ductility in the specimens lies in the areas of 
stress concentrations and fatigue. Stress 
concentrations often occur around disconti- 
nuities in structural members such as holes, 
fillets, welded stiffeners, and notches (Bar- 
som and Rolfe, 1987). Structural designers 
rely on the ductility of the material to redis- 
tribute the load around a mild stress concen- 
tration, such as a drilled hole, within specifi- 
cation-imposed limits for fatigue. However, 
a decrease in ductility may reduce inelastic 
stress redistribution, thus the higher stresses 
remain concentrated. 

Fatigue life is the total number of 
cycles (load fluctuations) required at a cer- 
tam stress level to cause the initiation and 
propagation of cracks to a critical size. The 
“fatigue limit” is the maximum stress at 
which an infinite number of cycles can theo- 
retically be applied without initiating and 
propagating a crack. Cycles of stress above 
the “fatigue limit” lead to a lower fatigue 
life for any given material and configuration 
and the presence of notches, holes, welds, 
and other stress concentrations lowers the 
fatigue limit. 

Studies have shown that the fatigue- 
crack initiation threshold in various steels is 
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related to the yield strength as well as tensile 
strength (Barsom and Rolfe 1987). This 
threshold basically establishes a maximum 
stress for a given configuration geometry at 
which an infinite number of cycles can be 
applied without crack initiation. Equations 
basing the threshold on both tensile strength 
and yield stress have been formulated and 
agree well with each other for most struc- 
tural steels (where the ratios of tensile 
strength to yield stress are fairly consistent). 
However, the tensile strength to yield stress 
ratio may be altered in heat-straightened 
members. In general, the fatigue-crack ini- 
tiation threshold increases with tensile as 
well as yield strength, but tensile strength 
increases in the heat straightened plates were 
relatively small, when compared to ductility 
losses. Thus, improvement of the fatigue- 
crack initiation threshold, based solely on 
tensile strength, could possibly be more than 
offset by increased stress due to the reduced 
stress redistribution permitted by the ductil- 
ity loss. Some reduction in the fatigue limit 
might occur as a result. 

Like ductility, fracture toughness (a 
value proportional to the energy consumed 
during plastic deformation) may decrease as 
a material’s yield strength changes during 
heat straightening. The ability of a particu- 
lar flaw or stress riser to cause crack initia- 
tion or even catastrophic damage depends on 
the fracture toughness of the material. Be- 
cause the subject of stress concentrations 
and brittle fracture depends of specific con- 
ditions, it is difficult to make recommenda- 
tions without detailed analyses of the par- 
ticular situations. In general, heat- 
straightening areas that will sustain high 
stress concentrations in service should be 
avoided when possible and only done after a 
sufficient analysis by a qualified engineer. 

However, since varying degrees of damage 
seem to have similar material properties af- 
ter heat straightening, degree of damage 
alone should not be the deciding factor on 
whether or not a member should be straight- 
ened. Therefore, the suggestion to use dam- 
age strain as made by Shanafelt and Horn 
(1984) to limit heat straightening in high 
fatigue areas (where strain hardening was 
the basis) are considered only as precaution- 
ary limits with little scientific rationale. 
Further study should be conducted to deter- 
mine if heat straightening should be allowed 
for any degree of damage in areas with fa- 
tigue-sensitive details or very high cycles of 
fatigue loadings. 

Since the effects of heat straighten- 
ing on material properties do not relate to 
the degree of damage of plates and beams (at 
least past the initial strain hardening point), 
Shanafelt and Horn’s suggested limit of five 
percent nominal strain in tension members 
(41.67 times yield strain, if assumed yield 
strain is 0.0012) has no basis. Recall that 
this constitutes a fairly small angle of dam- 
age in a plate element bent about its weak 
axis, especially with a large plate width. 
Research has shown that a strain of at least 
100 times yield strain (EJ can be heat 
straightened with little difference in material 
properties from that of repairs with much 
smaller strains. Thus, except for severe fa- 
tigue sensitive areas, material properties 
should not be the primary determining factor 
when contemplating the use of heat straight- 
ening. 

The data presented here provides 
guidance as to how many times a girder can 
be damaged and heat straightened in the 
same zone. Changes in all the material 
properties become more evident with the 
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increasing number of damage/repair cycles. 
These changes are particularly significant at 
the region associated with the apex of the 
vee. After two damage/repair cycles, the 
property changes are still relatively modest. 
But after four damage cycles, the increase in 
yield and tensile strength, and the loss in 
ductility were sharper. Since the variation in 
yield is larger, the gap between yield and 
tensile strength decreases as the dam- 
age/repair cycles increase. As shown in ta- 
ble 4.7 the ratio of yield-to-tensile strength 
is around 68 percent for unheated speci- 
mens. That ratio increases to 78 percent af- 
ter one damage/repair cycle and to 88 per- 
cent after 8 cycles. This behavior combined 
with the ductility decreasing with each dam- 
age/repair cycle, results in an increasingly 
brittle material. This data illustrates why 
over-jacking during repairs may f?acture the 
beam after a number of damage/repair cycles 
in the same zone. 

As mentioned previously, the point 
at which loss in ductility becomes dangerous 
is case-specific. However, the extreme 
losses encountered in the repetitively dam- 
aged beams show that there is probably a 
limit to the number of times that any given 
member should be repaired. Material prop- 
erty changes were usually small after two 
cycles. Thus, whatever is safe to straighten 
once could usually be safely straightened 
twice under the same conditions. The 
changes become significantly greater after 4 
and 8 damage/repair cycles, respectively. 
These findings are further substantiated by 
the fact that during one study of full-scale 
simulated bridge girders, one girder exhib- 
ited brittle behavior by cracking during a 
heat in its third damage/repair cycle. Based 
on this research evidence, redamaged mem- 
bers at the same location should not be sub- 

jected to heat straightening more than 
twice, even for strains well under 100 a, 

Key Points to Remember 

At elevated temperatures the yield stress, 
tensile stress, and modulus of elasticity 
of steel is significantly reduced. 

The coefficient of thermal expansion in- 
creases with temperature. 

These property changes are reversible 
upon cooling if the heating temperature 
does not exceed the lower critical tem- 
perature of approximately 721°C 
(1330°F) for non-quenched and tem- 
pered steels 

Long-term effects of properly conducted 
heat straightening carbon steels may in- 
clude: 

+Up to a one-third decrease in duc- 
tility. 

+Small changes in notch toughness 
characteristics. 

+Little change in fatigue limits. 

+Little change in hardness values. 

+A modest increase in yield and ten- 
sile strength. 

+A small decrease in modulus of 
elasticity. 

Residual stresses are large in heat 
straightened members with maximum 
values reaching yield at some locations. 
This characteristic is similar to that of 
welded built-up members. 

The high residual stresses in some heat 
straightened members may work against 
jacking forces and should be taken into 
account. 
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Changes in material properties after heat 
straightening are unrelated to degree of 
damage (at least up to 100 EJ. 

The most sensitive area for material 
property changes is the region of the vee 
heat apex. 

Repetitive damaging and repairing steel 
elements tends to increase brittleness and 
reduce ductility. 

Heat straightening should be limited to a 
maximum of two repairs on the same 
heated region. 

l Records of heated zones should be kept 
for future reference in case the member -_ 
is redamaged. 

l Member shortening will occur and 
should be anticipated. Full and three- 
quarter depth vee heats produce similar 
levels of member shortening. 

- 

‘_ l The heated zone will thicken as a result 
of heat straightening. 

- 

- 
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Chapter 5. Heat Straightening of Flat Plates 

Introduction 

The fundamental element of any 
structi steel shape is the flat plate. Dam- 
age to bridge structures consists of these 
plate elements, in combination, bent about 
their strong and/or weak axes. The purpose 
of this chapter is to describe experimental 
and analytical research on heat straightening 
as applied to plates and to present related 
engineering design criteria for its use. This 
work forms the basis for extensions to heat 
straightening of rolled shapes. 

Several detailed studies have been 
conducted for vee heats applied to plates. 
These studies have attempted to identify pa- 
rameters which influence vee heats and to 
develop predictive models based on this 
data. Weerth (1971) and Nicholls and 
Weerth (1972) describe the bends produced 
by 211 vee heats whose apex angle varied 
fi-om 24” to 60” in 6” increments applied to 
10 mm (3/8 in) thick A36 steel plate. The 
vee depth was also varied over full depth, 
3/4 depth, and ‘/ depth. No attempt was 
made to evaluate the effect of these pa- 
rameters other than the general result that 
the greater the vee angle and depth, the 
greater the bend produced. Roeder (1986) 
also conducted a study on undamaged vee 
heated plates. He employed sophisticated 
monitoring equipment such as thermocou- 
ples, contact pyrometers, and strain gauges 
as well as more conventional tools such as a 
vernier caliper and a steel ruler. His work is 
particularly significant as the first attempt to 
both experimentally and analytically quan- 
tify heat straightening behavior for plates 

over a wide range of parameters. The pa- 
rameters included vee geometry, specimen 
geometry, heating temperature and rate, steel 
grade, restraining force, initial residual 
stresses, and quenching. Roeder’s conclu- 
sion’s were based on approximately 60 heats 
over a wide range of parameters. As a result 
there were relatively few repetitive heats 
using identical parameters. While trends 
could be drawn from this data, its sparseness 
limited the quantitative value of the results. 
However, his research provided the initial 
basis for much of the later experimental 
work reported in this chapter. Roeder’s 
most significant conclusions were: 

650°C (1,200”F) is a practical and safe 
upper heating temperature limit. 

Changes in material properties are small 
when the heating temperature remains 
below the phase transition temperature 
of approximately 720°C (1330°F). 

The rotation produced by a vee heat is 
directly proportional to vee angle and 
heating temperature. 

The rotation produced by a vee heat is 
directly proportional to restraining forces 
which produce compression in the open 
end of the vee during heating. 

Quenching is effective and may increase 
vee heat rotations, but heating tempera- 
tures should be kept below the phase 
transition temperature (although some 
practitioners recommend quenching only 
if the steel temperature is below 700°F 
or 37OOC). 
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0 Plastic strain occurs primarily within the and comprehensive inclusion of all impor- 
vee heat region. tant variables to accurately predict behavior. 

l Plastic strain is somewhat sensitive to 
geometry of the plate. However, much 
of this sensitivity can be attributed to 
differences in rate of heating and heat 
flow. 

The research described in this chapter 
(Avent, et. al. 1993) extends Roeder’s work 
and includes enough repetitive data points to 
quantify these and other conclusions. 

The actual method of heat straight- 
ening is easily learned; however, the handf%l 
of practitioners currently using the method 
rely extensively on their many years of ex- 
perience to guide them through a repair. An 
engineer lacking this wealth of experience 
needs a set of analytical procedures to de- 
termine how best to apply the heat- 
straightening process to a particular repair. 
These analytical tools, for reasons of econ- 
omy, should be relatively fast, easy to apply 
and allow for such considerations as differ- 
ent vee geometries, temperature ranges, ex- 
ternal loadings, and support restraints. At 
present, two extremes exist: (1) overly sim- 
plistic models (Holt, 1965, 1971; Moberg, 
1979) which cannot take into account the 
effect of either temperature variations or in- 
ternal and external restraint; and (2) com- 
prehensive computer models (Burbank, 
1968; For Chin 1962; Horton, 1973; Roeder, 
1985, 1986, 1987; Weerth, 1971) based on 
elastic-plastic finite element or finite strip 
stress analysis combined with a similar 
thermal analysis. While the former is too 
simplistic to accurately predict behavior, the 
latter requires such lengthy computational 
effort to not be practical for design office 
use. As a result, there is a need for an ana- 
lytical model that offers both practicality 

Of interest here are the currently 
available simplistic models. Referring to 
fig. 5.1, Holt (1965) developed one of the 
first and simplest methods for predicting 
plastic rotations, <pp, in a vee heated plate. 
His model was derived from the geometry of 
the vee heat as shown in fig. 5.1. Recog- 
nizing that heat straightening merely re- 
shapes the volume of material being heated, 
Holt assumed that the deformation through 
the vee was linear over the depth of the plate 
and that perfect single axis confinement ex- 
isted longitudinally during heating. His re- 
sulting formula in terms of the plastic rota- 
tion, (pp, was 

v 
vj7 =y- (Eq. 5.1) 

where S, = the plastic strain resulting at 
temperature T for the single axis perfect 
confinement case (Halt used 1200” F or 
65O”C), V = the width of the open end of the 
vee heat and W = the plate width. Moberg 
(1979) modified the Holt equation to ac- 
count for the depth of vee by considering the 
experimental work of Weerth (1971). In 
addition to Holt’s assumptions, he assumed 
that the plastic rotation is proportional to the 
depth ratio dJW where d, = the depth of the 
vee heat. The resulting equation was 

(Eq. 5.2) 

- 

- 

- 

- 

-- 

- 
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Figure 5.1. Illustration of vee heat geometry. 

An important consideration not in- 
cluded in these formulations is the influence 
of external and internal restraining forces. 
The external forces, producing compression 
in the vee during heating, will increase the 
available confinement and therefore, in- 
crease the rotation produced per heat. The 
field applications cited by both Holt and 
Moberg involved the use of restraining 
forces. Since in most cases the material re- 
straint alone will be less than perfect, it 
seems likely that any correlation between 
the predicted and actual movement in the 
structures being repaired, as noted by both 
Holt and Moberg, is primarily due to the in- 
fluence of the external forces. An improved 
analytical model should include the effects 
of both internal and external restraints. 

The research reported here (Avent, 
1987, Avent, et. al., 1993) was part of a 

project to experimentally and analytically 
develop engineering design criteria for heat- 
straightening repair of damaged steel struc- 
tures. The portion of that study discussed 
here was devoted to the quantification of 
parameters and the development of simple 
yet efficient procedures for predicting the 
response of deformed steel plates during the 
heat-straightening process. The approach 
chosen was to first identify all parameters 
which have an important influence on the 
heat-straightening process. This phase was 
accomplished by studying the experimental 
data available from previous research as well 
as by conducting an extensive experimental 
program to provide additional data. After 
synthesizing this experimental data, an ana- 
lytical procedure for predicting member re- 
sponse was developed. Since rolled and 
built-up sections are an assemblage of 
plates, this research is fundamental to the 
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age. A total of 336 individual vee heat cy- 
cles were applied. Detailed results of tests 
for each heat cycle are given by Avent, et al. 
(1992). 

understanding of more complex shapes. Vee 
shaped heats are used to repair plate ele- 
ments with bends about their strong axis 
while line and spot heats are used to remove 
weak axis plate bends. Since damage usu- 
ally includes strong axis plate bends, the vee 
heat can be considered the fundamental 
heating pattern for heat straightening. Only 
the behavior of vee heats on plates is con- 
sidered in this chapter, but this material pro- 
vides a basis for its extension to rolled 
shapes. 

Experimental Program 

The tests conducted in the experi- 
mental program consisted of first applying 
vee heats to straight (undamaged) specimens 
and measuring the resulting change in ge- 
ometry. By using straight specimens as op- 
posed to deformed ones, a larger variety and 
number of tests could be conducted more 
efficiently. A total 255 individual heating 
cycles were performed during this part of the 
study with three or four heat cycles per 
plate. While this data will be presented 
graphically here, specific results of all tests 
can be found in a research report (Avent, 
1987). 

The second phase of the study con- 
sisted of straightening mechanically induced 
strong axis bends. A center point loading on 
the simply supported plates was used to cre- 
ate various degrees of damage. The degree 
of damage was measured as the angle of the 
tangents formed by the edges of the uny- 
ielded portions of each plate on either side 
of the yield zone. The degree of damage 
ranged from 6 to 25 degrees resulting in ex- 
treme fiber strains ranging from 30 to 100 
times the initial yield strain. Between 20 
and 100 vee heats were applied to straighten 
the ten plates with differing degrees of dam- 

All plates were hot rolled A36 steel, 
and the majority of them had dimensions of 
6 x 6 x 610 mm (1/4x 4 x 24 in). The only 
exceptions to these dimensions were associ- 
ated with tests on variations in plate thick- 
ness and geometry. Plate deformation 
measurements consisted of measuring the 
offsets between the plate edge and a refer- 
ence frame. 

As shown by Roeder (1986), the 
plastic deformation developed by a vee heat 
occurs primarily within the vee area. Thus, 
a very sharp but small curvature is obtained, 
which can be expressed in terms of plastic 
rotation, <pp, as shown in fig. 5.1. For ini- 
tially straight specimens, the portion of the 
plate from the ends to just outside the vee 
heat remains straight. This fact was used to 
compute the plastic rotation based on the 
straight line tangents. To reduce the influ- 
ence of possible errors in the measured de- 
flection, a straight line was first fitted 
through the four points on either side of the 
vee heat within the straight portion outside 
the yield zone using the least squares 
method. The change in the acute angle 
formed between these two lines is the angle 
of plastic rotation, VP. 
Evaluation of Results of Experimental 
Program 

The available data on plate behavior 
can be found in three studies: Nicholls and 
Weerth (1972), Roeder (1985), and Avent 
(1987, 1992), Indicated on plots presented 
here is the type or source of the data. Lack 
of a reference indicates that only the results 
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from Avent’s research are used, while refer- 
ence numbers are given for other data. An 
evaluation of each parameter is considered 
separately in the following sections. 

Vee angle.- Researchers agree that 
one of the most fundamental parameters in- 
fluencing the plastic rotation of a plate is the 
vee angle. The data shows a fairly linear 
relationship between plastic rotation and vee 
angle. For this reason, most data will be 
plotted with the vee angle as the ordinate 
and plastic rotation, <pp, as the abscissa. A 
first order least squares curve fit will some- 
times be shown. Plots in succeeding sec- 
tions show a consistent proportional rela- 
tionship between these variables. 

Of particular interest is the scatter of 
the experimental results. In both Avent’s 
results involving nearly 600 plate tests and 
in Roeder’s research (1985) involving 59 
plate tests, a similar level of scatter was ob- 
served. In both cases, special efforts were 
made to control the heating temperature us- 
ing not only temperature sensing crayons, 
but also thermocouples or calibrated contact 
pyrometers. In spite of such efforts, a sig- 
nificant amount of variation occurred in 
nearly identical repetitive tests. Sur- 
prisingly, the smaller scale study by 
Nicholls and Weerth (1972) which included 
21 tests showed no evidence of random 
scatter. The consistency of data points was 
such that smooth curves were produced with 
no curve fitting necessary. This pattern is 
even more remarkable when apparently the 
only temperature control was temperature 
sensing crayons. These data points are 
therefore viewed with some suspicion and 
omitted from most of the comparative smd- 
ies herein. 

Since a significant level of scatter 
does exist, an evaluation was conducted of 
data samples. The coefficients of variation 
for typical cases were on the order of 50 
percent. Since the coefficient of variation is 
quite high, possible causes must be ad- 
dressed. The most obvious source of the 
scatter would be the relative degree of con- 
trol exerted over the parameters of the heat- 
ing process, in particular, the restraining 
force and heating temperature. For the 
available equipment of this research, the ac- 
curacy of measurements could vary by lo- 
15 percent. Similarly, the control of the 
heating temperature could introduce an error 
of lo-15 percent. A third possible cause is 
the development of residual stresses. Both 
Holt (1971) and Roeder (1985) suggest that 
residual stress are not significant in the heat- 
straightening process. However, the results 
from Chapter 4 indicate that large residual 
stresses are possible as a result of the heat- 
ing process. Thus, due to the difficulty in 
controlling the restraining forces and heating 
temperatures and the possible development 
of large residual stresses, a relatively large 
scatter in the data is not surprising. 

Depth of Vee.- Past researchers 
(Nicholls and Weerth, 1972; Roeder, 1985) 
have concluded that the plastic rotation is 
proportional to the depth ratio, %, which is 
the ratio of vee depth, d, to plate width, W. 
A review of Roeder’s test data in the range 
of 650°C (k80’) or 1200°F (+ 150’) or is 
inconclusive as to vee depth effect. Recog- 
nizing that the data was sparse, neither the 
depth ratio of 0.75 nor 0.67 produced plastic 
rotations that were consistently hiearchial. 
To further evaluate this behavior, a series of 
tests was conducted for depth ratios of 0.5, 
0.75, and 1.0 and vee angles ranging from 
20” to 60”. At least three heats were con- 
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ducted on initially straight plates for each 
case and the results averaged. The results 
are shown in fig. 5.2 for a combination of 
three depth ratios, three vee angles and two 
jacking ratios. The jacking ratios reflect that 
a jacking force was used to create a moment 
at the vee heat equal to either 25 percent or 
50 percent of the ultimate bending capacity 
of the plate. As can be seen Tom fig. 5.2, 
the depth ratios of 75 percent and 100 per- 
cent track each other well. In fact the 75 
percent depth ratio resulted in slightly larger 
plastic rotations in all but one of the six 
cases. The 50 percent depth ratio resulted in 
an erratic behavior when compared to the 
other two. In three of the six cases the 50 
percent depth ratio produced much smaller 
plastic rotations. In the other three cases, 
the plastic rotations were similar. 

Plate Thickness and Geometry.- 
Researchers have generally considered plate 
thickness to have a negligible affect on plas- 
tic rotation. The only reservation expressed 
has been that the plate should be thin enough 
to allow a relatively uniform penetration of 
the heat through the thickness. The practical 
limiting value is on the order of 19-25 mm 
(3/4 to 1 in). Thicker plates can be heated 
on both sides simultaneously to ensure a 
uniform distribution through the thickness or 
a rosebud tip can be used. The results from 
tests involving different plate thicknesses are 
shown in fig. 5.4. Each bar represents the 
average of at least three heats. No jacking 
forces were used in these tests. 

To fiu-ther veri& this behavior, a se- 
ries of plates was damaged and straightened. 
The degree of damage was large enough 

that at least 20 heats were required for most 
of these plates. Therefore, more statistically 
significant average plastic rotations were 
obtained fi-om these tests. Results are com- 
pared in fig. 5.3 for a jacking ratio of 0.5 and 
two vee depth ratios: 0.75 and 1.0. Again 
the pattern of plastic rotations does not have 
a direct correlation to the vee depth ratios. 

Therefore, even though it would 

The results illustrate the level of 
variability that may occur among groups of 
heats. However, there is no discernable 
pattern among the plate thicknesses for the 
three different vee angles used. The ran- 
domness of these results indicates that plas- 
tic rotation is not a function of plate thick- 
ness. A similar plot is shown for data fi-om 
Roeder’s tests (Roeder, 1985) in fig. 5.5. In 
these tests only one vee angle was used (0 = 
60”) along with several different jacking 
forces for plate thicknesses of 6, 10, and 19 
mm (0.25, 0.375 and 0.75 in). Again, there 
is no discernable pattern among the plate 
thicknesses. 

seem intuitive that increasing the vee depth Roeder also investigated the effect of 
would increase the plastic rotation, there is plate width on plastic rotations. Shown in 
no experimental justification for such a gen- fig. 5.6 is a comparison of the two plate 
eral statement. It can be concluded that the widths of 150 and 200 mm (5.9 and 7.9 in). 
variation of vee depth ratios between 0.75 Only one or two heats were used in each 
and 1.0 has little influence on plastic rota- case and several plate thicknesses were used. 
tion. However, a vee depth ratio of 50 per- Relatively little difference in plastic rota- 
cent may reduce the plastic rotations. tions was observed for these two widths. 
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Figure 5.3. Vee angle versus average plastic rotation for damaged plates having different depth ratios (Jack- 
ing ratio = 0.5 and Temperature = 65O’C or 1200°F). 
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Thickness (in) 0.25 0.38 0.75 0.25 0.38 0.75 0.25 0.38 0.75 

(mm) 6.35 9.65 19.05 6.35 9.65 19.05 6.35 9.65 19.05 

Jacking Ratio 0% 16% 23% 

Figure 5.5. Influence of plate thickness on plastic rotations, Roeder, 1985 (single heats with 9 = 60°, depth 
ratio = 0.67, heating temperature = 552-682°C or 1025-1260°F). 
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Figure 5.6. Comparison of plastic rotations for 150 mm (5.9 in) (average of 2 heats) and 200 mm (7.9 in) (sin- 
gle heat) plate widths, Roeder, 1985 (9 = 60”, depth ratio = 0.67, and heating temperature was approximately 
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Figure 5.7 Comparison of average plastic rotation 
(for three 20” vee heats) for plates of three widths 
(jacking ratio = 0, depth ratio = 0.75, and heating 

temperature = 650°C or 1200V). 

In another test series conducted by 
Boudreaux (1987), three plate widths were 
studied as shown in fig. 5.7. The plastic ro- 
tations are the average of three heats. An 
unusually low average was observed for the 
102 mm (4 in) width. However, little differ- 
ence was found between the 8 in. (203 mm) 
and 12 in. (302 mm) widths. The results of 
these tests show no clear relationship be- 
tween plastic rotation and plate width. 

In summary, the parameters of plate 
thickness and width show little definitive 
influence on plastic rotations. The test re- 
sults do illustrate the variability of response 
typical of heat straightening. It is probable 
that the fluctuations shown here reflect this 
variability characteristic rather than effects 

of plate geometry. Thus, plate geometry is 
considered to be a minor factor influencing 
plastic rotation behavior. 

Temperature.-One of the most im- 
portant and yet difficult to control parame- 
ters of heat straightening is the through- 
thickness temperature of the heated metal. 
Factors affecting the temperature include: 
size of torch orifice, intensity of the flame, 
speed of torch movement, and thickness of 
the plate. In his experiments Roeder (1985) 
made careful temperature measurements of 
the heats produced by knowledgeable prac- 
titioners. He found that these individuals, 
when judging temperature by color, com- 
monly misjudged by 56°C (100°F) and, in 
some cases, as much as 111°C (200°F). 
Thus, there are considerable variations in 
temperature control, even with knowledge- 
able users. 

Assuming adequate control is main- 
tained over the applied temperature, the 
question arises as to what temperature pro- 
duces the best results in heat-straightening 
without altering the material properties. 
Previous investigators have differed in an- 
swering this question. For example, Sha- 
nafelt and Horn (1984) state that heats above 
650°C (1200°F) on carbon and low alloy 
steels will not increase plastic rotation. 
Rothman and Monroe (1973) concluded that 
reheating areas where previous spot heats 
were performed will not produce any useful 
movements. However, Roeder (1985) has 
shown that the resulting plastic rotation is 
generally proportional to the heating tem- 
perature up to at least 870°C (1600°F). To 
more clearly define the behavior suggested 
by a limited number of data points in Roe- 
der’s study, a series of heats were applied to 
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Figure 5.8. Influence of heating temperature on 
plastic rotation for 3/4 depth vee heats and a 

jacking ratio of 0.16. 

plates in which the heating temperature was 
varied f?om 370-815°C (700” to 1500°F) in 
increments of 56°C (100°F). The results as 
shown in fig. 5.8 establish a clear and regu- 
lar progression of increased plastic rotation 
with increasing temperature. Part of the rea- 
son for the regularity of the curve fits is that 
the same technician conducted all heats and 
varied the temperature in consistent step in- 
crements. 

The maximum temperature recom- 
mended by most researchers is 650°C 
(1200°F) for all but the quenched and tem- 
pered high strength steels. Higher tempera- 
tures may result in greater rotation; however, 
out-of-plane distortion becomes likely and 
surface damage such as pitting will occur at 
760-870°C (1400-l 600°F). Also, tempera- 
tures in excess around 700°C (1300°F) may 
cause molecular composition changes which 
could result in changes in material properties 
after cooling. The limiting temperature of 
680°C (1200°F) allows for a safety factor in 

this regard. For the quenched and tem- 
pered steels, the heat-straightening process 
can be used but the temperature should be 
limited to 593°C (1100°F) for A514 and 
A709 (grades 100 and 1OOW) and 566°C 
(1050’F) for A709 grade 70W to ensure that 
the properties are not adversely affected. 
Permitting quenched and tempered steels to 
be heat straightened is contrary to recom- 
mendations of Shanafelt and Horn (1984); 
however, Roeder (1985) concurs with this 
recommendation. 

-- 

_ 

.-- 

--. 

To control the temperature, the speed 
of the torch movement and the size and type 
of orifice must be adjusted for different 
thicknesses of material. However, as long as 
the temperature quickly reaches the appro- 
priate level, the contraction effect will be 
similar. This conclusion was verified by 
two test series on plates in which the inten- 
sity of the torch was varied. In one set, a 
low intensity torch moved slowly to achieve 
a 650°C (1200°F) temperature, while in the 
other a high intensity torch was moved more 
quickly while again attaining the same 
maximum temperature. The rotations in 
both cases were similar. 

Restraining Forces.-The term “restraining 
forces” can refer to either externally applied 
forces or internal redundancy. These forces, 
when properly utilized, can expedite the 
straightening process. However, if improp- 
erly understood, restraining forces can hin- 
der or even prevent straightening. The effect 
of restraining forces is explained in Chapter 
2. The basic mechanism of heat straighten- 
ing is to create plastic flow, causing expan- 
sion through the thickness (upsetting) during 
the heating phase, followed by elastic lon- 
gitudinal contraction during the cooling 
phase. 

_ 

_ 

- 

- 

- 

-- 

- 

-- 
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While practitioners have long recog- . 

nized the importance of applying jacking 
forces during the heat-straightening process, 
little research has been conducted to quan- 
tify its effect. A series of tests designed to 
evaluate this parameter involved applying a 
jacking force to a plate such that a moment 
is created about the strong axis in a direction 
tending to close the vee. This moment (at 
ambient temperature) is non-dimension- 
alized for comparison purposes by forming a 
ratio of the moment at the vee due to the 
jacking force, y, to the plastic moment, q, 
of the cross section, that is Mj/Mp. This term 
is referred to as the jacking ratio. The tests 
included jacking ratios ranging from zero to 
50 percent with four different vee angles and 
the vees extending over either 3/4 or the full 
depth of the plate. The results are shown in 
figs. 5.9 and 5.10. 

a test series was conducted on similar size 
6 mm (% in) thick plates which were ini- 
tially damaged and then heated until 
straightened. Ten damaged plates were 
straightened with the number of heats re- 
quired per plate ranging from 20 to 100 (See 
Chapter 4 for a discussion of residual 
stresses in some of these plates). A sum- 
mary of the test parameters and resulting 
plastic rotations is given in table 4.2. The 
heating temperature was 650°C (1200?). 
Some of the results are also plotted in fig. 
5.12 illustrating the jacking ratio effect. 
Again, the plastic rotation is found to vary 
linearly with the jacking ratio. 

Roeder (1985) also studied the effect 
of the jacking ratio variation and found a 
similar pattern of behavior. However, the 
number of data points was limited. A plot of 
plastic rotation versus jacking ratio for 60” 
vee heated plates is shown in fig. 5.11 based 
on Roeder’s study. It can be concluded from 
this data that the variation of plastic rotation 
is generally proportional to the jacking ratio 
and the proper use of external loads greatly 
expedites the heat-straightening process. 

The results shown in figs. 5.9-5.11 
are based on undeformed plates which were 
heated either three or four times with each 
data point representing the average. The 
total number of data points for any fixed set 
of parameters was typically six or less. 
While such data illustrate the trends associ- 
ated with variations of basic parameters, the 
data set is too small to obtain statistically 
meaningful average values. To fill this void, 

An interesting phenomena that had 
not been noted in previous research was the 
relatively high (statistically significant) 
plastic rotations resulting after the first few 
heats, particularly the first. After these first 
few heats, the plastic rotations were consis- 
tently lower and showed no significant sta- 
tistical variation with respect to heat num- 
ber. A similar, but much less pronounced 
trend was noted on the undamaged plates. 
This behavior is attributed to the initial re- 
sidual stresses induced during the damage 
process. The implications of this result is 
that theoretical formulations should be 
evaluated on experimental data with a large 
number of data points rather than on tests 
involving only a few heats. 

A second type of constraint which 
may exert external forces on a member is 
axial restraint. A series of tests were con- 
ducted using a superimposed axial load on 
plates for various vee angles. The load cre- 
ated a 138 MPa (20 ksi) axial stress or an 
actual stress to nominal yield stress ratio of 
56 percent. These results are shown in fig. 
5.13 in comparison to the results from the 
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Figure 5.9. Influence of jacking ratio on average plastic rotation for % depth vee heats and 650°C (1200°F) 
heating temperatures (lines represent a least squares curve fit). 
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Figure 5.10. Influence of jacking ratio on average plastic rotation for full depth vee heats and 650°C (12OOOF) 
heating temperature (lines represent a least squares curve fit). 
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Figure 5.11. Average plastic rotation versus jack- 
ing ratio for 60” vee heated plates from Roeder, 

1985 (depth ratio = 2/3 and heating temperature = 
650°C or 12OO’F). 

Figure 5.12. Jacking ratio versus vee angle for 
straightening damaged plates (Temperature = 

1200°F or 650°C and depth ratio = 1) 
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Figure 5.13. Influence of axial jacking force on 
plastic rotation of vee heated plates (Temperature 

= 650°C or 1200°F and depth ratio = 1). 

previous flexural jacking ratios of 0 percent 
and 50 percent. The axial load may slightly 
increase the plastic rotation but the effect is 
limited. 

In sumrnary, the parameters which 
were found to have NA important influence 
on the plastic rotations produced by vee 
heats are: (1) vee angle, (2) steel tempera- 
ture, and (3) external restraining force. The 
depth of the vee appears to have a small ef- 
fect in the usual range of three-quarters of 
the plate width or greater. Likewise, the 
plate dimensions are of minor significance 
as long as the desired heating patterns and 
temperature can be attained. 
Analytical Development 

Two general approaches have been 
used to develop an analytical procedure for 
predicting member response during a heat- 
straightening repair. One approach involves 
finite element/finite strip thermal and stress 
analyses including inelastic behavior. The 
stress and strain equilibrium is evaluated 
over small time steps and takes into account 
the influence of the non-uniform tempera- 

ture distribution. This approach is a 
lengthy computational task which is only 
possible using computer techniques and a 
typical analysis for a single vee heat can re- 
quire extensive set up and computer time. 

The other approach considers the 
global action of the vee. The Holt equation, 
eq. 5.1, is based on such an approach and 
assumes that perfect confinement is pro- 
vided at all times during the heating phase. 
As a result longitudinal displacements 
through the vee are linear. With this equa- 
tion the number of vee heats required to re- 
move a bend in a steel member can be sim- 
ply calculated. However, the Holt equation 
neglects the effect of restraining forces and 
temperature variation. 

The goal of the analytical develop- 
ment is to obtain an equation which can be 
used to predict the angle of plastic rotation 
produced by a vee heat. Referring to fig. 
5.14, the most common assumptions previ- 
ously used in this type of development have 
been that: (1) longitudinal plastic strain oc- 
curs only in the vee heat zone (and in a re- 
flected vee about the apex for partial depth 
vees); (2) at any specified distance from the 
neutral axis of the plate, the strains are con- 
stant in the longitudinal direction over the 
zone of the vee; (3) the planes defined by the 
sides of the vee remain planes after heating 
and rotate about the apex of the vee; and (4) 
confinement during heating is perfect single 
axis in the longitudinal direction. Roeder 
(1985) has been the only researcher to ex- 
perimentally investigate the validity of these 
assumptions. He found that the statistical 
correlation of plane sections remaining plane 
was typically less than 0.5 althougb the apex 
of the vee was close to the center of rotation. 
While he found that most of the plastic 

.- 
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(a) Vee heat geometry (b) Strain variation over 
plate width, w, after 
cooling 

Figure 5.14. Geometric changes resulting from a vee heat on a plate. 

strain occurred in the vee zone, the strain 
was not constant in the longitudinal direc- 
tion. Rather, he found that most of the per- 
manent strain occurs over the middle two- 
thirds of the vee. While it is recognized that 
the assumptions listed above are approxi- 
mate, the poorest is that of perfect single 
axis confinement. This assumption can be 
improved using the experimental data as a 
guide. fig. 5.14 illustrates the geometry of a 
vee, before and after heating, based on the 
first three assumptions listed previously. 
The change in the width of the open end of 
the vee, 6, can be written as: 

tal++$) 1 (Eq. 5.3) 

If s;(T) is defined as the final plastic longi- 
tudinal strain at the open end of the vee for a 

specified maximum heating temperature, T, 
after a heating/cooling cycle, then, 

sp’(T) = f m- 5.4) 

or using trigonometric relations from fig. 
5.14 to eliminate V: 

6 = 24%’ (T) tan; (Eq. 5.5) 

Equating eqs. 5.3 and 5.5 and using the 
trigonometric identity for the tangent fiurc- 
tion: 
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(Eq. 5.6) 

Since the experimental data shows that both 
‘pP and s;(T) are small, it is assumed that 
tamp&2 z (~42, E,’ (T) << 1 and <pP is in radi- 
ans. Eq. 5.6 can then be solved for ‘pP: 

(pp = 2&,‘(T) sin B 
2 

(Eq. 5.7) 

However, Roeder (1985) carefully 
measured strain distributions over the vee 
heat areas of plates. He found that most of 
the permanent strains occurred within the 
inner two-thirds of the vee. This observa- 
tion suggests using an effective vee angle of 
two-thirds the actual angle. By incorporat- 
ing this assumption, the equation for plastic 
rotation becomes: 

pp = PE,‘(T)sh; (Eq. 5.8) 

The actual plastic strain, s’(T), de- 
pends on the heating temperature (which is 
usually known) and degree of confinement 
(usually unknown). If the restraint is perfect 
single axis confinement with the strain des- 
ignated as s&T), then sP’=sP. In terms of the 
total unconfined thermal strain, s,(T), and 
the elastic strain, s,(T): 

E, m = E, V) - E, m (Eq. 5.9) 

where: 
- 

E, (T) = 5 a(T)dT (Eq. 5.10) 
- 

f$ m 
s,(T)=- 

E(T) 

and F,,(T) is the yield stress at temperature 
T, E(T) is the modulus of elasticity at tem- 
perature T, and a(T) is the coefficient of 
thermal expansion at temperature T. In or- 
der to obtain values for E, and E,, equations 
are needed for F,, E, and a as a function of 
temperature. 

- 

- 

- 

Roeder (1985) used the equations 
shown in figs. 4.26 and 4.27 to approximate 
a (T), F, (T) and E (T) where T is in degrees 
Fahrenheit and E is in ksi. Substituting a 
(T) form fig. 4.26 into eq. 5.10, assuming 
that the ambient temperature is 21.1 “C 
(70°F) and carrying out the integration gives 

-- 

- 

.- 

E, = (0.001T2 + 6.1T - 415)10-6 (Eq. 5.12) - 

By substituting F,,(T) and E(T) fi-om fig. 
4.27 into Eq. 5.11, the unconfined elastic 
strain for T>424”C (8OOOF) is: 

- 

F,(-720,000+4,20OT-2.75T2) 

Se = 29,000(500,000+1,333T-1.111T2) 
(Eq. 5.13) 

.- 

Substituting eqs. 5.12 and 5.13 into eq. 5.9 
and assuming T = 649°C (1200°F) and F, = 
310 MPa (45 ksi), which is the value for the 
steel plate tested, then E+ = 0.00735. For the 

_ 

- 
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perfect confinement case where the actual 
strain, E,’ equals sP, eq. 5.8 gives the plastic 
rotation in the form: 

pp = 0.0147 sin$ 
3 

(Eq. 5.14) 

This equation is plotted in fig. 5.15 along 
with the average value for each of the ex- 
perimental vee heat test series. The plot in- 
cludes both damaged and initially straight 
plates having jacking ratios of zero and 50 
percent. A linear least squares curve fit is 
also shown for both jacking ratios. The av- 
erage values shown represent over 500 vee 
heats conducted by at least five different 
technicians over a three year period. There 
is the characteristic scatter of data, particu- 
larly for the jacking ratio of 50 percent. 
However, the trend of the data is reflected 
by the least squares curve fit. 

Note that the theoretical equation for 
the perfect confinement assumption, eq. 
5.14, is nearly linear and falls between the 
zero and 50 percent jacking ratios. If it is 
assumed that the plastic rotation varies line- 
arly with the jacking ratio, then the theoreti- 
cal perfect confinement case corresponds to 
a jacking ratio of 20 percent. Using the ex- 
perimental data, when the internal restraint 
is combined with this jacking ratio, the total 
constraint produced by the theoretical per- 
fect confinement case is 31 percent of the 
full plastic moment capacity. Based on the 
reduction in yield stress at 650°C (1200°F) 
as shown in fig. 4.27, the uniaxial perfect 
confinement case is 36 percent. Thus, the 
theoretical equation for perfect confinement 
is consistent with the experimental data. 

A theoretical model can be devel- 
oped for various levels of jacking forces by 
introducing a jacking load factor, F,. As- 
sume that: (1) the plastic rotation varies 
linearly with jacking ratio, (2) perfect con- 
finement is equivalent to a 20 percent jack- 
ing ratio as observed in fig. 5.15, and (3) the 
zero jacking force equals 60 percent of the 
perfect confinement case as shown by the 
data in fig. 5.15. The jacking load factor can 
be expressed as: 

Mj Fe =0.6+2- 
& 

and the plastic rotation is: 

% = 2F,(Mj)~P(Z-)sin$ (Eq. 5.16) 

Eq. 5.16 can be used to produce plots 
for a range of temperature from 400-565°C 
(750-l 150°F). Such curves were compared 
to the temperature variation experimental 
data in fig. 5.8. While there was little dis- 
crepancy for the higher temperature heats, at 
the lower temperatures the predicated rota- 
tions were much larger than those of the ex- 
perimental data. This phenomenon is not 
surprising because the computation of s&T) 
assumes the entire vee has been instantane- 
ously heated to a uniform temperature while 
the actual heating process is sequential and 
results in a non-uniform temperature distri- 
bution. Eq. 5.16 was modified to reflect this 
effect. The criteria used was to assume a 
linear variation in s&T) from 427 - 650°C 
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0 0.6 

10 0.8 

20 1.0 

25 1.1 

30 1.2 

40 1.4 

50 1.6 

Table 5.1. Plastic rotations for Example 5.1. 

Plastic Rotation, ‘pp (milliradians) 

8 (degrees) 

10 20 30 40 45 50 60 

0.513 1.02 1.53 2.03 2.28 2.53 3.02 

0.684 1.37 2.04 2.71 3.04 3.37 4.02 

0.855 1.71 2.55 3.39 3.80 4.22 5.03 

0.940 1.88 2.81 3.73 4.19 4.64 5.53 

0.940 2.05 3.06 4.07 4.57 5.06 6.03 

1.20 2.39 3.57 4.75 5.33 5.90 7.04 

1.37 2.73 4.08 5.42 6.09 6.75 8.04 

- 

m Initially damaged plate with depth ratio=1 and jacking retk~O.5 

A Initially undamaged plate with depth retk~O.75 and jacking ratii=OS 

l lnitiily damaged plate with depth ratio=O.75 and jacking retio=OS 

0 10 20 30 40 50 60 70 80 90 

Vee Angle, 0 

Figure 5.15. Plastic rotation versus vee angle for vee heated plates having a heating temperature of 650°C 
(1200°F). 

- 

- 
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(800-1200°F) with up at 427°C (8OOoF) re- 
duced by 50 percent. The resulting equation 
for ‘pP can then be modified with temperature 
factor, F, (T) , as: 

fpp 7 2F,(r)F,(Mj)&P(T)sin~ (Eq. 5.17) 

where cp is the plastic rotation factor defined 
aS: 

v, = 0,0147sin! (Eq. 5.21) 

and F, is defined by eq. 5.15. 
where: 

F,(T) = [0.5+0.00125(T-X00)] (Eq. 5.18) 

or 

Ft(C)=[0.5+0.00225(C-427)] (Eq. 5.19) 

where T is the heating temperature in de- 
grees Fahrenheit and C in degrees Celsius, 
respectively. Eq. 5.17 correlates reasonably 
well over the temperature range of 390- 
65OOC (750-1200’F). 

However, the equation is not appli- 
cable for temperatures above 650°C 
(1200’F) because the equation for F, is not 
valid beyond that point. 

For carbon steel with a yield strength 
ranging from 230-345 MPa (33-50 ksi) and a 
650°C (12OOF”) heating temperature, E, 
varies by only 3 percent. Therefore, up can 
be approximated as E, = 0.00735. For this 
case FAT) = 1.0 and the equation for plastic 
rotation of a plate element becomes: 

P’p =FtP (Eq. 5.20) 

Example 5.1 

Problem.-For a heating temperature 
of 650°C (1,20O”F), the plastic rotation of a 
plate heated with a full depth vee is a func- 
tion of jacking force ratio and vee angle. 
Develop a table of values for plastic rota- 
tions for various jacking ratios and vee an- 
gles. 

Solution.-The values for plastic ro- 
tation are obtained from eq. 5.20 and listed 
in table 5.2 in milhradians. This table is a 
handy reference as to estimated plastic rota- 
tions per vee heat for flat plates. 

Significance of Plate Response to Heat 
Straightening 

Since the plate is the basic element 
of any rolled or built-up shape, understand- 
ing its response to heat straightening is fun- 
damental. The experimental behavior of 
heat-straightened plates has been docu- 
mented with nearly 600 heating cycles on 
some 70 plate specimens. A number of 
factors were evaluated to assess their effect 
on the plastic rotation produced by a vee 
heat on a plate bent about its strong axis. In 
addition, a mathematical model was devel- 
oped to predict these rotations. 
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Plastic strain occurs primarily within 
the vee heated region. - 
Due to the difficulty in controlling the 
many variables associated with heat 
straightening, the magnitude of move- - 
ments for individual heats may vary con- 
siderably. 

The most important parameters af- 
fecting plastic rotations during heat straight- 
ening are angle of the vee heat, maximum 
temperature of the vee zone during heating, 
and restraining forces on the plate. Plastic 
rotations were verified to be directly pro- 
portional to vee angle, temperature, and re- 
straining force. On the other hand, depth of 
the vee with respect to the plate width was 
not significant for vee depths equal to or 
greater than 75 percent of the plate width. 
Plate thickness was also shown to be insig- 
nificant as long as the heat application proc- 
ess allows for penetration of the heat 
through the thickness. 

In order to aid engineers in predict- 
ing plate movements during heat straight- 
ening, a simple mathematical formula was 
developed. This equation relates the average 
plastic rotation per vee heat to vee angle, 
steel temperature, magnitude of restraining 
force, coefficient of thermal expansion, and 
yield stress. The formula compares well to 
the experimental data and is the first simple 
formula available that includes the parame- 
ters of heating temperature of the steel and 
magnitude of restraining force (jacking 
force). The form of this analytical approach 
will also lend itself toward future extensions 
to include the behavior of rolled shapes, axi- 
ally loaded members, and composite and 
non-composite girders. 

Key Points to Remember 

l Changes in material properties of heat- 
straightened plates are minor when the 
heating temperature remains below the 
lower critical temperature of approxi- 
mately 720°C (1330°F) for carbon steels. 
However, using a safety factor, a limit 
of 650°C (1200°F) is recommended. 

- 
Plastic rotation is defined as the change 
in angle of tangents located on either 
side of the damaged zone of a plate after 
the completion of a vee heat. 

The variation in vee depths between 75 
100 percent of the plate width has little 
influence on the plastic rotation of a vee 
heated plate. 

Plate thickness and width do not signifi- 
cantly influence plastic rotations, pro- 
vided the heat is applied to generate a 
specified consistent temperature within 
the vee. 

- 

- 

- 

- 

Plastic rotations are proportional to the 
angle of the vee heat. 

External restraints can significantly in- 
crease the movements per vee heat with 
the movement being proportional to the 
level of restraint. 

- 

-- 

The movement associated with each of 
the initial few heats is often larger than 
subsequent heats due to internal re- 
straints developed when a member is 
damaged severely enough to require a 
high number of cycles for straightening. 

Axial forces can be used as constraining 
forces, however bending moments are 
usually more efficient in producing 
movement. 
The plastic rotation per vee heat is pro- 
portional to the heating temperature used 
between 370~87OOC (700-1600’F). 

- 

_L 

_ 

- 

-- 
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l A simple analytical formula for predict- 
ing the plastic rotation in a vee heated 
plate was developed as a function of: vee 
angle, heating temperature of the steel, 
restraining force, and the plastic strain at 
the elevated temperature. This plastic 
strain can be related to yield stress, 
modulus and coefficient of thermal ex- 
pansion at the elevated temperature. 

l The influence of yield stress on plastic 
rotation is small for mild steel having an 
F, between 230-345 MPa (33-50 ksi). 
Thus, the analytical formula of eq. 5.20 
is applicable over this range. 
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Chapter 6. Heat Straightening Roiled Shapes 

Introduction 

The process of heat straightening 
damaged rolled shapes is based on a logical 
extension of the straightening of plates. 
Rolled shapes can be viewed as an assem- 
blage of flat plate elements. When dam- 
aged, some plate elements are bent about 
their strong axis, some about their weak axis 
and some about both. The overall effect on 
a member results in damage which is a com- 
bination of one or more of the fundamental 
damage categories as follows: 
0 Category S: Denotes primary bend- 

ing about the major or “strong” axis 
(see fig. 1.1). 

0 Category W: Denotes primary 
bending about the minor or “weak” 
axis (see fig. 1.2). 

l Category T: Denotes torsional or 
twisting of a member about its lon- 
gitudinal axis (see fig. 1.3). 

0 Category L: Denotes localized dam- 
age to plate elements in the form of 
bulges, buckles, and crimps (see fig. 
1.4). 

The first step in developing a 
methodology for heat straightening complex 
damage on rolled shapes is to understand the 
behavior of such shapes when subjected to 
single fundamental types of damage. The 
purpose of this chapter is to examine this 
behavior from an experimental and analyti- 
cal perspective. The focus will be on cate- 
gories S and W. Local distortions (Category 
L) will be addressed in Chapter 9 and tor- 

sional distortions (Category T) in Chapter 7. 
A distinction will be made between the 
primary elements and stiffening elements of 
a cross-section. The primary elements are 
the plate elements of the cross-section sub- 
jected to bending about their own local 
strong axes. The stiffening elements are 
perpendicular to the primary elements and 
are bent about their own local weak axes. 

For example, consider the channel 
shown in fig. 6.1, which has been plastically 
deformed about its major axis, resulting in 
Category S damage. The web of this chan- 
nel, a plate element bent about its major 
axis, is therefore a primary element. The 
two flanges are bent about their minor axes 
and are thus secondary elements. 

For rolled shapes with flexural dam- 
age, the pattern of yielding usually differs 
for the primary and secondary plate ele- 
ments. Typically, the primary plate ele- 
ments develop plastic hinges. A plastic 
hinge defines a state of stress in which the 
entire cross-section has reached yield (F,): 
Tensile yield in one region and compressive 
yield in the other as shown in fig. 6.2a. 

The secondary elements of a dam- 
aged rolled shape may exhibit one of several 
scenarios. In the first, yielding does not oc- 
cur because the secondary element is located 
near the neutral axis of the cross section, 
e.g., when a wide flange beam is bent about 
its minor axis, the web may not reach yield. 
In the second case, the secondary element is 
located near the extreme fibers of flexural 
yielding (such as the flanges of the charmel 
shown in fig. 6.1). In this situation the 
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Primary 
plate 
element 

J 

Figure 6.1. Primary and Secondary plate elements 
for a channel bent about its major axis (Category 

S damage). 

flanges yield due to axial stress (either ten- 
sion or compression) as illustrated in fig. 
6.2b. In the third case, the secondary ele- 
ment is yielded in weak axis bending in 
which a region of yield is forrned as shown 
in fig. 6.3. The stress distribution is similar 
to that shown in fig. 6.2a. However, the re- 
sults are a narrow strip of flexural yielding 
often referred to as a yield line. 

As a consequence of the various 
patterns of yielding which occur in damaged 
rolled or built-up shapes, the heating pattern 
for repair must be tailored to fit. While the 
vee heat is generally used on primary plate 
elements of a section bent about their major 
axes, the secondary elements may require a 
strip heat, line heat or no heat at all. These 
heating patterns introduce an additional de- 
gree of variability in that the time to com- 
plete a heat may be considerably longer than 
heating a single plate. Considerable cooling 
may have occurred at the initial heating lo- 
cations before the last element is heated. 
Movement may be retarded in such cases 

strsss at a 
plostlc hinge 

(a) Web element 

(b) Flange element 

Figure 6.2. Typical yield zone patterns in the plate 
elements of the channel shown in fig. 6.1. 

due to increased internal restraints. A good 
practice to minimize the heating time is by 
using more than one torch for complex pat- 
terns. 

- 

^_ 

In addition to the jacking load factor, 
the various combinations of plate elements 
found in structural steel shapes introduces 
two other parameters that may affect the 
member’s behavior during heat straighten- 
ing. The first is a shape factor and the sec- 
ond is a stress factor. It is obvious that the 
shape may influence behavior. However, 
the stress factor requires an explanation. 

For cases in which jacking forces are 
applied prior to heat straightening, the dis- 
tribution of stress over the heated section 
will vary according to the shape of the cross 
section and the magnitude of the moment. 
As the torch moves over the section, the 
steel temperature rises and then falls in a 
manner somewhat analogous moving across 
calm water. The heat variation produces 
continuous and complex changes in the 
stress distribution. As a consequence, stress 

- 

- 

- 

- 

- 

-- 

- 
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yield line 

Top view 

Edge view 

Figure 6.3. Weak axis bending resulting in a yield 
line in the plate element. 

distributions may be quite different between 
two members of different shapes. 

One measure of this effect is the ratio 
of plastic moment, %, to the moment at 
initial yield, M,. For a constant yield stress 
this ratio is Z/S where Z is the plastic sec- 
tion modulus and S is the elastic section 
modulus. Since the moment due to jacking 
is usually expressed as a percentage of %, 
the degree of yielding during heating is often 
a function of this ratio. For example, Z/S = 
1.5 for a rectangular plate and is only about 
1.12 for typical wide flange beams. In other 
words, yielding is initiated at two-thirds of 
ultimate capacity for a plate but does not 
occur until 90 percent of capacity for most 
wide flange members. For a moment due to 
jacking in the range of 35-50 percent of Mp, 
some localized yielding will occur during 
heat straightening. The amount, and conse- 
quently the degree of straightening, will de- 
pend on the stress factor as a function of 
Z/S. 

In this chapter, the behavior of com- 
mon structural shapes subjected to heat 
straightening will be examined. In addition 
to considering the experimental data, an 
analytical method of predicting movement 

will be presented. The basis for this model 
is the plate equation for plastic rotation de- 
veloped in Chapter 5. For mild steel, the 
equation for plastic rotation of a structural 
shape can be expressed as 

0%. 6.1) 

where F, is the factor associated with the 
external jacking force, F, is a factor reflect- 
ing the shape of the cross section, F, is the 
stress factor, and (pb is the basic plastic rota- 
tion factor derived for a rectangular plate 
(see eq. 5.14) and expressed as: 

qTb = 0.0147snl~ 

In the following sections the experimental 
data on structural shapes will be evaluated 
and equations for the various factors used in 
eq. 6.1 will be presented. 
Behavior of Channels with Strong Axis 
Damage (Category S) 

When a channel has Category S 
damage, a flexural plastic hinge forms in the 
web and axial yield zones form in the 
flanges as illustrated in fig. 6.2. As shown 
in fig. 6.4, the heating pattern consists of a 
vee heat in the web followed by a strip heat 
on the flange that was subjected to tension 
(flange 1) during the damage phase. The 
reason for this pattern is that during heat 
straightening the vee will close, tending to 
reduce the damage curvature. However, 
flange 1 will tend to prevent this closure if 
unheated. By continuing the vee heat into 
the flange as a strip heat, the upsetting 
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Figure 6.4. Heating patterns for channels bent 
about their strong axis (Category S). 

process will include the flange and expedite 
the movement. The heating sequence is: (1) 
web vee heat and (2) flange 1 strip heat. 
Note that flange 2 is not heated. 

One note of caution should be men- 
tioned for both this and other heating pat- 
terns for structural shapes. The strip heat on 
the flange may produce minor curvature 
about the undamaged axis. Typically, this 
movement is small and can be corrected 
with a few heats directed toward removing 
this curvature. 

A series of heats was conducted on a 
C 6x8.2 channel using the veekrip pattern 
in fig. 6.4. Three heats each were conducted 
for jacking ratios of 0, 25, and 50 percent 
and vee angles of 20” and 45’. The average 
values of plastic rotations are shown in fig. 
6.5. The results follow the same trend found 
in plates. The curvature caused by heat 
straightening is proportional to vee angle 
and jacking ratio. 

The plastic rotation was first com- 
puted by the plate equation (eq. 5.20) using 
the dimensions of the channel web. The re- 
sults were significantly lower than the actual 
channel plastic rotations suggesting that the 
shape of the channel magnifies the move- 
ment over that expected from an equivalent 
sized plate. An explanation for this behavior 

can be developed by considering the ge- 
ometry of the section. The channel can be 
considered as a folded plate as shown in fig. 
6.6. First, consider the section in its un- 
folded position with the heat applied begin- 
ning with the vee and continuing across the 
strip. If the vee was extended across the 
web portion of the unfolded section, the re- 
sult would be a standard vee heat having a 
vee depth equal to the channel web depth, d, 
plus the flange width, b,. By using a strip 
heat on the flange portion, the effect is 
similar except that the heating pattern is 
somewhat narrower over the flange. Since 
most of the plastic deformation occurs over 
the middle two-thirds of a vee (Roeder, 
1985), the difference between a vee and strip 
on the flange portion is small and can be ne- 
glected. Assuming that the longitudinal 
strain is small and varies linearly with dis- 
tance from the vee apex, (fig. 6.6) the rela- 
tionship between x, and x, is: 

_ 

- 

-- 

- 

- 

_ 

- 

- 

(Eq. 6.3) 

Now consider that the same heating pattern 
is applied with the flange in its folded posi- 
tion. The average longitudinal movement of 
the flange, x2, will tend toward the same 
value as in its unfolded position. However, 
in its folded position its distance from the 
apex has been decreased from d + bd2 to d. 
If the same movement, x,, occurs at a shorter 
distance fi-om the vee apex, the change in 
curvature is magnified. From eq. 6.3 this 
magnification can be expressed as a shape 
factor: 

- 

- 

- - 

- 

- 
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Figure 6.5. Experimental theoretical plastic rotations for a C 6x8 channel with Category S damage. 

Note that this analysis assumes a full depth 
vee heat. Since little difference has been 
noted between a full and three-quarter depth 
vee, the equation is valid in this range. 

The stress factor, F,, can be com- 
puted by normalizing the Z/S ratio for the 
channel bent about the major axis to that of 
the plate (Z/S = 1 S) since the plate equation 
is the basis for developing equations for 
rolled shapes. The stress factor should be 
unity for the zero jacking force case and is 
assumed to vary linearly to the maximum at 
the 50 percent jacking ratio case. The stress 
factor can be written as 

F, = 1 - 2Cl- (&‘I M 2 ’ Mj (Eq. 6.5) 
P 

where Z/S is the ratio of plastic to elastic 
section modulus for bending about the major 
axis, i.e., Z,/S, in this case. Since channels 
typically have a ZJS, ratio of about 1.2, the 
stress factor for channels can be approxi- 
mated as 

Mj F, = 1 - 0.4- 
MP 

(Eq. 6.6) 

The jacking load factor is identical to that 
developed for plates, that is 
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Figure 6.6. Unfolded flange for a Category S 
channel. 

(Eq. 6.7) 

and the shape factor, F, is given by eq. 6.4. 
Using these factors, the plastic rotation can 
be obtained from eqs. 6.1. and 6.2. 

A comparison of the experimental 
and theoretical results for the C 6x8.2 is 
shown in fig. 6.5 indicating reasonably good 
agreement. From this investigation of Cate- 
gory S channels, it is seen that the plate 
equation for plastic rotation can be used as 
the basis for other rolled shape behavior. 

Behavior of Channels with Weak Axis 
Damage (Category w) 

A channel with Category W damage 
is more complex than the Category S due to 
lack of symmetry about the weak axis. 
Also, the heating pattern will differ depend- 
ing on whether the compression zone in- 
duced by damage is in the web/flange junc- 
ture or flange tips. The heat-straightening 
process is based on the open end of the vee 

heat lying in the zone stressed in tension 
during the damage phase. Thus, the apex of 
the vee heat on the flanges may lie at either 
the flange tips or the web/flange juncture 
depending on the direction of bending mo- 
ment damage. The heating patterns are 
shown in fig. 6.7 for both cases. A combi- 
nation of vee heats on the flanges and a strip 
heat on the web is required for case (a), here 
referred to as negative moment damage, and 
only vee heats on the flanges for case (b), 
positive moment damage. Experimental 
studies have been conducted for both dam- 

_, 

_ 

- 

- 

age cases. - 

A comprehensive series of tests was 
conducted on C 6x8.2 channels which were 
initially straight using the heat configuration 
shown in fig. 6.7a. The plastic rotation was 
measured after each heat cycle. The results 
are plotted in fig. 6.8 along with a linear 
least squares curve fit. The response of 
these channels generally corresponded to the 
typical pattern of behavior for heat- 
straightened plates although the variations 
were not as linear. The average values for 
plastic rotations were higher than expected 
for 20” vee heats and lower than expected 
for 45” vees. 

_ 

-- 

- 

- 

_ 

This behavior illustrates that even 
under controlled conditions consistency in 
heating is difficult to maintain. Also, the 
amount of plastic rotation for a single heat 
significantly exceeded that expected of a 
plate of the same size as the flanges of the 
channel. Applying the plate equation to the 
vee heated flanges of the channel (and ne- 
glecting the web) leads to a prediction of 
plastic rotation much smaller than observed 
in the channel. In fact, the channel plastic 
rotations averaged 2.5 times more than an 
equivalent sized plate. 

-- 

I’ 

- 

_, 

- 
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(a) Negative moment damage 

(b) Positive moment damage 

Figure 6.7. Heating patterns for channels bent about the weak axis (Direction of moment producing damage 
indicated by MJ. 
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Figure 6.8. Experimental and theoretical plastic rotations for Category W damage of a C 6x8.2 with the open 
end of vees at flange-web-juncture as shown in fig. 6.7a. 
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Conversely, a C 6x8.2 was heated 
with the heating pattern shown in fig. 6.7b. 
Using a jacking ratio (M#J of 50 percent 
and a 45” full depth vee, 14 heats produced 
an average plastic rotation per heating cycle 
of 5.78 milliradians. Use of the plate equa- 
tion for the flange (and neglecting the web) 
predicts the nearly identical value of 6.09 
milliradians. Thus, no magnification over 
the plate equation value was required for the 
case when the vee apex was located at the 
web/flange juncture. 

The explanation for the seemingly 
contradictory results relates to both geomet- 
ric and stress considerations. First, the most 
significant aspect is the geometry of the 
channel section. For the case of the vee/strip 
heat combination shown in fig. 6.7a, the 
channel section (fig. 6.9a) can be viewed in 
terms of its symmetrical component shown 
in fig. 6.9b. This component of the channel 
section can be considered as a folded plate 
in a manner similar to the category S chan- 
nel. First consider the section in its un- 
folded position with the heat applied in the 
standard fashion: beginning at the apex of 
the vee, moving across the vee, and then 
continuing across the strip. If the vee is ex- 
tended across the web portion of the un- 
folded section, the result would be a stan- 
dard vee heat on the flange of depth d plus 
one-half the web, dJ2. By using the strip 
heat on the web portion, the effect is similar 
except that the heating pattern is somewhat 
narrower. 

Referring to fig. 6.9c, the maximum 
longitudinal shortening of the web portion of 
the section will occur at the axis of symme- 
try of the web portion as designated by x,. 
Because of the linear strain assumption, 
(similar to Category S damaged chmels) x, 

and x, are proportional to the distance from 
the vee apex such that: - 

(Eq. 6.8) - 

- where d = vee depth (which equals the 
flange width) and b, = width of stiffening 
element (or the web width). - 

Now consider that this same heating 
pattern is applied to the section in its folded 
position. The tendency will be for the same 
x, value as shown in eq. 6.8 to occur. How- 
ever, since the channel is folded, this aver- 
age movement, x,, acts over the distance d 

ratherthand+~. Hence, the plastic rota- 

-. 

- 

- tion will tend to be magnified by the factor, 
F,: 

(Eq. 6.9) 
- 

For the C 6x8.2 channel, d = 48.8 mm (1.92 
in) and b, = 152 mm (6 in) thus F, = 2.56. 
Consequently, a magnification of more than 
double would occur in comparison to an 
equivalent plate with the same dimensions 
as the flange of the channel. This analysis 
illustrates that the veekrip heat combination 
does magnify the movement. On the other 
hand, for the case of the vee heat in the op- 
posite direction and no strip heat required, 
fig. 6.7b, no magnification would be ex- 
pected since the web is not heated. The ex- 
perimental results showed no magnification 
which reinforces this conclusion. 

_ 

- 

- 

- 

- 
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(0) Chonnel cross section and 
equivalent plate cross section 
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(b) Heating pattern and geometry is 

symmetrical about the x-x axis 

(c) View of heating pattern 
considering the cannel to be 
unfolded 

Figure 6.9. Geometric effects on heat straighten- 
ing a channel with negative curvature damage. 

The stress factor, F,, can be consid- 
ered in the form previously given by eq. 6.5 
where the ratio Z/S is related to weak axis 
bending, i.e., Z,,/S,. For typical cases Z,,/S, 
is approximately 2.05. For example ZJS, = 
2.02 for the C 6x8.2. Therefore, using ZJS, 
= 2.05 the stress factor can be approximated 
(for channels with weak axis damage) as: 

Mj F, =1-0.7- 
%J 

(Eq. 6.10) 

The shape factor, F,, of Eq. 6.9 can 
be written as: 

where d is the vee depth and b, is the width 
of the channel web or stiffening element. 
The equation can be modified to include 
both positive and negative moment damage, 
if the term d in the numerator of the second 
term is replaced by d, which is defined as the 
distance from the apex of the vee to the 
stiffening element (the web in this case), 
thus: 

1 bd F, =1+-(-=-) 
2 d* 

(Eq. 6.12) 

Consequently, ds = d for the case in fig.6.7a 
and ds = 0 for the case in fig. 6.7b. Note that 
since little difference was noted in plastic 
rotations for full and three-quarter depth 
vees, d should be taken as unity unless the 
vee depth ratio is less than 0.75. Research 
data is not available for more shallow depth 
vees. Applying these factors, the plastic ro- 
tation for a channel with flexural damage 
about the weak axis is given by eqs. 6.1 and 
6.2 where F, is defined by eq. 6.12, Ft by 
eq. 6.7, and F, by eq. 6.5 (although F, can be 
approximated by eq. 6.10 for most cases). 
The theoretical equation is shown for the 
negative moment damage case in fig. 6.8 for 
the three jacking ratios. The theoretical re- 
sults tended to be larger than the least 
squares curve fit of the experimental data. 
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Figure 6.10. Heating patterns for weak axis dam- 
age to a wide flange beam (Category W). 

Behavior of Wide Flange Beams with 
Weak Axis (Category W) Damage 

For a wide flange beam bent about 
the weak axis, the flanges are the primary 
elements and the web is the stiffening ele- 
ment. The heating pattern consists of vee 
heats on each flange and a strip heat on the 
web as shown in fig. 6.10. In this case the 
stiffening element is located at the neutral 
axis of bending and introduces additional 
complexity in behavior. The yield pattern 
consists of a flexural plastic hinge on the 
two flanges. Since the web lies at the neu- 
tral axis of bending, it does not usually un- 
dergo significant yield. However, a strip 
heat is required on the web so that the clos- 
ing of the flange vees will not be resisted by 
the web. This case is one example of when 
it is appropriate to heat a location where 
yielding may not have occurred. 

Horton (1973) conducted tests on 
undamaged sections. The results of these 
tests are shown in fig. 6.11. Avent (1992), 
Avent and Fadous (1989) and Boudreaux 
(1987) also conducted tests on W 6x9 
beams. In some cases the beams were un- 
damaged prior to vee heating while others 

were damaged. The average plastic rota- 
tions are shown in fig. 6.12. The data from 
Horton’s tests generally followed the pattern 
of increasing plastic rotation with vee angle. 
Avent’s tests showed the plastic rotation to 
be proportional to both vee angle and jack- 
ing ratio. The data was fairly linear with 
respect to vee angle for zero and 25 percent 
jacking ratios. However, considerable 
variation was found for the 50 percent jack- 
ing ratio. 

The same model as used for Cate- 
gory W damaged channels is applicable for 
wide flange beams. The plastic rotation is 
given by eqs. 6.1 and 6.2 where F e is de- 
fined by eq. 6.7, F, is given by eq. 6.12 and 
F, by eq. 6.5. The ZJS,, value for typical 
wide flange beams is around 1.5. Using this 
value, the stress factor can be approximated 
by F, = 1. Also note that in this case, the 
stiffening element is located at mid-depth, 
thus d, equals one-half the flange width (4 = 
1.97 in. or 50.0 mm for the W 6x9). This 
theoretical equation is also plotted in fig. 
6.12. The results compare well with the 
least squares curve fit. 

- 

_ 

-- 

--- 

Repetitive Damage and Straightening for 
Category W Damage to Wide Flange 
Beams 

A comprehensive study was con- 
ducted on rolled beam sections having mul- 
tiple cycles of damage and repairs. The pro- 
cedure was to damage the beam by bending 
about the minor axis. The beam was then 
heat straightened. After straightening was 
completed, the beam was re-damaged and 
again heat straightened. Up to eight cycles 
of damage were repaired in some cases. 
Four beams (W 6x9’s) were used in the 
study. Each beam was damaged 

- 

-- 

__ 

- 

- 
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Vee Angle (degrees) 

6.11. Vee angle versus plastic rotation for wide flange beams using the Category W heating pattern, Horton 
(1973). 

- - - Theoretical Eq. 6.1 

10 20 30 40 50 

Vee Angle (degrees) 

Figure 6.12. Plastic rotation versus we angle for W 6x9 using the Category W heating pattern (Temperature 
= 650°C or l~OO°F). 
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Figure 6.13. Spreading of yield zone in subsequent cycles of damage and repair for W 6x9 wide flange beam 
specimens. - 

Table 6.1. Summary of damaged beam data for W 6x9 beams with Category W damage. 

Beam/Repair 
Cycle No. 

B-l/l 

B-2/1 

B-212 

B-3/1 

Angle of Damage 

(degree) (millirad) 

7.34 128.1 

7.67 133.9 

8.22 143.5 

7.15 124.8 

No. of Heats 

20 

20 

23 

18 

Avg. ‘pP (milli- Coefficient of 
rad) Variation - 

6.85 0.28 

6.65 0.30 - 

6.70 0.26 

6.64 0.16 -. 

- 

- 

.- 
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Table 6.2. Increasing yield zone after each damage/repair cycle for W 6x9 with Category W damage. 

Beam Length of yield zone (in) after Bend #: (Top row = A, bottom row = B) 

1 2 3 4 5 6 7 8 

1 -I 

--- 

2 --- 8.20 

--- 8.40 

3 5.90 8.05 9.75 10.30 

6.00 8.65 10.40 11.65 

4 5.50 8.15 9.50 10.50 10.70 10.70 11.50 11.50 

5.80 8.40 10.20 12.00 13.20 13.30 15.25 15.25 

~ Averages 5.70 8.13 9.63 10.40 10.70 10.70 11.50 11.50 

5.90 8.48 10.30 11.83 13.20 13.20 15.25 15.25 

around its weak axis to a degree of about 
seven degrees. All beams were repaired us- 
ing the heating pattern of fig. 6.10 and 45” 
vees with a depth ratio of 0.75 and a jacking 
ratio of 0.5. The number of damage/repair 
cycles varied for each of the beams. Each 
repair cycle consisted of approximately 20 
heats, with the average plastic rotation 
shown for each repair cycle in table 6.1. 

As the beams straightened, a thick- 
ening developed in the middle region, caus- 
ing a spreading of the yield zone in each 
subsequent bend as seen in fig. 6.13 (values 
are shown in table 6.2). The thickening re- 
sulted in a smoother distribution of curva- 
ture (due to thinner portions further fi-om the 
centerline tending to yield earlier than be- 
fore), although the total angle of damage 
was kept as consistent as possible for each 
bend. Due to the larger yield zone, the vee 
heats were distributed over a longer length 
to accommodate the spread. 

Since there were over 200 heats per- 
formed, statistical analysis can be used to 
evaluate trends in the data. DeBajar, etal. 
(1992) addressed two questions: (1) Does 
the response to heat straightening vary if the 
member is re-damaged and repaired more 
than once; and (2) Is the response during a 
single repair cycle dependent on the heat 
number? An independent sample t-test 
(Hicks, 1982) was used to evaluate the re- 
sponse from different damage/repair cycles. 
The probability that the average plastic ro- 
tation in successive repair cycles was less 
than the average value of the first repair 
ranged fi-om 71-87 percent. The results sug- 
gest that there may be a small trend toward 
larger plastic rotations in the first repair cy- 
cle. 

To look at whether the amount of 
movement varied from heat to heat within a 
single repair cycle, a dependent samples t- 
test (Hicks, 1982) was used. The probability 
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values were high enough to conclude that 
the first heat does produce greater move- 
ment than successive heats, although there 
was no trend that another heat had preemi- 
nence over any other. This conclusion con- 
fums observations in the field that the first 
heat produces more movement. The prob- 
able cause is that residual stresses are often 
created during the damage process. These 
stresses often act in a direction tending to 
reduce the damage thus magnifying the 
jacking force. The initial heat tends to relax 
these residuals so that successive heats are 
not affected. Because of this behavior it is 
recommended that the jacking force during 
the first two heats be limited to approxi- 
mately 25 percent of the member capacity so 
as not to risk over-stressing the member. 

The average value of plastic rotation 
for all damage/repair cycles (240 heat cy- 
cles) was 6.78 milliradians. The average 
value, considering the first damage/repair 
cycles only (75 heats) was 5 percent higher 
at 6.64 milliradians. These values were 
within 20 percent of the value predicted by 
the theoretical model of eq. 6.1. 
Behavior of Wide Flange Beams with 
Strong axis (Category S) Damage 

The heating pattern and yield zone 
for Category S damage is shown in fig. 6.14. 
Several researchers (Avent, 1992, Moberg, 
1979 and Boudreaux, 1987) have conducted 
tests on Category S damaged and undam- 
aged wide flange beams. The average plas- 
tic rotation for each case is shown in table 
6.3 and values for the W 6x9 are plotted in 
fig. 6.15. 

The results shown in table 6.3 follow 
the trend that plastic rotation is proportional 
to vee angle but are inconsistent. The W 
10x33 values are far too low and suggest an 

improper heating procedure. The values 
for the shapes heated with a 50” vee angle 
also appear low, again suggesting that the 
steel temperature was not adequate. The 
values for the W 6x9 with 20” and 30° vee 
angles appear too high suggesting either 
over-heating or lack of lateral restraint. The 
only values which appear consistent with 
other categories of damage are those with a 
jacking ratio of 50 percent. To evaluate 
these inconsistencies, a W 12x14 was vee 
heated. The temperature and jacking force 
were carefully controlled. The results are 
plotted in fig. 6.15. 

_ 

_ 

- 

- 

- 

A model to predict this behavior can 
be developed similarly to the channel. The 
flange of the beam is the stiffening element 
for the category S damage heating pattern. 
The flange at the open end of the vee pro- 
vides a magnification effect similar to that of 
the channel. Using the folded/unfolded 
flange concept (fig. 6.16) similar to that of 
the channel along with the same assump- 
tions, a shape factor can be derived identical 
to the channel of eq. 6.4 or 6.12 where for 
the wide flange beam ds = beam depth, b, = 
flange width and d = beam depth. 

The equation for plastic rotation, Q,, 

-. 

- 

.-- 

-- 

is given by eqs. 6.1 and 6.2, F e is defined by 
eq. 6.7, F, is given by eq. 6.12, and F, by eq. 
6.5. Note that ZJS, is typically around 1.12 
for wide flange beams. Using this value in 
eq. 6.5, the stress factor can be approxi- 
mated by 

- 

M.i F, =1-0.5- 
MP 

Eq. 6.13 - 
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Figure 6.14. Yield zone and heating pattern for Category S damage to wide flange beams. 

Table 6.3. Plastic rotations for Category S damage to wide flange beams (heating temperature = 650” or 
1200°F9. 
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Figure 6.15. Influence of vee angle and jacking ratio on plastic rotation for W 6x9 (Category S damage pat- 
tern). 

Figure 6.16. Geometric relationship between 
Category S wide flanges and plates. 

The theoretical equation for the W 12x14 is 
plotted in fig. 6.15. The theory agrees rea- 
sonably well with the data. 

Angles 

Angles differ from other rolled shapes in 
that the plate elements of the cross section 
are not orthogonal to the principal axes. As 
a result, the damage to angles is often due to 
flexure about an axis other than a principal 

- 

.- 
axis. In addition, the jacking force applied 
during heat straightening often causes flex- 
ure about a non-principal axis. In one sense 
the angle is the most simple of rolled shapes 
which can be considered as a plate with a 
single fold. The heating pattern consists of a 
vee on one plate element and a strip on the 
other element as shown in fig. 6.17a or sim- 
ply a vee heat if the apex of the vee is lo- 
cated at the stiffening element (fig. 6.17b). 
The results of tests on originally straight an- 
gles using the heating pattern of fig. 6.17a 
are shown in fig. 6.18. Other parameters 
included jacking ratios, Mj/Mp, of 0, 25 and 
50 percent; vee angles of 20” and 45’; a 
depth ratio = 1.0; and a heating temperature 
650°C (1200°F). In general the plastic rota- 
tions were significantly larger than for 
equivalent plates. The reasons for this 

- 

- 

- 

- 

__ 

__ 

- 
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Figure 6.17. Yield zone and heating patterns for flexural damage o f a typical angle. 

~1 
-Experimental least squares curve fti 
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Figure 6.18. Influence of vee angle and jacking ratio on plastic rotation for L 4x4~114 angles with the heating 
pattern of fig. 6.17a. 
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behavior involve both geometric and stress 
considerations. 

The geometric amplification for the 
angle is (with the apex at the toe per fig. 
6.17a) the same as that of the category S 
channel. Using the same assumptions as for 
the channel (fig. 6.6), the shape factor, F,, is 
the same as given by eq. 6.12 where d, = d = 
the leg length being vee heated and b, = the 
width of the other leg. 

If a jacking force is applied during 
the heating process, the stress distribution 
throughout the vee heat zone differs for an 
angle compared to a plate. First, the ratio of 
plastic to elastic section modulus is lower. 
Second, since the cross-section is not sym- 
metrical, bending about the primary element 
is biaxial unless some type of lateral re- 
straint is used. If no lateral restraint is pro- 
vided, the simple bending stress formula, 
M/S, cartnot be used to calculate stresses in 
the vee heated area due to the jacking force. 
Instead, the biaxial bending formula must 
be utilized. For example, an L 4 x 4 x l/4 
angle bent about the axis of one leg and 
having no lateral restraint has a maximum 
stress at the heel of 2.5 times that for the lat- 
erally restrained case. 

In order to incorporate this behavior 
into the stress factor, the ratio of Z/S will be 
modified by the shape factor, F,. The stress 
factor is defined by eq. 6.5 in which the ratio 
of Z/S is defined as 

ZlS=F,(Z'IS') (Eq. 6.14) 

where Z/S’ is the ratio of plastic to elastic 
section modulus for the angle about the axis 
of bending. 

The plastic rotation can thus be expressed 
by eqs. 6.1 and 6.2 where F e is given by eq. 
6.7, F, by eq. 6.12, and F, by eqs. 6.5 and 
6.14. This theoretical curve is plotted in 
fig.6.18 and show relatively good agree- 
merit. 

_ _ 

- 

A series of angles were damaged and 
then heat straightened with the vee pattern 
shown in 6.17b and the results are shown in 
table 6.4. The magnitudes of plastic rota- 
tions were not magnified to the extent of the 
previous case since with the apex of the vee 
at the heel, the shape factor is one and only 
the stress amplification factor is needed. 
Thus the plastic rotation is given by eqs. 6.1 
and 6.2 where F, = 1 .O from eq. 6.12, F e is 
given by eq. 6.7, and F, by eqs. 6.5 and 6.14. 
The theoretical values are shown in table 
6.4 and compare reasonably well with most 
of the experimental values. 

- 

_ 

- 

-- 

Out-of-Plane Movement.-Based on - 
the geometric configuration of angles, an 
out-of-plane movement (in the direction 
perpendicular to the desired direction of - 
movement) would be expected to occur. 
With the linear continuous strain concept for 
folded plates, even though the stiffening - 
element is heated with a rectangle, its strain 
behavior resembles that of a vee heat and 

- thus the stiffening element would shorten 
more on one edge than the other (at the free 
edge away from the vee heated leg in the _ 
case of the angle). For the angles shown in 
fig. 6.18 the average out-of-plane plastic 
rotations were measured and compared to -- 
the plastic rotations in the desired direction. 
These values and comparisons are shown in 

table 6.5. As can be seen from table 6.5, the - 
out-of-plane movements are quite large in 
all cases, and they increase significantly 
with jacking ratio. However, when - 
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Table 6.4. Damaged angle specimens with the heating pattern shown in fig. 6.17b’. 

Specimen/Damage Mm Depth No. of Heats Avg. Plastic Rotations Theoretical Plastic 
Category Ratio (milliradians) Rotations (millira- 

diansl 

L6x4x5/16 (S)* 0.22 1.00 3 4.66 4.31 

L6x4x5/16 (S) 0.50 1.00 16 9.10 7.31 

L6x4x5/16 (W) 0.50 1.00 3 11.11 7.19 

L4x4x1/4 0.33 0.75 2 5.57 7.28 

L4x4xU4 0.33 1.00 5 6.75 7.28 

‘S denotes bending about axis of long leg, W denotes bending about axis of short leg. All vee heats were 45”, 
and all had the stiffening element at the vee apex and heating temperatures = 650°C (1,200”F) 

Table 6.5. Comparison of out-of-plane plastic rotations to plastic rotations in the in-plane direction of move- 
ment for initially straight L 4x4x% angles (in-plane movement shown in fig.6.18). 

Vee angle (Deg) Out-of-Plane Plastic Rotations Ratio of Out-of-Plane to In-Plane 
(millirad) Movement 

20 0 2.93 2.07 

20 0.25 4.03 0.72 

20 0.50 6.59 0.59 

45 0 4.55 1.44 
I 

1 45 ! 0.25 7.85 0.84 
I / I 
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compared to the plastic rotations in the de- 
sired direction, the zero jacking ratio cases 
exhibited more relative movement. In fact, 
the out-of-plane movements were greater 
than the in-plane ones. The large out-of- 
plane movements are probably a result of the 
vee heated leg of the angle already being 
heated and offering less resistance to rota- 
tion. The lower ratios of out-of-plane to in- 
plane movement encountered at larger jack- 
ing ratios are probably due to an ineffective 
distribution of stresses in the outstanding 
leg. 

Depending on whether or not the 
out-of-plane movements are beneficial to the 
overall repair of the given specimen, either 
bracing against this movement or using al- 
ternative heating patterns may be necessary 
to prevent or reduce them. The vee heat 
would be applied as normal, and the stiff- 
ening element would still need to be heated 
to allow rotation is the desired direction. 
However, instead of a rectangular heating 
pattern, it is likely a reverse vee heat (con- 
tinuing fkom the open end of the original 
vee, and tapering down to a point) would 
encourage the desired rotation, while re- 
ducing the out-of-plane movement. In its 
“unfolded” position, the heating pattern 
would resemble a diamond shape, a pattern 
used by pipe welders to straighten pipe dis- 
tortions. Heating in the proper fashion is 
essential for obtaining movement. 

beam is damaged in 
4.5” degree of damage 
Compute the estimated 
straighten the member 

for each of the following sections using a 
jacking ratio of 50 percent and 30” vee an- 
gle: (a) W 36x170 (weak axis bending), (b) 

Example 6.1 

Problem.-A 
flexure producing a 
at the impact point. 
number of heats to 

C 12x20.7 (strong axis bending), (c) L 
5x3~518 (bending about the axis of the short 
leg with tension damage to short leg. 

Solution.-The first step is to com- 
pute the expected movement per heat cycle 
using eq. 6.1. For all cases (Pi is computed 
from eq. 6.2 as: 

_ 

- 

.-. 

q)b = O.O147sin(y) = 0.00255rud = 2.55miZZirad _ 

and Fe is obtained from eq. 6.7 as - 

F, = 0.6 + 2(.5) = 1.6 .- 

The other factors are dependent on the cross 
section and are calculated as follows: 

(a) W 36x170 (Category W damage) 

d, = 12.03 in/2 = 6.02 in 

b, =36 in 

d = 12.03 ipt 

Z/S = 83.8 in3 153.2 in3 = 1.58 

From eq. 6.5 

F = = 
s 

1+ 
1[(36)(6.02)] 2 12.033 

1 
- 
75 

From eq. 6.12 - 

Fa=l-2{1-~(1.58)}(1.5)=1.05 

and from eq. 6.1 

pp = (1.6)(1.75)(1.05)(2.55) = 7.50 milhad 
- 

(b) C 12x20.7 (Category S damage) 
- 
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d, =12 in 

b, = 2.94 in 

d=12 in 

z/s = 3.4911.73 = 2.02 
From eq. 6.5 

F - l+ Lc(2.g4)(12)] = 1 12 s- 2 122 - 

From eq. 6.12 

F, = 1 - 2{1- $ (2.02))(.5) = 1.35 

and from eq. 6.1 

qp = (1.6)(1.12)(1.35)(2.55) = 6.17 millirad 

(c) L 5x3x5/8 (bending about axis of short 
leg with tension damage to short leg) 

The vee heat should be located on the 
long leg with the apex at the toe. 

d, = 5 in 

b, = 3 in 

d=5 in 

ZlS=Z,lS, =6.27/3.55=1.77 

From eq. 6.5 

F - l+y)@ s- 2 521=1-3 
From eqs. 6.5 and 6.14 

F, =l-2{1-~(1.3)(1.77)}(1.5)=1.53 

and from eq. 6.1 

yP = (l-6)(1.3)(1.53)(2.55) = 8.12 miZZirad 

The number of heats can be determined 
from eq. 3.15 where the degree of dam- 
age (pd = 78.5 milliradians as follows: 

For the W 36x170 

n = 78.5/7.5 = 10.5 or 11 

For the C 12x20.7 

n = 78.5/6.17 = 12.7 or 13 

For the L 5x3x5/8 

n = 78.5/8.12 = 9.7 or 10 

Summary 

Summarized in this chapter is the 
response of rolled shapes to heat straighten- 
ing. The focus was on the two fundamental 
damage conditions: weak axis bending 
(Category W) and strong axis bending 
(Category S). Over 300 heats were applied 
to 30 rolled shapes in order to document the 
behavior of heat-straightened, angles, chan- 
nels and wide flange beams. This data 
formed the basis for developing simple 
analytical formulas for predicting the re- 
sponse of rolled shapes to heat straightening. 
These formulas can be used to design heat- 
straightening repairs. 

Key Points to Remember 

l There are four fundamental damage 
categories for rolled shapes: 

Category S: Bending 
strong axis. 

Category W: Bending 
weak axis. 

about the 

about the 

Category L: Local bulges, dishes 
and crimps. 

Category T: Twisting. 
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The heating pattern for rolled shapes 
typically consists of vee heats on the 
primary elements and strip heats on the 
secondary elements. 

If a secondary element lies at the apex of 
the vee heat on a primary element, a strip 
heat is not applied. 

The amount of movement when heat 
straightening rolled shapes is a function 
of: the vee angle, heating temperature, 
magnitude of the externally applied 
jacking force, the shape of the cross sec- 
tion, and the distribution of stresses due 
to jacking. 

Typically, the factors listed above tend 
to magnify the movement above that ex- 
pected from a vee heated plate of the 
same size as the primary element (or 
elements) of the rolled shapes. 
Heat straightening of angles produces 
components of movement in directions 
parallel to both legs even when only one 
may be desired. 

Rolled shapes can be damaged and re- 
paired multiple times with similar 
movement response although it is rec- 
ommended that the same area not be re- 
paired more than twice. 

The first heat cycle often produces larger 
movements than successive cycles due to 
residual stresses. 

Analytical formulas were derived to pre- 
dict movement during heat straightening 
of rolled shapes subjected to Category S 
and W damage. 

The analytical formula was based on the 
plate equation (eq. 5.21) modified by the 
addition of a shape factor, F,, and a 

stress factor, F,, and can be generalized 
for rolled shapes as 

where the basic plastic rotation factor, 
R, is defined as 

cpb =0.0147 sine 
3 

and the modification factors are: 

Mj F, =0.6+2- 
MP 

1 bd F, =1+-(L) 
2 d2 

2 Z Mj 

F, =l-2{l-5(-)}r 
P 

where 

Mj = the moment at the heated zone due 
to the jacking force; 

% = the ultimate plastic moment capac- 
ity about the axis of damage; 

Z/S = The ratio of plastic-to-elastic sec- 
tion modulus about the axis of damage 
(except for angles in which the ratio is 
multiplied by F,); 
b, = width of stiffening element; 

ds = distance from apex of vee heat on 
primary member to intersection of stiff- 
ening element; and 
d = depth of the vee heated elements (as- 
suming a vee depth of at least three- 
quarters of this depth). 

- 

- 

- 

- 

- 

- 

-. 
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Chapter 7. Heat-Straightening Repair for Composite Deck-Girder Bridges 

Perhaps the most typical type of 
damage found on steel bridge members re- 
sults Corn impact of vehicles or freight on 
the beams or girders of composite deck- 
girder bridges. Heat straightening is an at- 
tractive repair alternative because of its low 
cost and minimal disruption of traffic. 
However, little information has been avail- 
able to guide either the Engineer or the heat- 
straightening technician on safe and accept- 
able implementation procedures. The pur- 
pose of this chapter is to provide such a 
guide. 

The available literature shows little 
quantitative research related to heat- 
straightening repair of composite deck- 
girder bridges. Moberg (1979) described a 
limited field investigation of the heat- 
straightening behavior of damaged bridge 
members. Shanafelt and Horn (1984) ad- 
dressed the general damage assessment of 
structures and suggested an approach for 
using heat straightening as one of several 
repair alternatives. A comprehensive sum- 
mary of the state-of-the-art of heat straight- 
ening given by Avent (1989) emphasized the 
lack of quantified engineering data on heat- 
straightening repair procedures and ad- 
dressed myths about heat-straightening re- 
pair. To provide quantified heat- 
straightening data, Avent and Fadous (1989) 
initiated a study of the behavior of compos- 
ite girders followed with additional research 
conducted by Avent, et. al., (1993). 

Several important questions arise in 
conjunction with heat straightening com- 
posite deck-girder bridges: What is the role 

of internal and external constraints? What 
are the important parameters for straighten- 
ing composite members? What is the basic 
methodology? Why do the members some- 
times crack during repair? How much 
jacking restraint can be safely applied? And 
can movements be accurately predicted 
analytically? 

One fundamental parameter that has 
been overlooked in previous studies is the 
internal redundancy of the structure. Often, 
the damaged steel member in the field dis- 
plays an inherent redundancy due to its 
structural configuration, imposing an inter- 
nal constraint on the potential heat- 
straightening mechanism for the member. 
An understanding of this behavior combined 
with knowledge of the role of jacking forces 
in heat-straightening is needed to answer 
these questions. 

First, a detailed and controlled set of 
field experiments is summarized which were 
designed to provide a more comprehensive 
data base on the field behavior of damaged 
composite bridge members. Second, the 
heat-straig,htening behavior of those mem- 
bers is quantified both analytically and ex- 
perimentally. Emphasis is placed on study- 
ing the interaction of the internal redun- 
dancy with both the external restraining 
forces and heat patterns. A number of heat- 
straightening tests have been conducted us- 
ing two 6 m (20-R) long, A-36 steel beams 
of different geometries (WlO x 39 and W24 
x 76). Each beam was damaged and then 
repaired using the heat-straightening 
method. The level of jacking forces was 
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varied in the course of repair to evaluate the 
effect of external restraining forces. Based 
on these experiments, analytical models and 
guidelines for conducting such repairs are 
given. 

Experimental Procedures 
There are inherent problems associ- 

ated with conducting research on actual 
bridges in the field. Among the most im- 
portant are: public safety and traffic control; 
variability in the level and degree of dam- 
age; and limitations on conducting parame- 
ter studies. As a consequence, it was de- 
cided to simulate heat straightening of an in- 
service damaged member with a test facility 
capable of handling full-scale beams. In ad- 
dition to mitigating the problems cited, the 
facility also provides a training facility for 
engineers and operators. The test frame has 
been designated as the Heat-Straightening 
Evaluation And Testing (HEAT) facility. 

A prominent feature of the HEAT 
facility is the ability to control the damage- 
inducement process. Static as well as dy- 
namic loading can be applied to distort the 
member plastically. Static loads were ap- 
plied by the use of a hydraulic jack, while 
dynanric loads were created by an impact 
ram. In addition, a special U-shaped refer- 
ence f&me was constructed for specimen 
measurements. Eight measuring points were 
taken at each cross section: five points de- 
fining horizontal movement and three de- 
fining vertical movement. 

Three primary parameters affecting 
heat straightening-vee angle, heating tem- 
perature, and depth ratio of vee to plate ele- 
ment-have been discussed in previous 
chapters and reported elsewhere (Avent 
1987; Boudreaux 1987; Nichols and Weerth 

1972; and Roeder 1986). However, three 
additional parameters have also been shown 
to play a central role in the heat- 
straightening process. One factor relates to 
the influence of restraining forces, a second 
to the heating patterns used, and a third to 
the damage-inducement pattern. The best 
way to evaluate these factors is to study ac- 
tual structural systems. 

- 

I -  

- _  

The HEAT facility is unique in al- 
lowing, for the first time, a comprehensive 
evaluation of heat straightening as applied to 
prototype structures. Within the limits pre- 
viously described for prototype experimental 
girders, five specific aspects of heat straight- 
ening were evaluated: (1) The degree to 
which restraining forces affect behavior 
during the process; (2) the effect of various 
heating patterns on movement; (3) the effect 
of successive heating cycles on damage 
restoration; (4) the effect of repetitive dam- 
age and straightening on material properties 
of the steel; and (5) an evaluation of whether 
dynamic (as opposed to static) damage in- 
ducement influences the heat-straightening 
process. Until these tests, there had been 
little documented evidence related to each of 
the characteristics. 

‘- 

_ 

_ 

- 

--.. 

- 

- 

Heat-Straightening Repair of a W 10x39 
Composite Beam 

An initially straight composite beam 
was statically loaded to produce a plastic 
lateral deformation of 70 mm (2.75 in) at 
mid-length of the bottom flange. A force of 
125 kN (28,000 lb) was required. The pat- 
tern of damage shown in fig. 7.1 is typical 
for bridge girders and the level can be classi- 
fied as light to moderate. Two yield zones 
were formed as a result of the load applica- 
tion. The lower flange yielded in flexure 

- 

- 

__ 

-- 

-. 
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(b) Bottom Flange 

Figure 7.1. Typical deformed shape and yield zones in damaged composite girders. 

Figure 7.2. View from underside looking up at damaged beam SB-1. 
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(about the strong axis of the flange plate) 
over a short length and there was a local 
bulge in this region. A yield line also 
formed in the web approximately 57 mm (2- 
1/4 in) below the top flange, extending over 
the middle two-thirds of its length. A view 
of the damaged beam in the HEAT facility is 
shown in fig. 7.2. 

Typically, a lateral jacking force is 
applied to the lower flange during heat- 
straightening repair. However, the determi- 
nation of the jacking ratio is complicated for 
composite girders due to the internal redun- 
dancy of the system. First, when a lateral 
jacking force is applied to the lower flange, 
only a portion of that force produces a mo- 
ment in the flange. Part of the force follows 
a load path through the web into the upper 
composite flange and is resisted by the con- 
crete deck. The determination of the actual 
moment in the lower damaged flange is re- 
quired to prevent over-stress during jacking 
and to predict the expected movement. Sec- 
ond, the moment capacity due to a laterally 
applied load is also influenced by the load 
path transfer making it difficult to compute 
the plastic moment capacity, q. 

The procedure adapted here is to de- 
fine the apparent moment due to jacking, M+ 
as the moment carried by the lower flange 
assuming all the jacking force was trans- 
ferred to the lower flange alone. Likewise, 
the lateral capacity of the beam, &, is de- 
fined as the plastic moment of the lower 
flange alone about its strong axis. The ratio 
of Mj to q will be referred to as the appar- 
ent jacking ratio. The actual moment in the 
lower flange due to the jacking force will be 
referred to as M, and will be expressed as a 
percentage Of Mj. 

Five primary heating paterns/ jack- 
ing combinations were used in the repair, 
with a sufficient number of repetitions to 
establish the pattern of behavior. The basic 
heating pattern is shown in fig. 7.3. In two 
cases, a single vee heat on the bottom flange 
was used and the restraining force, applied 
laterally at the center of the bottom flange, 
produced an apparent jacking ratio w/MJ 
of either 56 percent or 112 percent. The 
other two cases were identical, except that a 
line heat was also applied to the center two- 
thirds of the web along the length of the 
girder at the damage-induced yield line. In 
all cases, the vee heats were identical: a vee 
depth of three-quarters of the flange width, a 
30” vee angle, and a constant heating tern- 
perature in the range of 650°C (1,200”F) (as 
measured with contact pyrometer and multi- 
ple temperature crayons). The vee heat was 
always applied within the yield zone of the 
flange at the point of maximum curvature. 
A single-orifice oxyacetylene torch was used 
for the heating. Graduate students trained in 
heat straightening performed the heats. 

After the completion of the repair 

-- 

I 

- 

- 

- 

- 

_ 

_ 

- 

process, the same W 10x39 girder was re- 
damaged by exerting a concentrated static 
force with a midspan jacking device. That 
force caused a permanent deflection in the 
bottom flange of 57 mm (2.23 in) in magni- 
tude. A load-deflection curve was obtained 
during the process. Considering the elastic 
rebound, the initial yield load could be esti- 
mated as 71kN (16,000 lb). Based on this 
yield value, the external jacking force was 
limited to 35 percent of initial yielding. 
Since a 650°C (1,200”F) temperature can 
reduce the yield stress to approximately one- 
half to one-third its original value, this limit 
was intended to ensure that hot mechanical 

- 

_ 

_ 

.- 

- 

.- 
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concrete deck 

web line heal 

lower flange yield zone 

L web yield line 

Figure 7.3. Heating patterns for composite girder. 

straightening did not occur. This jacking 
force corresponded to a force which would 
produce approximately 100 percent of the 
plastic moment in the bottom flange acting 
alone. The damage was quite sirnilar to that 
of the first case. 

A number of combinations of vee 
heat, line heat and jacking ratios were used. 
A summary of all sequences of heats is 
shown in table 7.1 and comparisons of the 
average plastic rotation and the jacking ratio 
for seven sequences are plotted in fig. 7.4. 
An inspection of the data shows that certain 
heating patterns are much more effective 
than others. Two aspects accounted for be- 
havior differences: (1) The magnitude of the 
restraining force; and (2) the inclusion of the 
line heat on the web in addition to the vee 
heat on the lower flange. While these con- 
ditions may seem independent, they are ac- 
tually related. Both laboratory research 
(Boudreaux 1987; and Roeder 1986) and 
field experience (Moberg 1979) have shown 

that applying a constraint force in a direction 
tending to reduce damage curvature expe- 
dites the heat-straightening process. Con- 
versely, a constraining force applied in the 
opposite direction can result in little or no 
straightening effect after heating (Roeder 
1986). The most effective combinations of 
heating patterns and restraining forces are 
ones that minimize any internal constraints 
inhibiting the straightening while maximiz- 
ing the positive external constraint effect. 
For any damage condition, an analysis of 
these factors is required to optimize straight- 
ening effects. For the case under discussion 
here, the wide flange can be analyzed in 
terms of its web and bottom flange plate 
components as interacting elements. Each 
has plastically deformed so attempting to 
straighten the first component independently 
of the second leads to the second component 
acting as a negative constraining force rather 
than a positive one. 
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Table 7.1. Summary of plastic rotations for a damaged composite WlO x 39 beam after heat 
straightening with various heating patterns. 

‘Only a partial line heat was used omitting the center one-third of the web yield line since this portion was essentially 
3The first heating cycle had only a single vee heat 

straight 

Vhe movement from the first heat of each sequence after damage inducement was not included in the average 
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Figure 7.4. Comparison of average plastic rotation for various patterns and jacking ratios. 
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As a general rule, heat should be ap- 
plied in the vicinity of every zone in which 
plastic deformation has occurred to reduce 
this negative restraint. The heating pattern 
should correspond to the specific type of 
damage. This principle is illustrated when 
comparing the first pair of heating patterns 
(1 and 2) to the second pair (3 and 4). In 
sequences 1 and 2, the vee heat was applied 
to the plastic zone of the bottom flange 
without a web line heat. Since the web was 
unheated, it tended to resist the straightening 
effect of the flange. Even with a positive 
external force applied to the flange, the re- 
storing effect was relatively small. 

In sequences 3 and 4, the yield line 
in the web was heated in addition to the vee 
heat in the flange. As a result, the restoring 
effect was more than doubled during each 
sequence. In a similar fashion, the applica- 
tion of an external restraining force acting in 
the direction of desired movement enhanced 
the process. Doubling the external force 
more than doubled the restoring movement 
for both heating patterns. A method of 
computing the safe limitations for such 
forces is discussed in a latter section. 

Several interesting behavior patterns 
were noted when comparing the heating ef- 
fect cycle-by-cycle. It was observed that a 
significantly larger amount of movement 
occurred from the first heat of a given se- 
quence after damage was initiated than after 
successive heats of the sequence. Residual 
moments caused by the damage inducement 
are the primary cause of this phenomenon. 
After damage, the internal redundancy pre- 
vents full elastic rebound. Thus, there is a 
residual moment tending to straighten the 
beam in addition to the jacking force. The 
combination of forces results in larger 

movement than expected. Most of the re- 
sidual moment is relieved after one heat so 
that subsequent heats do not exhibit this be- 
havior. In computing average values, the 
first heat of sequences 1 and 6 were ex- 
cluded for this reason. 

Careful measurements of the web 
were made and the length of the yield line 
was computed after each heating cycle. At 
the beginning of the 5”’ sequence, the central 
635 mm (24-in) portion of the web yield line 
had been completely straightened. This 
portion corresponded in length to the yield 
zone of the flange where the inelastic de- 
formation occurred. To have continued ap- 
plying a line heat in this region would have 
produced some reverse curvature along the 
web yield line. Therefore, in sequence No.5, 
the center 0.635 m (2 ft) length of web was 
not heated. Rather, the line heat was only 
applied to those portions still showing plas- 
tic curvature. 

The removal of the web curvature 
using the line heat is based on the same 
principle as the vee heat. The cold material 
ahead of the heat, along with the restraints of 
the lower flange and external force, holds 
the plate in its initial position creating the 
upsetting effect. Once the entire line is 
heated, the resistance to contraction is de- 
creased and rotation occurs during cooling, 
tending to straighten the plate. By itself, the 
line heat produces movements which are 
small compared to those produced by vee 
heats. However, when the lower flange is 
also being straightened, this tends to pull the 
web plate even straighter. In contrast, when 
the line heat was applied without the lower 
flange vee heat, negligible movement was 
detected. 
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Figure 7.5. Line heat in progress on a composite girder. 

Two single-orifice torches were used 
to perform the heating sequences with line 
heats. As shown in fig. 7.5, the line heat 
was applied first to the convex crest of the 
web yield line, starting from the outside 
ends and moving toward the middle in a 
longitudinal direction. Just before getting to 
the middle portion, one of the operators 
stopped heating the web and started heating 
the vee area in the bottom flange, while the 
other operator continued the line heat. This 
procedure allowed both operators to finish 
the heating cycle simultaneously. The 
heated areas in the middle portion of the 
beam, both in the web and in the flange, thus 
reached maximum temperature at the same 
time. 

After successfully heat-straightening 
the lateral displacement of the bottom 
flange, two localized bulges still existed in 
that flange. To achieve a complete restora- 

tion to the original undeformed shape of the 
girder, the bulges were removed. Both spot 
heats and circumferential line heats were 
applied to the “dish-like” bulge. As a result 
of removing the bulge, the lower flange de- 
flected laterally backwards 7 mm (0.28 in) 
in a direction opposite to the earlier move- 
ments. That movement was expected, since 
the spot heats were acting similarly to small 
vee heats placed in the wrong location. A 
detailed discussion of straightening local 
bulges is given in Chapter 9. 

The beam was re-damaged as de- 
scribed previously and heating sequence No. 
6 was used to completely straighten the 
beam. The heating pattern was similar to 
that shown in fig. 7.3, except that two si- 
multaneous vee heats were used on the 
lower flange. Essentially, only the most ef- 
fective heating pattern fi-om the previous 
case was used throughout. The first heating 
cycle was performed using one vee heat. All 

- 

- 

-- 

- 
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subsequent cycles were applied using two 
vee heats simultaneously. The decision to 
apply two vee heats in the same heating cy- 
cle was made because the middle portion of 
the bottom flange contained two sharp re- 
gions of curvature. In addition to the vee 
heats, each heating cycle involved a line 
heat along the yield line in the web. A total 
of 13 cycles was required prior to removing 
the local flange buckles. At the end or the 
repair process, the “dish-like” distortion in 
the bottom flange was also removed using 
line and vee heats. 

The values of the average plastic ro- 
tation per vee heat for sequence No. 6 is 
shown in table 7.1. Fig. 7.6 shows a plot of 
the progressive effect of heats on the be- 
havior of the girder. After the application of 
the thirteenth heating cycle, the lateral dis- 
placement of the girder was eliminated. 
However, the “dish-like” distortion was still 
present in the bottom flange. A final se- 
quence of line and spot heats was applied to 
remove the “dish-like” distortion which ex- 
isted in the bottom flange. This process also 
produced a reverse lateral deflection of 4.6 
mm (0.18 in). One additional heat cycle of 
sequence 6 was applied to remove the slight 
out-of-plane curvature which developed in 
the bottom flange during removal of the 
bulge. This last heating cycle removed most 
of the lateral deflection resulting from the 
removal of the bulges. 

Heat-Straightening repair of W 24x76 
Composite Beams 

Rather than use gradually applied 
static loads to induce damage, a swinging 
ram was used in the first case of damage to a 
W 24x76 beam. The girder was supported 
similarly to the W 10x39: composite con- 
nection to the slab, simple supported ends 

for resistance to gravity loads, and dia- 
phragms at the ends for resistance to lateral 
loads. The ram was a 15kN (3,400 lb) steel 
section which was suspended from a 12 m 
(40 ft) crane boom. Damage was induced by 
swinging the ram in pendulum fashion such 
that the bearing plate impacted the lower 
flange of the beam. The type of damage was 
similar to that of the previous beam. The 
maximum deformation, which occurred at 
point of impact, was 110 mm (4.33 in). 

The repair process was similar to the 
most efficient of the previous cases. The 
horizontal component of the jacking force 
applied as an external constraint produced 
an apparent Mj/Mp = 0.33. For each heating 
cycle, a single 650°C (1,2OO”F), three- 
quarter-depth, 30” vee heat was used to re- 
pair the damage. During each heating cycle, 
a line heat was used along the yield line. 
The location of the flange vee heat was var- 
ied fi-om cycle to cycle over the 610 mm (2 
ft) yield zone. The straightening process 
(sequence No.7) required 28 heating cycles 
for completion. The average value of the 
plastic rotation achieved during this se- 
quence shown in table 7.2. Again, signifi- 
cantly larger plastic rotation angles were 
obtained during the first cycle. 

The same girder was damaged a sec- 
ond time and then repaired (sequence No.8). 
In this case a gradually applied static load 
was used to induce the damage and a lateral 
load-deflection curve was obtained. The 
resulting damage was similar to the previous 
case with a bottom flange deflection of 53 
mm (2.1 in). The girder was repaired in an 
identical manner, except that two vee heats 
were applied simultaneously during each 
heating cycle. 
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Figure 7.6. Heat straightening progression for a damaged W 10x39 beam using heating sequence No. 6 (25.4 
mm = 1 in). 

Table 7.2 Summary of plastic rotations for a damaged W24 x 76 beams after heat straightening with various 
patterns. 

Damage Cy- Heating se- 
cle quence 

No. of 
Cycles 

No. of simulta- No. of web line Apparent Average plastic 
neous vee heats heats Jacking rotation per vee 

1 7 28 1 1 
2 8 12 2 1 
3 9 11 1 1 

ratio heat (milliradian) 
0.33 2.22* 
0.33 2.48* 

0 2.99* 
3 10 9 1 1 0.5 3.89 
3 11’ 10 1 1 0.5 3.75 
4 12 8 1 1 0.33 4.33* 
1 13 7 1 1 0.75 9.99* 

‘A half depth web strip heat was also used in this sequence 
*The movement from the first heat of each sequence was not included in the average 
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significantly affect the plastic rotations. 
However, the strip heats effectively relieved 
the buckling in the web. At the end of 10 
cycles of Sequence No. 11, the girder was 
restored to practically its original configura- 
tion The plastic curvatures in the bottom 
flange as well as the web were corrected. 
Only a minor local kink remained in the 
bottom flange at the center of damage. The 
local bulge was still discernible in the web 
because of the earlier buckling, but it was 
less severe. 

The results are tabulated in table 7.2 and 
were similar to those of sequence No. 7. 

The same W 24x76 beam was dam- 
aged a third time. Damage was induced by 
statically loading the beam to obtain a flange 
lateral plastic deformation of 127 mm (5 in). 
At the midspan. Thirty heating cycles were 
conducted with three jacking ratio and 
heating pattern variations (sequences 9-l 1). 
A 30-degree vee angle, three-quarter-depth 
vee, and heating temperature of 650°C 
(1,200”F) were maintained throughout. The 
heat patterns consisted of a vee heat in the 
plastically deformed portion of the bottom 
flange accompanied by a line heat applied to 
the yield line in the web. 

The heat-straightening parameters 
used and plastic rotations found are shown 
in table 7.2. Sequence No. 9 was conducted 
without a jacking force, and sequences 10 
and 11 were performed with an apparent 
jacking ratio of 0.50. At the completion of 
nine heats of sequence No. 10, it was ob- 
served that the web had developed consider- 
able bulging about the minor axis in the 
lower half of its depth, extending over a 
central span of 460 mm (18 in). The longi- 
tudinal contraction in the heated bottom 
flange had apparently created enough lon- 
gitudinal residual stresses in the lower web 
section to cause buckling. Because the 
beam had been damaged and straightened 
several times, the flange shortening had be- 
come significant. To alleviate the problem, 
it was decided to apply half-depth strip heats 
on the web at the location of the vee heat. 
The width of the strip heat was kept equal to 
the width of the vee at the flange fillet. Se- 
quence No. 11 consisted of this modified 
pattern with a 0.5 apparent jacking ratio. 
The application of the strip heats did not 

The same W 24x76 girder was re- 
damaged statically by a midspan jacking 
load for a fourth time. A permanent lateral 
deflection, 114 mm (4.5 in) in magnitude, 
was obtained at the center of the damaged 
flange. The heating patterns and repair pro- 
cedures were identical to those shown in fig. 
7.3. The strip heats were not included in the 
heat pattern, because the damage had 
stretched the web back into its unbuckled 
configuration. An apparent jacking ratio of 
33 percent was selected for sequence No. 12 
to establish a pattern of variation in the heat- 
straightening response of the beam with this 
specific jacking ratio and to compare the re- 
sults with those obtained from the heat- 
straightening tests performed previously in 
the project by different operators. The pur- 
pose was to check for inconsistencies due to 
the human factor involved. Nine heating 
cycles were performed in this sequence. In 
the course of the ninth heating cycle, a 
crack, as shown in fig. 7.7, was formed on 
the convex side of the web yield line (on 
which the line heat had not yet been ap- 
plied), extending over a length of 127 mm (5 
in). The results fi-om the ninth heating cycle 
were discarded. The reasons for the 
cracking will be discussed later. 

Federal Highway Administration 153 



- 

- 

- 

- 

- 

However, enough heating cycles had 
already been completed for evaluating the 
response of the girder under a 33 percent 
jacking ratio. The heat patterns and plastic 
rotations obtained as a result of the first 
eight heating cycles are shown in table 7.2. 

A newly installed W 24x76 compos- 
ite beam was damaged by a rnidspan static 
load to obtain the characteristic damage 
pattern of fig. 7.1. The repair was conducted 
using the previous methodology. The ap- 
parent jacking ratio was increased to 75 per- 
cent. This jacking ratio was rather high and 
had seldom been used in laboratory studies. 
It was applied in an attempt to find the lim- 
iting jacking ratio that would replicate the 
hot mechanical straightening phenomenon 
encountered in the past studies on W 10x39 
composite girders. This sequence (No. 13) 
consisted of eight heating cycles. The aver- 
age plastic rotations are given in table 7.2. 

- 

As expected, the plastic rotations encoun- 
tered in this sequence were abnormally high, 
averaging 9.89 mrad. Thus, the average 
plastic rotation increased by 124 percent on 
raising the jacking ratio from 50 to 75 per- 
cent. This beam also fractured during the 
eighth heating cycle. The crack initiated on 
the convex longitudinal edge of the bottom 
flange at the point of application of the vee 
heat as shown in fig. 7.8 and continued over 
a length of 25 mm (1 in) to the apex of the 
vee. Causes for this cracking will be dis- 
cussed later. 

Evaluation of Factors Affecting Heat- 
Straightening Behavior of Composite 
Girders 

__ 

- 

- 

- 

- 

Heat Patterns.-The term “heat pat- 
terns” refers to the combination and layout 
of vee heats, line heats, and strip heats used 
to conduct the heat-straightening repair. 
Conceptually, vee heats are used to 

__ 

- 
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Figure 7.8. Crack in bottom flange of beam after heating sequence 13. 

repair plate elements with plastic bending 
about the major axis, while line heats are 
applied to repair plate elements with flexural 
damage about the minor axis. Hence, a vee 
heat on the bottom flange in conjunction 
with a line heat on the web, applied to their 
respective plastically yielded portions, are 
the proper heat patterns to repair composite 
beams impacted by high loads. Care must 
be taken to continually adjust the span of the 
line heats, so that only those portions of the 
web are heated that show plastic curvature 
after the last heating cycle. Similarly, the 
vee heats are confined to the portion of the 
bottom flange with plastic deformations. 

An important modification intro- 
duced in this study was the inclusion of a 
half-depth web strip heat during one se- 
quence. The purpose of this heat was to re- 
duce the differential shortening between web 
and flange. By heating the web with a half- 

depth strip, the web can deform and relieve 
some of these stresses. The application of 
strip heats on the web in Sequence No. 11 
did not influence the average plastic rota- 
tions appreciably but, it did tend to reduce 
the buckling of the web near the center of 
damage. 

Residual Moments.-A characteristic 
of each damaged girder was the presence of 
residual moments. When damage is in- 
duced, the web acts as a spring resisting the 
movement. While a yield line typically oc- 
curs near the top of the web, there is also an 
elastic component of stored energy. This 
characteristic is often referred to as internal 
redundancy. The initial plastic rotation re- 
lieves the majority of this stored force. So, 
successive heats are not influenced signifi- 
cantly. During the first heat cycle, this re- 
storing force acts as an additional jacking 
force tending to straighten the girder. Un- 
less the external jacking ratio is reduced, the 
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plastic rotation during the first heat cycle is 
magnified. For example, the plastic rotation 
after the first heat cycle for all seven girders 
tested averaged over two and one-half times 
greater than the average of the succeeding 
values with the same jacking ratio. If the 
girder is externally indeterminate, residual 
moments are also created during the damage 
phase. For either case this behavior should 
be considered when developing a constraint 
plan. It is recommended that a reduced 
jacking force be used during the first two 
heats to minimize this effect and minimize 
the possibility of cracking. In order to 
eliminate this factor when computing the 
average plastic rotation for a specific set of 
parameters, the first heat after damage in- 
ducement was not considered when com- 
puting averages. 

Restraining Forces.- The simplest 
way of providing restraining forces is to al- 
low the unheated metal within the member 
to restrict thermal expansion by using a suit- 
able heat pattern (as in the case of a vee 
heated plate). This is a form of an internal 
constraint. Internal constraint may also be 
imposed by the self-weight, axial loading, or 
statical indeterminacy of the member. Fre- 
quently, external restraining forces are used 
to complement or even substitute for the in- 
ternal constraints required for the heat- 
straightening phenomenon. The importance 
of restraining forces in the heat-straightening 
process has been recognized in the field for 
many years. Hence, jacking forces have of- 
ten been used to enhance the heat- 
straightening repair of a wide range of dam- 
aged structural steel members. The tests 
here were designed to evaluate the effect of 
external restraining forces on the heat- 
straightening behavior of damaged compos- 
ite bridge girders. 

Fig. 7.9 shows the effect of the ap- 
plied apparent jacking ratios on the average 
plastic rotations for various heat sequences 
conducted. The average values for each 
jacking ratio were connected with a straight 
line. As shown in fig. 7.9, the jacking ratio- 
versus-plastic rotation curves exhibit a sharp 
discontinuity at higher loads for the W 24 x 
76 beam. This behavior will be explained 
later. 

-- 

_ 

- 

Internal redundancy affects the heat- 
straightening response of a composite girder. 
Caused by the interaction of the bottom 
flange and the web, redundant forces are 
produced at the web-flange interface and 
impede the plastic rotations by acting as a 
negative internal constraint to the vee action 
in the bottom flange. Comparing the plastic 
rotations of the WlOx39 and the W 24x76, 
the trend is apparent that plastic rotations are 
directly related to the jacking ratio, although 
not necessarily in linear proportion. How- 
ever, there is something akin to a rigid body 
shift of the data with the W 24x76 showing 
consistently larger values than the W 10x39. 
It can be concluded that the redundant 
forces produced by the web-flange interac- 
tion in composite members inhibit the 
straightening effect more for a shallow beam 
than for a deep beam. The damage to the 
composite members produce plastic curva- 
tures in the web about their minor axis along 
the yield line. This plastic deformation re- 
sists any elastic bending of the web about its 
minor axis during the straightening process 
of the bottom flange. Hence, the presence of 
the yield line in the web tends to magnify 
the counterproductive redundant forces and 
further inhibits the straightening effect of the 
bottom flange vee. 

- 

_ 

_ 

- 

- 

- 
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Figure 7.9. Apparent jacking ratio versus plastic rotation for composite girders. 

By using a line heat on the web along with 
the vee heat in the bottom flange, these in- 
hibiting forces are mitigated. This conclu- 
sion was verified in an appraisal of the in- 
fluence of the web line heat on the heat- 
straightening response of the W 10x39 com- 
posite girder. Referring to table 7.1, the first 
two heating sequences 1 and 2 (without web 
line heats) result in very small plastic rota- 
tions in comparison to sequences 3 and 4 
with web line heats. 

When applying a lateral load to the 
bottom flange near the center of the com- 
posite girder, the moment produced is trans- 
ferred to the end reactions by two mecha- 
nisms: the bottom flange acts as a flexural 
beam supported at the ends, and the web acts 
as a flexural plate (and, at large deforma- 
tions, a membrane plate) supported by the 
deck and end diaphragms. A shallower 

girder would be expected to have greater 
stiffness and thus smaller lower flange mo- 
ments than that of the deeper girder sub- 
jected to the same lateral load. The data 
tend to verify these observations since the 
jacking ratio has less effect on the shallower 
girder. By adopting a jacking ratio defini- 
tion with the plastic moment of only the 
bottom flange in the denominator, the impli- 
cation is that most of the lateral stiffhess is 
provided by the bottom flange. With the W 
10 x 39 composite girder showing relatively 
small plastic rotations at jacking ratios 
greater that 100 percent, it is obvious that 
the web carries a significant portion of the 
jacking force. A primary question then be- 
comes: how is the distribution of jacking 
forces between the flange and web to be de- 
termined? 
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Stiffening Effect of Web.- Corre- 
lating the jacking ratio to the plastic moment 
capacity of the bottom flange is misleading 
if the web interaction effects are significant. 
Only the fraction of the total force that is 
directly carried by the bottom flange pro- 
vides external restraint to the vee heat. 
Hence, the apparent jacking ratio as defined 
earlier for a composite girder does not re- 
flect the true bending moment in the bottom 
flange and may be considered only as a 
nominal jacking ratio. It is more relevant to 
calculate the jacking ratio using the actual 
bending moment transferred to the bottom 
flange. This ratio will be called the effective 
jacking ratio. 

that the large movements associated with 
the high jacking ratios involve some hot me- 
chanical straightening. 

- 

Cracking.- An unusual phenomenon 
observed in the course of these experiments 
was the cracking in two of the girders sub- 
jected to heat-straightening. The crack that 
appeared at the end of sequence No.12 oc- 
curred during the fourth damage and repair 
cycle. It occurred in the web, parallel and 
adjacent to the line heat. The crack also car- 
responded to the tension side of the web 
with respect to the application of the jacking 
force. It was observed in Chapter 4 that the 
yield stress increases and ductility decreases 
dramatically after more than two damage- 
repair cycles. The implication is that the 
stress-strain characteristics become similar 
to brittle materials. It has also been found 
that high residual stresses occur in areas of 
concentrated heats such as the apex of the 
vee. Line heats are similarly concentrated. 
It is therefore concluded that repetitive dam- 
age combined with high residual stresses led 
to a brittle failure. 

The crack at the end of sequence No. 

_- 

- 

- 
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Hot Mechanical Straightening.- A 
large increase in plastic rotations was ob- 
served using Sequence No. 13, when an ap- 
parent 75 percent jacking ratio was applied 
to the W 24x76 composite girder. The aver- 
age plastic rotation obtained for this jacking 
ratio was almost three times the value ex- 
trapolated from the straight-line fit through 
the data points associated with the lower 
load ratios. The past studies on the tem- 
perature characteristics of steel have shown 
that the yield stress of steel decreases with 
increasing temperature. It is known from 
these studies that a heating temperature of 
650°C (1,200”F) may reduce the yield stress 
in an A-36 steel member to as little as a third 
of its original value. Thus, the elevated 
temperatures associated with heat- 
straightening enable the member to yield at 
the relatively low stresses produced by the 
external jacking forces. In effect, during hot 
mechanical straightening of a steel member, 
the jacking forces are merely pushing the 
member mechanically because of the re- 
duced yield stress. Consequently, large 
movements would result. It is concluded 

13 occurred under quite different circum- 
stances. The beam cracked during the first 
damage-repair cycle on the tension side of 
the bottom flange (as defined by the applied 
jacking force). An unusually high jacking 
force was used (75 percent apparent jacking 
ratio). Similar fractures have also been re- 
ported during field repairs. The probable 
causes were: (1) the high jacking force com- 
bined with the somewhat reduced ductility 
due to the heating; and (2) the residual 
stresses, which may tend to increase the total 
stress above ultimate. This behavior rein- 
forces the concept that the jacking forces 
should be evaluated analytically and never 

_ 

- 

- 

- 
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applied without a gauge to control the mag- 
nitude. Recommendations for maximum 
jacking forces are given in a later section. 
Adhering to these recommendations will 
greatly reduce the likelihood of brittle 
cracking. Should such cracking occur, the 
heat straightening must be stopped and the 
situation evaluated. An alternative is to fin- 
ish the heat straightening with the crack pre- 
sent. Then a bolted splice plate can be de- 
signed for the flange to transfer load across 
the cracked area. 

Theoretical Model for Heat-Straightening 
Response 

Modeling of Simple Span Com- 
posite Girders.-The first step in modeling 
composite girders is to consider the case of 
the simply supported beam without dia- 
phragms. The information required to de- 
velop this model is the amount of the ap- 
plied lateral jacking force that is actually 
distributed to the lower flange as opposed to 
that which is transferred through the web to 
the composite deck. The apparent moment, 
Mj, is defined as the moment induced in the 
lower flange by the jacking force, Pj, as if 
the lower flange alone supported the lateral 
force (i.e., the web is neglected). If Pj is ap- 
plied at the center of the span the apparent 
moment is: 

Mj = Pill4 0%. 7.1) 

where L is the span length. 
The stiffness of the system can be 

expressed as: 

4EIj 
Kj =- 

e 

where Ij is the equivalent moment of inertia 
that includes the bottom flange and the web 
stiffening effect. The deflection of a simply 
supported beam with a concentrated load at 
the center is: 

pi” A- 
48EI, 

or in terms of I$ 

A- pj” 
12Kj 

Solving for I$ 

Pip” 
K, =- 

124 

(Eq. 7.3) 

(Eq. 7.4) 

(Eq. 7.5) 

In the elastic range, I$ can be determined 
experimentally by measuring A for a speci- 
fied applied load Pj. 

The stifhess of the system includes 
both the effect of the lower flange and the 
web stiffening effect due to connectivity 
with the upper composite flange. Thus, only 
a portion of the moment generated by the 
jacking force is actually distributed to the 
lower flange. An estimate of the actual 
moment can be obtained by assuming that 
the moment in the flange, Mf, is equivalent 
to that produced by the application of a por- 
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tion of the jacking force to the lower flange 
with the web effect neglected. The moment 
in the flange can be written as: 

Mf = P,ll4 (Eq. 7.6) 

where P, is the portion of the jacking load 
transferred to the lower flange. The lateral 
deflection of the flange can be written as 

Pfp’ Pf12 
A=-=- 

48EIf 12K, (Eq- 7.7) 

where I, is the flange moment of inertia 
about the axis of bending and Kf is the 
flange stiffness, 4EI/!. Since the deflec- 
tions from eqs. 7.4 and 7.7 are identical, 
then, 

5”” P/l’ = 
12Kf 12Kj 

or 

P f _ Pj 

Kf -K, 

(Eq. 7.8) 

using eqs. 7.1 and 7.6 to eliminate the forces 
P, and Pj, Eq. 7.9 can be written as: 

Mf Kf -=- 
Mj Kj 

(Eq. 7.10) 

or 

M, = ywj (Eq. 7.11) 

where the distribution factor, r, is given by 

- 

- 

-. 

- Kf 
y=Ki 

(Eq. 7.12) - 

Since I& can be calculated for a given lower 
flange and Kj obtained from experimental 
measurements, the value for 7 can be 
found. The lateral deflection, A, was meas- 
ured for known applied loads so that Kj 
could be determined experimentally. Con- 
sequently, r can be determined from eq. 
7.12. For the W 10x39, the distribution 
factor 7 was determined to be 0.183 and for 
theW24x76, 7 = 0.427. These factors are 
appropriate when the effect of the web line 
heat on bottom flange stiffness is neglected. 
However, a comparison of results for se- 
quences 1-5, (with and without line heats) 
indicates that the line heat significantly re- 
duces the web’s restraining stifhess. As a 
result, more jacking force actually goes into 
the bottom flange when the line heat is not 
neglected. By measuring the shift in the 
plastic rotation value for identical cases 
without and with the line heat, the stifmess 
reduction effect produces a magnification on 
the order of 160 to 190 percent. Therefore a 
reasonable approximation is to assume that 
the distribution factor, 7, is increased by an 
average value of 175 percent when a web 
line heat is used. Consequently, the modi- 
fied factor, y, for the W 10 x 39 and the W 
24 x 76 is 0.320 and 0.747, respectively, 

.-. 

- 

- 

_ 

- 

-- 

- 

- 

_ 

- 

- 
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where y is the reduction factor including the 
line heat effect. Thus, the relationship be- 
tween the apparent moment, Mj, associated 
with the jacking force and the actual mo- 
ment in the bottom flange, M, (after the line 
heat to the web is applied) is: 

% =yikij (Eq. 7.13) 

Applying this distribution factor, the data 
from fig. 7.9 is replotted in fig. 7.10 for an 
effective load ratio M$k$. 

The plate equation is also plotted in 
fig. 7.10 for comparison purposes. It falls 
between a curve fit of data for the W 10x39 
and the W 24x76. Comparing to the plate 
equation, it can be concluded that the web 
stiffening effect significantly reduces plastic 
rotations for shallow beams. As the stiffen- 
ing effect is lessened for deeper beams, the 
plastic rotations tend to be magnified in a 
pattern similar to that of damage category W 
wide flange beams. Consequently, the stiff- 
ness factor would be expected to be a func- 
tion of the square of d/L where d is the beam 
depth and t, is the web thickness. Assuming 
that the plate equation is a reasonable model 
for the composite girder, a factor can be in- 
troduced to incorporate the web stiffening 
effect. Since the plate equation tends to fall 
between the values for the two girder types, 
a stiffness modification factor can be ap- 
proximated as: 

WV 2 F, = (46) (Eq. 7.14) 

The measured experimental values of 

r (prior to web line heat) can be translated 
to values of y (after web line heat) as: 

y = 1.75(F) (Eq. 7.15) 

The measured values for the W 10x39 and 
W 24x76 are plotted in fig. 7.11 with respect 
to d/h ratio. Also plotted is the value for a 
W36 x 170 taken from Avent and Bra&e 
(1996). An equation can be obtained for the 
stiffness reduction factor, y by assuming a 
second order curve fit between the known 
data points: 

y = &(lS + 2.75d/t,) (Eq. 7.16) 
9 

This equation is plotted in fig.7.11 for com- 
parison to the measured data. 

Utilizing these factors, an equation 
for plastic rotation of composite girders (in- 
cluding web line heats) can be written in a 
form similar to 
Chapter 6, that is, 

that of rolled shapes in 

PC = v?P, (Eq. 7.17) 

where (Pi is the basic plate plastic rotation 
factor of the lower flange acting as an inde- 
pendent plate, eq. 5.21, and is given by 

p)b = 0.0147sinz 
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Figure 7.10. Actual load ratio versus plastic rotation for composite girders. 
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F, is given by eq. 7.14, the load factor, F e is: 

F, =(0.6+2 

or using eq. 7.13 

Mj F’, = 0.6+2y- 
MP 

(Eq. 7.19) 

where q is the plastic moment capacity of 
the lower flange about its strong axis. The 
theoretical plastic rotations, eq. 7.17, for the 
W 10x39 and W 24x76 composite girders 
were superimposed on the experimental 
plots in fig. 7.10 in which effective jacking 
ratio was the ordinate. Excluding the high 
jacking ratio data point associated with the 
hot mechanical straightening phenomenon, 
the analytical formula provides a reasonable 
approximation. 

The experimental evidence indicates 
that the degree of plastic rotation per heat 
cycle is proportional to the magnitude of the 
restraining force up to a certain limit. For 
higher forces, the behavior becomes nonlin- 
ear with increased plastic rotations, as illus- 
trated in fig. 7.9. This phenomenon is at- 
tributed to a combination of (1) the jacking 
forces creating stresses greater than the re- 
duced yield stress in portions of the flange 
heated zones (often referred to as hot me- 
chanical straightening); and (2) the spread- 
ing of the yield zone and the associated re- 
distribution of moments. Since little evi- 
dence exists as to the safety of such high 
jacking forces, a load limit is necessary. 

An approximate limiting value of 
the jacking force can be estimated from the 
data presented here. Since the W 10 x 39 
and W 24 x 76 composite girders represent a 
range of section geometries, a conservative 
value can be chosen fkom the two cases. It 
is recommended that the actual jacking ratio 
in the heat-straightening of composite gird- 
ers be limited to 33 percent, thus: 

MP M,I- 
3 

(Eq. 7.21) 

The apparent jacking ratio can be obtained 
using eq. 7.13 as 

Mj < l -- 
MP - 3Y 

(Eq. 7.22) 

Modeling Statically Indeterminate 
Spans Due to Intermediate Diaphragms.- 
Practically all spans over roadways have in- 
termediate diaphragms. When the lower 
flange is impacted, its behavior resembles 
that of a beam continuous over several sup- 
ports with the diaphragms acting as these 
supports, fig. 7.12a. The impact usually 
produces a plastic hinge mechanism as 
shown in fig. 7.12b. The three plastic 
hinges produce reverse curvature bending 
and yield zones at the impact point and adja- 
cent supports a shown in fig. 7.12~. The vee 
heat pattern is also shown in fig. 7.12~. 
Both the positive and negative curvature 
sections should be heated either simultane- 
ously or in quick succession. Plastic rota- 
tion will occur at all three locations with 
relatively little restraint from adjacent plastic 
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Impact load 

(a) Lower flongo of o composite beam 
modeled QS o continuous beam 

Plastic hinges 

0 
/I\ 
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1 2 3 

(b) Plastic hfnga mechanism after impaci 

1 2 3 

(c) Plan view of lower flonge reverse 
curvature bending showing yield zone 
and vee heat patterns (line heats 
should be applied to all web yield 
lines also) 

the residual moment distribution, M,, due 
to the impact loading. These residual mo- 
ments may either aid or hinder heat straight- 
ening depending on their directions. The 
moment in the flange is M, + M, where M, is 
positive when the residual moment has the 
same sign as the moment due to jacking. 
Using the limit of MJ3: 

MP M,+M,I- 
3 

(Eq. 7.23) 
- 

or 
- 

- 

M, I MlJ --M, 
3 

(Eq. 7.24) 
- 

Figure 7.12. Lower flange of composite girder 
modeled as a continuous beam. 

hinges. Consequently, the model for the 
single span case should provide a reasonable 
approximation of this more complex situa- 
tion. An important consideration for com- 
posite girder repair is the residual stresses 
induced during both the damage and the re- 
pair phase. For diaphragm-braced members, 
the result of the damage inducement process 
is the creation of residual moments. These 
moments can be computed by first per- 
forming a plastic analysis on the continuous 
beam to determine the ultimate load (impact 
force), P,, and the plastic moment diagram, 
Mu. A modified stiffness of Ki = l/r Kr can 
be used for these computations. The second 
step is to take the computed P,, apply it in 
the opposite direction, and compute an elas- 
tic moment diagram, Me, even if the stresses 
are greater than Fr. Finally, the superposi- 
tion of these two moment diagrams yields 

The apparent jacking moment is found by 
substituting eq. 7.23 into eq. 7.13 and solv- 
ing for M& thus 

- 

1 MP Mj S -(- 
Y 3 

-“r) (Eq. 7.25) 
- 

and the apparent jacking force can be found 
from eq. 7.1. Note that the movement asso- 
ciated with the first several heats will elimi- 
nate the residual moment. Care must be 
taken not to over-jack on the first few heats. 
If the residual moments are not computed, 
than the maximum jacking ratio should be 
reduced during the first two heats. The rec- 
ommended limit is one-half the standard 
limitation or 16 percent. After two heats the 
33 percent limit can be used. 

_ 

_ 

- 

- 

- 

Federal Highway Administration 164 
- 



P, =23.4k 

M, I y$-k=39.7ft-k (53.8 kN-m) 

The apparent jacking moment can be found 
from eq. 7.25 if residual moments are in- 
cluded, as: 

Mj I- ’ (E-22)=20.63-k (27.9 M-m) 
0.858 3 

Figure 7.13. Deflected shape and structural analy- 
sis of damaged beam. 

Example 7.1 

Problem.-The lower flange of a 
composite A36 steel beam (W 36x170) was 
impacted by a crane boom which broke its 
moorings as the truck carrying it passed un- 
der the bridge. The deflected shape of the 
lower flange is shown in fig. 7.13 after the 
degree of damage at the three plastic hinges 
had been calculated. Compute the maxi- 
mum jacking force that should be used in the 
heat straightening repair assuming that the 
diaphragm at joint 5 is removed prior to re- 
pair. Shown in fig. 7.13 are the results of 
the plastic analysis, (a), the elastic analysis, 
(b), and the residual moments, (c). 

Solution.-For a W 36x170, the d/L 
ratio is 53.2. From eq. 7.16: 

y = -=-[15 + 2.75(53.2)] = 0.858 
, 

The limiting moment in the flange during 
heat straightening from eq. 7.21 is: 

and the apparent jacking moment if residual 
moments are neglected, is: 

Mj = ---&y) = 46.23 -k (62.6 kN - m) 

Based on the elastic analysis, these moments 
translate to jacking forces, Pj, as f0110WS: 
For residual moments included 

Pi =3.42 K (15.2 N) 

For residual moments neglected 

Pi = 7.67 K (34.1 Idv) 

Summary 
Presented in this chapter have been 

experimental and theoretical results for the 
behavior of heat-straightened composite 
bridge girders damaged by impact to the 
lower flange. The typical damage pattern 
was defined and a recommended heating 
pattern described. Because of the 
web/flange interaction, the moment in the 
bottom flange due to jacking forces cannot 
be directly calculated. A methodology was 
developed for determining the actual mo- 
ment transferred to the bottom flange by a 
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jacking force during heat straightening. This 
formulation included the influence of the 
web line heat on the moment transfer. The 
procedures described here are effective 
means to repair composite bridge girders. 

Key Points To Remember 

Laterally deformed composite girders 
are complex, internally indeterminate 
structures. 

The primary damage mechanism is a 
plastic hinge at the impact point of the 
lower flange and a yield line in the web 
near the upper fillet. 

Secondary damage frequently occurs in 
the form of flange bulges at the impact 
zone, web bulges. in the vicinity of dia- 
phragms, and crushed or buckled dia- 
phragms. 

The movement per repair heat is propor- 
tional to the magnitude of the jacking 
forces applied. 

The heating pattern primarily consists of 
vee heats in the flange and line heats in 
the web. Strip heats in the web may be 
needed in special cases. 

The response to repair is not influenced 
by whether the damage is statically or 
dynamically induced. 

Larger movements often occur as a re- 
sult of the first heat, as opposed to suc- 
cessive heats, due to relieving residual 
moments in the girder. 

Over-jacking may produce hot mechani- 
cal straightening and lead to brittle fkac- 
tare. 

Repetitive damage and repair cycles may 
lead to brittle fracture. Therefore, a 
composite girder should not be repaired 
more than twice. 

The moment induced in the lower flange 
by jacking forces can be computed using 
a distribution factor, y, (eq. 7.16). 

The plastic rotation per heat (eq. 7.17) 
can be estimated by modifying the plate 
equation with a jacking ratio factor (eq. 
7.20) and a stiffness modification factor 
(eq. 7.14). 

Jacking should be limited to a value that 
produces an actual flange moment of 16 
percent of yield during the first two heats 
(unless residual moments are directly 
computed). 

After the first two heats, jacking forces 
should be limited to values that produce 
an actual flange moment of 33 percent. 

The actual jacking force must include 
the web stiffening effect. 

- 
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Chapter 8. Heat Straightening Trusses and Other Axially Loaded Members 

Introduction 

The stress condition of a member 
plays a major role in its behavior during heat 
straightening. Yet, practically no research 
has been conducted on this effect. In some 
cases the loads on a structure can be reduced 
to the point that member stresses are a minor 
factor. However, for other cases, even after 
the removal of live loads, the dead loads 
produce significant stresses. A primary case 
in point is the truss bridge. Typically, the 
dead load stresses on such structures may 
range from 25-50 percent of maximum in 
some members. It is thus necessary to ex- 
amine the stress distribution of a structure 
prior to initiating heat straightening. 

First, consider the beam shown in 
fig. 8.1 in which the dead loads produce 
bending about the minor axis of the wide 
flange beam. The dead load can have a 
neutral, positive or negative effect depend- 
ing on the type of damage. For example if 
the damage is a result of bending about the 
major axis in fig. 8.1, but dead loads pro- 
duce moments about the minor axis, the web 
vee heat is in a region of nearly zero stress. 
The dead load stress will have little effect on 
movement after heating. If the damage is 
the result of bending about the weak axis (in 
the direction of the dead loads), then the 
flange vee heats will be working against the 
dead loads. Without the use of jacking 
forces to overcome the dead load moments, 
the straightening will be reduced or possibly 
be zero. If the damage was opposite to the 
direction of the dead load, the movement 

after heat straightening would be enhanced 
by the dead load. 

For columns and axially loaded 
members it is important to consider the P-A 
effect. If an axially compressed member is 
damaged by lateral loads as shown in fig. 
8.2, a moment is generated which is equal to 
PA. Tbis moment is in the opposite direc- 
tion to the moment generated by a jacking 
force during the straightening process. If the 
lateral deflection is large, the moment due to 
the PA effect could retard or prevent the 
restoration movement during heat straight- 
ening. 

For truss members the internal 
stresses are typically axial tension or com- 
pression. Compression stresses act as a 
positive constraint during heat straightening 
and may be expected to generate larger 
plastic rotations than if no compression was 
present. Likewise, tension would be ex- 
pected to retard movement. To investigate 
tbis behavior, a series of tests were con- 
ducted for axially loaded compression mem- 
bers damaged about either the major (Cate- 
gory S) or minor (Category W) axes. The 
purpose was to evaluate the PA effect and 
the jacking ratio on the magnitude of plastic 
rotations during heat straightening. 
Response of Columns to Heat Straight- 
ening 

A study of the response of two steel 
girders was conducted. An HP 12X53 was 
tested for weak axis damage (Category W) 
and a W 10X39 was tested for strong axis 
damage (Category S). During the repair, 
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H 
Section AA 

Figure 8.1. Dead load conditions on a simply sup- Figure 8.2. PA effect on an axially loaded column. 
ported beam. 

both beams were subjected to axial compres- 
sion of 0.35 times the AISC (1989) allow- 
able axial load. A total of 70 heating cycles 
were performed. Jacking ratios ranged from 
zero to 50 percent. A zero jacking ratio se- 
quence with an axial load of 0.175 times the 
allowable axial load was also conducted in 
the case of the Category W damage. 

Category S cases the standard pattern was a 
full depth, 30’ vee on the web followed by a 
strip heat on the flange at the open end of 
the vee (see fig. 2.11). 

Heat Straightening Response of Columns 
with Category W Damage 

The specimens used were 6 m (20 ft) 
long, A-36 steel members. In four cases the 
member was damaged about the minor axis 
while in three cases the damage was about 
the major axis. The damage was statically 
induced at the center of the member using 
hydraulic jacks. The members were simply 
supported and diaphragms were placed only 
at the ends. No axial loads were applied 
during the damage process. Prior to heating, 
the axial force was applied by means of the 
tension rods attached to end plates on the 
members (fig. 8.3). Lateral jacking forces 
were applied by means of hydraulic jacks. 
One heating pattern was % depth, 45” vees 
on the flanges and a strip heat on the web. 
This pattern is the standard pattern for Cate- 
gory W damage (see fig. 2.12). For the 

With the axial load applied, a mo- 
ment in the member is created due to the PA 
effect. This moment tends to impede the 
heat straightening process as it acts to mag- 
nify the damage. The approach used here 
was to cancel out this moment with the ap- 
plication of the lateral jacking force. After 
each cycle, the moment resulting from the 
PA effect was computed. The jacking force 
was adjusted to include the specified jacking 
ratio plus a moment to cancel out the PA 
moment at the center of damage. Thus, the 
jacking ratio for these tests is defined as the 
ratio of the moment at the center of damage 
due to both the PA effect and the jacking 
force, M, divided by the plastic moment ca- 
pacity of the cross-section about the axis of 
damage, q. The HP 12X53 had an axial 
load, P, of 362 kN (8 1.4 kips), producing a 
compressive stress of 36.2 MPa (5.25 ksi), 

P 

__ 

_ 

- 

- 

- 
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which is 35 percent of the maximum allow- 
able compression of 103 MPa (15 ksi). For 
the first damage inducement case, a maxi- 
mum deflection of 85 mm (3.36 in) was ob- 
tained. The axial load of 362 kN (81.4 kips) 
will produce a moment of 30.9 m kN (22.8 
ft kips) at the point of damage or 23.5 per- 
cent of the plastic moment, Mp. This is 
equivalent to the moment produced by a lat- 
eral load at the point of damage of 20.3 kN 
(4.56 kips). For a jacking ratio of 50 percent 
the lateral force required is 43.1 kN (9.69 
kips). Thus, to compensate for the PA mo- 
ment acting to hinder movement during 
straightening, the actual jacking force used 
for this case was the sum of these two, or 
63.4 kN (14.25 kips). For each heating cy- 
cle the jacking force was reduced to com- 
pensate for the reduced PA moment. 

To generalize for a simply supported 
beam-column with the damage at an arbi- 
trary location, the applied jacking force, P,, 
is 

PO = Pi + P,, 0%. 8.1) 

where Pj is the jacking force to create a 
specified moment at the damage location as 
a percentage of &, or 

Pi = wql 
ab 

(Eq. 8.2) 

and e = column length, a and b = distances 
from end supports to the applied jacking 
load, and R e = the jacking ratio, Mj/Mp. P, 
is the additional jacking force required to 

(Eq. 8.3) 

cancel the eccentric moment due to the ax- 
ial load, P, or 

lPA 
P, = - 

ab 

This effect is illustrated in fig. 8.4 where the 
stress distribution at the damaged cross sec- 
tion is shown before (fig. 8.4a) and after 
(fig. 8.4b) the jacking force is applied. Re- 
call that the purpose of the jacking force is 
to create compressive stresses on material at 
the open end of the vee. The PA moment 
produces stresses that tend to reduce this 
compressive stress (fig. 8.4a) and will pro- 
duce a tensile stress if the stress due to the 
eccentric moment is greater than that due to 
compressive axial load effects. In contrast, 
the application of the jacking force cancels 
the PA effect and increases the compressive 
force at the open end of the vee above that 
caused by the axial force (fig. 8.4b). If the 
axial stress is greater than the maximum 
bending stress due to jacking, then the entire 
cross section is in compression. 

Four Category W tests were con- 
ducted on an HP 12X53 section with various 
jacking ratios. In all cases, including the 
zero load ratio cases, the jacking force in- 
cluded a component to cancel out the PA 
effect. This component was re-computed 
after each cycle to reflect the reduced de- 
flection as the girder straightened. For each 
heating cycle, both flanges were heated si- 
multaneously using 45” vees. Next the web 
was heated with a strip heat. The axial load 
was maintained at 35 percent of the allow- 
able except for Case 4 in which it was re- 
duced to 17.5 percent. The results are 
shown in table 8.1. Both flanges were 
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Figure 83. Jacking force applied to axially loaded column in test frame (Tension rods are visible on right side 
of column). 
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Figure 8.4. Stress distribution in axially loaded column (A = cross section area and S = section modulus). 
-. 
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Table 8.1. Plastic rotations for category W damaged HP 12x53 beam with compression axial 
loads (45’ vee heats and 650°C (12OO’F) temperature). 

4 1 0.175 1 -18.G2.62 I -18-V-2.62 I 0.64 

‘Tension is positive 

fiumber in ( ) is average neglecting the fmt heat 

measured and the average is shown in the 
table. In general the plastic rotations of both 
were similar. The response of beam No. 1 to 
heat straightening is shown in fig. 8.5 and 
was typical in form to all category W col- 
umns tested. For the cases in which the 
jacking ratio was zero (the jacking force was 
only used to cancel the PA effect), there 
were several heats where the resulting 
movement was in the opposite direction to 
that expected. However, successive heats 
produced positive movement. This behavior 
illustrates a facet that occasionally occurs 
during heat straightening. Small or reverse 
movements sometime occur when low or 
zero jacking forces are used. The probable 
cause is the.build-up of unfavorable residual 
stresses which are relieved in successive 
heats. A similar behavior was observed in 
the category S tests for a zero jacking ratio, 
which is described in the next section. 

As found in other applications the 
residual moments resulting Corn damage 
inducement caused the plastic rotation Corn 

the first heat to be exceptionally large. In 
order to compare the data to theoretical val- 
ues, the average plastic rotation was also 
computed excluding the first heat. The re- 
sults are plotted in fig. 8.6. Also shown is 
the theoretical curve for the beam without 
axial load based on the same parameters. 
The plastic rotations varied linearly with the 
jacking ratio. However, they tended to be 
smaller than those predicted for the same 
beam without axial load (eq. 6.1). It appears 
that the axial force tends to reduce the ex- 
pected values over those without axial loads. 
While more research is needed, the limited 
data suggest that the previously developed 
equations for plastic rotations is applicable 
here with a modification factor applied. If 
the movement is proportionally reduced 
with higher axial loads, the stress factor, F,, 
of eq. 6.5 can be modified as 

2 z Mj 
F, ={l-2[1-(T)(+-)(1-+ (Eq. 8.1) 

P a 
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Figure 8.5. Deformations of one flange over 10 
heating cycles for compression member No. 1 (45” 
vee heats, 650°C (12OOT) temperature, and modi- 

fied jacking ratio of 50 percent). 

where f, = the axial compression stress in 
the member and F, = the allowable axial 
stress. 

The equation for plastic rotation is in 
the form of eq. 6.1, that is 

where F, is given by eq. 6.7, F, is given by 
eq. 6.12, F, by eq. 8.1 and <pb by eq. 6.2. A 
plot of this equation for the HP12 x 53 also 
is shown in fig. 8.6 and shows good agree- 
ment with the measured data. 

Response of Columns to Heat Straight- 
ening for Category S Damage 

A W 10X39 column, which had been 
damaged about the strong axis, was dam- 
aged and repaired three times using jacking 
ratios of 0.00, 0.25 and 0.50. In order to 
prevent lateral torsional buckling of the col- 
umn during the damage phase, the beam was 
laterally braced at the third points. There 
was a tendency for lateral torsional 

8 
-I 

0 

I t -. . - Themetical equation for CategWy 
W damage without axial load 

I I I I 

0 10 20 30 40 50 60 

Jacking Ratio (%) - 

Figure 8.6. Plastic rotation versus jacking ratio 
for axially loaded Category W columns (f.J F, = 

0.35 except as noted, vee angles = 45” and heating 
temperature = 650°C or 1200’39. 

- 

- 

buckling to occur due to the large load re- 
quired to induce major axis damage on a 
full-scale beam. The bracings were removed 
during the repair sequence so as not to influ- 
ence the plastic rotations. The three se- 
quences are represented as beam Nos. 5-7 in 
table 8.2. A load of 129 kN (29 kips) was 
required to induce a deflection of 43.2 mrn 
(1.70 in) on the initially straight column. 
Thirteen heating cycles were performed on 
Beam 5 using a jacking ratio of zero. A vee 
angle of 30” was used for all cases. The 
standard category S heating pattern was used 
consisting of a web vee heat followed by a 
flange strip heat at the open end of the vee 
(see fig. 2.11). The columns were not com- 
pletely straightened in each test series. 
Rather, ten heating cycles (13 on No. 5) 
were conducted in order to define the re- 
sponse. The average plastic rotations are 
shown in table 8.2 and plotted in fig. 8.7. 
Because the first heat after re-damage often 

_ 

_ 

- 

- 

- 

- 

_ 
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Table 8.2. Plastic rotations for Category S damaged WlOX39 columns (30” vee angle and 650°C or 1200°F 
heating temperature). 

Beam 

5 

6 

7 

No. of Heats Jacking Ra- Ratio of Ax- Max. Stress? Min. Stress’ Average 
tio ial Stress to (MPa ksi) W*i) Plastic Rota- 

Allowable tions (milli- 
stress rad) 

10 0 0.35 -MO/-6.23 -43-O/-6.23 1.15 

9 0.25 0.35 -139.01-20.2 53.617.77 2.74 

9 0.50 0.35 -206.Ob29.9 , 121.Oh7.5 4.93 

0 10 20 30 40 50 60 

Jacking Ratio (‘n) 

Figure 8.7. Plastic rotation versus jacking ratio 
for Category S columns (30” vee angle and 650°C 

or 1200°F heating temperature). 

results in larger than usual movements, this 
heat was not included in the average values 
shown. 

As with the Category W damage, the 
Category S damage plastic rotations fell well 
below those predicted by the theoretical 
equation without axial load. The use of eq. 
8.2 is shown in fig. 8.7 and agrees well with 
the data. Thus, eq. 8.2 can be used to pre- 
dict plastic rotations for repair of Category S 

axially loaded compression members where 
Fe is given by eq. 6.7, F, by eq. 6.12, F, by 
eq. 8.1, and (pb by eq. 6.2. 

Summary 
A series of full scale tests were con- 

ducted on both Category W and S damage 
axially loaded columns. Seven straightening 
procedures were conducted with at least 10 
heats used for each set of parameters. The 
axial load imposed during the straightening 
process was typically 35 percent of the de- 
sign allowable value. The jacking force was 
modified to cancel the PA moment effect in 
addition to providing the specified jacking 
ratio. The response for both cases was sig- 
nificantly less than that predicted for a wide 
flange beam without axial load. A suggest 
theoretical model agreed well with the data. 

Key Points to Remember 

l Heat straightening is effective for axially 
loaded columns using the same patterns 
as for cases without axial loads. 

l The movements after heating will tend to 
be smaller than the case of zero axial 
loads on the same member. 
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l The jacking forces used should include, the axial force acting through the de- 
as a minimum., a component producing a flection at the damaged section. - 
moment at the damaged section equal 

l 
and opposite to the moment produced by 

A Theoretical model for plastic rotations 
was developed and is given by eq. 8.2. 
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Chapter 9. Heat-Straightening Repair of Localized Damage 

Damage in steel members can be 
broadly classified as global and local dam- 
age. Different methods are required for the 
heat-straightening repair of these types of 
damage. Global damage is the overall de- 
formation of the damaged section with re- 
spect to its supports. Local damage is char- 
acterized by plastic strain occurring only in 
the region of impact. It includes small 
bulges, bends or crimps in single elements 
of the cross section. The two most fre- 
quently encountered patterns can be catego- 
rized for convenience as flange bulges and 
web buckles as shown in fig. 9.1. Flange 
bulges are associated with local damage to 
unstiffened cross section elements such as a 
flange of a girder. Web buckles are associ- 
ated with local damage to stiffened cross 
section elements such as the web of a girder. 
All are classified as Category L damage. 
However, two sub-classifications will be 
used: Category L/U for local damage to un- 
stiffened elements, and Category L/S for 
damage to stiffened elements. 

The focus of past heat-straightening 
research has been on various aspects of re- 
pairing global damage. However, it is a rare 
situation when localized damage doesn’t oc- 
cur concurrently with global damage. Yet, 
little published information has been avail- 
able on how to repair local damage by heat 
straightening. As a result, localized damage 
is often repaired improperly by cold me- 
chanical straightening and hot mechanical 
straightening, as well as heat straightening. 

In cold mechanical straightening, the 
steel is restored to its original shape by ap- 

plying external loads in excess of the plastic 
capacity of the section while the steel is still 
at ambient temperature. In hot mechanical 
straightening, the steel is heated to very high 
temperatures (often greater than 927°C or 
1700’F) causing a severe reduction in yield 
strength and plastic capacity. The steel is 
then straightened by external forces. The 
forces used are smaller than those used in 
cold mechanical straightening but are still in 
excess of the yield capacity of the heated 
steel. Both methods involve straightening of 
the steel by mechanical means. As a result, 
these techniques may involve strain harden- 
ing which results in a loss of ductility and 
increased brittleness. The safe alternative is 
heat straightening. Described in this chapter 
are methodologies for repairing localized 
damage using heat straightening. 

Local damage patterns display two 
main characteristics: large plastic strains 
(usually tensile) in the damaged zone, and 
bending of plate elements about their weak 
axis. If the local damage is to be repaired, 
shortening must be induced in the damaged 
area equal to the elongation caused when the 
element was damaged. In addition, the dis- 
tortion along the yield lines must be re- 
moved as part of the repair process. Studies 
on global darnage repair have shown that 
vee heated regions shorten significantly 
during cooling and that line heats can be 
used to induce bending about the yield lines. 
Thus a combination of line and vee heats 
can be used to repair localized damage. 
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