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Abstract In this study, high-strength steel (HSS)

reinforcement with a yield stress of about 600 MPa

was used in reinforced concrete columns to reduce

both the reinforcing bar congestion and the construc-

tion costs. For this purpose, 16 square concrete

columns reinforced with either the conventional

normal-strength steel (NSS) or HSS rebars were

subjected to axial and eccentric compression loads.

The primary test variables included longitudinal

reinforcement with two strength grades, axial load

eccentricities, two different concrete compressive

strengths, and different longitudinal reinforcement

ratios. The structural response of the columns rein-

forced with reduced HSS rebars (Grade 600) was

compared with that of the columns reinforced with

grade 420 MPa rebars in terms of their load-carrying

capacity, failure mechanism, axial force-bending

moment (P-M) interaction, and ductility. Experimen-

tal results showed that although the amount of

longitudinal steel reinforcement was reduced by about

34% in columns containing grade 600 MPa rebars,

their load-carrying capacity and P–M interaction dia-

grams were comparable to those of the reference

columns containing conventional NSS rebars. It was

also concluded that simultaneous use of high-strength

rebars and high-strength concrete below a balanced

point would lead to slightly higher values of ductility

index (by up to 4%) than when normal concrete

strength and conventional reinforcement steel rebars

of Grade 420 MPa are used.

Keywords High-strength steel (HSS) � Eccentric

loading � Reinforced concrete column � High-strength

concrete � Ductility � P–M interaction diagram

1 Introduction

Recently, the use of high strength steel reinforcement

in reinforced concrete (RC) structures, especially in

high-rise buildings, has attracted a great attention due

to the role it plays in alleviating the reinforcement

congestion problem that is the principal cause of such

difficulties as formidable concrete casting, honey-

combed concrete surface, and difficult concrete con-

solidation during the construction. Although the use of

high-strength steel (HSS) bars to decrease reinforce-

ment volume has been mainly practiced as a remedy to

the bar congestion problem in the seismic design of

RC elements, their use in ordinary RC structures also

offers the potential to reduce construction costs, steel

manufacturing energy consumption, and the adverse
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environmental impacts of the construction industry.

Moreover, their high yield strength, good weldability,

good bendability, and reasonable elongation proper-

ties make HSS rebars a highly desirable replacement

for conventional steel rebars to achieve a more

economical structural system.

On the other hand, the higher strain of high-strength

steel may cause early concrete crushing in the

compression zone of RC columns prior to the yield

strain of HSS bars [1]. In this case, full column

strength cannot be exploited. To this may be added the

disadvantage of reduced member ductility since, for a

given rebar size, a larger compressive force developed

in HSS bars may increase the likelihood of rebar

buckling in RC columns. Finally, it is known that the

performance of a member governed by flexure

depends to a great extent on the longitudinal rein-

forcement index defined as qs � fy=f 0c, where qs is the

steel reinforcement ratio, and fy and f 0c. are the yield

strength of steel bars and the compressive strength of

concrete, respectively. Hence, the lower longitudinal

reinforcement ratio in concrete columns reinforced

with HSS bars potentially affects the load-carrying

capacity, flexural performance, and post-peak behav-

ior of eccentrically loaded columns.

High strength steel bars were first used in RC

columns by Richart and Brown [2]. These authors used

longitudinal rebars with a steel yield strength of

660 MPa and a well-defined yield plateau in eight

spirally reinforced columns to show that even such

rebars used in RC columns with a circular cross-

section would be fully effective in resisting concentric

axial compression. Later, Pfister et al. [3] conducted a

test program on concentrically loaded columns rein-

forced with bars of yield strengths in the range of 628

to 642 MPa. The results showed that the yield point of

longitudinal bars could only be extended to the

ultimate strength of the tied column at a strain equal

to 0.003 mm/mm or less. This can be more readily

achieved by well-defined yield plateau bars having a

nearly linear stress–strain curve up to the yield point

rather than by bars lacking a definitive yield point [3].

Todeschini et al. [4] extended Richart and Brown’s

research and their findings indicated that a stress range

of 480 to 550 MPa could be developed in reinforce-

ment bars lacking a well-defined yield plateau while

stresses up to 620 MPa could be developed in those

having a relatively flat yield plateau. Nagashima et al.

[5] examined squared RC columns which were

reinforced with 400–800 MPa longitudinal bars and

800–1400 MPa transverse reinforcements. They

reported that the higher yield strength of longitudinal

bars had an insignificant effect on stress–strain

relationship of columns.

For years, structural concrete designs were

restricted to reinforcing rebars with the given yield

strength, fy, of 420 MPa or less. This limit was later

raised to 550 MPa for all reinforcement steel rebars in

ACI 318-71 [6]. The current US design codes still limit

maximum allowable yield stress to 550 MPa for all

steel reinforcements, except for those used as con-

finement rebars with a maximum of 690 MPa and

those used to resist earthquake-induced forces with a

maximum limited to 420 MPa [7].

In 2010, the ACI Innovation Task Group (ITG-6R-

10) [8] published the report titled ‘‘Design guide for

the use of grade 690 MPa steel bars for structural

concrete’’, in which the maximum compressive stress

of longitudinal reinforcement used in members sub-

jected to axial loading is limited to 550 MPa. The steel

strain, es, corresponding to this stress is approximately

0.0028, which is nearly equal to the maximum strain

(0.003) for concrete in compression allowed by ACI

318-08 [9]. According to this guideline, the maximum

value of fy in members subjected to axial load

combined with a moment should be restricted to

550 MPa for the longitudinal reinforcement subjected

to compression, and to 690 MPa for the longitudinal

reinforcement subjected to tension.

Based on stress–strain relations for normal-weight

concrete, both strain at peak compressive stress (eco)
and ultimate compressive strain (ecu) increase slightly

with increasing concrete compressive strength (f 0c)

[10]. This shows the higher potential of high strength

concrete to be reinforced with HSS bars due to their

better strain compatibility. In addition to the excellent

mechanical performance and durability of HSC, Shin

et al. [10] have demonstrated the positive effects of the

combination use of high-strength longitudinal rein-

forcement and high strength concrete in RC column on

improving the strength of composite columns and the

resulting yielding point of HSS longitudinal bars.

However, the beneficial effect of HSS longitudinal bar

on axial load capacity of columns with ultra-high

strength concrete could decrease significantly due to
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the sudden spalling of the concrete cover and the low

contribution of HSS bars to column load capacity [10].

Our literature review indicates that most experi-

mental studies were focused on the use of HSS bars in

concentrically loaded RC columns with high yield

strength transverse reinforcement [11–14], ignoring

those reinforced with high strength longitudinal rein-

forcement subjected to eccentric loading. The present

study, therefore, aims to explore the effects of reduced

amounts of high strength longitudinal bars (600 MPa)

on the axial load-carrying capacity, flexural strength,

load–displacement behavior, and ductility of columns.

The results will then be compared with obtained from

counterpart columns reinforced with grade 420 MPa -

bars. More specifically, well-confined RC columns

will be tested under increasing monotonic concentric

and eccentric compression loading applied at different

load eccentricities in order to determine the failure

mechanisms as well as the axial load–bending moment

(P–M) interaction diagrams for columns containing

different concrete and reinforcement grades. The

results of this study may facilitate the use of HSS in

reinforced concrete members for practical engineers in

order to both reduce the congestion of the reinforcing

bars and decrease the total expenses.

2 Experimental program

For the purposes of this study, sixteen RC columns

with cross sections of 133 9 133 mm and overall

heights of 500 mm were prepared and tested to gain

insight into the behavior of practical-sized columns

reinforced with HSS (Grade 600) bar. The relatively

small height and cross-section of the RC columns were

selected due to restrictions in the test equipment and

instruments available in the laboratory. Half the

experimental specimens were reinforced with four

10-mm conventional normal-strength steel (NSS)

longitudinal rebars (420 MPa) to give a longitudinal

reinforcement ratio of 1.78%, while the remaining

eight were reinforced with four 8-mm longitudinal

HSS deformed bars (600 MPa) with a longitudinal

reinforcement ratio of 1.13%. The ratios met the

minimum longitudinal reinforcement ratios required

by the latest ACI 318 [7].

As shown in Fig. 1, all the experimental specimens

were also laterally reinforced with normal strength

deformed 8-mm bars with a yield strength of

425 MPa. Moreover, all the specimens were laterally

confined uniformly as per ACI 318-14 code [7], and

transverse bars in all were spaced at distances of

53.8 mm from the center. Thus, the volumetric ratio of

lateral ties was kept constant at 4% in all the sixteen

RC columns.

The clear concrete cover in all the specimens

measured 20 mm from the outside of the perimeter tie.

In order to provide an adequate anchorage length, each

end of the longitudinal bar was connected to a square

steel plate 15 mm thick. Both plates had square holes

47.4 mm wide in the center to allow for easier

concrete pouring. Figure 1 presents the details of the

specimens and the plates used.

2.1 Material properties

The yield and ultimate strengths of the longitudinal

HSS bars were measured to be 600 MPa and 731 MPa,

respectively. The same parameters for the 10-mm NSS

bars were 417 MPa and 601 MPa, respectively. All

the HSS bars used had been manufactured using the

‘‘thermex technology’’ originally developed by Hen-

nigsdorfer Stahl Engg. (HSE) Gmbh, Germany [15].

Table 1 reports the mechanical specifications and

tensile test results of the reinforcing bars employed.

In this study, two different levels of concrete

strength were used. The normal strength concrete

(NSC) mixture was designed according to ACI-211.1

[16] to provide a 28-day compressive strength of

35 MPa. The trial batch method was used to design

high strength concrete (HSC) mixture with a com-

pressive strength of 60 MPa. The material used in the

concrete mixtures included ordinary Portland cement

(Type 1), 0 to 5 mm sand, and 5 to 10 mm crushed

gravel as aggregate. Additionally, polycarboxylate

superplasticizer was added to the mixture to enhance

concrete workability and consolidation. The mix

design proportions of both concrete strengths are

reported in Table 2. All the column specimens and the

cylinders were cast in vertical position on the ground

and removed from the mold after 24 h before being

cured in the water bath for up to 28 days. Three

identical cylindrical concrete specimens 150 mm in

diameter and 300 mm in height were also tested

according to ASTM C39 [17] to obtain the average

concrete compressive strength of each column on the

test day.
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2.2 Test layout

The 16 RC columns constructed for this experimental

program were categorized into two groups. The

specimens in the first group were classified into the

four categories of C36.N, C36.H, C62.N, and C62.H

based on their concrete and rebar grades (Table 3). For

instance, The category C36.N includes specimens

(C36.N.E0, C36.N.E60, C36.N.E90, C36.N.Ei) made

with 36 MPa concrete strength and normal longitudi-

nal steel rebar (Grade 420 MPa). Each category

consisted of four specimens meant to be subjected to

axial compressive loading with eccentricities of 0,

60 mm, 90 mm, and infinity. The symbols used in

Fig. 1 Reinforcement details (dimensions are in mm)

Table 1 Mechanical properties of steel reinforcements

Bar size (mm) Diameter (mm) Bar type fy
a (MPa) fu (MPa) Elastic modulus (MPa) Total elongation (%)

8 8.1 Nb 425 633 205,800 28

8 8.1 Hc 600 731 204,600 18

10 10 N 417 601 201,728 27

aAll steel bars have well-defined yield plateaus
bN refers to normal steel rebars
cH refers to high-strength steel rebars

Table 2 Concrete mix

proportions (kg/m3)
Concrete type Normal-strength concrete High-strength concrete

Fine aggregate 855 635

Coarse aggregate 778 1096

Water 221 168

Cement 422 500

Super-plasticizer – 4.5

w/c ratio 0.54 0.35

Compressive strength at test day (MPa) 36 62
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designating the specimens are: (1) E, representing

loading eccentricity; (2) C, representing concrete

compression strength; (3) N, standing for normal-

strength steel bar, Grade 420, representing the control

specimens; (4) H, standing for high-strength steel bar,

Grade 600; (5) i, standing for infinite eccentricity in

specimens subjected to the four-point flexural bending

test; (6) the values 0, 60, and 90 denotes the loading

eccentricity levels in mm; and (7) the figures 36 and

62 following the letter C to indicating the concrete

compression strength (in MPa) for normal and high

strength concretes, respectively. For example, the

specimen C36.H.E60 denotes a column with a

concrete strength of 36 MPa reinforced with HSS

rebars (Grade 600) and subjected to a loading eccen-

tricity of 60 mm.

The specimens in second group are classified in the

four categories of E0, E60, E90, and Ei based on

loading eccentricity (in mm) (Table 4). For example,

the category E90 includes the columns C36.N.E90,

C36.H.E90, C62.N.E90, and C62.H.E90.

2.3 Test setup and instrumentation

The columns subjected to eccentric compression

loading were tested using a machine equipped with a

2000-kN hydraulic jack. An especially designed

eccentric loading setup was used to transfer the force

generated by the hydraulic jack. Initially, an eccentric

loading plate, composed of a thick square steel plate

and a hump (half cylinder rebar), was welded at the

middle of the plate to convert the load applied into a

uniform strip load for both the upper and lower ends of

the compression jack. The eccentric loading setup

consisted of two end caps that were to receive the load

from the humps and transfer it to the specimen at the

desired eccentricity. The end cap had five grooves on it

for eccentricities of zero, 30 mm, 60 mm, 90 mm, and

120 mm (Fig. 2). The eccentric loading test was

accomplished by positioning the hump of the loading

plate on one of the five grooves corresponding top

desired eccentricity. Axial displacements on the

tension and compression sides of the column were

measured using two linear variable differential trans-

ducers (LVDTs) with a gauge length of 20 mm and an

accuracy of 0.005 mm on both the tension and

Table 3 Test layout

Category Specimen

code

Longitudinal rebar Transverse rebar f 0c (MPa) Type of loading

Number-

size (mm)

fyl
(MPa)

ql
(%)

Size

(mm)

Space

(mm)

fyh
(MPa)

C36.N C36.N.E0 4–U10 420 1.78 U8 53.8 420 36 Axial, concentric

C36.N.E60 4–U10 420 1.78 U8 53.8 420 36 Axial, ea = 60 mm

C36.N.E90 4–U10 420 1.78 U8 53.8 420 36 Axial, e = 90 mm

C36.N.Ei 4–U10 420 1.78 U8 53.8 420 36 Four-point flexural

C36.H C36.H.E0 4–U8 600 1.13 U8 53.8 420 36 Axial, concentric

C36.H.E60 4–U8 600 1.13 U8 53.8 420 36 Axial, e = 60 mm

C36.H.E90 4–U8 600 1.13 U8 53.8 420 36 Axial, e = 90 mm

C36.H.Ei 4–U8 600 1.13 U8 53.8 420 36 Four-point flexural

C62.N C62.N.E0 4–U10 420 1.78 U8 53.8 420 62 Axial, concentric

C62.N.E60 4–U10 420 1.78 U8 53.8 420 62 Axial, e = 60 mm

C62.N.E90 4–U10 420 1.78 U8 53.8 420 62 Axial, e = 90 mm

C62.N.Ei 4–U10 420 1.78 U8 53.8 420 62 Four-point flexural

C62.H C62.H.E0 4–U8 600 1.13 U8 53.8 420 62 Axial, concentric

C62.H.E60 4–U8 600 1.13 U8 53.8 420 62 Axial, e = 60 mm

C62.H.E90 4–U8 600 1.13 U8 53.8 420 62 Axial, e = 90 mm

C62.H.Ei 4–U8 600 1.13 U8 53.8 420 62 Four-point flexural

aApplied eccentricity level of loading
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compression sides. These vertical LVDTs had been

mounted on a particular frame close to the column

surface at column mid-height.

The yield points of the longitudinal reinforcements

were determined using two electrical strain gauges

installed on two opposing points at the mid-height of

the tension and compression longitudinal rebars

(Fig. 1). As seen in the instrumentation setup in

Fig. 2, a gap was inevitably made between the column

surface and the LVDTs. The readings were, therefore,

corrected using the linear interpolation method.

Pure bending strength was obtained for each

experimental RC column by applying a four-point

flexural loading using a hydraulic test machine with a

capacity of 600 kN. One load cell with a capacity of

300 kN was also installed to measure the load

transferred to the specimen, and one LVDT with an

accuracy of 0.01 mm was placed under the specimen

to measure midspan displacement. Displacement

control was practiced at a rate of 1.0 mm per minute

for all the 16 experimental specimens. The test setup

and instrumentation used for the four-point flexural

loading are shown in Fig. 3.

3 Experimental results

3.1 General column behavior

Figure 4 shows the applied load versus axial displace-

ment curves of both concentrically and eccentrically

loaded columns. In addition, the load versus mid-span

deflection curves for the columns subjected to the

four-point flexural bending test are presented in the

same figure. The load–displacement curves for the

concentrically loaded columns were derived using the

Table 4 Summary of test results

Specimen

code

Peak

load

(kN)

Experimental/

theoretical

load capacity

Maximum

moment

(kN.m)

Compression

(tension) strain

at peak (%)

Midspan

disp. at

peak (mm)

Disp. at

first yield a

(mm)

Load at

first yielda

(mm)

Ductility

index

(I10)

Category E0

C36.N.E0 691.4 1.04 0 0.47 – 0.62 587.3 9.08

C36.H.E0 671.1 1.05 0 0.52 – 0.49 598.6 8.50

C62.N.E0 1178.9 1.13 0 0.32 – 0.68 1145.2 9.11

C62.H.E0 1164.5 1.12 0 0.30 – 0.63 1069.9 8.41

Category E60

C36.N.E60 188.3 0.96 11.3 0.63 (0.40) – 0.95 184.0 8.35

C36.H.E60 197.0 1.11 11.8 0.67 (0.48) – 0.96 195.0 8.58

C62.N.E60 288.7 1.04 17.3 0.71 (0.64) – 1.20 251.0 8.29

C62.H.E60 284.5 1.07 17.1 0.67 (0.62) – 1.15 249.0 7.24

Category E90

C36.N.E90 111.7 0.96 10.1 0.59 (0.68) – 0.96 96.6 8.19

C36.H.E90 119.9 1.08 10.8 0.66 (0.70) – 1.06 107.4 7.56

C62.N.E90 151.6 1.06 13.6 0.65 (0.83) – 0.93 127.6 8.77

C62.H.E90 148.5 1.09 13.4 0.67 (0.78) – 0.9 117.1 7.88

Category Ei

C36.N.Ei 94.2 1.01 6.12 – 3.35 1.20 70.1 8.68

C36.H.Ei 105.8 1.23 6.88 – 3.85 1.19 66.8 8.14

C62.N.Ei 113.1 1.04 7.35 – 4.07 1.20 79.4 8.17

C62.H.Ei 111.8 1.10 7.26 – 4.12 1.01 67.1 8.46

aRecorded by the strain gauges installed at mid-length of longitudinal rebars
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average values of axial displacement measured by the

two LVDTs installed on both sides of the column

(Fig. 2). Figure 4 presents the positive and negative

values of axial displacement on the compression and

tension sides for the eccentric columns, respectively.

Load–displacement curves consisted of two main

branches: an ascending and a descending one. Clearly,

the main initial component of the ascending branch

initiated at the origin and grew in a linear manner up to

loadings of approximately 50% to 90%. The initial

axial stiffness decreased with increasing load eccen-

tricity followed by a semi-linear ascending phase that

developed at a lower rate up to the peak load. As a

result of crack propagation on the compression and

flexural-tension sides (depending on the eccentricity

level applied) and the consequent concrete cover

spalling, initial stiffness in the specimens decreased

gradually. Specimens with higher concrete compres-

sive strengths exhibited moderately higher values of

initial stiffness and steeper ascending parts in their

load–displacement curves. When the peak load was

reached, higher stresses developed in the concrete core

due to crack propagation and concrete cover spalling.

The descending branch initiated after the peak point

and was followed by a considerable decrease in load

carrying capacity before the concrete gradually dete-

riorated up to the ultimate failure point. In contrast, the

descending branch for the compression-controlled

columns (especially for those in the category E0)

declined in an abrupt and brittle manner but at varying

rates (depending on load eccentricity and concrete

compression strength) while the descending branch in

for the high eccentrically loaded columns (especially

those in the category Ei) declined in a more ductile

manner and at a lower rate.

Fig. 2 a Column testing machine and instrumentation; b setup for concentrically-loaded columns; c setup for eccentrically-loaded

columns (dimensions are in mm)

Fig. 3 Test setup and instrumentation used for four-point

flexural loading (dimensions are in mm)
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The longitudinal reinforcing bars in all the com-

pression controlled columns yielded approximately at

80–95% of the peak load before concrete cover

spalling occurred, while the longitudinal tension bars

in the tension-controlled specimens yielded at

60–90% of the maximum load before the peak point

was reached. Table 4 reports column yield points

measured using the strain-gauges installed on opposite

positions on the longitudinal bars (Fig. 1).

3.2 Failure mode and load carrying capacity

The mechanical failure mechanism, strain and dis-

placement at peak load, yield point of longitudinal

bars, crack pattern, and other load–displacement

results obtained for all the tested specimens are

categorized based on the load eccentricity applied

and presented in the following four categories:

3.2.1 Category E0

The applied load increased steadily in C36.N.E0 and

C36.H.E0 up to load levels of 390 kN (equal to 56%

Pmax) and 340 kN (equal to 51% Pmax), respectively.

At this stage, both specimens exhibited almost equal

levels of initial stiffness defined as the angle between

the load–displacement curve and the horizontal axis.

Beyond this point, hairline cracks initiated at column

mid-height and the stress gradually increased to the

peak point at a slower rate. In the course of the test, the

cracks propagated along the columns and grew longer

and wider. As loading progressed, shortly after the
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peak point was reached, concrete cover spalling and

crushing occurred at column mid-height that caused

the specimens to fail.

The loads in the specimens C62.N.E0 and

C62.H.E0 were observed to increase linearly follow-

ing almost identical slopes up to load levels of 860 kN

(equal to 73% Pmax) and 900 kN (equal to 77% Pmax),

respectively. It is worth noting that the increase in

concrete compression strength led to a slight increase

in the initial stiffness of C62.N.E0 and C62.H.E0

compared to that observed for columns with a concrete

strength of 36 MPa.

As the test proceeded, micro-cracks propagated

along the columns; indeed, the first major vertical

crack appeared at one-third column depth in C62.N.E0

and C62.H.E0 at loads of 924 and 1032 kN, whereas

the longitudinal rebars yielded at 0.68 and 0.63 mm,

respectively. The onset of cover spalling occurred at

the peak point and the existing cracks extended

vertically followed by concrete cover splitting. As

shown in Fig. 4, the axial strengths of C62.N.E0 and

C62.H.E0 dropped significantly at load levels of 1009

and 1017 kN, respectively. The post-peak behavior of

these two specimens exhibited slightly brittle failure

modes due to the high axial load developed in the

columns as a result of the high strength concrete used.

3.2.2 Category E60

Upon loading, horizontal tensile cracks appeared at

144 kN and 157 kN at mid-height of the tension sides

in the specimens C36.N.E60 and C36.H.E60, respec-

tively. Initial yielding of tensile rebars in C36.N.E60

and C36.H.E60 were observed at slightly before the

peak point at 184 kN and 195 kN, respectively. With

increasing eccentric loading, not only did the existing

cracks propagate and widen but new cracks also

appeared parallel to the axial load applied on the

compression side.

Horizontal micro-cracks initiated at 115 kN and

108 kN on the tension side of the specimens

C62.H.E60 and C62.H.E60, respectively, followed

by the initial yielding of the tensile rebars in these

specimens at 251 kN and 249 KN. In all the four

specimens in this category, compressive rebars

yielded slightly after the peak point had been reached;

this was accompanied by concrete cover crushing and

splitting, leading finally to concrete cover spalling at

column mid-height.

3.2.3 Category E90

Since increased load eccentricity causes the natural

axis depth to reduce, horizontal cracks on the tension

side of the column appeared and propagated at the

lower load level. Horizontal flexural-tension cracks in

the specimens subjected to an eccentric loading of

90 mm initiated at column mid-height at 0.1 Pmax to

0.2 Pmax, which later grew longer and wider as the

applied load gradually increased. As with the speci-

mens in the category E60, the compressive rebars in

these specimens yielded at the post-peak point, which

was accompanied by a considerable decline in load

capacity and concrete crushing.

The failure mechanism in the specimens subjected

to eccentric loadings of 60 mm and 90 mm was in the

transition mode between compression-controlled and

tension-controlled based on ACI 318-14 [7]. This was

confirmed by strain gauge records, theoretical calcu-

lations, and test-day observations.

3.2.4 Category Ei

Four of the experimental specimens were subjected to

the four-point flexural test to investigate the behavior

of columns under infinite eccentricity. As shown in

Fig. (4), the curves exhibited a rising trend at a

monotonous rate up to the yield of the tensile rebars.

At the point of maximum load, the concrete crushed at

extreme compressive fiber in all the four specimens. As

the test proceeded, the load–displacement curves

nearly reached their steady state after the load had

declined by 6 to 24%, so that strain hardening could be

clearly seen in Fig. 4d.

At later stages of the test, the cracks formed in the

previous stages increased until the column failed and

concrete crushing and failure in all the specimens

occurred in a completely mild manner at the middle one-

third (i.e., in the zone with constant flexure) of the

column height. Examination of the effects of concrete

compressive strength on the flexural behavior of

C62.H.Ei and C36.H.Ei reveals that the 62 MPa con-

crete type led to slightly increased initial stiffness and

initial slope in the specimen C62.H.Ei. Comparison of

the two specimens C62.N.Ei and C36.N.Ei also indi-

cates a slight increase in the initial stiffness and the

initial slope of C62.N.Ei.

Test results revealed that the columns C36.H.E0 and

C62.H.E0 reinforced with grade 600 MPa rebars were
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not significantly different in terms of their maximum

loads (only by 2.9% and 1.2%, respectively) from the

reference specimens C36.N.E0 and C62.N.E0. The

load-carrying capacity of C36.H.E60, subjected to an

eccentricity of 60 mm, increased by 4.6% while that of

C62.H.E60 decreased slightly by 1.4% relative to that

of the control. The specimens C36.H.E90 and

C62.H.E90 reinforced with grade 600 MPa rebars

and subjected to axial loading with an eccentricity of

90 mm experienced peak loads of about 7% higher and

2% lower, respectively, than did the control columns

C.36.N.E90 and C62.N.E90. According to Table 4, the

specimens C36.H.Ei and C62.H.Ei subjected to infinite

eccentricity (under the four-point flexural test) demon-

strated an increase of 12.3% and a decrease of 1.1%,

respectively, in their maximum load-carrying capacity

compared to the corresponding control specimens.

Illustrating the effects of e=h (ratio of load eccen-

tricity level to section width) on load-carrying capac-

ity, Fig. 5 presents percentage enhancements in the

load-carrying capacity of specimens reinforced with

grade 600 MPa rebars relative to those reinforced with

grade 420 MPa rebars. Clearly, load-carrying capacity

was not considerably affected by different load

eccentricities in specimens made with HSC and

reinforced with reduced grade 600 MPa rebars when

compared with their counterparts reinforced with NSS

rebars. In fact, axial load carrying capacity of HSC

columns is dependent on the lateral expansion of

columns which is proportional to confinment provi-

sion and inversely proportional to unconfined concrete

strength [18, 19]. Accordingly, utilizing 600 MPa

reinforcing bars was less effective in enhancing the

axial load capacity of HSC columns. However, load-

carrying capacity increased with increasing load

eecentricity to reach 12.3% at infinite eccentricity in

specimens made with normal strength concrete

(36 MPa) and reinforced with reduced 600 MPa

rebars when compared with those containing NSS

rebars. Generally speaking, the specimens made with

both concrete strengths of 36 and 62 MPa and

configured with longitudinal 600 MPa rebar were

found comparable with the corresponding reference

ones with respect to their load-carrying capacity.

3.3 P–M interaction diagram

Figures 6 and 7 present P–M diagrams for the

different categories of specimens subjected to the four

loading eccentricities for comparison of columns

reinforced with high-strength rebars and those con-

taining conventional reinforcement in terms of their

interactions of axial force and bending moment.

Experimental values of maximum axial load and

bending moment for all the specimens are reported in

Table 4. Moreover, the corresponding theoretical

values for the same parameters were calculated using

the Whitney equivalent rectangular, force equilibrium

equations, and strain compatibility at the column

section according to ACI 318-14 [7] guidelines.

Figure 6 presents both the theoretical and experi-

mental P-M interaction diagrams for the specimens

reinforced with conventional NSS rebars of Grade

420 MPa and HSS rebars of Grade 600 MPa with two

different concrete strengths of 36 MPa and 62 MPa. -

Clearly, the calculated values obtained for RC

columns subjected to concentric loading underesti-

mated the test results. Smaller differences would have

been observed between the computational and the

experimental results, if the concrete compressive

strength values of the unconfined cylindrical concrete

specimens had been replaced in the calculation of

loading capacity with those of the ‘‘confined’’ con-

crete. Although the theoretical estimates above the

balanced point in P–M diagrams are more conserva-

tive, those below the balanced point are acceptably in

agreement with the experimental results, except in the

case of C36.N.E60 and C36.N.E90 which recorded

experimental load capacities negligibly lower than the

estimated values. This confirms the adequacy of the

method recommended in ACI-318-14 [7] for the

analysis of sections reinforced with high-strength

rebars. Obviously, the experimental results in both

diagrams in Fig. 6 would converge to those of the

theoretical results if load eccentricity increased.

The nondimensional form of the P–M interaction

diagram presented in Fig. 7. In this figure maximum

axial load and maximum flexural moment were

divided by f 0cAg and f 0cAgh, respectively. Figure 7

indicates that the specimens with concrete strengths of

36 MPa and 62 MPa and reinforced with grade

600 MPa rebars (i.e., groups C36.H and C62.H) have

nearly the same axial and moment capacities as those

reinforced with 420 MPa steel rebars (groups C36.N

and C62.N). However, examination of eccentrically

loaded columns in Fig. 7 reveals that specimens

reinforced with grade 600 MPa rebars and made with
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normal strength concrete (36 MPa) slightly outper-

form those containing normal steel strength

(420 MPa).

3.4 Ductility

For the purposes of this study, the eccentrically loaded

columns reinforced with Grade 420 and 600 MPa

rebars were compared using the I10 ductility index.

Originally due to Foster and Attard [20], the index

includes both loading components of axial and flexural

forces in ductility measurement of eccentrically

loaded columns. In this method, ductility index is

defined as the area under the P-n curve (Fig. 8)

representing the work accomplished within the

column plastic hinge zone by the applied force (P).

The parameter n denotes the value of ‘‘eav ? je’’,

where eav is the average value of strains measured on

both tension and compression sides of the column, j is

the section curvature, and e is load eccentricity. This

may be expressed by Eq. (1) below:

I10 ¼ A2

A1

ð1Þ

where A1 and A2 denote ADE and ABC areas,

respectively, in the P–n curve (Fig. 8); which are the

areas corresponding to the results obtained in the

experimental test. As shown in Fig. 8, the procedure
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adopted herein for the determination of parameter n at

yield of steel reinforcement, ny, is based on an

idealized bilinear force–displacement response with

reduced stiffness found at the secant stiffness at either

the first yield or at 0.75 of the ultimate load, whichever

is less [21]. The values of I10 range between 1 and 10,

with I10 = 1 representing an elastic-brittle material

and I10 = 10 indicating a perfectly elasto-plastic one.

The I10 ductility values obtained for all the

specimens are reported in Table 4. Comparison of

the two categories C36.N and C36.H with respect to

their ductility index (I10) values revealed that the I10

values of the specimens in category C36.H decreased

by about 6.4%, 7.7%, and 6.2% when subjected to

eccentricities of 0, 90 mm, and infinity, respectively,

relative to those for C36.N.E0, C36.N.E90, and

C36.N.Ei. This is while the specimen reinforced with

600 MPa rebars and subjected to a load eccentricity of

e = 60 mm exhibited a 2.7% increase in its I10 value

relative to that of the corresponding specimen rein-

forced with Grade 420 rebars. On the other hand, the

simultaneous use of reduced 600 MPa bar and HSC

led to ductility indices (I10) higher than that of the

control by about 3.5% under the four-point flexural

loading test, while the same values reduced in the

specimens C62.H.E0, C62.H.E60, and C62.H.E90 by

about 7–12% when compared with their correspond-

ing specimens reinforced with Grade 420 MPa rebars.

Moreover, the I10 values obtained for the specimens

reinforced with 600 MPa rebars showed that the use of

62 MPa concrete rather than the 36 MPa one was only

effective at higher load eccentricities, i.e., e = 90 mm

and infinity.

Figure 9 presents the calculated ductility index I10

for the four categories of specimens for different e/

h (i.e., ratio of load eccentricity to section width).

According to this figure, the obtained I10 index for all

tested columns ranging from 7.2 to 9.1. In the case of

concentrically-loaded columns (e/h = 0), the value of

I10 index for C36.H.E0 and C62.H.E0 were 8.5 and

8.4, respectively; which shows 6.4% and 7.7%

decrease when compared with their counterparts

reinforced with 420 MPa rebars. This indicates that

using reduced 600 MPa rebar decreased the ductility

(I10) due to a higher likelihood of longitudinal bar

buckling.

According to Fig. 9, the value of I10 for C36.H.E60

and C62.H.E60 shows 2.8% higher and 12.7% lower

value, respectively, when compared with their control

specimens. In the case of higher load eccentricity

levels, I10 values of 7.6, 7.9, 8.1, and 8.5 were

calculated for C36.H.E90, C62.H.E90, C36.H.Ei, and

C62.H.Ei, respectively.

It may be concluded from the aforementioned

description on Fig. 9 that application of 600 MPa

rebars has not any negative effect on ductility (i.e., I10

index). Moreover, it seems that the 62 MPa high

strength concrete was able to slightly affect column

behavior under varying load eccentricities; so that

better I10 values were achieved as e rose above e/

h = 0.45, while the I10 values in specimens contain-

ings 600 MPa rebars and 36 MPa concrete decreased

slightly compared to the reference ones containing

420 MPa rebars.
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It should be noted that the present tests mainly

focus on using high strength steel bar in small-sized

RC column specimens; however, the size effect might

affect the results of actual columns in real structures.

In this case, increase in stirrups ratio and yield strength

of transverse reinforcement could result in larger

triaxial confining pressure which is developed by

transverse reinforcement and, consequently, reduces

the size effect due to less brittle behavior [22]. On the

other hand, mostly eccentrically-loaded columns

exhibit weaker size effect than small-eccentrically

loaded columns [23].

It is worth mentioning that the presented results

demonstrated that using high-strength bars would be

applicable in RC columns with normal and high

strength concrete, especially if the concrete core is

well-confined with transverse reinforcement, and the

value of As�fy remains constant; where As = area of

longitudinal rebars and fy = yield strength of longitu-

dinal rebars. In the case of NSC specimens, however,

utilizing HSS bars in columns designed as tension-

controlled section (i.e., where extreme tensile bars

yield at ultimate load) would increase the margin of

safety regarding axial load capacity.

4 Conclusion

High strength steel (HSS) rebars with a yield strength

of 600 MPa were used as longitudinal reinforcement

in RC columns to reduce longitudinal bar congestion.

For this purpose, 16 experimental RC columns were

prepared using two different concrete grades and

tested under load eccentricities of 0, 60, 90 mm, and

infinity. All the columns with identical grades of

concrete strength were designed to have nearly the

same flexural capacity and rebar layout. The results of

this study are concluded based on the small sizes of the

column specimens, and more tests are needed to

generalize the results. The following conclusions may

be drawn from the results obtained:

1. No considerable difference was observed between

the failure mechanisms of the specimens rein-

forced with 600 MPa rebars and those configured

with NSS rebars of grade 420 MPa. Concentri-

cally loaded columns (especially those made of

HSC) were failed with sudden concrete cover

spalling and crushing followed by longitudinal bar

buckling.

2. Using reduced longitudinal 600 MPa rebars effec-

tively led to load carrying capacities and initial

stiffness values under varying eccentricities com-

parable to those obtained for specimens config-

ured with 420 MPa steel rebars. The results

acknowledged the idea that the amount of longi-

tudinal reinforcement in a RC column can be

reduced by up to 34% if fy is increased to

600 MPa. In other words, maximum load carrying

and initial stiffness are nearly the same if the

reduction in column reinforcing bar is propor-

tional to the increase in fy. Moreover, a good

agreement was observed between the experimen-

tal and the theoretical values of load-carrying

capacity, indicating that column designs based on

ACI 318-14 [7] yield reliable results under the

maximum loads used in this study.
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3. The specimens C36.H.E60 and C62.H.Ei exhib-

ited ductility index (I10) values by 2.7% and 3.5%

higher than the corresponding ones reinforced

with 420 MPa rebars, repectively, while the use

of reduced amounts of longitudinal 600 MPa bar

in place of Grade 420 MPa bars led to reductions

of 7–12% in ductility index (I10) of other speci-

mens when compared with reference columns.

Regarding ductility, the use of high strength

concrete coupled with reduced longitudinal

600 MPa rebars was found to be effective only

at high load eccentricities (i.e., below the balance

point); so that the I10 value in C62.H.Ei increased

by approximately 4% compared to the corre-

sponding ones configured with Grade 36 MPa

concrete strength.

4. Test results showed that increased e/h ratios led to

no significant effects on the maximum load

carrying of HSC specimens reinforced with

600 MPa rebars in comparison with control

columns with 420 MPa rebars; while the load

carrying capacity of NSS specimens reinforced

with reduced 600 MPa rebars increased up to 12%

at e/h = ? relative to the control specimens

reinforced with NSS rebars.

5. Regardless of the longitudinal reinforcement

grade employed, the use of high strength concrete

with a compression strength of 62 MPa enhanced

column yield displacement under low eccentric-

ities (i.e., categories E0 and E60) by approxi-

mately 10–28% relative to those made of normal

concrete strength (36 MPa). However, the brittle

post-peak behavior observed in concentrically

loaded columns configured with HSC suggests

that concrete cover, different tie configurations,

and the ratio of core to section area might play

important roles in both yield displacement and

post-peak behavior of columns made of high-

strength concrete when subjected to concentric

loading. Further investigation may be needed to

determine their likely roles.
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