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ABSTRACT

This report summarizes a three-year research effort related to the
study of heat-straightening repair for damaged steel bridge girders,
Three major areas were emphasized: laboratory behavior of heat-
straightened plates and rolled shapes, experimental behavior of proto-
type damaged bridge girders during heat straightening, and the develop-
ment of analytical models to predict the response of heat-straightened
members, 1In addition, a comprehensive literature review is presented in
the format of current facts and fables about heat straightening.

During the laboratory investigation of flat plates, a number of
parameters were studied, including: vee angle, depth of vee, heating
temperature, plate thickness, and jacking forces. The most important
parameters were vee angle, temperature, and jacking force. After
documentation of the experimental behavior of plates, an analyticalé
model was derived. This model was reduced to a simple equation which
for the first time included the effects of jacking forces along with the
other parameters. In a similar fashion, a laboratory study of rolled
sections was conducted. This study showed that the heat-straightening
effect was a function of the cross section shape~-a factor heretofore
unreported in the literature. Because of thig discovery, additional
testing is needed to more fully document this behavior. It appears that
rolled shapes can be grouped into three basic modes of behavior
depending on the shape and location of the vee. A preliminary analy-
tical model was developed in the form of a simple equation, While the
results agreed well with the experimental behavior, additional testing

is needed over a wider range of cross sections.



F*

The kﬁowledge gained through this study was used to field
straighten damaged prototype girders. TFour 20-foot long girders were
straightened. Various heating configurations were studied along with
the interaction of indeterminate behavior associated with composite
girder/deck systems. These field studies showed the importance of
understanding and controlling the jacking constraints used to expedite
the process. This study has provided a significant increase in the
understanding of the behavior of damaged steel during the heat- A
straightening process., Although additiomal research is mneeded, the

method can safely be used on moderately damaged girders, even if they

have been previously heat straightened.

vi



IMPLEMENTATION STATEMENT

a5

The results of this report illustrate the practicality of using
heat straightening in bridge repair. The methodology described is
applicable to the repair of damaged steel girders on overpasses and
elements on bridge trusses., Since research is continuing, full

implementation is not yet appropriate.
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1. INTRODUCTION

BACKGROUND

Damage caused by vehicle impact, mishandling, or fire is a
perennial problem associated with structural steel bridge members. For
almost half a century, heat-straightening techniques have been applied
to bends and distortions in order to restore the original shape of steel
elements, A few craftsmen, who have years of experience with heat
straightening, perform the technique in the field with varying degrees
of success. Some of these experts have mastered heat straightening, but
the process is still considered more of an art than a science.

The ability to repair bent structural steel members in place, often
without even the need for temporary shoring, has generated interest in
heat straightening from the engineering profession. In recent years,
engineers have begun to study the effects of heat applications on steel,
However, much of the available research data is obscure, with contra-
dictory remarks found in different publicationms. As a result, engineers
faced with the dilemma of choosing the appropriate and most efficient
method to repair a damaged steel structure have little organized and
reliable data or information upon which to base their decisions. These
engineers must rely primarily on their own judgment and the advice of
experienced technicians. Two key issues must be addressed: Do
heat-straightening repair procedures exist which do not compromise the
structural integrity of the steel? And if so, how can such repairs be
engineered to ensure adequate safety of the repaired structure both

during and after repair? The primary goal of this research project is




o

of heat-straightening techniques and developing engineering analysis ani

o answer these two questions by experimentally evaluating the aspect

&

design peocedures for general applications. The project was initiatedf

Development (LADOTD), and the Federsal Highway Administration (FHWA).
The project was divided into four phases: (1) laboratory evaluation
initial analytical development; (2) field evaluation and refinement of
the analytical model; (3) final field evaluation and development of a
interactive computer model; and (4) documentation and training. This

report is the final project report for the three-year study. In

several interim reports (6,7,8), new data from both the experimental a
analytical phases is included. Through a synthesis of both previous &

current research, this report provides a guide for the design of

heat-straightening repairs.

OBJECTIVES

The specific objectives of this study can be summarized as

follows:

1. Through a comprehensive literature review, define the
state of the art as it relates to engineering applications of
heat straightening.

2. Conduct an experimental program of heatustraightening plates

and rolled shapes so that all important engineering parameters i

are defined and quantified.



3.

4.

Extend the experimental investigation to include field testing

*of the b;haviof éf bridge girders during heat straightening,
Develop analytical models which can be used by the engineering
profession to predict the behavior of damaged bridge elements
during heat straightening.

Develop an engineering guide for heat-straightening repair of

bridges.

SCOPE OF THE INVESTIGATION

The nature of research is exploratory, which means that direction

and emphasis can change as new discoveries or patterns of behavior are

uncovered, During the course of this project, that has certainly been

the case,

For example, after a cursory literature review, it would

appear that the state of the art could be summarized as follows:

L.

The basic mechanisms of heat straightening were well under-
stood,

Fundamental parameters had been identified.

Vee heat behavior was fairly well-documented for simple plate
elements,

The effect of heat straightening on material properties had
been verified for a wide range of steels.

Actual field studies had verified basic behavior.

Practical applications depended primarily on the skill and
knowledge of the practitioner as opposed to rigorous

engineering analysis.




The#origigal research plan was based on these premises with tha

goal of supplementing laboratory studies and developing engineered

procedures for field applications. However, as the research Progresgg

it became apparent that these original assumptions were too broad.
First, the basic mechanism of heat straightening was not well-understy
in that the effects of both external restraints (jacking) and internal
restraints (redundancy) were considered to be of minor concern rather .
than fundamental to the broad application of the process. Second, ag
result of not identifying the importance of this parameter, there has -

been little documentation on the behavior of vee-heated plates subjeét;f

to varying degrees of constraint and even less on rolled shapes. Thi:é

while a fair amount of research indicated that most material propertieé
are unaffected by heat straightening, two important aspects have been:
overlooked: the influence of strain aging on ductility and residual
stress distribution. Finally, the research information available was
predicated almost entirely on laboratory studies of simple elements.
The reported field investigations were qualitative rather than quanti-
tative and thus could not serve as a building block for this research.
Because of these voids in heat-straightening research, it was indeed
true that the artisan practicing the trade was much more important than
the engineer. The goal of this project was to develop guidelines to
enable the engineer to assess the need for and direct the application o
heat-straightening repairs.
This report is organized into chapters addressing the basic

objectives. Chapter 2 forms a comprehensive literature review which

compares misconceptions about heat straightening to documented facts.

Since the basic cross section element of most steel structures is the

T



flat plate, Chapter 3 addresses the behavior of plates subjected to heat
straightening. An_&xperimental evaluation of factors influencing

heat straightening is given, along with an analytical model for des-
cribing this behavior. The behavior of rolled shapes, including
experimental and analytical findings, is covered in Chapter 4.

Chapter 5 describes the results of field tests on simulated prototype
bridge girders. Chapter 6 provides a preliminary guide to engineers for
implementing heat-straightening repairs. Chapter 7 presents conclusions

and recommendations from the investigation.




. L 2, SEPARATING FACT AND FABLE
INTRODUCTION
The structural behavior of steel systems repaired by heat

straightening is not well understood by the engineering profession,

4 consequence, most repair work of this type is not engineered, but

rather left in the hands of a specialized contractor. Because of th
lack of information, some engineers have tended to avoid the use of

heat-straightening Tepair. While engineering research on the subjee

not been readily available to the profession. This fact, combined wi

a lack of synthesis of available information, has led to speculation

straightening process. The purpose of this chapter is to synthesize
available knowledge into a state~of-the-art report on heat straighten E
The format used will be to give some of the more common fables that h
arisen and then provide the documented facts related to each one, On
of the most basic fables relates to the concept itself,

Fable.~—Heat straightening of steel is a myth. The only way to
straighten damaged steel is by cold or hot mechanical straightening.

Fact.,--Heat straightening of steel can be traced in the literatur
to 1938, when Holt (31) wrote whaf appears to be the first paper des-

cribing heat-straightening procedures. A number of papers have follow

tions (20,22,30,32,33,37,44,46,55). The concept is based on using caren




fully controlled and applied heat without the use of an active force
{although ﬁ;ssive'réstraining forces are often used).

The basic element of steel construction is the flat plate. Rolled
or built-up members consist of plate elements assembled to ohtain an
advantageous shape. Expertise in heat straightening therefore requires
a thorough understanding of the behavior of plates during the heating
and cooling process. There are two basic types of distortion generally
associated with plates: bends about the strong axis, which are usually
straightened with vee heats, and bends or bulges about the weak axis,
which are usually straightened with line or spot heats. The large
majority of damage encountered in practice consists of plate elements in
structures bent about their strong axis. Thus, the vee heat can be con-
sidered the fundamental heat pattern associated with heat straightening.
As shown in Figure 1, the heat is applied with a torch to a vee shape
area, starting at the apex and progressing across the vee in a
serpentine motion. The series of sketches in Figure 1 was generated
from a comprehensive elasto-plastic, thermal and finite element analysis
(gi). The amplitudes of movement have been magnified for illustrative
purposes and a full-depth vee heat is used. As the apex of the vee is
heated, expansion occcurs, producing the hump at the apex and a slight
downward movement at the free end (Figure la). As heating continues,
this expansion increases to produce a larger hump and more downward
deflection. The cool portion ahead of the torch impedes the longi-
tudinal expansion and also results in a plastie thickening of the
material in the heated region. As the torch moves into the lower half
of the plate, the hump begins to protrude from both top and bottom and

the downward deflection trend is reversed (Figure 1b). At some point,




ML SIS

VISV IIIININ Y,

( b.'i-

Ll LS L

{c)

’

VIS EIN IS T4

(d)

Figure 1.

Stages of plate deformation as a vee heat applied
to an initially straight plate (deformations are
magnified for illustration purposes,
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the plate will return to its original undeformed position, with only the
top and bottom”bulgesuﬁi;s plaée-thickening. As the torch nears the
open side of the vee, the deflection becomes upward due to the expansion
in the torch area (Figure lc). This process continues until a short
time after the torch 1s removed and the deflection reaches its maximum
upward point. As cooling proceeds, the contraction on the open side of
the vee creates downward movement again, until at some point, the plate
is again in its origimal position with a bulge on the top and bottom,
The latter stages of cooling produce a final downward deflection along
with a slight bulge (Figure 1d). The angle of the vee will thus tend to
close more than it originally opened, since some plastic flow has taken
place during the expansion phase and there is little restraint to
longitudinal contraction during cooling. The net result is a small but
sharp change in the angle of the vee when the process is complete. The
hump at top and bottom is quite small compared to the angle change and
can be neglected. In addition, a net shortening of the member will
occur, although this effect can be minimized by using a vee heat pattern
which is less than the full depth of the member (22). Of course, if the
member is already bent, the distortion can be removed by applying the
vee heat to oppose the initial deformation: hence the idea of heat
straightening. By judiciously applying vee heats to damaged members,
curvature due to damage can be removed. Because the net change in
curvature after one heating sequence is small, cycles of heating and
cooling are often required to correct serious damage, A similar
approach can be used on various rolled shapes or built-up members. For
large or irregular initial bends, the heating can be done successively

at a number of locations along the length of the member. While simple




‘in*principle, the wide variety of Structural shapes, damage, and

structural configurations likely to be encountered in pract

Py

difficult to establish guidelines,

even further,

STRESS~STRAIN CHARACTERISTICS

Fact.--One of the most fundamental aspects of heat straighteni

the thermal expansion behavior of steel,

Fable,=~The modulus of elasticity for steel ig Permanently alter

after heat straightening.

Fact.,-~The modulus of elasticity doeg decrease with increasing
temperature. Ag 1400°F the modulus for steel typicallv danva
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one~third of ifg value at room temperature. The Variation ip medulus {ig

plotted in Figure 3 fop typical ecarbon Steels. Only two investigators

By



MODULUS DF ELASTICITY - KSI

35

30

25

20

15

10

AN
AN
—
‘::::::§§§£E;?Th\\\\‘\\\\
N T
\\
< =S
~
~
\\ .
\‘
N
\\‘k
AN
N\
B
~
Y
Ref. 2 X
N
Ref. 10 - __ __ . N
AN
Ref. 15
Aaf. 18 —
Ref. 23 - — —
200 400 G800 800 1000 1200

TEMPERATURE - °F

Figure 3. Modulus of elasticity vs. temperature,

1400




g

afrena: zo

iisie e o1 0DET
4581 " FT9yw - - 1FE S 003
o1°1 JFT=ys iaddn - - - - 134 (1A} 008
001 J1ays xaddn — - —— - youanb < 0OTT
zo° 1 JT?Ys 1a3ddn -- - — - e Z/1 00Tt
62°T J1?4ys 1addn £0°T £0° T 011 - youanb S 00T
LASN 3T8ys 13ddn 86°0 L6°0 Lt ~--= 18 g 00EY
L 60°1 J1°ys 1addn -— - -— - 1fe I/ 00€T oy g-say
£ - - - 00°1 10°1 gL8°0 00T PIoTA 267 118 - 00zt 9E 9EV
9'¢ -~ - -- 00" 5071 gSL°0 EoTT PTaT4 262 118 - A 9t 9Ev
1eay
- e - Y0°1 001 00" 1 [enpisaa 118 auyy 19ye 000t
1gay
- - - v0' 1 Q0" T L6°0 1enpysal ATe SUTY 1333® 0001
Igay
- - - 701 00t 1071 {Bnpgsal 1w JUTT 1333@ o001
189y
== - - %0°1 9670 S0°T [enpysaz are SUYY 133j3e 0001
Jeay
- - - 0" T 96°0 16°0 Teapysaz i1e AUIT 1333w 000t
JEay
- - - 90° 1. 96°0 06°0 TEnpisaa ire UIT 19djm 0001
B2y
- - - Lo"1 £6°0 90" 1 Tenpysai 115 aujy 1aaje ggot
Jeay
- - - 0"t y6°0 80°1 [enpgsazx 17 SUTY X33je 0001
jeay
p - — - 90° 1 96°0 811 1enpysaa 11w BUTT 133fE 0001 9g GI9EY
£ - - - 101 L87°0 001 [enpraa IF® 3FAY-p wWOIy  00ZI-OOTE  9f £ 96V
Ienpisal Jualy-p g
- - - %01 £9°'0 [A AN + peap 118 4T3 I9a3w
Tenprsaa JgIY-p g
- -= - 00" 1 L0 v T + PE3p R4 BaT3 1333w
18RpIsSaL W3Y-p 9
- - - 001 £€L°0 4% 4 + pEap 118 AT} 19338
, 1enpysax Jeaq-p §
-— - -— 10°1 $8'0 8T T + peap ire ALY 1933%
TEnpISax JjeaIy-p ¥
- - == 00'1 5i'0 VAR + paap 13I8 3ajy 183
Tenpysaa 3vay-p 9
- - - 00°1 65°0 T + pwap i 8AT3 A3yzw
¥ Tenprsaa
Z - -— - 0°1 £9°1 LI'r + peap 1t® AT} 19338 00Z1-00TT 133 oL v uo
£313ug Ry cmou yy ‘@on ho *mou 4 (F94)
womh 30eduy Irn 1 A m”ﬂmmmm 3uyooy AMMMM rdwap £ *uldisaq
fmoy *moy ‘duag 4 *mou o o papracy R K Ji]
_ 0S5 THasuy q 982115 Wl U 88118
Y| L 3a2edmy atysuay,  +Buoly pPIaTA
SUOTITPUOY IBIY [2@a3g

sijnsay Adieysy

(BIEREAY uodno)y ayysusl




TER1E 1B9YI QG SUFVIU0D ANFOWRF Y3 YITUA

9an3jeaadma uOT3I[SUFL] 3Yl ST cmb 3aaysa 3s9) 1wa) 1ydioa dorp moaj eaw 83TN8aYg
AR "o *pE = "Fuold % ‘9¢ = hn i9¢-V 103 Qi@ BIRUTMON,
08 = =o ‘97 = *3U0L3 % "Cf = ho {l-y¥ 103 218 s{=umoy,

rsuaugdads jo iaqunu papypdadsun jo aderaay,
'paqiosqe sea A3xaus jyays iaddn jo 30s yorya 3w rdmay,

‘19338 paagadal §8 O 51833 WOlJ YIE SINTEA [BUTHON

980 -= - - - - - youanh - 00%1-00ET
550Z - - -- - -~ - yauanb - 00Y1-00ET
354 - - -~ - - - youanb - 00Z1-0011 .
{7 SLIT - - - - - - yazuanb —— 00Z21-0011 001 v-L1GV
Li-> £0°T JT2ys aaddn 90°1 88°0 8670 Tenpysal yoauanb ST/T 050T-006
1z-» £0°1 Jtoys xaddn 00°1 £0° T %0°1 - youanb 7/1 00t
7I- 001 Jroys zedda 001 80°1 01 - Yauanb LIRS 0011 21d
6 9 - 86°0 Itays 1addn 00°T 01°1 z0°1 ~-- ysuaab w1 006 00T oomy
Z1-> 70° T JT9Yys xeddn — —— - *dmwoa 3¢ s 11 00LL
Z[-> to°T JT2ys zaddn — - - I[F3ULY %G ire 0L 00LT
Ti=> €1t JT2ys l1addn - —— - ~dwod yz 1@ o1 ouet
ZI-> 911 J19ys 1addn -— -- - aypsuay yg 118 ot 00€T
1> 201 3T2ys 1addn 76°0 940 780 rdeos ¢ ite 01 00ET
1-> 11°1 JT3ys 1addn £6°0 84°0 88°0 aI¥sual z¢ 1TE 0t QOET
) 00°T ITays zaddn - - - are g 008
0 00°1 31348 z1addn - —-— - 11e S 0011
1> 00°1 JT?ys xaddn 00°T ¥6°0 10°Y Yauanb 9 00€T
L 1-> FAVMR 319ys 1addn 00't 06°0 T0°1 ie 5 Q0T 00T d-915Y
11~ ) 1 31248 i3ddn - -— - sdwod xg 1e 0t 00TT 2
- LTAN Jtsys 1addn - - e afpsuay g iye o1 00Tt
g - oyt 319Ys aaddn 68°0 Lo 18°0 ~dmod gg 11e ol 00£T
y5- 9e° 1 31348 Jaddn 06°0 6L°0 £8°0 arIsual 3¢ ire 0T oott
0 00°% Jteys 1addn e - - ire g 008
0 [N 319ys 1addn - — — iie it 008
ot 00°1 §194ys 1addn -— - - 11e ot 006
ot 00°1 JT2ys 1addn - - — are z/t 006
o 00T 319ys 1addn — _ — e 0T 00TT Lo11V
L1- 201 3T2ys 1eddn - — - 1w T 01T el
1Z- 91°1 3TaYys 1addn 96°0 z8'0 £€6°0 yauanb g 00ET ~2N135U07)
y - 60" 31248 1addn £6°0 v8' 0 0670 11e I 00€T 001 paiwaiL
L g - 60°1 jr=ye 1addn - - - 11% Z/T 0OET 00T ~V4LXVH ~3e2y
9z Lot 319y8 1addn - - - *dmo> zg ate ot 001I
41 701 JToys zaddn - —_— - ITESUIY 29 ite ot 0011
6Z 0zt JTays 1addn 66°0 Z8'0 nG* 1 *dwoa z¢ 11e 01 00ET
£310uyg 9 ‘mou ¥V -mou o ruwon d, {F91)
womh 1dedmy T v £, mwﬂmmmm Fupioon A“MEU *dmay £ -ufysaq ad4y,
‘moy oy +duag pay1ddy 1L “aa13 o
_ 0§ FLEETE] ss813g Wl UT s89138
LT 30edmy aTlsual +Buot3 PI2TX
SUCLIFpuw] JEaY 122335
83T038a% Adimun .sarnsav noednon artenar



J12ys laddn

4 66°0 98°0 ¥0'1  °Tfsu2y yg e o1 DOET
[+ 60" L J1eye 1addn - - — aie [ nog
1] co' [ $124s aaddn - ~—— - 119 /1 008 T223s
8 00°1 J[2ye 1addn -~ - - yauanb S 0011
13 00°t 11248 taddn - - - 1w Z/r (11143
62~ o1t {2y 13ddn 0T 880 cUTt youanb < Q0£T
BI [§ 8 1 31#y8 Ioddn 6670 180 01 1e g 00ET
I 9€ €Tt J1ays 1addn - - — 1w Z/T 00ET 09 E-LESY
mMN - _— - — - - #UEUH—U - 00y1-00¢T
CEIE 144 - -- - - - .- yauanb .- 00£3-0011 V-LESV
£r- 76'0 J12ys laddn - -- -- *duoy xg ayw ) 00T
9 - z6%0 Jieys 1addn -+ - -~ @ 1suay g4 ife ot 0011
£ 660 JT2ys 1addn ¥6' 0 780 or-t *dmoz xg e o1 00T
6L~ 660 }oys 1addn 56°0 i8°0 It AUy 1g aw ot 00£T
ty- 86°0 J1aye 1addn - - - - e 4 oog
9z~ 86'0 jTeye 1addn - - - — it U/t 008 uoqiey
19~ 760 119y2 iaddn - -— -— - ife /it T84 | yaBuaags
9 - 00t Jieys xaddn 96°0 160 £t - youanb S 00ET ydgy
15~ 00°1 3Teye 1addn 96" 0 160 901 - 1te S 00€1 poamal],
L 9= 00°% ifaye xaddn - — - -- e zit 00EY 05 V-LESY -3}
- AR 59
- 00t SE 60°1 640 £0°1 18npgsaa a1ye IBIY-A  OOET-0OTT Pat3poads
8 -~ X | 0 10t £8°'0 €0t 1enpraas 1e wol}y  OOET-00IL 0s 304
8Zl - - - - -- - yauanb -- 00YI-00€1
LK 1 - - - - - - yauanb -- 00210011 99V
g€ 260 ITays x9ddn — —-— —-— - ite g 008
o1 - 60 J13ye 13ddn - - - - aje i/t oog o
o1 . 26°0  JTays zeddn - -- - - e i ao1t ~
113 Y60 JI2ys 3addn 1A § [%:301] v0"1 -— youznb S GOET
eI 70y J19ye 12ddn 6670 yg° 0 £0°1 - 34 4 0CET
L £~ 66*0 Jioys 1addn - —- ~— - 1w /1 00t 1 0§ 9yv
(€', G6'0  syoys saddn - - -- -- 178 $ 008 :
£z 670 j1ays 1addn - - — - age 2/ 008
9z £6°0 jtays 1oddn - - -~ - aye Z/t oot fotTV
Ly 96°0 J1Pye 12ddn 50°% 6L0 £0°'1L - youanb S 00ET RO
9g 660 3teys 1eddn 86°0 €8 0 86°0 -— e s 00€ET yafuaiig
L 1z 660 319y 1addn -— - - - e it 00tT 2-54Y yaig
9z g8t - _— - - - - youanb - C0YTI-00El a-sav
[§1 860 j124s zaddn - - - ~dwoa yg ate ot 0011
¥4 £6°0 312ys aaddn - - — 2{78U2] %% 1w 14 001t
5y or'r  Jrays xeddn £0°1 Z670 11 *dwoa g are o1 G0ET
. A3asuy "o wou 19 *mou Lo “@mou A (upa) da (¥e)
momh 3owday an, Fi mn uu““mww Sugioon smyL *damaj, ‘ *udgsaq ad4y,
‘aoy THoN rdmajg 4 ‘mou "AR(d a
0¢ P FEDE] q a8a13g ol YT 889131§
cgay  ~ 1 19edag a[yeuay  -Fuorg PISFA




YIELD STRESS - KSI

50

45

40

35

30

25

20

15

10

Figure 4,

f.
Re 2 N W \
Ref. 10 \\\\ 3 A

T, s T = = N
q NN
N

Aef. 15 \\\\;\

NN

AN
ARef. 12 - \\ \\

A
Ref. 34 - — \\\
200 400 =Tu]a] 800 1000 1200 1400

TEMFPERATURE - °F

Yield gtress vs. temperature.




order of 50 percent pof its original value. Consequently, if the design
live locad ;} the ééfucture is at least equal to the dead load, heat
straightening may be performed without shoring by removing (or con-
trolling) the live loads. In addition, most heat-straightening proce-
dures require that only a part of the cross section be heated. At any
given time the average yield stress through a section will therefore be
even greater than 50 percent of its original value. As a result, many
applications of heat straightening can be safely completed without
shoring. However, an engineer familiar with the live and dead load
stress distributions should evaluate whether shoring should be used.
Fable.--Heat straightening permanently weakens a steel structure.
Fact.--Two criteria are usually used az a measure of steel
strength: yield stress and maximum tensile stress. A number of
researchers have measured the yield stress after the heating/cooling
cycle of heat straightening to determine the modified characteristics.
A summary of these test results is shown in Table 1. The tests on
various types of steel represent over 50 specimens from nine investiga-
tions. It is apparent from this collection of data that in the long
term, the heat-straightening process has a negligible effect on the
yield stress when heating temperatures are kept below 1300°F. A similar
conclusion can be drawn from an evaluation of the maximum tensile
stress. GShown in Table 1 are results for maximum tensile stress corre-
sponding to those for yield stress. Again, these changes are negli-
gible. It should be noted that in most of the test results reported,
the stress was measured on samples from the same piece before and after
heating. These initial yields were used as the nominal values unless

they were unavailable. 1In general, these initial values were larger




than the rated stress for the grade in question. Therefore, the assump-
tion of anwunchangég yield-;nd maximum tensile stress after heat straight-
ening is indeed a valid omne for all grades of steel as long as the tem-
perature is limited to the practical working range of 1100° to 1300°F,

One early study (18) reported that flame cambering weakened
I-beams. However, later discussions (22) indicated that the failure
criteria was improperly applied, thus negating this conclusion.

Fable.—-Heat straightening reduces steel ductility to unacceptable
levels.

Fact.--Ductility is an index of the ability of steel to deform in
the inelastic range. It is usually expressed as a percentage by com—
paring the difference between an initial gage length and its length
after tensile fracture to the initial gage length. Ductility is impor-
tant because it allows redistribution of high local stresses. Shown in
Table 1 are comparisons of ductility before and after heat straightening.
These data show that there is indeed a 10 to 20 percent decrease in duc-
tility after heat straightening., While these changes in ductility
characteristics are significant, the magnitude of the reduction is not
large, However, all steel grades have demonstrated adequate ductility
in field applications. As such, the measured reductions in ductility

after heat straightening are small enough to be of little concern in

normal construction applications.
FRACTURE CHARACTERISTICS

Fable.--Heat straightening produces brittle '"hot" spots and thus

should be avoided.




assoclated with' geometrical discontinuities such as a sharp discon-
tinuity or notch. Since heat Straightening produces no new discon-
tinuities, geometry would not be g factor in evaluating brittle-
resistance, However, two other factors which influence brittle—
ness--large strain rates and cold working-—are often found during the
damage inducement Stage. To evaluate its fracture Sensitivity, various
Tesearchers have tested heat—straightened steel. The resistance to
fracture in the Presence of a notch ig widely used as a guide to the
performance of steelg in structures Susceptible to brittle fracture,
The Charpy V-notch test is one of the most commonly used, 4 small

Tectangular bar with a V-shaped notch at its mid-length g Simply

of energy Versus temperature (on the abscissa) ig generated. The
resulting curve ig S-shaped with ap upper~limit asymptote of energy
absorption as the temperature increases and g lower-limit asymptote as
the temperature becomes smalil, These limitrsg are referred to ag the
upper and loyer shelf, Qpa measure of brittleness is the upper energy
limit, As can be seen from Table 1, there is no significant change in
the upper-shelr energy absorption before and after the
heat—straightening Process for any grade of steel,

A second measure of the noteh toughness can alge be obtaipeq from
the Charpy tests, As shown in Tabile 1, the temperature at which 50 per-

cent of the upper sheis eNergy was absorbed, TSO’ is tabulated ip terms




'.of the difference between TSO and the nominal TSO' Positive differences

EY] —

:;fépresent 2 decrease in notch toughness, while negative numbers repre-
Jﬁsent an increase. There is a considerable variation within a given

| steel grade. However, the average values indicate that only the high-

.';Erength, low alloy steels have a significant positive shift (32°F) and

:éven this is relatively small.

Another measure of notch toughness is the fracture transition
2 £emperature. This temperature is the one in which the percentage of
 ;ﬂéér fracture is 50 percent of the cross section. Since plastic
ééformatien is assoclated with shear fracture, a rating of the brittle-
%fécture resistance is obtained. Pattee et al. (47) used this criteria
iﬁ.évaluating several grades of steel that had been heat-straightened.
&ﬁé drop weight tear test was used instead of the Charpy test with the
i;%ééﬁlts also shown in Table 1. The fracture transition temperature
iéhanges are modest for all cases except the AS517-A steel. Here there is
jﬁé.éignificant positive shift indicating a larger fracture sensitivity.
:wiﬁ is interesting to note that a similar situation did not oceur with
iﬁhe heat-treated constructional alloy steels given in Table 1.

In addition to the Charpy tests, Rockwell hardness tests have also
ibéen used on heat-straightened steel specimens. Changes in surface
hérdness before and after heating would indicate changes in mechanical
Tbroperties. Pattee et al. (47) conducted Rockwell hardness tests on a
 fange of steels from mild to comstructional alloys. Harrison (26,28)
conducted similar tests on mild steel specimens. Seven specimens com-
.Péred by Pattee et al, had differences of less than six percent except
for one specimen with a 15 percent difference. A comparison of 18

readings by Harrison taken within the heated vee portion of the two




specimens showed a 3-percent difference or less. Both researchers found*
that Zhe hardhess values did not change appreciably before and aftaer
heat straightening.

An overview of the research data offers no basis for concluding
that heat straightening should be avoided because of brittle-fracture
concerns. Rather, it can be conclu&ed that such strength reductions, 1f“
they exist, are minor,

Fable.=~Fracture~critical members cannot be heat-gtraightened.

Fact.--Fracture-critical members are tension members, or tension
components of members, whose failure would be expected to result in thel
collapse of the structure. Current research data such as shown in .
Table 1 provide no grounds for excluding fracture-critical members from;
heat straightening. Rather, results in this table provide there is |
strong and consistent evidence that properly executed heat straightening
has no degrading effect on mild carbon steels and only minor effects on
high-strength steels. Strength and brittleness aspects have already
been discussed. The only other failure possibility of concern is
fatigue,

Only one series of fatigue tests on flame-straightened members was -
found in the literature (2). 1In this case, three eye bars of A-7 steel
were heat-shortened and then fatigue-cycled. When compared to similar
specimens which had not been heated, the fatigue strength at both
500,000 and 1,000,000 cycles were similar. Although data is sparse,
there is no indication that carbon steels will have a shortened fatigue
life after heat straightening. However, more research is needed to

evaluate this important aspect.



Shanafelt and Horn (53) have recommended that heat straightening be

- -

avoided onwfracturé—criticél members without offering any justification
. other than conservatism. Since there is no hard evidence to justify the
avoidance of heat straightening, the questions is not whether fracture
critical members can be heat-straightened, but rather should they.
At this time there is one critical factor that must be considered.
One ingredient is missing in heat-straightening technology: engineering
Hnanalysis tools. The more accurate the analysis, the less conservatism
is required. At present heat straightening is in the hands of the

contractor. Even with guidelines such as Reference (55), the engineer

has practically nothing similar to the analytical tools usually asso-

ciated with structural engineering. ¥or example, criteria as to number,
iocation and angle of vee heats; effects of internal restraints; control
of external restraints such as jacking; and effect of residual stresses
have not been developed into analytical tools. As a consequence, even
fhough evidence indicates that heat straightening can be used for
fracture-critical members, it should probably not be used until more

engineering control is available through analysis/design procedures.
TEMPERATURE CHARACTERISTICS

Fable.--Temperature is unimportant in heat straightening as long as
the steel does not glow "red~hot."

Fact.--Because of the deleterious effect of high temperature on steel,
the engineering community has tended to reject the heat-straightening
method as a viable repair alternative. For example, a survey of 35

State transportation departments (55) indicated that only about one-half




use heat stgaighten%ng to repair steel bridges and only one~quarter use
it more than occasionally. As a consequence, much of the research to
date has addressed the effect of temperature on structural properties.
Most structural steels used in the United States are carbon or low alloy
steels. The fundamental behavior of all these steels at uniformly
elevated temperatures is believed to be the same. The molecular struc-
ture remains unchanged at temperatures below the transition temperature
of 1330°F (723°C). 1In average light, a very faint red glow will be
visible at or around this point. As temperatures are increased above
the transition temperature, molecular changes occur and the color
brightens until the classic "red-hot" level is reached at around 2000°F,
As long as the temperature changes occur slowly and uniformly throughout
the member, cooling produces a complete reversal to the original
molecular state without mechanical property changes. However, if the
cooling is too sudden, phase reversal may not occur and brittleness or
other property changes may result. In addition, concentrated applica-
tions of elevated temperature to small areas may produce permanent
property changes, unusual residual stress patterns, and strain history
retention., Control of temperature is therefore one of the most
important aspects of heat straightening,

Fable.—-Each grade of steel has a narrow temperature range for
producing the heat-straightening effect and temperatures above or below
this range will neither increase nor decrease the contraction effect.

Fact.--Theoretical studies considering perfect confinement have
suggested that the minimum steel temperature to produce any permanent

contraction in mild steel ranges from 450° to 500°F (55). However,




Roeder (50,52) has found that a more practical minimum temperature for
producing permanent aeformaéigns is between 600° to 700°F.

Above this minimum, investigators have differed as to the effect of
temperature level on expected plastic rotation or permanent movement.
The comprehensive testing program by Roeder (50,52) has shown that the
resulting contraction from vee heats ig directly proportional to the
heating temperature up to at least 1600°F and is repeatable. It is
likely that earlier researchers reached an erroneous conclusion on this
limiting temperature because of a lack of test data combined with the
fact that heat straightening does not lend itself to theoretical
modeling where the conditions of restraint and heating are not ideal.
The range of temperatures for heat straightening is quite large (600° to
1600°F), with the degree of movement proportional to the temperature.

Fable.-~There is no ideal temperature for heat straightening.

Fact.--The ideal temperature for heat straightening depends on the
grade of steel and type of heat. For carbon and low alloy steels, the
theoretical limit is the phase transition temperature of 1330°F (50,52).
For the constructional alloy steels, the limiting value is the tempering
temperature of 1150°F (55). However, heat-straightening experiments at
levels up to 1600°F for carbon steels (29422) and 1300°F for construc-
tional alloy steels (33,54) have been conducted without serious detri-
mental effects on the material properties (see Table 1). Imn addition,
theories suggest that heats above a specified value will not increase
the amount of straightening (55). Although experiments have shown that
these theoretical maximums (which are based on simplifying assumptions)
are too low (50), it is likely that Practical limits do not greatly

exceed the transition temperature, Researchers (50,52,55) have also




observed that -heats above the tramsition temperature have an iRClinat_ién
to produce: (1) out-of-plane distortionm, (2) plate buckling, and
(3) pitting and surface damage to the steel.

Taking all of these aspects into consideration, the consensus of
researchers is that a temperature of about 1200°F should be used for
carbon and low alloy steels while 1100°F should be used for construc-
tional alloy steels. These values provide a safety factor of 200 to -
400 degrees to account for operator errors and also produce relative1§
large movements as a result of the heat-straightening process. .

Fable.—-Temperature cannot be controlled manually to the degree
necessary for heat straightening to become an accepted engineering
procedure.

Fact.--The degree to which temperatures can be controlled by
practitioners is an important consideration. Factors affecting the
temperature include: size of the torch orifice, intensity of the flame;
speed of torch movement, and thickness of the plate. Roeder (50,52)
made careful temperature measurements and used experienced practitionér
to make the vee heats in his experiments. He found that these practi—:
tioners, when judging the temperature by color, commonly misjudged by -
100°F and in some cases as much as 200°F. The use of temperature—
indicating crayons can be helpful, However, the flame tends to distortg
the results by blackening the crayon marks. The marks can be placed on
the back side but this does not allow for the operator to see the
results and make adjustments during the heating process. Contact pyro-

meters have not been widely used and tend to give erroneous results
(55). Experimeﬁts by Graham (25) indicated that pyrometers gave

readings of approximately 200°F below the value indicated by temperature



- ¢rayons. Tests conducted by the writers verified that a contact pyro-

H&éter will give temperature values of 200°F below the actual. Thus,

‘pyrometers must be calibrated for use in heat—-straightening applica-

“gions.

In practice, the most common procedure to determine temperature is

.éf.the color of the material adjacent to the tip of the torch. Since
 €;;kgr0und lighting will influence this color, temperature crayons
Tﬁ;ﬁld be used to correlate the lightimg to the color of the steel. 1In
uﬁézmal daylight or interior lighting conditions, a 1200°F temperature
Lill be indicated by a satiny silver color near the torch tip. After
yoling, the area should be gray in color. A cherry-red color during

ﬁéating or a black color after cooling indicates that the heat was too

hot. With little training, it is not unreasonable to expect practi-

éﬁoners to be able to meet tolerances of % 200°F. This tolerance level

éan=be reduced to * 100°F with checks using temperature crayons or

pyrometers. This obtainable level of accuracy should not limit the

application of heat straightening in practice.

Fable.--Quenching should never be used to cool the steel after

Egét gtraightening.

. Fact.--As can be seen from Table 1, quenching has been used on car-
. §én, low alloy, and constructional alloy steels without adverse effects
(53,54). 1In addition, Roeder's studies (50,52) showed that quenching
increased the plastic deformation significantly. The advantage of
:qgenching is that it allows for a rapid repetition of the heating/cooling
eycle, thus expediting the repair. If quenching is used, care should be
lvtaken to ensure that temperatures remain below the transition tempera-

:%tpre. Measurements by the writers have shown that the steel temperature




at the tip of the torch (imitially at 1200°F) drops approximately 200°F
during the fir;; few %éﬁonds after the torch is moved. Within 30
seconds, an additional 100°F decrease typically occurs (24). Roeder
(50,52) has recommended that if quenching is used, it be applied at

30 seconds after completion of the heat to insure that temperatures are
well below the phase transition temperature of the steel. Evidence thus

indicates that quenching can be used with proper care in controlling the

heating temperature.
APPLICATIONS FOR STRUCTURAL ELEMENTS

Fable.--While heat straightening may work under controlled labora-
tory conditions or in uncontrolled field applications, there are no
documented field studies in which parameters were carefully measured and
controlled,

Fact.--Moberg (41) has been the only investigator to conduct a
controlled field study of heat-straightening repair for damaged members.
Careful daily measurements were recorded on the Bothwell bridge in the
state of Washington which was hit by an over-height vehicle. The
initial damage was measured and daily measurements were taken as heat-
straightening progressed. The restraining forces used were also care-
fully recorded. This work illustrated that heat-straightening repairs
can be engineered. |

Fable.--Heat straightening only works for simple bends of single
curvature,

Fact.~-Vee heats are used primarily for strong axis curvature

correction in plate elements, while line heats and spot heats are used




for weak axis corrections. Practically any type of damage can be
heat—straighséned. A vee heag produces a sharp point of curvature of
small magnitude at the apex of the vee.

Since the plastic deformation is restricted primarily to the area
of the vee heat (45,50,52), the angle change is a convenient measure of
the distortion. This angle is shown in Figure 5 and will be referred to
as the plastic rotation, ¢. To produce a visually smooth curve over the
length of the plate, a series of vee heats spaced along the length can
be utilized. While in reality this approach will produce a series of
discrete curvatures, the small angle changes will give the appearance of
a smooth curve. By alternating the direction of the vees and varying
the spacing, practically any type curvature (sharp, gradual, single, or
multiple) can be removed. Since each heat produces small changes in
curvature, a number of heating/cooling cycles are usually required to
completely straighten a damaged member. In a similar manner, line
and/or spot heats can be used to remove weak axis damage such as bulges
or buckles.

Fable.--Heat straightening only works omn thin plates,

Fact.~~The bulk of the experimental data on vee heating plates can
be found in two studies by Nicholls and Weerth (45) and Roeder (50,52),
plus current work by the writers (8). In each of these investigatioms a
number of plates were vee-~heated and the deformations measured.
Researchers have generally considered plate thickness to have a negli-
gible effect on plastic rotation. The only reservation expressed has
been that the plate should be thin enocugh to allow a relatively uniform
penetration of the heat through the thickness (55). The practical

limiting value is on the order of 3/4 to 1 inch. Thicker plates can be
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heated on both sides simultaneously to ensure 2 uniform distribution

a

through the thickness. Memﬁé%s with cover plates usually require
heating from both sides because of the interface. Results from the
heating of plates with varying thicknesses as taken from current work by
the writers and references (45,50,52) are shown in Figure 6 for various
vee angles heated from 1100° to 1300°F. Also plotted is a second order
parabola least squares curve fit for each thickness. The variations
appear random, indicating that thickness is not & factor which
influences plastic rotation during heat straightening as long as the
heat fully penetrates the thickness.

Egglg.u—While heat straightening may work for simple plate
elements, bends in rolled shapes are too complex for a ratiomal
approach.

Fact.—-A wide variety of rolled shapes, including wide flanges,

channels, angles and assemblies, have been straightened (or curved) in

both laboratory (16,26,28,35,43,47,48,50,52,53,54) and field applica-

tions (17,20,22,26,28,30,31,32,37,41,42,43,46,49,56,57,59,61). Rolled

shapes generally require a vee heat in combination with a rectangular
heat. The rectangular heats are necessary because of the perpendicular
planes of the plate elements forming the shape. A set of typical
heating patterns (32) are shown in Figure 7. By using the proper
pattern of vee and rectangular heats, sweep, camber, or twisting type of
movements can be obtained resulting in repair for a wide varilety of
damage conditions. While there is general agreement on the vee pattern,
there have been no published studies directed toward quantifying the

optimum heating patterns for rectangular heats in combination with the

vee,




RESTRAINING FORCES

Fable.-~Internal and external restraining forces are unimportan
heat straightening,
Fact.--0f equal importance to temperature are the constraints a
forces acting on the member during the heat—stralghtenlng procesS;_
Practitioners have recognized this fact and usually employ some tyé

jacking or constraining force. The basic principle is that an applied

force in the direction of the desired movement will impede the reverSe
expansion during the heating phase, increase the plastic strain, and’
thus produce more contraction during the cooling phase, Experiments
show that the application of external forces can have g significant:

effect on the amount of plastic rotation that occurs in a2 plate, A

external force were applied to a plate. The force applied produced 
bending moment about the major axis, tending to close the angle of ;h
vee, For comparison purposes, the moment is non-dimensionalized by co
puting the load ratio, which is the ratio of the moment at the vee dﬁe
to the applied load to the plastic moment capacity of the section, M/ﬁ
Nicholls and Weerth (ﬁézég) and Roeder (QQLQZ) also measured the
behavior of vee~heated plates for various load ratios. Their resultsg
along with those of the writers, are plotted in Figure 8. A second

order parabolic regression analysis for each vee angle and load ratio
producing a least Squares curve fit is also plotted. The curves are

nearly linear with respect to vee angle and reflect that the plastic

rotation is proportional to the load ratio and is fairly linear.
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It can be seen from these resultsg that there is a distinet

= -

advantage to using an external force during the heat—straightening

Process. However, the constraining force should be used 45 a passive

force rather than an active force once the heating has begun, The
Standard procedure is to apply the extermal force first and then proceeq
with the vee heats., The external force should not be increased at any
time during the heating and cooling process. However, it can be
adjusted to maintain the original level, since the force will be relaXed
as contraction takes place. A1l the test data shown here utilized
constant force during the entire process.

The level of the constraining force for a given application has noﬁ
been addressed in the literature,. Apparently, most pPractitioners apply..
the force by "feel." The primary limit on the external force is the .
buckling capacity of the vee area during the heating or overstressing
when the yield stress is reduced by the heat. For the plates tested,
some buckling difficulties have been encountered only for the case with
a combination of the largest vee angle and largest load ratio. Since
the yield stress is t&pically reduced to approximately one-half its
original value when heated to 1200°F, a load ratio of 50 percent would
be a theoretical upper limit to avoid hot mechanical straightening.

Fable.--Heat straightening is unlikely to be developed as an
engineering brocess because sometimes 4 properly heated member does not
straighten,

Fact.--In addition to external restraints, a second type of force
must also be considered in many structures, that is, internal con-
straints. These constraints are a result of structures which are:

(1) carrying some load (e.g., dead load) during heating, and {2) stati-



cally indeterminate. Since many structures are partially loaded during

23

the heat-straighteniné process, a structural evaluation is required to
determine whether the loading will be bemeficial or harmful. For
example, three types of damage are shown in Figure 9 for a wide flange
beam subjected to a gravity loading. For case (a) the loading acts in
the direction of the desired straightening and therefore will have a
positive effect during heat straightening. For case (b) the loading is
acting in the opposite sense of the desired movement. Roeder (29323)
has shown that not only will the straightening process be impeded, but
it could well be reversed such that the damage gets worse. Successful
heat straightening on such members would require an upward external
jacking force to overcome the negative gravity leocad influence. Casze (c)
illustrates an example where the loading effect is neutral since the
desired movement is perpendicular to the direction of loading. Other
types of internal constraints are more subtle in theilr effects, parti-
cularly those associated with static indeterminancy. A good example is
the case where a damaged member is restrained axially against longi-
tudinal expansion, as typified by indeterminate frames or compression
members in trusses. In order to evaluate the effect of an axial
restraint, a series of tests was conducted on plate elements (§). A
superimposed axial load was applied through a hydraulic jack to produce
a ratio of axial load to yield load of 56 percent. The load was applied
prior to heating and the jack acted to prevent any longitudinal expan-
sion but not contraction. The resulting curves (based on averaging
three single vee heats) are shown in Figure 10 for a 60° vee. The axial
constraints produce a significant increase in the plastic rotation when

compared to an identical plate without the axial restraint.
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In summary, rgstxaining forces are very important in the heat-
straightening process and the effects may be either harmful or
beneficial. Relatively little research has been directed toward this
aspect of heat straightening. In practice, jacks are usually used to
provide external comstraints. However, often the level of such jacking
forces are not measured. Caution should be exercised whenever jacking

is used in heat straightening.
ANALYSIS OF BEHAVIOR DURING HEAT STRAIGHTENING

Fable.~-Heat straightening is an art and the actual magnitude of
movements cannot be predicted.

Fact.--8everal analytical methods have been developed for applica-
tions to plates. One approach (32,33,41), generally referred to as the
Holt formula, is a formula based on the assumptions of: ideal single
axis confinement, linear strain variation across the width of the plate,
and a uniformly distributed temperature of 1200°F. This formula was
modified by Moberg (41) to include partial depth vees, giving an

equation

5 d a
¢ =2 ~E;—z tan 5 (1)

where as shown in Figure 5, ¢ = the angle of plastic rotation, Sp =
plastic strain associated with perfect single axis confinement, dv = the
depth of the vee, ¢ = the vee angle, and w = the width of the plate.

For A36 steel, Shanafelt and Horn (55) give a value of Sp = 0.00864.
Equation 1 is quite approximate in nature, since typical vee heat
behavior is not a perfect single axis confinement case and since the

effect of restraining forces is neglected. However, these two effects



sometimes cancel each other, resulting in fairly good agreement with
actual méasureﬁeﬁts (41) in a few cases. The principle weakness of this
formula is its neglect of the effect of constraining forces. At

present, no simple formulation exists which accounts for this effect.

The alternative approaches offered in the literature (12,24,35,50,

51,52,60) all basically combine a thermal analysis with an inelastic
finite element or finite strip stress analysis. These methods require
excessive computer time and have only been applied to a few simple plate
cases. Thus, while some analytical formulations exist, they are limited
to plates and cannot be conveniently used in general design applications
for rolled shapes. Because of these limitations, emphasis has been
placed on the art of heat-straightening rather than the science.

Fable.--A vee heat over the full depth of the member is always
better than a partial depth vee heat,

Fact.~--The depth of the vee in comparison to the depth of the plate
element influences the plastic rotation. Both Nicholls and Weerth (45)
and Roeder (50,52) have stated that the plastic rotation is proportional
to the vee depth. However, an examination of their test data, as shown
in Figure 11 for a specific heating temperature and load ratio, indi-
cates that there is little discernable difference for ratios of vee
depth to plate width greater than 2/3. All data was compared using
least squares curve fits. Only for the ratio of 50 percent does the
plastic rotation show a significantly lower value. The number of
experimental data points is small; thus additional study is needed to
determine how the vee depth influences behavior. Tt should be noted
that full-depth vees usually produce member shortening. Such member

shortening can be minimized with the partial-depth vee. TFull-depth vee




*(256h) YIPFa @3eTd 03 Yidep aaa JO SO0TIERX Snogaea Yara
saneTd PoI1Bay-v94a 103 UOTIBLIOL OT3SETg *sSA 81dur jeay 9BA T san8yg

(PEJS0T%) NOILVLOH JLLSYId 40 379NV

oooz toat 0093 00y ¥ lirA aoas [thi:] 005 1174 ooz 0 0
-l/ﬂ/.—l{ i I i 1 1 f i

00°% = (Al DILVE Hia3j S2°0-91°0  (dW/W] DILvy ovod Jot
SL°0 = (4 0TLVE Hid3g TV SSIMNIIHI
£8°0 = (%) 0TLVH HId3G RYYA (0740 0ILVH HLg3g
05°0 = (o) 0ILvd Hidag © 4 0021~107} IENLYHIHIL
#
% .
4 \ y
_ /.,
-
7
/ \\
\ \\.
¥ < \\
v “
i # - _\
i o x\\

(Bap) 379NV 332



heats should not be used in situations where member shortening would be

detrimental to the structure,

Fable.,-~The angle of a vee heat is unimportant.

Fact.--A number of authors (32,41,45,50,52,60) have concluded the
amount of plastic rotation resulting from a vee heat is directly propor-
tional to the angle of the vee. The test results in Figure 6 illustrate
this effect. A parabolic regression curve shows that the relationship
between vee angle and plastic rotation is nearly linear. Several
researchers (32,41) have developed simplified analytical models which
account for this effect. Others have developed finite element models
(12,50,52). However, large angle vee heats may produce cut-of-plane
distortions (350,52) or buckling (35). Caution should be used to
minimize such effects. Holt (32) and Shanafelt and Horn (55) recommend

that the maximum width of the base of the vee be limited to 10 inches.

SECONDARY EFFECTS

Fable.--Residual stresses are not a serious concern in heat
straightening.,

Fact.-—At this time, the magnitude and effects of residual stresses
in the heat-straightening process are not well understood (36,38,39,40).
Although Roeder (50,52) has measured residual strains, these cannot be
extrapolated into stresses because of the plastic flow that oceurs
during heat straightening. Brockenbrough and Ives (14) measured
residual stresses by the sectioning method for a heat-—curved girder in
which line heats were used. He later developed criteria for heat

curving based on this work (13). The residual stresses were




characterized by wield-point tensile stresses along the heated flange
and smaller tensile stresses in the opposite flange, Compressive
stresses dominated the web. 1In a companion paper, Brockenbrough (lg)
developed a theoretical approach for computing the same residual
stresses, as did Roeder (29422) and Nicholls and Weerth (ﬁéigg) for the
vee~heated plate. These researchers concluded that, as in welding, the
residual stresses caused by heat straightening may be high. Since
residual stresses primarily cause strength reductions in compressive
members, these stresses should not be ignored in such cases. It is also
suspected, but as yet unproved, that residual stresses may influence the
degree of movement during heat straightening by acting as either a
positive or negative constaining force. Harrison and Mills (27) found
that light hammering (peening) on the transverse face of a stressed
plate produces plastic elongation. By applying peening during the
cooling cyele of the heat-straightening process, residual stresses may
be reduced and the level of contraction increased. Although recommended
by some researchers (35), there is no research data on peening related
specifically to heat straightening. It is therefora Premature to. make a
recommendation on its effectiveness. Until additional research evidence
becomes available, caution should be used when contemplating a heat-
straightening repair of compression elements, since residual stresses
are related to buckling strength.

Eghlg.--No matter how light or severe the damage, heat
straightening can be used if no fractures have occurred.

Eﬂé5.~—5urprisingly little information is available on the effect
of damage level (strain history). It is known that cold bending into

the yield range reduces the ductility of steel in general (15). How-




ever, Ehe applieation ©of heat tends to restore the original material
characteristics. Shanafelt and Horn (55) recommended that the maximum
allowable strain be limited to 15 times the yield strain and/or 5 per—
cent nominal strain for repair of tension members. The limit approxi-
mately defines the delineation between the plastic region and the strain
hardening region. No limits are suggested for compression members. The
specific limits given for tension members in two categories are as

follows:

Primary-—Straighten if strain is less than 5 percent

For Fy = 36 ksi, the strain must be less than 40,3 x yield
For Fy = 30 ksi, the strain must be less than 29 x yield
For Fy = 100 ksi, the strain must be less than 14.5 x yield

Primary with severe fatigue-~Straighten if strain is less than

15 x yield or less than 5 percent
However, these recommendations are not backed by specific research data.
Until additional data become available, judgment should be exercised for
tension members and particularly fatigue-sensitive members.

Shanafelt and Horn (55) also suggested limits on the maximum radius
of curvature for which heat straightening should be applied. The logic
is that if the radius of curvature exceeds that which produces material
yielding, heat straightening will be ineffective. Curvature in the
non-yielded portions will be elastic and will be restored when the
plastic zones are straightened. The radius of curvature at yield is
given by

R

¥
where w = plate width, E = modulus, and Fy = yield stress. Heat

wE/ (2Fy) (2)

Straightening should not be applied for regions with larger radii of




curvature than this limiﬁihg value, or in general, to the portion of the

member which has not plastically deformed.

SUMMARY AND CONCLUSIONS

Research results as reported in the literature show near unanimous
agreement that temperature-controlled heat straightening will not have a
deleterious effect on the mechanical properties of steel. The general
consensus is that a heating temperature of 1200°F is appropriate for
carbon steel with somewhat lower temperatures recommended for high
strength steels. Within these limits, researchers have found no per-—
manent harmful effects associated with modulus of elasticity, yield
stress, tensile strength, brittleness or fracture. A slight reduction
in ductility (10-20 percent) has been noted, but this reduction is
considered small because there is no problem with fatigue.

Some data is available on the behavior of plates subjected to vee
heats, although there is a need for additional research. Relatively
little experimental data is available for rolled shapes. Measurements
of actual bridge behavior are nearly nonexistent.

An area of particular importance is the need to develop simple vet
accurate analytical models to predict behavior during heat straightening
which includes not only angle and depth of vee, temperature, and steel
grade, but also includes coustraint conditions and residual stress
patterns. Another area of Tresearch need relates to the effect of damage
loading rate and strain history on repair effectiveness. Little hard
evidence is available as to limits beyond which repairs will not be

acceptable. Data on possible material degradation is also scarce for




cases of repair followed by future damage and successive repairs. A
final aregsinvolveé the development of guidelines for the proper
application of constraining forces including their number, location and
magnitude.

To date, heat straightening has been used on a relatively limited
basis to repair damaged steel structures. That limited use has produced

a good track record and illustrates the potential of the method for

providing safe and economical repairs.




w 3. BEHAVIOR OF PLATES SUBJECTED To HEAT STRAIGHTENING

INTRODUCTION

Although the heat-straightening repair process ig relatively
simple, it has not been widely used. There are two main factors respon-
sible. First, the Practitioners who currently use heat Straightening
Practice it as an art form as much as a technique based on engineering
principles. Thage Practitioners rely on their eXperience to guide thenm
through a heat—straightening repair. The second reason is that many
engineers have the notion that any application of heat to steel will
permanently weaken it. Since there are no engineering design criteria
for using heat straightening, engineers are often hesitant to uge it.
In recent years, research studies have led to greater understanding of
this phenomena. The Purpose of this chapter is to describe an experi-
mental and analytical study of heat Straightening as applied to plates
and to present related engineering design criteria for its use,

Previous laboratory studies have been concerned with identifying
the member behavior associated with curving slender members. Two types
of heats are associated with member curving, edge heats and vee heats.
Edge heats are simply line heats applied along the edge of a plate
element which Produce smooth, continuous curves, ag in fabricating
curved members., Vee heats produce small but sharp curves at the vee
location, By varying the spacing of the vee heats, a smooth curve of
changing radiusg can be produced. Since damage is usually of varying

curvature, vee heats are the most Suitable for Structural repairs,




Several detailed studies have been conducted for vee heats applied
to plates.e Thesehétudies have attempted to identify parameters which
influence vee heats and to develop predictive models based on this data.
Weerth (60) and Nicholson and Weerth (45) describe the bends produced by
21 vee heats whose apex angle varied from 24° to 60° in 6° increments
applied to 3/8 in. thick ASTM A36 steel plate. The vee depth was also
varied over full depth, 3/4 depth, and 1/2 depth. No attempt was made
to evaluate the effect of these parameters other tham the general
observation that the greater the vee angle and depth, the greater the
bend produced. Roeder (52) also conducted a study on plates. He
employed sophisticated monitoring equipment such as thermocouples,
contact pyrometers, and strain gauges, as well as more conventional
tools such as a vernier caliper and a steel ruler, Roeder considered a
wide range of parameters which included vee geometry, specimen geometry,
heating temperature and time, steel grade, restraining force, initial
residual stresses, and quenching. This was by far the most extensive
study dome to date. These two studies provide a reference base and
starting point for the current study. The specific findings of these
studies will be evaluated in connection with the results of the current
investigation.

The actual method of heat straightening is easily learned; however,
the handful of practitioners currently using the method rely extensively
on their many years of experience to guide them ;hrough a repair, An
engineer lacking this wealth of experience needs a set of analytical
procedures to determine how best to apply the heat-straightening process
to a particular repair. These analytical tools, for reasons of economy,

gshould be relatively fast, easy to apply and allow for such considera-




tions as different wee geometries, temperature ranges, external

L=

loadings, and support restraints. At present there are the two extremes

of overly simplistic models (32,33,41) which cannot take into account
the effect of either temperature variations or internal and external

Yestraint and comprehensive computer models (2,24,35,50,51,52,60) based

on elastic-plastic finite element or finite strip stress analysis
combined with a similar thermal analysis. However, there is as yet
unavailable an analytical model that offers both practicality and a
comprehensive inclusion of all important variables to accurately predict
behavior.

Of interest here are the currently available simplistic models.
Holt (33) developed ome of the first and simplest methods for predicting
plastic rotations from vee heats. Moberg (41) modified the Holt
equation to account for the depth of vee by considering the experimental
work of Weerth (60). In addition to Holt's assumptions, he assumed that
the plastic rotation is proportional to the depth ratio dv/w, where dv =
the depth of the vee heat. The resultant equation was Equation 1 of the
previous chapter (page 40).

An important consideration not included in these formulations is
the influence of external and internal restraining forces. The external
forces producing compression in the vee during heating will increase the
available confinement and therefore increase the rotation produced per
heat. The field applications cited by both Holt and Moberg involved the
use of restraining forces. Sinece in most cases the material restraint
alone will be less than perfect, it seems likely that the good correla-
tion between the predicted and actual movement in the structures being

repaired as noted by both Holt and Moberg was due to the influence of



the external forces. An improved amalyitical model should include the

effects'cf both intermal and external restraints.

This portion of the study is devoted to the development of simple
vet efficient procedures for predicting the response of deformed steel
plates during the heat-straightening process. The approach chosen was
to first identify all parameters which have an important influence on
the heat-straightening process. This phase was accomplished by studying
the experimental data available from previous research as well as by
conducting an extensive experimental program to provide additional data.
After synthesizing this experimental data, an analytical procedure for
predicting member response was developed,

Vee-shaped heats are used to repair plate elements with bends about
their strong axis while line and spot heats are used to remove weak axis
plate bends. Since the majority of damage is in the form of strong axis
plate bends, the vee heat can be considered the fundamental heating
pattern for heat straightening. Thus only the behavior of vee heats on

plates is considered in this study.

EXPERIMENTAL PROGRAM

The tests conducted in the experimental program consisted of
applying vee heats to straight specimens and measuring the resulting
change in geometry. By using straight specimens as opposed to deformed
ones, a larger variety and number of tests could be conducted in the
least possible time. A total of 255 individual heating cycles were per-
formed during this study. While this data will be presented graphically

here, specific results of all tests are given in Appendix I.




Several supporting. frames were used during the course of this
studyjﬁ The sp;cimens were mounted as either cantilevers or simply
supported members. All plates were hot~rolled A3 grade steel, and the
majority of them had dimensions of 1/4 in. x 4 in. x 24 in. The only
eXxceptions to these dimensions were assoclated with tests on variations
in plate thickness and geometry. Plate deformation measurements
consisted of measuring the offsets between the Plate edge and a
reference frame to the nearest 0.001 in,

It has been shown (52) that the plastic deformation developed by a
vee heat occcurs primarily within the vee area. Thus a very sharp but
small curvature is obtained, which can be expressed in terms of plastic
rotation as shown in Figure 5. For initially straight specimens, the
portion of the plate from the ends to just outside the vee heat remains
straight. This fact was used to compute the plastic rotation based on
the straight line tangents. To reduce the influence of possible errors
in the measured deflection, a straight line was first fitted through the
four points on either side of the vee heat within the straight portien
outside the yield zone using the least Squares method. The acute angle
formed between these two lines is the angle of plastic rotation, 4.

Practically all of the existing experimental data on vee heated
plate behavior is found in two studies (45,50,52,60). The basic para-
meters studied were: angle of the vee; rarioc of the vee depth to the
plate depth; level of external constraining force; and heating
temperature. The number of data points were ip general relatively small
and the variation fairly large. As a result, only general conclusions
could be drawn and unanswered questions remained. Therefore, additional

experimental datg related to these basic parameters were obtained ip the
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. n addition, several other variables were evaluated
current study 1 dit: » 8

including: pléte thickness, plate depth, and heating techmnique.

EVALUATION OF RESULTS OF EXPERIMENTAL PROGRAM

The available data on plate behavior can be found in three studies:
.Nicholls and Weerth (45), Roeder (52), and the current study. Indicated
~ on plots presented here is the type or source of the data. The data
.type Yourrent” indicates that only the results of the current study are
 ﬁsed, while reference numbers are given for other data. An evaluation
'fof each parameter is considered separately in the following sectioms.
| Vee Angle.~—Researchers agree that one of the most fundamental
parameters influencing the plastic rotation of a plate is the vee angle.
The data shows a fairly linear relationship between plastic rotation and
L_vee angle. For this reason, all data will be plotted with the vee angle
t_as the ordinate, and plastic rotation, ¢, as the abscissa. A first-
order least squares curve fit will also be shown. Plots in succeeding
sections show a consistent proportional relationship between these
variables.

Of particular interest is the scatter of the experimental results.
In both the current study involving 255 plate tests and in Roeder';
research (52) involving 99 plate tests, a similar level of scatter was
qbserved. In both cases, special efforts were made to control the
heating temperature using not only temperature-sensing crayoms, but also
thermocouples or calibrated contact pyrometers. In spite of such
efforts, a significant amount of variation occurred in identical

.repetitive tests. Surprisingly, the smaller scale study by Nicholls and




Weerth (45) which included 21 tests showed no evidence of random
scatter. The cén;istency of data points was such that smooth curves
were produced with no curve fitting necessary. This pattern is even
more remarkable when apparently the only temperature control was tem—
perature-sensing crayons. The writers therefore view these data points
with some suspicion and have omitted them from most of the comparative
studies,

Since a significant level of scatter does exist, an evaluation was
conducted of data samples. The coefficients of variation for typical
cases were on the order of 50 percent. Since the coefficient of varia—
tion is quite high, possible causes must be addressed. The most obvious
source of the scatter would be the relative degree of control exerted
over the parameters of the heating process, in particular, the
restraining force and heating temperature. For the available equipment
of the current study, the accuracy of measurements could vary by 10-15
percent. Similarly, the control of the heating temperature could
introduce an error of 10-15 percent. A third possible cause is the
development of residual stresses. Both Holt (32) and Roeder (52)
suggest that residual stress is not significant in the heat-
straightening process. However, a small number of tests conducted as
part of this study indicates that very large residual stresses are
possible as a result of the heating process. Thus, due to the diffi-
culty in controlling the restraining forces and heating temperatures and
the possible development of large residual stresses, a relatively large
scatter in the data is not surprising.

Depth of Vee,--Past regsearchers (52,60) have concluded that the

plastic rotation is proportional to the ratio of vee heat depth to plate




width. TFigure 11 shows the data which is available from past studies.
From this(pigt it is-apparent that past data does not support this
conclusion. The trend is that depth ratios greater than 1/2 will
produce only slightly larger rotations, but not proportional to the vee
depth. Rather, the plate rotations are all approximately the same when
using the curve fit. A similar situation exists when considering the
data from the current study (Figure 12). Therefore, even though it
would seem intuitive that increasing the vee depth would increase the
plastic rotation, there appears to be no justification for such a
general statement. While additional research is needed, it can be
tentatively concluded that the varilation for vee depths greater than

50 percent of the plate depth have little influence on plastic rotation.

Plate Thickness and Geometry.--The results from tests involving

different plate thicknesses are plotted in Figure 6 and were discussed
previously in Chapter 2. It is concluded that plate thickness will not
have an important influence on heat straightening.

Roeder (52) considered the effect of plate geometry by varying the
ratio of plate depth to thickness in a group of experiments while
superimposing various load ratios. His findings suggested that the
geometyy as defined had some influence on rotation, but the exact nature
was unclear. In the current study, the influence of plate depth for a
series of tests in plates with equal thicknesses, vee angles, and zero
load ratios was investigated. These results show similar rotation for
each case; thus, plate depth under these conditions is not deemed an
important factor.

Temperature.--One of the most important and vet difficult-to-

control parameters of heat straightening is the temperature of the




heated metal. Factors affecting the temperature include: size of torch

Y - -
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orificé, intensit& of the flame, speed of torch movement, and thickness
of the plate.

Assuming adequate control is maintained over the applied tempera-
ture, the question arises as to what temperature produces the best
results in heat straightening without altering the material properties.
Previous investigators have differed in answering this question. For
example, Shanafelt and Horn (35) state that heats above 1200°F on carbon
and low alloy steels will not increase plastic rotation. Rothman and
Monroe (54) concluded that reheating areas where previous spot heats
were performed will not produce any useful movements, However, the
comprehensive testing program by Roeder (52) has shown that the
resulting plastic rotation is directly proportional to the heating
temperature up to at least 1600°F, These results were verified in the
current research. Plots of vee angle versus plastie rotation for the
data from the current study are shown in Figure 13. These results are
combined with Roeder's in Figure 1l4. Both figures indicate that the
plastic rotation generally increased with increasing temperature. The
most important difference between these two plots is that the increased
plastic rotation is nearly linear with temperature for the data of the
current study, while the composite data shows the same trend although
somewhat more irregular.

The maximum temperature recommended by most researchers is 1200°F
for all but the heat—-treated high strength steels. Higher temperatures
may result in greater rotation; however, out-ocf-plane distortion becomes
likely and surface damage such as pitting (52) will occur at 1400°-

1600°F. Also, temperatures in excess of 1600°F may cause molecular




composition changes_(54) which could result in changes in material
propertiegéafter'c;oling. The limiting temperature of 1200°F allows for
several hundred degrees of temperature variation which was common among
experienced practitioners. For the heat-treated constructional alloy
steels (Fy = 100 ksi), the heat-straightening process can be used but
temperatures should be limited to 1050°F to ensure that no metallurgical
transformations occur (54). The conclusion that heat-treated
constructional alloy steels can be heat-straightened is contrary te that
of Shanafelt and Horn (55); however, Roeder (52) concurs with this
recommendation.

To control the temperature, the speed of the torch movement and the
size of the orifice must be adjusted for different thicknesses of
material. However, as long as the temperature is maintained at the
appropriate level, the contraction effect will be similar, This
conclusion was verified by two test series on plates in which the
intensity of the torch was varied. In one set, a low intensity torch
moved slowly to maintain a 1200°F temperature, while in the other a high
intensity torch was moved more quickly while again maintaining the same
temperature. The rotations in either case were similar.

Restraining Forces.--The term "restraining forces" can refer to

elther externally applied forces or internal redundancy. These forces,
when properly utilized, can expedite the straightening process. How-
ever, if improperly understood, restraining forces can hinder or even
prevent straightening. In its simplest terms, the effect of restraining
forces can be explained by considering a plate element, such as that
shown in Figure 15. The basic mechanism of heat straightening is to

create plastic flow, causing expansion through the thickness (upsetting)
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Figure 15, Progression of movement for a plate during
heat-straightening process,




during the heating phase, followed by elastic longitudinal contraction
during the!;ooling‘fhase. This upsetting 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 upsetting through the thick-
ness, However, as illustrated in Figures 15a and 15b, some longitudinal
expansion does occur because the surrounding cool material does not
offer perfect confinement. After cooling, the degree of damage is
reduced in proportion to the confinement level from the internal
restraints,.

A second method of producing the desired upsetting (usually used in
conjunction with the vee heat) is to provide a restraining force. The
role of the restraining force is to reduce or prevent plate movements
associated with longitudinal expansion during the heating phase. For
example, 1f a restraining force is applied as shown in Figure 15b, the
upsetting effect will be increased through the flexural constriction of
free longitudinal expansion at the open end of the vee. A restraining
force is usually applied externally, but sometimes the structure itself
provides restraint through internal redundancy.

In essence, a restraining force acts in an identical manner to that
of the vee heat concept itself. The material behavior can be viewed as
illustrated in Figure 16. A small element from a plate, when con-
strained in the x~-direction and heated, will expand and flow plastically
primarily through the thickness (Figure 16¢). Secondary plastic flow
will occur in the y-direction. However, this movement will be small in
comparison to that of the z-direction, since the plate is much thinner

than its y dimension and offers less restraint to plastic flow. Upon
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cooling with unrestrained contraction, the final configuration of the
element will bgésmalléf-in the x-direction and thicker in the z~direc-
tion, Figure 16d. The material itself canmnot distinguish the cause of
the constraint: either cooler adjacent material in the case of the vee
heat, or an external force in the case of a jacking force. In either
case, the plastic flow occurs in an identical manner.

In light of this discussion, a set of criteria for constraining
forces can be developed. This criteria applies for internal as well as
external constraints.

1. Constraints should be passive during the heating phase; i.e.,
they should be applied prior to heating and not increased by
external means during heating or coeling.

2. Constraints should not prohibit contraction during the cooling
phase.

3. Constraints should not produce local buckling of the compres-—
sion element during the heating phase.

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

From a practical viewpoint, this criteria means that: (1) the wvee angle
should be kept small enough that local buckling is avoided; (2) the
jacking forces must be applied prior to heating and be self-relieving as
contraction occurs; and (3) the maximum level of any external jacking
forces must be based on a structural analysis which includes the reduced
strength and stiffness due to the heating effects.

While practitioners have long recognized the importance of applying

jacking forces during the heat-straightening process, little research
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50 percent of the plate width. Likewise, plate thickness and geometry
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are not important in the range of practicality.

Residual Stresses in Heat-Straightened Members.--A study was

initiated to evaluate the magnitude and distribution of residual
stresses due to heat straightening. The basic procedure was to take
representative samples from heat-straightened members during the course
of this project and measure the residual stresses.

The procedure used here to measure residual stresses was the
sectioning method. Initial extensometer readings were taken in the zone
of heating. Then the section was cut into thin longitudinal strips,
which relieves the residual stresses. Finally, the extensometer
measurements were repeated and both residual strains and stresses are
calculated,

Eight plates have been tested to date. A plot of a typical
residual stress distribution is shown in Figure 20. The trend of the
results is that the edges are in temsion, with compression near the
midsection. More tests are needed to establish a clear pattern of the

residual stress characteristics.

ANATYTICAL DEVELOPMENT

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

the influence of the non-uniform temperature distribution. This
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a lengthy computational task which is only possible using

_approach 1is

Qémputer techniques}_ Even so, a typical analysis for a single vee heat

ﬁireQUire several hours of computer time,
... The other approach considers the global action of the vee. The

'6ié.equation’ Equation 1, which is based omn such an approach, assumes

.hatnperfect confinement is provided at all times during the heating

ha;e.and that the resulting longitudinal displacements through the vee
iiiﬁear. With this equation the number of vee heats required to
msﬁé:a bend in a steel member can be simply calculated. Since an

T litical procedure must be simple and easy to apply in order for it to
practical in design applications, this second approach was used in
~urrent study.

‘The goal of the amalytical development was to develop an equation
hich-could be used to predict the angle of plastic rotation produced by
v e heat. The most common assumptions previously used in this type of
élopment have been that: (1) longitudinal plastic strain occurs only
1 ﬁhe vee heat zone (and in a similar vee area reflected about the apex
6'lpartia1 depth vees); (2) these strains are constant in the longi-

q&inal direction over the width of the vee; (3) the planes defined by

;eides of the vee remain planes after heating and rotate about the

apég of the vee; and (4) confinement during heating is perfect single
_is in the longitudinal direction., Roeder (50,52) has been the only
esearcher to experimentally investigate the validity of these

a§3¢mptions. He found that the statistical correlation of plane

_#ions remaining plane was typically less than 0.5, although the apex
9 -Fhe Vee was close to the center of rotation. While he found that

mOSF of the plastic strain occurred in the vee zone, the strain was not




constant in the longitudinal.direction. Rather than the strain
variation through the plate depth being constant, he found it to be
fairly linear except possibly near the open face of the vee {(for which
no data points were given). While it is recognized that the assumptions
listed above are approximate, the poorest is that of perfect single axis
confinement. This assumption can be improved using the results of the
experimental program as a guide. Figure 5 illustrates the geometry of a
plate, before and after heating, based on the first three assumptions
listed previously. The change in the width of the open end of the vee,
¢, can be writen as

= s . S_¢ (3)
§ = 2dv [tan 3 tan (2 2)]
1f E;(T) is defined as the final plastic strain at the specified heating

temperature, T, in the longitudinal direction after a heating/cooling

cycle, then

1 _ 8 (4)
SP(T) = v

or using trigonometric relations from Figure 5

8 (5)
& = ! ——
ZdVEP(T) tan 5
Equating Equations 3 and 5 gives
9 ]
tan 7 - tan
dve'(T) tan g = dv[tan 5 - Z ) 2¢] (6)
P 1+ tan 7 tan 7

Since the experimental data shows that both ¢ and eé(T) aré small, it is
assumed that tan (¢/2) = ¢/2 and e;(T) << 1. Equation é can then be
solved for ¢:

6 = ZEI',(T)Sin-g- (7




The actual plastic strain, e§(T), depends on the heating tem-
perature (wﬁich is usually known) and degree of confinement (usually
anknown). If the restraint is perfect single axis confinement with the

strain designated as EP(T), then e; = sp. In terms of the total

unconfined thermal strain, et(T), and the elastic strain, ae(T)

EP(T) = Et(T) - ee(T) (8)
where
at(T) = fa(T)dT (9
F (T)
€E(T) = —Z“——E(T) (10)

and Fy(T) is the yield stress at temperature T, E(T) is the modulus of

elasticity at temperature T, and a{T} is the coefficient of thermal

expansion. In order to obtain values for €, and gt equations are
needed for Fy’ E, and o as a function of temperature. Weerth (gg) and
later Roeder (52) used the same equations to approximate these para-
meters in their analytical work. For temperature between 800°-1200°F,
Weerth's equations substituted into Equations. 9 and 10 and then used in
Eq. 8 yields

EP(T) = (.001 2 4 6.1 T - 415) 1078

- (=720000 + 4200 T - 2. 75T ) ] (11)
806 (500000 + 1333T - 1. 1llT )

Tt should be noted that in all references reviewed, st(T) was

computed as
et(T) = gq(T)(T - Troom) (12)

which is an approximate formulation. As an example of the difference

between these two methods, the approximate formula gives an et(T) =




initial yield leoad although an exact value cannot be found beééu
the complex interaction of the flanges and web of the composité
system. Based on the curves themselves, initial vield correspo
load ratio of about 3. Based on the degree of elastic rebound;
yield load ratio was in the range of 2 to 2.7. However, residu
in the system would likely reduce the elastic rebound effect.w
determination of this initial yield is important because during
straightening at 1200°F, the yield stress of the steel is reduce
1/2 to 2/3 its room temperature value (4). Should the yield str
the system be reduced to values below that produced by the exter:
restraining force, then hot mechanical straightening would occ
expediting the straightening process, the effects of such proce
the properties of steels are largely unknown. If a load ratio ﬁ_
3 is used to define initial yield of the laterally loaded W 10 x
room temperatures, then the initial yield load ratio could be re
2/3 to a value of 1.0 during heat strajghtening. The load ratios
during sequences 9 and 3 were 1.0 and 1.12, respectively. It ié
fore believed that the large increase in plastic rotation which o
during sequence 3 can, to some degree, be attributed to hot mechéq
straightening. This conclusion is reinforced by comparing the
similarity of sequences 1 and 2 to 4 and 9 as indicated in Figﬁfe

Similar comparisons cannot be made for the W 24 x 76 because only

load ratio was used.

A final geometric effect to be considered is the girder dept

Both cirderas have cnmonthar cdmiToar £lonmmame -7 A0S .. A BN 3. Lot



plastic rotation occurred on the deeper beam, even though the load ratio

was much smaller. The implication here is that interaction of web and
flange reduces the straightening effect per cycle for shallow beams.
The lateral load-deflection curves for both beam sizes ﬁerified this
behavior. The level of flange web interaction was twice as great for

the W 10 x 39 as the W 24 x 76.

SUMMARY AND CONCLUSIONS

A comprehensive testing program has been conducted in which two
beams were repetitively damaged and repaired using the heat
straightening process. The beams were supported in a frame to simulate
a2 bridge girder-slab system. A W 10 x 39 and a W 24 x 76 were damaged
and repaired twice each.

Ten different heating sequences were applied to plastically
deformed areas of the damaged girders in order to study the effect of
the external jacking forces and the heating patterns on the behavior of
the heat-straightened members. This study verified many of the trends
found in earlier laboratory testing but also has shown that additional
study of large systems is needed. General conclusions drawn from this
research are:

L. A distinct advantage is obtained by applying an external

jacking force to the heat-straightened girder. Increasing the

jacking force increased the plastic rotation proportionally,
2, Another distinct advantage is obtained by heating all of the
plastically deformed zones in the girder. The addition of the

web line heat along the vield line greatly increases the
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plastic deformation hag taken place.
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regions.
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single cycle.
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6. IMPLEMENTATION OF HEAT-STRAIGHTENING REPAIRS IN PRACTICE:
AN ENGINEERING GUIDE

The use of heat straightening has not gained wide acceptance
because of the lack of an engineering guide fof its use. The purpose of
this chapter is to provide such a guide in preliminary form. There are
still knowledge gaps which need to be filled through additional research,.
The outline of this guide is comprehensive in nature to illustrate the
required scope of a finalized guide. Those sections with little or no
content reflect the current lack of a research base. It is anticipated
that a comprehensive version can be completed after amother year of

~additional research, as has been submitted in a separate proposal.

Section 1. General
1.1 Purpose
The purpose of this manual is to provide an engineering gui&e for
the heat-straightening repair of damaged steel structures. Included
will be damage assessment, analytical considerations, design of the

repalr, and field supervision of the repair.

1.2 Scope

This manual addresses engineering issues related to the analysis
and design of heat-straightening repairs for damaged structural steel.
Details associated with contractor implementation of heat-straightening
repairs are included only to the extent necessary for engineering
considerations. The intention is to provide the structural engineer
with analysis and design procedures for heat-straightening repairs of a

similar form to procedures associated with traditional structural design




