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Main objectives of this research are to evaluate performance of high-
strength concrete (HSC) columns for ductility and strength, and to criti-
cally examine ACI’s Code requirements for confinement steel. Results from
four HSC specimens with concrete strength of 72 MPa tested under simu-
lated earthquake loading are presented here and compared with similar
specimens made of normal strength concrete, (NSC). Each specimen con-
sisted of a 305 X 305 x 1473 mm column and 508 x 762 x 813 mm stub
which represented a discontinuity like a beam column Jjoint or a footing.

The variables studied in this research are the concrete strength, steel
configuration, axial load level, amount of lateral steel, and the presence of
a heavy stub. As in the case of normal strength concrete, an increase in the
amount of lateral steel, reduction in axial load, and increased effectiveness
of the lateral support provided to longitudinal bars resulted in increases in
energy absorption and dissipation capacity as well as ductility. For a spec-
ified column performance if the axial load measured as a fraction of P, is

kept constant, the required amount of lateral steel appears to be propor-
tional to the strength of concrete, in the 30 to 72 MPa strength range con-
sidered in this study.

Keywords: deformability; ductility; energy dissipation capacity high-
strength concrete; member performance; sectional performance; stiffness;
strength; tied columns.

INTRODUCTION
The response of most structures designed according to the

- current seismic design philosophy and subjected to severe
earthquake is not expected to be elastic. Allowing some in-
elastic deformations to take place and using a reduced base
shear force, rather than the base shear corresponding to elas-
tic response has been preferred for economic reasons.
Hence, the ability of a structure to withstand a severe earth-
quake depends mainly on the formation of plastic hinges
and their capacities to absorb and dissipate energy without
significant loss of strength. To ensure stability as well as the
vertical load carrying capacity while structures undergo
large lateral displacements, most of the building codes at-
tempt to produce hinging in the beams rather than in the col-
umns. However, recent earthquakes and analytical
investigations!*? showed that formation of plastic hinges in
columns is still possible as a result of strong ground motion
despite the application of “strong column-weak beam” con-
cept, as recommended by various design codes. Besides, at
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the column bases of multi-story frames and in bridges col-
umn hinging is unavoidable, in fact should be relied on for
energy dissipation.

The use of high-strength concrete, HSC, has become
widespread over the last 10 to 15 years. For seismic and non-
seismic design, higher concrete strength and higher modulus
of elasticity generally result in smaller cross-sections and
therefore substantial savings. However, the use of HSC in
seismic regions necessitates extra caution to ensure the de-
sired ductile behavior.

The work presented here is part of a comprehensive
research?”’ program which aims to study confinement of
concrete by circular as well as rectilinear lateral reinforce-
ment. The current work deals with the experimental behavior
of reinforced concrete columns confined by rectilinear ties
and subjected to axial load and cyclic flexure and shear sim-
ulating earthquake loads. In an earlier study,3 similar large-
size normal strength concrete, NSC, specimens were tested
under similar loading conditions. A comparison of current
test results with those from the previous studies allows a di-
rect evaluation of the effect of concrete strength in addition
to the variables such as steel configuration and level of axial
load on the behavior of columns.

RESEARCH SIGNIFICANCE
Design equations containing empirical constants which
can be found in most reinforced concrete design codes®?10
are based mostly on experimental work in which normal
strength concrete was used. This necessitates the evaluation
of the applicability of such equations to high strength con-
crete. Moreover, North American Design Codes'®? require-
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ments for the design of confinement steel do not consider
important factors, such as the level of the axial load and the
steel configuration. In the event of large inelastic displace-
ment demands, the code procedure for confinement steel
would result in an undesirable brittle column behavior in
many cases particularly for columns under high axial loads.
For less severe conditions or less ductile performance de-
mands, the confinement steel design according to these
codes®? would be unnecessarily conservative for well-con-
figured columns. A more rational design procedure has been
suggested recently“ for the design of confinement steel in
concrete with strength up to 55 MPa. Very limited amount of
data from realistically sized HSC specimens tested under re-
alistic conditions is available today. With the ever increasing
use of HSC in practice, test data on HSC behavior is needed
to evaluate the performance of structures and check the va-
lidity of the suggested procedure and, if necessary, develop
new guidelines or suggest modifications to existing ones.
This paper presents results from an experimental study to
partially meet this requirement.

Gauged ties:
AB
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EXPERIMENTAL PROGRAM

Results from four large-scale reinforced concrete column
specimens made from 72 MPa concrete and tested under
constant axial load and large cyclic inelastic lateral displace-
ments are presented. These results are compared with those
from earlier tests>>® on similar specimens having concrete
strengths between 31 and 55 MPa. The level of the axial
load, as measured by index P/P,, varied from 0.36 to 0.50.
Relatively high axial loads are used in the test program be-
cause most of the design codes allow high axial loads and
there is only a limited amount of test data available for large-
size HSC specimens tested under these levels of axial load
and cyclic lateral load.

Specimens

Each specimen consisted of a 305 x 305 x 1473 mm col-
umn cast integrally with a 508 x 762 x 813 mm stub. The
column part of the specimen represents the part of a column
in a regular building frame between the section of maximum
moment and the point of contraflexure. The stub represents
a discontinuity like a beam-column joint or a footing adja-
cent to the section of maximum moment. The core size mea-
sured from the center of the perimeter tie was kept constant
at 267 x 267 mm for all the specimens, giving a core area
equal to 77 percent of the gross area of the column. Table 1
includes details of the test specimens. Each specimen con-
tained 8-20M longitudinal bars providing reinforcement ra-
tio of 2.58 percent of the gross cross-sectional area of the
column. Yield strength of the longitudinal steel was 454
MPa. The first letter in the specimen designations indicates
the steel configuration. In A-type specimens, four corner
longitudinal bars were supported by bends in perimeter
hoops and middle longitudinal bars were supported by inter-
nal diamond hoops; whereas in E-type specimens, only four
corners bars were laterally supported (Fig. 1). Volumetric ra-
tio of rectilinear ties to cohcrete core, measured center-to-
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Fig. 2—Stress-strain behavior of steel

Table 1—Member and section ductility parameters

Lateral steel Axial load Ductility factor Ductility ratios Energy indicators

Speci- fe Ssi;:cz.l,[ Ps | o Ao ,L L a al

men | Ryp | MPa | mm |percent| MPa | Aswacn | f Ay | P, 0.8Py14|0.8M,| 0.9M | Npgoy | N, Noso | Noe | Wao | W, | Egy | E,
Bl 23 | 2 onatl 315 (4630 113 | 050 | 050 | 46 | 66 | 59 1520 [ 19 | 25 | 33 | 57 | 80 | 105
A 33 |17 1002t 284 |5420| 119 | 036 | 036 | 62 | 158 | 136 18 | 61 | 53 | 113 | 41 | 313 | 631 | 1412
| 24 | 718 10Matl 284 |5420| 1.19 | 050 | 050 | 50 | 104 | o 15 | 28 | 20 | 42 | 36 | 102 | 161 | 396
sl 37 | 7 BMat| 512 |4630| 183 | 050 | 050 | 7.0 | 212 | 177 25 | 69 | 84 | 151 | 231 | 354 | 997 | 1688
o | 24 | 547 At 306 [4640| 144 | 064 | 061 | 39 | 140 | 110 19 | 23 | 43 | 59 | 53 | 54 | 384 | 458
AS-17) 24 | 313 | W38 168 5074 | 152 | 077 | 063 | 38 | 120 | 105 | 24 30 | 52 | 58 | 58 | 76 | 402 | 443
ES-13) 21 | 325 | %3401 169 [4366| 134 | 076 | 063 | 20 | 60 | 25 | 7 1015)26] 9 | 14| s3] 110
center of perimeter tie, varied between 2.84 percent and 5.12 Steel

percent, and spacing of the ties varied with in a narrow range
of 90 mm to 100 mm.

Concrete

Ready-mix normal weight concrete with an average slump
of 135 mm was used. Forty-eight standard cylinders were
cast with the specimens and tested frequently to monitor the
strength of concrete. The 7-day strength of concrete was
about 87 percent of the 28-day strength and after the 28th
day concrete strength increased by about 10 percent in the
following six months. The concrete strength of each speci-
men (Table 1) was obtained from the strength-versus-age re-
lationship developed.
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Three different types of reinforcing steel were used to con-
struct specimens. 10M and 15M bars were used for the ties
and 20M size was used for the longitudinal bars. Stress-
strain curves of steel in tension are given in Fig. 2. Each
curve represents an average of three test results. Important
properties of steel are also listed in the figure. €y, €, €, TED-
resent strain values at the onset of yield, at the initiation of
strain hardening, and at rupture respectively; fyandf,, are the

yield strength and ultimate strength, respectively.

Reinforcing cages

The reinforcement for the stub consisted of 10M horizon-
tal and vertical stirrups at 64 mm spacing. The longitudinal
bars in columns were extended through the stub to 20 mm
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Fig. 3—Schematic of the test setup

from the ends in all specimens. The ties were placed at pre-
determined spacing within the 910 mm long test regions of
the columns adjacent to the stubs. Beyond that point, the
spacing was reduced to half of predetermined value to pro-
vide extra confinement and reduce chances of failure there.
Two different steel configurations (Fig. 1) were used in the
test regions of the columns. Minimum anchorage of ties con-
formed to the ACI Building Code requirements.8 No anchor-
age failure was observed in any specimen.

Instrumentation
Concrete and steel strains at various locations, deflections

along the specimen length and axial and lateral loads were
monitored during each test through the use of extensive in-
strumentation. Figure 1 also shows the locations of strain
gauges on longitudinal and lateral steel. Two sets of ties in
the column closest to the stub were instrumented with strain
gauges. A-type specimens had a total of 36 strain gauges,
whereas 28 strain gauges were used in E-type specimen.
Longitudinal concrete strains in the core were measured by
using linear variable differential transducers (LVDTs) over
gauge lengths that ranged from 51 to 102 mm and covered a
length of about 460 mm from the column-stub interface.
Transverse deflections at six locations along the length of the
specimens were measured using LVDTs. Shear deformation
in the plastic hinge region was also measured through the use
of two diagonally placed LVDTs. A total of 24 LVDTs were
employed in each test.

Testing
All the specimens were tested under constant axial load

and reversed cyclic displacement excursions in the test frame
illustrated in Fig. 3. All specimens except AS-2HT were
loaded downward first. A 4450 kN hydraulic jack and a load
cell of similar capacity were used to apply and measure the
axial load. Optical measurement devices were used for the
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Fig. 4—Specified displacement history

preliminary alignment of the specimen. To check the align-
ment, axial load was applied in 250 kN intervals and the
strain gauges and LVDTs were monitored regularly. In most
specimens, very little adjustment was required for the align-
ment, but when necessary the specimen was unloaded for ad-
justment. After the final positioning, the alignment was
checked up to the maximum predetermined axial load; and
the lateral load actuator was connected to the specimen after
applying the full axial load. The specimen was then subject-
ed to predetermined displacement excursions (Fig. 4). In the
first cycle the specimen was subjected to 75 percent of the
elastic or yield displacement (A)), which can be defined as
the lateral deflection corresponding to the estimated lateral
load carrying capacity (P,,,,) on a straight line joining origin
and a point about 65 percent of P,,,,, on the lateral load-dis-
placement curve. It should be recognized that, both Ay and
P, Were calculated using the theoretical sectional response
of the unconfined column and integrating curvatures along
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Fig. 5—Idealization of specimens

the length of the specimen. Moment generated by the axial
load was not considered in the calculation of A; since this ef-
fect is minimal in the earlier stages of column response. The
specimen was subjected to increasing reversed cyclic dis-
placement excursions until it was unable to maintain the
originally applied axial load.

TEST RESULTS

Behavior of each specimen is presented graphically in the
form of column shear force versus tip deflection'and moment
versus curvature relationships. Fig. 5 shows the idealization
of a specimen and the definitions of shear force V, and tip de-
flection A, used in Figs. 6 to 9. The deflection at the failed
section was determined from the measured deflected shape
of the column, and was used to calculate secondary moment
due to axial load. The curvature was calculated from the de-
formation readings measured by the upper and lower LVDTs
located in the most damaged region within the hinging zone.
The gauge lengths were kept constant in all the specimens.
Spalling of top and bottom cover concrete, yielding of pe-
rimeter tie, and buckling of top and bottom longitudinal bars
are marked on the graphs in Figs. 6 to 9. In all the specimens
failure did not occur at the column stub connection, although
this section was subjected to the maximum moment. Due to
the additional confinement provided by the stub to the adja-
cent column section, the failure shifted away from the stub.

Test observations

First signs of distress in all of the tested specimens were
the cracks in the top and bottom concrete cover. The number
of cracks formed and their lengths increased in the first three
cycles as the number of displacement excursions to which
specimens were subjected, increased. For Specimens AS-
2HT, AS-3HT, and AS-4HT top concrete cover spalled off
suddenly at the first downward peak of the fourth cycle
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(A =2A,), and the bottom concrete spalled off in the second
peak of the same cycle. For Specimen ES-1HT, on the other
hand, top concrete cover spalled off at the first peak of the
fourth cycle (A = 2A;), and bottom concrete cover severely
cracked in the same cycle and spalled off in the next cycle.
The concrete strain at the time of spalling of cover concrete
was 0.0026, 0.0024, 0.0022, 0.0023, respectively for Speci-
mens ES-1HT, AS-2HT, AS-3HT, and AS-4HT. After the
sixth cycle (A = 3A,), cracking propagated to the sides of the
column and at later stages, spalling of the cover concrete at
the sides of the specimen was observed. Vertical flexural
cracks formed first in the hinging zones at a distance of ap-
proximately 200 mm to 350 mm from the face of the stub and
extended further in later stages towards the stub. The most
extensive damage concentrated at about 180 mm to 240 mm
from the column-stub interface, in the four specimens. Spal-
ling of cover extended from close to the stub for a distance
which varied between about 400 mm and 750 mm in differ-
ent specimens.

In most cases, during the last cycle buckling of the longi-
tudinal bars was observed after yielding of the perimeter ties,
which was an indication of the commencement of failure. At
the initiation of buckling of longitudinal bars, the maximum
concrete compressive strain at core was respectively 0.008,
0.012, 0.011, and 0.012 for Specimens ES-1HT, AS-2HT,
AS-3HT, and AS-4HT. The maximum concrete compressive
strains at core just before the failure was 0.015, 0.020, 0.018,
and 0.025 for Specimens ES-1HT, AS-2HT, AS-3HT, and
AS-4HT, respectively. The failure of the specimen was ac-
companied by extensive buckling of the longitudinal bars in
all the specimens. In Specimen AS-3HT some of the buckled
bars fractured. No pinching of the force-deformation loops
(Figs. 6 to 9) was observed in any of the specimens. The fail-
ure mode for all of the specimens was dominated by flexural
effects.
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Fig. 7—Behavior of Specimen AS-2HT
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Definitions of ductility parameters

Since the behavior of reinforced concrete sections and
members is not elastic-perfectly plastic, several definitions
for ductility and deformability are available in the literature.
In this study the ductility parameters suggested by Sheikh
and Khoury5 are used to evaluate the performance of the
specimens which makes the comparison of test results from
the current study to those from earlier similar studies more
rational.

Fig. 10 describes various ductility parameters that include
curvature and displacement ductility factors 1, and W, cu-
mulative ductility ratios Ny and Ny, energy damage indicator
E, and work damage indicator W. Subscripts ¢ and 80 are
added, respectively, to Ny, Ny, E, and W to indicate the value
of each parameter until the end of the test, and until the end

ACI Structural Journal / November-December 1997

of the cycle in which the shear force or the moment is
dropped to approximately 80 percent of the maximum value,
and which is followed by a cycle in which the capacity loss
is significantly greater than 20 percent. All the terms are de-
fined in Fig. 10 except Lyand h, which represent, respective-
ly, the length of the most damaged region measured during
the test and the depth of the column section. The ductility
factors and cumulative ductility ratios represent the deform-
ability of the section or member; whereas the damage indi-
cators estimate toughness. The work damage indicator W
used in this study is similar to the one proposed by Ehsani
and Wight.12 Table 1 lists the ductility parameters for the
specimens tested in the current study and also for those test-
ed earlier to provide a basis of comparison between NSC
specimens and HSC specimens.
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DISCUSSION OF RESULTS here because the deformations concentrate at the plastic

A general study of Fig. 6 to 9 indicates that HSC columns
(f.' = 72 MPa) can be made to behave in a ductile manner un-
der high levels of axial load, provided that sufficient amount
of confining steel is used in an efficient configuration. Spec-
imen AS-4HT which had 83 percent more steel than the
ACI 318-898 requirements behaved in a highly ductile man-
ner, showing a displacement ductility factor (1) of 7 and
curvature ductility factor (kggo) of over 21. The noticeable
differences between the responses of the tested specimens
(Figs. 6 to 9) indicate that confinement is affected greatly by
different variables. Sectional behavior represented by the
M-¢ relationship of all the specimens is of primary concern
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hinge region once the column is loaded in the post-elastic
range and further lateral displacements will take place main-
ly as a result of plastic hinge rotation.

Effect of concrete strength
Specimens AS-3HT, AS-18H, and AS-17 can be com-

pared to evaluate the influence of concrete strength on
column behavior (Fig. 8, 11, 12, and Table 1). The vari-
able Ry/p used in this table is defined” as follows;

Axh/Ash(ACI)
P/P,

RA/P -

ey
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It is believed that specimens having the same R4 p ratios,
and the same type of lateral steel configuration are compara-
ble. In this expression the level of axial load is presented by
the index variable P/P,, rather than the index P/f.'A,. For col-
umns with similar f.’, both these indices provide similar
comparison; whereas for different f,' values in columns the
comparison may not remain valid with index P/f'A,. The re-
quired amount of lateral steel was observed to be proportion-
al to the strength of concrete for a certain column
performance if the axial load is measured as a fraction of P,
rather than fC’Ag.6 Specimens AS-17 and AS-18H are tested
under very similar levels of axial load (P/P,= 0.63 and 0.61,
respectively) and they satisfied the ACI 318-89% code re-
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quirements for the amount of confinement steel approxi-
mately to the same degree (Ag/Agyach = 1.52 and 1.44,
respectively). Specimen AS-3HT, on the other hand, tested
at a lower level of axial load (P/P,= 0.50) and contained
19 percent more steel than the Code’s® requirements. As a
result, the R4,p ratios are very similar in all three specimens.
An examination of moment-curvature behavior of these
specimens (Fig. 8, 11, and 12) and a comparison of ductility
parameters in Table 1 indicate that despite the large differ-
ences in their concrete strength, all the specimens displayed
similar behavior. An examination of 490, Nygo, Ego» and
Njgo» Wgo, indicate that the higher strength concrete speci-
mens have lower deformability and energy absorption ca-
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pacities initially, but during the later part of the displacement
excursions, these properties improve rapidly and the total
values are comparable to those of lower strength concrete
specimens. A similar conclusion can be drawn from a com-
parison of section ductility parameters (Lo, Ny, E) for Spec-
imens ES-13, and ES-1HT shown in Table 1. Moment-
curvature response for ES-13 is available elsewhere.

Effect of steel configuration

Effect of steel configuration on the cyclic behavior of
HSC columns can be examined by comparing the behavior
of specimens ES-1HT and AS-3HT which contained 13 per-
cent and 19 percent more steel than ACI 318-898 require-
ments, respectively, and were tested under the same level of
axial load. Curvature ductility factors (Hggg and ygg) of
Specimen AS-3HT are approximately 55 percent larger than
those of Specimen ES-1HT. Similarly Ny, value of AS-3HT
is 68 percent larger than that of ES-1HT and total energy
dissipated in Specimen AS-3HT, measured by E,, is 3.8
times as much as the energy dissipated in Specimen ES-
IHT. Similar conclusions can be drawn from a comparison
of member ductility parameters (Table 1). Lower efficiency
of confinement in “E” configuration, early buckling of mid-
dle longitudinal bars of Specimen ES-1HT and subsequent
loss of confinement are the main reasons behind its relative-
ly less ductile behavior. Specimen ES-1HT which had 13
percent more steel than the ACI 318-89 Code’s require-
ments displayed poor energy absorption and dissipation
characteristics and behaved in a brittle manner. There was
little warning before the failure of this specimen unlike the
Specimen AS-3HT. Better distribution of steel and better
lateral support to the longitudinal bars provided tougher re-
sponse of HSC columns, an effect similar to the one ob-
served for NSC columns.’

The current design codes requirements for the de-
sign of confinement steel do not relate the required amount
of lateral steel to steel configuration. In other words, the use
of Configurations A and E in columns is allowed, and no dif-
ferentiation is made between the efficiency of confinement
in each configuration. Results of current experimental study
supports the need to incorporate steel configuration as a de-
sign parameter to existing concrete design codes’ require-
ments for confinement steel.

»8,9,10

Effect of axial load

Specimens AS-2HT and AS-3HT are similar in every re-
spect except that P/P, is 0.36 for Specimen AS-2HT and
0.50 for Specimen AS-3HT. Both specimens contained the
same amount of lateral steel which is about 19 percent more
than the ACI Code® requirements. Shear force-tip deflection
and moment-curvature relationships of the failed sections of
the two specimens are shown in Figs. 7 and 8, and member
and section ductility parameters calculated based on these
curves are listed in Table 1. An increase in axial load from
0.36P, to 0.50P, caused substantial reductions in the curva-
ture ductility factors, [ygg and [Lyg9. Moreover, the cumula-
tive curvature ductility ratios showed significant reductions,
from 53 to 20 for Nygo and 113 to 42 for Ny, as a result of in-
creased load. Similar conclusions can be drawn through the
comparison of the energy damage indicators, Eg and E;; in
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fact, energy damage indicators appear to be affected most
compared to the other parameters. The energy dissipated in
Specimen AS-2HT measured by Eg( and E,, is 3.6 to 4 times
as much as the energy dissipated in Specimen AS-3HT. Re-
ductions of 19 percent, 54 percent and 67 percent were ob-
served in displacement ductility factor, p,, cumulative
displacement ductility ratio, N,,, and work-damage indica-
tor, W,, respectively, due to the increase in axial load.

A higher axial load resulted in an increase in the rate of
stiffness degradation with every load cycle and adversely af-
fected the cyclic performance of HSC columns. These re-
sults underlined the need to incorporate the level of axial
load in computing the required amount of confining steel.

Effect of amount of lateral steel

Specimens AS-3HT and AS-4HT can be compared to
evaluate the effect of the amount of lateral steel on cyclic be-
havior of columns. Moment-curvature relationships of the
failed sections of these specimens, and their shear force-tip
deflection curves, are shown in Figs. 8 and 9. These two
specimens tested under the same level of axial load, have the
same concrete strength, and same steel configuration, but
contain different amounts of lateral steel. Volumetric ratio of
tie steel to concrete core, p,, for AS-4HT is 80 percent great-
er than that of AS-3HT. An increase in the amount of lateral
steel significantly improved the cyclic behavior of the spec-
imen. The section moment capacity was still increasing after
the spalling of cover concrete in Specimen AS-4HT, indicat-
ing an excellent confinement of the concrete core. Both the
stiffness degradation and strength reduction rate with every
load cycle were lower for Specimen AS-4HT compared to
Specimen AS-3HT. All the member and section ductility pa-
rameters of Specimen AS-4HT are also significantly higher
(Table 1). For instance, the energy dissipated in Specimen
AS-4HT measured by Egj and E, is 4.3 to 6.2 times as much
as the energy dissipated in Specimen AS-3HT.

~ Stub effect

It is known that the maximum moment in the column oc--
curred at the column-stub interface. However, in each spec-
imen the failure started at a section away from the face of the
stub indicating that the strength of the critical section at the
column-stub interface was higher than that of the failed sec-
tion due to the additional confinement provided by the stub
which caused a delay of spreading of cracks in concrete and
reduced the tendency of lateral expansion. As a result of the
increased moment capacity of the critical section, failure
shifted to a nearby section. Fig. 13 shows the most damaged
regions of the columns in the specimens tested during this
study. The center of the most damaged zone is approximate-
ly 264 mm away from the column-stub interface as an aver-
age for these four specimens. In the capacity design
approach for earthquake resistance, appropriate corrections
should therefore be made when calculating design shear in
columns where the critical sections are adjacent to beam-col-
umn joints, and other discontinuities. If the actual flexural
capacity of the section is unknown, the shear force should be
based on the moment capacities of the plastic hinges and the
distance between them; which is about 4 to 2A less than the
column length, where 4 is the column depth.
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Experimental moment capacities, M, of the failed sec-
tions in the extensively damaged regions nearest to the stub
are calculated as an average of both loading directions and
presented in Table 2. M; is the theoretical moment capacity
calculated using actual stress-strain relationship for HSC,
and actual steel properties. M4 cyis the moment capacity cal-
culated using the ACI Code® provisions for concrete stress
block and actual steel properties. During testing it was ob-
served that cover concrete spalled suddenly in most of the
specimens and the concrete strain at the time of spalling of
top cover was in the range of 0.0022 to 0.0026. To evaluate
the effect of confinement after the spalling of the cover, M;
and M c values are calculated with and without the top cov-
er concrete. M,,,, values with intact concrete cover generally
represent the unconfined section capacities. Before spalling
of the cover M,,, values are very similar to M; values. My,
values, however, are higher (10 to 17 percent) than the ex-
perimental capacities. ACI Code’s® stress block factors are
based on normal strength concrete stress-strain curves and
HSC stress-strain curves have steeper slopes for the falling
branch beyond the peak.15 This appears to be the main rea-
son behind the overestimation of strength by ACI Code’s®
equations. After the spalling of the cover M, values repre-
sent the confined section capacities, and are 22 percent to 45
percent higher than the M;” values without top cover. For
Specimen ES-1HT strength gain due to confinement appears
to be considerably high after the spalling of the top cover
concrete. However, strength degradation rate in this speci-
men is higher than in other specimens, due to a lack of lateral
support to middle longitudinal bars which resulted in poor
confinement. Owing to this fact, Specimen ES-1HT was not
as deformable and ductile as Specimen AS-3HT which
showed the same initial strength gain after the spalling of
cover concrete, and was able to maintain it for a longer time
during the subsequent displacement excursions.

Equivalent plastic hinge length

Each test specimen is idealized as a cantilever column. As-
suming liner elastic behavior up to the point when yielding
occurs at the base of the column, the yield displacement at
the tip can be computed as follows.

A =

y

L2
¢yT @

where ¢, is the yield curvature at the column base.

Table 2—Moment capacities of specimens

Assuming that the plastic hinge rotation at the base is con-
centrated at the center of the plastic hinge, and decomposing
the total displacement, A,,,,, into two components, Ay and
A, the plastic displacement, A, can be expressed as:

Ap = (q)max_q)y)Lp(L_o'st) (3)

Equations 2 and 3 are used for the computation of equiv-
alent plastic hinge lengths of the specimens tested. As sug-
gested by Khoury and Sheikh,3 computations are
performed for all the load cycles in which [, is greater than
4. Equivalent plastic hinge lengths are finally obtained by
averaging the calculated plastic hinge lengths for all load
cycles. Table 3 includes both experimental and predicted
plastic hinge lengths for all the specimens tested. Expres-
sions suggested by Corley'? [L, = 0.20(L/d) 4% + 0.5d),
Mattock'? [L, = 0.05L + 0.5 d], and Priestley and Park'*
(L, = 0.08L + 6d,] were used in this analysis. In these ex-
pressions, plastic hinge length is assumed to depend on the
length of the specimen between the point of contraflexure
and the section of maximum moment (L), bar diameter (d,),
and section’s effective depth (d). These tests along with sim-
ilar previous tests >0 suggest that the plastic hinge length is
approximately equal to or slightly smaller than the depth of
the section. The variations between the experimental lengths
and values obtained from different equations suggest that a
simpler expression such as L, = x.h, where x can have a value
between 0.9 and 1 is more appropriate.

150.0,__ 60.0, _

Specimen ES-1HT Specimen AS-2HT

90.0 \ ,; |, ,330.0 100.0, ; |, ,330.0

Specimen AS-3HT Specimen AS-4HT

Fig. 13—Extensively damaged regions of the test specimens

Top concrete cover in place Top concrete cover spalled off
M; \ Macy | Mgy My Mycy Mgy
Specimen kN.m M*
ES-1HT 274 310 272 205 237 274 309
AS-2HT 287 314 286 231 260 282 323
AS-3HT 274 310 279 205 238 274 320
AS-4HT 274 310 266 204 237 296 324

* Maximum experimental moment at section adjacent to stub, as an average of both load directions
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Table 3—Experimental and predicted plastic hinge length

Equivalent plastic hinge length
Length, S;:C;ﬁ? Experimental Corley'? Mattock '3 Priestley and Park'*
Specimen mm mm L,, mm Ly/h L,, mm Ly/h L,, mm Ly/h L, mm Ly/h
ES-1HT 1842 305 308 1.01 247 0.81 226 0.74 265 0.87
AS-2HT 1842 305 289 0.95 248 0.81 227 0.74 265 0.87
AS-3HT 1842 305 263 0.86 248 0.81 227 0.74 265 0.87
AS-4HT 1842 305 256 0.84 247 0.81 226 0.74 265 0.87

* Length of column measured from column-stub interface to point of contraflexure

SUMMARY AND CONCLUSIONS

Four column-stub specimens made of high-strength con-
crete with nominal strength of 72 MPa were tested under
moderate to high axial load levels and cyclic lateral displace-
ment excursions. Results were compared with those ob-
tained in an earlier study from similar specimens made from
normal strength concrete. The following conclusions can be
drawn from the work reported here.

As in NSC specimens, behavior of HSC columns subject-
ed to constant axial load and reversed cyclic lateral load, is
substantially influenced by confinement provided by recti-
linear ties. HSC columns with f." around 72 MPa can be
made to behave in a ductile manner under high levels of ax-
ial load, provided that sufficient amount of confining steel
is used in an efficient configuration. Curvature ductility fac-
tors as high as 21 and displacement ductility factors as high
as 7.0 were observed. Overall behavior of HSC columns
was observed to be only slightly less ductile compared with
that of NSC columns. However, during the stage of loading
immediately beyond the peak, HSC columns displayed sig-
nificantly lower deformation and energy dissipation capac-
ities which improved during the later part of displacement
excursions.

Better distribution of steel in the core and effective lateral
support to the longitudinal steel bars improved the deform-
ability and energy dissipation capacity of HSC columns sig-
nificantly, as in NSC columns. The column with only four
corner bars supported by tie bends showed a lack of ability
to maintain moment capacity at large deformations after
spalling of the cover concrete. Early buckling of middle lon-
gitudinal bars was observed, and the specimen with 13 per-
cent more confinement steel than the Code’s® requirements
behaved in a brittle manner. There was little warning before
its failure, unlike a comparable specimen in which all eight
longitudinal bars were effectively supported and which was
observed to be tougher and significantly more ductile.

An increase in axial load reduces column’s ductility pa-
rameters and accelerates stiffness degradation with every
load cycle. To compensate for this effect a larger amount of
confining steel is required. Improvements in ductility, ener-
gy absorption, and dissipation capacity appear to be propor-
tional to the increase in the amount of lateral steel, while the
effect on the section moment capacity is less than propor-
tional. When the volumetric ratio of lateral steel was kept
constant, an increase in the concrete strength resulted in a
less ductile behavior.

Since North American design codes’ requirements for the
design of confinement steel do not consider factors such as
steel configuration, and level of axial load, the columns thus
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designed according to the code provisions can display a wide
range of behavior from very ductile to brittle.
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CONVERSION FACTORS
1 inch = 25.4 mm
1 ksi = 6.895 MPa
1 kip = 4.448 kN
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