e

XKENTIE3OBETOHHBIE
KOHCTPYKLIMM
)

YKENE3OBETOHHBIE KOHCTPYKLWM

2025. 2(10). 30-40 ISSN 2949-1622 (PRINT)

ISSN 2949-1614 (ONLINE)

VJIK 624.012

DOI: 10.22227/2949-1622.2025.2.30-40

REINFORCED CONCRETE STRUCTURES (ZHELEZOBETONNYYE KONSTRUKTSII)

HTTPS://G-B-K.RU

HAVYYHAS CTATDBSI/RESEARCH ARTICLE

Comparative Study of High-Performance Concrete Beams Reinforced with St 37
Rebar and Damascus Steel Rebar

Mohammad Hematibahar?!, Nawal Kishor Banjara?, Makhmud Kharun®*

! Babol Noshirvani University of Technology, Babol, Iran
2 CSIR-Central Building Research Institute, Roorkee, India
3 Moscow State University of Civil Engineering (National Research University) (MGSU), Moscow, Russian Federation

* miharun@yandex.ru

Keywords: high-performance con-
crete, St 37 steel rebar, Damascus steel
rebar, tensile strength, flexural strength

Article history
Received: 21.05.2025
Revised: 01.06.2025
Accepted: 07.06.2025

For citation

Hematibahar M., Banjara N.K., Kha-
run M. Comparative Study of High-
Performance Concrete Beams Rein-
forced with St 37 Rebar and Damascus
Steel Rebar. Reinforced Concrete
Structures. 2025; 2(10):30-40.

Abstract. This study investigated the differences between reinforcement
with St 37 steel bars and Damascus steel bars. The studied beams were
made of high-performance concrete (HPC) reinforced with St 37 steel re-
bars (SSR) of 10, 12 and 14, as well as 150-, 250- and 350-layers of
Damascus steel rebars (DSR). The flexural strength tests results showed
that HPC beams with 250-layers of DSR (with an average tensile strength
of 857.27 MPa) can withstand an average flexural load of 52.19 kN, while
HPC beams with SSR of 10 (with an average tensile strength of 485.34
MPa) can withstand an average of 69.52 kN. HPC beams with SSR, due
to the ribbed structure of the steel rebars, are capable to withstand high
flexural loads, whereas due to the absence of ribs on the surface of the
DSR, HPC beams with it are capable to withstand low flexural loads, alt-
hough the tensile strength of DSR is higher than that of SSR. The ribbed
structure of the steel rebars is of fundamental importance for increasing
the flexural strength, as it ensures the bond strength between the steel rebar
and the concrete.
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KiroueBble cj10Ba: BBHICOKONPOYHBIN
6eroH, apmartypa u3 cranu St 37, apma-
Typa W3 JaMacCKOM CTalmy, Hpenen
MIPOYHOCTH Ha Pa3pbIB, Mpenen Mpod-

AHHOTanus. B nanHOM HccinenoBaHMU OBIIIM PACCMOTPEHO BIIMSHUE HA He-
CYIIYIO CHOCOOHOCTb JKeJIe300€TOHHBIX 0alloK M3 BBICOKOIPOYHOro OeToHa
MPOJOIBHOTO APMHUPOBAHMS, BBITIOJIHEHHOTO CTEPXKHAMU U3 cTanu St 37 u u3
JaMacckoii cranu. Mccnenyembie 6anku ObUTH H3TOTOBIICHBI M3 BHICOKOMIPOY-

Horo Oerona (HPC) u apmupoBanuch cranbHbiMU cTepkHsiME St 37 (SSR)
nmuamerpom J10, D12 u D14, a takxke 150-, 250- u 350-cnoiHBIME CTATb-
HBIMHU CTep)KHAMH U3 namacckor ctanu (DSR). PesynbraTel UCTIbITaHHI He-
cymell cnocoGHOCTH IpU U3rHbe MOKa3aly, YTo OalKH U3 BHICOKOIPOYHOTO
OeroHa U apmarypoi u3 namacckoii cranu (DSR) ¢ 250 cnosimu co cpeaneit
IIPOYHOCTBIO Ha pa3pbiB 857,27 MIla MOryT BbLAEPAKUBATH Harpysky 52,19
kH, B To Bpems Kak 0ajKku W3 BBICOKONIPOYHOTO OETOHA, apMUpPOBaHHEIE
crepxasaMu SSR J10 co cpenneit mpoyHOCTHIO Ha pa3psiB 485,34 MIla, mMo-
T'YT BBIICP)KHBATh B cpenHeM 69,52 kH. banku u3 BBICOKONIPOYHOTO OETOHA C
apMmatypoil u3 cranu SSR Gnarogaps nepuoandeckoMy NpoGhuIo CIOCOOHBI
BBIIIEPXKHBATH 0OJIee BBICOKYIO HArpy3Ky MpHU U3ruOe, B TO BpeMs Kak Oajku
¢ apMatypoit u3 gamacckoit ctanu DSR ¢ ri1aqxoii MoBEpXHOCTHIO BOCIPUHH-
Mayiu OoJiee HU3KHE HArpy3KH, XOTsI IPOYHOCTH Ha pa3pbiB DSR BhIiie, ueM y
SSR. Ilepuonuueckuil mpoduiab apMaTypHBIX CTEP>KHENH UMEET OCHOBOIIOJIA-
raroliee 3Ha4YeHHE I yBEJIMUEHHs HEeCYyIIed ciocOOHOCTH NpH u3rude, mo-
CKOJIbKY 0OecreynBaeT MPOYHOCTh CIEIUICHHSI MEXAY CTAIBHOM apMaTypoi
1 OETOHOM.

HOCTH Ha U3rud
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INTRODUCTION

High-performance concrete (HPC) has excellent performance and is widely used in construction
due to its high compressive strength, high toughness, high durability, high compact and density [1-
4]. Many experiments have been conducted to study HPC and HPC structural elements using different
types of reinforcement such as different types of fibers, 3D-printed reinforcement, steel rebars, etc.
Hasanzadeh et al. [5] and Kharun et al. [6] carried out experimental studies on the effect of chopped
basalt fiber on the mechanical properties of HPC. Their experimental result showed that chopped
basalt fiber improved the mechanical properties of HPC. Alaraza et al. [7] investigated the effect of
MiniBars basalt fiber fraction on the mechanical properties of HPC. The results of their experiment
showed that a small amounts of MiniBars basalt fiber does not affect the compressive strength and
elastic modulus of HPC, and when the dosage of MiniBars basalt fiber increases by more than 1.2 %,
it even has a negative effect. However, MiniBars basalt fiber significantly increased the flexural
strength even at low percentages, reaching the optimum effect at 0.9 %. Hematibahar, et al. [8] studied
the compressive strength and compressive stress-strain of basalt fiber reinforced HPC. Their study
results show that the inclusion of basalt fiber in HPC resulted in a decrease in the compressive strength.
Vatin, et al. [9] conducted a series of laboratory experiments on the chopped basalt fiber and MiniBars
basalt fiber reinforced high-performance concrete. They found that both chopped basalt fiber and
MiniBars basalt fiber improved the flexural properties of HPC. Moein, et al. [10] investigated the
impact resistance of HPC containing different types of steel fibers. They found that steel fibers im-
proved the mechanical properties of HPC, and hooked steel fibers were more effective in increasing
impact strength than crimped steel fibers.

Moxammad Xemamubaxap, MarucTp, AeNapTaMEHT POMBILIICHHOTO W IPaXIaHCKOTO CTPOUTENbCTBA, babOIbCKHil TEXHOMOTHYECKHI YHUBEPCUTET
nmenn Hommpsanu, ba6ons, Upan; ORCID: 0000-0002-0090-5745, E-mail: eng.m.hematibahar1994@gmail.com

Hasan Kuwiop banoxcapa, xannunat TexHUYecKHX Hayk, noueHT, CHIIM-IleHTpanbHbId Hay4YHO-HUCCIIEOBATEIbCKHI HHCTUTYT CTPOHTEILCTBA,
Pypxku, Uuaus; ORCID: 0000-0002-7433-9379, E-mail: nawal1234@gmail.com

Maxmyo Xapyn, KaHAuIaT TEXHHYECKHX HAyK, MAOLEHT, IOLEHT KadeApbl >Xelne300eTOHHBIX H KAaMEHHBIX KOHCTpyKiui, HanmonambHbIi
uccieoBaTenbekuii MOCKOBCKHII TOCyJapcTBEHHBIH cTpouTenbHslil yausepcuter (HUY MI'CY), 129337, r. Mocksa, Spocnasckoe mocce, 1. 26;
ORCID: 0000-0002-2773-4114, E-mail: miharun@yandex.ru

TEOPUA BETOHA N KENE3OBETOHA 31



Hematibahar M., Banjara N.K., Kharun M. Reinforced Concrete Structures. 2025; 2(10):30-40

Afroughsabet et al. [11] conducted experiments to study the effect of steel and polypropylene
fibers on chloride diffusivity and drying shrinkage of HPC. They observed that the inclusion of steel
fibers improved the mechanical properties and chloride diffusivity of HPC, whereas the inclusion of
polypropylene fibers resulted in a decrease in the chloride diffusivity. Farias et al. [12] studied the
flexural behavior of concrete beams reinforced with glass fiber reinforced polymer and steel bars.
They found that adding steel rebars into the concrete beam as load-bearing reinforcement successfully
withstand the flexural load. Chiadighikaobi et al. [13] evaluated the mechanical behavior of HPC
beams reinforced with different types of 3D-printed trusses. They noted that the use of the 3D-printed
Warren truss showed the best performance among other types of trusses in terms of flexural strength,
which means that the geometry of the reinforcement is the most important factor in improving me-
chanical properties. Hematibahar et al. [14] studied HPC beams reinforced with 3D-printed trusses
and 3D-printed hyperboloid shells on the mechanical properties and load-bearing capacity. They
found that 3D-printed trusses performed better than 3D-printed hyperboloid shells. Hematibahar et al.
[15] investigated the mechanical properties of HPC beams reinforced with four types of 3D-printed
patterns. They found that 3D-printed honeycomb structure performed better than other 3D-printed
structures. Chen Z. et al. [16] investigated the pull-out performance of steel rebar in HPC with hybrid
steel fibers and synthetic fibers. Mohinderu et al. [17] conducted an experimental study of hybrid fiber
reinforced HPC on beam-column joints fabricated using high-yield strength deformed steel bars to
improve seismic performance. Their study demonstrated a significant increase in the strength of the
experimental samples compared to control samples.

St 37 steel are made from a low-carbon steel and are widely used in construction. They are char-
acterized by good weldability and ductility [18-22], which makes them more suitable for use in rein-
forcing concrete structures that require flexibility. In the USA it is usually designated as A36, in Eu-
rope as S235JR, in India as 1S226, in China Q235B and in Japan as SS400.

The term “Damascus steel” originates in the medieval city of Damascus, Syria, possibly as an
early example of branding, however, it is now generally accepted that the steel ingots were imported
either from South India (where it was known as Wootz steel), where steel production techniques were
first developed [23], or from Khorasan, Iran [24]. Damascus steel is a high-carbon steel known for its
strength and hardness, characterized by a distinctive layered pattern produced by pattern welding [25—
30], however, the lack of research on the application of this type of steel rebars in concrete structures
hinders decision making in construction.

Analysis of scientific and technical information shows that many studies have been devoted to
HPC with various types of reinforcement, but the use of St 37 steel rebars (SSR) and Damascus steel
rebars (DSR) as reinforcement has not yet been studied.

The objective of this study is to investigate the physical and mechanical characteristics of SSR
and DSR, and the use of SSR and DSR as reinforcement in HPC beams and compare their flexural
performance.

MATERIALS AND METHODS

The present experimental study focuses on HPC reinforced with SSR and DSR. The materials
used in this study and their characteristics are described below.

The following composition was used to produce the HPC mixture (Table 1):

e Binder — Portland cement CEM | 42.5 N;

» Fine aggregate — sand with a fineness modulus of 2.7;

« Coarse aggregate — granite crushed stone of fraction 7-14 mm;

 Filler — glass powder;

» Organo-mineral additive — microsilica;

* Plasticizer — SikaPlast®Concrete in liquid form;

» Tap water for mixing.
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Table 1
Composition of HPC mixture
Cement, Fine aggregate,  Coarse aggregate,  Glass powder, Microsilica, Plasticizer, Water,
kg/m? kg/m? kg/m® kg/m® kg/m® I/m?3 I/m?
500 1,100 350 200 100 10 190

In this experiment, SSR with diameters of 10, 12 and 14 mm, and DSR of 150-, 250- and 350-
layers were used.

For the compressive strength testing of HPC, control samples of 100 x 100 x 100 mm? were
produced.

To visualize the external morphology and crystalline structure of the rebars, as well as to deter-
mine their elemental composition, scanning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) analysis were performed, respectively.

Tensile strength tests on rebars were conducted in accordance with ASTM A370-24.

For flexural strength testing, HPC beams of 35 x 10 x 10 cm?® size reinforced with SSR and DSR
were produced. Control beams of size 35 x 10 x 10 cm? were produced without SSR and DSR.

All HPC samples were kept in wet sawdust in an air-humid environment for 28 days at room
temperature of 19-23 °C.

Compressive strength tests were performed in accordance with ASTM C109/C109M-20 and flex-
ural strength tests were performed in accordance with ASTM C78/C78M-18. Strength tests were car-
ried out on a hydraulic press with a force of up to 1,500 kN in compression and 150 kN in bending.
The schematic diagram of the flexural strength test of HPC beams is shown in Fig. 1.

12.5cm
12.5cm 10cm

- =: :4 S Z >
AV AV

-

o

(=]

3

Q Q. 3 © O
o
]
2.5cm 30 cm 2.5cm ~
a c
12.5¢m 10 7 125em
: cm
- =: :4 oW ad >
AV AV

-

o

(=]

3

2.5cm 30 cm 2.5cm
b

Fig. 1. Schematic diagram of the flexural strength test of beams:
a — four-point flexural strength test scheme of beams; b — placement of steel rebars in beams; ¢ — side section of
beams with steel rebars
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RESULTS AND DISCUSSION
The results of the compressive strength tests of HPC control samples are shown in Fig. 2. Ac-
cording to our tests, the average compressive strength of HPC control samples was 43.64 MPa.

50
Samplel

é’: 40 \ Sample 2
o Sample 3
W 30
)
=
v
2 20
w2
'33_‘
g 10
[=]
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o L

0 0.001 0.002 0.003 0.004 0.005 0.006
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Fig. 2. Dependence of compressive strength on deformation of high-performance concrete control samples

The nature of the destruction of SSR during tensile testing is shown in Fig. 3. The results of the
tensile strength tests of SSR are presented in Table 2 and Fig. 4.
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Fig. 3. Nature of the destruction of steel rebars of grade St 37 during tensile testing
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Fig. 4. Tensile strengths of steel rebars of grade St 37: a— @J10; b — &12; ¢ — 14

Table 2
Tensile strengths of steel rebars of grade St 37
St 37 steel Maximum tensile Average tensile _Maximum Elongations,
rebars strengths, strengths, displacements, %
MPa MPa MPa
10 495.18 485.34 3.65 21.87
12 692.53 679.23 2.86 13.91
D14 802.61 782.33 3.95 23.76

Fig. 5 shows the nature of the destruction of DSR during tensile testing.
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150-layers Damascus steel rebars e ———

250-layers Damascus steel rebars | ge———

350-layers Damascus steel rebars | g

= ————
o

Fig. 5. Nature of the destruction of Damascus steel rebars during tensile testing

The results of the tensile strength tests of DSR are presented in Table 3 and Fig. 6.

Table 3
Tensile strengths of Damascus steel rebars

Maximum tensile Average tensile Maximum .

Samples strengths, strengths, displacements, Elon%;ltlons,
MPa MPa MPa °

150-layers 881.38 855.52 1.44 7.16
250-layers 874.65 857.27 1.91 6.8
350-layers 869.41 852.13 1.66 6.74
900 200 900
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300 300
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Fig. 6. Tensile strengths of Damascus steel rebars: a — 150-layers; b — 250-layers; ¢ — 350-layers

To understand the differences between the different types of HPC beams, control beams were
first tested. Table 4 and Fig. 7 provide data on flexural load and displacement of the control beams.

Table 4
Flexural strength test data for control beams
Samples Maximum flexural load, kN Average flexural load, KN Maximum displacement, mm
Control beam 1 11.15 2.21
Control beam 2 10.32 10.83 2.22
Control beam 3 11.02 2.26
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Fig. 7. Dependance of flexural load and displacement of control beams

Table 4 shows that the control beams failed at an average flexural load of 10.83 kN, and the
maximum displacement was 2.26 mm. The control beams (beams without any reinforcement) broke
suddenly, without any cracks before failure (Fig. 7).
Table 5 and Fig. 8 present the flexural load and displacement data for HPC beams reinforced with
10-, 12- and 14-mm diameter SSR.

Table 5
Flexural strength test data for beams with 10-, 12- and 14-mm diameter St 37 steel rebars
Samples Maximum flexural load, KN Average flexural load, KN Maximum displacement, mm
SSR-10 (1) 70.02 5.45
SSR-10 (2) 71.66 69.52 5.67
SSR-10 (3) 66.89 5.56
SSR-12 (1) 66.87 14.39
SSR-12 (2) 64.56 65.26 13.67
SSR-12 (3) 64.36 16.40
SSR-14 (1) 70.43 9.27
SSR-14 (2) 66.59 69.76 9.02
SSR-14 (3) 72.27 9.74
80 80
~ ——Sample 1 —— Sample 1
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Fig. 8. Dependance of flexural load and displacement of beams with St 37 steel rebars: a — &10; b — &J12; c — J14
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Compared to the control beams, the beams with SSR failed slowly, with cracks appearing that
gradually widened before failure (Fig. 8). The flexural strength of the HPC beam reinforced with &10
SSR increased by more than 640 % compared to the control beams, while the average flexural load
before failure of the HPC beams reinforced with 12 and 14 SSR increased to 65.26 kN and 69.76
KN, respectively (Table 4, 5).

Table 6 and Fig. 9 show the flexural load and displacement data for HPC beams reinforced with
150-, 250- and 350-layers DSR.

Table 6
Flexural strength test data for beams with 150-, 250- and 350-layers Damascus steel rebars
Samples Maximum flexural load, kN Average flexural load, kN Maximum displacement, mm
DSR-150 (1) 47.18 7.53
DSR-150 (2) 45.84 46.42 7.76
DSR-150 (3) 46.23 7.99
DSR-250 (1) 55.23 9.15
DSR-250 (2) 51.43 52.19 9.31
DSR-250 (3) 49.88 9.78
DSR-350 (1) 36.98 13.23
DSR-350 (2) 36.12 36.98 14.55
DSR-350 (3) 37.85 11.64
50 40 Samhie 1
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- 40 gamp:e ; 30 Sample 2
Z ample Z —— Sample 3
= 30 ——Sample 3 -
3 g 20
o iz
= 20 a (g
o ® 10
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40
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8 0 3 6 9 12 15
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c
Fig. 9. Dependance of flexural load and displacement of beams with Damascus steel rebars:
a— 150-layers; b — 250-layers; ¢ — 350-layers

HPC beams reinforced with DSR also failed slowly, as in the case of SSR, with cracks appearing
that gradually widened before failure (Fig. 9). The best performance was demonstrated by HPC beams
reinforced with 250-layers DSR, the average flexural load before failure was 52.19 kN with a maxi-
mum displacement of 9.78 mm (Table 6). The maximum displacement of the HPC beam reinforced
with 350-layers DSR increased by more than 640 % compared to the control beams (Table 4, 6).

The photographs in Fig. 10 show the crack formation behavior and failure mechanism in HPC
samples reinforced with SSR and DSR.
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(®)
Fig. 10. Crack formation behavior and failure mechanism of beams reinforced with steel rebars:
a— St 37 steel rebars; b Damascus steel rebars

Beams reinforced with SSR exhibited vertical cracks at midspan at the onset of loading followed
by shear cracks near the supports, while beams reinforced with DSR exhibited share cracks from the
onset until failure. Flexural strength tests show that although DSR has better mechanical properties
such as tensile strength than SSR, the flexural strength of HPC reinforced with SSR exceeds the flex-
ural strength of HPC reinforced with DSR.

The photographs in Fig. 11 illustrate the bonding of HPC to the steel rebars. As can be seen from
the photos, the bond between HPC and DSR was poor, so the flexural strength was less than HPC
with SSR. The bond behavior between concrete and steel rebars has been studied and well recognized
by many researchers. Abed et al. [31] and Alharbi et al. [32] found that good bonding between concrete
and steel rebar increased the flexural strength by 40-64 %. The ribbed structure of the steel rebars
such as SSR is fundamental to improving flexural strength as it provides the bond strength of steel
rebars to concrete. Damascus steel can be very strong. However, its layered structure may not provide
the same level of uniform strength as modern high-strength steel alloys used in rebars, especially under
the stresses of concrete reinforcement, and is not a practical choice for structural reinforcement in
construction.

Trace of Damascus Steel Rebar

Trace of St 37 Rebar

(a) | (b)
Fig. 11. Trace of rebars inside concrete: a — St 37 steel rebar; b Damascus steel rebar

CONCLUSIONS
This study investigated the differences between reinforcing high-performance concrete beams
with St 37 steel rebars and Damascus steel rebars. The results of the research indicate the following:
1. Damascus steel rebars demonstrate significant tensile strength compared to St 37 steel rebars.
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2. High-performance concrete beams reinforced with St 37 steel rebars are capable to withstand
high flexural loads compared to beams reinforced with Damascus steel rebars, although the tensile
strength of Damascus steel rebar is higher than that of St 37 steel rebars.

3. The ribbed structure of St 37 steel rebars, compared to Damascus steel rebars, is of fundamen-
tal importance for increasing the flexural strength, since it ensures the bond strength of steel rebars to
concrete.

4. High-performance concrete beams reinforced with St 37 steel rebars exhibit vertical cracks at
midspan at the onset of loading followed by shear cracks near the supports, indicating a controlled
failure mechanism, while beams reinforced with Damascus steel rebars exhibit share cracks from the
onset until failure, indicating a non-ductile behavior.

5. The layered structure of Damascus steel rebars does not provide the same level of uniform
strength as St 37 steel rebars and is not a practical choice for reinforcing load-bearing structures.
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