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Figure 32. Angle-to-plate movement ratio (Ra/p) vs load ratio
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assumptions based on geometric considerations: (1) The
folded plate can be unfolded and considered as a deeper 
plate with the longitudinal strain constant with respect 
to depth; (2) the plastic rotation is magnified by the 
average displacement of the stiffening element in the 
unfolded position acting over the vee depth in the folded 
position; and (3) the plastic rotations are small, i.e., 
tan <}> = 0 . Referring to the angle represented by Figure 
28b, these assumptions imply that the plastic rotation of 
the angle, 4>a , is

<l>a = Y/dv
with the y value obtained from the linear geometry in 
Figure 28b to be

( dy + bg / 2 ) Xy
y = ----------------

dv
The plastic rotation of the equivalent unfolded plate, <|)p, 
is

<t> p = Xy/dy

Thus, the ratio of the plastic rotation of the angle to 
that of the equivalent unfolded plate is

^a/p = ^a/^p = Y/*v
or

Ra/p = 1 + 1/2 (bs/dy) ............... (9)
where dv = the depth of the vee, and

b s = the width of the stiffening element.
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The data for the channel seemed to closely match Equation 
9. The use of geometric assumption (2) above would 
not predict this fact, because the web (and thus b s) was 
divided by two. Therefore, it is assumed that the plastic 
rotations in channels are governed by the displacement at 
the center of the web, as opposed to a quarter point, as 
would be the case if using assumption (2) for one half of 
the channel being considered as an angle. The greater 
magnification is likely a result of contributions from 
both vees being heated at the flanges. Thus,

(dv + bs ' ) xv
y = ----------------

dv

where bs ' = bs/2, leading again to Equation 9 for use in 
channels (bs is the total width of the stiffening 
element or web).

The stress amplification of plastic rotation to the 
unsymmetrical shape of the angle can be rationally derived 
on the basis of the following assumptions: (1) The
variation of Ra/p is linear with respect to the load 
ratio, and (2) a load ratio of 50% increases Ra/p by a 
stress factor, SF = 2. These assumptions are based on the 
results of the least squares curve fit of the available 
data for angles (Figure 32). Using these assumptions,
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Equation 9 is further modified as

Ra/p = [1 + 1/2 (bs/dv )] [1 + (SF)(M/Mp )]  (9a)

where SF = 2 .
For a channel, which is a symmetrical section when 

considering Category W heating patterns, the data 
indicates a negligible effect of the stress factor. Thus, 
for channels

Rc/P = [1 + 1/2 (bs/dv )] [1 + (SF)(M / M p )]  (9b)

where SF = 0.
The plastic rotation equations for angles and 

channels are simply modified versions of the plate
equation by factors of Ra/p an^ Rc/p> respectively:

<i>a = <>p [ 1 + 1/2 (ds/dv ) ] [1 + 2 (M/Mp)] ...(10a)
0 C = 4>p [1 + 1/2 (ds/dv ) ] ........................ (10b)

It should be noted that the equations above are based on a 
relatively small amount of data, and more research is 
needed to verify this model for angles and channels of 
various sizes. However, these equations do agree well 
with the available data, as seen in Figures 32 and 33.

Out-of-Plane Movement
In order for the geometric considerations illustrated 

above to be valid, an out-of-plane movement (in the 
direction perpendicular to the desired direction of
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movement) would obviously have to occur. With the linear 
continuous strain concept, even though the stiffening 
element is heated with a rectangle, its strain behavior 
resembles that of a vee heat and thus the stiffening 
element would shorten more on one edge (opposite the vee 
in the case of the angle) than the other. According to 
the theory, the out-of-plane movements should be fairly 
large (especially when using a load ratio, in which case, 
the entire rectangular heat is in compression).

In the angles listed above, the average out-of-plane 
plastic rotations were computed and compared to the 
plastic rotations in the desired direction. These values 
and comparisons are shown in Table 24.

As can be seen from Table 24, the out-of-plane 
movements are quite large in all cases, and they increase 
significantly with load ratio (note the very large value 
for VI-6). However, when compared to the plastic 
rotations in the desired direction, the zero load ratio 
cases exhibited more relative movement. In fact, the out- 
of-plane movements were greater than the desired 
movements. The large out-of-plane movements are more than 
likely larger than the desired movement because the vee 
heated leg of the angle has already been heated, offering 
less resistance to rotation. The lower out-of-plane to 
desired movement ratios encountered at larger load ratios 
are probably due to restraint caused by the larger forces.



105

Table 24. Comparison of out-of-plane plastic rotations to 
plastic rotations in the desired direction of movement.

Specimen Out-of-Plane Plastic 
Rotations (millirad)

Ratio of Out-of-Plane 
to Desired Movement

VI-1 2.93 2.07
VI-2 4 .03 0.71
VI-3 6.59 0.59
VI-4 4 .55 1.44
VI-5 7.85 0.84
VI-6 10.76 0.67

Depending on whether or not the out-of-plane 
movements are beneficial to the overall repair of the 
given specimen, alternative heating patterns may be 
necessary to prevent them. The vee heat would be applied 
as normal, and the stiffening element would still need to 
be heated to allow rotation in the desired direction. 
However, instead of a rectangular heating pattern, it is 
likely a reverse vee heat (continuing from the open end of 
the original vee, and tapering down to a point) would 
allow desired rotation, while reducing the out-of-plane 
movement. In its "unfolded" position, the heating pattern 
would resemble a diamond shape, a pattern used by pipe 
welders to straighten pipe distortions. Heating in the 
proper fashion is essential for obtaining movement.

Damaged Specimens

A number of channels and angles were damaged and 
straightened in the current study, as indicated in Table
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25. The average plastic rotations are shown for each 
different combination of heating parameters used 
(different combinations were used on some specimens). All 
of the damaged specimens had the vee apex applied at the 
stiffening element (Figure 34).

A notable fact from Table 25 is that very large 
plastic rotations occurred for all of the angles (when 
compared to plates under the same conditions). With the 
stiffening element at the vee apex (and thus heated only 
with a line heat), the only explanation deals with stress. 
Larger stresses (than for plates) occur in the angles.
These large stresses are compressive over most of the vee 
(because the neutral axis is shifted toward the stiffening 
element). The stresses at the open end of the vee are 
given in Table 26 for the various cases of angles (point A 
in Figure 30).

From Table 26, it can be seen that the stresses are 
significantly higher in the angles than for the plates.
It is suggested that load ratios for this type of bending 
should be kept below 0.33 to prevent yielding (even before 
heating!) and to prevent buckling at the open end of the 
vee. The load ratio is still based on the plastic moment 
considering vertical bending only, i.e., by use of the 
plastic modulus about the horizontal axis, to be 
consistent with current practice.

In each case above, the stress in the extreme fiber 
was about 1.4 times the stress in the extreme fiber of a



Figure 34. Heating patterns for angles and channels stiffening 
element vee apex
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Table 25. Damaged angle and channel specimens.

Specimen/ M/Mp Depth # of Heats Avg PR
Category Ratio (milliradians)

L6x4x5/16(S )* 0.22 1.00 3 4 .66
L6x4x5/16 (S) 0.50 1.00 16 9.10
L6x4x5/16 (W) 0.50 1.00 3 11.11
L4x4xl/4 0.33 0.75 2 5 .57
L4x4xl/4 0.33 1.00 5 6 .75
C6x8.2 (W) 0.50 1.00 14 5 . 78

*s means strong-axis bending, W means weak- axis bending.
Note: All vee heats were 45° , and all had the stiffening
element at the vee apex.

Table 26. Stresses at open end of vee for various cases
of heats on angles (stiffening element at vee apex).

Equivalent
Shape/ Load Ratio Stress (ksi) Plate Stress

Category (ksi)

L6x4x5/16 (S) 0. 22 16.08 11.88
0.50 36.55* 27 .00

L6x4x5/16 (W) 0. 50 37 .90* 27.00
L4x4xl/4 0 .33 25 .78 17 .82

*These values assume yielding does not occur.

plate under the same conditions. Due to similar neutral 
axis positions in each shape, it seems likely that the 
plastic rotations in each angle should differ from plate 
plastic rotations by similar factors. Because a very 
large amount of hot mechanical straightening obviously 
occurred when using a 0.50 load ratio, it is more
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practical to compare only the cases of 0.22 and 0.33 load 
ratios with plates under similar conditions (see Table 
27). This will allow a proper modification of the plate 
equation for angles in damaged in this fashion, using 
reasonable load ratios.

Table 27 indicates that Equation 10a is an excellent 
indicator of plastic rotations in angles with the 
stiffening element at the vee apex (the bs term is 
considered equal to zero because the stiffening element is 
not heated as part on an extended vee). It should be 
noted that the value of 2 for SF applies for both equal 
leg and unequal leg angles (for the two cases shown).

The plastic rotations for specimen C6x8.2 in Table 25 
indicate that Equation 10b closely predicts plastic 
rotations for Category W heats with the stiffening 
element at the vee apex (again bs is considered equal to 
zero). In other words, the plastic rotations should be 
equal to those for plates subjected to the same heating 
conditions. Recall from Table 25, that the average 
plastic rotation for specimen C6x8.2 was 5.78 milliradians 
for 14 heats with a 45° vee angle and a 0.5 load ratio. 
This average value is close to the average plastic 
rotation of 5.32 milliradians found in plates when using 
the same heating parameters.

From the above observations, Equations 10a and 10b 
predict very well the plastic rotations in angles and
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Table 27. Comparison of plastic rotations in angles to 
the modified plate equation.

Shape Load
Ratio

Plas. Rot. 
(millirad)

Plas. Rot.
of Plate R a/p** 
(millirad)

L6x4x5/16(S ) 
L4x4xl/4

0.22
0.33

4 .66 
6.75*

3.37 1.38 
4.16 1.62

*These values represent the heats 
**Ratio of angle plastic rotation

with depth ratio = 1. 
to plate rotation.

Category W channels, regardless of the vee orientation. 
These equations are based on the influences of both the 
stiffening element and the stresses present during the 
heating process. However, these equations should be
written in a form which accounts for the location of the
stiffening element:

4>a = 4>p [ 1 + 1/2 (ds/w) (bs/dv ) ] [1 + 2 (M/Mp)] ---- (10c)
0C = 0p[ 1 + 1/2 (ds/w) (bs/dv ) ] .................... (10d)

where ds is the distance from the edge of the vee heated 
plate element closest to the vee apex (Figure 28b) to the 
stiffening element, and w is the width of the vee heated 
element. The term ds/w is zero when the stiffening 
element is at the vee apex and one when the stiffening
element is at the open end of the vee. This term is
important because the bs term can never actually be zero 
if a stiffening element exists, regardless of its 
location. The ds/w term simply indicates of the effect of
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the stiffening element based on its location.
It is apparent that vee depth is inversely 

proportional to plastic rotation in Equations 10c and lOd. 
If these equations were used, then very low depth ratios 
would indicate very high plastic rotations. This does not 
occur in actuality. Instead, since only full-depth vees 
were used to formulate Equations 10c and lOd, it can be 
assumed that depth ratios between 0.75 and 1.00 will 
produce similar magnitudes of plastic rotations. This is 
a valid assumption, when considering the fact that it is 
true for plate elements, as shown in Chapter III. Thus, 
the dv term is simply changed to w:

<t>a = <t>pt 1 + 1/2 (ds )(bs )/w2 ] [l + 2 (M/Mp)] --- (11 a)
<|>c = 4>p[ l + 1/2 (ds )(bs )/w2 ]  (lib)

Equations 11a and lib are considered valid for depth 
ratios ranging from 0.7 5 to 1.00. Figures 35 through 37 
show the comparisons of various shapes to their respective 
plastic rotation equations.

Residual Stresses
Residual stress patterns were experimentally 

determined for some representative samples of angles and 
channels. The geometry of the shapes prevented 
measurements with the extensometer on both sides of 
certain strips. However, the continuity and consistency 
of the plots indicate that by just measuring one side,
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Table 28. Residual stresses in undamaged angles.

Specimen/Strip
Residual Stress 
(KSI) in Vee 
Heated Leg

Residual Stress 
(KSI) in Rectangular 

Heated Leg

VI-1 1 -22.04 -19.69
2 3 .09 -7 .40
3 9.17 6.42
4 11.46 9.79
5 10.04 15.37
6* 7 .03 15.73
7* -5.29 13.92
8* -20.16 -17.40

VI-4 1 -26.10 -27.08
2 -10.19 -2.76
3 3.87 6 .16
4 15.48 0.33
5 21.90 9.54
6* 8.48 12 .91
7* 5.44 12 .04
8* -43.07 -31.83

* Only one side measured.

sufficient results were obtained. The residual stress 
values are given in Tables 28 through 30, and shown in 
Figures 38 through 42). The strip number locations are 
shown in the figures. These values should be fairly 
representative of the respective heating configurations on 
the various shapes.

In the two undamaged angles (VI-1 and VI-4), the 
residual stress patterns were quite similar (slightly 
higher compressive stresses were found at the leg ends of 
specimen VI-4). The only difference in these two 
specimens is the vee angle used (20° and 45°,
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Table 29. Residual stresses in undamaged channel (IX-6).

Strip #
Stress (KSI) 

in
Top Flange

Stress (KSI) 
in 
Web

Stress (KSI) 
in

Bottom Flange

1* -24 .43 -30.67 2.54
2* -9.79 0.36 4 .06
3* 15.59 2.32 -2.83
4 5.37 9.65 -12.51
5 ----------- 13.85 — ------

6 17.98
7 17.37
8 17 .44
9* 12 .69

10* 11.67
11* -34.80

* Only one side measured.

respectively). Until further study, it can be assumed 
that the type of pattern shown for these two specimens 
(compression on edges and where the two legs meet) is 
representative of angles.

An interesting fact is that the damaged angle 
specimen, L4x4xl/4, exhibited the same type of residual 
stress pattern as the undamaged angles. It should be 
noted that two different heating patterns were used for 
the damaged and undamaged specimens. It is apparent that 
the heating/cooling process in the angles results in quite 
high (around 40 ksi) compressive stresses near the end of 
the legs, regardless of the location of the vee apex, 
relative to the stiffening element. It is suggested that 
further research be conducted on the subject of residual
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Specimen/Strip
Residual Stress 
(KSI) in Vee 
Heated Leg**

Residual Stress 
(KSI) in Rectangular 

Heated Leg

L4x4xl/4 1* -47.49 -53.65
2* 17.91 -9.57
3* 33.57 2.10
4 34.06 16 .32
5 27 .55 21.90
6 19 .87 22 .84
7 -10.30 -9.72
8 -35 .74 -22.70

L6x4x5/16 1* 12.25 -----------

2* -4.71 -2.61
3* 14 .65 12 .33
4 27 .55 14 .36
5 43.86 21. 57
6 31 . 50 26.90
7 29.69 43.21
8 18.27 31.54
9 10. 19 ------ —

10 -7 . 87
11 -25.34
12 -35.38

* Only one side measured.
** some vee heats were also applied to the both legs due t<
some bending occurring in horizontal direction (from
vertical loading) during damage.

stress patterns in channels and other sizes of angles 
subjected to the heat straightening process.

Conclusions
The past study conducted by Boudreaux on undamaged 

angles and channels indicated extremely high plastic 
rotations when compared to plates heated under the same 
conditions. The current study on damaged angles and
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channels has resulted in similar findings. Cross-section 
geometry has been incorporated into the modified plate 
equation from Chapter III, to predict plastic rotations 
for these shapes for two types of heating patterns. 
Stresses and the location of the stiffening element, with 
respect to the vee apex, both have an effect on the 
plastic rotations in angles and channels. Residual stress 
patterns were found for a few of the specimens (both 
damaged and undamaged). Compressive stresses near the leg 
tips were quite high in some cases.

The study of the angles and channels illustrates the 
fact that more variables are involved in the prediction of 
plastic rotation in shapes other than simple plates. An 
even more complex shape is the wide flange. A study of 
undamaged wide flange beams is presented in the following 
chapter.



CHAPTER V
UNDAMAGED WIDE FLANGE BEAMS

Although the information in the preceding chapters is 
useful in understanding the effects of heat straightening, 
many steel bridge members do not consist of a single plate 
or even channels and angles. More commonly, bridges are 
constructed using plate girders and wide flange shapes. 
Often these members are damaged as a result of accidents.

Plastic rotation studies have been conducted in the 
past (Horton 1973; Avent and Fadous 1988), on a few 
undeformed wide flange beams. Some material properties 
resulting from heat curving have been investigated, with 
theoretical studies used to predict residual stresses 
(Horton 1973). However, no experimental residual stress 
measurements were made. In the current study, a number of 
undeformed wide flange beams were subjected to the heat 
straightening process in a laboratory environment.
Plastic rotations were investigated to add to previous 
data, and residual stresses were experimentally 
determined.

Test Setup
The studies were similar to those of the undeformed 

plates; in this case, using 5-foot long specimens of W6x9 
rolled shapes (A36 steel). The beams were bolted to a

124
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stationary frame in cantilever fashion, and loads and heat 
were applied accordingly (Figure 43). Each initially 
straight beam was subjected to four heating/cooling cycles 
to produce Category w movement (movement about the weak 
axis, as shown in Figure 43) or category S movement 
(movement about the strong axis). The heating conditions 
for the beams are shown in Table 31.

Plastic Rotations
To determine beam movements resulting from each heat, 

measurements were taken using a sliding measuring frame 
along a set of guide rails, which ran under the beam, 
parallel to it. Measurements were taken at eight 
locations along the beam and were used in a similar manner 
as for the plates to arrive at plastic rotations. Plastic 
rotations for each of the beams are shown in Table 32.
This topic is discussed more in Chapter VI.

Residual Stresses
Residual stresses were experimentally determined in 

the heated region of the beams, using the sectioning 
method, in all of the beams, eight strips were cut from 
each flange, and six strips were cut from the web (see 
Figures 44 and 45).

The shape of the extensometer used to measure the 
gage lengths prohibited obtaining stresses in the web 
within about 1.5 inches from either of the flanges, thus 
limiting stress readings to six strips. Also, for the
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Table 31. Heating conditions for undamaged wide flange 
beams.

Beam Vee angle Load Ratio Depth ratio Category

1-1 20 0.00 1.00 S
1-2 45 0.00 1.00 s
1-4 30 0.00 1.00 s

II-l 20 0.00 1.00 w
II-3 45 0.00 1.00 w

III-2 20 0.50 1.00 w
IV-5 45 0. 25 1.00 s
IV-6 45 0.50 1.00 s

Table
beams

32. Plastic rotations in undamaged wide flange

Beam
Plastic Rotation (milliradians)

Heat 1 Heat 2 Heat 3 Heat 4 AVG

1-1 2 .25 3.58 2 .85 3.48 3.04
1-2 3.77 6 .43 5 .51 5.70 5.35
1-4 3.94 2 . 54 4.96 5.33 4 .19

II-l 1.87 1.62 0.21 1.06 1 . 19
II-3 2.90 2.69 0.70 -3.00 0.82

III-2 7.57 6.77 6.93 5 . 28 6 .64
IV-5 8.94 6 . 50 6 . 50 No heat 7.31
IV-6 6 .83 7.00 7 .67 No heat 7 .17

same reason, only in strips 1 and 8 in the flanges were 
both sides of the strip measured. Although only one side 
was measured for strips 2 through 7, the results from 
strips 1 and 8 have shown that one side of the strip can 
be used to estimate the residual stress fairly well.
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An unheated specimen (Beam UH) was tested for 
residual stresses (Table 33 and Figure 46), to compare 
with the heated specimens. These stresses matched very 
closely with a plot of the residual stresses in a roller 
straightened W6x20 shape shown in the Structural Stability 
Research Council Guide to Stability Design Criteria for 
Metal Structures (1976). Roller straightening (or 
rotorizing) is a common mill practice for straightening 
small wide flange shapes to meet sweep and camber 
tolerances. The process redistributes and greatly reduces 
the initial residual stresses in the flanges (a 
characteristic evident in Beam UH, where these stresses 
are quite low) (SSRC 1976).

Values for the Category W, small vee angle Category 
S, and large vee angle Category S specimens are shown in 
Tables 34 through 36. Average residual stress 
distributions for the three categories are shown in Figure 
47. Individual residual stress distributions for each 
beam are shown in Appendix V. From the residual stress 
patterns in the heated undamaged beams, the following 
observations are made:

1. The patterns were significantly different in the 
Category s and Category W specimens.

2. Load ratio and depth ratio were again found to 
not significantly change the stress patterns, when all 
other parameters were held constant.
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Figure 46. Residual stresses in unheated wide flange beam


