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GUIDE FOR HEAT-STRAIGHTENING OF DAMAGED
STEEL BRIDGE MEMBERS

1. INTRODUCTION

Damage caused by overload, vehicle impact,
handling, earthquake, or fire is a perennial
problem associated with steel bridge struc-
tures. 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 st
tural steel members in place, often
the need for temporary shoring,
ated interest in heat straightening
engineering profession. Hoiume

techniques.
been raised:
dure, i compromise the
i steel? And if so,
irs be engineered to en-
ty of the repaired struc-
and after repair? The pri-
mary goal of this guide is to answer these
two questions.

This guide is intended for a general
audience ranging from heat-straightening
practitioner, to contractor, to inspector, and
to bridge engineer.

The origins of heat straig
traced to the early days of
fabricators observed

experiment witl® _
tion by heatyf#f pecific patterns

distortion. With ex-

y removing weld distor-
ring other damage as well.

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 compensate for verti-
cal curve and dead load deflections. Heat
curving techniques were developed for these
applications. While many of the heating
techniques are similar to those used in heat
straightening, there are distinctions between
the two. Heat curving is typically per-
formed on undamaged steel, usually in the
controlled environment of the fabrication
shop, and the typical radius of curvature for
heat-curved members is quite large, mean-
ing that the curvature is usually very grad-
ual. On the other hand, heat straightening is
used on damaged steel in which the yield
stress has been exceeded, and often exces-
sively, well into the strain-hardening range.
Most heat straightening is conducted in the
field, under highly variable weather condi-
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tions, and often with the members at least
partially loaded. These differences mean
that techniques and criteria for heat straight-
ening may sometimes differ substantially
from those of heat curving.

The earliest written information
found was traced to Joseph Holt who de-
fined some of the basic concepts of heat
straightening in an unpublished manuscript
in 1938. Over the years since, more publi-
cations 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 bo
external restraints (jacking) and internal
straints (redundancy) were considergg
of minor concern rather than fund
the broad application of the proce!
as a result of not 1dent1fy1 g ih

ence of straln g on ductility; and resid-
ual stres ution. Finally, the research
information available was predicated almost
entirely on laboratory studies of simple ele-
ments. The reported field investigations
were qualitative rather than quantitative and
thus could not serve as a building block for
validating heat straightening. A literature
review of the technical material available

through the late 1980’s is available (Avent,
1989). Because of these voids in heat-
straightening research, it was indeed true
that the artesian practicing the trade was
much more important than the engineer.
Consequently, heat- stralghtemng repair was
often not considered on engfgered struc-
tures.

In recent years,
search has been conducted
heat-straightening progg

of heat-stra
meth Qe

tal principles and basic methodology
will B8 presented here, heat straightening is

Il 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.

1.2 Typical Types of Damage

The focus of this guide is on repairing dam-
age to members of steel bridge structures.
However, the principals are applicable to
any type of steel structure. Damage to steel
bridge members may result from a variety of
causes. Among the more frequent are: vehi-
cle impact, uncontrolled distortion during
construction, fire, and earthquake. While
damage in structures may appear random,
certain patterns and characteristics are dis-
tinguishable. A convenient way to classify
damage is to define the four fundamental
damage patterns, although typical accidents
often include a combination of these types.
The fundamental damage categories are:



1.2.1 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 and web will some-
times exhibit local buckling due to the high
compressive stresses. A typical example is
shown in Figure 1.

uilt-up I-shapes the neutral
axis is usually within, or near, the web.
Consequently, the web may not yield or de-
form into the inelastic range. If neither is
laterally restrained, the flange elements are
bent about their strong axes and usually ex-
hibit classical flexural yield patterns. Typi-
cal examples are shown in Figure 2.

1.2.3 Category T

This type refers to damage as a result of tor-
sion or twisting about the longitudinal axis
of a member. For rolled or built-up shapes,
if neither is laterally braced, the flange ele-
ments tend to exhibit flexural plastic defor-
mation in opposite directions’
often stressed at levels below
flange is constrained (such
composite bridge girder), t
strained flange elemenigsms
tic deformation and

ay also occur
n in Figure

. flange or web buckles,

ﬁ in@and damage at bracing loca-

S balilis or crimps in plate elements

cction typify this behavior. An
e is shown in Figure 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.

1.4 Objectives of This Guide
The goals of this manual are to:

e Describe and quantify the fundamentals
of the heat straightening process.

e Address specific methods for repairing
the basic damage categories.

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

e Provide detailed technical research data
for engineers and scientists.



e Provide guidelines for conducting and e Provide model specifications for con-
supervising heat-straightening repairs. ducting heat-straightening repairs.

(a) Category W damag (b) Category W damage to main girders during con-
truss member. The da d by a log fal- struction of a Louisiana bridge.
ling from a tru. h Louisiana.

Figure 2. Examples of Category W damage.



(a) Category T damage to a composite wide
flange beam. Damage was induced by a jack

as part of an experimental program

lamage on a composite bridge girder impacted by an over-height vehicle in Wisconsin.

Figure 3. Examples of Category T damage.



Figure 4. Category L damage showing flange buclde
on wind bracing on Mississippi River Brid
Greenville, MS.

2. HEAT STRAI
BASICS

ints that produce thickening
(or upsetting) 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 primary instrument of straightening.
Rather, the thermal expansion/contraction is

an unsymmetrical process in which each cy-
cle leads to a gradual straightening trend.
The process is characterized by the follow-
ing conditions which must be maintained:

1. The temperature of the steel does not
exceed either (a) the lower critical tem-
perature (the lowest temperature at
which molecular changes occur), or (b)
the temper limit for quenched and tem-
pered steels.

2. The stresses produced by applied exter-
nal forces do not exceed the yield stress
of the steel in its heated condition.

3. 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
for two other methods often confused with
heat straightening: hot mechanical straight-
ening and hot working. Hot mechanical
straightening differs from heat straightening
in that external force is applied after heating
to straighten the damage. These applied
forces produce stresses well above yield,
resulting in large movements during a single
heat cycle. Often the member is completely
straightened by the continued application of
a large force during a single cycle. The re-
sults of this type of straightening are unpre-
dictable and little research has been con-
ducted on this procedure. Specific concerns
about hot mechanical straightening include:

1. Fracture may occur during straighteni

2. Material properties may be
affected

3. Buckles, wrinkles or cri

The Engineer should recg
chanical straightening
method which may

is similar to hot mechanical straightening in
that external forces are used. In addition,
the steel is heated well above the lower criti-
cal temperature and often glows cherry red
indicating a temperature above the upper
critical temperature. The results of this

process are highly unpredictable and may
result in:

1. Fracture during straightening

2. Severe changes in molecular structure
which may not be reversible

4. Buckles, wrinkles, crimp
tortions

Hot working should

wilftend to over-
m to be heat
er is cautioned to be
1ons when specifying
eniitgeas opposed to either hot
ightening or hot working.

sic concept of heat straightening is
clag@ely simple and relies on two distinct
erties of steel:

e [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, depend-
ing on the direction of the originally ap-
plied force.

o If steel is heated to relatively modest
temperatures  (370-700°C  or  700-
1300°F), it expands at a predictable rate
and its yield value becomes significantly
lower while at the elevated temperature.

To illustrate how steel can be perma-
nently deformed using these two properties;
consider the short steel bar in Figure 5a.
First, the bar is placed in a fixture, much
stronger than the bar itself, and clamped
snug-tight (Figure 5b). Then the bar is
heated in the shaded portion. As the bar is



heated it tries to expand. However, the fix-
ture prevents expansion in the longitudinal
direction. Thus, the fixture exerts restrain-
ing forces on the bar as shown in Figure 5c.
Since the bar is prevented from longitudinal
expansion, it is forced to expand a greater
amount laterally and transversely through
it’s thickness than in an identical unre-
strained bar. Consequently, a bulge will oc-
cur 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 contract three-
dimensionally. The clamp cannot prevent
the bar from contracting longitudinally. As
cooling progresses the bar shortens and the
bulge shrinks. However, a portion of the
bulge remains even after the bar has com-
pletely cooled and the bar has shortened
from its original length, Figure 5d. In esg
sence a permanent redistribution of mategl
has occurred in the heated zone leaving
bar slightly shorter with a small bu
permanent bulge, or thickenin
heated zone is called “upsetting”.
tribution of material is refeg y

s of heat straightening.
age in steel members is
plex than stretching or
shortening oOf 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 ele-
ments to the heat-straightening process. The
first is to select proper heating patterns and
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Final configuration of heated bar

Figure 5. Conceptual example of shortening a steel
bar.

sequencing to fit the damage. The second is
to properly control the heating temperature,
and rate of heating and cooling. The third is
to provide appropriate restraints during the
heating cycle which can be relaxed or modi-
fied during the cooling cycle. The place to
begin a discussion of heat straightening ba-
sics is with the first key: proper heating pat-
terns and sequencing.

2.3 Fundamental Heating Patterns

Several types of simple heating patterns ex-
ist. Effective heat straightening results
when these patterns are combined into spe-



cific combinations,. As a starting point in
understanding heat straightening, first con-
sider a flat plate. Most steel bridge mem-
bers are an assemblage of plate elements
arranged to maximize strength and stiffness
while minimizing material. Once an under-
standing of the heating patterns for a single
plate is developed, these concepts can be
extended to other shapes. There are several
basic heating patterns used for flat plates.

2.3.1 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
Figure 6, a typical vee heat starts with a very
small spot heat applied at the apex of the
vee-shaped area using an oxy-fuel torch.
When the desired temperature is reached
(usually around 650°C or 1200°F for mild
carbon steel), the torch is advanced progres-
sively in a serpentine motion toward the
base of the vee. This motion is efficient
progressively heating the vee from top
bottom. The plate will initially
ward (Figure 6a) as a result of Iq
expansion of material above the
producing negative bendinggglsh

of the heat, the entire
high and relatively uni-
¥ At this point the plate has
ard (Figure 6b) due to longi-
tudinal expansion of material below the neu-
tral axis producing positive bending. As the
steel cools, the material contracts longitudi-
nally to a greater degree than the expansion
during heating. Thus, a net contraction oc-
curs. The net upsetting is proportional to

the width across the vee, so the amount of
upsetting increases from top to bottom of the
vee.

movement during heat-straightening
[ l—origmcl d

A

% e —— T
d

(a) Plate movement
phase (deflectio

Final position after cooling (deflection
decreases)

Figure 6. Stages of movement during vee heat.

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 movement, Figure 6¢). 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 certain 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

Figure 7. Schematic diagram of edge heats used to
heat-curve a beam. (note that line heats are ap-
plied about 2 in. from edge for inelastically
stretched edges and thermal cut flanges with small
notches)

2.3.2 Edge Heats.

If a smooth gentle bend is desired, a line
near the edge of the member is heated. The
line may be continuous or intermittent, de-
pending on the degree of curvature desired
This pattern is often used to heat-cu
rolled shapes in the fabricating shop.
schematic is shown in Figure 7.

2.3.3 Line Heats.

Line heats are employed tq
a plate about its weak axi

rnal force although
i1 occur without external

derside of a plate element subjected to bend-
ing moments produced by external forces
(Figure 9a). As the torch is applied and
moved across the plate, the temperature dis-
tribution

Pickness (Figure 9b).
fcad of the torch con-
expansion, even if external
not present. Because of the

ch (or hotter) side of the plate. Dur-
ng g@obling this side consequently contracts
, creating a concave movement on the
torch side of the plate similar to that shown
in Figure 9d. Thus, to straighten a plate bent
about its weak axis, the heat should be ap-
plied 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-
ure 9c). Referring to a section through the
plate transverse to the line heat (Figure 9c),
the restraining moments tend to prevent
transverse expansion below the plate center-
line. In a manner similar to the vee heat
mechanism, the material thus tends to ex-
pand through the thickness, or “upset”.
Upon cooling, the restraining moments tend
to magnify transverse contraction (Figure
9d). The speed of the travel of the torch is
critical as it determines the temperature at-
tained. With proper restraints and a uniform
speed of the torch, a rotation will occur



about the heated line.
2.3.4 Spot Heats.

For a spot heat, a small round area of the
metal is heated by moving the torch in a
slow circular motion increasing the diameter
until the entire area of the metal is heated.
A spot heat causes upsetting of the metal
through the thickness due to the restraint
provided by the cool surrounding material.
On cooling, a spot heat leaves tensile
stresses in all the radial directions across the
heated area. During a spot heat, the torch
should not be held at a particular point for
too long, as the spot may get too hot and
buckling may occur due to excessive ther-
mal expansion on the heated side of the
member. Spot heats are used to repair local-
ized damage such as bulges, dents, bellies,
or dishes in a plate element.

2.3.5 Strip Heats

Strip heats, also called rectangular heats, a
used to remove a bulge in a plate eleme
to complement a vee heat. Strip heg

similar to vee heats and are acco ils
a like manner. Beginning at th

sired length, Figures 10
sequentially brings

roach would minimize
of the beam shown in
Figure 1 cond alternative with simi-
lar effect 1s shown in Figure 11b using a
single torch and starting from one side. De-
pending on the structural configuration, the
strip may also be started at a free edge as
shown in Figure 11c. However, without re-

straints, this orientation may produce some

Moments produced

Line heat by external forces

Plate with line heat a
underside

gCreasing steel
ntours proportional
om torch tip

Transverse expansion
magnified during heating

} ]
Transverse expansion
constrained during heating

Transverse section AA during
heating showing effect of bending
moment constraints

Net contraction during
cooling is greater
below the Centerline

(d) Transverse section AA during
cooling

Figure 9. Schematic of line heat mechanism.



Figure 11. Schematic of strip heat on the flange of
a rolled beam.

cal@axis bending. By alternating the ini-

n point to opposite edges in successive

heating cycles, the weak axis bending can be
minimized.

2.4 Defining Basic Damage Patterns
and Yield Zones

The fundamental damage categories have
previously been defined. A yield pattern is
associated with each damage category. The
yield zone of steel is that area in which ine-
lastic deformation has occurred. It is impor-
tant to recognize the region of yielding be-
cause heat should only be applied in the vi-
cinity of the yield zones. Typical yield
zones are shown in Figure 12.

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
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Figure 12. Yield zones for basic damage patterns.
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(¢) Category T damage (Torsional) for
wide flanges

(d) Category L damage (Local)

e 12. Continued.



determined by visual inspection and are
identified by paint peeling or loosened rust
and mill scale. Analytical methods are also
available when necessary to accurately de-
termine yield zones.

2.5 Basic Heating Patterns

The repair of damaged steel members 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 assemblage 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 straightenin
of steel begins with the application of
heats to such plate elements.

The application of a single vee heat
plate has already been described.

shown in Fig-
propriate heating

The deformed shape of the typical bent plate
is shown in Figure 14. 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 completely straighten a

ed. More heats should be
ntral part of the yield region

ce in damage curvature. This prin-
pplies for all heating patterns in the
wing sections.

2.5.2 Structural Members Bent About
Their Strong (Major) Axis (Category S)

As shown in Figure 15, the heating patterns
for these cases consist of a vee and strip heat
combination. For purposes of defining heat-
ing patterns, it is convenient to refer to the
elements of a cross section as either primary
or stiffening elements. The primary ele-
ments are those damaged by bending about
their major axes, such as the webs in Figure
15. The stiffening elements are those bent
about their minor axes, such as the flanges
in Figure 15. Typically, vee heats are ap-
plied 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.



29

e r@¥ersed. The

stiffening flanges (ei-

elements

primary
element

o stiffening elements located
apex of a vee heated element
1S clement offers little restraint to the
of the vee during cooling. Note that
1dth of the strip heat is equal to the
width of the vee heat at the point of intersec-
tion. For all cases the pattern is repeated by
shifting within the vicinity of the yield zone
until the member is straight.

2.5.4 Structural Members Subject to
Twisting Damage (Category T)

stiffening
elements

The heating pattern for this damage case is
shown in Figure 17. The vees on the top
and bottom flange are reversed to reflect the
different directions of curvature of the oppo-

is applied to the flange at site flanges. The vee heats are applied first

the This vee/strip combina- and then the strip heat is applied. Note that
tion is repeate shifting over the vicinity for the channel, the strip heat need only be
of the one until the member is applied to half depth. This half depth strip
straight. allows the lower flange vee to close with
2.5.3 Structural Members Bent About minimal restraint from the web.

Their Weak (Minor) Axes (Category W)

The heating pattern for these cases is similar
to the previous case but note the primary
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stiffening
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stiffening
—element

primary
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element

rimary
elements

stiffening
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Figure 16. Heating patterns for wide flanges and
channels bent about their minor axes
(Category W).
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Line heats Vee heat star pattern

(a) Web bulge heating patterns

Heating pattern for
damage primarily in
the plane of the top
leg.

=

(b) Heating pattern for
damage primarily in
the plane of the

vertical leg.

Web line heat

Section

(b) Local flange damage heating
pattern

Figure 18. Typical heating patterns for local dam-
age.

Figure 19. Heating patterns for angles.



2.5.5 Flanges and Webs with Local Buck-
les (Category L)

A local buckle or bulge reflects an elonga-
tion 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. 18. 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 ends of the vees
touch. There is a tendency 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 (Figure 18b) 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 unsymmetri-
cal, more heating cycles are required on t
side with the most damage.

2.5.6 Angles

Since angles usually do not have
symmetry, the heating patterg re
cial consideration. Typi
pattern is similar to that
ever, the vee heat o
produce components
allel and_perpdldi

d on the adjacent
od to minimize out-of-
to use the strip heat pat-
Figure 11.

2.6 Complex Damage

Most damage situations do not fit neatly into
one of the fundamental damage categories.
Rather, the damage is a combination of sev-
eral of these categories. To repair these
more complex cases, the damage should be

viewed as a combination of the fundamen-
tal cases. The approach is to preplan the
entire set of sequences, starting with the
component of damage that is most severe.
As straightening progresses, the process is
redirected to other components, minimizing
overlaps that counteract or {@necessarily

tal damage categories in seq
damage can be repaired by
heating patterns descri 1

quipn zed for heat
S@bing torch. The heat
% @ Oxygen-fuel mixture.

e acetylene, propane,
ps.  The appropriate fuel is
kygen under pressure at the
I@FSduce a proper heating flame. A
or is used to reduce pressures to
worlgg levels of 100-140 kPa (15-20 psi).
cr a single or a multiple orifice tip 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
orifice tip may not be adequate. For such
cases a rosebud or multiple orifice tip is rec-
ommended. 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 adjusted to meet these criteria.

2.8 Safety Considerations

The fuel used in heat straightening is vola-
tile and dangerous. Fuel tanks should al-
ways be handled with extreme care. Safety
precautions include:

e Always place a protective cap on head of
each tank before transporting. Always
secure tanks prior to heat straightening.

e Examine tanks for damage prior to each
use.

e Check lines and fixtures for leaks
damage prior to each use and that prop
check valves are installed.

In addition, the technicia t
torch must be safety conscig time

s and clothing.

stable, secure position
prior g valves and lighting the

torch.

e Follow proper procedures when using
scaffolding and use safety harnesses
when working above the ground. Secure
tanks and hoses in safe positions prior

to heat straightening.

2.9 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 temperature include size and
type of the torch orifice, intgnsity of the
flame, speed of torch moveme
ness and configuration of the e
suming that adequate contro
temperature is maintained,
arises as to what te
best results 1

control. Hq
sive testing
plastig i ed is directly propor-

\ temperature recommended
st researchers is 650°C (1200°F) for
1 bullquenched and tempered high-strength
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, temperatures in excess of
approximately 700°C (1300°F) (metallurgi-
cally referred to as the lower phase transi-
tion temperature) may change the molecular
composition, altering material properties
after cooling. (See section 4.1 for a more
detailed discussion justifying these tempera-
ture limits.)  The limiting temperature
0f650°C (1200°F) allows for about one hun-
dred degrees of temperature variation, which
was found to be a common range among ex-
perienced practitioners. AASHTO/AWS
D1.5 (1996) specifies maximum heating
temperatures of 590°C (1100°F) for
quenched and tempered (Q&T) steels and
650°C (1200°F) for all others.



For A514 and non-HPS A709 (grades 100
and 100W), a minimum tempering tempera-
ture of 620°C (1150°F) is required. Thus,
the 590°C (1100°F) limit provides a 30°C
(50°F) safety factor. However, for Q & T
A709 Grade 70W the specified minimum
tempering temperature is 590°C (1100°F).
A maximum heating temperature of 565°C
(1050°F) is recommended for this grade to
provide a 30°C (50°F) safety factor and to
avoid property changes. HPS Grade 70W
produced by thermo-mechanically con-
trolled processing (TMCP) is not Q % T, so
650°C (1200°F) applies.

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. Princj
pal among these include: visual observa
of color of the steel (see 2.11.3); use of sp

ters; and infrared electronic t¢
sensing devices.

onsidering the previous plate
element as shown in Figure 6. 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 Figure 6, some loca
expansion occurs because the
cool material does not offey
finement. After cooling, t
duced distortion is redu 1
the confinement leve
straints.

WSCd in conjunc-
is to provide a re-

§e8¥0r prevent longitudinal
ts associated with expansion
ing phase. For example, if a
rce is applied as shown in Fig-
the upsetting effect will be increased
stricting the free longitudinal expan-
at the open end of the vee. A restrain-
ing force is usually applied externally, pro-
ducing a bending moment tending to close
the vee. Caution must be used in applying
external forces, since over-jacking may re-
sult 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 increased
until the cooling phase of the cycle is com-
plete.

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
Figure 20. A small element from a plate,
when constrained in the X-direction and
heated, will expand and flow plastically
primarily through the thickness (Figure
20c¢).



Secondary 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 thin-
ner than its y-dimension and offers less re-
straint to plastic flow. Upon cooling with
unrestrained contraction, the final configura-
tion of the element will be smaller in the x-
direction and thicker in the z-direction (Fig-
ure 20d) than its original size. Regardless of
the cause of the constraint, either cooler ad-
jacent material, self weight, or an external
restraining force, 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 Figure 6 were fixed at the
supports, the member stiffness increases by
33 percent. This increased stiffness would
provide additional restraint over the simply
supported case.

In order to stay within the criteria
heat straightening, the restraint forces m

by approximately 50%.
straining force produci
yield (at ambient te
section would result

and applied restraint to
maximum moment of

area) at a
mendation i1s somewhat conservative since

t temperature. This recom-

the entire cross section is never at 650°C
(1200°F). Rather, just the immediate area
around the torch is at that temperature and
the remainder of the cross section has al-
ready begun to cool (behind the torch) or is

not yet heated (ahead of the torch). Thus,

limiting the moment to 50% of member ca-
pacity keeps the procedure within the heat
straightening zone. Another reason for lim-
iting the force is that higher jacking forces
increase the risk of fracture. This aspect is
discussed in section 4.4.

teria apply for internal as

constraints.
e Pagpive g the
& hould be ap-

1. Constraints shoulg
andgilot increased

gooling phase.
should not cause local buck-
compression element during

straints should not produce an un-

le structure by either the formation

of plastic hinges or member instability
during the procedure.

5. Constraints should be limited such that
the maximum moment in the heated
zone does not cause stresses that exceed
50% of yield at ambient temperature.

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.



2.11 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: 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.

2.11.1 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, the fuel pressure and
resulting heat output at the nozzle tip. Se-
lecting 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 tem.
perature, not just at the surface, but throu
out the thickness. Once this condition is
tained at the initial heating locaf
torch should be moved along th @
rate that brings successive sectiofii g#”st
to the specified temperat : 2
too small for the thickngs

not penetrate effectl
ness. If the tipgs too

tende n
qui control the tem-
per able 1 is a general

a tip size. Intensity of
t temperature, steel con-
figuratioil§ ss, and fabrication details
influence the choice of tips. Adjustments
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.

2.11.2 Material configuration

The pace of moving the torch ong the path
will be a function of the configuRgh
member, location of damage
lected. At the initiation of hd
typically remains on a_sing

movement
usually be
a1l allow tech-
for how to vary the

1T as stiffeners may serve as
liring the slowing of the torch

the heating of the flange of a
eam where the web-flange juncture
e heated more slowly since the web
raws heat away from the flange.

Sometimes the pace must be quickened to
maintain a uniform heat. A common exam-
ple is 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 almost
overtakes the torch. As a result, the last
pass is usually conducted very quickly.

2.11.3 Judging the Temperature

In theory, control of temperature may seem
easy: watch the color of the steel and use
temperature crayons. In practice, tempera-
ture control is quite difficult. First, the sat-
iny 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
marks themselves. When the flame hits
these, it may burn bright yellow or orange
and hide the surface near the tip. Addition-



ally, the surface temperature directly under
the flame will briefly exceed specified limits
in order to convey heat into the metal.
Therefore, temperature should not be
checked until the flame leaves the area for a
3 to 5 second “soak time”. The available
light also influences observations. In day-
light or bright indoor light, the silver color is
easier to read and no dull red can be seen.
However, in dark shadow zones or on over-
cast days or with limited artificial light, the
steel will emit a dull red glow at the same
temperature. No. 3 goggles may mask sub-
tle colors so an observer without goggles
may be needed. As a general rule, if red is
visible in normal lighting, the steel is too
hot. When heat straightening is done prop-
erly, the steel is not heated above its lower
phase transition temperature and its proper-
ties will not change significantly. Overheat-
ing may create brittle, fracture sensitive
zones, which could result in a sudden fail.
ure. Constant attention is required to maa
tain the heating temperature in the corr:
range. Practice is essential to reco
control the temperature.

2.11.4 Jacking Forces

Earlier, a clear distinctig
tween hot mechanical sS@ig 3
straightening.  The ghot me-
i lowering

gn apply-

amage by inelasti-
section. Heat straight-
hand, requires that the

ceeding yield at the elevated temperature.
Movement occurs as a result of plastic de-
formations during contraction, not by me-
chanical overload. Therefore, initial re-
straining forces are an integral part of heat
straightening.

First, one should 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,

tered cases, some rules of th
tablished. The practitioner
that over-jacking may ¢

difficult to
Id severely

fres 14-19. Yield zones, where
el has inelastically deformed, occur in
egiqQis of sharpest curvature. Some practi-
i s have a tendency to heat in a broader
zone, but this again is a case of more being
less. Stay with the recommended patterns
and do not expand them. Heat straightening
is a cyclic process and the movement occurs
gradually by contraction during cooling.
Sometimes 20 or more heating cycles may
be required to straighten a damaged mem-
ber. Since a heating pattern usually covers
only a portion of the yield zone, the pattern
should be shifted on a cycle-by-cycle basis.
The significant portion of a heating pattern
array should be in the yield zone with fewer
heating cycles having patterns near the
edges and more near the center where curva-
ture is the sharpest. Also, do not duplicate
continuous passes through a given zone dur-
ing one heating cycle. Going back and re-
heating before the material has cooled inter-
rupts the contraction process. The heat
straightening
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predictability and effectiveness is conse-
quently reduced.

2.11.6 Sequencing of Heats
When a combination of vee, strip and/or line
heats are used, the order of heating is re-
ferred to as the sequence. The sequencing
of heats may be important in some straight-
ening operations. However, little research
has been conducted to verify its effects.
Some practitioners feel that proper sequenc-
ing will accelerate the straightening and help
keep residual stresses to a minimum. Con-
sider 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 Figure
15.
A common sequence is to heat the

vee first, followed immediately by the strip.

The available research data and difference
sequences used in practice indicates that
more than one sequence can be successful.
At this time there is not adequate docume
tation to mandate one sequence for a
ticular heating pattern. The experience

proper sequencing. The sequenci
shown in this manual are based o

r restraint imposed by the
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, the jacking forces may be
too low. A re-analysis of the jacking layout
is recommended, particularly in light of re-

dundancies that may exist. Finally, check
the heating patterns to insure they are con-
sistent with the damage. For example, ne-
glecting to heat all separate yield zones dur-
ing one heat cycle could prevent movement.
The key point is that if the steel doesn’t
move, there is a reason. It ¢

require a consultant more ed in
heat straightening or repla
element. Over-heating
not a solution.

ver, once the steel has
the lower phase transition

1oners allow the surface of the
cool below 315°C (600°F) prior to
ccgdfrating cooling. Such a surface tem-
ture reduction insures that the interior
steel temperature has dropped. One ap-
proach to accelerated cooling is to use com-
pressed air blown on the heated surfaces.
Faster cooling can be obtained with water
mist cooling. However, the steam generated
could result in burns and the water runoff
could lead to a clean-up problem especially
if it covers areas which must be subse-
quently heated. The following cautionary
measures should be taken when considering
this option: (1) a mist applicator which al-
lows the technician to remain at a safe dis-
tance; (2) protective clothing and goggles;
and (3) a method for safely disposing of the
waste water.



3. ASSESSING, PLANNING
AND CONDUCTING
SUCCESSFUL REPAIRS

As with other types of repair, a successful
heat-straightening repair requires assess-
ment, planning and design. Several proce-
dures should be considered as part of the
process. Critical aspects include: determina-
tion of degree of damage, location of yield
zones and regions of maximum strain, limi-
tations for heat-straightening repair, selec-
tion of heating patterns, and selection of
jacking restraints. Each requires the exer-
cise of engineering judgment. Outlined in
this chapter are some key aspects of assess-
ing, planning and designing a repair. One of
the primary keys is ongoing coordination
between the engineer, field supervisor or
inspector, and the contractor conducting the
repair.

3.1 Role of Engineer, Inspector a
Contractor

The engineer is responsible for se
most appropriate repair techniq
specific damage.  Alternatives
evaluated and the most
determined. The ke
clude: cost, imple

selecting a trial repair scheme, conducting a
structural analysis (which may require as-
sumptions of certain geometric or material
properties), defining the parameters of the
repair (or verifying the capacity after re-
pair), possibly re-analyzing and re-

designing, evaluating alternate repair or
replacement schemes, and finally, providing
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 assess its specificN@gplicability.

repairs, degree of damage, p
tures, cause of damageds i

Since most heat-straightening repairs are
conducted by contractors, the field inspec-
tor, representing the bridge owner, has ma-
jor responsibilities to 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 contrac-
tor who actually executes the repair. The
ultimate success of the project hinges on the
skills and understanding for the project 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 en-
sure stability and expedite the process. In
spite of our current knowledge and analyti-
cal capabilities, movements during heat
straightening cannot always be predicted
accurately

The primary reasons for this difficulty are
that: (1) damage patterns are often a com-
plex mixture of the idealized cases and re-
quire experience to determine the details of
the heating process; and (2) residual stresses
and moments which may have been locked
into the structure during both original con-
struction and also the damage phase are dif-
ficult to predict and may prevent or increase
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 perfor
ing properly. These modifications
range from changes in heating patterns an
jacking arrangements to decig
whether to remove secondary
members during the repair. Perl

and the contractor mainf
channels of commuyi

sful Repair

requires the control and
specific parameters. The
¢ selection of the heating pat-

first key 1
terns 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 material have oc-
curred. Typically, vee heats should be rela-

tively 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 considered for pro-
gressively thinner plates. These limits will
minimize distortion which might occur due

ade 100 and
steels and
565°C  (105Qzialitor

temps@ed steel. Higher heats
L affect material properties
addl o weaker structure.

Q1N

is to control the applied re-
during repair. Research has
e use of jacks to apply restraint
atly shorten the number of heating
cyclg¥ required. However, over-jacking can
t in buckling or a brittle fracture during
or shortly after heat straightening. To pre-
vent such a sudden fracture, as illustrated in
Figure 21, jacking forces should be limited.
The recommended procedure is to calculate
the plastic moment capacity of the damaged
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 fractures or excess deforma-
tion may occur. It is strongly recommended
that jacks be gauged and calibrated, then set
for the maximum force computed. Of
course, the jacking forces should always be
applied in the direction tending to straighten
the beam.



The execution of a heat-straightening
repair that incorporates these keys must b
gin with the assessment of the dam
structure.

in ¢ judgment must be used
i and when, to eliminate a

3.3.1 Initial Inspection and Evaluation for
Safety and Stability

The purpose of the inspection is to protect
the public, employees of the owner and re-
pair personnel. This inspection is often vis-

Figure 21. Brittle fracture during

al a ucted with special concern for
The major aspects of damage are
recog@ed and documented with photographs
measurements. During this inspection,
a preliminary list of repair requirements and
options should be made. Particular attention
should be paid to temporary needs such as
shoring, traffic control, access and other
short-term considerations. A part of this
evaluation may require a review of the de-
sign drawings and computations to deter-
mine the safety and stability of the bridge.
The specific cause of damage may also in-
fluence the final decision on repair and
should be investigated if possible. Typical
damage causes are: (1) over-height or over-
wide vehicle impact; (2) overweight vehi-
cles or overloads; (3) out-of-control vehicles
or moving systems; (4) mishandling during
construction; (5) fire; (6) blast; (7) earth-
quakes; (8) support or substructure move-
ment; and (9) wind or water-borne debris.



3.3.2 Detailed Inspection for Specific De-
fects

Applicability of a heat-straightening repair
depends on the type and degree of damage.
Three aspects should be carefully checked:
(1) signs of fracture; (2) degree of damage;
and (3) material degradation.

3.3.2.1 Signs of Fracture

While some fractures are quite obvious, oth-
ers 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: (1) dye penetrant,
(2) magnetic particle, (3) ultrasonic testing,
or (4) radiographic testing.

3.3.2.2 Degree of Damage

Degree of damage can be evaluated using
two different criteria. One is the angle of
damage, @4 which is a measure of
change in curvature. The other is the str
ratio, i, which is a measure of the magi

strain occurring in the damaged
either case an evaluation of the

used

offsets from a taut line, laser beam or
straight-edge. A typical layout is shown in
Figure 22 showing the definition of @4. This
layout may be done by either using the un-
yielded adjacent regions on either side of the
damage as reference lines, since their curva-
ture is small in comparison to the plastic

zones, and determining the included angle

between them, or by establishing a base line
and finding the offsets in the damage zone.
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 eitgr side of the
damage as shown in Figure 220%@he degree

of damage, @4, can be computg ‘

Yield Zone

Y2

Figure 22. Offset measurements to calculate de-
gree of damage and radius of curvature.

Based on measurements taken at the site,

degree of damage can be calculated as fol-
lows:

04 :tanfl(%)+tan71(y3l__—y4) (Eq. 3.1)

1 2

where @4 is the angle of damage or angle of
permanent deformation at the plastic hinge
and y; is a measured offset as shown in Fig-
ure 22b.

In some cases direct measurements
of @4 can be made from a photograph. If a
photograph can be taken perpendicular to



the plane of curvature, then tangents can be
laid out and measured directly. For small
zones of damage, two straight edges can be
used to produce the tangent intersections.
Again, the angle of damage can be measured
with a protractor. While this method may
seem somewhat crude, a reasonable degree
of accuracy can be obtained.

For the case where the offsets are
taken in the damage zone (see Figure 22a).
The radius of curvature, R, can be approxi-
mated as

Y =2 Ve (Eq. 3.2)

The degree of damage can then be
calculated from:

L
sin— = — Eq.3
R (Eq

. L
or @y =2sin” (E)

Where L,.;=L.,=L

Approximati

made that the

over i the damage al-
tho i If the damage
cur ooth¥this assumption is fairly

accurate.
sumptio ¢s more approximate. For
highly irregular curvatures, measure only
the worst portion of the damaged region us-
ing the three-point offset procedure and the
calculation of radius of curvature from Eq.
3.2. In general, the approaches described
here give an adequate estimate of the radius

of curvature and angle of damage.

In order to calculate the maximum
strain ratio, the maximum curvature should
be measured as previously described.
Shown in Figure 23 is a damaged beam of
uniform curvature. The radius of the bend is
defined as radius of curvatur§gR. Strain is
proportional to curvature and
be computed from field me
the radius of curvature to t
ture, Ry, may be expre

(Eq. 3.5)

clasticity, F, = yield
distance from the cen-
eme fiber of the element.

(Eq. 3.6)

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.
Once the smallest radius of curvature is de-
termined in the damaged region, the maxi-
mum strain can be computed from Eq. 3.6
and compared to the yield strain

&, =— (Eq. 3.7)

From Egs. 3.6 and 3.7, the strain ratio is

Ey E
RFy ( )
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Figure 23. Radius of curvature for a damaged
beam of curvature and cord length.

Research data has shown that
straightening can be successful on steel wi
plastic strains up to 100 times
strain, €,. There is reason to b
even larger strains can be rgpai
ever, since no research d 3
the 100g, range, engi ent is
required.

other abrupt discontinui-
zone will be stress risers
when jacking forces and
heat are ied.  Such discontinuities
should be noted and ground to a smooth
transition prior to heat straightening.

A second concern is exposure to
high temperature (such as a fire) when the
damage occurred. As long as the steel tem-

perature did not exceed either the temper-
ing temperature or the lower phase transition
temperature, no permanent degradation
would be expected from the heating. How-
ever, if the damaged steel reached higher
temperatures, metallurgical tests should be
performed to ensure material@@ntegrity be-

analysis; (3) Brinell
Charpy notch toughng§#
tests to detedine Yig
and percent -
destructive tg PPcarance) avoid

must be restored.

s from damaged and undam-
omparative results.

eral visual signs may suggest ex-
sul@ to high temperature including:
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 Brinell hardness, in
comparison to undamaged areas of the same
member, indicates potential heat damage.
Or, for the Charpy V Notch test, a signifi-
cant reduction in values over those from an
undamaged specimen may indicate damage.
The most definitive test is usually a metal-
lurgical comparison of microstructure be-
tween damaged and undamaged areas. Evi-
dence of partial austenization and recrystal-
lization into finer grain size indicates heat-
ing above the lower phase transition tem-
perature.



3.3.2.4 Geometry of the Structure

Often the design drawings are available to
confirm the structure’s original configura-
tion, design parameters and type(s) of steel..
If drawings are not available, then enough
measurements should be taken so that a
structural analysis can be conducted if re-
quired.

3.4 Steps in the Planning and Design
Process

Once the damage assessment is complete,
the repair can be designed. The following

steps may be required as part of this plan-
ning and design process:

e Analyze the degree of damage and
maximum strains induced.

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

e Select applicable regions for heat
straightening repair.

e Select heating patterns and parameters:

e Develop a constraint plan and g
jacking restraint configuration

Estimate heating cy

ducted for strains up to 100g,, or n=100.
Repairs may be successful at even greater
strains.  But research studies have not fo-
cused on such strains so engineers should
use judgment in straightening beyond this
range.

Fire damage involving high tem-
perature may be an exception to this limit.
If the distortion is due to diminished
strength at high temperature material proper-
ties have probably been detrimentally af-
fected. Repair decisions should then be
based on metallurgical analy#fs and expert
opinion as well as the 100, S8@in limita-

tion.
3.4.2. Conduct a Structur
the System

A structural g
evaluate the d®
sis serves onggl

ecessary to
This analy-
: (1) to deter-
damaged configura-
tion for safet
resi
age effect safety and influence
the of g@plied restraining forces during
cat s ning (see ref. 1 for an example
culating residual moments). The
analy#ls can be based on the undeformed
etry except when the displaced geome-

try of the frame or truss system (after dam-
age) results in changes in internal forces by
more than 20 percent. However, even if un-
deformed geometry is used in the analysis,
the deformed geometry should be used when
computing the member stresses. The allow-
able 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 calculating stresses. While
each specific application must be considered
on an individual basis, some general guide-
lines can be developed. Assuming that no
fractures have occurred, bending and com-
pression members are the most critical to
evaluate. Forces due to applied loads in ten-
sion members tend to straighten out-of-plane
damage (and are thus self-correcting), while
such forces in bending or compression




members tend to magnify the damage.

3.4.3. Select Regions Where Heat
Straightening is Applicable

While the primary consideration for allow-
ing heat-straightening repair is the degree of
damage limitation, other criteria may also
influence the decision. Of particular impor-
tance is the presence of fractures or previ-
ously 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 sus-
pect region and then repair it in-place by
mechanical connectors. In other cases a
portion of the member may be replaced
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 ofte
displaces the bottom flange. If the im
point is near diaphragms, the diaphragms
often severely damaged. An e
shown in Figure 24. It is usually
economical to simply replace a
rather than taking a
straighten it. The recogs

would restrain dest of the
member) heat and then
replac 1

aightening can be
e variety of structural
er, some have cautioned
ing fracture critical mem-
bers (Shannafelt and Horn, 1984). Al-
though there is no research data to support
a ban on heat straightening fracture critical
members, practically no fatigue testing has
been conducted. If heating temperature
(including the limits imposed by section
12.12 of the AASHTO/AWS D1.5 Bridge

Welding Code) is carefully controlled,

jacking forces are maintained, and notches
and nicks are ground smooth there is no
reason to expect unusual problems. Addi-
tional care is warranted for fracture critical
members to insure that the heat straighten-
ing is properly conducted.

described in Chapter
age is often
mental damag8
ing patterns ig
select the c

ral, the vee depth should be equal to
1dth of the plate being straightened.
Partial depth vees do not reduce member-
shortening as some have speculated. The
primary application for half depth vees is
the repair of local damage.

3.4.4.2 Vee Angle

The angle of the vee is usually limited by
practical considerations. It should be as
large as practical for the specific applica-
tion. If the open end of the vee is too wide,
out-of-plane distortion often occurs. Like-
wise 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 approximately 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 se-
lected, the vee angle is



Figure 24. Diaphragm damag
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where W is the plate wi

3.4.4.3 Number of S e Heats
Simultaneous erformed
with omme€nded that

multiple plastic hinges
ay be heated simultane-

3.4.5. Develop a Constraint Plan

Since jacking forces can expedite repairs,
such forces should be utilized. Jacks should
be located to produce the maximum effect in
the zones of plastic deformation.  Jacks

e impact on girder.

be gauged and calibrated prior to use
and properly secured so they will not fall out
as pressure subsides during cooling. The
loads applied to the structure should be con-
trolled and the limiting values established.
A jacking arrangement for a composite
girder bridge is shown in Figure 25. Lateral
forces are utilized on the lower flanges, Fig-
ure 25a, while jacks between flanges are
used for local damage, Figure 25b.

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

Mp



Figure 25. Jacking arrangements for global and local g edY a_commposite girder bridge.

where M, is the plastic moment capacity of

the member or damaged element (such as

Methods of computing jacking forces
various member configurations are Zasg
(Avent and Mukai, 1998). Anj
moments will be relieved durin§
few heats. Rather than cqummbi
moments, an alternative,i

growth of micro cracks initi-
ated during initial damage. Item (1) is the
primary cause, so restraining forces should
be specified at safe limits and be monitored
during actual repair. For item (2), heat
straightening material should be limited to
only two damage repairs.

4.6 ate the Heats Required to

ten the Members

timate of number of heats provides a

e line for the project. Comparing the es-

timated movement with the actual move-

ment as it progresses also indicates whether

the heating is being properly done. The
number of heats, n, can be estimated as

(Eq. 3.11)
®p

where @, is the predicted plastic rotation per
heat and @4 is the degree of damage. For-
mulas for the plastic rotation associated with
various structural shapes and damage condi-
tions are provided in a later section of this
guide.

3.4.7 Repair Plans and Specifications

The final step is to prepare plans and
specifications for the project. These plans
will be the inspector’s guide as well as the



contractor’s directive. Suggested specifica-
tions are given in Appendix I. As noted in
3.1, the owner provides quality assurance
inspectors to verify the contractor complies
with contract requirements. The contractor
is responsible and must provide both quality
control and supervisors to satisfy the con-
tract.

3.5 Supervision of Repairs
3.5.1 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) (Figure 26). By using two crayons
that bracket the desired heating temperature,
accurate control can be maintained. The
crayons and their marks will burn if expose
directly to the flame of the torch, and
needs a few seconds to penetrate and pr

onds) before the crayons
surface. An alternativedli

a temperature crayon by
placing i surface. Because the py-
rometer relies on full contact with a smooth
surface, the readings vary with position and
pressure, typically underestimating the ac-
tual temperature. It is recommended that the
pyrometer be calibrated with temperature
crayons prior to using.

Infrared devices are probably the
most convenient to use. These devices re-
cord the temperature with a digital readout
and can be used from a distance to minimize
disruption of the heating process. However,
the torch still needs to be beyond the area or
momentarily removed while tag
ing.

To complement the
rometer, or infrared devices
serve the color of the

aintain a constant temperature.
is the least accurate method
temperature and is approxi-

ontrolling restraining forces

other concern for the heat-straightening
supervisor is the control of restraining
forces. Typically hydraulic jacks are used to
apply restraining forces (see Figure 27 as an
example) and should be calibrated so that
the force being exerted can be determined.
Mechanical jacks should only be permitted
if they are calibrated to control applied
loads. The maximum allowable force should
be computed as part of the design process
and specified in contract documents.

3.5.3 Review of Proposed Heating Pat-
terns

The inspector should review and ac-
cept the heating patterns and torch paths
proposed by the contractor. The general



patterns can be part of the repair plan.

Figure 26. Temperature sensing crayons.

3.5.4 Checking Tolerances

A significant concern is the tolera
completed repair. The co
should specify the allowaj$
the inspector should ve

erance is speci-

fie of heat cycles re-
qui in restricted areas and to
minimize the cogof the repair. This deci-
sion sho ade as part of the design

process.  Recommended tolerances are
given in Appendix .

gureld7. Jacks in place on a Wisconsin bridge.

Safety

The above items relate specifically to heat
straightening. The contractor’s supervisor
exercises normal control of the job site, as
with any construction project, including
monitoring of safety procedures.

3.5.6 Checklist of Procedures for Supervi-
sors and Inspectors

Remember that the goal is not just to
straighten the damage, but to straighten it
safely. There are a number of critical items
for the supervisor to verify as the repair pro-
gresses.

1. Heating patterns are submitted, re-
viewed and accepted prior to initiat-
ing the repair.

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



Periodically monitor the heating pat-
terns, torch motion and temperature.

Observe the color of the steel at the
torch tip. In normal daylight light-
ing, the steel should have a satiny
silver halo at the tip. In low light, a
slight dull red glow may be visible.

Establish reference points to measure
movements. A taut line is useful al-
though it must be moved aside dur-
ing heating. In small regions, a
straight edge may be used. Some-
times it is convenient to measure

from a part of the adjacent structure
which will not move during the
straightening process.

Be sensitive to worker and public
safety issues since work is usually
performed with at least some traffic
nearby. Insure that ja&@s and other




4. EFFECTS OF HEAT
STRAIGHTENING ON THE
MATERIAL PROPERTIES
OF STEEL

4.1 Introduction

The potential for detrimental effects from
heating damaged steel has limited the im-
plementation 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
parameters complicates attempts to under-
stand the response of steel to heat straight-
ening. In addition to these short-term ef-
fects, heat can result in long-term conse-
quences which may be detrimental.

Most stmctural steel used for br1d

, too little to develop 100 per-
cent pearlite, resulting in pearlite plus free
ferrite molecules. High carbon steels (car-
bon content between 0.8 and 2.0 percent)

have more carbon than required to form
pearlite, resulting in steel with partial ce-
mentite. Low carbon steels tend to be softer
and more ductile, characteristics of ferrite,
but cementite is hard and brittle so high car-
bon steels are harder and les
properties for bridges.

Temperatures greatg

change in steel.
called the Igg
transition) te
cubic molec
face centerg
ture, a larg

gal temperature, it attempts to
dy centered structure. Since
rmation requires time, rapid
may not permit the complete change
to ogfur and a hard, brittle phase called
ensite occurs. This form has reduced
ductility and is more sensitive to brittle frac-
ture under repeated 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 815-
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 from
these levels, the steel assumes its original
molecular configuration and properties.
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This temperature control is more difficult to
maintain at a fabrication shop or in the field
when conducting heat straightening repairs.
Consequently, if the temperature during he
straightening is not kept below the lo

concern that has limited the app
heat straightening in many

stresses. When heated

residual
shapes and it is
ow heat straighten-

ing atterns. The purpose of
this chaptgr is rovide a summary of how
heat strat ng affects material properties

and residual stresses.

Percent Carbon

1 Stresses in Heat-

d Steel

ant residual stresses occur in most
ral steel members. Such stresses usu-
ally result from differential shrinkage during
cooling in the manufacture of both rolled
and welded built-up shapes. However, the
cutting and punching process during fabrica-
tion may also produce residual stresses. Re-
sidual stresses in fabricated steel can be
quite high and may reach 50 percent of yield
for some rolled shapes and approach yield
for some welded members. With one excep-
tion, residual stresses have been neglected in
code requirements governing steel design.
The reasons for neglecting residual stresses
relate to two characteristics: (1) The ductil-
ity of steel allows for a moderating redistri-
bution of residual stresses when a member is
subjected to large loads, and (2) since resid-
ual stresses are self-equilibrating, large
compressive stresses at one location on a
cross section are balanced by tensile stresses
at another location. As a consequence, the
stresses at a specific cross section produced




by applied loads is additive to the residual
stresses at some points and are subtractive at
others so the ultimate strength of a member
is usually not affected. The exception is
compression members in which high resid-
ual stresses may reduce the buckling
strength. American design codes account
for residual stresses in compression mem-
bers by assuming an average residual stress
value of 50 percent of the yield stress. This
assumption may lead to somewhat conserva-
tive designs for rolled shapes (which have
smaller residual stresses) and slightly less
conservative designs for welded built-up
shapes (which have larger residual stresses).

Residual Stress (MPa)
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European codes have adopted the multiple
column curve approach in which different
formulas are used depending, on the magni-
tude of residual stresses. For these codes the
level of residual stress affects the design ca-
pacity.

Avent, et. al. (2001)
search to assess whether heat
produces some negative effe
ual stresses. The distribut
stresses for vee heate n in
Figure 29 and th various heat-
straightened ds re @own in Fig-
ures 30-34.
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Figure 30. Typical residual stress distribution for

a heat straightened angle
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Figure 34. Typical residual stress distribution for
a Category W heat straightened wide flange beam



In summary, the residual stresses in heat-
straightened plates are fairly consistent hav-
ing maximum compression stresses of about
150 MPa (20 ksi) at the edges and tension
stresses of about one-half that value at the
center of the plate. Residual stresses in
heat-straightened angles and channels tend
to have maximum values approaching yield
in compression at the toes and heel. Rela-
tively high tension stresses are found near
the middle of each leg. Maximum residual
stresses in wide flange beams approach the
yield stress in compression at the flange
edges.

The large residual stresses created
during heat straightening have several im-
plications. First, if the member is a com-
pression element, the high residual stresses
are similar to welded built-up members.
Since U.S. codes use a singe column curve
concept, these members are all treated the
same and no capacity reduction should
assumed. Second, high tensile resi
stresses reduce the effectiveness of jackin
forces by effectively canceling ou
sive stresses in areas where exty
plied forces would cause them.

jacking force moment d
for the residual stres

cating patterns and
required to prevent this

effect.

Heat Straightening on
Material Properties of Steel

Research data (Avent, Mukai and Robinson,
2000) indicate that heat straightening affects
the mechanical properties of steel. Early
researchers used undamaged steel and a

small number of heats to conclude that
property changes after cooling were mini-
mal. However, tests on damaged and subse-
quently heat-straightened plates and beams
indicate that some property changes may be
of significance. The modulus of elasticity
may decrease by over 25% if@gome heated
regions.

Yield stress may ig
much as 20% in some case!
the vicinity of the ape
mens heated for v

ave been tested.
s had significant ef-

e long term effects of the heat
tening process on Yyield stress are
small but generally increase it.

Tensile strength also increases but at
only half the rate of yield stress. The ductil-
ity as measured by percent elongation typi-
cally decreases by one-third.

In general, the fatigue-crack initia-
tion threshold increases with tensile and
yield strengths, but tensile strength increases
in the heat-straightened plates were rela-
tively 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 the reduced stress redistribution
permitted by the ductility loss. Some reduc-
tion in the fatigue limit might occur as a re-
sult.

Similar to ductility, fracture tough-
ness (a value proportional to the energy con-
sumed during plastic deformation) may de-



crease as a material’s yield strength changes
during heat straightening. Research data
indicates that considerable variation may
occur in Charpy vee notch tests before and
after heat straightening. However, no clear
relationships have been established for first
time heat straightening repairs.

Most research on material properties
effects has been limited to strain ratios of
100 or less. This range of strain ratios in-
cludes a majority of typical bridge damage.
Of particular significance is that, within this
range, changes in mechanical properties af-
ter heat straightening are not a function of
degree of damage as measured by angle of
damage or strain ratio. However, for strain
ratios over 100, yield stress is directly pro-
portional and elongation is inversely propor-
tional to strain ratio. Thus, except for high
degree of damage areas, material properties
should not be the primary determining factor
when contemplating the use of heat straigh
ening.

An important issue is hoy
times a girder can be damaged
straightened. Changes in all t
propert1es become more caid

between yield and tensile
strengths decreases as the number of dam-
age/repair cycles increase. The ratio of
yield-to-tensile strength is around 68% for
undamaged steel. That ratio typically in-
creases to 78% after one damage/repair cy-
cle and to 88% after eight cycles. The elon-

gation after one or two damage/repair cy-

cles (31-32 percent) followed the trend of
results for a single repair with about a one-
third reduction. However, for four or eight
cycles the elongation and ductility are pro-
portlonally reduced as shown in Flgure 37.

ductility
becomes dar¥ S ific. How-
ever, the extre tered in the
repetitively

is probably

anges were usually ac-
o cycles. Thus, a condition
straighten once could usually
straightened twice. The changes
coflle significantly greater after four and
damage/repair cycles, respectively.
ese findings are further substantiated by
the fact that during one full-scale study
(Avent and Fadous, 1989), one girder exhib-
ited brittle behavior by cracking during a
heat in its fourth damage/repair cycle.
Based on this research, re-damaged mem-
bers at the same location should not be sub-
jected to heat straightening more than twice.
Connor, Kaufmann and Urban (2008)
reached the same conclusion in their full-
scale testing to evaluate fatigue and fracture
performance.

4.4 Limits on Jacking Force to
Minimize Risk of Fracture

The recommended maximum jacking force
is 50% of the member capacity as discussed
in Section 2.9. The basic concept is to keep
the stresses due to jacking below the yield
stress at the elevated temperature. For bend-
ing members the computation of capacity is



straight-forward and computed as the plastic
moment capacity, M,. While some small
zones of yielding may occur under the con-
ditions of jacking equal to 50% of M, the
majority of the cross section remains below
yield. However, when considering local
damage (Category L) or composite girders,
the computation of capacity is not well-
defined. For local damage the best way to
determine the capacity is experimentally
such as applying a jacking force in an un-
damaged low stress area until initial yielding
is reached. For composite girders, refer to
Avent and Mukai (1998) for computation
methods.

Little research has been conducted
on the effects of higher jacking forces.
Avent and Mukai (1998) conducted some
large scale repairs on damaged girders. One
case included using jacking forces produc-
ing moments greater than 50% M,. In this
case, the movements observed during he
straightening were excessive and indic

the lower flange of the composite
tured as shown in Figure 21. T

occurred on edge of the WCTgia
induce@ithe dam-
A, alsofeen ob-

pressed by the force wha
jacking force in-

age. Similar fract
the area that fractured.

Recent research by Sharma (2005)
has provided insight as to why such frac-
tures occur. A series of plates were bent
about their weak axes and heat straightened
using line heats. Jacking forces producing
plastic moments of 50, 70 and 90 percent of

capacity were used. As expected, the plate

movement during heat straightening was
directly proportional to the level of jacking
force. Material properties tests showed that
the level of jacking force had little effect on
yield stress, tensile strength, modulus of
elasticity, or ductility. Howe there were

paring material properties
placed in tension and

lower duc-
based on
dicate that the
ore brittle and thus
during repair with

compressed

more ljkel

lar

4.
tra

itson Maximum Damage

The body of research indicates that
cajd¥traightening can be used without sig-
cantly compromising the material for
strain ratios less than 100. Sharma (2005)
also conducted weak axis plate tests that in-
cluded damaged plates with strain ratios of
65, 150 and 200. He found the following
relationships: (1) plate movement during
heat straightening was inversely propor-
tional to the strain ratio, (2) the increase in
yield stress after heat straightening was di-
rectly proportional to the strain ratio, and (3)
ductility after repair was inversely propor-
tional to the strain ratio. This behavior indi-
cates that the likelihood of fracture during
heat straightening is directly proportional to
the strain ratio, particularly when the strain
ratio is greater than 100. Thus, the risk of
fracture increases with strain ratios greater
than 100.

4.6 Fatigue and Fracture Perform-
ance



Connor, Kaufmann and Urban (2008) con- load stress that would result in a fatigue
ducted the first major study on fatigue and failure.
fracture performance of heat-straightened
steel. Their full-size tests led to the conclu-
sion that damage and repair cycles did not
have a significant effect on fatigue life of
girders at stiffeners and cover plates. How-
ever, live load stresses may be magnified by
residual local damage (even within normal
tolerances) after heat straightening. They
recommend stress adjustment factors be ap-
plied to ensure that the residual damage will
not cause an unacceptable increase in live
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Figure 35. Yield stress versus number of damage/repair cycles for heat straightened beam
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5. HEAT STRAIGHTENING
OF FLAT PLATES

5.1 Introduction

The fundamental element of any structural
steel shape is the flat plate. Damage to
bridge structures involves combinations of
these plate elements, bent about their strong
and/or weak axes. Understanding the be-
havior of plates during heat straightening is
fundamental to the heat straightening proc-
ess.

Two studies (Roeder, 1986 and
Avent, et. al. 2000)) helped define the fac-
tors affecting heat straightening of plates.
As a result the following observations can
be made.

e 650°C (1,200°F) is a practical and safe
upper temperature limit for non-Q & T
steel.

e Changes in material properties are r
tively small when the temperature
mains below the phase transifg
perature  of
(1330°F).

of the damaged
completion of a

e Plastic strain during straightening occurs
primarily within the vee heat region.

e 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.

e Due to the difficulty in controlling the
many variables associated with heat
straightening, the magnitude of move-
ments for individual heats may vary
considerably.

e Plate thicilg th
cantly infli} ic

not signifi-
ations, pro-
plied to gener-
ysistent temperature

gstraints can significantly in-
ovements per vee heat with
ent being related to the re-
int force.

o e movement associated with each of
he initial heat cycles is often larger than
subsequent cycles due to internal re-
straints developed when a member is
damaged severely enough to require a
high number of cycles.

e Axial forces can be used as constraining
forces, but bending moments are usually
more efficient in producing movement.

e The influence of yield stress on plastic
rotation is small for mild steel having an
F, between 230-345 MPa (33-50 ksi).

5.2 Variables Affecting the Move-
ment of Heat-straightened Plates

5.2.1 Temperature

One of the most important and yet difficult
to control parameters of heat straightening is
the through-thickness temperature of the



heated metal. Factors affecting the tempera-
ture include: number and size of torch ori-
fices, temperature of the flame, speed of
torch movement, and thickness of the plate.
Studies have shown that knowledgeable
practitioners commonly misjudged the heat-
ing temperature by 55°C (100°F) and, in
some cases, as much as 110°C (200°F).
Thus, there is considerable variability in
temperature control, even with experienced
users.
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i wh he heat-

crements of 56°C
s establish a regular pro-

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; how-
ever, out-of-plane distortion becomes likely

and surface damage such as pitting will oc-
cur at 760-870°C (1400-1600°F).  Also,
temperatures in exceeding 700°C (1300°F)
may cause molecular composition changes
which could detrimentally change material
properties after cooling. The limiting tem-

straightening process can bq
temperature should bggalimi

m Pproximately proportional to the
le.

estraining Forces

The term "restraining forces" can refer to
externally applied forces, self weight 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.

The proper procedure for applying a re-
straining force is to create a moment tending
to compress the stretched area. The ratio of
the moment at the vee due to the jacking
force, M;, to the plastic moment, M, of the
cross section, is Mj/M,. This term is re-
ferred to as the jacking ratio. The effect of
jacking ratios ranging from zero to 50 per-
cent with four different vee angles are
shown in Figure. 39. It can be concluded
from this data that plastic rotation is gener-
ally proportional to the jacking ratio and the
proper use of external loads greatly expe-



dites the heat-straightening process.
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Figure 39. Influence of jacking ratio on average

plastic rotation for 650°C (1200°F) heating tem-

peratures (lines represent a least squares cur
fit).

In summary, parameters wh
an important influence on the p
tions produced by vee heats are:

evelopment

aches have been used to
develop ytical procedure for predict-
ing member response during a heat-
straightening of a plate damaged by bending
about the major axis. One approach in-
volves finite element/finite strip thermal and
stress analyses including inelastic behavior.
The stress and strain equilibrium is the

summation of small steps and considers the
influence of the non-uniform temperature
distribution. This approach is lengthy, is
only possible using computer techniques and
a typical analysis for a single vee heat can
require extensive set up and computer time.

can be used to predict the 4
rotation produced by a

anes after heating and rotate about
¢ apex of the vee; (4) confinement during
g is not perfect single axis along the
ongitudinal direction (i.e., some longitudi-
nal movement during heating is assumed):
(5) the permanent strains occur within the
inner two-thirds of the vee with an effective
vee angle of two-thirds the actual angle, (6)
the plastic rotation varies linearly with jack-
ing ratio, (7) perfect confinement is equiva-
lent to a 20 percent jacking ratio, (8) the
zero jacking force equals 60 percent of the
perfect confinement case and (9) the heating
temperature is 650°C (1200°F). The result-
ing formula for plastic rotation, ¢, (angle
change due to a single vee heat) with zero
jacking force is

¢:0.0147sin§ (Eq. 5.1)

where 0 is the vee angle. The jacking force
is incorporated by the introduction of a jack-



ing force factor

M .
F,=06+2— (Eq. 5.2)
P
and the plastic rotation is
@, = Fo (Eq. 5.3)

The formula compares well to the experi-
mental data and is the first simple formula
available that includes the parameters of
heating temperature of the steel and magni-
tude of restraining force (jacking force).
The form of this approach also lends itself to
the behavior of rolled shapes, axially loaded
members, and composite and non-composite
girders.

6. HEAT STRAIGHTENI
ROLLED SHAPES

6.1 Fundamental Damage

The process of heat straighigi

er results in dam-
bination of one or more
1 damage categories de-

To develop a methodology for heat
straightening complex damage on rolled
shapes, understanding the behavior of such
shapes when subjected to single fundamen-
tal types of damage is necessary. Focusing
on categories S and W, a distinction will be

made between a cross sections’s primary
elements and stiffening elements. The pri-
mary elements are the plate elements sub-
jected to bending about their local strong
axes. The stiffening elements are perpen-
dicular to the primary elements and bent
about their own local weak axg

shown in Figure 40, which
cally deformed about its ma
ing in Category S damas
channel, a plate ele

and stiffening plate ele-
ally, the primary plate ele-

in which the entire cross-section has
reac yield (Fy): Tensile yield in one re-
and compressive yield in the other.

The stiffening elements of a damaged rolled
shape may exhibit one of several conditions.
In the first, yielding does not occur because
the stiffening 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 stiffening element is lo-
cated near the extreme fibers of flexural
yielding (such as the flanges of the channel
shown in Figure 40). In this situation the
flanges yield due to axial stress (either ten-
sion or compression). In the third case, the
stiffening element is yielded in weak axis
bending in which a region of yield is formed
as shown in Figure 41. The results are a
narrow strip of flexural yielding often re-
ferred to as a yield line.



Prirmary
plate
element

Secondary
plate
elements

Figure 40. Primary and stiffening plate elements
for a channel bent about its major axis (Category
S damage).

With the various patterns of inelastic
deformation which occur in damaged rolle
or built-up shapes, the heating pattern
repair must be tailored to fit. While the
heat is generally used on primary g

stiffening elements may require a

line heat or no heat at all.

erably longer than
Considerable cgoling

tial he element
ish d movement due
to al restraints. A good

e the heating time is us-

In addition to the jacking force fac-
tor, the various combinations of plate ele-
ments found in structural steel shapes intro-
duces two other parameters that may affect
the member’s behavior during heat straight-
ening. The first is a shape factor and the

second is a stress factor. It is obvious that
the shape may influence behavior, but the
stress factor requires an explanation.

When jacking forces are applied
prior to heat straightening, the distribution
of stress over the heated section due to jack-
ing will vary according to th&
cross section and the restrai
As the torch moves over tl
steel temperature rises and
manner somewhat ag

Edge view

Figure 41. Weak axis bending resulting in a yield
line in the plate element.

One measure of this effect is the ra-
tio of plastic moment, M,, to the moment at
initial yield, My. 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 M,,
the degree of yielding during heating is of-
ten 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 mo-
ment due to jacking in the range of 35-50
percent of M,,, some localized yielding will
occur during heat straightening. The
amount, and consequently the degree of
straightening, will depend on the stress fac-
tor as a function of Z/S.

The model for predicting movement
during heat straightening is a modification
of the plate equation, Eq. 5.3. For mild
steel, the equation for plastic rotation of a
structural shape can be expressed as

(Dp = FZ Fs Fa¢b (Eq 61)

where F, is the factor associated with the

external jacking force, Fs is a factor reflect-
ing the shape of the cross section, F, is the
stress factor, and o, is the basic plastic rota-
tion factor derived for a rectangular plat

(see Eq. 5.3) and expressed as:

@, =0.0147 sing

The stress factor can be written as

M .
F, =1—2[1—(§)(§)] ’

F=06+2—" (Eq. 6.4)
p
The shape factor is
1 bd
Fo=1+—(—* Eq. 6.5
s APE ) (Eq. 6.5)

Where
bs = width of stiffening element;

ds = distance from apex of vee heat on pri-
mary member to intersection of stiffening
element; and

d = depth of the vee heated

ements (as-

quarters of this depth).
6.2 Composite Deck-Gi

Two primary para

straightening dgheating tem-
perature—havcole cussgl in previous
chapters. dditional pa-
rameters ha en shown to play a
central -straightening proc-

es, a second to the heating
and a third to the damage-
crn. A typical damage pattern is
in Figure 42. Typically, a lateral
force is applied to the lower flange
g heat-straightening repair. However,
the determination of the jacking ratio is
complicated for composite girders due to the
internal redundancy of the system. First,
when a lateral jacking force is applied to the
lower flange, only a portion of that force
produces a moment in the flange. Part of the
force follows a load path through the web
into the upper composite flange and is re-
sisted by the concrete deck. The determina-
tion of the actual moment in the lower dam-
aged flange is required to prevent over-
stress during jacking and to predict the ex-
pected movement. Second, the moment ca-
pacity due to a laterally applied load is also
influenced by the load path transfer making
it difficult to compute the plastic moment
capacity, M;.

The most effective combinations of
heating patterns and restraining forces are
ones that minimize any internal constraints



\-Yield Line

(b) Bottom Flange

Figure 42. Typical deformed shape and yield zon composite girders.

/concrefe deck

j

@ web line heat

@opfional strip

heat g
/\ lower flange yield zone
@flonge vee heat

web yield line

Figure 43. Heating patterns for composite girder.



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 Figure 43, the wide
flange can be analyzed in terms of its web
and bottom flange plate components as in-
teracting elements

Each has plastically deformed so at-
tempting to straighten the first component
independently of the second leads to the
second component acting as a negative con-
straining force rather than a positive one.

6.2.1 Factors Affecting Heat-
Straightening Behavior of Composite
Girders

6.2.1.1 Heat Patterns

The term “heat patterns” refers to the
combination and layout of vee heats, line
heats, and strip heats used to conduct the
heat-straightening repair. Conceptually, v
heats are used to repair plate elements
plastic bending about the major axjg
line heats are applied to repair
ments with flexural damage about
axis. Hence, a vee heat on th
in conjunction with a lipg
applied to their respecti
portions, are the pr
pair a composit bea

bottom ith plastic deformations.

In addition, a half-depth web strip
heat is usually required. The purpose of this
heat is to reduce the differential shortening
between web and flange. By heating the
web with a half-depth strip, the web can de-

form and relieve some of these stresses.
The strip heat tends to reduce the buckling
of the web near the center of damage.

6.2.1.2 Residual Moments

A characteristic of each damaged
girder is the presence of resiggal moments.
When damage is induced, the W@R acts as a
spring resisting the movemeg

stored energy, often 4 i
redundancy. Quring @ @at cycle, this
restoring forc® @¥ addiflonal jacking
force tending the girder.
Unless the ¢
the plastic rd b the first heat cycle
is m ial plastic rotation re-
lie erity of this stored force, so, it
doe nfluBiice successive heats. If the

rde ally indeterminate in the im-
irection, residual moments are also
creat@¥ during the damage phase. For either
this behavior should be considered
when developing a constraint plan. A re-
duced jacking force is recommended during
the first two heating cycles to minimize in-
ternal force effects and the possibility of
cracking.

6.2.1.3 Restraining Forces

The simplest way of providing restraining
forces is to allow the unheated portion of the
member to restrict thermal expansion by
suitable heat pattern locations. This is a
form of an internal constraint. Internal con-
straint may also be imposed by the self-
weight, axial loading, or static indetermi-
nacy of the member. Frequently, external
restraining forces are used to complement or
even negate the internal constraints to en-
hance the heat-straightening.



6.2.1.4 Stiffening Effect of Web

When a lateral restraining force is applied to
the damaged lower flange of a composite
girder, the purpose is to generate a restrain-
ing moment in the lower flange. Due to the
web interaction between the lower flange
and the completely restrained upper flange,
some of the applied force is transferred
through the web into the deck rather than
into the lower flange. For deep girders most
of the force goes into the lower flange.
However, for more shallow depths, an in-
creasing amount of the force does not go
into the lower flange. Only the fraction of
the total force that is directly carried by the
bottom flange provides external restraint to
the vee heat. Hence, a jacking ratio assum-
ing that the lower flange provides the total
resistance does not reflect 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 jacki
ratio using the actual bending moment trd
ferred to the bottom flange. This ratigeis th
effective jacking ratio.

6.2.2 Model for Heat-Straight
sponse

Avent and Mukai (1998
to determine the a
Pdistributed

to the lower fl S@hat which
is tr eb to the com-
pos, of the system in-
clu fect of the lower flange

Thus, only a portion of the moment gener-
ated by the jacking force (effective jacking
force) is actually distributed to the lower
flange.

The equation for the change in angle, ¢, due
to a single vee heat on the lower flange is

¢, =F.Fo, (Eq. 6.6)
Where
F, = (@t (Eq. 6.7
46
F,=0.6+2 M;
y =Y. 7/M_

p

t
y= d/—W(IS +2.75
10,000

9)

@, =0.0147sig (Eq. 6.10)
and d/t,, 1s Wik
Mj is ja C

dependently of the web
g force), and M, is the plas-

odeling Statically Indeterminate
with Intermediate Diaphragms

ctically all steel spans over roadways
have intermediate diaphragms. When the
lower flange is impacted, its behavior re-
sembles that of a beam continuous over sev-
eral supports with the diaphragms acting as
these supports, Figure 44a. The impact usu-
ally produces a plastic hinge mechanism as
shown in Figure 44b. The three plastic
hinges produce reverse curvature bending
and yield zones at the impact point and ad-
jacent supports a shown in Figure 44c. The
vee heat patterns are also shown in Figure
44c. Both the positive and negative curva-
ture sections should be heated either simul-
taneously or in quick succession so rotation
will occur at all three locations with reduced
restraint from adjacent plastic hinges. Con-
sequently, the model for the single span case
should provide a reasonable approximation
of this more complex situation. Important
considerations for composite girder repair



are the residual stresses induced during both
the damage and the repair phase.

Impact load

n % % & »
1 2 3

(a) Lower flange of a composite beam
modeled as a continuous beam

Plastic hinges

VARTEAN

5 2 7 %
1 2 3

(b) Plastic hinge mechanism after impact

Y S

1 2 3
(c) Plan view of lower flange reverse
curvature bending showing yield zone
and vee heat patterns (line heats
should be applied to all web yield
lines also)

Figure 44. Diaphram stiffened composite girdé

6.3 Trusses and Axially
Members

6.3.1 Introduction

The stress conditio
major role in its

fter the removal of live
ads produce significant
stresses. ry case in point is the truss
bridge. Typically, the dead load stresses on
such structures may range from 25-50 per-
cent of maximum service load stresses in
some members. It is thus necessary to ex-
amine the stress distribution of a structure
prior to initiating heat straightening.

For the beam shown in Figure 45,
dead loads produce bending about the minor
axis of the wide flange beam. The dead load
can have a neutral, positive or negative ef-
fect on repairs depending on the type of
damage. For example if the damage is a re-
sult of bending about the beanfls major axis

is in a region of nearly zero ¢
based on the original

dead loads),
working g
to overcome the dead

? @) the straightening will be re-
Q0T pog¥ibly be zero. If the damage

e movement after heat straightening
be enhanced by the dead load.

Section AA

Figure 45. Dead load conditions on a simply sup-
ported beam.



Deflection due

to damage

Figure 46. PA effect on an axially loaded column.

For columns and axially loaded
members, the P-A effect must be considered.
If an axially compressed member is dam-
aged by lateral loads as shown in Figure 46,
a moment is generated which is equal to P-
A. This moment is in the opposite directj
to the moment generated by a jacking fo
during the straightening process.
eral deflection is large, the mo

commended is to cancel out
this moment with the application of the lat-
eral jacking force. The jacking force should
be adjusted to impose the specified jacking
ratio plus inducing a moment to cancel out
the PA moment at the center of damage. For
each heating cycle the jacking force should

be reduced to compensate for the reduced
PA moment.

To generalize, for a simply sup-
ported beam-column with the damage at an
arbitrary location, the applied jacking force,
P,, is

11)

¢, tO create a
b location as

(Eq. 6.12)

= column length, a and b = distances
romMend supports to the applied jacking

and R, = the jacking ratio, M/M,. Pec
is the additional jacking force required to

cancel the eccentric moment due to the axial
load, P, or

o _ (P4

-2 Eq. 6.13
© = b (Eq )

Test results (Avent and Mukai,
1998) indicate that heat straightening can be
successfully applied to axially loaded com-
pression members. The results are plotted in
Figure 47. Also shown is the theoretical
curve for the beam without axial load based
on the same parameters. The plastic rota-
tions varied linearly with the jacking ratio,
but they tended to be smaller than those pre-
dicted for the same beam without axial
compression (Eq. 6.1). The axial force re-
duces the expected values compared to those



without axial loads. Similar behavior was
found for axially loaded compression mem-
bers with Category S damage plastic rota-
tions.

In summary, heat straightening is effective
for axially loaded columns using the same
patterns as for cases without axial compres-
sive loads. The movements after heating
will tend to be smaller than with zero axial
loads on the same member. The jacking
forces used should include, as a minimum, a
component producing a moment at the dam-
aged section equal and opposite to the mo-
ment produced by the axial compressive
force acting through the deflection at the
damaged section.

7. HEAT-STRAIGHTENIN
REPAIR OF LOCALIZ
DAMAGE

7.1 Damage Classification

tic strain occurring
of impact. It includes
s or crimps in single ele-

frequently encountered patterns can be cate-
gorized as flange bulges and web buckles as
shown in Figure 48. Flange bulges are asso-
ciated with local damage to unstiffened
cross section elements such as a flange of a
girder. Web buckles are associated with lo-

allowable’ ‘

of allowable

Plastic Rotation (milliradians)

A

or Categog
03

Figure versus jacking ratio for
axia 2 W column.

age to stiffened cross section ele-
eni@such as the web of a girder. All are
fied as Category L damage, but two
sub-classifications will be used: Category
L/U for local damage to unstiffened ele-
ments, and Category L/S for damage to stiff-
ened elements.

The focus of past heat-straightening
research has been on various aspects of re-
pairing global damage, but localized damage
usually occurs concurrently with global
damage. Yet, little published information
has been available on heat straightening lo-
cal damage. As a result, localized damage is
often repaired improperly by various combi-
nations of cold mechanical straightening and
hot mechanical straightening, as well as heat
straightening.

Local damage patterns display com-
mon characteristics: large plastic strains



(usually tensile) in the damaged zone, and
bending of plate elements about their weak
axes. 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 damage repair have shown that
vee heated regions shorten significantly dur-
ing 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.

Far bulge
L_zzz

1
I._A Section AA’

Elevation

(a) Flange Bulge

L—A
Elevation

(b) Web Bulge

This type of damage was observed during a
heat-straightening project executed on the
Mississippi River Bridge at Greenville,

Mississippi.
through tru
ing vehicle.

in ¢ e impact on a plate element
edge such as a flange of a

attern.  Often, distinct yield lines
0 well as some zones of flexural yield-
here curvature is highest. The im-
pacted side of the damaged flange will be
referred to as the near side (N). The non-
impacted side of the same flange will also
typically incur damage. This damage on the
far side (F) of the flange has a geometry
similar to N, but usually of lower magni-
tude. The damaged flange typically under-
goes rotation about a clearly defined yield-
line near the rolled fillet of the web (depth
“k” in AISC diagrams). The impacted side
(N) of the flange usually deforms in a folded
plate pattern, as shown deforming toward
the web in Figure 50b. The deformation
usually results in strains significantly higher
than



Yield IinssN T:
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Far side (F)

[c Near side (N)

(a) Top view of damaged flange

F side yield line

(b) Section through damaged zone

12 3

Yield lines
Ién
T
I
(c) Edge view of flange on Side N

Yield lines

define the edges of the
e 50c). In some cases,

deformation pattern may be one of a flexural
yield surfaces rather than a series of yield
lines. These surfaces result from plate ele-
ment flexure and tend to spread over the sur-
face as the degree of damage increases.
Such zones will be referred to here as yield
surfaces. The other half of the same flange

usually deforms in a similar pattern in the
opposite direction, even if not directly im-
pacted. The pattern, fig. 50d, tends to have
smaller deformations, thus 8, > 6¢. Because
the web is thinner than the flange, a yield
line often forms in the web near the fillet.
The section shown in Figure €8b illustrates
this behavior.
flange/web juncture remains giie
angle. The yield line form
fillet allows this tee to rgta

Wtlange is Oy +0,.
pge (side F) tends to
cond flange yield line
side fillet. The angle
yield line is ¢ and the rota-
flange is Oy - Or. The identifi-
ese yield lines is important in the
rocedure.

eat Straightening Procedures
for Unstiffened Local Damage

The specific heating pattern depends on the
details of the damage geometry. The typical
damaged cross section is shown in Figure
50a. There are three components of rota-
tion: (1) the web/flange juncture, which re-
mains at right angles, and has a rotation 0
resulting from rotation about the web yield
line; (2) the near side flange, N, which has a
maximum rotation 0,, resulting from addi-
tional rotation about the flange yield line;
and (3) the far side flange, which has a re-
duced rotation, 6,, - Of, resulting from the
resistance of flange F to rotation caused by
forces applied to flange N. The heat-
ing/jacking pattern to straighten this damage
will depend on how the geometry changes as
heat straightening progresses. The follow-
ing steps outline a typical procedure. How-



ever, because there are so many possible
damage shapes, exact procedures cannot be
established.

7.2.1 Phase I. —Initial Heating Patterns
and Jacking Locations

This phase is most effective with jacking
forces on both the near and far sides of the
flange. However, it can be conducted with
jacking only on the near (impacted) side.
The specific steps are:

7.2.1.1 Restraining forces

Place jacking forces on both the near and far
sides of the damaged flange in the direction
tending to restore the flange to its original
condition. As shown in Figure 51a, a con-
venient arrangement on the near side is to
place a jack, P, between the top and bottom
flange. The far side jack, Py requires a
clamping type force which is often more dif-
ficult to arrange in field applications. If the
clamping force cannot be anchored from t
opposite flange, a spreader beam arra

ment can be used, as shown in Figure 51
to anchor the reaction to the str
tions of the far side flange. An al
to only jack from the near gjide.

fort. The vees should be
f depth and applied to
and far sides of the flange to
eliminate global curving of the member.
The vee should be narrow with an angle of
20° or less and the open end of the vees
should be at the flange tips. It is best to
place the vee heats in regions where no line
heats are required. No more than two vees

should be used (preferably only one) in one
heating

73

%
I

(c) Geometery if Or=0w

—

(d) Spreader beam arrangement
for applying clamping force
to far side bulge

Figure 51. Arrangement of restraining forces dur-
ing various stages of repair.

cycle. The location should be shifted with
each heating cycle so the same location is
not re-heated for at least three cycles. A
typical arrangement is shown in Figure 52b.

7.2.1.3 Line heats

All flange yield lines should be heated (on
the convex surface (if practical) after any
vee heats used. A typical pattern is shown
in Figure 52a. In yield surfaces of continu-
ous plastic strain such as often occurs in re-
gions such as ABC in Figure 52a, line heats
should be spaced over the section at a spac-



ing of approximately byg4 where br is the
flange width. Similarly, line heats may also
be used instead of vee heats on section
BCDE. The order of heating the yield lines
tends to have a minor impact although it is
good practice to heat the ones at the largest
damage locations first. It is also recom-
mended to heat the near side lines prior to
the far side.

7.2.1.4 Web line heat

The web yield line should be heated last. It
is typically located at the fillet as shown in
Figure 52c.

7.2.2 Phase II. Heating/Jacking Pattern if
0,=00r0; =0

These four steps complete the cycle.
The cycle should be repeated until the
flange is straightened within specific toler-
ances. Quite often phase I can be used to
nearly straighten the section. However, the
progress of the movement should be o
served to insure that over-straightening
not take place on either side of the flapge.

then 0, or Of may become zero p
This situation is shown joo Fi

3 for line heats.
seven lines (Figure

heating. The pattern should be changed.

A B D
1\2 |3 5| 6/7
L ot S

(a) Typical flange line heat pattern

1-2 varied
over this
region

(b) Veegheat pdiiferns

J eb lin t 2

(¢) line heat pattern

gurf®2. Arrangement of vee and line heats.

ituation is depicted in Figure 51c. The
modification is to reverse the direction of
the far side jacking force while continuing
the phase I patterns including lines. The
force Py will prevent over-straightening
while allowing the near flange and web to
continue corrective movement.

7.2.4 Flange Damage in Opposite Direc-
tion

If the damage is reversed, i.e., side N is
pushed away from the opposite flange in-
stead of toward it, the direction of the re-
straining forces should be reversed. The
heating patterns are similar to those previ-
ously described.

Localized damage to unstiffened ele-
ments can have a wide variety of geome-
tries, so the cases shown establish both the
pattern and principals upon which heat
straightening can be based. Judgment is



needed to apply this methodology for spe-
cific cases.

7.3. Heat straightening Procedures
for Stiffened Elements

Select the heating patterns for dam-
aged stiffened elements based on an evalua-
tion of the total situation. Treating the re-
gions of sharpest curvature with combina-
tions of lines and/or narrow vees is the most
effective approach, heating only in the re-
gions with plastic curvature. As straighten-
ing progresses, regions should become
smaller. The following line heat methodol-
ogy is recommended for bulges in stiffened
elements. A star vee pattern is sometimes
used but has been found to be less effective.

7.3.1 Initial Heating Pattern

The typical bulge will have reverse curva-
ture bending as shown in Figure 53. The
crown region should be heated first with the
torch on the convex side. As movem
progresses, the heating patterns can be

panded into the reverse curvaturcemegi

The initial heating patterns should
radial and ring line heats Qs

ively uniform, equally
spaced rings be used, but a ring heat
should red at each location where
sharp changes in curvature occur.

Heat the outer ring of the crown re-
gion (solid lines) on the convex side first
and work inward. After the rings are heated,
the radial lines in the crown region should
be heated. Again, work from the outside in

but do not run the radial lines inside the
last ring. Continue this pattern cyclically
until the crown region begins to flatten. Al-
low the steel to completely cool between
heating cycles.

Jacks are typically placed at the

around jacks and to avoid he er to
the jacks which may damage

grse curvature regions
bulge

(b) Ring and line heating
patterns

Figure 53. Curvature and line heating patterns for
category L/S damage

7.3.2 Final Heating Pattern

As the crown section flattens, the heating
pattern should be expanded into the reverse
curvature regions as shown by the dashed
lines. The ring heats should be spaced as



described in 7.3.1 and the radial heats ex-
tended as shown by dashed lines in Figure
53b. Rings may be repetitively heated or
shifted, depending on the degree of plastic
curvature. The steel should completely cool
before the next heating cycle begins.

7.4 Determination of Jacking

Forces

Since there is no direct equivalent to plastic
moment for this type of plate element, Ca-
pacity should be taken as the load at initial
yielding. Jacking forces should not produce
stresses greater than 50% of yield. How-
ever, the determination of these stresses for
local damage is quite difficult to determine
analytically. One way to determine the
jacking force that produces yield is experi-
mentally. One approach is to select an area
of low stress due to live loading and jack in
this area until small permanent deformations
are observed. This procedure will define th
yield jacking force without significant d
age to the member. One-half of this va

in the damaged zone. Otherwig@®
forces must be estimated and jud§

ts. Straightening local
done in stages in which

both jacking forces and heating patterns are

varied in response to the progression of
movements. As a general rule, apply heat to
the convex side of the surface. For shallow
configurations without sharp changes in
slope, the jacking force may be greatly re-
lieved during the cooling cycl@To increase

be maintained at the origi
level during cooling but,
above that value. If jack

ing patterns p damage and mem-
ber ¢ i ¢ principles discussed
int provide a guide but judgment

is n for @dividual applications.

ond area requiring judgment
to degree of damage. For plate ele-
ment@bent about their weak axis, the strain
(e/ey) may well exceed 100, often con-
sidered the upper limit for heat straightening
repairs. However, local damage often oc-
curs at locations where design live and dead
load stresses are not large, such as secon-
dary bracing members. In such cases, the
repair of large strain cases might be under-
taken for Category L damage which would
not be considered for Categories S, W, or T.
In all cases engineering judgment is re-
quired.



APPENDIX 1

SPECIFICATIONS FOR THE SELECTION OF CONTRACTORS
AND THE CONDUCT OF HEAT-STRAIGHTENING REPAIRS

This Appendix contains suggested
specifications for contractor selection and
the conduct of heat-straightening repairs.
The criteria presented here are guidelines
only. The Engineer should select the criteria
appropriate for the structure’s anticipated
use, the complexity of the project and to en-
sure contractor competency..

A1l Selection of Contractor (or the
Contractor’s field supervisor)

The selection of a contractor shall be based
on one or more of the following criteria: ex-
perience, training, certification, and educa-
tional background. If there is neither a certi-
fication nor established training progra
currently available, experience and ed
tional background shall be the prlmary cri
ria for selecting a heat-straighteng
tractor. Typical experience criteri

have at least
conducting heat-straig
damaged steel stru
ceding three year

ocation, bridge owner,
f members straightened,

The years of experience and number
of projects conducted can be varied at the
Engineer’s discretion. Factors which may
influence this decision include: criticality of
damaged members, urgency of repairs, traf-
fic volume and need to maintain traffic,

complexity of damage, degreg of damage,
accessibility, climatic conditio
of the project.

Educational backgro
training may be con51de .

may also be
cational background

or (or the contractor’s
) shall have a baccalaureate
n accredited program in one
ing engineering disciplines and
apicensed professional engineer quali-
practice in one of the following disci-
plines: structural, metallurgical, mechani-
cal, or welding engineering.

The Engineer may require evidence
of qualifications for the technicians involved
in the conduct of the heat applications.
These qualifications may include evidence
of similar, prior work on equivalent struc-
tures, documented training in heat straight-
ening, and the ability to explain performance
of their duties.

For additional quality control, the
following technical specifications apply to
the conduct of the project.

A2 Technical Specifications for the
Conduct of Heat-Straightening Re-
pairs

The following technical specifica-

tions are suggested for incorporation into
repair contracts. The Engineer should use



judgment in selecting the criteria that best
fits the specific damage situation. These are
only partial guide specifications focusing on
the heat straightening aspects of bridge re-
pair.  Specifications on general areas of
bridge repair such as traffic control,
worker/public safety, permitted hours of op-
eration, documentation of final geometry,
etc., should be included by the owner

1. Equipment

1.1 Heating shall be with an oxygen-fuel
combination. The fuel may be propane,
acetylene or other similar fuel as may be
selected by the contractor, subjected to the
Engineer’s approval.

1.2 Heat application shall be by single
or multiple orifice tips only. The size of the
tip shall be proportional to the thickness of
the heated material. As a guide, the tip sizes
shown in table A2 are recommended. No
cutting torch heads are permitted.

1.3 Jacks, come-alongs or other force
application devices shall be gauged and
calibrated so that the force exerted by the
device may be controlled and measured.
No external force shall be applied to the
structure by the contractor unless it is meas-
ured.

2. Damage Assessment

2.1 Suspected areas of cr
called to the attention of th
shall be inspected by
lowing methg

gnt examination
ASTM E165 (1994 or

agnetic-Particle testing as
escribed in ASTM E709
(1994 or latest edition).

ces for Heat Straightening Repair.

tcommended Minimum Tolerance'”

English (in)

SI (mm)

Y in over 20 ft
3% in over 20 ft

13 mm over 6 meters

19 mm over 6 meters

d/100 but not less than % in

d/100 but not less than
6 mm

ange Deviations

b/100 but not less than % in | b/100 but not less than

6 mm

'Units of member depth, d, and flange width, b, are inches and millimeters, re-

spectively, for English and SI units

*Tolerances for curved or cambered members should account for the original

shape of the member




Table A2. Recommended torch tips for various material thicknesses.

Steel Thickness (in) Orifice Type Size
<Y Single 3
3/8 Single 4
2 Single 5
5/8 Single 7
a Single 8
1 Single 8

Rosebud 3
2 Single

Rosebud
3 Rosebud
>4 Rosebud

2.1.4 Ultrasonic examination as
described in section 6, part C of th
ANSI/AASHTO/AWS Bridge Weldj
Code D1.5, American Welding So

2.1.5 Radiographic exa
described in section 6, parg@

shall identify and docu-
s, yield lines and associ-
provide this information to
the Engineer prior to initiation of heat
straightening by either visual inspection or
measurements.

2.4 Steel with strains up to 100 times the
yield strain may be repaired by heat
straightening. For strains greater than this

mit, gineer shall determine if heat

tening may be used.

Cracks and/or strains exceeding 100

s the yield strain, or other serious de-

fects may require changes in the scope of

the contract which shall be negotiated be-
tween the Engineer and the contractor.

3. Heat Application

3.1 The temperature of the steel during
heat straightening shall not exceed the fol-
lowing:

3.1.1 650<C (1,200 F) for Carbon
Steels.

3.1.2 620C (1,100F) for A514
and A709 (grades 100 and 100W)
steels.

3.1.3 565C (1,060F) for A709
grade 70W steel.

3.2 The Contractor shall use one or
more of the following methods for routine,



ongoing, documented temperature verifica-
tion during heat straightening:

3.2.1 Temperature sensitive cray-
ons

3.2.2 Pyrometer

3.2.3 Infrared non-contact ther-
mometer

3.3 Material should be heated in a single
pass following the specified pattern and al-
lowed to cool to below 120 € (250 F) prior
to re-heating.

3.4 Heating patterns and sequences
shall be selected to match the type of dam-
age and cross section shape.

3.5 Vee heats shall be shifted over the
yield zone on successive heating cycles.

3.6 Simultaneous vee heats may be used
provided that the clear spacing between
vees is greater than the width of the plate
element

3.7 Repair of previously h
straightened members in the same rgags
damage may be conducted once
repairs are not recommended
proved by the Engineer.

4. Application of Jgg

are relieved as strai
cooling.

imum bending moment
zone shall be less than

the member or major bend-
ing element. For local damage, the
jacking force shall be limited to 50
percent of initial yield of the ele-
ment.

4.2.2 The jacking force shall be ad-

justed so that the sum of jacking-
induced moments and estimated re-
sidual moments shall be less than 50
percent of the plastic moment capac-
ity of the member. As an alternative
to considering residual moments, the
moment due to jacking{
limited to 25 percent of
moment capacity of the

pbe submitted to the En-
pptance before beginning re-

e submitted to the Engineer. The
Xlum jacking force may be controlled
asuring the deflection resulting from
Jacking force. The deflection limitation
can be computed by one of the following
methods.

4.4 The calibration of jacks and elec-
tronic temperature monitoring equipment
shall be performed and documented
monthly, and load cells used for calibration
must be certified within a two year period.

5. Field Supervision of Repair

5.1 Jacking forces shall be monitored to
insure that limits are not exceeded.

5.2 Heating patterns shall be approved
by the Engineer.

5.3 Heating temperatures shall be rou-
tinely monitored to insure compliance with
specified limits.

6. Tolerances

6.1 The dimensions of heat-straightened
structural members shall conform to the tol-
erances specified in table Al except as noted



below.

6.2 Tolerance limits may be relaxed at
the discretion of the Engineer, based on one
or more or the following considerations:

(@ Type and location of damage in the
member.

(b)

(©)
(d)

Time considerations resulting from
the nature of traffic congestion dur-
ing the repair operation.

Cost of repair.

Degree of restoration required to
restore structural integalty.




APPENDIX II. NOMENCLATURE

Dimensional constants

Flange width

Width of stiffening element
Temperature in degrees Celsius

Chord length across the yield zone
of a curved beam

Depth of wide flange beam or pri-
mary plate element

Distance between the vee apex
edge of the primary plate element
and the stiffening element

Depth of vee in flat plate
Modulus of elasticity

Axial stress in a compression
member due to live and dead loads

Stress factor for calculating pla;
rotation in rolled shapes

Jacking load factor

Shape factor for calcul

1c moment capacity of a
member

Residual moment
Moment at initial yield

Number of single vee heats
required to remove a specified

amount of damage

P = Axial load in compression mem-
ber

P, = Total jacking force Tqg@an axially
loaded member

Pe. = Additional jacking
to cancel ec i
to axial lo

P; =

P, P¢ r and far side

aged flange

ing ratio M; /M |

y = Radius of curvature at initial yield

= Section modulus

T = Heating temperature

tw = Web thickness

A% = Width at open end of vee

W = Primary plate element width

Yo = Initial out-of-straightness of

compression member

Vi = Measured offsets at point r

ymax = Distance from centroid to extreme
fiber

V4 = Plastic section modulus

o = Coefficient of thermal expansion

Or, 0n = Deflection of locally damaged
flange on far and near side,
respectively

Omax = Maximum deflection of laterally

loaded beam



A = Lateral deflection of loaded 0Oqd
member
@p
€ = Actual strain
€e = Elastic strain at open end of vee
0
€max = Actual strain at extreme fiber of O
member
&y = Strain at initial yield of material 0
n
Y = Distribution factor for heated
composite beam o
w
1) = Ratio of maximum strain to yield
strain, E€max/€y
()8 = Basic plate rotation factor
Q¢ = Plastic rotation of composite girder
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