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ABSTRACT

The behavior of high strength concrete columns; HSCC with steel fibers under cyclic
loading was investigated. Fourteen half-scale column specimens were tested under cyclic
lateral load. The key variables covered in this investigation include the steel fibers ratio
ranging from 0.00% to 1.50%. The concrete strength varied from 50 MPa to 100 MPa.
The columns were subjected to constant axial loads corresponding to target values of
10%, 25% and 45% of the column axial-load capacity. The confinement index values
were 0.122, 0.230 and 0.392. The columns were designed according to seismic
requirements of ACI 318 Code.

The study present that the steel fibers is shown to improve the performance and ductility
of HSC columns. Column with 80% higher amounts of transverse reinforcement than that
required by seismic provision of ACI 318-08 and with steel fiber content 1.5% showed
ductile behavior and higher ultimate capacity. The results indicated that increasing the
axial load level from 10 to 45 percent reduced the maximum displacement by 34 percent.
The need to include the axial-load level in ACI Code requirements for confinement
reinforcement is pointed out.
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1. INTRODUCTION

The use of high-strength concrete has been steadily increasing due to its many advantages
over normal-strength concrete. HSC is used primarily in high-rise buildings to
significantly decrease the dimensions of the columns in lower stories, thereby reducing
the volume of concrete. Studies have shown, however, that HSC is more brittle than NSC
[1, 2]. Brittle behavior of high strength concrete in compression has to some extent,
limited its application in seismically active regions. Commonly, to overcome the adverse
effect of such brittleness on the column behavior, thoughtful confinement is adopted. The



ductility of HSC can also be improved by adding steel fibers to the concrete mass. The
maximum volumetric ratio of the fibers is bounded by the workability of the fresh
concrete [3].

Due in part to a lack of test results, the New Zealand Standard NZS 3101 [4] and the
Canadian Code CSA A23.3 [5] limited the maximum strength that can be used for
seismic design to 70 MPa and 55 MPa, respectively. Confinement requirements of ACI
Code 318 were originally derived from experimental results from NSC and are not
adapted to HSC columns, [6, 7]. Also, it had been shown that HSC columns reinforced
according to current code requirements behave in a ductile manner if the axial load is less
than 20% of the columns axial load capacity, [6].

Sheikh et al. [7] observed lower ductility in HSC columns as compared to NSC columns
concluding that the required amount of tie steel for a given performance of a column
under a certain axial load level is proportional to the concrete strength. Paultre et al. [8]
demonstrated that the axial load level should be included in ACI requirements for
confinement reinforcement. Limited number of tests on HSC columns under cyclic
flexure and significant axial compression were reported. Specifically with axial-load in
the range of 20% to 40% of column axial-load capacity has been published in literature.
Also, most of the available information based on experimental testing of small scale
FRHSC columns subjected to concentric axial load only [9].

The objective of this study was to evaluate the steel fibers in enhancing the ductility and
load-carrying capacity of HSC columns. The test results not only fill the gap of full-scale
test data, but also contribute to the future development of design guidelines for
earthquake resistant high strength concrete structures. Also, the study addressed the
adequacy of ACI code [10] requirements for seismic design of HSC columns.

2. EXPERIMENTAL PROGRAM

Columns specimens were tested under combined axial load and increasing lateral cyclic
load in order to simulate the case of seismic action. The ductility of columns was
designed according to seismic requirements of ACI 318 Code. The parameters
investigated include the amount of steel fibers, the concrete compressive strength, the
axial load level and the confinement index.

2.1 Column Specimens

The experimental program consisted of fourteen half-scale column specimens with a
square shape of dimensions 200 x 200 mm and a height of 1800 mm. The specimen
represents half of the upper and lower column together with stub representing a small
portion of the floor beam. Typical concrete dimensions and reinforcement details of the
test specimens are illustrated in Fig. 1. Table 1 shows the details of the test specimens.
Three concrete Mixes were designed to achieve a target cubic strength of 50, 75 and 100
N/mm2, respectively. Steel fiber with a maximum of 1.5% volumetric ratio was added to
the concrete mix. The fiber used in this study was corrugated steel fibers with fiber length
of 50 mm and diameter of 0.5 mm. High strength steel-deformed type; grade 40/60 and
mild steel-smooth type; grade 24/35 were used in the experimental tests. Detailed
characteristics of the materials and mix design are presented in reference [11].
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Fig. 1: Typical concrete dimensions and steel reinforcement

Table 1: Details of test specimens

Concretg Axial Steel Transverse RFT.
Specimen Corsrtlferi;ge 11:;15 fibers | Bar Yieldh ’ Volur;m:tric

(MPa) (P/P,) e (iﬁ) S&?}% Pl ;;asi’;)
Cl 513 0.25 0.00 8 298 0.127 2.13
C2 538 0.25 0.75 8 298 0.127 2.13
C3 54.5 0.25 1.50 8 298 0.127 2.13
Cc4 73 0.25 0.00 10 274 0.122 3.34
C5 76.4 0.25 0.75 10 274 0.122 3.34
C6 77 0.25 1.50 10 274 0.122 3.34
C7 94.7 0.25 0.00 10 516 0.172 3.34
C8 98.6 0.25 0.75 10 516 0.172 3.34
Cc9 998 0.25 1.50 10 516 0.172 3.34
C10 996 0.10 1.50 10 516 0.172 3.34
Cl11 776 0.25 1.50 12 613 0.392 4.80
C12 771 0.1 1.50 10 274 0.122 3.34
C13 773 0.25 1.50 10 516 0.230 3.34
Cl4 0.45 1.50 10 274 0.122 3.34

77.9




2.2 Test Setup

The test setup consisted of two independent reaction frames for application of lateral and
axial loading. The lateral load was applied through a large-scale reaction frame. The axial
load was applied through a closed horizontal reaction frame. The specimens were
supported on two vertical concrete blocks. The upward reaction is transmitted to the cross
girder of the portal frame through hydraulic cylinders mounted to the cross girder;
(reversed hydraulic jack and clamping jack). The cylinder at the clamping jack was
attached to end ball bearing to permit rotation in case of upward force. Fig. 2 illustrates
the details of the setup. The specimens were tested under quasi-static displacement
control technique. The standard lateral loading procedure used for all tests is shown in
Fig. 3. The required axial load level was applied and kept constant throughout the test.
The reversible hydraulic jack, which was controlled by automatic valve, started to apply
cyclic lateral load in displacement increments according to the load history stored in the
program.

Imposed displacement mm
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Loading cycles

Fig. 3: Cyclic load history



3. TEST RESULTS

3.1 Cracking Behavior

All the specimens experienced the formation of fine flexural cracks in the column at low
levels of displacements ranged from 2 to 3 mm near the beam stub. Symmetrical crack
patterns occurred for both loading directions. The cracks spread along the columns to a
distance of about 400 mm measured from the stub. The cracking load of the specimens
without steel fibers ranged from 38 percent to 47 percent of the ultimate load and from 42
percent to 57 percent for columns specimens provided with steel fibers, see Table 2. At
the early stages of loading, the width of the cracks developed in the specimen with
concrete compressive strength of 75 and 100 N/mm2 was smaller than that developed in
the specimens with compressive strength of 50 N/mm2. Fig. 4 shows the crack
propagation of the test Specimen C6.

Table 2: Test results: critical loads, displacements and ductility parameters

_ Cracking level Ultimate level Failure level” Displac.ement lr)artli Plastic
Specimen ductility o length
Ac Load Au Load Af Load U % (mm)
(mm) (KN) (mm) (KN) | (mm) | (KN)
Cl 2.0 75.0 11.9 200.0 31.0 160.0 6.2 3.9 160.0
C2 2.4 109.0 12.0 251.0 28.0 200.8 4.0 3.5 130.0
C3 2.8 118.0 12.0 257.0 30.0 205.6 43 3.8 80.0
C4 2.0 112.0 8.0 240.9 19.7 193.0 3.6 2.5 140.0
C5 23 127.0 8.0 282.0 21.5 225.6 4.1 2.7 120.0
Co 2.6 156.0 12.0 289.0 24.0 247.0 44 3.0 70.0
Cc7 2.0 132.0 10.0 288.8 12.0 231.0 2.5 1.5 110.0
C8 2.0 154.0 8.0 332.0 18.0 265.6 4.4 2.2 80.0
C9 2.1 168.0 6.0 343.0 16.5 274.5 4.3 2.1 60.0
C10 2.0 121.0 16.0 289.0 27.5 231.2 4.6 34 50.0
Cl1 2.1 174.0 10.0 359.0 31.6 287.2 7.0 4.0 80.0
Cl12 2.0 122.0 16.0 239.6 315 191.2 7.9 3.9 60.0
C13 23 170.0 12.0 344.8 28.0 275.2 7.0 35 50.0
Cl4 3.0 184.0 10.5 328.0 17.0 262.4 3.1 2.1 70.0

* Recorded at 80 percent of ultimate load.

3.2 Mode of Failure

All the specimens failed by crushing of the concrete followed by buckling of the
longitudinal bars in the compression zone nearby the column stub. There, the column
stirrups were opened. The splitting plane between the concrete cover and the core was



observed to be quite smooth due to cracks passing through the aggregate. Paultre et al.
[12] pointed out similar mode of failure for tested columns. All the columns were heavily
damaged nearby the stub. Fig. 5 depicts the plastic hinge zone for Specimen C2 at the end
of the test. Overall, the final failure of HSC specimens without steel fibers was
characterized by developing flexural plastic hinge over an average length equal to
approximately 55% to 80% of the section depth. Referring to Table 2, the extent of the
plastic hinge decreased as the compressive strength increased. A typical observation was
recorded for HSC tested Specimens C1, C4 and C7, where demolishing of concrete core
inside the stirrups was observed.

The length of plastic hinge of FRHSC Specimens C10 and C12 was 25% and 30% of the
section depth. The extent of the plastic hinge decreased as the compressive strength
increased, Table 2. The specimens provided with steel fibers, in general, displayed little
degree of concrete spalling compared to HSC specimens and damage of the concrete core
was not observed during the test. The plastic hinge of Specimen C14 extended over a
distance about 35% of the section depth.

Fig. 4: Cracks pattern of test Specimen C6 Fig. 5: Test Specimens; C2 at failure

3.3 Load Displacement Hysteresis Loops

Fig. 6 present the experimental load displacement hysteresis loops for Specimen C12.
Generally, the load displacement hysteresis loops for all the test specimens exhibited
similar features. For the initial small amplitude cycle, the response was almost elastic and
minor residual displacement was observed.

Beyond the ultimate load level, in general, the column strength started to decrease at
different rates according mainly to the axial load level. The reduction in the capacity of
Specimen C14 that was tested under P/P,=0.45 was more pronounced than that of the
corresponding specimens; Specimens C6; (P/P,=0.25), and C12; (P/P,=0.10). To some
extent, the FRHSC specimens exhibited improved load displacement response compared
to the HSC specimens. A close examination of the strain measurements in the plastic
hinge zone reveals that, the longitudinal bars in tension zone yielded before the ultimate
load was reached. The maximum strain in the longitudinal bars was 0.016 as recorded for
Specimen C4. The maximum recorded strain in the steel stirrups was 0.00615 for the
specimen tested at 0.45P,.



Lateral load KN)

-50  -40  -30 20 -10 0 10 20 30 40 50

Lateral displacement (mm)

Fig. 6: Load-displacement hysteresis loop of Specimen C12
4. EFFECT OF PARAMETERS

An evaluation is presented for the key column variables that affect the seismic behavior
of HSC columns. The following discussion includes the effect of the steel fibers content,
concrete compressive strength, axial load level, and confinement index, on the specimen's
behavior including the column capacity and the ductility characteristics.

4.1 Steel Fibers Content

Three groups were tested to study the effect of the amount of steel fibers on the behavior
of columns. For specimens with concrete compressive strength of 50 N/mm2, the test
results show significant improvement in the cracking and ultimate load-carrying
capacities of FRHSC columns. Compared to Specimen C1, the increase in the cracking
load was 46% and 58%, and in the ultimate load was 26% and 29% for Specimens C2
and C3, respectively, Table 2. Fig. 7a shows the load displacement envelope of
Specimens C1, C2 and C3.

As far as specimens with concrete strength of 75 N/mm?2 are concerned, the increase in
the cracking and ultimate load was 13% and 17%, respectively for Specimen C5 (V=
0.75%) whereas the corresponding enhancement for Specimen C6 (Vy= 1.5%) was 39%
and 20%, respectively, Table 2. Fig. 7b shows the load displacement response of
Specimens C4, C5 and C6. The extent of the plastic hinge of Specimens C5 and C6 was
86% and 50% of that of Specimen C4.

Test results of specimens with concrete compressive strength of 100 MPa reveal that the
cracking load increased by 17% and 27%, for specimens with 0.75% and 1.5% steel
fibers ratio, whereas the enhancement in the ultimate load was 15% and 19%,
respectively. Fig. 7c shows the load displacement envelope of Specimens C7, C8 and C9.
As shown, provision of steel fibers increases the displacement ductility by about 76% and
the drift ratio by 47%. The improvement in the cracking and ultimate load-carrying
capacity is due to the steel fibers are superior in increasing the tensile and bond strength
as well as the confinement of the concrete core. Paultre et al. [13] concluded that the
reduction of the amounts of confinement steel seems to be possible when using FRNSC.
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4.2 Concrete Compressive Strength

Test results on ten specimens; C1 to C9 and C13, were analyzed to demonstrate the effect
of concrete compressive strength on the column behavior. All the specimens were
designed based on the minimum requirements of the seismic provisions of ACI 318 as set
on the transverse reinforcement, except Specimen C13 which had 80% additional
capacity of the transverse steel.

Fig. 8a shows the load-displacement response of specimens without steel fibers;
Specimens C1, C4 and C7. Increasing the concrete compressive strength from 51.3 MPa
to 73.0 MPa and 94.7 MPa resulted in 50% and 76% increase in the cracking load,
respectively, and in 20% and 44% enhancement in the ultimate load, respectively, Table
2. Obviously, the cracking capacity depends mainly on the concrete strength whereas the
ultimate flexural capacity is significantly affected by the reinforcement content.
Specimen C1 with 51.3 MPa concrete strength display a more ductile manner compared
to Specimens C4 and C7. It can be concluded that in HSC columns subjected to cyclic
lateral load as the concrete strength increases, the displacement ductility and drift ratio
decreases.

To a lesser extent, a comparable effect of the concrete compressive strength on the
column specimens provided with 0.75% fiber content; Specimens C2, C5 and C8, was
recorded, Fig. 8b. Compared to Specimen C2, the increase in the cracking load of
Specimens C5 and C8 was 17% and 41%, respectively, whereas the increase in the
ultimate capacity was 12% and 32%, respectively. The test results reveal a decline in the
drift ratio from 3.5 to 2.2 with increasing the concrete strength from 53.8 to 98.6 MPa.

As far as the column specimens provided with 1.5% fibers content; Specimens C3, C6
and C9, are concerned, increasing the concrete strength from 54.5 MPa to 99.8 MPa
resulted in an increase in the cracking and ultimate load by 42% and 33%, respectively.
Specimen C3 with 54.5 MPa concrete strength display a more ductile manner compared
to Specimens C6 and C9, see Fig. 8c. The plastic hinge developed in Specimen C3
extended over a length being 14% and 33% more than that of Specimens C6 and C9,
respectively, Table 2. The drift ratio dropped from 3.8 to 2.1 with increasing the concrete
strength from 54.5 to 99.8 MPa.

A close examination of the load-displacement response for Specimens C9 and C13 shown
in Fig. 8c reveals that the concrete compressive strength has a significant effect on the
post-peak response of the test columns. Unlike the previous groups, the change in the
column behavior is attributed only to the concrete strength. The results indicate that
Specimen C13 with transverse reinforcement of 80% more than the minimum required by
ACI 318 developed significantly higher deformability compared to Column C9.

4.3 Axial Load Level

In order to study the influence of the axial load level on the behavior of FRHSC columns,
test results on Specimens C6, C9, C10, C12 and C14 were analyzed. These specimens
had identical column parameters with concrete compressive strength of 7SMPa and 100
MPa, and subjected to axial load of 0.10, 0.25 or 0.45 of the axial load capacity.
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For the specimens with nominal concrete strength of 75 MPa, the load carrying capacity
is shown in Fig. 9a to increase significantly with increasing the applied axial load from
0.1 to 0.45 of the axial load capacity. The increase in the cracking and ultimate load was
51% and 37%, respectively. In addition, increasing the axial load level from 10 to 45
percent reduced the ultimate displacement from 16 mm to 10.5 mm. Sheikh et al. [7]
accepted that ACI requirements on confinement reinforcement are not conservative in
case of highly axially loaded columns, and rather conservative and uneconomical in a
great number of situations of practical interest in which columns support low axial
compression.
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Comparable conduct was observed for specimens with nominal concrete strength of 100
MPa; Specimens C9 and C10 as shown in Fig. 9b. The load carrying capacity is shown to
increase with increasing the applied axial load from 0.10 to 0.25 of the axial load
capacity. The test results reveal that the displacement ductility was 4.6 and 4.3 at an axial
load level of 10% and 25%, respectively and the corresponding drift ratio was 3.4 and
2.1, respectively. A close examination of these results reveals that when the level of axial
load is 25 percent of the column axial load capacity and the concrete strength is
approximately 100 MPa, larger amounts of transverse reinforcement, than specified in the
seismic provisions of ACI 318, are required. This agrees with the recommendation of
ACI 441 [14] on columns with concrete strength approximately 100 MPa and with axial
load level above 30%.

4.4 Confinement Index

This section presents a discussion on the significance of the confinement index pf,u/f .
on the behavior of HSC columns. The factor pf,/f .. has been recommended by ACI 441
to evaluate the confinement efficiency. Test results on Specimens C6, C11 and C13 were
investigated to evaluate the effectiveness of the confinement index. The confinement
index values were 0.122, 0.392 and 0.230. Fig. 10 shows the load-displacement response
of these specimens. The increase in the cracking load was about 11% and the
corresponding enhancement in the ultimate load was 24%, Table 2. With increasing the
confinement index from 0.122 to 0.392 the drift ratio increases from 3.0 to 4.0. The ratio
psf/f e can be used as a design parameter for the confinement of HSC columns.
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5. CONCLUSIONS

The main findings from the test results of the half-scale HSC and FRHSC columns
subjected to axial load and cyclic lateral forces can be summarized as follows:

1. Provision of the steel fibers enhanced the cracking load, ultimate capacity and the
ductility of the test columns. The maximum enhancement of the performance of FRHSC
columns is achieved with a steel fiber content of 1.5% in volume fraction. The recorded
enhancement in the ultimate capacity due to introducing the steel fibers, ranged from



15% to 29% according to the steel fiber content and the concrete strength. Near the
failure stage, the specimens with steel fibers had wider cracks compared to the cracks in
the specimens without steel fibers.

2. Increasing the axial load level from 10 to 45 percent reduced the maximum
displacement by 34 percent and increased the cracking and ultimate load by 51% and
37%, respectively, for columns with concrete compressive strength of 7SMPa, whereas,
for concrete compressive strength of 100MPa, increased the axial load level from 10 to
25 percent reduced the maximum displacement by 62 percent and increased the cracking
and ultimate load by 39% and 19%, respectively.

3. An increase in axial load reduces the column deformability and ductility and
accelerates strength and stiffness degradation with every load cycle. Therefore, the axial
load level should be incorporated as a design parameter in the design of confinement
reinforcement.

4. Columns that had approximately 50 MPa concrete and axial loads level of 25 percent
of column axial load capacity, and that were designed based on seismic provisions of
ACI 318, exhibited adequate ductility. Columns with concrete compressive strength
about 75 MPa and with axial load beginning from 25 percent of column axial load
capacity require higher amounts of transverse reinforcement than required by seismic
provisions of ACI 318 to attain the ductility level intended by the code.

5. The confinement index ratio is one of the key parameters affecting deformability of
HSC columns.

6. Though the columns were all compared with the current ACI 318 code requirements
for transverse reinforcement in the potential plastic hinge regions of a column, the test
results show that the current code provision appeared to be over conservative for lower
axial load levels and normal strength concrete, but less conservative for higher axial load
levels and high strength concert.
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