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ARTICLE INFO ABSTRACT

Keywords: The objective of this research was to evaluate the surface geometries and physical properties of

Surface geometries locally-rolled steel rods made from billets that are produced from locally-sourced scraps and

Thermo-Mechanically Treated three available imported rebars in Nigeria. The database of test results obtained were compared

sB?lrlapS with specifications in NIS 117:2004 (local) and BS 4449:2005 and ISO 6935-2: 2007 (interna-
illets

tional) standards. There are 26 indigenous rolled samples that are available in Nigeria of which
two samples were from imported billets but rolled locally, five (5) were Thermo-Mechanically
Treated (TMT) and the remaining 19 were ordinary rods (without any form of heat treatment).
The average measurements of fifteen samples selected at random from each brand were taken.
Their measurements were taken and computed for full length, nominal diameter, cross-sectional
area, mass per length, rib height, transverse rib inclination, rib spacing, rib flank inclination,
relative area, longitudinal height and rib base width. These data were systematically documented
to study their qualities. Findings showed that none of brands fully conformed to the three
standards in terms of diameter and cross-section area. Out of the ordinary locally-rolled rods,
Brands 7, 10, 16 and 18 were the best in terms of conformity. Among the TMTs, Brand 6 B was
the best in performance. The two selected rods, Brands 20 B and 21 (locally-rolled from imported
billets) performed well by meeting four (4) of the specifications for surface geometries and
physical properties. Among the imported steel rods, Brand 24 gave the best performance in
specifications for surface geometries and physical properties.

1. Introduction

The quality of a reinforcement bar can be represented by its geometrical rib features (i.e. surface geometries including shape,
width, height, spacing and inclination with respect to the surface of the rods) and physical properties in terms of length of the rods
and nominal diameter, area of the ribs and rods, mass and density of the rebars. The prime reason for having ribs at the outer surface
of the rods is to improve bonding of reinforcement steel rods with concrete by mechanical interlocking. Bond strength is usually
affected by many factors such as rib surface geometry, concrete strength, concrete cover, chemical adhesion, surface condition of
rebars and location of the bars during casting, etc. From all indications of the reviewed papers, rib geometry has the greatest effect in
terms of bonding of reinforcement steel to the concrete. Proper geometrical configuration of ribs can as well prevent failure due to
cyclic loadings (fatigue). The ribs can be longitudinal or transverse and are shaped, spaced and inclined according to the specification
requirements from adopted standards. Many researchers have contributed immensely to the study of reinforced concrete. Darwin and
Graham [1] stated that there is broadly inconsistent suggestion on the effect of rib geometry on the bond strength between concrete

* Corresponding author.
E-mail address: richard.leramo@covenantuniversity.edu.ng (R.O. Leramo).

https://doi.org/10.1016/j.cscm.2017.12.003

Received 24 August 2017; Received in revised form 7 December 2017; Accepted 11 December 2017

Available online 15 December 2017

2214-5095/ © 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).



R.O. Leramo et al. Case Studies in Construction Materials 8 (2018) 150-159

and reinforcing rods. Some researchers suggested that some rib geometries have strong significant influence on bond strength, while
others recommended little significant influence; it was also found to be possible for rebars with different surface geometry to give
results that are almost the same with bond strength and split resistance from the concrete. It was observed by Clark [2,3] through an
overview of some of the past work on surface geometry, that the greater the transverse-rib flank inclination, the greater the slip for a
given force. His studies also recommended that the ratio of shearing area to the rib bearing area may be limited to a maximum of 10.
He also opined that for a bar with nominal diameter smaller than 13, the average spacing between two consecutive ribs and the ribs
height should be equal to 70% and 4% of the diameter respectively. The studies of Rehm [4,5] suggested that if the ratio of rib
spacing to rib height is less than 7, and if that of rib flank inclination is greater than 40°, the bond strength will not improve and it is
most likely that the concrete adjacent to the ribs undergoes gradual crushing which might lead to a pull-out failure.

Lutz and Gergely [6] advocated that if the rib flank inclination angle is between 30° and 40°, rather than acts as a wedge, it may
favour slipping of reinforcement bar with respect to the concrete which may result into crushing effect of the concreate that is
adjacent the ribs. Lutz and Gergely [6] emphasized that a rib flank inclination angle less than 30° may weaken the load-slip effect of
the rebar and concrete. Soretz and Holzenbein [7] realized that rib inclination is a relatively small parameter when compared to rib
bearing area; however, the work supported the finding in the work of Lutz and Gergely [6] that ribs of a lower transverse-rib flank
inclination exhibit more slip, but deliver the same bond strength with equal rib heights and steeper face rib flank inclination. They
further suggested in their work that the minimum requirement for rib flank inclination angle is not essential. Skorobogatov and
Edwards [8] studied rebars of rib flank inclination angles of 48.5° and 57.8° and concluded that the rib flank inclination angles do not
affects bond strength.

Losberg and Olsson [9] stated that as the rib inclination angle is closer to 90° with respect to longitudinal axis, the slip effect is
reducing thereby increasing in bond strength. This assertion is favourably supported by Soretz and Holzenbein [7] that stated that the
more perpendicular the rib to the longitudinal axis, the higher the bond strength. Losberg and Olsson [9] also tested specimens with
different rib bar spacing, it was found that split strength was not being affected by the rib spacing and concluded that the bond
strength decreases when rib spacing is becoming closer than two-third of the nominal diameter. Soretz and Holzenbein [7] in-
vestigated into random combination of rib height, spacing and transverse rib-inclination. Part of their observation was that the higher
the ribs height, the more splitting it initiated; also their observation confirmed that it is not the peak geometry of dimension: rib
spacing 7.6 mm of bar diameter and rib height of 0.76 mm bar diameter, that gave best combination of increased bond strength and
low splitting as suggested by Losberg and Olsson in [9]. Furthermore, many authors like Clark [2,3], Soretz and Holzenbein [7],
Losberg and Olsson [9] and Kimura and Jirsa [10] agreed that at least under some conditions, an increase in relative rib area will
increase bond strength. However, Losberg and Olsson [9] opined that under some other conditions, the relative rib area may not have
significant effect on bond strength, especially when the ribs are more perpendicular to the longitudinal axis, which implies that the
effect of the relative rib area is relatively insignificant.

In addition, Darwin and Graham [1] researched into the effect of deformation height and spacing on bond strength of re-
inforcement bars; the experimental programme consist of 156 test specimens. Some of their submissions agreed with some past work
and they also concluded that the bond load-slip response of tested rebars was a function of relative rib area, and independent of the
specific combination of rib spacing and height; they further established that the increase in bond strength is proportional to increase
in relative rib area, which is contrary to the assertion in the work of Losberg and Olsson [9]. Regarding the work of Hamad [11], who
studied the effects of rib spacing ranging from 35 to 65% of rebar diameter, rib height of 5 and 12.5% of the diameter and 30° and 90°
of rib inclination angle, he submitted that the best in terms of bond strength quality was the rib inclination of 60°, rib spacing of 50%
and rib height of 10% of the reinforcement diameter. Lorrain, et al., [12] evaluated some factors that influenced geometric properties
of the bar on bond strength through pull-out test. It was resolved in the work that rib inclination and rib face angle did not sig-
nificantly affect the bonding performance, for the combination of rib height ranging from 0.64 to 0.97, rib spacing of 7.25 to 9.12,
transverse-rib flank inclination angle of 146° to 159° and rib inclination from 50° to 59° of all tested specimens. Also rib height and rib
spacing were found to be the most influential parameters for bond performance.

In this work, the surface geometry and physical properties of the steel bars for the reinforcement of concrete were evaluated in
accordance with local and international standards but not on bond strength from a pull-out test. Reinforcement rods of 12 mm
diameter of all available brands in Nigeria were intended to be used for this research work. In few cases where 12 mm diameter rods
were not available locally (in the market or produced by a particular company), other diameters were utilized. Standard specifi-
cations were adapted for each brand according to the dimension of the diameters.

2. Materials and methods

The reinforcement steel rods utilized for the experiment consists of 29 samples including local and imported categories and
analysed using varied standard documents [13-15]. These three standard specifications were chosen to examine the compliance of
steel brands available in Nigeria with both local and international standards.

Plate 1 shows the selected rebars for this study. The full lengths of the 15 rods of each brand were measured using a tape rule
(Crocodile Best Quality 7.5 m of model SX200), after which their averages were computed. The nominal diameters were measured
with the aid of digital electronic caliper (Mitutoyo of Stainless steel and hardened, model DXC 5342); the cross-sectional areas of the
rods were thus calculated from diameter obtained. In calculating the mass per length, the mass of each rod was first measured with a
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Plate 1. Physical Brand pictures of all the selected steel rods with identification mark.

digital weighing balance (Camry digital weighing balance: model ACS-30-ZC41) having the maximum and minimum readings of
30 kg and 200 g respectively. The length was measured using the tape rule and average masses were then divided by the corre-
sponding average length measured for each mass.

The ribbed heights (a) were also measured with the aid of digital electronic caliper. The average heights of the ribs were de-
termined as the mean value of measurements made at the centers of not less than three typical transverse ribs for each row of the ribs
as specified by those standards. The height of the rib was computed by dividing the difference of nominal diameter and total height of
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Fig. 1. Ribbed bar — Definition of geometry [15].
Key: 1-longitudinal rib, 2-transverse rib,  — the angle between the axis of transverse rib and bar axis, C — transverse rib spacing, A-A — section of the bar detailed.

Fig. 2. Section A-A of the Rib flank inclination, o and rib height, a [15].
Key: 1-rib, 2-rounded transition, a — maximum height of the transverse rib, a — transverse rib flank inclination.

the rib by 2. The ribbed bars used for this research have both transverse and longitudinal ribs. The definition of geometry of the
ribbed bar and section A-A of the rib flank inclination and rib height are indicated as shown in Fig. 1 and Fig. 2 respectively.

The rib spacing (c) was determined by the average spacing of transverse ribs by dividing the distance between centers of at least
eleven ribs on any one side of the bar by the number of intervening intervals as stated by the standards. The spacing is measured with
the aid of stainless meter ruler (model ZWY 201). Transverse inclination angle () was measured by HP bevel protractor (Model No
5001); average of eleven transverse inclination angles were thus computed. Rib flank inclination (o) was calculated using approx-
imation method while first assuming that rib is triangular in nature. The rib base width was then measured with the aid of digital
electronic caliper.

According to Lutz et al., [16] the rib inclination angle can be calculated by arc tangent of average height over half of the average
base width of the ribs.

According to EURO [17] the relative rib area is defined by the following expression in Eq. (1):

1 m .
1 n P E}':l FR,iJ snlﬁi,j 1 q )
h= gl T gty
i i P ™
where n = number of rows of transverse ribs on the circumference, m = number of different transverse rib inclinations per row,
q = number of longitudinal ribs for cold-twisted bar. According to Darwin and Graham [1], the relative rib area, R,, can also be
computed from Eq. (2) as:

projected rib area normal to bar axis

nominal bar perimeter X center — to — center ribs pacing(c) 2)

Eq. (2) was used in this study to determine relative rib area of samples selected. The projected rib area normal to the bar axis can be
calculated using half of m (Pi) multiplied by products of ‘@’, and ‘b’, where, a, is base width and b is the height of the rib [3]. The
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nominal bar perimeter = 2 * sir (r is the radius of the bar in question).
3. Results and discussion

The summary of standard specifications for surface geometries and physical properties of hot deformed worked steel rods is
shown in Table Al in the Appendix A. Table A2 in Appendix A shows the compliance of designated rebar brands with selected three
standards in terms of surface geometries and physical properties. It can be observed from Table A2 in Appendix A, that Brands 64, 7,
8 and 16 conformed to NIS 117:2004, ISO 6935-2:2007 and BS 4449:2004 specified standards, in average length, among all the
Brands; Brand 10 did not comply with any of the standards because its average length exceeded the required specification re-
quirement for length ranges from 12 to 12.05 m while that of ISO and BS are between 12 and 12.10 m [13]. This non-compliance may
be attributed to poor quality control management of products from the manufacturers.

However, with the average diameter (Table A2), none of the steel Brands meets the specification, since there is none within the
permissible range of deviation specified by the selected standards. It can be seen from the table that among 24 samples that are meant
to be 12 mm in diameter, the steel rods ranged in diameter from 9.90 to 11.80 mm (58.3% of samples fall between 11 and 11.80 mm
while 41.7% exist between 9.90 and 11.00 mm) (Table A2). There were three samples for the 16 mm steel rods with diameters
ranging from 13.00 to 15.00 mm. The only steel rod that was specified to be 20.00 mm in diameter was measured at 18.50 mm. In the
same vein, the steel rod that was expected to be 25.00 mm in diameter was measured to be 23.40 mm.

The nominal cross-sectional area for the 12, 16, 20 and 25 mm reinforcement steel rods are 113.14, 210.14, 314.29 and
491.07 mm? respectively, according to the NIS 117:2004, ISO 6935-2:2007 and BS 4449:2004 standards. It was observed that only
NIS 117:2004 standard has tolerance specification for cross sectional area, as shown in Table A1. For 12 mm steel rods, the tolerance
for cross-section area is 106.69 to 119.59 mm?, whereas for 16 mm and 20 mm steel rods, the tolerance for cross-sectional areas are
supposed to be 185.86-216.43 mm? and 284.11-344.46 mm? respectively according to NIS 117:2004. It can be concluded from Table
A2 that none of the rods that have diameters 12, 16 and 20 mm, comply with the standard. For Brand 23, only steel rod with diameter
of 25 mm, falls between the specified tolerances of 393.84 — 588.30 mm? and therefore is compliant with NIS 117:2004.

The nominal mass per length according to NIS 117:2004, ISO 6935-2:2007 and BS 4449:2004 are 0.888kg/m, 1.579 kg/m,
2.466 kg/m and 3.854 kg/m for the 12mm, 16 mm, 20 mm and 25 mm reinforcement steel rods respectively. For 12 mm diameter
rods, the permissible deviation (minimum and maximum tolerance values) from nominal mass/length based on NIS 117:2004 and BS
4449:2004 standards is = 4.5% (i.e. 0.848 and 0.928 kg/m respectively) as shown in Table A2. It was found that only 41.7% of the
12 mm diameter steel samples (which included two imported types i.e. Brands 22 and 24) complied with their permissible deviation
based on the NIS 117:2004 and BS 4449:2004; with the ISO 6935-2:2007 standard, the permissible deviation for the 12 mm diameter
rods is = 6% (i.e. 0.835 and 0.941 kg/m for the minimum and maximum tolerance values respectively), about 41.7% of the samples
agreed with this standard. In addition, the minimum and maximum values of permissible deviation for the 16 mm sample are
1.509 kg/m and 1.651 kg/m based on NIS 117:2004 and BS 4449:2004; only Brand 16 out of the 3 samples of 16 mm diameter had
full compliance with specified standard. Steel rods having 20 mm diameter (Brand 13B) and 25 mm diameter (Brand 23), did not
comply with NIS 117:2004, and BS 4449:2004 range of 2.359 to 2.581 kg/m and 3.677 to 4.023 kg/m respectively. The permissible
deviation with ISO 6935-2:2007 for the 16, 20 and 25 mm steel rods are = 5, = 5 and * 4% respectively; among the three (3) Brands
of 16 mm diameter, only Brand 16 is in agreement with the permissible minimum and maximum tolerance (1.501 and 1.659 kg/m).
However, the 20 and 25 mm diameter steel rods did not comply with the specified deviation ranges of 2.347 to 2.594 kg/m and 3.696
to 4.004 kg/m respectively.

The transverse and longitudinal values of ribs of the different Brands of steel rebars and the permissible deviation from various
standards NIS 117:2004, ISO 6935-2:2007 of the rebars in reinforced concrete are also shown in Table Al. As indicated in Table A2,
for 12mm diameter steel rebars to meet compliance standards employed in this research work, the transverse rib height must
be: = 0.84 mm (NIS), = 0.6 mm (ISO) and 0.36 mm < rib height < 1.8 mm (BS). In addition, the transverse rib height needed for the
16 mm steel rebars to meet the standards include: = 1.12mm (NIS), = 0.8 mm (ISO) and BS within range 0.48 mm < rib
height < 2.4 mm (BS). It was observed that out of the 24 steel rebars of 12 mm diameter, 37.5% of the samples did not comply with
NIS standard, and 20.8% fell below ISO standard, while about 4.1% deviated from BS standard; with the three rebars having 16 mm
diameter, Brand 16 did not comply with NIS specification, while Brand 6A and 17 B agreed with NIS, ISO and BS standards. The
20 mm rebar conformed to the BS specification but deviated from the NIS and ISO standards, whereas the 25 mm diameter rebar
(Brand 23) is in agreement with the adopted standards (NIS, ISO and BS).

The average transverse-rib inclination is shown in Table A2. The transverse-rib inclination angle ([3°) is either B° = 45° or 3° = 60°
for NIS specification, 35° < 3° < 90° for ISO standard, and 35° < ° < 75° for the BS standard. It was deduced from Table Al, that
about 62.5% and 8.3% of the 12 mm steel rebars are within acceptable limits of B° = 45° and 3° = 60° respectively, for the NIS
standard; with the ISO standard, about 70.8% of 12 mm rebars were found to be within acceptable limits. Concerning the 16 mm
rebar, Brand 6A was found to meet the two conditions from NIS standard whereas Brands 13A and 23 complied with NIS standard at
B° = 60°; for the ISO standard, Brand 6A among the three (3) Brands with 16 mm diameter, was not within the acceptable limits. The
20 and 25 mm diameters were within the required range of ISO specification. Similar pattern of results found with ISO standard, were
observed when the steel rebars were compared with the BS standard.
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The transverse-rib spacing (c) is either ¢ < 8.8 mm for spacing greater than 45° or ¢ < 7.2 mm for transverse-rib spacing greater
than 60° for the 12 mm steel rebar using the NIS standard. Among the 12 mm samples, 50% conform to ¢ < 8.8 while 4.2% comply
with ¢ < 7.2. For the ISO standard, 37.5% of the 12 mm diameter exist within the allowable limits while all the 12 mm samples
conform to the BS standard; with the 16 mm steel rebar, ¢ < 11.7 mm or ¢ < 9.6 mm for transverse-rib spacing greater than 45° or 60°
respectively for NIS standard. Only Brand 16 of the 16 mm rod, was found to fall within the tolerance limits of both ¢ < 11.7 and
¢ <9.6mm (NIS) and 8 < ¢ < 11.2mm of the ISO standard. All the 16 mm rebars exist within the limits for the BS standard. The
20 mm diameter rebar made the allowable tolerance limits with BS standard but failed to comply with NIS and ISO standards (Table
Al). The 25mm sample complied with NIS specification (c < 14.6 mm) and also fell within tolerable limits of BS standard
(10 < ¢ < 30) as shown in Table Al.

Specified tolerance limits exist for the BS and ISO as BS = 45° and ISO = 45° for all diameters for the average transverse-rib flank
inclination (a°). With the 12 mm sample, 25% of the samples conform to both BS and ISO standards while for 16 mm steel bars, only
Brand 19 among the three (3) Brands conformed to BS and ISO standards. Both the 20 mm and 25 mm steel rods failed to meet the
terms of the two standards (BS and ISO).

Out of the three standards employed in this research, only BS 4449:2005 has specification for transverse-relative rib area for steel
bars needed for the reinforcement of concrete. For the 12 mm rebars, 70.8% fulfilled the requirement specification, while only Brand
17 B complied with BS standard. Steel bar Brands of 20 mm and 25 mm diameters failed to satisfy the BS condition for transverse-
relative rib area as shown in Table Al.

The longitudinal rib height surface geometry requirements for hot deformed bars are only being specified by NIS and BS standards
and not the ISO standard as shown in Table Al. For the 12 mm diameter steel bar, 45.8% of the samples complied with NIS re-
quirement of rib height = 1.2, while 58.3% complied with BS standard of rib height < 1.2. Brand 6A and 17B agreed with tolerance
limits while Brand 16 did not exist within the limits with NIS standard for the 16 mm diameter steel bars. However, for BS speci-
fication, only Brand 16 complied while Brand 6A and 17B did not meet limits of BS standard. Brand 13B having diameter of 20 mm
exist within the tolerance limit of NIS specification but not with BS, whereas Brand 23 (25 mm diameter) complied favourably with
BS standard but deviated from NIS requirement. Both BS and ISO specifications stated clearly, that it is not compulsory for steel bars
to have longitudinal ribs.

From Table A2, only NIS has standard for longitudinal rib base width. The width is preferred if it is wider, because it will assist in
sharing or distribution of stresses and in torsional force resistance of the rebars [18]. There was 100% compliance with longitudinal
rib base width = 1.2, for the 12 mm diameter rebar. Concerning the 16 mm steel bar, all the three Brand samples complied with the
requirement of = 1.6. The 20 mm diameter also met the NIS standard requirement of =2.0. In this category of longitudinal rib base
width, only 25 mm rebar conformed to NIS standard.

4. Conclusions

Evaluation of surface geometries and physical properties of locally-rolled steel rods made from billets that were produced from
locally-sourced scraps, two locally-rolled steel rods from imported billets and three available imported (Ukrainian, Brazilian and
Turkish) rebars in Nigeria was carried out. The results obtained from tests conducted on the adopted Brands were compared with the
NIS 117:2004 (local) and BS 4449:2005 and ISO 6935-2: 2007 (international) standards. The following were deduced:

® None of the selected brands was found to comply with the three standards (NIS, ISO and BS) in terms of the diameter and cross
section area.

e Ordinary locally-rolled rods of Brands 7, 10, 16 and 18 were the best in terms of conformity. Among the TMT brands, Brand 6 B
gave the best performance.

o The two selected rods, Brands 20 B and 21 that are locally-rolled from imported billets performed excellently well by meeting four
(4) of the specifications in surface geometries and physical properties.

e Among the imported steel rods, Brand 24 gave the best performance in specifications based on the surface geometries and physical
properties.
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