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This report provides a research summary of equivalent rectangular 
concrete compressive stress blocks and transverse reinforcement 
design requirements for high-strength concrete (HSC) columns. 
Because ACI 318 code provisions for column design are mostly 
based on concrete strengths less than 10,000 psi (70 MPa), the use 
of equivalent rectangular concrete stress block factors given in the 
code has been questioned. As a result, many alternative expressions 
have been developed. This report provides a summary of various 
suggestions of equivalent rectangular concrete stress block and 
design guidelines for HSC columns.

The report also provides highlights of the research on the perfor-
mance of HSC columns under various loading conditions, including 
monotonically increasing concentric or eccentric compression, 
and load reversals with increasing deformation and constant axial 
compression. The behavior of HSC columns subjected to combined 
axial load and bending moment is discussed. Various proposals for 
determining the amount and details of transverse reinforcement for 
seismic design are also reviewed.

Keywords: axial load; bending moment; columns; concrete stress block; 
ductility; flexural strength; high-strength concrete; longitudinal reinforce-
ment; seismic design; transverse reinforcement.
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CHAPTER 1—INTRODUCTION
High-strength concrete (HSC) has advantages over 

normal-strength concrete (NSC), especially for columns of 
high-rise buildings, as it reduces column sizes and increases 
the durability of concrete (Smith and Rad 1989). Moreover, 
HSC can be advantageous with regard to lateral stiffness and 
axial shortening (Colaco 1985). Another advantage cited by 
Colaco in the use of HSC columns is the cost reduction of 
formwork stemming from reduced cross-sectional dimen-
sions. This economic advantage is achieved by using HSC 
in lower-story columns and reducing concrete strength over 
the height of the building while keeping the same column 
size over the building height.

Increased use of HSC has caused concerns over the appli-
cability of the current building code requirements (ACI 318) 
for the design and detailing of HSC columns. Those concerns 
are mainly related to: 1) equivalent rectangular concrete stress 
distribution; and 2) transverse reinforcement requirements 
for seismic design. Chapter 22 of ACI 318-14 provides a 
concept of equivalent rectangular concrete stress distribution 
(ACI concrete stress block) for design of reinforced concrete 
columns. In the equivalent rectangular concrete stress block, 
an average stress of 0.85fc′ is used with a rectangle of depth a 
= β1c. The 1976 supplement to the 1971 code adopted a lower 
limit of β1 equal to 0.65 based on research data from tests 
with concrete strengths exceeding 8000 psi (55 MPa). Several 
research studies reported that the use of current rectangular 
concrete stress block expressions of ACI 318 could produce 
overestimated flexural and axial strengths of HSC columns 
(Wahidi 1995; Ibrahim and MacGregor 1996; Lloyd and 
Rangan 1996). As a result, alternative concrete stress block 
expressions have been proposed (Ibrahim and MacGregor 
1997; Bae and Bayrak 2003; Ozbakkaloglu and Saatcioglu 
2004; Azizinamini et al. 1994).

Numerous research studies (Sakai and Sheikh 1989; 
Elwood et al. 2009a,b; Paultre and Légeron 2008) have been 
conducted in several countries to investigate the behavior of 
HSC columns, to evaluate similarities or differences between 
HSC and NSC columns, and to identify important param-
eters affecting performance of HSC columns designed for 
seismic, as well as nonseismic, areas. As a result, Chapter 
18 of ACI 318-14 has updated the transverse reinforce-
ment requirement to address the concern on the use of HSC 
columns for seismic design.

This document reports the results of recent studies on 
the equivalent rectangular concrete stress distribution, or 

concrete stress block, and transverse reinforcement require-
ments of HSC columns for seismic design.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation
Ab	 =	 area of an individual longitudinal reinforcing bar, 

in.2 (mm2)
Ac	 =	 area of core concrete measured out-to-out of trans-

verse reinforcement, in.2 (mm2)
Ach	 =	 cross-sectional area of a member measured to the 

outside edges of transverse reinforcement, in.2 (mm2)
Ag	 =	 gross area of concrete section, in.2 (mm2). For a 

hollow section, Ag is the area of concrete only and 
does not include the area of void(s)

Ash	 =	 total cross-sectional area of transverse reinforce-
ment, including crossties, within spacing s (or sh) 
and perpendicular to dimension bc, in.2 (mm2)

Ast	 =	 total area of nonprestressed longitudinal reinforce-
ment including bars or steel shapes, and excluding 
prestressing reinforcement, in.2 (mm2)

Ate	 =	 sum of the areas of tie legs used to provide lateral 
support against buckling for longitudinal reinforce-
ment of column, in.2 (mm2)

b	 =	 width of compression face of member, in. (mm)
bc	 =	 cross-sectional dimension of member core 

measured to the outside edges of the transverse 
reinforcement composing area Ash, in. (mm)

c	 =	 distance from extreme compression fiber to neutral 
axis, in. (mm)

d	 =	 distance from extreme compression fiber to centroid 
of longitudinal tension reinforcement, in. (mm)

d″	 =	 depth of concrete core of column measured from 
center-to-center of peripheral rectangular hoop, 
circular hoop, or spiral in. (mm)

db	 =	 nominal diameter of bar, wire, or prestressing 
strand, in. (mm)

Es	 =	 modulus of elasticity of reinforcement and struc-
tural steel, excluding prestressing reinforcement, 
psi (MPa)

fc′	 =	 specified compressive strength of concrete, psi (MPa)
fcm	 =	 measured compressive strength of concrete, psi (MPa)
fs	 =	 transverse steel stress at or shortly after the attain-

ment of maximum strength under concentric 
compression, psi (Eq. (4.5))

fy	 =	 specified yield strength for nonprestressed rein-
forcement, psi (MPa)

fyh (or fyt)=	specified yield strength of transverse reinforce-
ment, psi (MPa)

h	 =	 overall height or depth of member, in. (mm)
h″	 =	 dimension of concrete core of rectangular section, 

measured perpendicular to the direction of the 
hoop legs, measured to the outside of the peripheral 
hoop, in. (mm)

hc	 =	 cross-sectional dimension of member core 
measured to outside edges of transverse reinforce-
ment composing area Ash, in. (mm), parallel to 
shear force in the member
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hx	 =	 maximum center-to-center spacing of longitudinal 
bars laterally supported by corners of crossties or 
hoop legs around the perimeter of the column, in. 
(mm)

kf	 =	 concrete strength factor, which is calculated as 
fc′/25,000 + 0.6 ≥ 1.0, where fc′ is in psi

kn	 =	 confinement effectiveness factor, which is calcu-
lated as nℓ/(nℓ – 2), where nℓ is the number of longi-
tudinal bars or bar bundles around the perimeter of 
a column core with rectilinear hoops that are later-
ally supported by the corner of hoops or by seismic 
hooks

M	 =	 maximum moment, in.-lb (N-mm) (Fig. 3.3)
Mn	 =	 nominal flexural strength of the section, in.-lb 

(N-mm)
N*	 =	 design axial load at ultimate limit state; to be 

taken as positive for compression and negative for 
tension, lb (N)

P	 =	 maximum axial load; to be taken as positive for 
compression and negative for tension, lb (N) (Fig. 3.3)

Pn	 =	 nominal axial strength of member, lb (N)
Pn,max	=	 maximum nominal axial compressive strength of 

member, lb (N)
Po	 =	 nominal axial strength at zero eccentricity, lb (N)
Pu	 =	 factored axial load; to be taken as positive for 

compression and negative for tension, lb (N)
s (or sh) =	 center-to-center spacing of items, such as longi-

tudinal reinforcement, transverse reinforcement, 
tendons, or anchors, in. (mm)

so	 =	 center-to-center spacing of transverse reinforce-
ment within potential plastic hinge length, in. (mm)

α1	 =	 factor relating magnitude of uniform stress in 
equivalent rectangular concrete stress block to 
specified compressive strength of concrete

β1	 =	 factor relating depth of equivalent rectangular 
concrete stress block to depth of neutral axis

∆	 =	 relative lateral deflection between the top and 
bottom of a column, in. (mm)

∑Ab	=	 sum of areas of longitudinal reinforcing bars reliant 
on the tie, in.2 (mm2)

ρs	 =	 ratio of the volume of spiral reinforcement to the 
total volume of core confined by spiral (measured 
out-to-out of spirals)

ρt	 =	 ratio of the area of nonprestressed longitudinal 
reinforcement to gross concrete area (= Ast/Ag)

ρtc	 =	 ratio of the area of transverse reinforcement, Ash, 
to the area of core perpendicular to that transverse 
reinforcement

ϕ	 =	 strength reduction factor

2.2—Definitions
ACI provides a comprehensive list of definitions through 

an online resource, ACI Concrete Terminology. Definitions 
provided here complement that resource.

axial load ratio—ratio of axial load to the product of 
compressive strength of concrete and the gross area of 
concrete cross section.

confinement index—product of transverse reinforce-
ment ratio, either by area or volume, and the yield strength 
of the transverse reinforcement divided by the compressive 
strength of concrete.

ductility—ability of a reinforced concrete section or 
member to maintain its strength under monotonic load or 
when subjected to repeated load reversals beyond the linear 
range of response.

killed steel—steel made by completely removing or tying 
up the oxygen in the liquid steel through the addition of 
elements such as aluminum or silicon before the ingot solidi-
fies, with the objective of achieving maximum uniformity in 
the steel.

limiting drift—drift corresponding to a 20 percent reduc-
tion in lateral load resistance of a reinforced concrete member 
subjected to load reversals with increasing maximum 
displacements.

limiting drift ratio—ratio of limiting drift to column 
height.

story drift—horizontal deflection at the top of the story 
relative to the bottom of the story.

volumetric transverse reinforcement ratio—ratio of the 
volume of transverse reinforcement confining the concrete 
core of a potential plastic hinge region to the volume of 
concrete inside the confined core.

CHAPTER 3—EQUIVALENT RECTANGULAR 
CONCRETE STRESS BLOCK

Although the stress-strain characteristics of high-strength 
concrete (HSC) are different from those of normal-strength 
concrete (NSC), there is no well-defined compressive 
strength boundary between the two. Instead, there is a 
gradual change with increasing concrete strengths, as shown 
in Fig. 3 (ACI Innovation Task Group 4 2006). The figure 
shows that the ascending branch of the stress-strain rela-
tionship is steeper for higher-strength concretes, indicating 
higher elastic modulus. The stress-strain curve changes from 
approximately a second-order parabola for concretes within 

Fig. 3—Compressive stress-strain curves for plain normal-
density concrete (ACI Innovation Task Group 4 2006).
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the normal-strength range to almost a straight line as the 
strength approaches 14,000 psi (97 MPa). The strain at peak 
concrete stress (εo) increases with strength as well, varying 
approximately from 0.002 to 0.003 for 3000 to 14,000 psi 
(21 to 97 MPa) concrete, respectively. Failure becomes 
more brittle as the concrete strength increases and unloading 
beyond the peak stress becomes more rapid.

3.1—ACI 318-14 concrete stress block
Because it is not straightforward to calculate member 

strengths using a nonlinear stress-strain relationship, ACI 
318-14 Section 22.2.2.4 provides an equivalent rectangular 
concrete stress block for ease in design calculations. This 
equivalent stress block is derived so that the area under the 
actual nonlinear stress distribution, or resultant force, and 
the centroid of this area, which is the point of application of 
resultant force, correspond closely to those of the equivalent 

stress block, as shown in Fig. 3.1. The stress block adopted by 
ACI 318 is of rectangular geometry. The stress block expres-
sion of ACI 318 stipulates that the α1 factor is not sensitive 
to compressive strength and remains constant at 0.85, while 
the β1 factor decreases from 0.85 for a compressive strength 
of 4000 psi (28 MPa) to 0.65 for a compressive strength of 
8000 psi (55 MPa). The strain limit at the extreme compres-
sion fiber in the concrete at the onset of crushing is 0.003 as 
shown in Fig. 3.1(a).

3.2—Other concrete stress blocks
Test results of HSC columns indicated that the ACI 318 

concrete stress block tends to overpredict flexural and axial 
strengths as concrete strength increases (Wahidi 1995; 
Ibrahim and MacGregor 1996; Lloyd and Rangan 1996). As 
a result, various expressions of concrete stress block have 
been developed (Table 3.2). Comparisons of the stress inten-

Fig. 3.1—Factors for equivalent rectangular concrete stress block.

Table 3.2—Rectangular concrete stress block expressions: codes and proposals
fc′ in MPa fc′ in psi

ACI 318-14
α1 = 0.85

β1 = 0.85 ‒ 0.008(fc′ ‒ 30)
0.85 ≥ β1 ≥ 0.65

α1 = 0.85
β1 = 0.85 ‒ 0.05/1000 × (fc′ ‒ 4000)

0.85 ≥ β1 ≥ 0.65

CSA A23.3-04 α1 = 0.85 ‒ 0.0015fc′ ≥ 0.67
β1 = 0.97 ‒ 0.0025fc′ ≥ 0.67

α1 = 0.85 ‒ 0.010/1000 × fc′ ≥ 0.67
β1 = 0.97 ‒ 0.017/1000 × fc′ ≥ 0.67

NZS 3101:2006)
(or Li et al. [1994])

α1 = 0.85 ‒ 0.004(fc′ ‒ 55)
0.85 ≥ α1 ≥ 0.75

β1 = 0.85 ‒ 0.008(fc′ ‒ 30)
0.85 ≥ β1 ≥ 0.65

α1 = 0.85 ‒ 0.028/1000 × (fc′ ‒ 8000)
0.85 ≥ α1 ≥ 0.75

β1 = 0.85 ‒ 0.05/1000 × (fc′ ‒ 4000)
0.85 ≥ β1 ≥ 0.65

Ibrahim and MacGregor (1997) α1 = 0.85 ‒ 0.00125fc′ ≥ 0.725
β1 = 0.95 ‒ 0.0025fc′ ≥ 0.70

α1 = 0.85 ‒ 0.0086/1000 × fc′ ≥ 0.725
β1 = 0.95 ‒ 0.0172/1000 × fc′ ≥ 0.70

Bae and Bayrak (2003)

α1 = 0.85 ‒ 0.004(fc′ ‒ 70)
0.85 ≥ α1 ≥ 0.67

β1 = 0.85 ‒ 0.004(fc′ ‒ 30)
0.85 ≥ β1 ≥ 0.67

α1 = 0.85 ‒ 0.028/1000 × (fc′ ‒ 10,000)
0.85 ≥ α1 ≥ 0.67

β1 = 0.85 ‒ 0.028/1000 × (fc′ ‒ 4000)
0.85 ≥ β1 ≥ 0.67

Ozbakkaloglu and Saatcioglu (2004)

α1 = 0.85 ‒ 0.0014(fc′ ‒ 30)
0.85 ≥ α1 ≥ 0.72

β1 = 0.85 ‒ 0.0020(fc′ ‒ 30)
0.85 ≥ β1 ≥ 0.67

α1 = 0.85 ‒ 0.01/1000 × (fc′ ‒ 4000)
0.85 ≥ α1 ≥ 0.72

β1 = 0.85 ‒ 0.013/1000 × (fc′ ‒ 4000)
0.85 ≥ β1 ≥ 0.67

Azizinamini et al. (1994)

α1 = 0.85 ‒ 0.007(fc′ ‒ 69)
0.85 ≥ α1 ≥ 0.60

β1 = 0.85 ‒ 0.008(fc′ ‒ 30)
0.85 ≥ β1 ≥ 0.65

α1 = 0.85 ‒ 0.05/1000 × (fc′ ‒ 10,000)
0.85 ≥ α1 ≥ 0.60

β1 = 0.85 ‒ 0.05/1000 × (fc′ ‒ 4000)
0.85 ≥ β1 ≥ 0.65
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