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1 | INTRODUCTION

Seismic design of reinforced concrete (RC) buildings in
earthquake prone areas presumes nonlinear behavior and
energy dissipation. Generally, nonlinear behavior of RC
structural elements can be caused by cracking of concrete,
plastic compression deformations, and crushing of the con-
crete and plastic deformations of the reinforcement.! Other
nonlinearity arises from bond slip between steel and con-
crete, aggregate interlock of cracked concrete, and dowel
action. In seismic design, brittle failure modes are not desir-
able, while ductility and plastic deformations of the rein-
forcement play an important role in energy dissipation.’

Discussion on this paper must be submitted within two months of the print
publication. The discussion will then be published in print, along with the
authors' closure, if any, approximately nine months after the print publication.
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Knowledge about the plastic behavior of reinforcement steel bars in reinforced con-
crete (RC) structures is important, especially for seismic design. This paper pre-
sents the results of experimental tests where the main aim was to map the plastic
deformations of long ribbed reinforcement bars, both in the axial and lateral direc-
tions, in order to provide useful information about the behavior of reinforcement
bars inside concrete. The study showed that the digital image correlation (DIC)
technique is very suitable for this kind of tests. The uniaxial stress—strain curves
for side-by-side and different gauge lengths (1d, 3d, 5d, 10d) were identical all the
way to the max stress, but after that the segment including the neck dominated the
strain development. The Poisson’s ratio increased rapidly during the yielding phase
to 0.44-0.49 and was constant all the way to rupture. The location of the neck
could be predicted at the end of the yielding phase.

DIC, experimental observation, gauge lengths, lateral strain, Liider’s behavior,
necking, Poisson’s ratio, ribbed reinforcement bars, stress—strain curves, uniaxial

Nonlinear behavior of RC elements is known to be compli-
cated and experimental work is needed to support and develop
reliable computational models. This requires destructive testing
where the test specimens are loaded until failure. Such testing
includes the risk of damaging conventional meters and sensors
that are directly connected to the specimens, especially test
specimens made of concrete. Fortunately, other non-contacting
measurement techniques are available. One of them is a full
field non-contact optical technique known as digital image cor-
relation (DIC). The main principle of the method is to match a
selected facet on the surface of the specimen before and after a
load step and thus follow the deformations. The method can
detect deformations anywhere on the surface of the specimen
which is facing the camera(s).

The DIC technology has been applied for more than three
decades. It was originally proposed by a group of researchers at
the University of South Carolina, United States, early in the
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1980s.** Since then the method has been developed and
refined and the algorithms have been improved.>® DIC mea-
surements can be carried out using one camera or two
cameras, from which two and three-dimensional (2D/3D)
displacements and strains can, respectively, be calculated.®
Improvements in digital camera technology in recent
decades, for example, higher resolution, have facilitated
improvements in DIC analysis. The DIC methodology is now
an accepted method to measure surface displacement and the
application field is quite broad. It has successfully been used
to study cracks in masonry walls,’ bond behavior of fiber
reinforced polymers (FRPs) bonded to masonry,® shear stres-
ses of FRP strengthened RC beams,9 size effect on shear
strength of RC beams,'®
behavior of prestressed concrete beams,1
tion of precast RC structural walls,12 among other uses. Addi-

shear capacity and mechanical

! and shear connec-

tionally, the method has also been used to compute
mechanical properties of materials.">'* These studies and
many others have shown that the accuracy is satisfactory and
often better than can be expected with traditional techniques.
The accuracy depends on the resolution of the camera used,
the distance from camera to specimen, and by the fines and
details of the pattern on the surface of the test specimen. The
quality of the processing algorithms and software used to cor-
relate the images is also very important. However, the method
can have some limitations when monitoring RC elements, for
instance in the case of spalling of the concrete surface.'
Knowledge of the main characteristics of plastic behav-
ior of reinforcement steel bars is important when modeling
the nonlinear behavior of RC elements, especially in struc-
tures in seismic zones where ductile and inelastic behavior
of the reinforcement is required. Standard uniaxial stress—
strain curves for steel bars are based on laboratory tests of
5d (d is the diameter of the steel bar) long specimens,'® and
the question is how do they reflect the actual behavior of
long reinforcement bars inside the concrete in the failure
zones of RC elements? This study of reinforcement bars is a
part of a test series containing concrete test specimens
including ribbed reinforcement bars with 10 mm diameter.
In this study experimental work was carried out for engi-
neering purposes to investigate the uniaxial and lateral strain
of “long” reinforcement steel bars (i.e., longer than the stan-
dard length of 5d) in both elastic and plastic phases, using a
uniaxial tension test, with the main focus on the plastic
phase. The single camera 2D DIC technique was used to
map deformations. No references were found about this sub-
ject in a literature survey. The main research questions were:

e How do the uniaxial stress—strain behaviors for 1d, 3d,
5d, and 10d gauge lengths differ from each other?

e How does the stress—strain behavior of adjacent gauge
segments compare to the main gauge segment that
includes the neck?

@Jﬂ

e What is the development of the Poisson’s ratio from the
elastic phase to rupture?

The information obtained from the tests is believed valu-
able for earthquake and structural engineers when designing
RC structural elements in seismic zones.

2 | MATERIALS AND TEST SETUP

2.1 | Specimen preparation and camera setup

A trial and error method for specimen preparation and cam-
era setup was necessary to succeed with the experiments.
The mill scale was removed by washing the steel bars with
hydrochloric acid (HCI) and the bars were primed with a thin
layer of matte white spray paint. Black dots were marked
manually with a pen (Figure 1).

Resolution of the camera is a key factor in a successful
DIC analysis. In this study a 36-megapixel camera was used.
The focus of the camera was kept fixed during each test to
avoid artificial strains. Furthermore, rocking of the camera
back and forth or movement of the test specimen toward or
away from the camera (i.e., movement perpendicular to the
plane of the pictures) affects the strain analysis. The out-of-
plane movement was measured in a special test with two cam-
eras (test no. 6, Table 1), where it appeared to be very small
and only had a minor effect on the test results. A typical error
was approximately 2% for the uniaxial elastic strain, which
decreased rapidly with increased strain. To avoid rocking of
the camera in this test the top of the tripod was in the lowest
position and loaded with a sandbag underneath (Figure 2).

In DIC analysis “subsets” (square boxes) each with a differ-
ent random pattern are defined and tracked as the specimen
moves and deforms (Figure 1c). The displacement of the center
of each subset is given in the output results. The size of the
subsets must be defined in harmony with the resolution of the
pictures and the applied pattern, where several dots are needed
inside each subset (Figure 1c). Generally, the size of the subsets
in this study was in the range of 1.0 X 1.0 to 1.5 X 1.5 mm. In
the DIC analysis “steps” must also be defined, which is the dis-
tance between the centers of the subsets which also defines a
grid in an X-Y coordinate system for the output results.

A tape measure located on the same plane as the test
specimen was used to determine a scaling factor between the

FIGURE 1
manually with a 0.2 mm black pen (bar 5.2). (c) A subset of the size
21 x 21 pixels (1.5 x 1.5 mm) used in the DIC analysis of bar 5.2

(a, b) Example of dots on a d = 10 mm bar’s surface made
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TABLE 1
the visible part of the bars between the grips of the testing machine

Overview of the reinforcement bars tested, where the bars are numbered with the test number followed by a running number. The free length is

Resolution of pictures

Test and bar no. Diameter (mm) Free length (mm) (pixels/mm) (mm/pixel) Remarks
1.1,1.2,1.3 10 170 21.1 0.047
2.1,2.2,23,24 10 775 9.01 0.111 Thickening at the ends
3.1,32 10 775 7.43 0.135 Thickening at the ends
4.1,42 10 775 7.43 0.135
51,52 10 195 14.2 0.070 Different sides, one at a time
5.3 10 195 14.2 0.070 Smooth bar
6.1,6.2,6.3 10 195 41.3/27.8 0.024/0.036 Two perpendicular cameras
6.4,6.5 10 195 41.3/27.8 0.024/0.036 Smooth bars. Two perp. cam.

pixels and the units used, here millimeters, and to correct for
lens distortion.

A routine was used to crop the images to reduce their
sizes in order to speed up the DIC analysis which was per-

formed with the software DaVis 8 from LaVision.!”

2.2 | Test setup

The tension test of the bars was executed in an Instron test-
ing machine with a capacity of 500 kN which is especially
equipped for execution of tension and compression tests. A
500 kN load cell was used to measure the applied load
(Figure 2).

The tests were executed in a displacement controlled
mode in order to get a sufficient number of pictures for the
DIC analysis for the elastic, yielding, strain-hardening, and
descending phases. The speed of the applied tension load
was in harmony with both the stress-rate limits in the Euro-
code test standard'® and the frames per second capacity of
the camera. In this test one frame per second was used. All
pictures taken during the elastic phase were used, all or
every second picture during the yielding phase, and every
fifth to fifteenth during the strain-hardening and descending
phases, resulting in approximately 130-200 pictures that
were used in each DIC analysis. This was performed in order
to reduce the calculation time and the size of the output files.
A monitor showing the jack load was located close to the
specimen and visible on all photos and was used for syn-
chronization of the load with the DIC analysis deformations
(Figure 2).

2.3 | Test specimens

Table 1 provides an overview of the bars tested, together
with the corresponding image resolution. The reinforcement
bars have a characteristic yield strength of min 500 MPa and
a strain at max stress of min 7.5% according to class C in
Eurocode 2.'® The bars had two rows of transverse ribs and
two longitudinal ribs. All the bars fulfilled the demands con-
cerning strength, strain, and geometry according to Eurocode
2'® and EN 10080:2005."

All the tested bars had a diameter of 10 mm. The “free
length” in Table 1 defines the length of the visible part of
the bars between the grips of the testing machine. The bars
in tests 2 and 3 had a thickening (16 mm steel rod) welded
to each end so the length of the ribbed part of the specimens
was 600 mm. The purpose with tests 1-4 was to determine
the uniaxial stress—strain curves of the bars. During these
tests some interesting behavior was observed in the lateral
direction, so the test series was extended with tests 5 and
6. The view of the bars in test 5 was rotated 90° in order to
measure the ribbed bars from two perpendicular directions
(Figure 3), but only from one side at a time as only one cam-
era was used. In test 6 two cameras were used to take photos
simultaneously from two perpendicular directions for correc-
tions of out-of-plane movements of the test specimens. The
main camera had a 36-megapixel resolution, whereas the
second camera had a 12-megapixel resolution. The two cam-
eras were placed closer to the bars than in previous tests in
order to increase the resolution of the pictures (Table 1).
Additionally, smooth steel bars without ribs (bars no. 5.3,
6.4, and 6.5) were tested for comparison with the ribbed
bars. Most of the tested bars developed a neck within the
picture frame, except for bar no. 5.1 where the necking
occurred inside one of the grips of the testing machine. For

FIGURE 2
hanging underneath, two LED lamps, and a monitor. (right) Picture of a test

(left) Test setup with one camera on a tripod with a sandbag

specimen and the monitor behind used in the DIC analysis
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FIGURE 3
longitudinal rib facing the camera, while bar
no. 5.2 had transverse ribs facing the camera.
Bar no. 5.3 was a smooth bar, that is,

Reinforcement bar no. 5.1 had a

without ribs

bars no. 6.1, 6.2, 6.5 the neck occurred outside the picture
frame, which did not cover the whole free length of the bars
in test 6.

3 | LENGTH OF TEST SECTION

3.1 | Uniaxial gauge lengths

A standard length of test section (gauge length) for alloy
samples is five times the diameter of the section (5d), that is,
50 mm for 10 mm bars.'® Test samples are commonly pre-
pared to have one such test section. Using long bars and the
DIC method the standard main gauge segment can be
located afterward and symmetrically around the neck
(Figure 4). Additionally, other gauge segments can be
located beside the main gauge segment, that is, side-by-side
gauge segments (Figure 4) or by overlapping segments
(Figure 5). Furthermore, different gauge lengths can be
tested (1d, 3d, 5d, 10d, etc.). This means that the uniaxial

. / Neck /

strain can be measured anywhere on the bar and with differ-
ent gauge lengths.

3.2 | Lateral gauge length

No standard procedure for determination of the lateral strain
and the Poisson’s ratio (the ratio between the lateral and uni-
axial strain) of reinforcement bars exist. As for the uniaxial
strain the lateral strain can be determined afterward any-
where on a bar’s surface. The lateral gauge length is, how-
ever, limited to the bar’s width. In this study the outermost
points along both sides of the bars were used and the dis-
tance between them was generally about 8 mm (0.8d). The
inaccuracy of the DIC measurements increased with shorter
gauge lengths (as for all measurements), which mainly
affected the elastic phase where the deformations were
small. This can be counteracted by computing average
strains for many cross sections in the whole bar. In the plas-
tic phase the inaccuracy of the measurements had negligible
effects on the measured strain.

Gauge segment line
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FIGURE 4 Picture of a bar analyzed in DIC just before it ruptured (bar 5.2). The coordinate system has its origin in the top left corner and the axes have

pixels as a unit. The main 5d gauge segment has the neck at the center. Two additional side-by-side 5d gauge segments are defined as well
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Gauge segment lines with 10 mm distance are defined along the bar, G1-G19. This results in fourteen overlapping 5d gauge segments stress—

strain curves for bar 5.2. The neck is located between gauge segment lines G6 and G7
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Yielding from left to right / Yielding-front

Yielded part P Non-yielded part

Two sections

V2

A

FIGURE 6 Drawing illustrating determination of Poisson’s ratio for one-
gauge length where an average of the lateral strain is used. Here it is shown
for the yielding phase where the yielding propagates from one end of the
bar to the other (Liider’s behavior). The active part in yielding is shown

in grey

For calculation of Poisson’s ratio an average of the lat-
eral strains at both ends of the gauge segment can be used as
a representative value for this test section. This works well
in the elastic phase and in the strain-hardening phase when
the strain development of the steel bar is identical at all loca-
tions. However, during the yielding phase the localized
yielding-front propagates from one end of the bar to the
other, known as Liider’s behavior.”® When the yielding-
front, known as Liider’s band-front, has just passed the first
section of a gauge segment (Figure 6), the lateral strain
becomes relatively larger than the uniaxial strain measured
between the first and the second sections, resulting in too
large Poisson’s ratio. Similarly, the Poisson’s ratio gets too
small just before the yielding-front reaches the second sec-
tion, as the uniaxial strain has increased more than the lateral
strain. An average of the lateral strain in the two sections
will therefore lead to irrelevant peaks in the Poisson’s ratio.

When the yielding-front has passed the second section both
the axial and the lateral yielding strain are fully developed
and therefore also the Poisson’s ratio. An alternative
approach to compute the Poisson’s ratio is to use an average
value from many cross sections.

4 | STRESS-STRAIN CURVES

4.1 | Uniaxial stress—strain curves for standard 5d
gauge length

An average deformation of several points in each segment
line was used to determine the uniaxial strain for the three
side-by-side 5d gauge segments (Figure 4) presented in
Figure 7. The three gauge segments followed each other
through the elastic phase, but then yielded separately
because of Liider’s behavior (see inset in Figure 7). The
strain curves then gathered at the end of the yielding plateau
and the main gauge segment (included the neck) was in the
front (i.e., having the largest strain at the end of the yielding
plateau), so the location of the neck was already revealed at
that point. This behavior was confirmed for all the bars
tested in tests 1, 5, and 6 that included a neck captured inside
the picture frame. All the gauge segments then entered the
strain-hardening phase as one group and ran parallel to each
other throughout the strain-hardening phase where the seg-
ment including the neck was in front all the time. The seg-
ment including the neck reached a strain of 12.9% at max
stress while the others reached 10.5 and 11.5% (see an inset
in Figure 7). Soon after the maximum stress the strain in the
segments which did not include the neck slowed down and
turned downward following an unloading elastic slope,
while the main segment went through the descending part of
the stress—strain curve.

Elast.+yield Strain hardening Descending
650
o (MPa)
600 —
/7 ol
550 =
500 \ | \ Strain at Gmax \
450 633 £=105%  11.5% 12.9%
\ 632 -
400 - 631
570 1y €30
350 + - ——— G4-G9 Neck
>30 Yielded separately 01 0.11 0.12 0.13 e
3004 530 4 ——— —G9-G14
510 ——G14-G19
250 0 0.01 0.02 0.03 0.04
200 -
570
150 4 550 The main gauge segment including . . N
:/ the neck is already at the front at FIGURE 7  Side-by-side stress—strain curves
100 - 530 ‘jgﬁ the end of the yielding phase, 7 for the 5d gauge segments defined in Figure 4.
510 revealing the location of the neck . . . .
50+ i - The main gauge segment including the neck is
0 001 002 003 o004 2tthatpoint
0 ’ ; ) ) € between gauge segment lines G4 and G9

0 0.02 004 006 008 01 012 0.14 016 018 0.2

022 024 (bar 5.2)
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500 : i . \ N\ ——64-G9 Neck
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500 G2-G7 \\
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| 20 Go-G14 ——G10-G15
FIGURE 8  Stress—strain curves for all the 5d 200 200 610615
: G11-G16 —G11-G16
overlapping gauge segments (fourteen) defined 1504 150 612617 12617
in Figure 5. The inset shows the elastic phase, 100 I 613618
where the elastic modulus for reinforcement 1004—— o l T :::;ga —G13-G18
bars according to Eurocode 2, E = 200 GPa, is 50 0 ——G14-G19
shown with dotted line for comparison 0 ; 0 ; oo : 0002 =0’003 ; : €
(bar 5.2) 0 0.02 0.04 0.06 008 0.1 012 0.14 0.16 0.18 0.2 0.22 0.24

By defining gauge segment lines with a 1d (10 mm) dis-
tance, the development of the uniaxial strain along the bar
can be determined for 5d overlapping gauge segments, as
indicated with black arrows in Figure 5. The corresponding
stress—strain curves are shown in Figure 8. The elastic range
is shown in the inset in Figure 8, which is in good harmony
with the elastic modulus for reinforcement bars presented in
Eurocode 2, E = 200 GPa. Figure 8 shows the variation of
the stress—strain curves depending on where the 5d gauge
segment is located on the bar.

4.2 | Uniaxial stress—strain curves for 1d, 3d, 5d, and
10d gauge lengths

Figure 9 shows the uniaxial stress—strain curves for bar 5.2
for different gauge lengths: 1d, 3d, 5d, and 10d. The neck is
located at the center in each gauge segment except for the
10d gauge length, where the neck is located slightly asym-
metrically. The different gauge lengths did not affect the
elastic, yielding, and the strain-hardening phases, but a vari-
ation of the strain at maximum stress was in the range

(a)
700
c (MPa)
\
600 / \\\\ \\
500 \ \ . \‘
\ 10d 5d 3d 1d
——1d G6-G7
400 Strain at Omax
——3d G5-G8
10d 5d 3d 1d
300 |- €=120%  12.9% 13.2% 13.5% 54 G4-GY
633
632 #L ——10d G2-G12
200 - 631 ‘
630 1
0.11 0.12 0.13 0.14
100 -
0 ! ! ‘ €
0 0.1 0.2 0.3 0.4 0.5
(b) (c)
600 600
o (MPa) o (MPa) 1d| 3d 5d|10d
500 500 /)’ /7 7/
400 400 // ///
300 / 300 ))/‘ //?r
FIGURE 9 (a) Stress—strain curves including 200 200 r
the neck for different gauge lengths: 1d, 3d, 100 ; /
- 100 f /
5d, and 10d. The elastic curves on (b) have / /
been moved apart on (c) for comparison 0 & 0 &
(bar 5.2) 0 0.001 0.002 0.003 0.004
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e =12.0 to 13.5% (inset in Figure 9a). This variation of
Ae = 1.5% was less than for the 5d side-by-side stress—strain
curves in Figure 7, which was Ae = 2.4%. The reason for
this was the effect of the neck zone, which is only included
in one segment in Figure 7, but in all sections in Figure 9.
After max stress the neck dominated the strain development,
which varied greatly.

In the elastic part of the stress—strain curves in Figure 9b
the fluctuation was largest for the 1d curves which reduced
with increased gauge length, which is natural. The elastic
part of the curves in Figure 9c has been moved apart for
comparison, which also explains the above-mentioned inac-
curacy for the measurement of the lateral strain, which had a
gauge length of approximately 0.8d.

4.3 | Uniaxial and lateral stress—strain curves

No standard procedure exists for presentation of the lateral
strain for reinforcement bars, but in Figure 10 the lateral strain
has been added on the left side of a standard stress—strain

0.05

T 1 G15-G16
0.45 0.

was 1d (bar 6.3)

curve for uniaxial strain. The curves are identical as they are
mirrored about the vertical axis, where the lateral strain is
smaller than the uniaxial strain in compliance with the
Poisson’s ratio. The lateral strain is determined as an average
strain of two gauge segment lines, while the uniaxial strain
was found between two gauge segment lines (Figure 6). The
lateral gauge length was 0.77d and the axial gauge
length 1d.

In Figure 11 both the uniaxial and lateral strain develop-
ment in Figure 10 is now shown as a function of the picture
numbers, which is equivalent to showing it as a function of
elapsed time during the test. The yielding, which appears as
vertical jumps on the strain curves, propagated from right to
left (Lider’s behavior), which in Figure 11 appears as a
yielding in numerical order, that is, gauge segment G15-
G16 was the first to yield and gauge segment G1-G2 was
the last to yield. The uniaxial and the lateral strain curves
followed each other mirrored about the horizontal axis,
where the size difference was in compliance with the
Poisson’s ratio. It can be seen on the vertical jumps on the
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strain curves that the bar length that was yielding at any time
was approximately 1d.

As discussed in section 4.1, the location of the neck
could already be revealed for the uniaxial strain curves at the
end of the yielding phase (shown for 5d gauge segments in
Figure 7). Side-by-side 3d gauge segments were also suffi-
cient both for the uniaxial stress—strain curves as well as for
the lateral strain curves (Figure 12). Stress—strain curves
based on 1d, on the other hand, were not as predictive.

4.4 | Lateral strain development

As earlier described, the yielding propagated from one end
of the tested bars to the other because of Liider’s behavior
and in Figure 13 the development of the lateral strain along
the yielding phase is shown as a side view of bar 6.3. The
yielding propagated from right to left and the location of the
yielding-front can be seen in the graph, as each curve pre-
sents the strain situation in the bar. Every second picture
no. 24-70 is shown, which cover approximately two thirds

of the yielding phase. For example, the curve representing
the lateral strain situation at picture no. 70 shows that the
yielding front is located between gauge segment lines G6
and G7. The next curve beside it on the right-hand side
shows the yielding front when picture no. 68 was taken, etc.
This graph shows how regularly the lateral yielding strain
propagated along the bar (even distance between the curves)
along the yielding phase and it also shows that the bar length
that was yielding at any time was approximately 1d.

The development of the lateral strain distribution after
the yielding phase for bar 6.3 is shown in Figure 14 for
selected pictures marked on the stress—strain curve (red
dots). The neck occurred between G10 and G11 and the
main 5d gauge segment was between G8 and G13. At the
beginning of the strain-hardening phase up to picture
no. 150 the lateral strain increased rather uniformly along
the bar, but after that the lateral strain in the main gauge seg-
ment area increased more rapidly, which can be observed as
increased distance between the lines in the graph. The ten-
sion stress in the bar was at maximum at picture no. 185 but

16 —24

0 | ——26
—28
—30
—32
—3
| —36
" . —38

Direction of the
-0.005 yielding «@— _22
‘ ‘ ‘ —4
) ——46
FIGURE 13  Development of the lateral strain ——48
as the yielding propagated from one end of the | gg
bar to the other (here from right to left) along 001 el —54
the yielding phase. Here is every second Location of the 56
. . yielding front at 58
picture no. 24-70 shown, where the location of pict. no. 70 -60
the yielding front on picture no. 70 is pointed gi
out. The next curve beside it shows the ‘ ——66
location of the yielding front on picture -0.015 & 68

no. 68, etc. (bar 6.3)

70
Picture number
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was rather constant to picture no. 190 when the descending
part of the stress—strain curve began for real and the lateral
strain was isolated to the neck area. Most of the lateral con-
traction along the descending phase took place along the
main 5d gauge length G8-G13, but in the figure it can be
seen that the total affected area was approx. between G6 and
G16, that is, 10d.

The width of the bar was measured with a digital calliper
both before and after the test at selected locations on the
smooth part of the bar (Figure 14). In general, there was

good harmony between the strains measured with the digital
calliper and the DIC analysis.

S | POISSON’S RATIO

As described in section 3.2, no standard procedure exists for
presentation of Poisson’s ratio for reinforcement bars. Pois-
son’s ratio can be analyzed locally for each gauge segment
(G1-G2, etc., Figure 6) from the uniaxial and lateral curves

c (MPa)
650
656
A 600 = A
I \ \
=-0.0546 Por X '
Ellomax = -0 | Lo \\ Eucmex=0.119
SLyieldsh 5 -0,0124 | Sujield.sh = 0.0273
400
350
Uniaxial
2200
oY strain av.
250
bah Poisson’s ratio at the end of yielding and beginning Lateral
7 of strain hardening = 0.0124/0.0273 = 0.45 strain av.
156 T FIGURE 15  The stress—strain graph presents
nh Poisson'’s ratio at max stress = 0.0546/0.119 = 0.46 .. .
160 — the average uniaxial and lateral strain for all the
c 50 i f i 0 curves shown in Figure 10, where the
L . o .
0 f f t Poisson’s ratio for two chosen points on the
-0.1 -0.05 0 0.05 0.1 0.15 0.2 curves was calculated (bar 6.3)
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in Figure 10 and it can also be analyzed globally for the
whole bar by using the average strains. The average of the
stress—strain curves in Figure 10 is shown in Figure 15.

Figure 15 shows the Poisson’s ratio at the end of the
yielding phase and beginning of the strain-hardening phase
as it was calculated (0.45) and also the Poisson’s ratio at the
max stress (0.46). What happens in the bar after the max
stress was isolated at the neck zone and is not of practical
interest. The elastic phase of the graph in Figure 15 is shown
in another scale in Figure 16.

A linear best fit of the uniaxial strain gave the elastic
modulus for the reinforcement bar, which in this case for bar
6.3 was measured at 196 GPa. Similarly, a linear best fit of
the lateral strain gave a slope of —534 GPa. The ratio of
these two values describes the difference in the strain devel-
opment of the uniaxial and the lateral strain and therefore
also Poisson’s ratio (0.37).

Figure 17 presents a graph which shows the development
of the Poisson’s ratio from the elastic phase all the way to
rupture as a function of the picture numbers, together with
the tension stress which was scaled down in order to fit into
the graph. The elastic part of the curve is shown with a
dotted line.

The graph in Figure 17 shows how the Poisson’s ratio
along the yielding phase gradually increased from the elastic
value (0.37) to the value reached at the end of the yielding

0.7

phase (0.45). This happened gradually when the whole bar
was considered, but occurred instantly at the location where
the yielding took place. After the yielding phase the
Poisson’s ratio was more or less constant along the strain-
hardening phase up to max stress, that is, constant along the
post-yielding phase.

According to Gere and Timoshenko®' the Poisson’s ratio
for steel in the elastic phase is normally in the range of
0.27-0.30 and the maximum value of 0.5 is a theoretical
upper limit for the Poisson’s ratio, which is valid for the
plastic phase. For the elastic phase the measured Poisson’s
values showed greater variation than the above mentioned
range which most likely is related to inaccuracy in the DIC
analysis due to small deformations in the elastic phase. The
post-yielding values, on the other hand, were in good har-
mony with what was to be expected, as the Poisson’s ratio at
the end of the yielding phase and beginning of the strain-
hardening phase for the reinforcement bars reached values in
the range of 0.44-0.49. This was also the case for the
smooth bars no. 6.4 and 6.5, which had a yielding plateau
like the reinforcement bars. In Table 2 the Poisson’s ratio at
the end of the yielding phase and beginning of the strain-
hardening phase is given for all the tested bars in tests 5 and
6, except for smooth bar no. 5.3 which did not develop a
yielding platform (the Poisson’s ratio increased gradually
from the elastic phase to max stress).
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0.6
7 \
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0'5 "
TS rin
04 ]‘ /"‘A / / = = = Elastic Poisson's ratio
03 / Poisson’s ratio at the [ Poisson’s ratio at max | Poisson’s ratio
end of yielding and stress = 0.46 (picture Stress MPa/1000
/ beginning of strain b
0.2 hardening = 0.45 || number 186) H
FIGURE 17  The development of the / (picture number 120)
Poisson’s ratio from the elastic phase all the 0.1
way to rupture together with the tension stress
which was scaled down by a factor of 1,000 in 0.0 Picture number
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TABLE 2 Poisson’s ratio for the bars in test 5 and 6 for the main camera

At the end of yielding and beginning

Bar No. Type of the strain-hardening
5.1 Ribbed 0.48
5.2 Ribbed 0.47
6.1 Ribbed 0.44
6.2 Ribbed 0.49
6.3 Ribbed 0.46
6.4 Smooth 0.44
6.5 Smooth 0.42

6 | CONCLUSIONS

This paper presents measurements of uniaxial and lateral
strain of ribbed reinforcement bars with a diameter of
10 mm of class C in accordance with Eurocode 2'® per-
formed with the non-contact optical technique known as
DIC. The bars were all pulled to failure and the development
of the uniaxial and lateral strain along the elastic, yielding,
strain-hardening, and descending phases was identified. The
main findings of this investigation were:

o The optical measuring technique used, DIC, is very suit-
able for this kind of tests, if caution is taken concerning
the surface treatment of the bars and the camera adjust-
ments, stability, and resolution.

e All the ribbed bars developed a yielding plateau where
the yielding propagated from one end of the bar to the
other (Liider’s behavior). The yielding took place only
on approximately a 1d long segment at a time.

e Stress—strain curves determined for different gauge
lengths, 1d, 3d, 5d, and 10d, both overlapping and side-
by-side, were identical all the way to the maximum
stress, but from there the neck formation dominated the
strain development.

e There was no connection between the location where the
yielding started and the location of the neck.

e The location of the neck could be identified at the end of
the yielding phase, where the gauge segment including
the neck had reached the maximum strain for both uniax-
ial and lateral strain. This was possible to identify from
stress—strain curves based on 3d or larger side-by-side
gauge segments. The neck therefore affected the size of
the yielding plateau.

o The Poisson’s ratio for the reinforcement bars increased
rapidly during the yielding phase to 0.44-0.49 and was
more or less constant after that all the way to rupture.

All the initial research questions have been answered.
The lateral contraction of reinforcement bars affects the
interaction between ribbed reinforcement bars and the con-
crete, which could result in bond slip and an increase in free
length of the bar inside the concrete.
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