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Concrete Stress Block Parameters for High-Strength Concrete :
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Abstract: The use of the current ACT 318 stress block parameters has been reported to provide unconservative estimations of the moment
capacities for high-strength concrete columns. Accordingly, several concrete stress block parameters have been recently proposed. This paper
discusses various concrete stress block parameters for high-strength concrete and their influences on the code provisions. In order to adopt the
proposed stress block parameters to the design code, it is necessary to understand the impact of the change of the stress block parameters on
various aspects of the code provisions. For this purpose, the influence of using of different stress block parameters on the location of the neutral
axis and the tensile strain in extreme tension steel as well as the axial and moment capacities are investigated. In addition, the influence on the
prestressed concrete members is also elucididated.
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1. Introduction

To reduce the section size of a column, the use of high-strength
concrete (f;> 55 MPa) has been increasing steadily in the last two
decades. This necessitates a careful examination of the current
ACI code provisions regarding nominal moment capacity
calculations for high-strength concrete (HSC) columns, as they are
primarily based on the experimental data obtained from normal-
strength concrete (NSC) column tests.

Several researchers proposed concrete stress block
parameters for HSC to consider the different nature of stress-strain
relationship and brittleness of HSC, and some of were adopted by
design codes."” Bae and Bayrak3 reported that the presence of
large amount of transverse reinforcement required for HSC col-
umns could contribute to the premature spalling of cover concrete.

The American Concrete Institute formed a task group (ACI 318
TG-5) to investigate and develop new concrete stress block
parameters after recognizing this problem of selecting the best
concrete stress block parameters for HSC.

This paper discusses various proposals for better concrete stress block
parameters, their influences on the estimated moment capacity, the depth
of the neutral axis, and the tensile strain in extreme tension steel.

2, Research significance

The use of the current ACT stress block parameters has been
reported to provide unconservative estimations of the moment
capacities for HSC columns. As the result, the building codes of
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Canada and New Zealand have already changed their stress block
parameters based on experimental/analytical investigations. The ACI
also formed a task group to develop new stress block parameters
for HSC. Therefore, it is urgent to investigate various proposed
stress block parameters for HSC and their influences on the
design practice.

3. Previous research

3.1 ACI 318-05 provisions 2005

The concept of the equivalent rectangular concrete stress block
was first introduced by Whitney5 and later experimentally verified
by Hognestad et al.® and Mattock et al.” Mattock et al. conducted an
investigation of eccentrically loaded unreinforced concrete columns
of NSC (£;,< 55 MPa). Nedderman® conducted tests on eccentrically
loaded unreinforced concrete columns of concrete strengths ranging
between 79 and 98 MPa and proposed a lower limit of 0.65 for B,
in case of concrete strengths in excess of 55 MPa. This limit was
well taken a long time ago to be incorporated into the 1977 version
of the ACI code.”

Fig. 1 illustrates the rectangular stress block parameters of ACI
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Fig. 1 Rectangular stress block.
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318-05. The intensity of the equivalent stress block is given by
o /4. The depth of the stress block is B;c, where ¢ is the neutral
axis depth. According to ACI 318, o, is assumed to have a
constant value of 0.85. B, is equal to (.85 for concrete strengths up
to 30 MPa and is reduced gradually at a rate of 0.08 for each
10 MPa of concrete strength in excess of 30 MPa. 3, is equal to
0.65 for concrete strengths greater than 55 MPa. The ultimate
compressive strain €, (Fig. 1(b)) is assumed to have a constant
value of 0.003 for all concrete strengths.

o= 0.85 (f,; in MPa) (1)

B,=0.85 — 0.008 (£, — 30) @)
in which 0.65 < B, < 0.85

3.2 Ibrahim and MacGregor 1997

Ibrahim and MacGregor proposed a new set of rectangular
stress block parameters that can be applied for both NSC and HSC.
They tested 20 HSC column specimens of no or less confinement
reinforcement than that required by Chapter 21 of ACI 318-05. The
parameter o; was derived to provide a conservative lower bound for
the experimental data on k;, while the value of 3; was derived as
an average value of their test data. Egs. (3) and (4) illustrate the
recommendation of Ibrahim and MacGregor.

o= 0.85—2{6’6 > (.725 (f. in MPa) (3)
Jek i

=0.95- 2k >0.70 4

B 260 )

3.3 Lietal 1994

The shape of the stress-strain relationship for HSC is reasonably
similar to a triangular stress distribution with peak stress occurring
at a strain of about 0.003. With the assumption that the maximum
stress of the triangular stress block in HSC is £, the equivalent
rectangular stress block can be calculated to have the same
magnitude and position of the resultant concrete compressive
force from the assumed triangular stress block. With this
requirement, o; can be calculated as: o -fpra=/fpc/?2 and o/
2=¢/3, therefore, o;=0.75. Hence, the equivalent rectangular
stress block was assumed to have a mean stress about 0.75f,;, and
B1=a/c=10.67 for HSC. On this basis, the following stress block
parameters were suggested by Li et al.

0;=0.85— 0.004 (£, 55) (£ in MPa) (5)
in which 0.75 < o, < 0.85

B, = same as the ACI code expression ©6)

3.4 Bae and Bayrak 2003

Bae and Bayrak found that premature spalling of the cover
concrete could occur at a compressive concrete strain less than
0.003. They concluded that the primary reason for premature
spalling of cover concrete was the presence of large confining
reinforcement required for HSC columns. Consequently, they
reduced the compressive strain limit to 0.0025 for concrete
strengths greater than 55 MPa to and developed new stress block
parameters for both NSC and HSC.

o =0.85 — 0.004 (£, 70)

in which 0.67 < o, < 0.85 (f; in MPa) @)
B1=0.85-0.004 (£, — 30)

in which 0.67 < B, < 0.85 8)
3.5 ACI 318 TG-5 2004

An Innovation Task Group (later, changed to Task Group) has
been formed within ACI for the purpose of developing a non-
mandatory standard on the use of HSC in moderate to high
seismic applications. According to the ACI 318 TG-5, it is
apparent from a review of existing literature that, if the equivalent
rectangular stress block of ACI 318-05 is used, the ratio of
nominal to experimental column strength decreases as the axial
load increases. Experimental results indicate that the nominal
moment and axial load strengths of columns calculated with the
ACI 318-05 rectangular stress block may be unconservative for
compressive strengths greater than 80 MPa.

Because experimental results showed that the ACI 318-05 rect-
angular stress block is safe for NSC, and to minimize the change
of the current stress block parameters, the $, expression is kept as
the same, since it provides lower bound values of experimental
data. Bearing this in mind, several suggestions for the o
parameter have been made. Egs. (9) and (10) are one of the
discussed expressions.

o, = 0.85 — 0.004 (£, 55)
in which 0.85 > o, > 0.70 (£, in MPa) ©)

B = same as the ACI code expression (10}

4. Discussion

Various proposals on concrete stress block parameters for HSC
have been discussed. In this section, their impact on the P-M
interaction curves, the depths of the neutral axis and the tensile
strains of extreme tension steel are discussed.

4.1 P-M interaction curves

The P-M interaction curves are generated using various
concrete stress block parameters and compared. Concrete columns
with 610% 610 mm square sections are used (Fig. 2). Twelve bars
with steel ratio of 2% are assumed. Two concrete strengths of 80
and 100 MPa are studied.

Fig. 3 illustrates the results. As expected, the calculated axial
and moment capacities of the ACI 318 code are larger than those
of other stress block parameters. The difference of the ACI P-M
interaction curve, from the other P-M interaction curves becomes
larger as the concrete strength increases.

It is interesting to note that P-M interaction curves at a low axial
load level are almost identical regardless of the difference in the
concrete stress block parameters. Bae and Bayrak13 stated that the
P-M interaction curves are less sensitive to the concrete stress
block parameters at a low axial load level (P < P,) than at high
axial load level (P> Py). This is because the tensile force capacity of
the tension reinforcement is likely to govern the moment capacity at a
low axial load. When this is coupled with the fact that the premature
cover spalling in columns are mostly reported at moderate to high
levels of axial load", it becomes apparent that the HSC columns
subjected to moderate to high axial load levels or the HSC beams
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Fig. 3 P-M Interaction curves.

with compression-controlled sections are in an urgent need to
modify the concrete stress block parameters.

4.2 Depth to neutral axis and tensile strain in
extreme tension steel

The influence on the depth to the neutral axis (¢ in Fig. 1) and the
tensile strain in extreme tension steel is investigated for concrete
strengths of 80 and 100MPa. The same column section
properties, which are illustrated in Fig. 2, are considered. The
results are shown in Figs. 4 and 5. Both figures indicate that the
predicted depth to the neutral axis ¢ from the ACI code expressions
is smaller than the other predicted locations of neutral axes for a
given axial load. The increase in the depth to the neutral axis
reduces the tensile strain g, in the extreme tension steel at the
nominal strength, as illustrated in the Figs. 4(b) and 5(b).

The strength reduction factor ¢ of the ACI 318-05 code is
related to the tensile strain in extreme tension steel, as shown in
Eq. (11).

¢ = 0.48 + 83¢, for rectilinear ties (1)

where ¢ varies between 0.65 and 0.90

Therefore, the use of the stress block parameters other than the
ACIT code expressions provides smaller strength reduction factors
for a given axial load, resulting in more conservative estimates for
factored nominal column capacities.

4.3 Comparison with experimental data

The accuracy and conservativeness of the proposed stress block
parameters are evaluated using data from 224 column tests reported
in the literature. All of the 224 columns had reasonably large
rectangular sections. The degree of accuracy of the concrete
stress block parameters is estimated by Eq. (12).

Error=A_4ﬂM__"Mfes'x 100(%) (12)
test

The predicted moment capacities are calculated from the P-M

interaction curves using constant axial load approach. Detailed

description on the column test data and the measurement of the

accuracy can be found elsewhere.’ F ig. 6 indicates that the use of

ACI 318-05 stress block parameters results in inaccurate and
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Fig. 4 Effect on neutral axis and tensile strain in extreme steel
(f = 80 MPa).
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progressively increasing overestimations of the moment capacities
as the concrete strength increases. The use of other stress block
parameters provides more consistent, safe estimations for the
entire range of concrete strength,

From a seismic design point of view, overestimating the flexural
strengths of columns has two impacts: (1) the increase of the shear

demand on the column calculated on the basis of the probable

flexural strength and (2) the overestimation of the ratio of column-
to-beam moment strengths. Overestimating the shear demand is
conservative because it will lead to a larger amount of
confining reinforcement. Contrarily, overestimating the ratio of
column- to-beam moment strengths has a negative effect, because
it will increase the probability of hinging in columns. ACI 318-05
requires a minimum ratio of column-to-beam moment strengths of
1.2. Overestimating column flexural strength will decrease that
ratio and may even result in a strong beam-weak column
mechanism,

4.4 Stress in prestressed reinforcement at nominal
strength

The stress block parameters affect the provision on the
prestressed concrete as well as the reinforced concrete. The ACI
318-05 code provides an equation to estimate the stress in
prestressed tendons at the nominal strength in relation to the f,
parameter in Chapter 18 as follows:
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Fig. 6 Error in moment capacity predictions3.
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Jou, d ,

ﬁs=ﬁ7u{l—g—’;[ppﬁ+;;(m—w ﬂ} (13)
If any compression reinforcement is taken into account, the

term [ppf,/fo + did(® — @")]shall be taken not less than 0.17.

To investigate the effect of different stress block parameters on the
calculated stress in prestressed tendons, two prestressed concrete
sections are studied, as shown in Fig. 7. Results are illustrated in
Fig. 8. The difference in the calculated stresses in tendons is
negligible for both cases. The largest difference in the calculated
stresses is less than 2%. Therefore, it can be concluded that the use
of different concrete stress block parameters does not significantly
affect the calculated stresses in prestressed tendons at the nominal
moment, which indicates that the nominal moment capacity is not
affected either. This is because the concrete stress block
parameters are less significant for the columns with a low axial
load level or for the beams with tension-controlled sections, as
aforementioned.

5. Conclusions

The recently proposed concrete stress block parameters for
HSC(high-strength concrete) are introduced and their impact on
various aspects of ACI code provisions is discussed. On the basis
of the results obtained from this study, the following conclusions
can be drawn.

1) For the 224 columns considered in this study, the use of ACI
318-05 stress block parameters resulted in progressively increasing
overestimations of moment capacities as the concrete strength
increased.

2) The various stress block parameters for HSC, discussed in
this paper, provide similar levels of conservativeness and accuracy
for NSC and HSC. The difference in the calculated column
capacities are investigated through the P-M interaction curves, and
the curves showed that the ACI 318-05 stress block parameters
produced larger column capacities than the other proposals for
HSC.

3) The use of stress block parameters other than the ACI code
resulted in the increase of the depth of neutral axes, the decrease of
the tensile strains in extreme tension steel, and the decrease of the
strength reduction factors for a given axial load. Therefore, more
conservatively factored nominal capacities can be obtained by the
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Fig. 7 Prestressed member sections.
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Fig. 8 Calculated stress in tendons.

use of stress block parameters other than those of ACI codes.

4) The use of different stress block parameters does not cause
any significant difference in the calculated capacities for prestressed
concrete members. The most critical members which are sensitive
to the stress block parameters are identified as the columns with
high axial load level or the beams with compression-controlled
sections.
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