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Synopsis: This paper identifies the fundamental design issues related to the behavior of
high-strength concrete (HSC) members with compressive strengths up to 124 MPa (18
ksi) subjected to axial compression loads. The findings are based on critical assessment
and synthesis of available data, the experiences of bridge owners, concrete fabricators,
and current bridge design codes from North America, Europe, Australia, and Asia. The
paper discusses the various factors believed to affect the design and behavior of HSC
compression members, including the fundamental properties of concrete, member
geometry, support conditions, main and lateral reinforcement, and type of construction.
The significance of modeling of the stress-block, potential early spalling of concrete and
reliability issues of HSC columns is also discussed. This paper represents the current
efforts by the authors to recommend revisions to the AASHTO-LRFD Bridge Design
Specifications, which currently limits the compressive strength of concrete to 69 MPa (10
ksi).
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INTRODUCTION

Development of high-strength concrete (HSC) dates back to 1930's, but these
early developments were economically prohibitive for practical applications. In the
1960’s, superplasticizers were developed in Japan and Germany and made it possible to
decrease the water-to-cement ratio of concrete while maintaining its workability. In the
1970’s, the combined use of super-plasticizers and ultra-fine materials such as silica
fume, finely ground granulated blast furnace slag or anhydrous gypsum led to further
improvement of concrete performance measures including its strength. Since the mid-
1980’s, HSC has gained popularity in both precast and cast-in-place construction for
either reinforced or prestressed members. In Japan, concrete strengths as high as 11.4 ksi
(79 MPa) were used in the 1970’s for railway bridges (ACI 363R-92 1997).



In the early 1990’s, the Federal Highway Administration (FHWA) began
sponsoring the use of High Performance Concrete (HPC) in several demonstration
projects. Since 1993, a number of HPC bridges have been constructed across the
country. The FHWA compilation project (Russell et al. 2003) reports on 19 such bridges
in 14 states. While the highest design concrete strength in these bridges was reported as
14 ksi (97 MPa) in Texas, the achieved strength at the design age reached as high as 15.9
ksi (110 MPa) in South Dakota.

The AASHTO LRFD Bridge Design Specifications, first published in 1994,
includes an article (5.4.2.1) limiting its applicability to a maximum concrete strength of
10 ksi (69 MPa), unless physical tests are made to establish the relationship between
concrete strength and its other properties. These limitations reflected the lack of research
data at the time, rather than the inability of the material to perform its intended function.
Many design provisions stipulated in the LRFD Specifications are still based on test
results obtained from specimens with compressive strengths up to 6 ksi (41 MPa).
Although such a strength limit is not explicitly imposed by other codes such as the ACI
318-02 (2002), except in the provisions for development length, their applicability to
HSC is not fully addressed either.

The National Cooperative Highway Research Program has initiated four
separate projects to expand the LRFD Specifications, allow broader use of HSC, and
meet the needs of the bridge design community. The objective of NCHRP Project 12-64,
which is the focus of this paper, is to recommend revisions to the LRFD Specifications to
extend the applicability of its compressive and combined compressive and flexural design
provisions for reinforced and prestressed concrete members to concrete strengths up to 18
ksi (124 MPa).

AFFECTING FACTORS FOR HIGH-STRENGTH CONCRETE

The factors that affect the compressive and combined compressive and flexural
behavior of reinforced and prestressed high-strength concrete members were identified
from the databank assembled by the authors.

Compressive Strength and Ultimate Strain of Concrete

The compressive strength of concrete directly affects the load carrying capacity
of reinforced and prestressed concrete members subjected to compression and combined
compression and flexure. However, there is not a common definition for HSC. The
FHWA Compilation Report (Russell et al. 2003) suggests the following three grades:
Grade 1 for 8 ksi (55 MPa) <f°. < 10 ksi (69 MPa), Grade 2 for 10 ksi (69 MPa) </, <
14 ksi (97 MPa) and Grade 3 for 14 ksi (97 MPa) <f"..



The stress-strain response of concrete, its compressive strength and its ultimate
strain are functions of several parameters, including the mix proportions, type of cement
and cementitious materials, type of admixtures, and type and grading of aggregates.
Other factors that influence the compressive strength and ultimate strain of concrete
include curing, specimen type and size, moisture content and end conditions of test
specimens, specimen age at the time of testing, and rate of loading. Some parameters are
known to affect certain properties of concrete more than others. For example, aggregate
type has a profound effect on the elastic modulus of concrete.

Figure 1 shows typical axial stress-strain curves for a range of concrete
compressive strengths up to nearly 16 ksi (110 MPa). As the concrete strength increases,
the strain at the peak stress increases slightly, the shape of the ascending branch of the
stress-strain curve becomes more linear and steeper, and the slope of the descending part
also becomes steeper.

As seen in Figure 1 above, the effective (useable) ultimate strain of concrete
decreases as the strength increases. All design codes in the U.S. suggest a conservative
value of 0.003 for design, whereas some of the foreign codes (e.g., Belgium, Sweden,
Germany, and Canada) use 0.0035. Codes in the U.K. use an ultimate strain of 0.0036
for a concrete compressive strength of 1.8 ksi (12 MPa), but gradually reduce it to 0.0028
for a concrete compressive strength of 7.3 ksi (50 MPa).

Modulus of Elasticity of Concrete

Modulus of elasticity of concrete affects the elastic deformation of reinforced
and prestressed concrete members, lateral stiffness of columns, and the loss of prestress.
The modulus increases with the strength, however, at a somewhat lower rate. The
FHWA Compilation Report (Russell et al. 2003) suggests changing the limits of elastic
modulus for different grades of concrete which are 5,000 ksi (34,475 MPa) < E. < 6,000
ksi (41,370 MPa) for Grade 1, 6,000 ksi (41,370 MPa) < E_ < 7,000 ksi (48,265 MPa) for
Grade 2 and 7,000 ksi (48,265 MPa) < E, for Grade 3.

Figure 2 shows over 300 available test results from the databank on the modulus
of elasticity in comparison with the design expressions of the LRFD Specifications and
ACI 363R-92 (1997), the latter of which follows the equation proposed by Carrasquillo et
al. (1981).

Poisson’s Ratio of Concrete

The Poisson’s ratio affects lateral expansion of concrete, thereby influencing the
effectiveness of the transverse reinforcement. The limited test data suggests a range of
0.20-0.28 for the Poisson’s ratio of HSC between compressive strengths of 8 and 11.6 ksi



(55 and 80 MPa) (Perenchio and Khieger 1978). The predominant factor in this regard
appears to be the water-to-cement ratio. The ACI 363R-92 (1997) recommends using the
same Poisson’s ratio for HSC as that of NSC in the elastic range.

Modulus of Rupture of Concrete

The modulus of rupture of concrete represents its flexural tensile strength. It
affects cracking moment for concrete members, and therefore, influences the minimum
flexural reinforcement that is required to prevent sudden failure of the beam under
flexural loads. It also affects strain limits in prestressed concrete members.

The literature review suggests values for the modulus of rupture of HSC in the
range of 0.24f". to 0.38V7". ksi (0.62\f". to Nf’. MPa). Carrasquillo et al. (1981)
suggested a higher value of 0.37Vf". (0.97\f", MPa) for concrete compressive strengths of
up to 12 ksi (83 MPa). Figure 3 shows some of the experimental values of the modulus
of rupture in comparison with different design codes and research publications.

Based primarily on a number of SHRP projects (Zia et al. 1993), Russell et al.
(2003) has proposed a revision to the modulus of rupture equations in the LRFD
Specifications to include an upper bound of 0.37Vf”, ksi (0.97Vf". MPa) and a lower
bound of 0.24Vf”, ksi (0.62Vf". MPa) for concrete compressive strengths of up to 15 ksi
(103 MPa).

Creep Properties of Concrete

Creep is the change in length of a concrete member under constant sustained
axial load. Creep properties of concrete affect long-term deflections of concrete
members. The amount and rate of creep depend on the mix proportions and the
constituent materials of concrete, age and strength of concrete at the time of loading,
length of time under load, size of the member, amount of non-prestressed reinforcement,
and the ambient environment.

The FHWA compilation report (Russell et al. 2003) suggests the following three
grades of concrete based on its specific creep (ultimate creep per unit stress), which are
0.52 x 10° /ksi (75 /MPa) > C. > 0.38 x 10’ /ksi (55 /MPa) for Grade 1, 0.38 x 10° /ksi (55
/MPa) > C,>0.21 x 10’ /ksi (30 /MPa) for Grade 2 and 0.21 x 10° /ksi (30 /MPa) > C, for
Grade 3.

Parrott (1969) reported that the total strain observed in a sealed HSC specimen
under a sustained loading of 30% of its ultimate strength was the same as that of a sealed
NSC specimen when expressed as a ratio of the short-term strain. On the other hand,



recent research (Tadros et al. 2003) has indicated that HSC undergoes less ultimate creep
than NSC, while its creep develops relatively more rapidly than in NSC.

Shrinkage Properties of Concrete

Drying shrinkage is a shortening that results from loss of moisture from the
concrete. Shrinkage will affect the long-term deformation and cracking of concrete
members.

According to ACI 363R-92 (1997), a relatively high initial rate of shrinkage has
been reported for HSC, as compared to NSC. However, after drying for about 180 days,
there is little difference between the shrinkage of HSC and NSC made with dolomite or
limestone. The magnitude and rate of shrinkage depend on many factors including mix
proportions and constituent materials of concrete, size of member, amount of
nonprestressed reinforcement, curing procedure and duration, and the ambient
environment.

DESIGN ISSUES FOR HIGH-STRENGTH CONCRETE

The design issues for high-strength in compression and combined compression
and flexure of reinforced concrete members were identified from the databank assembled
by the authors. Also, a detailed review of Section 5 of the LRFD Specifications and their
historical development was performed to ensure a thorough understanding of the
implications of using HSC in compression and combined compression and flexure.

Axial Resistance for Compression Members

This issue is primarily related to Article 5.7.2.1 which limits the maximum
strain at the extreme concrete compression fiber to 0.003, Articles 5.7.4.4 and 5.7.4.5 of
the LRFD Specifications which use 0.85 for the reduction factor for axial compression.

In order to evaluate the above equations in the LRFD Specifications, it is
necessary to review their basis and historical development. It is generally understood that
the strength of concrete in a member is different from that in a concrete cylinder.
Therefore, the strength obtained from testing a concrete cylinder is often multiplied by a
factor to account for this difference. This factor originated from the column tests of
Richart et al. in the early 1930’s, as

P =k, [ (4, -4,)+ 1, 4, (1)



The k; parameter in the above equation can be obtained either from
concentrically loaded column tests or from combined compressive and flexural tests. In
this equation, it is assumed that longitudinal steel bars in the column (if any) yield when
concrete reaches its peak stress of f°.. This assumption is generally justified, as the strain
&, corresponding to the peak stress is usually about 0.002.

For concentrically loaded columns with lateral steel reinforcement, P, is taken
as the first peak load that corresponds to the spalling of cover concrete. Figure 4 shows
the experimental values of k; from all available tests of concentrically loaded columns in
the databank as a function of the concrete compressive strength. There is clearly
significant scatter in the test results. Moreover, a scarcity of test data for concrete
strengths above 14 ksi (97 MPa) is apparent. Some of the scatter may be explained by
the fact that different investigators have used different size cylinders in determining the
concrete compressive strength f°.. It is generally accepted that compressive strength of
concrete measured on 4 x 8 in (102 x 203 mm) cylinders is about 1% to 5% higher than
the strength measured from the 6 x 12 in (152 x 305 mm) cylinders (Carino 1994).

The k; parameter may also be determined from combined compressive and
flexural tests in comparison with compression tests, i.e., cylinder tests, as below:

r. = Maximum Concrete Stress in Combined Compressive and Flexural Tests )
, =

Maximum Concrete Stress in Compression Cylinder Tests

In these combined compressive and flexural tests, a C-shaped specimen is
loaded with two axial compression loads at two different eccentricities to create a
compression only cross section (Figure 5). While loading the bracket to failure, the
neutral axis is maintained at the outside face of the specimen throughout the test. The
maximum stress in the above equation is obtained from closely spaced, consecutive
readings of strain data in these eccentric bracket tests. Subsequently, an approximate
stress can be calculated for concrete at every strain level. The maximum value of the
stress obtained in this step is then used in the k; calculations. Figure 6 shows the
experimental values of k; that were obtained from the available combined compression
and flexural tests in the databank.

A cursory comparison of Figures 4 and 6 shows that the values of &; obtained
from concentrically loaded columns are generally lower than those from combined
compression and flexural tests. This difference may be explained as follows:

*  The cover concrete in columns fails due to instability long before crushing of core
concrete. The connection plane between the core concrete and the cover concrete is
especially weak when large amounts of longitudinal and transverse steel
reinforcement are provided. Therefore, separation of the cover concrete at this plane
from the core concrete may be triggered very easily before crushing of core concrete.

* In combined compression and flexural tests, deflection of the member is such that
the compression side is always on the concave side of the column, which is the side



that is susceptible to cover buckling and instability. The cover concrete on this side
has a tendency to buckle towards the core concrete, and therefore, is constrained
against such instability. As a result, cover buckling is not an issue in members under
bending.

*  The quality of cover concrete is generally lower than the core concrete, simply
because of inadequate compaction of the cover concrete especially for HSC mixes
with low workability. Moreover, there is a difference between the drying shrinkage
of the core concrete and that of the cover concrete.

¢ Low permeability of HSC leads to drying shrinkage strain in the cover concrete,
while the core remains relatively moist. As a result, tensile stresses are developed in
the cover concrete of HSC columns more rapidly than those in NSC columns.

In summary, the design issue of factored axial resistance is of great significance
and of high priority. There is adequate test data to establish the necessary parameters
described above. However, due to large scatter of the available test data and the scarcity
of data for concrete compressive strengths above 14 ksi (97 MPa), validation tests are
needed.

Behavior of Concrete in Compression Zones using Rectangular Stress Distribution

This issue is primarily related to Article 5.7.2.1 which limits the maximum
strain at the extreme concrete compression fiber to 0.003 and Article 5.7.2.2 which
defines the stress block parameters, while it also affects the flexural resistance in Article
5.7.3 of the LRFD Specifications.

As discussed earlier, the axial stress-strain relationship of concrete varies with
its strength. The ascending and descending portions of the curve become steeper with
increasing strength. The curves tend to become more linear for higher strength concretes.
As a result, the equivalent stress block for high-strength concrete is expected to be
different from that of normal-strength concrete.

A generalized stress block is defined by three parameters, k;, k, and k3. The
design values of the stress block parameters are determined at the ultimate strain &,
which corresponds to the maximum moment of the section. These parameters are
depicted in Figure 7. They originated from the eccentric bracket tests performed by
Hognestad et al. in the 1950’s. The k;k; value and the &, value can be obtained from the
equilibrium of the external and internal forces as follows:

P, =kk,f' be+ A'f, +Af, 3)
M, =kk,f" beld —ke)+ A" f, (d —d")



The three-parameter generalized stress block can be reduced to a two-parameter
equivalent rectangular stress block, by keeping the resultant of the compression force at
the mid-depth of the assumed rectangular stress block. The two parameters of a; and
can be defined as

T
Y2k, “4)
B =2k,

The nominal axial and flexural resistance of the section can then be shown as:

Pn = alﬂlf’c bC + As'f‘su + Asf‘su

©)
M,=aBf. bc(d - ﬁzlcj +A4,'f,(d-d"

Table 1 shows how the stress block parameters are treated in a number of
different design codes. Table 2 shows the proposed equations in different reports and
research publications. The ultimate compressive strain of concrete is also shown in these
tables, as it affects the stress block parameters and the flexural resistance of the section.

Figures 8 through 10 show graphs of the experimental values of a; and ;
obtained from eccentric bracket tests performed by Hognestad (1955), Nedderman
(1973), Kaar (1976), Swartz (1985), Schade (1992) and Ibrahim and MacGregor (1996)
and the product o, as a function of concrete compressive strength /. in comparison
with different design codes. These results indicate that as the strength of concrete
increases, a,f; decreases. These figures confirm earlier findings of the ACI 441R-96
(1996) that there are conflicting test results over the applicability of the current
rectangular stress block approach to the columns made of HSC. While some studies have
found the current approach for NSC columns to underestimate the flexural resistance of
HSC columns at a given axial load, there are others who have found the approach to be
quite un-conservative.

Reinforcement and Strain Limits for Compression Members

This issue is primarily related to Article 5.7.4 of the LRFD Specifications which
limits the maximum and minimum reinforcement.

The equations in the LRFD Specifications are extrapolated for a range of
concrete compressive strengths between 5 and 20 ksi (34 and 138 MPa), in the absence of
any prestressing steel in the section. It was observed that the allowable longitudinal non-
prestressing steel ratio 0, in a column to be between 4% to 8% for an 18 ksi (124 MPa)
concrete and a Grade 60 ksi (414 MPa) steel. The upper bound is limited to 6% in



seismic applications. Such high levels of minimum reinforcement would be quite
unusual and need to be verified.

In order to evaluate these reinforcement limits, it is necessary to review their
basis and historical development. Limits for longitudinal reinforcement in compression
members originated from the early column tests by Richart et al. at the University of
Illinois in 1930’s. When a column is subjected to sustained service loads, the stress
distribution between steel and concrete changes over time due to creep and shrinkage of
concrete. With its creep and shrinkage progressing, concrete relieves itself from its initial
share of the axial load. As a result, longitudinal steel reinforcement carries a larger
portion of the sustained load over time. Therefore, it is theoretically possible that in
columns with small amounts of longitudinal reinforcement, the steel could yield,
resulting in creep rupture of the column. Tests by Richart et al. (1931-1933) showed the
increase of stress in steel reinforcement to be inversely proportional to the percentage of
the longitudinal steel. Results from these tests that were carried out on a range of
concrete strengths between 2 and 8 ksi (14 and 55 MPa), indicated that a minimum
reinforcement ratio of 1% was appropriate. The upper limit was initially established
based on practical considerations of concrete placement, and has since been maintained
for all ranges of concrete strengths.

The same rational procedure of Richart et al. (1931-1933) can be followed to
establish the minimum reinforcement limits for HSC columns. Since creep properties of
HSC are expected to be different from the NSC, the reinforcement limits are also
expected to be changed. Using the same safety factors and the same duration of sustained
loads as those in the early study of Richart et al. (1931-1933), the lower reinforcement
limits can be rationally established for HSC with any combination of mild and
prestressing steel.

The two strain limits of concern in compression members are the ultimate strain
&, of concrete at the ultimate limit state, and the strain &, of concrete corresponding to
its peak stress f°.. Figure 11 shows the variation of &, as a function of /.. These results
are obtained from tests on columns, beams, and cylinders. A review of the literature
indicates that as the strength of concrete increases, &, decreases. However, the figure
shows that the current value of 0.003 for &., in the LRFD Specifications remains valid for
HSC.

Figure 12 shows the variation of &, as a function of f°,, using all available
results in the databank from tests on columns, beams, and cylinders. The figure clearly
shows that as the strength of concrete increases, the strain at peak stress also increases.
This has a profound effect on determining the axial resistance of compression members,
since with higher &, the assumption of yielding of longitudinal steel reinforcement is
well justified. It is not expected that the above strain limits for HSC compression
members will change.



Confinement and Lateral Reinforcement

This issue is primarily related to Articles 5.7.4.6 and 5.10.11.4.1d of the LRFD
Specifications which limits the volume ratio of the spiral reinforcement and the total
gross sectional area of rectangular hoop reinforcement.

Transverse reinforcement in columns provides a passive form of confinement
for concrete, as the lateral steel reacts to the expansion of concrete. Since HSC is
expected to undergo less internal micro-cracking, its lateral strains are less than those
seen in NSC columns. For that reason, a number of research experiments have shown the
confinement reinforcement to be less effective in HSC columns, as compared to NSC
columns. Therefore, lateral confinement pressure required for HSC columns may be
significantly higher than that for NSC columns. The higher level of confinement pressure
may be achieved using higher grades of lateral steel to avoid congestion of the
reinforcement cage. On the other hand, HSC has been slow to gain acceptance in seismic
regions due to its more brittle behavior in compression than the NSC.

The parameters that affect the confinement of concrete include yield strength,
spacing, size, distribution, shape, and effectiveness of the confinement reinforcement, as
well as distribution and yield strength of the longitudinal reinforcement, spalling of cover
concrete, and level of axial load on the section.

The strength of confined concrete f;. can be written as
f;‘c = f'r+C02 (6)

Subsequently, the minimum volumetric ratio of spiral reinforcement can be
found as

o 22 [f; (4, ~ 4, -Ac)} R
l C f"w’Ac

Equation (7) leads to Equation (5.7.4.6-1) in the LRFD Specifications using a
value of 4.44 for the C parameter. It should be noted that the tests by Richart et al.
(1928) identified the C parameter as 4.1 for NSC columns. Table 3 provides a summary
of the confinement equations proposed in different research publications. Table 4
summarizes the minimum confinement reinforcement ratios specified in design codes or
proposed in various research publications.



CONCLUSIONS

The design issues for normal-strength concrete must be verified and extended for
high-strength concrete. There is available test data to establish the necessary parameters
described above. However, because of the large scatter of the available test data and the
scarcity of data for concrete compressive strengths above 14 ksi (97 MPa), validation
tests are needed. After these validation tests, the revisions to the LRFD Specifications to
extend the applicability of its flexural and compression design provisions for reinforced
and prestressed concrete members to concrete strengths up to 18 ksi (124 MPa) will be
recommended. The recommended provisions should be seamless and unified over the
full range of concrete strengths.
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LIST OF NOTATIONS

depth of equivalent rectangular stress block

area under bearing device,

area of core measured to the outside diameter of the spiral

gross cross-sectional area of member

area of prestressing steel

area of tension reinforcement

total cross-sectional area of tie reinforcement (including supplementary cross-
ties)

total area of longitudinal steel

width of web, which is the same as the width of compression flange in
rectangular sections

distance between the neutral axis and the extreme compression fiber
confinement effectiveness parameter.

specific creep

depth of tension steel from the extreme compression fiber

depth of compression steel from the extreme compression fiber

modulus of elasticity

eccentricity of the applied factored axial force in the X direction

eccentricity of the applied factored axial force in the Y direction

specified compressive strength of concrete at 28 days, unless another age is
specified

strength of confined concrete

effective prestress after losses

specified tensile strength of prestressing steel

ultimate strength of longitudinal steel

yield strength of longitudinal steel

specified yield strength of spiral reinforcement,

core dimension

High-strength reinforcement

ratio of the average compressive stress to the maximum compressive stress
ratio of the depth of the resultant compressive force to the depth of neutral axis
ratio of the maximum compressive stress to the compressive strength of concrete
cylinder ..

modification factor.

nominal Flexural resistance of the section

normal-strength reinforcement

nominal axial resistance of the section

maximum load carried by an axially loaded member

factored axial resistance determined on the basis that only eccentricity e, is
present

factored axial resistance determined on the basis that only eccentricity e, is
present

factored axial resistance in biaxial flexure



Psmin:

vertical spacing of hoops (not exceeding 4 in)

reduction factor of concrete strength

stress block parameter

strain of concrete corresponding to its peak stress /...

strain of concrete at the ultimate limit state

allowable longitudinal non-prestressing steel ratio in a column

ratio of the volume of spiral reinforcement to the total volume of concrete core
minimum volumetric ratio of spiral reinforcement

equivalent lateral confining pressure for a spirally reinforced concrete column
resistance factor for members in axial compression



Table 1 — Rectangular Stress Block Parameters in Different Design Codes

Reference a, B, €u
0.85 for f'. < 4ksi
LRFD and ACI
85-0.05(f",-4) = 0.
318-02 (2002) 0.85 0.85-0.05(/",~4) 2 0.65 0.003
for f'.> 4ksi
, . 0.85 for f' < 4.35ksi
NZS 3101 (1995) | 083 for /% = Sk 0.85-0.05516(f".-4.35) > 0.65
(see Li, Park and | 0.85-0.02758(/".—8)20.75 ’ e 0.003
Tanaka 1994) for f' > 8ksi Jor f'.>4.35ksi
CSA A23.3 (1994) | 0.85-0.01034 1", > 0.67 0.97 -0.01724 /", 2 0.67 0.0035
: . 0.0035 for [, < 7.25 ksi
a, for 'y <725 ksi 0.80 for [, <7.25ksil 1305 Y
05— 1"
' —7.25 ' - RS
EC2-02 (2002) acc(l - f(kzg) 0.80 — % 0.0026 + 0.035( 145 )

Jor71.25ksi < f', <13.05 ksi

for125ksi< f', <13.05 ksi

Jor71.25ksi < ', <13.05 ksi

NS 3473 (1995)

0.0035 for ', < 8ksi

CEB-FIB (1990)

0.004-0.002 S
14.5

0.7
AFREM (1 8 10— —— ,
(1995) 085 (4.5 -0.1724 fJ 0.003
ACI 441-R96 0.85-0.05033(/".~10) 2 0.60 .
0.67 ' 210k .
(1996) Jor ' > 10ksi Jor 1.2 10ksi 0.003




Table 2 — Proposed Rectangular Stress Block Parameters in Different Publications

Reference a, B; €
S 0.85 for [ <10 ksi 0.85 for f', < 4.35ksi

éﬁ;ﬁam‘m ctal. | ¢ 85-0.05(f" ~10)= 0.60 0.85-0.05516(f".-4.35)20.65 | 0.003

for f',>10 ksi for [ > 4.35ksi
Ibrahim and 1 I

—J s —Le>
MacGregor (1997) | O35 7175 2 0.725 0.95---22070 0.003
Pendyala and 0.85-0.01724(/",-8.7) 0.65 —0.00862(f",—8.7) 0,003
Mendis (1998) for8.7ksi < f' <14.5ksi for8.Tksi < ' <14.5ksi '
1 -0.0998
1.2932[01:‘5J 2 0.71 for Dogbone Tests
. , -0.091
Attard and Stewart ” 00324 1.09 48( S ) >0.67 0.003
(1998) %470(6) > 0.58 for Sustain Load Test 0.145
0.145

0.85 for f'.<10.2 ksi 0.85 for f'. < 4.35 ksi 0.003 for f', < 8ksi
2%"021)“1 Bayrak 0.85-0.02758(/".~10.2) 2 0.67 0.85-0.02758(/",-4.35)2 0.67 | 0.0025 for /" = Sksi

Sfor f'.>10.2 ksi Sor f'.>4.35ksi

0.85 for [ < 4ksi 0.85 for [ < 4ksi
Ozbakkaloglu and ' .

) 0.85-0.01(/" -4) 2 0.72 0.85-0.014(f",~4)=0.67

Saatcioglu (2003) (f ¢ ) (f ¢ ) 0.003

Sfor . >4 ksi Jor f'. >4 ksi




Table 3 — Proposed Confinement Equations for NSC and HSC Columns

Reference Proposed Equations
Richart (1928) NSC: 7 = /' +4.10,
Xie, Elwi and NSC and HSC: fe _ _ Y 9
MacGregor (1995) o 1+(212-0057, !

Attard and Setunge
(1996)

21

NSC and HSC: Je

_ (Uz \ ljl.zs{no.oaz;’ﬂ(/; O

S :
0.703
Ansari and Li (1998) NSC and HSC: Jf: =1+ 2_45(/‘12}

Bing, Park and Tanaka
(2001)

HSC, NSR, Rectilinear, Circular: f = f' +40,
HSC, HSR, Circular: f_=f' +2.70,
HSC, HSR, Rectilinear: £ = 7' +1.90,

Table 4 — Confinement Requirements in Different Design Codes and Publications

Reference Requirement
P, 20. 45( 4, 1)( I ] for spiral reinforcement
Ac y
0, 20.12 L for spiral columns in seismic regions
LRFD Jy
Specifications o\ 4 £ 1 1 in seismi
o A, 20305k | L /Tg _1 | for rectangular columns in seismic
ACI 318-02 , S LA
(2002) regions
A, 20.12sh, J; ¢ | for rect. col. in seismic regions for LRFD
)
A, 20.09sh, J; ¢ | for rect. col. in seismic regions for ACI 318-02
)
NZS310195 | 85/, [.g Lol P 100065
3.3 AN S NS,
0.9
A
Ho and Pam p. =22 02-02 b, P e +0.008
(2003) A, S NS ) \ S




Table 4 — Confinement Requirements in Different Design Codes and Publications

(continued)
Saatcioglu 05 20.17 S'e for spiral,
and Baingo W
(1999) P = 0.43xPy, A/A, — 1 =0.23 and 0.05 lateral drift
2
I'c for spiral, AJA.— 1 =0.4
Razvi and Psmin 20.09f P At
Saatcioglu ,”
(1999) sy 2 0.14L for spiral, AJ/A.—1=10.4
: ;
f'. ;. for rectangular
Saatcioglu Psmin 2 0075k, &
and Razvi J
J'c . for rectangular
(1998) Psyy 20105k, g
yt
Bayrak and 5 0.82
P
Sheikh 4, :[Ash(m)]allﬂﬂﬁpj ]{(ﬂg“i)z 1
(1998) 0 :
18 T T
: ‘ ‘ T 120
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z o g
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Figure 1 — Axial Compressive Stress-Strain Curves for Different Strengths of Concrete
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Figure 3 — Test Data and Design Expressions for Modulus of Rupture of Concrete
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