Bending and straightening

by J. P. Stecich, John M. Hanson,
and Paul F. Rice

Bending and straightening tests were conducted on Grade
60 reinforcing bars. Three sizes of billet steel bars were in-
cluded in the tests #5, #8, and #11. The bars were obtained
Jfrom three sources, one supplying all three sizes and two
only the #11 bars.

Tests were done at cold and room temperatures. Bars
were bent to the minimum drameter specified in the Amer-
sean Concrete Institute’s “‘Building Code Requirements for
Rewnforced Concrete (ACI 318-83),” and to as small a di-
ameter as possbile. Bending was done around the weak and
strong axis. Some bars were flame heated to approximately
1500F (820C) to reduce breakage. Tenstile tests were con-
ducted on straightened bars, for comparison to tensile tests
of unbent control bars.
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During construction, a partially embedded reinfore-
ing bar may need to be bent because of incorrect fab-
rication or inaccurate placement, or to provide ac-
cess. A bent bar may need to be straightened for any
of the same reasons or because it was bent acciden-
tally. Field bending or straightening is usually ac-
complished by placing a steel pipe over the bar and
pulling on the bar.

It is generally not considered desirable to bend a
bar to less than the minimum diameter specified in
Paragraph 7.2.1 of the American Concrete Insti-
tute’s “Building Code Requirements for Reinforced
Concrete (ACI 318-83)!.”” However, this is not a man-
datory requirement for field bending. In some in-
stances a sharper bend may be needed to improve ac-
cess. The bend may be around the weak or strong
axis of the bar.

The diameter of a bend may be defined as the di-
ameter of a circle having a portion of its arc match-
ing the inside surface of the bent bar. ACI 318-83 in
Paragraph 7.3.2 allows field bending, as follows:

“Reinforcement partially embedded in concrete shall
not be field bent, except as shown on the design
drawings or permitted by the Engineer.”
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The Commentary? for Paragraph 7.3.2 provides guid-
ance on the use of heat:

%3

. . The inspecting engineer must determine
whether the bars can be bent cold without damage, or
if heating is necessary. . . . Partially embedded rein-
forcing bars can be successfully rebent (or bent for
the first time, which should be less critical) if they are
first preheated to 1100-1200F and then bent as
gently and in as gradual an arc as possible . . .”

The recommended preheat in the Commentary was
based on testing by Black® on #10 and #11, Grade 40
and 60 reinforcing bars. His study showed that
straightening of Grade 60 bars can be improved
without a loss of tensile strength by preheating to
1100F (590C). Some bars were broken during
straightening. However, higher temperature was not
used at that time because of concern over loss of ten-
sile strength due to the heating.

Later unpublished tests by Black on #11 bars indi-
cated that field bending and straightening could be
improved by heating the bars to between 1400F
(760C) and 1500F (820C). Although a minor loss of
strength was noted, the yield and tensile strength of
the bars was apparently acceptable.

Lalik and Cusick* conducted cold bending and
straightening tests on #8, Grade 60 reinforcing bars.
These bars were bent to 45 or 90 degrees at diame-
ters as small as 8 in. (200 mm) and straightened. This
bend is less severe than a bend around a 6 in. (150
mm) diameter pin allowed by ACI 318-83 for #8 bars.
No breakage occurred during bending or straighten-
ing. The straightened bars had yield and tensile
strength comparable to unbent bars.

In 1981, Erasmus® expressed a different view, stat-
ing that cold straightening of reinforcing bars appre-
ciably changes the steel properties. According to
Erasmus, brittle fracture during straightening be-
comes more likely with:

1. Decrease in bend diameter.

2. Increase in bar diameter.

3. Low temperature.

4. Forceful impact.

5. Time delay causing strain aging of the bent bar.
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of Grade 60 reinforcing bars

Fig. 1 — The type of reinforcing bar obtained from
suppliers A, B, and C (left to right).

The research described in this paper addressed the
points raised regarding bend diameter, bar diameter
and low temperature. However, it was considered
that bars should be straightened with a slow pull
rather than by pounding. The effect of aging before
straightening was not studied.

Significance of the research

This research provides guidance to field engineers
who are confronted with the need to approve a pro-
cedure for field bending of reinforcing steel. It is
shown that reinforcing bars can be bent and
straightened under field conditions without damage.
Under difficult conditions, use of heat to higher lev-
els than is presently recommended in the Commen-
tary to ACI 318-83 may be advantageous.

Description of test program

The primary variables were bar size and supplier,
bend diameter, bend axis and temperature. ASTM
A615 Grade 60 reinforcing bars were obtained from
three sources, #11 bars from Supplier A, #5, #8 and
#11 from Supplier B and #11 from Supplier C. As
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shown in Fig. 1, bars from Supplier A had trans-
verse deformations consisting of semielliptical “cres-
cents.” The ends of the crescents taper before inter-
secting the longitudinal rib. Bars from Supplier B had
a diagonal deformation pattern with straight trans-
verse lugs that were almost perpendicular to the rib.
Bars from Supplier C had an x-shaped deformation
pattern with transverse lugs that cross each other
midway between ribs. The transverse lugs on the
bars from both Suppliers B and C extend to the lon-
gitudinal ribs.

Transverse deformations are needed for bond be-
tween the bar and concrete. Previous research®’ has
shown that the stress concentration caused by a de-
formation depends on the sharpness of the lug base
radius and the height, width and flank angle of the
lug. Lug geometry was obtained by cutting a section
through the bar, enlarging a photograph of the cut
section, and measuring the geometry. Steel chemis-
try was provided by the suppliers. Deformation
geometries and steel chemistries are presented in
Table 1.

The American Society for Testing and Materials
(ASTM) specification for A615 Grade 60 reinforcing
bars® requires minimum elongations of 7 percent for
#11 bars, 8 percent for #8 bars, and 9 percent for #5
bars. ACI 318-83’s recognition of Supplement S1 of
ASTM A615 requires #5 or smaller Grade 60 bars to
be test bent to 180 degrees around pins equal to 3.5
bar diameters (3.5d), #6 through 8 to 5d and #9
though 11 to 7d. Sizes tested were the largest in each
group.

Two bend diameters were used for each bar size,
the minimum bend diameter allowed by ACI 318-83
for fabrication and the smallest practical bend. ACI
318-83 in Paragraph 7.2.1 specifies a minimum bend
diameter of 8 times the bar diameter (8d) for #11 bars
and 6d for #8 and #5 bars. For the procedures used
in this program, the smallest practical bend was
about one-half of the minimum diameter allowed by
ACI 318-83.

Bends were made with the longitudinal rib at the
neutral axis (weak axis bending) for all three bar
sizes. All of the #11 bars were also bent with the lon-
gitudinal rib at the extreme fiber (strong axis bend-
ing).
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Most bars were bent and straightened at labora-
tory temperatures of 60F (16C) to 80F (27C). No. 11
bars from Supplier B were also bent and straight-
ened at cold temperatures, 25F to 35F (-4C to 2C).
Flame heating to a temperature of approximately
1500F (820C) was also used to improve bendability
and to evaluate loss of strength caused by heating.

The tests were done in four phases:

1. Room temperature bending and straightening.

2. Room temperature bending followed by heated
straightening.

3. Heated bending and straightening.

4. Cold temperature bending and straightening.
Straightened bars, in addition to a set of control bars,
were tested in tension to obtain their yield point and
tensile strength.

Bars from all three suppliers were included in the
first phase. Bends were made around the weak and
strong axis to the ACI minimum diameter and to the
smallest practical diameter. Sixteen combinations of
variables were examined, as follows:

Room Temperature Bending and Straightening

Weak Axis Strong Axis
Bar ACI Min. Smallest ACI Min. Smallest
Size Supplier Diameter Diameter Diameter Diameter
A W w W W
#11 B W A \ w
C W w W w
#8 B W \'
#5 B W w

Each “W" represents a test sequence where bends
were made to angles from 15 deg to 90 deg. For a
typical test sequence, a reinforcing bar was bent to a
15 deg angle and then straightened. A second bar
was bent to 15 deg and straightened. Additional pairs
were bent to increasing angles and straightened. The
bend angle was increased in 15 deg increments to a
maximum of 90 deg or until breakage occurred in a
pair of specimens.

Cracking was observed in some bars that were
straightened. These cracks typically occurred at the
base of the transverse lugs. With some exceptions at

TABLE 1 — Properties of test bars

Approx

Bend Bend
Weak Axis
dia. angle

Strong Axis

Ir_w.(cm) deg. A B8 c A 8 ¢
i2 30} 90

12300 75

i2 30) 60 T

12 30} 45 *| [T
16 (41} 30

Ig 48 15

(A) MINIMUM DIAMETER ALLOWED BY AC! 318-83.

A B c
6 {15} 90
65017 75
9@3) &0 *
12 30} 45
16 @1} 30

19 (48) 15

(8) SMALLEST PRACTICAL DIAMETER.

% - ONE BAR BROKE.
T - ONE BAR DEVELOPED TRANSVERSE GRACKS.

Fig. 2 — Bending of #11 bars at room temperature.
Each bar of the graph represents the bending of a pair
of reinforcing bars from each supplier to the diameter
and angle indicated. A separate pair of reinforcing
bars was bent to each angle shown and then straight-
ened. The results of strarghtening the bars are shown
m Fhg. 8.

the start of the program, a crack observed at the
conclusion of a test was considered the same as a
fractured bar.

Some difficulty was encountered in restoring the
straightness of a bar. If the bar had an offset, or
kink, in the bend region of more than one bar diame-
ter after straightening, the test was repeated.

The second phase of the testing program examined
improvement in straightening obtained by heating
the bent bar to 1500F (820C). Heated straightening
was used whenever breakage occurred during room
temperature straightening in the previous phase. The

Bar Geometry' Chemistry*
Flank
angle C Mn P S

Size Supplier | r/h  hiw  (degrees)

(percent) | (percent)

(percent) | (percent)

0.009 0.035 -
0.008 0.041 C_>/
_

A 0.1 04 30 Heat 1 0.39 1.01 0.016 0.033

Heat 2 0.36 0.91

#11 B 03 04 45 0.42 1.29
C 0.3 0.2 60 0.37 1.06 0.020 0.019
#8 B 0.3 03 30 0.39 1.19 0.010 0.021
#5 B 0.2 03 10 0.43 1.27 0.012 0.035

*From mill test reports
'Geometry defined at right.
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Approx
Bend Bend

dia. angle Weak Axis Sirong Axis
in.(crm)  deg. A 8 ¢ A B ¢
12 30) 380 T T
12(30) 75 T T
12 (30} &0 TT
12 30) 45 TT

16 (41) 30 T
19 {48} 15 l—l

(A) MINIMUM DIAMETER ALLOWED BY Acl! 318-83.

6 (15} 90 A 8 ¢
65 (7N 75

9 {23 60

12 30 45 T
16 (41) 30 | [ TT
19 48) 15 H

(B) SMALLEST PRACTICAL DIAMETER.

¥ - ONE BAR BROKE.
T - ONE BAR DEVELOPED TRANSVERSE CRACKS.
TT - BOTH BARS DEVELOPED TRANSVERSE CRACKS.

Fig. 8. — Straightening of #11 bars at room tempera-
ture. Each bar of the graph indicates the results of
straightening the pair of reinforcing bars successfully
bent to the angles shown wn Fig. 2.

combinations of variables that were examined in this
phase are as follows:

Room Temperature Bending and Heated Straightening

Weak Axis Strong Axis
Bar ACI Min. Smallest ACI Min. Smallest
Size Supplier Diameter Diameter Diameter Diameter

A X
#11 B X X X X
C X X X

Each test sequence, represented by an “X’’, con-
sisted of bending a pair of bars in 15 deg increments
to increasing angles. Two bars were bent to the an-
gle that first caused cracking or breakage during
straightening at room temperature. Each bent bar
was then flame heated and straightened. This was
repeated on additional pairs at increasing angles un-
til breakage occurred or until two 90 deg bends were
straightened.

The third phase was conducted to study a method
of obtaining tighter bends by the use of heat. This
testing was done on combinations of variables that
caused cracking or breakage during room tempera-
ture bending in either the first or second phase, as
follows:
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Heated Bending and Straightening

Weak Axis Strong Axis
Bar ACI Min. Smallest ACI Min. Smallest
Size Supplier Diameter Diameter Diameter Diameter

B Y Y Y

#11 C v

For each ““Y”, a pair of bars was flame heated and
then bent to the angle at which cracking or breakage
had previously occurred at room temperature. Each
bar was then straightened. This was repeated. In all
cases it was possible to continue until a pair of bars
was bent to 90 deg and straightened.

Two sequences of bending and straightening were
performed in the fourth phase to examine the effect
of winter temperatures, 30F (- 1C). The two combi-
nations of variables that were examined are:

Cold Temperature Bending and Straightening

Weak Axis
Bar ACI Min. Smallest
Size Supplier Diameter Diameter
#11 B Z Z

Procedures and test results

The reinforcing bars were bent and straightened
using a device that was built for this test program.
This device consists of a horizontal steel tube that
holds the reinforcing bar and a c-shaped frame that
rotates about a hinge on the tube. The frame is pow-
ered by a two-way hydraulic ram.

The test bar was encased in three oak blocks, and
then inserted into the tube. A steel pipe slightly
larger than the bar was placed over the bar. A chain
was wrapped around this pipe and around the top
arm of the frame. Bending was accomplished by pull-
ing the frame backward with the ram.

The bend diameter was controlled by placement of
the pipe. Initial increments were made with the pipe
placed close to the oak blocks. For bend angles of 45
deg or greater, the pipe was moved sufficiently away
from the oak blocks to maintain the desired bend di-
ameter. The smallest practical bend was obtained by
keeping the pipe as close as possible to the oak
blocks.

Straightening was accomplished by placing the
frame in its rearmost position, moving the chain to
the bottom arm and then powering the arm forward.
This process was also repeated in increments until
the bar was straightened.

Several methods of heated straightening were
used. Temperature of the flame heated bars was
monitored with 1400F (760C) and 1500F (820C) cray-
ons. Initially, attempts were made to improve
straightening by uniformly heating the bar to 1400F
(760C). At this temperature, the color of the bar was
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black with a faint orange glow. Several trials with
bars at this temperature did not show an improve-
ment in straightening. Subsequently, bars were
heated until the 1500F (820C) crayon mark was on
the verge of melting. At this temperature, the bar
had a bright orange glow. Trials at this temperature
showed significant improvement in bendability.
Based on this work, 1500F (820C) flame heating was
used.

Field bending at room temperature

The results of the bending tests on #11 bars at
room temperature are shown by the four bar graphs
in Fig. 2. Each bar represents a testing sequence of
bending pairs of reinforcing bars from 15 deg up to
90 deg. It may be noted that the ACI minimum di-
ameter was not achieved for 15 and 30 deg bend an-
gles. At a 90 deg bend angle, the smallest diameter
that could be achieved for the #11 bars was 6 in. (150
mm).

The upper graphs show that bars from all three
suppliers were bent to the minimum diameter speci-
fied in ACI 318-83 around the weak axis at angles in-
creasing to 90 deg. One bar from Supplier B broke
during bending about the strong axis at 45 deg.
However, the remaining specimens in that sequence
were bent to angles up to and including 90 deg with-
out breakage. Transverse cracking was observed in
two specimens after bending to 45 and 60 deg around
the strong axis.

As shown in the lower graphs, a bend diameter
smaller than the ACI minimum diameter was not
achieved until the bend angle was 60 deg. When bent
around the weak axis, one bar from Supplier B broke
while attempting a 60 deg angle bend; the other bar
of that pair was successfully bent. Bars from Sup-
pliers A and C were bent up to a 90 deg angle with-
out breakage. For bends around the strong axis, one
bar from Supplier B broke at 45 deg, the second
specimen was bent without breakage. One bar from
Supplier C broke at 60 deg. The second specimen did
not break. Reinforcing bars from Supplier A could be
bent around the strong axis to bends as tight as 4d
and 90 deg.

TABLE 2 — Averages of tensile test resuits

Approx
Bend Bend

dia. angle Weak Axis Strong Axis

in.tcm) deg.

B c

12 30} 90
12 30) 75
12130) 60
12 300 45
641 30
19 #8 15
(&) MINIMUM DIAMETER ALLOWED BY ACI 318-83.
A c
& (5 90
65 (7 75
9 23) 60
12 30 45
16 4 30
19 48 15

(B) SMALILEST PRACTICAL DIAMETER.

’

— BENT AT ROOM TEMPERATURE
7 (820C).

STRAIGHTENED AT 1500F

~ BENT AND STRAIGHTENED
A 1500F (8205,

T - ONE BAR DEVELOPED TRANSVERSE CRACKS

g’ig. 4 — Heated bending and straightening of #11
ars.

All of the #5 and #8 bars were bent around the
weak axis to a diameter as small as 3d and to 90 deg
without breakage.

Field straightening at room temperature

Fig. 3 shows the results of straightening the bent
#11 bars at room temperature. Each bar on the
graphs represents straightening of a sequence of
bent specimens. The upper limit of each bar indicates
that one or both bars were straightened without
breakage. At the next larger angle, either both bars
broke during straightening or one bar broke during
straightening and the other had broken during bend-

ing.

Unheated Heated
Control bars straightened bars straightened bars
Yield Tensile Yield Tensile Yield Tensile
point strength point strength point strength
Bar (ksi) (ksi) (ksi) (ksi) (ksi) (ksi)
size Supplier (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
#11 A 64.4 106.4 63.8 103.7 61.7 91.8
(444) (734) (440) (715) (425) (633)
B 65.1 105.1 64.7 103.9 65.1 93.5
(449) (725) (446) (716) (449) (645)
C 64.8 105.1 64.6 103.6 65.1 97.5
447) (725) (445) (714) (449) (672)
#8 B 68.2 96.5 66.2 95.6 — -
(470) (665) (456) (659)
#5 B — — 64.5 104.5 — —
(445) (720)
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Approx ACI Min. Approx Smallest
Bend Bend Diameter Bend Bend Diameter
dia. angle dia. angte )
in (crm) de.g. in.{cm) deg.

Room

Temp.
12300 90 | T =
12 30) 76 | T Cold L

Temp.
12 (30) 60 TT 80 60 | Room Cold
Temp. Temp.

12 (30) 45 } 12 30) 45 + TT xT
I8 (46) 30 | 18 46) 30 r
20(51) 15 r 20 (61) 15

¥ — ONE BAR BROKE.
T - ONE BAR DEVELOPED TRANSVERSE CRACKS.

TT - BOTH BARS DEVELOPED TRANSVERSE CRACKS.

Fig. 5 — Straightening of #11 bars from Supplier B
at cold temperature.

All of the bars that were bent to the minimum ACI
diameter around the weak axis at angles up to 90 deg
could be straightened without breakage. Bars from
suppliers A and C that were bent to the minimum
ACI diameter around the strong axis could also be
straightened. However, for Supplier B, one 45 deg
bend specimen broke during straightening. Since the
other specimen had broken during bending, the graph
is terminated at 30 deg.

The results of straightening #11 bars that were
bent as tightly as possible around the weak axis are
shown in the lower left graph of Fig. 3. Two #11 bars
from Supplier A that were bent to 45 deg around the
weak axis with a 10 in. (250 mm) diameter were
straightened without breakage. At 60 deg, one spec-
imen had a 7 in. (180 mm) bend; the other had an 8
in. (200 mm) bend. The 8 in. (200 mm) bend was suc-
cessfully straightened; the 7 in. (180 mm) bend broke
during straightening. At 75 deg, both specimens had
a 6 in. (150 mm) bend and both broke during
straightening.

For Supplier B, two bars with a 45 deg, 12 in. (300
mm) diameter bend around the weak axis were
straightened. However, both had transverse cracks.
At an angle of 60 deg, both specimens had an 8 in.
(200 mm) bend. One specimen broke during straight-
ening. The other had already broken during the ini-
tial bend.

For Supplier C, two bars with a 75 deg angle bend
around the weak axis were straightened but had
transverse cracks. One bar had a 6 in. (1560 mm) di-
ameter bend; the other had an 8-inch (200 mm) bend.
At 90 deg, both bars had a 6 in (150 mm) bend and
both broke during straightening.

The three test sequences of straightening bars with
the smallest practical bends around the strong axis
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are shown in the lower right graph of Fig. 3. For
Suppliers B and C, breakage occurred at smaller an-
gles than the weak axis bending. However, for Sup-
plier A, straightening of bends around the strong
axis was more successful. Bends as sharp as 90 deg
and 6 in. (150 mm) diameter were straightened with-
out breakage or cracking.

No. 5. and No. 8 bars that had been bent around
the weak axis, as tightly as 3d and to 90 deg, were
straightened without breakage or cracking.

Heated bending and straightening

Results of tests on #11 bars are presented in Fig.
4. Bars bent at room temperature and straightened
at 1500F (820C) are represented with cross-hatching.
Bars that were bent and straightened at 1500F
(820C) are shown with solid shading. The cross-
hatching starts at the angle at which heat was first
used during straightening. The shading starts at the
angles at which flame heat was used during bending
as well as straightening. Although tests were not
performed at smaller angles, it is expected that a
reinforcing bar could be straightened with heat at
bend angles smaller than those tested.

Heating to 1500F (820C) allowed bars bent to the
minimum ACI diameter or the smallest practical di-
ameter around the weak or strong axis to be
straightened without breakage. In most cases, the
heating also eliminated cracking.

Heated straightening was not used on #5 or #8 bars
because no breakage occurred during room tempera-
ture straightening.

Cold temperature straightening

Results of straightening #11 bars around the weak
axis at cold temperatures 25F to 35F (-4C to 2C) are
presented in Fig. 5. These results are compared to
the results of room temperature straightening taken
from Fig. 3.

Straightening of the test sequence at the minimum
ACI diameter was halted at a bend angle of 60 deg.
Transverse cracks developed in both specimens.
Straightening of the smallest diameter test sequence
was halted at a bend angle of 45 deg. One specimen
broke during straightening; the other developed a
fransverse crack.

Tensile tests

Results of tensile tests on uncracked, straightened
bent bars and control bars for each manufacturer are
summarized in Table 2. Yield was obtained only for
bars that exhibited a distinct plateau. Approximately
60 percent of the unheated bars and 80 percent of the
heated bars had a distinct yield point.

The average yield point of the straightened bars,
whether heated or not, was nearly the same as the
yield point of the control bars. For the unheated bars,
the yield point varied from a low of 57 ksi (390 MPa)
to a high of 68 ksi, (470 MPa) with only one result
less than 60 ksi (410 MPa). Yield point of the speci-
mens that were bent or straightened using flame heat
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Fig. 6 — A Y-in. long crack in a #11 bar.

varied from 59 ksi (410 MPa) to 66 ksi (460 MPa).
Two results were less than 60 ksi (410 MPa).

Average tensile strength of the unheated straight-
ened bars was essentialy the same as that of the con-
trol bars. Tensile strength varied from 79 ksi (540
MPa) to 108 ksi (740 MPa). Four specimens had a
strength below 90 ksi (620 MPa). Tensile strength of
the heated bars was 7 to 14 percent less than that of
the control bars. These strengths varied from 80 ksi
(650 MPa) to 102 ksi (700 MPa). Three specimens had
a strength less than 90 ksi (620 MPa). Of the 58 flame
straightened specimens, only 5 did not meet Grade 60
yield or tensile strength requirements.

Tensile tests were also performed on six bars ob-
tained from Supplier C that developed transverse
cracks during straightening. These results are given
in Table 3. Crack sizes were categorized as small,
medium and large. Two bars from each category
were tested. Tensile test results are compared to the
average yield point and tensile strength of the un-
cracked bars from Supplier C. Cracks described as
small had a length of 0.10 in. (2.5 mm) and were hair-
line wide. The two cracks described as medium were
0.20 in. (5.1 mm) long by 0.01 in. (0.25 mm) wide and
0.15 in. (3.8 mm) long and 0.005 in. (0.13 mm) wide,
respectively. Large cracks were 0.25 in. (6.4 mm)
long and 0.015 in. (0.38 mm) wide and 0.25 in. (6.4
mm) long and 0.02 in. (0.5 mm) wide. A 0.25 in. (6.4
mm) long, transverse crack is shown in Fig. 6.
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TABLE 3 — Suppliemental tensile tests on bars
with cracks

Crack size Yield Tensile Break
point strength location
(ksi) (ksi)
(MPa) (MPa)

Uncracked 64.6 103.6 Varies

(from (445) (714)

Table 2)

Small 64.3 102.1 In bend
(443) (704) area

Medium 64.4 96.5 In bend
(444) (665) area

Large 65.5 104.7 Outside of
(452) (722) bend area

*These bars were tested one year after being straightened.

Bars with small and medium sized cracks were
tested shortly after straightening. Their average
yield point was virtually the same as the average
yield point of the uncracked straightened bars. Ten-
sile strength was slightly reduced when compared to
the uncracked bars. However, the strength was
above the minimum requirement of ASTM A615.
Fracture initiated at a crack formed during straight-
ening.

Specimens with large eracks were tested one year
after straightening. Yield point and tensile strength
increased to above the strength of the uncracked
specimens, and was essentially equal to that of the
control bars.

Evaluation and discussion of results

Effect of bend diameter, angle and
orientation

Bend diameter and orientation had a strong effect
on the ability to bend or straighten a #11 bar. This
effect is demonstrated in Fig. 7 where the percent-
age of bars that was straightened without breakage
is plotted as a function of bend diameter. The proba-
bility of straightening without breakage increased
with increasing bend diameter. For weak axis bends,
100 percent of the bars were straightened at a bend
diameter of 12 in. (300 mm) or greater. For strong
axis bends, the bend diameter required for straight-
ening of all the bars was 18 in. (460 mm).

When the bend was oriented with the longitudinal
rib at the extreme fiber of bending, breakage during
straightening occurred at a larger bend diameter for
bars obtained from Suppliers B and C. However,
straightening of bars from Supplier A was more suc-
cessful. It appeared that the improved performance
of the A bars about the strong axis was due to
smoother geometry at the intersection of the trans-
verse deformation and the longitudinal rib.

A similar effect was observed during the bending
tests. Cracks and breakage occurred in some bars
from Suppliers B and C that were bent to the ACI
specified minimum diameter around the strong axis,
while no cracking or breakage occurred in the weak
axis bends. For tighter bends, breakage in Supplier B
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and C bars occurred in less sharp bends when the
bend was oriented around the strong axis.

The bend angle at a given bend diameter did not
appear to have a strong influence on bending and
straightening. For example, in the test sequence for
a strong axis bend at the minimum diameter permit-
ted by ACI 318-83, breakage occurred in one #11
specimen at an angle of 45 deg. The same bend di-
ameter was maintained, and bending was continued
to an angle of 90 deg. No further breakage occurred.
In straightening these bends, breakage occurred in
approximately half the specimens. Both specimens
bent to 75 deg were straightened even though break-
age occurred in one of the specimens bent 60 deg.

Effect of bar size

No. 5 and No. 8 bars from one supplier were bent
to a diameter as small as 3d without breakage. This
is well below the bend diameter that is required in
ASTM A615. By comparison, the bend diameter at
which 100 percent of the #11 bars from the same
supplier could be straightened was 8d.

Chemistry of the #5 and #8 bars does not appear to
be significantly different than that of the #11 bars.
The deformation geometry on the #8 bar was ap-
proximately the same as that of the #11 bar fur-
nished by Supplier B. The lug base radius of the #5
bar is smaller. However, this apparently did not re-
duce the bendability of the #5 bar.

One difference of the #5 and #8 bars was that their
elongation, as reported by the mills, was 16 to 17
percent as compared to approximately 10 percent for
the #11 bars. The relationship of elongation, as mea-
sured for ASTM, to bendability is obscure.®

Ettect of source of bars

There was a distinet difference in the bendability of
the #11 bars produced by each of the Suppliers A, B
and C. Bars obtained from Supplier A were the most
bendable. Bars from Supplier B had the poorest
bendability.

Chemistry of the bars from all three suppliers was
similar. Supplier A bars had a sharper lug base ra-
dius than either the B or C bars. The higher stress
concentration associated with the smaller base ra-
dius was therefore not related to the greater benda-
bility of the A bars. There may be other factors that
affect the performance of bars from different sup-
pliers.

Effect of cold temperature and flame heating

Cold temperatures apparently slightly increase the
probability of breakage during straightening. At
room temperature, two bars were bent at a 12 in.
(300 mm) diameter to 90 deg and straightened with-
out breakage. Breakage occurred at 60 deg when the
bend diameter was decreased to 8 in. (200 mm).
When the temperature was decreased to between
25F (-4C) and 35F (2C), one of the 12 in. (300 mm)
diameter bends broke during straightening. Trans-
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ter.

verse cracks also occurred at a smaller bend angle
with straightening at cold temperatures.

Flame heating significantly improved the bending
and straightening performance. No. 11 bars could be
bent to a diameter as small as 4d and straightened
without breakage. Cracking occurred in a few of the
heated specimens, but the incidence of cracking was
minimal.

Heating temperature was important, Early trials of
heating to 1400F (760C) did not noticeably improve
bendability. However, when the bar temperature was
raised to 1500F (820C), a marked improvement was
noted.

Tensile properties of straightened bars

The cracked reinforcing bars that were tested soon
after straightening had a slight reduction in tensile
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strength. However, tensile testing of two cracked
bars that were exposed at room temperature for one
year after straightening indicated an apparent in-
crease in yield and tensile strength when compared
to the uncracked specimens. The fracture occurred
outside the bend area. This behavior is consistent
with the increased yield and tensile strength due to
strain age hardening as described in Erasmus’ pa-
per. The tendency toward brittle behavior caused by
the existing cracks and embrittlement due to aging in
the bend region was not sufficient to cause a frac-
ture in the bend area. Apparently, the tensile
strength in the strained, bend region was raised suf-
ficiently by the aging process to cause failure outside
of the bend region.

Summary and conclusions

Bending and straightening tests were performed
on 254 Grade 60 reinforcing bars. Three sizes were
included in the tests, #5, #8, and #11. The major var-
iables were bend diameter, bar size and supplier,
bend axis and temperature. Procedures simulated
field conditions.

Observations based on this testing are are follows:

1. The #5 and #8 reinforcing bars performed bet-
ter than the #11 bars from the same supplier.
They were bent at room temperatures to a di-
ameter as small as three times the bar diame-
ter and straightened without breakage or
cracking.

2. No. 11 bars from all three suppliers could be
bent at room temperatures to the minimum di-
ameters permitted by ACI 318-83 around the
weak axis. Some of these bars broke when they
were bent around the strong axis or when bent
to the smallest practical diameter around either
the weak or strong axis. Breakage increased
with decreasing bend diameter.

3. No. 11 bars bent to 90 deg at the minimum ACI
diameter around the weak axis could be field
straightened at room temperature without
breakage. Breakage during straightening oc-
curred in some bars with minimum ACI bends
around the strong axis and for smaller diame-
ter bends around either axis. Breakage in-
creased with decreasing bend diameter.

4. Breakage and cracking is more likely when
straightening is done at cold temperatures.

5. The two deformation patterns in which the
transverse lugs run into the rib had a greater
incidence of breakage when bent around the
strong axis. The deformation pattern in which
the lugs tapered before meeting the rib showed
improved bendability around the strong axis.

6. Heating the bars to 1500F (820C) significantly
improved the ability to bend and straighten #11
reinforcing bars. Bends as small as 5 in. (130
mm) diameter around the strong axis could be
straightened without breakage.
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7. Tensile properties of bars straightened without
flame heat were virtually the same as that of
the unbent control bars.

8. Yield strength of #11 reinforcing bars flame
heated during bending or straightening was the
same as unheated bars. Tensile strength was
approximately 10 percent less than that of the
corresponding control bars.

9. Tensile strength of #11 reinforcing bars that
developed transverse cracks during bending
and straightening, tested shortly after
straightening, were less than that of specimens
without cracks.

10. Yield and tensile strength of two cracked
straightened #11 bars allowed to age for one
year were higher than for uncracked speci-
mens. The fractures occurred outside the bend
region.

It is concluded from this investigation that field
bending and straightening of reinforcing bars up to
#11 should generally be permitted. Although varia-
bility must be anticipated, it is expected that most
bars can be bent about the weak axis up to 90 deg at
the ACI specified minimum diameter and straight-
ened at normal temperatures. Under more severe
conditions, flame heating to 1500F (820C) may be de-
sirable. The very minor reduction in strength from
local heating to this temperature, compared to the
present limit recommended by ACI 318-83 of 1200F
(650C), is more than offset by the minimization of
breakage and the ability to restore the bar to a
straight or desired alignment.

Recommendations

The Commentary? for Paragraph 7.3.2 of ACI 318-
83 should be revised as follows:

7.3.2—Construction conditions may make it neces-
sary to bend bars that have been embedded in con-
crete. Such field bending should not be done without
authorization of the inspecting engineer. The in-
specting engineer must specify whether the bars
should be bent cold, or if heating should be used.

Tests* have shown that most A615 Grade 40 and
Grade 60 reinforcing bars can be bent and straight-
ened, preferably about the weak axis, up to 90 de-
grees at or near the minimum diameter specified in
Section 7.2. Tighter bends may also be successful. If
cracking or breakage is encountered, heating to a
maximum temperature of 1500F should be benefi-
cial. Minor cracks in the bend region, less than about
0.010 in. in width, should not adversely affect the
performance of the bar. Bars that fracture during
bending or straightening can be spliced outside the
bend region.

Heating must be performed in a manner that will
avoid damage to the concrete. If the bend area is
within 6 in. or so of the concrete, some protective in-
sulation may have to be applied. Heating of the bar

*This paper and Ref. 7.2 of the Commentary.
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should be controlled by temperature indicating cra-
yons or other suitable means. The heated bars should
not be artificially cooled (such as by water or forced
air) until after cooling to at least 600F.
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