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ARTICLE INFO ABSTRACT

Keywords: Quenched and Self-Tempered (QST) steel reinforcing bar (rebar herein) is widely used owing to its high strength
QST and ductility over conventional hot-rolled or cold deformed bars. A typical QST rebar constitutes a composite

;{/IMT . microstructure of a hard ‘tempered martensite’ (TM) peripheral ring and a ductile ‘ferrite-pearlite’ (FP) core. TM
F;;:te:sne and FP are predominantly responsible for the strength and ductility, respectively exhibited by a QST rebar. A
Pearlite good quality QST rebar cross-section shows a uniform, continuous, and concentric TM-ring around the FP core.

However, recent studies reported that poor quality QST rebars with inadequate/defective cross-sections could
influence mechanical and durability properties. This study evaluates the effects of inadequate cross-sectional
phase distribution (CSPD) on the mechanical properties of QST rebars. In stage 1, tensile test on TM and FP
extracted from a QST rebar clearly showed that FP is ductile with low strength, while TM had a brittle behaviour
with high yield and ultimate strengths. In stage 2, the composite response of QST rebars collected from different
manufactures were evaluated using tensile and bend tests to correlate the effect of CSPD. Tensile test results show
a significant variability (up to 15%) in the stress—strain behavior and mechanical properties exhibited by rebars
with inadequate CSPD while the failure pattern shows a composite response. Poor-quality rebar specimens in
bend tests showed cracks which could induce crevice corrosion. Hence, CSPD has a significant influence on the
mechanical and corrosion properties of a QST rebar. Acceptance criteria based on TM-ring percentage area and
distribution in the CSPD is proposed to check the quality of the QST rebars.

Tension test

Yield tensile strength
Ultimate strength
Ductility

1. Introduction properties than its predecessors. Studies have compared the properties

of QST rebars with other steels, in terms of strength, hardness, bend-

Tempered martensite (TM) steels have better tensile strength and
hardness than conventional hot-rolled steel (mild steel) rebars. How-
ever, TM steels are brittle in nature while mild steel is relatively ductile.
Quenched and Self-Tempered (QST) steel reinforcing bars (‘rebar’
herein), also termed Thermomechanically treated (TMT) steel rebars in
the south-asian market, have a composite microstructure of a hard
‘tempered martensite’ (TM) peripheral ring around a ductile ‘ferrite-
pearlite’ (FP) core. This is achieved through various patented cooling
systems that rapidly ‘quench’ and ‘temper’ the hot rolled steel in the
manufacturing line [1-3]. TM has higher yield strength but shows a
brittle nature, whereas FP is relatively weaker but ductile in nature. The
combined action of TM and FP are responsible for improved mechanical

ability, weldability, and corrosion resistance. A few studies reported the
composite action of different microstructures, variation in tensile pa-
rameters, and geometrical characterization of QST rebars [4,5]. How-
ever, recent studies have observed inadequate cross-sectional phase
distribution (CSPD) as a result of improper quenching [6] (see Fig. 1).
The effects of this on the mechanical parameters of the QST rebars are
not well-documented. To ensure the required strength and ductility, the
thickness of TM ring should be adequate and uniform around the FP
phase, referred as adequate CSPD herein (see Fig. 1) and the rebar is
qualified as a good quality rebar herein.

Although QST rebars have been extensively used across the globe for
more than three decades, the presence of inadequate CSPD has been

Abbreviations: QST, Quenched and Self-Tempered; TMT, Thermo Mechanically Treated; TM, Tempered Martensite; FP, Ferrite Pearlite; CSPD, Cross-Sectional

Phase Distribution.
* Corresponding author.

https://doi.org/10.1016/j.conbuildmat.2022.129761

Received 28 July 2022; Received in revised form 20 October 2022; Accepted 12 November 2022

Available online 29 November 2022
0950-0618/© 2022 Elsevier Ltd. All rights reserved.


mailto:pillai@civil.iitm.ac.in
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2022.129761
https://doi.org/10.1016/j.conbuildmat.2022.129761
https://doi.org/10.1016/j.conbuildmat.2022.129761
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2022.129761&domain=pdf

S.A.O. Nair et al.

Construction and Building Materials 363 (2023) 129761

B

Fig. 1. Typical cross-sectional phase distribution (CSPD) of QST rebars showing (a) Continuous, concentric and uniform FP and TM phases (adequate) and (b-d)

discontinuous, eccentric, or non-uniform phase distribution (published in [6]).

Table 1
Hardness of Tempered Martensite (TM) and Ferrite-Pearlite (FP) reported in
literature.

References Sample Avg. Hardness (HV)
™ Fp
Rehm and Russwurm (1977) [10] Heat 1 240 175
Heat 2 250 165
Gamble (2003) [2] Set 1 295 210
Set 2 295 235
Nikolaou and Papadimitriou (2004) [9] 8 mm 310 225
12 mm 300 200
Candoni et al. (2013) [7] 32 mm 275 165
40 mm 290 185
Rocha et al. (2016) [5] 16 mm 270 155
26 mm 275 155
34 mm 280 175
Average 280 186
Std. Deviation 21 28
Coefficient of Variation 8 15

unnoticed and its implications have not been reported. The presence of
inadequate CSPD could result in the variation of mechanical properties
for a single rebar. This could lead to a shift in the design values of steel
considered, say for under-reinforced design or strong column-weak
beam design, and impact the reinforced concrete design calculations.
The results from this study could quantify the variation in YTS to be
accounted for, and to suitably adjust the factor of safety in design. Also,
poor quality QST rebar used in stirrups under mechanical bending could
form cracks and attract crevice corrosion. The discussion in this study is
expected to build awareness on the need for good quality control and
enhance quality in the manufacturing of QST rebars. Therefore, the
present study evaluates the mechanical characteristics of QST rebars and
its variability with respect to the CSPD of QST rebars, to suggest
guidelines in assessing the quality of rebars towards better structural

design and durability.

1.1. Effect of TM and FP on the composite mechanical behaviour of QST
steel rebar

Very few researchers have attempted to examine the mechanical
performance of QST rebars as a composite behavior of their micro-
structure. The tensile stress—strain response of TM and FP microstruc-
tures conforms to the expected theoretical behavior in terms of strength
and ductility [7]. Several tests have been reported at high strain rates
and the superimposed graphs reveal a composite performance similar to
FP, indicative of a lack of TM contribution [7]. Since the tensile response
of a QST rebar is a composite behavior, the failure pattern and fracture
mechanics are expected to be an intermediate behavior between that of
TM and FP. This is supported by the fracture patterns published else-
where for as-received QST steel rebars and machined QST rebars [8].
Also, the yield tensile strength was similar for as-received and
machined/milled rebars while the elongation at failure and ultimate
strength values showed a marked difference [8]. Note that the composite
performance can only be captured with the least disturbance over an as-
received rebar condition when compared to machining recommended
by conventional codal provisions. Specimen preparation is intended to
define gauge lengths, control the failure region, and for other testing
convenience. However, for a composite QST rebar, this could be detri-
mental to the peripheral TM-ring and bias the composite performance.
The tensile response of as-received rebars can be closer to that of FP and
the yield tensile strength had a marked difference as reported in [7]. An
approximate calculation for E shows an underestimated value of 140
and 160 GPa for milled and as-received specimens, respectively, while
an approximate E calculated is close to 200 GPa [7,8].
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Fig. 2. (a) Photograph of the use of inappropriate mandrel at a construction site, and (b) cracks at the bending location of rebars.
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Fig. 3. Limits on yield tensile strength (YTS) available in different international standards.

1.2. Hardness, bendability and flexural stress concentrations in QST steel
rebars

Studies have reported the variation in hardness across the diameter
of QST rebars [5,7,9,10]. FP is softer than TM and the hardness profile
across the rebar diameter will show higher values near the periphery
and lower values at the core, and the reported values are given in
Table 1. The hardness values range between 155 and 235 and 240-310
HV units (Vickers hardness scale) for FP and TM, respectively. QST re-
bars of 8, 10, 12, 16, and 32 mm diameter subject to bend tests exhibit
good bendability and are formable without any visible cracks [10,11].
The position of specimens in bending (with transverse ribs or longitu-
dinal ribs on the convex side of the bend) was not defined and the
load—deflection behaviour has not been discussed in these studies. These
might give a better understanding on the possible crack initiation and
propagation mechanisms during in-situ bending. In addition, rib/surface
profile can influence stress concentration and potential crack nucleation
[5,12]. Surface imperfections from the manufacturing lines originate
near the transversal and longitudinal ribs [5], and localized plastic
deformation at the transverse rib root initiate cracks under fatigue cycles
[12]. Because these imperfections are zones of stress concentration,
these are potential failure zones in the service life of QST rebars under
flexure. These observations could apply to the response on bending the
bars, which could form localized stress locations and subsequent
cracking. Mandrel diameter also plays a significant role while bending
the rebar. Typically, the mandrel diameter should be three times the
diameter of the rebar. Using a mandrel diameter lesser than or equal to
the rebar diameter can develop visible cracks in critical sections
mentioned earlier. Fig. 2 (a) shows a photograph of bending a rebar at
the construction site using a mandrel of almost the same diameter of
rebar. As aresult, visible cracks were observed at the bending location as
shown in Fig. 2 (b). Such cracks are critical and could significantly in-
fluence the mechanical and durability properties of QST bars.

1.3. Comparison of international codes for tensile performance of steel
rebars

The international codes for the quality control of steel rebars for
concrete does not mandate the method of manufacturing. Basu et al.
(2004) [13] has compared several international standards on mechani-
cal properties for similar grades of rebars. All the codes require mini-
mum tensile parameters for the manufactured steel rebars, which
include yield tensile strength (YTS), ultimate tensile strength (UTS),
UTS/YTS ratio, and percent elongation. However, the availability of
different grades of steel and the closeness in their properties may result
in compromising the quality of steel rebars in terms of the expected

values. For example, an Fe 550D rebar could pass the specifications for
an Fe 500D rebar also. This is because the qualification requirements are
based on minimum limits. However, a clear demarcation with maximum
limits to distinguish between different grades are not present in most of
the international codes of practice. Fig. 3 illustrates the minimum and
maximum limits of YTS across NZ, JS, BS, BIS, and ASTM codes [14-22].
The YTS is a crucial factor in the design of reinforced concrete structures
and needs to be controlled within stipulated limits [14-22]. Typically, as
per the specification, an Fe 500D bar might not exactly have 500 MPa as
the YTS (or within 550 MPa) and the expected YTS is open-ended for any
value above 500 MPa. Comparing this case with an Fe 500S bar, which
has an upper limit of 625 MPa, a design for an under-reinforced concrete
element or for a seismic prone building could anticipate the maximum
possible yield strength in-situ for the given rebar grade [20].

Most of the steel grades in the International codes (DIN and ASTM
standards) do not put upper limits on the YTS. While the upper limit on
YTS is specified for Fe 415S and Fe 500S rebar in IS 1786:2008 and
13920:2014, the same is not mentioned for the other classes of rebar.
The mechanical parameters should meet these codal provisions irre-
spective of the technology by which a rebar is manufactured. However,
an additional advantage of providing upper limits on YTS will be an
indirect control over the quenching and optimized parameters to ach-
ieve a good quality QST rebar in its microstructural requirements
explained in the later sections. Unlike YTS, this issue is not profound for
other parameters like UTS or % elongation, since higher values are ad-
vantageous in these cases. Note that the effect of an inadequate CSPD is
still not well-documented and the results from this study could help
explain the tensile and flexural observations in rebars with inadequate
CSPD. However, hardness of rebars need not be checked in the case of
inadequate CSPD, since the underlying fact that FP is softer than TM is
applicable in both the cases of cross-sectional adequacy (adequate and
inadequate CSPD).

2. Materials and methods

This study was executed in 3 stages viz. (1) Mechanical properties of
isolated and composite microstructures, (2) Mechanical properties of
composite microstructures of 10 sets of steel rebars from different
manufactures and (3) Bending induced crack resistance of QST rebars.
The scope includes tensile and flexural properties evaluated by tension
tests and bend tests, respectively. QST rebars of 500D grade with 8, 12,
and 16 mm diameters were used for the tests. The specimen preparation
for tensile and bend tests are detailed as follows.
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Fig. 4. (a) Test specimen etched and showing locations of TM and FP specimens extracted, (b) typical test specimen extracted for tensile test with dimensions, and (c)

longitudinal rib milled in tensile test specimen preparation of full rebar.

2.1. Comparison of tensile test behaviour of FP, TM, and QST rebar
specimens

The mechanical behavior using tension tests was evaluated in two
different types of specimens.

(i) Type 1 (Isolated microstructure): TM-alone and FP-alone speci-
mens were extracted from a 40 mm diameter rebar as shown in
Fig. 4 (a). The extracted cylindrical specimens were 200 mm long.
TM specimen was extracted by Electron Discharge Wire (EDW)
cutting and subsequent machining for specimen preparation (see
Fig. 4 (b)).

(i) Type 2 (Composite microstructure): As-received specimens from
good and poor quality steel rebars were tested in this case. The
specimens were prepared by milling the longitudinal ribs/ seam
alone in the gauge length (GL) to anticipate the failure in the
region of reduced cross-section. The length of milling was 5 times
the diameter as per the gauge length requirements specified by IS
1786: 2008 [19].

Tension tests were done on FP, TM, and a QST rebar specimens to
compare the yield tensile strength (YTS), ultimate tensile strength
(UTS), percent elongation (8), YTS/UTS ratio, and Young’s modulus (E).
This was followed by as-received QST rebars with good and poor quality
CSPDs subjected to tension test for comparing the tensile performance.
As-received tensile test specimens were not milled on a lathe to reduce
the cross-section as per the codal provisions. This is because the TM ring
will be disturbed/removed, giving an underestimated test result when
compared to as received bars. This is generally the case when strain is
measured for a specific GL which requires milling. In industry, the
technician puts marks (using a marker or dot punch) at equal intervals

a)

along the specimen length and tests the specimen. The elongation per-
centage is calculated for the interval in which the specimen breaks.
However, a better means of preparing the GL is used as shown in Fig. 4
(c). The longitudinal rib/seam is milled or ground to make the effective
area relatively lesser than the other areas, retaining the TM ring un-
disturbed to ensure that a composite response is achieved under the
tensile testing.

The tension test parameters were based on the standards of practice
(IS 1608: 2005 and ASTM E8: 2008) and user requirements. Specimens
in this study were tested in an MTS 311.12 universal testing machine
(UTM) with an HBM QuantumX MX 1310-B data acquisition system to
record the strains measured by an indigenously fabricated extensometer.
For the specimens of Type 1 (isolated microstructure), the tensile test
was done for a specimen diameter of 5 mm in a GL of 25 mm (5 times the
diameter in test region). The specimen length was 200 mm and the gap
length (specimen length minus grip length) after setting the specimen on
UTM was 90 mm. The loading rate was 1.25 mm/s [17]. Similarly, for
specimens of Type 2 (composite microstructure) the tensile test was
done with a specimen diameter of 10 and 12 mm. The length of milling
was 5 times the diameter as per the gauge length requirements specified
by IS 1786: 2008 [19].

2.2. Capturing CSPD of QST rebars using TM-ring test

Fig. 5 shows the expected CSPD observed after TM ring test used as a
qualitative benchmark for good quality rebars. This CSPD of the QST
rebars was captured using TM ring test with the setup shown in Fig. 6.
The specimen preparation for TM-ring test involves rebars being cut,
embedded in an epoxy, and polishing the transverse cross-sectional
surface of the embedded rebar in epoxy [6]. Since the steel micro-
structure is sensitive to temperature, care was taken while cutting and

™
(ring)

FP
. (core)

b)

Fig. 5. TM-Ring test specimen showing (a) specimen embedded in epoxy before testing, and (b) specimen after testing with the expected/adequate CSPD for good

quality bars (concentric FP inside uniformly thick TM-ring).
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Fig. 6. Cross-section phase distribution (CSPD) imaging using TM-ring test showing different schematic views and overall test setup.
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Fig. 7. Bend test setup showing (a) schematic of the setup before and after testing with the dimensions marked, and (b) snapshot from the actual test setup with a

rebar in place.

preparing specimens for the test. Therefore, based on the recommen-
dations given in [6], steel rebars were cut using a handsaw or an abra-
sive cutter with continuous supply of coolant. The use of coolant helps to
limit the temperature of steel, which will avoid any transition or changes
in TM and FP phases. The sharp edges of cut rebars were smoothened by
using silicon carbide abrasive sheets, while a metal polishing machine
was used to achieve effective smoothening. The smoothened steel
specimen was molded in translucent/opaque cold setting epoxy with
good surface finish. The setting time of epoxy was typically about 10-15
min and the silicone rubber moulds were used to remove the molded
specimens easily. Care was taken to avoid air bubbles getting trapped in
the epoxy while mixing/placing the epoxy. The molded specimen sur-
face was coarse polished using abrasive sheets of 80, 150, 220, 320, and
600 grit sizes in sequence. It is important to avoid rise in the temperature
of steel specimens by supplying water or coolant continuously to absorb
the heat generated while polishing. Specimens were macro etched using
Nital (5 % Nitric acid in alcohol) to capture the CSPD. The sequence of
steps to obtain the CSPD using the setup shown in Fig. 6 includes 1)
mounting the camera in position, 2) placing the specimen on the
movable platform (stage), 3) adjusting the height of the specimen stage,
4) measuring the light intensity, and 5) placing a ruler and capturing the
image for post processing. A detailed ‘TM-ring test’ procedure is pub-
lished in a companion study [6].

It is easy to extract an isolated FP specimen from a QST rebar by
milling the outer layer to the required depth (see Fig. 4 (a)). However,
isolating a cylindrical TM specimen is difficult and needs proper su-
pervision. A 36 mm diameter and 200 mm long QST rebar’s cross-
section was macro-etched to identify the thickness of TM and the
available thickness was relatively near the longitudinal rib area (shown
in Fig. 4 (a)). Based on this, the specimen diameter was decided as 7 mm,
and was cut and milled out of the rebar edge to isolate TM. The 200 mm
long specimen was milled further to a diameter of 5 mm at the center for
a 25 mm length as the GL. The specimen was etched using 5 % nitric acid
in ethanol to confirm that the GL does not have isolated spots of FP
present.

2.3. Bending-induced crack resistance of QST steel rebars

Bend tests were executed in rebars of 8 mm diameter as shown in
Fig. 7. Rebars from 10 different manufacturing sources were tested,
which includes 2 sources with adequate CSPD and 8 sources with
inadequate CSPD. The bend test was also divided into two cases.

(i) Case 1: A standard 135° bend test (included angle 45°) as per IS
1599:2012 [23].
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Fig. 8. Tensile test results of isolated microstructures showing (a) Stress—strain behaviour of FP, TM, and QST steel rebars, (b) failure surfaces observed, and (c)

observed test results on strength, stiffness, and ductility.

(ii) Case 2: A modified bend test for a bend angle of 157.5° (included
angle of 22.5°) intended to simulate excess bending.

IS 1599: 2012 specifies a mandrel diameter between 2 and 20 times
the diameter ‘d’ of the rebar tested. The mandrel diameter used was 16
mm to mimic a site scenario of an 8 mm stirrup rebar, bent around a 16
mm primary rebar. The bars were checked for visible cracks on the
convex bent surface at bend angles of 45° and 22.5°.

An improvised bend test setup from the codal provisions in IS 1599:
2012 was used as shown in Fig. 7 (a) and (b). The loading rate was 1
mm/s of the centre deflection and continued until a target displacement
of 42.5 mm was achieved. This displacement corresponds to a bend
angle of 135° (included angle of 45°) for the current setup (after testing
shown in Fig. 7 (b); 25 + 17.5 = 42.5 mm). The mandrel diameter was
16 mm, and the rebars were bent across a test span of 90 mm and a clear
span of 40 mm. The minimum clear span should be equal to the diameter
of mandrel plus 3 times the diameter of rebar (40 mm in this case) as per
the codal provision. The support hinges had a diameter of 50 mm. The
orientation of the bar will affect the response in the bend test. i.e. if a
specimen is placed with its longitudinal rib at the bottom, the possibility
of crack formation might be less. However, in the case of a good quality
QST rebar, this might not make a difference. The rebars were consis-
tently placed such that the longitudinal ribs are perpendicular to the

loading direction.
3. Results and discussion
3.1. Isolated vs Composite microstructure

3.1.1. Stress-strain behaviour and failure patterns

The stress—strain behaviour of the extracted FP and TM specimens is
shown in Fig. 8. The characteristic values are also shown along with the
graphs. It is clear that FP is more ductile (60 % higher) than TM.
However, FP has a 50 % lower yield strength (about ~ 450 MPa) than
TM (about ~ 900 MPa). E-values for both specimens were about ~ 200
GPa. The UTS/YTS ratio for TM was lower than FP. The plateau near
ultimate stress is relatively longer for FP, which shows its ductile nature.
This is reflected in a final elongation of 40 % for FP when compared to
16 % for TM (almost 2.5 times). The response of a QST rebar (composite
rebar; dashed-dotted line) showed an intermediate behaviour between
FP and TM. The lack of ductility in TM and lack of strength for FP were
compensated by each other (Note: strength in general represents both
yield and ultimate strength). This is evident by an intermediate ductility
and strength values as observed in the stress vs strain plot (Fig. 8(a)).
The composite behaviour showed an increase of about 50 % in the YTS
from FP and 30 % in the final elongation from TM. The YTSqgsr evaluated
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Fig. 9. Tensile stress—strain relationship of (a) good quality (showing relatively lower variability) and (b) poor quality rebars (showing higher variability).
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Fig. 10. Tensile stress—strain relationship of QST rebars for several sets of rebars from various manufacturers.

was approximately equal to the average of YTSgp and YTSty assessed,
showing a strong correlation of a composite behavior of the multiple
microstructures. The results confirm that the strength characteristics of a
QST rebar is predominantly given by TM, whereas the ductility is given
by FP (Fig. 8(b) and (c)).

The failure patterns closely agree to the theoretical formation as
shown in Fig. 8 wherein FP showed a nearly ductile failure, with a ‘cup
and cone’ failure surface. However, the end shear due to the sudden

energy release at failure causes a slip plane to form. Otherwise, the
failure pattern of FP clearly resembles that of a typical ductile material.
For TM, although a slight neck has occurred, the failure was by pre-
dominant shear with shear planes visible as sharp corrugations. The
failure plane was not flat as in a typical brittle failure. However, multiple
shear planes that slipped and ruptured are visible on the failed surface.
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Table 2
Mechanical properties of rebars from different manufacturers.

Source YTS in MPa {CoV  UTS in MPa {CoV  § in % {CoV UuTS/
ID in %} in %} in %} YTS
Set 1 540 {3} 651 {2} 18 {03} 1.20
Set 2 520 {2} 629 {2} 17 {04} 1.18
Set 3 515 {7} 624 {5} 15 {11} 1.21
Set 4 503 {2} 607 {2} 22 {07} 1.21
Set 5 535 {6} 636 {4} 17 {08} 1.19
Set 6 516 {2} 652 {3} 16 {07} 1.26
Set 7 540 {3} 674 {6} 12 {14} 1.23
Set 8 565 {3} 696 {2} 11 {14} 1.26
Set 9 510 {2} 664 {2} 16 {08} 1.25
Set 10 523 {2} 627 {2} 15 {16} 1.48

3.1.2. Variation in tensile parameters of good and poor-quality steel rebars

Fig. 9 (a) and (b) shows the stress—strain graphs for a set of 4 - good
quality (GQ) and 6 - poor-quality (PQ) steel rebars tested under tension,
respectively. It was observed that the lower limits of tensile parameters
as specified in the codal provisions were met by both sets. However, a
relatively higher scatter is observed in the case of poor-quality steel
rebars. This scatter is caused by the difference in stress—strain behavior
of FP and TM in low-quality rebars and inadequate CSPD. Therefore, it is
important to determine the CSPD in conjunction with the tensile tests to
check the quality of rebar in terms of its stress—strain behavior. For this
purpose, 10 sets of rebars from different manufactures were collected
and tested, and the results are discussed in the following section. Note
that both sets of rebars exceed the upper limit of yield strength (600
MPa) given in the amended draft of IS 13920: 2014. Also, the required
UTS/YTS value of 1.25 is not met by a few sets, which makes them
inadequate as per BIS standards for their use in seismic zones. This adds
to the need for controlling the CSPD for better and consistent quality for
steel rebars for design considerations.

3.1.3. Stress—strain behavior of QST rebars with different CSPD

Fig. 10 shows the stress—strain behavior and Table 2 shows the me-
chanical properties of QST rebars from different manufacturers.
Depending on the CSPD of the rebars, stress—strain behaviour of QST
rebars was provided, representing the CSPD ranging from good to poor
state. Among these 10 sets of rebars, Set 1 and Set 2 exhibit uniform
stress-strain behavior while others show notable variability. Set 9 and
Set 10 exhibit poor performance, especially Set 10, which does not have
a definite yield point as expected in QST rebars.

The CSPD of rebars is responsible for the expected stress—strain
behavior of QST bars from different manufacturers. In order to under-
stand the mechanical behavior with respect to CSPD, the CSPD of one
representative rebar from each set is captured and related to their
stress—strain behavior as shown in Fig. 10. A good quality rebar con-
taining two phases (FP and TM; see Section 2, Fig. 5) with uniform TM
ring results in nominally invariant (CoV < 3) stress-strain behavior of
QST rebars, exhibited by Sets 1 to 3 (See Fig. 11 (a - c)). The TM-ring of
Sets 4 and 5 is uniform with locally concentrated FP exclusion (or an
eccentric core) where the thickness is slightly less than other regions.
This variation in TM ring thickness resulted in higher scatter in the
ductility of rebars (as observed in Fig. 11 (d) and (e)). Higher thickness
of TM ring might cause brittle failure in the structure [8]. The rebars
from Set 6 exhibited uniform thickness of about 90 %, although an
incomplete ring is observed with a local absence of TM region, which
significantly affected the ductility of rebar as shown in Fig. 11 (f) (see Set
6). Fig. 11 (g) and (h), Set 7 and Set 8 have a discontinuous TM ring
along the periphery, which exhibited a significant influence on both the
strength as well as the ductility.

Set 9 and Set 10 have very inconsistent outer TM ring (See, Table 2
which indicates high CoV)shown in Fig. 11 (i) and (j). Although these
sets have lesser TM and more FP, their behaviors conflict with the ex-
pected mechanism of a typical QST rebar. It is expected that the strength
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should be relatively lower since the area of TM is lower, and ductility
should be relatively higher since the area of FP is higher. However, both
these sets exhibited high strength and less ductility, and failed in brittle
mode. This could be due to the poor practice in the rolling process and
quality control from respective manufacturers [24]. It is to be noted that
poor manufacturing practices could result in such scatter in CSPD, which
influence the CSPD along the length of the same rebar [25]. This could
be one of the reasons why the CSPD of Set 9 and 10 and their behaviour
did not match consistently with the results of other sets of rebars.

CSPD is highly influenced by the manufacturing process due to many
influencing factors such as rolling speed, composition, and heating and
cooling rates [26]. For instance, if the cooling rate is not synchronized
adequately, it significantly affects the TM ring performance. Therefore, a
poor CSPD indicates that the manufacturing process was not done
properly, and hence the quality is not satisfactory to accept such rebars
for structural applications. The significance of such poor CSPD is given
below:

(1) Hardened periphery above 30 % of the total cross-sectional area
represents highly over-quenched bars which results in high yield
strength and poor ductility.

(2) Non-uniform hard periphery indicates that the quenching has not
taken place uniformly around the periphery. Such bars should be
used only after extensive testing and evaluating the scatter in the
results.

Many reinforced concrete design codes (including ACI 314, 2014 and
fib-MC 10) suggest that yield strength and ultimate strength of steel
rebars should not be significantly higher than the assumed design
values. If the upper limit exceeds the design values significantly, then
the steel reinforced concrete section would not perform as under-
reinforced as expected. If the yield strength is greater than the
assumed design strength, it could cause undesirable failure mode like
brittle failure instead of required ductile failure. This condition is crit-
ical, especially in seismic zones, where ductile mode of failure is desir-
able for a safe design. On the other hand, if the yield strength is lower
than the design value as in the case of non-standard rebars, margin of
safety would be reduced, thus resulting in an increased risk of premature
failure. This sensitizes the importance of taking care of the upper limit of
the yield strength.

IS 1786 (2008) suggests a minimum elongation of about 12 % and 16
% for Fe500 and Fe500D, respectively. The UTS/YTS ratio for 500 and
550D should be greater than 1.08 and 1.10, respectively, where UTS
should not be<545 and 565 MPa for Fe500 and Fe550D, respectively.
Table 2 shows the mechanical properties of rebars from different sources
of manufacturers. Rebars from these sets (Sets 1 — 4, 7, and 8) represent
Fe550D and Sets 5, 6, 9, and 10 represent Fe500. The tested rebars
satisfy the lower limit of YTS and UTS, but certain sets (Sets 3, 7, and 8)
failed to meet the required elongation as specified by IS 1786 (2008).
Also, many of the rebars from different sets did not meet the UTS/YTS
ratio of 1.25 as required by the codal provisions. These results empha-
size the need for a standard quality control test to avoid using poor
quality rebars in construction.

3.2. ‘Bending-crack’ resistance

The rebars tested in tension behavior were of 12 mm diameter.
However, the variation would be profound in 8 mm diameter rebars
since they undergo the least quality control in the manufacturing line.
Since 8 mm rebars are not used as primary reinforcement, the variability
in tensile properties might not be an issue in the primary design calcu-
lations. However, these are used in design of stirrups and might pose an
issue by exhibiting significant scatter in tensile behaviour, especially in
seismic applications. Therefore, 8 mm rebars used in stirrups and hooks
are critical for achieving the desired service life. Hence, good and poor
quality QST steel rebars of 8 mm diameter were selected for bend test.
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Fig. 11. Representative tensile stress—strain behaviour of QST rebars from each set (Fig. 10) with their respective CSPD.

3.2.1. Load versus deflection graphs

The superimposed load-bent angle graphs for bending up to 135° are
given in Fig. 12. It is evident that the scatter in the peak loads and overall
test response is higher for poor quality steel rebars. Although the num-
ber of good quality steels tested are less (owing to the lack of good CSPD
in 8 mm bars available), the scatter seems to be higher in poor quality
rebars in terms of the angle at peak load. Poor CSPD is predominantly
seen in 8 and 12 mm rebars where the smaller bar diameter requires
better quenching methods to get a uniform TM ring [6]. A maximum

scatter of 0.5 kN (<10 % of average peak load) is observed in the pre-
peak and peak loads reported for good quality rebars while it is about
2.5 kN (= 45 % of the average peak load) for the poor quality rebars.
Hence, the scatter could also be used as an indirect means of identifying
inadequate CSPD.

3.2.2. Crack formation in poor quality vs Good quality QST steel rebar
All the rebars qualified the test for 45° (or 135° bend, as per IS
1786:2008 and IS 13920:2014). However, there were visible cracks in
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Fig. 12. Bend test response showing the bending load versus bending angle behaviour of (a) good quality, and (b) poor quality rebars.

Fig. 13. Critical failure conditions showing (a-c) Cracks formed during bend test, and (b) schematic showing the potential location in real-time stirrups under

excess bending.

Fig. 14. Milled section of post-bent QST rebar specimens showing (a) a good
quality rebar with continuous and uncracked CSPD, and (b) a poor quality rebar
showing cracks at the surface.

transverse (tensile cracks) and longitudinal direction by bending to an
included angle of approximately 22.5° (i.e. 22.5° bending). The fre-
quency of cracking is less in terms of ‘visible cracks’ for poor quality
rebars on 22.5° bending. Among the 8 sources of poor-quality steel re-
bars tested (shown in Fig. 12), 3 sources showed cracks under bending.
However, since the bent angle is only 157.5°, it is expected to observe
cracks in rebars with close bends (180°) used in hooks. Also, the in-situ
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practices might not follow an exact bend angle of 135° for stirrups in
seismic zones.

A few cases of cracks observed during the bend test are shown in
Fig. 13 (a-c). These cracks are formed at the outer surface of the steel,
which is near the concrete surface (schematic shown in Fig. 13 (d)),and
will be a governing factor for crevice corrosion initiation [27-28].
Hence, the quality of steel rebars in stirrups with 22.5° bending (or
higher) is crucial for structures in seismic zones. Several poor quality
rebars showed stretch marks on the convex bent surface at
22.5° bending which were not considered as visible cracks. However,
the rebars would have started forming cracks at this angle and are
located mostly near the rib roots. These comply with the observations
made in literature on stress-concentrations near the rib roots. A few
other specimens showed mill scales opening up which were also not
considered as crack openings.

3.2.3. Mechanism of cracking in poor quality QST steel rebars
Specimens from good and poor quality QST rebars were analyzed for
CSPD in the bent region after the bend tests. This was done by milling
the bent bar to a depth (from the surface), where the crack-ends were
visible. The images of the macro-etched bent surface are given in Fig. 14.
It is evident that a good quality QST steel rebar has a perfect TM-ring and
the bending stress at the extreme fibers are taken care of by the hard-
tempered martensite (Fig. 14 (a)). However, in a poor-quality rebar,
the specimen with severe cracking (both transverse and longitudinal)
showed multiple locations of crack formation visible on the milled plane
(Fig. 14 (b)). It is noticed that the transverse cracks propagate in the
longitudinal direction along the TM-FP interface. The delamination of
TM over FP is attributed to the FP-TM interfacial strain incompatibility
at high loads. The milling should ideally be done till the center of the
crack length (crack nucleation point in the interface), where it would
have originated. At this location, there is a probability of finding an FP
phase. This defective CSPD will attract cracks at the locations of FP
appearing at the extreme fibers. This is because FP has only 50 % of the
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Data sheet for TM ring test
Reference cases
CSPD
B
Acceptable Not acceptable Not acceptable Not acceptable
Q. No. | Question Answer
1. [l Is a dark grey peripheral region and light grey core seen? Yes /No
2. P Does the dark grey peripheral region form a continuous outer ring? Yes /No
3. B Diameter of the rebar, D (mm)
4. | t ts
t te
13 ty
ta tg
Average measured thickness of TM ring,
trm (Refer figure)
5. P Average measured thickness of TM ring, ttm
Nominal 4 5 6 8 10 12 16 20 25 28 32 36 40
diameter
(mm)
inin’ 0.3 0.4 0.4 0.6 0.7 0.9 1.2 1.5 1.8 2.1 2.4 2.6 2.9
" 0.4 0.5 0.6 0.8 1.1 1.3 1.7 2.1 2.6 2.9 3.4 3.8 4.2
tave® 0.4 0.4 0.5 0.7 0.9 1.1 1.4 1.8 2.2 2.5 2.9 3.2 3.6
4 Minimum allowable thickness of TM (considering the entire periphery, and not only the 8
measured values), tmin = 0.07 D
® Maximum allowable thickness of TM (considering the entire periphery, and not only the 8
measured values), tmax = 0.10 D
¢ Average measured thickness of TM ring (considering eight set of values along TM phase), tave
=(0.85D

Fig. 15. Datasheet for acceptance criteria to qualify rebars based on cross-sectional phase distribution (CSPD).

YTS compared to TM. Once the crack starts, it propagates along the rib
root/boundary. Once a crack forms, the failure could focus and stresses
concentrate at the initiated point. However, there are more than one
crack-initiation points in extreme bending scenarios as in the current
case.

3.3. Acceptance criteria for TM - ring

Based on the experimental results, the CSPD of poor quality rebars
can be classified as one of the following types:

1. Eccentric and non-uniform TM phases
2. Discontinuous and non-uniform TM phase

In addition to this, bending cracks occur when the poor quality re-
bars are used as stirrups. Therefore, acceptance criteria were proposed
to qualify the rebars as part of associated literature [6,16]. Fig. 15 shows
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the data sheet for acceptance criteria to qualify the QST rebars, based on
visual analysis (Q. No. 1 & 2) of CSPD. This qualification depends on the
color to identify the inner and outer region and uniformity of phase
distribution. Then, geometrical analysis (Q. No. 3 to 5) by measuring the
diameter and thickness at 45° angle of rebars is suggested to check the
uniformity.

The quantified results are compared with the minimum and
maximum allowable thickness of TM for meeting the required strength
and ductility of the rebars. The average measured thickness of the TM
ring at 45° angle along the TM phase periphery (i.e., eight sets of values)
should be between 0.07D and 0.1D as the minimum and maximum
allowable thickness [6,16]. Note that literature recommends an area of
TM-ring between 25 and 53 % of the overall cross-sectional area to
achieve the required composite performance of QST steel rebars. This
was used to back-calculate the recommended average thickness of the
TM ring as mentioned above. Hence, to qualify a QST rebar as adequate,



S.A.O. Nair et al.

the specimen should pass both visual and geometrical analyses. If it fails
to meet any one of these analyses, then that batch of specimens should
be rejected.

4. Conclusions

In this work, mechanical characterization studies of QST rebars
including (a) assessing the effect of inadequate CSPD on the tensile
parameters, and b) assessing the crack resistance of rebars under
bending, were elaborated. The conclusions drawn from this study are as
follows.

(1) The tensile behaviour of FP and TM closely follows a purely
ductile and brittle material, respectively. Hence, the combined
action of these phases contributes to the composite tensile
response of QST steel rebars. The composite behaviour showed an
increase of about 50 % in the YTS from FP-only and 30 % in the
final elongation from TM-only response.

(3) QST steel rebars with inadequate and relatively high variability
in CSPD along the length of the rebars can result in non-uniform
stress—strain behaviour and significant scatter in yield strength.
The tested rebars with good and poor quality CSPD did not meet
the BIS standards for use in under-reinforced design and seismic
zones. This emphasizes the need for controlling the CSPD for
better and consistent quality for steel rebars in design
considerations.

(4) The CSPD of rebars is responsible for the expected stress—strain
behavior of QST rebars. Only 3 among 10 sets of rebars showed
good quality with a uniformly thick peripheral TM ring, which
exhibited the recommended stress-strain behavior among 10
different manufacturers. The tested rebars satisfy the lower limit
of YTS and UTS, but several sets failed to meet the required
elongation and UTS/YTS ratio specified by IS 1786 (2008) and IS
13,920 (2014) respectively. These results emphasize the need for
a standard quality control test to identify poor quality rebars in
construction.

(5) Load-deflection behaviour during the bend test showed relatively

higher scatter for rebars with inadequate CSPD. Poor CSPD is

predominantly observed in 8 and 12 mm rebars which requires
better quenching methods to get a uniform TM-ring. Also, inad-

equate CSPD can lead to bend-induced cracking of bars with a

higher frequency of crack formation for bend angles above 135°.

Hence, there are chances of crack formation in close bends of

poor quality QST steel rebars which is significant in seismic ap-

plications, as ductility of rebars would be reduced.

Based on the findings of this work, acceptance criteria have been

proposed using visual and geometrical analyses. The developed

‘TM-Ring test’ and proposed acceptance criteria could be used by

the technicians at the steel plant and construction sites to assess

the quality in terms of CSPD.
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