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This report reviews the state of the knowledge of the behavior of
high-stength conete (HSC) columns. Highseingth coneete, as used in
this report, is defined as comte with compessive sengthexceeding 70
MPa (10,000 psi). Theeport povides highlights ofeseach available on

the performance of HSC columns under monotonicallyee®ing concen-
tric or eccentric commession, and with imementally inceasing lateal
deformatiorreversals and constant axial coragsion.

Reseech results & used to discuss thifect of cover conete and pam-
etersrelated to tansverseeinforcement on séngth and ductility of HSC
columns subjected to concentric load.

The behavior of HSC columns subjected to combined axial load and bend-

ing moment is discussed in terms of varialsédated to correte andrans-
verse reinforcement. In addition to discussion omxtlral and axial
capaciy, thisreport also focuses on seismic performance of HSC columns.

Keywords : axia load; bending moment; columns; cover concrete; ductil-
ity; flexural strength; high-strength concrete; longitudinal reinforcement;
seismic design; transverse reinforcement.

ACl committee reports, guides, standard practices, design
handbooks, and commentaries are intended for guidance in
planning, designing, executing, and inspecting construction.
This document is intended for the use of individuals who|are
competent to evaluate the significance and limitations of its
content and recommendations and who will accept responsibil-
ity for the application of the material it contains. The Ameri¢an
Concrete Institute disclaims any and all responsibility for [the
application of the stated principles. The Institute shall not b li-
able for any loss or damage arising therefrom.
Reference to this document shall not be made in contract docu-
ments. If items found in this document are desired by the Archi-
tect/Engineer to be a part of the contract documents, they [shall
be restated in mandatory language for incorporation by the Ar-
chitect/Engineer.
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CHAPTER 1—INTRODUCTION
One application of high-strength concrete (HSC) has been
in the columns of buildings. In 1968 the lower columns of the
Lake Point Tower building in Chicago, Illinois, were con-
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CHAPTER 2—PERFORMANCE OF HSC
ﬁ COLUMNS UNDER CONCENTRIC LOADS

The majority of reported studi&s?’in the field of HSC
columns concern the behavior of columns subjected to con-
centric loads. Understanding the behavior of columns under
concentric loads assists in quantifying the parameters affect-
ing column performance. However, conclusions from this
type of loading should not necessarily be extended to the
case of combined loading, a situation most frequently en-
countered in columns used in buildings.

Reported data indicate that stress-strain characteristics of
high-strength concrete, cover concrete, and parameters relat-
AXIAL DISPLACEMENT ed to confining steel have the most influence on response of
HSC columns subjected to concentric loads. The effect of the
first parameter is discussed $®c. 3.1 The remaining two
parameters are discussed in the following sections.

AXIAL LOAD

Fig. 1—Schematic behavior of HSC columns subjected to
concentric axial loads, incorporating low, medium, and
high amounts of transverse reinforcement

2.1—Effect of cover concrete
structed using 52 MPa concréttlore recently, several high Figure 1 shows a schematic load-axial deformation re-
rise buildingd* have utilized concrete with compressive Sponse under concentric loads of HSC columns with trans-
strengths in excess of 100 MPa in construction of columns. Verse reinforcement. As concrete strength increases, the
. 4.9 _ ascending portion of the curve approaches a straight line. In
Many studie$™® have demonstrated the economy of us general, spalling of the cover concrete is repdftédto oc-

'ng Hic N Cbo'ﬁ(?”ss?g ?'gh;és.? bwldmg;, as welllas low cur prior to achieving the axial load capacity of HSC col-
to mid-rise buildings.” In addition to reducing column umns, as calculated by the following equation:

sizes and producing a more durable material, the use of
HSC has been shown to be advantageous with regard to
lateral stiffness and axial shortenittyAnother advan-
tage cited in the use of HSC columns is reduction in cost
of forms. This is achieved by using HSC in the lower story
columns and reducing concrete strength over the height of Po
the building while keeping the same column size over the
entire height.

P, = 0.85f(Ay—Ag) + Ay f, (1)

where:

= Pure axial load capacity of columns calculated ac-

cording to the nominal strength equations of ACI
318-89

f.  =Concrete compressive strength

=Gross cross-sectional area of column

=Area of longitudinal steel

=Yield strength of longitudinal steel

The increasing use of HSC caused concern over the ap-
plicability of current building code requirements for design Ay
and detailing of HSC columns. As a result, a number of re- t
search studies have been conducted in several countries Y
during the last few years. The purpose of this paper is to

summarize major aspects of some of the reported data. The 1994 edition of the Canadian Code for Design of Con-

] o ) crete Structures also uses this equation for compBgnex-
The major objectives of reported studies have been toCelot that the factor 0.85 is replaced by

investigate the validity of applying the current building
code requirements to the case of HSC, to evaluate similar-
ities or differences between HSC and normal-strength
concrete (NSC) columns, and to identify important pa-

rameters affecting performance of HSC columns designed
for seismic as well as non-seismic areas. These concern

arise from the fact that requirements for design and detail- Point A inFia. Lindicates the loadi N t which
ing of reinforced concrete columns in different model ontAmnrig. Lindicates the loading stage at which cover

codes are primarilv empirical and are develoned based o concrete spalls off. The behavior of HSC columns beyond
P y emp P ; r1his point depends on the relative areas of the column and the

experimental data obtained from testing column speci- . .
. : core and on the amount of transverse reinforcement provid-
mens having compressive strengths below 40 MPa. . :
_ _ o _ ed. Following spalling of the cover concrete, the load-carry-
The reported information can be divided into two gen- ing capacity of columns generally drops to point Bim. 1
eral categories: performance of HSC columns under con-Beyond this point, Bjerkeli et at® Cusson et af® and
centric axial load; and performance of HSC columns Nishiyama et af® report that it is possible to increase the
under combined axial load and bending moment. This re-maximum axial strength of columns up to 150 percent of that
port gives the highlights of the reported data in each of calculated by the ACI 318-89 provisiqgs and obtain a ductile
these categories. In this report, HSC is defined as concretédehavior by providing sufficient tra &L &nt.
with compressive strength greater than 70 MPa. The effect of the amount o ticnsyerse, feinforeementiispy

a, = (0.85-0.0015'.) 2 0.67

in whichf'; is in MPa. Hence, Jralculated by the Canadian
g’ode will be somewhat less than that calculated by ACI
18-89.
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In the case of NSC, an increase in the amount of transverse

Fig. 3—Columns with different concrete strengths showing  reinforcement has been shown to increase strength and duc-
similar axial ductility ratios {' = concrete compressive tility. 3! The same observation has been repd?t&d2” for
strength based on standard cylinder test) (adapted from Ref.;p ' o0 of HSC, though to a lesser degree. Some researchers
30) have attributed this phenomenon to the relatively smaller in-
crease in volume during microcracking of HSC, resulting in
less lateral expansion of the core. The lower lateral expan-
sion of core concrete delays the utilization of transverse re-
inforcement.

Reported dafg2"-Findicate that in the case of HSC, lit-
tle improvement in strength and ductility is obtained when
the volumetric ratio of transverse reinforcement is small. For
instance, Bjerkeli et ar report that a volumetric ratio of 1.1
percent was not sufficient to generate any improvement in

HSC leads to drying shrinkage strain in cover concrete, . . :
hile th ! lativel st A it tensil column behavior, while the use of 3.1 percent resulted in col-
while the core remains relatively moist. As a result, tensile | performing in a ductile manner.

stresses are developed in the cover concrete as shéwgn in Sugano et aP2 Hatanaka et af3 and Saatcioglu et
2a Moreover, longitudinal steel, as depictedip. 213 pro- 5, 27.30r6p0rt 5 correlation between the non-dimensional pa-
motes a_ddltlonal _crackmg. The com_bmatmn of t_hese two rameter pd, /f', and axial ductility of HSC columns subject-
mechanisms (sefeig. 29 then results in the formation of a ed to concentric loadsFigure 3 shows the relationship
cracking pattern that, according to those authors, is responsip ey een this parameter and axial ductility of columns with
ble for early loss of cover concrete, thereby preventing HSC yiterent compressive strengths. In this figure, the axial duc-
columns from reachlng their axial load capacity predicted by tility of columns is represented by the ratig/ey;, where
Eq. (1)prior to spalling of cover concrete. ggs is the axial strain in core concrete when column load on
Early spalling of concrete cover may also be initiated by the descending branch is reduced to 85 percent of the peak
the presence of a closely spaced reinforcement cage that sefajue ancty, is the axial strain corresponding to peak stress
arates core and cover concrete. Cusson%te&tributed the of p|ain concrete. For each pair of columns Compared’ simi-
spalling of the cover to planes of weakness created by thear reinforcement arrangements and tie spacings were main-
dense steel cages. They state that spalling becomes mofgined. As indicated in this figure, columns of different
prevalent as the concrete strength increases. compressive strength having the sgugig/f'; value result in
Saatcioglu and Raz43?also observed early spalling of almost the same axial ductility, provided that certain mini-
cover concrete in their tests. Those researchers indicated thahum limitations are met for the volu QE&]g
the presence of closely spaced reinforcement cage betweeaf transverse reinforcemet .. Document Sharing Hub

shown schematically iRig. 1 and will be discussed further
in later sections.

The loss of cover concrete in HSC columns before reach-
ing the axial capacity calculated by ACI 318-89 is contrary
to the observed behavior of concrete columns made of NSC
Collins et aP® provide the following explanation for the fac-
tors resulting in early spalling of cover concrete in HSC col-
umns. According to those authors, the low permeability of
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Fig. 5—Effect of transverse reinforcement yield strength
(adapted from Ref. 25)

Figure 4shows the relationship between the parameter
pdfyi/f'c and the ratio of experimentally obtained axial load
capacity for 111 HSC columns to that predictedHoy 1
From this plot it could be observed that columns with a low
volumetric ratio of transverse reinforcement may not
achieve their strength as calculated by ACI 318-89; howev-
er, well-confined columns can result in strength in excess
of that calculated by ACI 318-89. Excess strength of col- Fig. 6—Overall view of test specimens
umns with relatively higher amounts of transverse rein-

forcement IS generally obtained after spalling of COVETihe full yield strength of transverse reinforcement is uti-
concrete. This strength enhancement comes as aresult of 804 on, the other hand. in a poorly confined HSC col-

increase in strength of the confined core concrete. umn, tensile stresses that develop in the transverse

o reinforcement remain below yield strength even at the
2.3—Effect of longitudinal and transverse time of column failure.

reinforcement strength
The yield strength of the confinement steel determ|ne32.4_Effect of longitudinal and transverse

the upper limit of the confining pressure. A higher confin- Sincorcement arrangement

ing pressure applied to the core concrete, in turn, results \well-distributed longitudinal and transverse reinforce-
in higher strength and dulity. Figure 5 slows normal-  ment results in a larger effectively confined concrete area
ized axial load-axial strain response of core concrete forand more uniform distribution of the confining pressure,
four pairs of HSC column& For each pair of columns, thereby improving the effectiveness of the confining rein-
all parameters were kept constant except the yieldforcement. In the case of NS&33the arrangement of the
strength of the transverse reinforcement. The yieldtransverse reinforcement and laterally supported longitudi-
strength of transverse reinforcement for columns 4A, 4B,nal reinforcement has been shown to have a significant influ-
4C, and 4D and columns 5A, 5B, 5C, and 5D was approxence on strength and ductility of columns. Similar
imately 400 MPa and 700 MPa, respectively. As indicatedobservations have been reported in the case of HSC col-
in this figure, for well confined columns (C and D), in- umns!”?"3%Transverse reinforcement in the form of single
creasing the yield strength of transverse reinforcement reperipheral hoops has been shown to result in very low
sults in an increase in strength and ductility. However, forstrength and ductility of HSC columh42>27Similar obser-
type A columns, where only peripheral ties are provided,vations have also been reported for NSC colutfins.

the gain in strength and ductility is negligible. Reported More detailed discussions of the behavior of HSC col-
data of HSC columr€?>27 indicate that when umns subjected to concentric axial load are presented in
high-strength concrete is used in well-confined columns,Refs. 25and30.

Table 1— Comparison of calculated and experimental flexural strengths for specimens tested by
Bing et al. (adapted from reference 40)

Axial load level f'c fy of ties
Specimen number PIf’ Ay MPa MPa MexPMnzss101 Mexe/Mmon
1 0.3 98 1317 0.94 0.99
2 0.3 98 453 0.98 1.03
3 0.6 93 1317 0.87
4 0.6 93 453 0.86 ' %cuments
5 0.6 93 1317 0.82 | Dd@2ument Sharing Hub
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