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ABSTRACT

The ACI Building Code and the CSA Code A23.3 for the
design of concrete structures permit a moment magnifier
approach for design of slender composite beam-columns in which
a structural steel shape is encased in concrete. The AISC
LRFD Specifications for the design of Structural Steel
Buildings utilize the interaction equations for steel beam-
columns by converting the slender composite beam-column cross-
section into an equivalent steel column with modified cross-
section properties.

Both ACI and CSA approaches are strongly influenced by
the effective flexural stiffness (EI) of the column which
varies due to cracking, creep, and nonlinearity of the
concrete stress-strain curve. A procedure was developed to
obtain an effective flexural stiffness from the AISC
interaction equations that is comparable to the ACI and CSA
ET. However, the EI expressions given by the ACI and CSA
Building Codes and the comparable AISC EI are quite
approximate when compared with values of EI obtained from
moment, curvature, and axial load relationships. This study
was undertaken to determine the influence of a full range of
variables on EI of slender composite beam-columns subjected to
single axis bending about the major axis or minor axis of an
encased structural steel shape. To study the full range of

variables, 11880 composite beam-columns bending about the
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major axis and 11880 composite beam-columns bending about the
minor axis, each with a different combination of variables,
were used to generate the stiffness data. The EI expressions
were then statistically developed for use in slender composite

column design. Two design equations are proposed in this

report.
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1 - INTRODUCTION

The ACI Building Code (1989) and the CSA Code A23.3 for
the Design of Concrete Structures for Buildings (1984) permit
a moment magnifier approach for design of slender composite
beam-columns in which a structural steel shape is encased in
concrete. The AISC-LRFD Specifications (AISC Code 1986) for
the design of Structural Steel Buildings wutilize the
interaction equations for steel beam-columns by converting the
slender composite beam-column cross-section into an equivalent
steel column with modified cross-section properties.

The ACI and CSA approach uses the axial load obtained
from a first-order elastic analysis and a magnified moment
that includes the second-order effect caused by the lateral
displacement of the column. The ACI and CSA methods are
strongly influenced by the effective stiffness (EI) of the
column which varies due to cracking, creep, and the
nonlinearity of the concrete stress-strain curve. The EI
expressions given by the ACI Building Code (ACI 318-89
Equation 10-14) and the CSA Code (CSA CAN3-A23.3-M84 Equation
10-16) are identical and are reproduced here as Equation 1.1.

(Bolg/3) g T (1.1)

EI - ——— = _
1 +By S

in which E_ equals the elastic modulus for concrete; I, equals
the moment of inertia for the gross concrete cross-section; E
equals the elastic modulus of steel; I,s equals the moment of

inertia of the structural steel section taken about the axis
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of bending; and B; equals the ratio of maximum factored dead
(or sustained load) to maximum total factored load and is
always taken as positive. For short term loads, B; equals

zero and Equation 1.1 becomes:

ET = £ 9 + E  Teq (1.2)

The ACI Building Code also utilizes the expression for
reinforced concrete columns for determining EI (ACI 318-89

Equation 10-9) shown here as Equation 1.3.

0.4E_.T
ET = ¢S89 (1.3)
(l + Bd)

Again, B4 is equal to zero for short term loads and Equation

1.3 becomes Equation 1.4.
EI = 0.4E.I, (1.4)

Equation 1.4 was not included as part of this study because it
neglects the flexural stiffness of the encased structural
steel shape (E,I.;) that will in many instances exceed the
flexural stiffness calculated from Equation 1.4.

The expression given by the ACI Building Code and CSA
Code (Equation 1.2) does not include the effective stiffness
contributed by longitudinal reinforcing steel. The Commentary
on the ACI Building Code states that complete interaction
between the steel core, the concrete, and any longitudinal
reinforcing steel should not be assumed. The Commentary on

the ACI Building Code also says that "because of probable
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separation at high strains between the steel core and the
concrete, longitudinal bars will be ineffective in stiffening
cross sections even though they would be useful in sustaining
compression forces." An examination of test results collected
and analyzed as part of this study showed that this assumption
is not wvalid. This 1is especially a very conservative
assumption for cases where the EI of the properly confined
longitudinal reinforcing steel exceeds that of the encased
steel section.

The AISC-LRFD Specifications (AISC Code 1986) for the
design of Structural Steel Buildings does not compute the
effective flexural stiffness (EI) of a composite beam-column
as do the ACI Code and CSA Code. A procedure, described in
detail in Chapter 4, was developed to obtain effective
flexural stiffness from the AISC interaction equations. The
AISC EI so computed is comparable to the ACI EIT.

The understanding of slender column behaviour has
expanded during the past 15 to 20 years and analytical
procedures have become available to accurately model slender
composite beam-column stiffness and strength. However, no
studies have been completed to critically examine the
effective flexural stiffness of composite beam-columns. Mirza
(1990) conducted a study on the effective flexural stiffness
of reinforced concrete beam-columns.

This study was undertaken to determine the influence of

a full range of variables on the effective flexural stiffness
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of slender composite beam-columns bending about the major axis
and bending about the minor axis. In this study 11880
rectangular beam-columns were analyzed for bending about each

axis, each with a different combination of specified values of

variables. These beam-columns were used to generate the
stiffness data. EI expressions were then statistically
developed for use in slender composite column designs. The

composite columns studied were bent in symmetrical single
curvature in braced frames subjected to short term loads. The
moment magnifier approach specified in the ACI Building Code
was developed for this type of column. The effects of
different end ’restraints, locading conditions and lateral
supports are accounted for in the ACI Code through the use of
effective length factor (k), equivalent uniform moment diagram
factor (C,), and sustained load factor (Bg) -

The columns studied are graphically represented in Figure
1.1, and are similar to those investigated by Mirza (1990) for
slender reinforced concrete columns. These columns were
chosen because the errors in k, Cnr and By would not affect
the accuracy of the EI expressions derived in the later part

of this report.
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2 - THEORETICAL BEAM-COLUMN STIFFNESS AND STRENGTH

Two computer programs were used to analyze the

theoretical strength and stiffness of composite beam-columns.
One program for analyzing beam-columns bending about the major
axis, the other for bending about the minor axis. A computer
program previously developed at Lakehead University by Mirza
(1989) and revised by Skrabek and Mirza (1990) was further
revised and then tested for use in this study. The changes
implemented into the program for use in this study were: a)
ability to analyze theoretical beam-column strength for
bending about the minor axis (the original program was
developed for ﬁajor axis bending only); b) computation of the
theoretical effective stiffness EI of a beam-column, from the
theoretically calculated strength, by applying the secant-
modulus approach (the approach was similar to the one used by
Mirza(1990) for reinforced concrete beam-columns). A brief
flow chart of the computation procedure employed is show in
Figure 2.1.

The entire program consists of a main driver program, a
theoretical strength subroutine and a stiffness subroutine.
The main driver reads input, initiates the parametric study of
input data, calls the theoretical strength subroutine and the
stiffness subroutine, and saves the required output data for
later use. The theoretical strength subroutine computes the
theoretical strength of the composite cross section and

slender column with the help of 20 other subroutines. Using




READ INPUT VARIABLES

SELECT VARIABLES |

Y

CALCULATE CROSS~SECTION STRENGTH

y

CALCULATE MEMBER STRENGTH

y

CALCULATE THEORETICAL
EFFECTIVE FLEXURAL STIFFNESS
FOR COLUMN

y

OUTPUT DATA

ALL
VARIABLE

NO
COMBINATIONS

COMPLETED

END

Figure 2.1 - Flow chart of computation procedure.
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the secant-modulus approach, the stiffness subroutine
calculates the theoretical effective stiffness from the cross
section and slender column interaction diagrams developed by
the theoretical strength subroutine.

The theoretical strength subroutine (theoretical model)
and related subroutines are discussed in this chapter along
with the subroutine which was developed for determining the

theoretical effective stiffness.

2.1 DETERMINING THE THEORETICAL FLEXURAL STIFFNESS

In reviewing previous work no references were found that
presented a method for evaluating the theoretical flexural
stiffness of composite beam-columns.

Mirza (1990) presented a method for evaluating the
theoretical flexural stiffness of rectangular reinforced
concrete columns. Using the bending moment relationship
(secant formula) for a pin-ended slender column subjected to
equal and opposite end moments, given by Timoshenko and Gere
(1961), and the equation for Euler's buckling strength, Mirza
was then able to establish theoretical flexural stiffness, EI.

A method identical to that developed by Mirza (1990) for
determining the effective flexural stiffness of slender
reinforced concrete columns subjected to short term loads is
applied in this study for determining the effective flexural
stiffness of slender composite columns. Equation 2.1 is

specified by the ACI and CSA codes to establish the effective
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flexural stiffness of slender composite columns subjected to

short term loading.
EI = 0.2E. I + Eglgg (2.1)

In the above equation, E, is the modulus of elasticity for
concrete, I, is the moment of inertia for the gross concrete
cross section, E, is the modulus of elasticity for steel, and
I is the moment of inertia of the structural steel shape
about the centroidal axis of the composite cross-section. The
equation does not directly account for any stiffness
contributed by the reinforcing steel. This plus the use of a
constant value of the coefficient 0.2 to compute the column EI
introduce inaccuracies into the equation. Consequently,
Equation 2.1 neglects the effects of cracking of the concrete,
nonlinearity of the concrete stress-strain curve and other
factors. Therefore, a modified version of this expression is

proposed.
EI = @cEc(Ig -~ Tgg) + QgeElgs + @pgE I, (2.2)

in which @,, @z and a., are dimensionless reduction factors
(effective stiffness factors) for concrete, structural steel
and reinforcing steel, and I, is the moment of inertia of
reinforcement about the centroidal axis of the cross-section.
The effective flexural stiffness EI is equated to the
theoretically computed stiffness using the procedure described

and

in Section 2.1.1. The effective stiffness factors Bos Qgg

@,s are then determined using multiple linear regression,
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which is explained fully in Chapter 5 and 6. Note the
effective stiffness factor for concrete @, is dependent on a
number of variables which are also déscribed in Chapter 5 and

6.

2.1.1 Development of Theoretical Stiffness Equation
The secant formula given by Timoshenko and Gere (1961)
describes the bending moment relationship for a pin-ended

slender column subjected to equal and opposite end moments.

(2.3)

where M, is the design bending moment including second-order
effects, M, is the applied end moment calculated from elastic
analysis, P, is the axial load acting on the column, and P. is

Euler's buckling strength described by Equation 2.4.

2
nm? EI
P, = -2 (2.4)

in which EI 1is the effective stiffness and ¢ is the
unsupported height of the column. Rearranging Equation 2.3,

solving for P_, and simplifying yields:

M2 (2.5)
4 [ arcsec (_CIH
M
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Equating Equations 2.4 and 2.5 and solving for EI gives the

following expression:

p, 22

ET

4

M2 (2.6)
)

arcsec | =
(M

Then for the purpose of analysis, M. is replaced by the cross-
section bending moment capacity M.., and M, is replaced by the
overall column bending moment capacity M., ;, so that Equation

2.6 becbmes:

Mcs]r (2.7)

col

This expression gives the theoretical effective flexural
stiffness of a pin-ended slender column subjected to equal end
moments causing single curvature bending. The terms P, M,
and M., used in the equation were obtained from the column
axial load-bending moment interaction diagram (Figure 2.2)
computed by the program described in Section 2.4 and 2.5. The
stored value of M_,; and P,, for each desired eccentricity
ratio e/h, were used directly in the equation. The value of
P, was then used, using Lagrangian interpolation, to determine
a value of M., from the stored cross-sectional axial load-
bending moment interaction diagram and corresponded to the
desired axial 1load P, The procedure is documented in the

literature (Mirza 1990).
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AXIAL LOAD
\

M M

col cs

BENDING MOMENT

Figure 2.2 - Schematic cross-section and column axial load-
bending moment interaction diagrams.
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2.2 DETERMINING THE CROSS~-SECTION AND COLUMN STRENGTH

The theoretical model used in the study for determining
the cross section and slender column strength is the same as
that used by Skrabek and Mirza (1990). Skrabek and Mirza give
a detailed review of the techniques and assumptions that have
been used by Basu (1967) and others in previous studies of
composite beam-columns.

A summary of the description presented by Skrabek and
Mirza for the theoretical strength model was adopted for use
in this study and portions of their work are included
unaltered in this Section plus in Sections 2.3.1, 2.4, 2.5,
2.6, and 2.7. A detailed description of the theoretical
strength subroutine is given by Skrabek and Mirza (1990).

The theoretical strength program computes the moment,
curvature, axial load (M-¢-P) relationship for the cross-
section using a strain compatibility solution, discussed in
Section 2.4. The capacity of the member (beam-column) was
calculated by solving for the maximum eccentricity for which
equilibrium could be maintained between the ends and mid-
height of the beam-column. The procedure used to calculate
the beam-column strength is discussed in Section 2.5.

The assumptions regarding the 1loading and the end
conditions of the beam-columns are given in Figure 1.1. The
assumptions used in determining the theoretical strength are
as follows:

(a) strains between concrete and steel are compatible and no
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slip occurs;

(b) strain is linearly ﬁroporticnal to the distance from the
neutral axis;

(c) deflections are small such that curvatures can be
calculated as the second derivative of the deflection;

(d) shear stresses are small and their effect on the strength
can be neglected;

(e) effects of axial shorting are negligible;

(f) residual stresses in the rolled steel section exist;

(g) the column is perfectly straight before loading;

(h) the column cross-section is symmetric about the major and
minor axis; and

(i) failure does not take place by local or torsional
buckling.

Assumptions (a) and (b) were required for the strain
compatibility solution of the cross-section M-¢-P
relationship. Assumption (c) was needed for the calculation
of length effect due to the secondary moments. Assumptions
(d) and (e) were wused to simplify the calculations.
Assumption (f) acknowledges the existence of residual stresses
in the rolled steel section and is discussed in Section 2.7.
Assumption (g) was based on Wakabayashi's (1976) observation
that the encasement of the steel section in the concrete will
negate any detrimental effects of initial camber of the steel
section. Assumption (h) simplified the cross-section M-¢-P

calculations since discretization of only one-quarter of the
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cross-section was required to model the entire cross-section.
Assumption (i) was valid since a review of test data in the
literature did not indicate any failure by local or torsional
buckling. This assumption was also made by Bondale (1966
a,b,c) and would seem to be particularly valid where
rectangular hoops along with surrounding concrete stiffen the
compression flange of the steel section. Further assumptions
directly related to the stress-strain curve for individual

materials are discussed in Sections 2.6 and 2.7.

2.3 CROSS~-SECTION DISCRETIZATION

The cross-section of a composite column consists of three
materials (concrete, structural steel and reinforcing steel),
each possessing a unique stress-strain relationship. The
concrete was subdivided into three distinct types: unconfined,
partially confined and highly confined, with each of these
concrete types having different stress-strain characteristics.
The rolled steel section was separated into the web and the
flanges to account for the differences in their stress-strain
characteristics. Therefore, six different stress-strain
curves are used to represent the materials in the cross-
section shown in Figure 2.3.

Skrabek and Mirza (1990) point out that discretizing
between the three areas of concrete realizes the beneficial
effects that increased confinement has on concrete strength

and ductility,
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LONGITUDINAL
REINFORCEMENT STEEL WEB LATERAL TIES

[/
ZHIGHLY CONFINED
CONCRETE
PARTIALLY CONFINED
CONCRETE
UNCONFINED CONCRETE
ASSUMED PARABOLA

Figure 2.3 - Material types in composite cross-section.
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2.3.1 Discretization for Major Axis Bending

The cover concrete outside the 1lateral ties was
considered to be unconfined. The concrete inside the
periphery of the ties but outside the flanges of the steel
section was assumed to be partially confined. The concrete
within an assumed parabola and between the web and flangesbof
the steel section was assumed to be highly confined. This is
indicated in Figure 2.3. The assumed parabola had a vertex
intersecting the edge of the web at the mid-depth of the steel
section when the flange overhang was less than one-quarter of
the steel section depth between the flanges. The vertex of
the parabola at the mid-height of the steel section was,

otherwise, taken at a distance from the web d The term

vert"*
d,er+ depended on the flange width b, flange thickness t, depth
of steel section d, and web thickness w as indicated by

Equation 2.8.

Ayere = -
vert 2 4

(2.8)
dvert 2 0.0

The distance, parallel to the major axis, from the edge of the
web to parabola Whe-7 (Figure 2.4) for an elemental slice was

computed by Equation 2.9.

b - 2
( 5 = - dvert) dpc—l

B

in which dpe-1 is measured perpendicular to the major axis from

(2.9)

Whe-1 = dyere +
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the plastic centroid of the composite cross-section to the
centroid of the element.

The steel section was subdivided into two areas, the web
and the flanges, to account for the differences in yield
strengths of the two elements reported by Galambos and
Ravindra (1978), and Kennedy and Gad Aly (1980).

To calculate the M-¢-P relationship the computer
numerically integrates the forces throughout the cross-
section. To accomplish this the program discretizes the
cross-section into a finite number of strips parallel to the
major axis. Each strip, if required, is then further
discretized to account for the various material properties
contained within the strip. The thickness of the strip
perpendicular to the major axis is determined by the number of
strips requested, an input to the program. The width of each
material within a given strip is automatically calculated.
Fifty elemental strips for the entire cross-section were used
for the computer simulations described in Chapter 5.

To account for varying stresses due to residual stresses
along the width of the flange, the flange is discretized into
20 equal width elements perpendicular to the major axis. The
initial strain in each element due to residual stresses is
calculated with subsequent strains being added algebraically
to each element. The discretization for a typical 1/2-section
for major axis bending of a composite cross-section is shown

in Figure 2.4.
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2.3.2 Discretization for Minor Axis Bending

The procedure for discretization for minor axis bending
is similar to that of the major axis bending with some
differences.

As was in the case of major axis bending, the cover
concrete, outside the 1lateral ties, was considered to be
unconfined. The concrete inside the periphery of the ties but
outside the flanges of the steel section was assumed to be
partially confined. The concrete within an assumed parabola
and between the web and flanges of the steel section was
assumed to be highly confined. This is shown in Figure 2.3.
The assumed parabola had a vertex intersecting the edge of the
web at the mid-depth of the steel section when the flange
overhang was less than one-quarter of the steel section depth
between the flanges. The vertex of the parabola at the mid-
height of the steel section was, otherwise, taken at a
distance from the web d,er+ Which depended on the flange width
b, flange tip thickness t;, depth of steel section d, and web

thickness w as indicated by Equation 2.10.

b-w _ d-2t;

d =
vert 2 4

(2.10)

v

dyers 2 0.0

The distance, parallel to the minor axis, from the edge of the
flange at the tapered end to the parabola Wpe-s (Figure 2.5)

for an elemental slice was computed by Equation 2.11.
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wi| | d 12
d dpc—2 - dyere - 3 ﬁi -ty (2.11)
Whe-2 = 5 = tr1 - P ]
( 5 dvert}

in which dpcﬂ?is measured perpendicular to the minor axis from
the plastic centroid of the composite cross-section to the
centroid of the element. The flange thickness t,; at centroid
of the desired element varies to take account for tapered
flanges and is determined by Equation 2.12.

d - Z} f2 -t (2.12)

b -w
2

in which ¢, is the thickness of the flange at the web-flange
juncture.

Tapered flanges were not included as part of the study of
effective flexural stiffness described in Chapter 6. It was
necessary, however, to include the effect of tapered flanges
for the calibration of the computer model because the majority
of physical tests gathered from available literature were for
tapered flanges.

The steel section was subdivided into two areas, the web
and the flanges, to account for the differences in yield
strengths of the two elements reported by Galambos and
Ravindra (1978), and Kennedy and Gad Aly (1980).

To calculate the M-¢-P relationship the computef
numerically integrates the forces .throughout the cross-

section. To accomplish this the program discretizes the
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cross-section into a finite number of strips parallel to the
minor axis. Each strip, if required, is then further
discretized to account for the various material properties
contained within the strip. The thickness of the strip
perpendicular to the minor axis is determined by the number of
strips requested, an input to the program. The width of each
material within a given strip is automatically calculated.
Fifty elemental strips for the entire cross-section were used
for the computer simulations described in Chapter 6.

To account for varying stresses due to residual stresses
along the width of the web, the web is discretized into 20
equal width elements perpendicular to the minor axis. The
initial strain in each element due to residual stresses is
calculated with subsequent strains being added algebraically
to each element. The discretization for a typical 1/2-section
for minor axis bending of a composite cross-section is shown

in Figure 2.5.

2.4 CROSS-SECTION STRENGTH

To determine cross-section strength, which is represented
by an axial load-bending moment (P-M) interaction diagram, the
relationship between bending moment, curvature and axial load
(M-¢-P), similar to the one shown in Figure 2.6, was
established. The maximum moment from the moment-curvature
relationship (Figure 2.6) for a given axial load level

represents one point on the cross-section P-M interaction
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g, — vyielding of flange in tension zone
¢2 — spalling of concrete cover begins
ﬁs — concrete cover spalled off .
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ﬁ4 — rupture of tension flange
My — maximum bending moment
(strain—hardening neglected)
My — maximum bending moment
(strain—hardening considered)
Figure 2.6 - Schematic M-¢-P relationships for composite

cross-section.
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diagram. To accurately define the interaction diagram (Figure
2.7), approximately 48 points (48 axial load levels) were
needed for both the major axis bending (Figure 2.7 (a)) and the
minor axis bending (Figure 2.7(b)). To determine the M-¢-P
relationship, the maximum axial load 1level which can be
applied to a cross-section at its plastic centroid (pure
compression capacity) was first established. This defined the
range of axial load to be examined. An iterative technique
was employed to determine the pure axial load capacity by
incrementing the strain from the lowest strain at peak stress,
obtained from the stress-strain relationships for the six
material typeé, to the highest strain at peak stress and
calculating the load at each strain level. The maximum axial
load calculated during the iterative process was taken as the
cross-section concentric axial load capacity, thus
establishing the péint on the P-M interaction diagram that
corresponds to zero bending moment.

The distance DNA between the neutral axis and the
plastic centroid, shown in Figure 2.8, must be known to
determine the M-¢-P relationship. By wusing a strain
compatibility solution for a given curvature ¢ and depth of
neutral axis DNA, the equilibrium forces of axial load P and
bending moment M can be calculated.

An iterative procedure was used to create a matrix of P
versus DNA values. By assuming a starting curvature, and

holding this value constant, the depth of the neutral axis DNA
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columns subjected to bending about the (a) major axis and (b)
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was varied and the corresponding axial force calculated.
Linear interpolation and the extended Newton-Raphson technique
(Kikuchi, Mirza and MacGregor 1978) was used to converge to
the correct DNA value for each desired axial force. The
bending moment corresponding to the curvature, neutral axis
position and the axial force was then calculated.

The curvature was then incremented creating a new matrix
of P versus DNA values and new bending moment calculated. The
curvature was incremented until the concrete cover on the
compressive side of the cross-section had spalled off to
ensure that the maximum bending moment for the desired axial
force was obtained.

However, when strain hardening was considered at low
axial 1load 1levels (less than 20 percent of the pure
compression capacity), the maximum bending moment occurred at
very high curvature values long after the spalling of the
concrete. For these cases, the tension flange of the steel
section was monitored at each curvature increment and if
rupture of the tension flange was imminent, no further points
were calculated for that axial load level. It should be noted
that the effect of strain hardening was only used for the
comparison of theoretical model to experimental results
discussed in Chapter 3.

This procedure, outlined in Figure 2.9, created the
required M-¢-P relationship. The data when plotted is similar

to the data plotted in Figure 2.6. When the moment versus
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Figure 2.9 - Flow chart for computation of M-¢-P relationships
for composite cross-section.
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curvature diagrams were completed for all of the desired axial
load levels, the maximum bending moment for each axial load
level is stored. These bending moments paired with the
corresponding axial loads form the P-M interaction diagram
(Figure 2.7). The program then proceeds to the slender column

subroutine for lengths greater than zero.

2.5 SLENDER BEAM-COLUMN STRENGTH

The bending moment capacity of a beam-column at a given
axial load level is lower than the capacity of the cross-
section. A béam—column of length ¢ deflects laterally when
subjected to an eccentric axial load and is subjected to
additional moment at its mid-height. A column bending in
single curvature under equal end eccentricities was modeled in
this study (Figure 1.1). Therefore, secondary moments at the
mid-height caused by the axial load acting through additional
eccentricity become signifiéant in slender columns and control
the maximum applied end moment.

In order to construct the slender beam-column P-M
interaction diagram, the program calculates the maximum end
moment corresponding to the desired axial load level. To be
stable the internal forces at the mid-height of the beam-
column and the ends must be in equilibrium with the applied
external forces. As the end eccentricity is increased for the

given axial load, there is a corresponding increase in lateral
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deflection and secondary moment until the material at mid-
height fails. The long column bending moment capacity is the
bending moment acting at the ends of the column at failure.

The concentric load capacity of a slender column was not
utilized in examining the flexural stiffness of a beam-column.
However, for the comparison of experimental results to
theoretical results, described in Chapter 3, the concentric
load capacity was determined.

Therefore, just as for the cross-sectional strength, the
concentric axial load capacity for the slender column was
calculated first in the development of the P-M interaction
diagram. The‘tangent modulus theory, used by Wakabayashi
(1976) and Basu (1967), was used to calculate this load. The
use of the tangent modulus theory requires the assumption that
no initial camber exists in the steel section, because the
theory can only be applied to columns that are perfectly
straight.

A concentrically loaded slender column fails by buckling
before the material strength is exceeded. The ultimate
buckling stress for a column of homogeneous material is given

by the tangent buckling formula shown in Equation 2.13.

2
- _TEe (2.13)

fer 5
(ke /r)

Substituting 1.0 for the effective length factor k%, and
the square root of the moment of inertia divided by the area

(VI/A) for the radius of gyration r, Equation 2.13 can be
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rewritten as:

2
T E.I (2.14)

where P_,. is the column buckling load.

Equation 2.14 must be applied independently to the six
materials present in a composite column, each material
possessing independent stress-strain curves. The sum of all
six tangent buckling strengths gives the tangent buckling load
for the colunmn. Wakayabashi (1976) proposed a similar
procedure. To account for the six independent materials,

Equation 2.14 takes the following form:

i=6 7[2 i=6
Por = ) (forAi) = — Y (EIy) (2.15)
i=1 £ i1

An iterative technique was used to solve Equation 2.15
because the tangent elastic modulus of an element is a
function of the stress in the element. This was accomplished
by adjusting the axial strain in the column until the load
calculated by each side of Equation 2.15 was less than 1 pound
(4.45 N). Thus establishing the point on the slender column
P-M interaction diagram that corresponds to the maximum
concentric load and zero bending moment.

The method for establishing the points other than the
pure compression capacity on the slender beam-column pbP-M
interaction diagram determines the maximum end eccentricity

sought for each desired axial load level and is described as
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follows:

(a) Assume a mid-height deflection of the column.

(b)' Find the end curvature which corresponds to the desired
deflected shape.

(c) Find the bending moment corresponding to the end
curvature from the cross-section M-¢-P relationships and
calculate the end eccentricity.

(d) Add the end eccentricity to the assumed mid-height
deflection and calculate a new bending moment at the mid-
height of the column.

(e) If the bending moment calculated in (d) is less than the
maximum bending moment from the cross-section M-¢-P
relationship, increase the mid-height deflection and
répeat the process starting from item (a). If the
bending moment calculated in (d) is greater than the
maximum bending moment from the cross-section M-¢-P
relationship, the end eccentricity calculated in item (d)
from the previous iteration is used to compute the
maximum end bending moment.

To represent the deflected shaped of a pin-ended column,

a fourth order parabola suggested by Quast (1970) was used.

The mid-height deflection is given by Equation 2.16
X e (
A = =~ + 1€ (2.16)
m- 10 [q’”’ 4]

where ¢, and $. are the curvatures at mid-height and the

column ends, respectively; £ is the length of the column; and
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4, is the mid-height deflection of the column as shown in
Figure 1.1.
The total mid-height eccentricity e, is the sum of the
assumed mid-height deflection 4, from Equation 2.16 and the

end eccentricity e as shown in Equation 2.17.
e, =e + A, (2.17)

Substitution of Equation 2.16 into 2.17 and rearranging

to solve for the end eccentricity yields Equation 2.18.

2
e=et—[%) (¢m+ %} (2.18)

The mid-height eccentricity e, can be calculated by
dividing the mid-height bending moment by the axial load as

shown in Equation 2.19.

M

m .19
- (2.19)

et=

Substitution of Equation 2.19 into 2.18 gives the simple
relationship between the end eccentricity (e), mid-height
moment (¥,), the mid-height curvature (¢p) and the end

curvature (¢,) as shown in Equation 2.20.

Mn 22 Pe
e = — - —_ + (2'20)
[P] (10} ["’"’ ;
The program uses Equation 2.20 and the cross-section M-¢-
P relations previously calculated to solve for a combination

of end eccentricity, mid-height deflection and mid-height

curvature that are in equilibrium. Figure 2.10 outlines the
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Figure 2.10 - Flow chart for computing slender column M-¢-P
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procedure. Values for the mid-height curvature are
incremented from a minimum value (the smallest curvature from
the cross-section M-¢-P relationship corresponding to desired
axial load) until a maximum end bending moment is calculated.
For each mid-height curvature value assumed, values of the end
curvature are tested and.incremented from the minimum value
until an equilibrium combination is found. The largest
curvature that can be attained at mid-height is the one that
corresponds to the maximum moment from the M-¢-P diagram for
the axial load. Once all possible mid-height curvatures have
been investigated, the largest end bending moment calculated
becomes one point on the slender beam-column P-M interaction
curve. The process is then repeated to complete the entire

slender beam column P-M interaction curve.

2.6 MATERIAL STRESS-STRAIN CURVES

A composite beam-column is represented by six different
materials, each characterized by a distinct stress-strain
relationship as indicated earlier in Section 2.3. Three of
the six materials are unconfined, partially confined and
highly confined concrete. The flange and web of the rolled
steel shape account for two more of the material types. The
longitudinal reinforcing steel makes up the sixth material
present in the cross-section. The six materials are shown in

Figure 2.3.
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2.6.1 Stress-sStrain Curves for Concrete

The distinction between the concrete areas, defined in
Section 2.3, recognizes the differencés inherent in the
stress-strain relationship due to the confining action of the
rectangular lateral ties, the longitudinal reinforcing steel
bars and the rolled steel section. Concrete confinement
increases both compressive strength of concrete and ductility.
Park, Priestly and Gill (1982) , Sheikh and Uzemeri (1982),
and Sheikh and Yeh (1986) developed methods to determine the
beneficial effects of increased compressive strength and
ductility of concrete for reinforced concrete columns.
Methods to determine the effect of confinement on the concrete
tensile stress-strain relationship are not available.
Therefore, identical tensile stress-strain relations for all
types of concrete confinements was assumed. The stress-strain
relationships presented in this Section are based on static
loading conditions.

Based on the recommendation of Skrabek and Mirza (1990)
and the findings of Llewellyn (1986), a modified version of
the Kent and Park (1971) curve (Figure 2.11) for unconfined
concrete was used to describe the stress-strain relationship
for concrete outside the perimeter of the lateral ties in this
study. Equation 2.21 represents the curve between the origin
and the peak stress, and the descending branch of the curve
between the peak stress and the stress at ultimate strain is

described by Equation 2.22.
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Figure 2.11 - Unconfined concrete compressive stress-strain

relationship used in theoretical strength subroutine.
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Figure 2.12 - Partially confined concrete compressive stress-
strain relationship used in theoretical strength subroutine.
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/| 2€c [ec]2 (2.21)

(2.22)

where Z = __9.5
€50u ~ €o
3+ eofé
and €50y = ————
fo - 1000

For SI conversion replace 3 by 0.0207 MPa and 1000 by 6.895
MPa. The strain at the peak stress (e,) was allowed to vary
as a function of the concrete strength (Equation 2.23) rather
than a constant value of 0.002 suggested by Kent and Park

(1971).

/
2L (2.23)

For partially confined concrete Skrabek and Mirza (1990)
investigated the Modified Kent and Park Curve (Park, Priestly
and Gill 1982), and the Sheikh - Uzumeri Curve (1982) for
their applicability to composite columns and found them to
produce similar results. The Modified Kent and Park Curve
(Figure 2.12) was used in this study to model the partially
confined concrete in the composite cross-section, as was used
by Skrabek and Mirza (1990). The Modified Kent and Park Curve

assumes that the degree of confinement is a function of the
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concrete cylinder strength f'_, the vertical spacing of the
ties s;,, the ratio of volume of lateral ties to volume of
concrete core p.,, and the yield strength of the horizontal
ties fon- The ascending portion of the curve between the
origin and the peak stress is described by Equation 2.24 while

Equation 2.25 describes the descending branch of the curve.

2¢€ €. )2
£, Kfé c _ c (2.24)
Ke, |Xe,
f
where K=1+ Ps /Yh
fC
fo = K£/, [1 —Z(EC-KGO)}Z 0.2Kf/, (2.25)
where Z = 0.5

/
3 +K e f
and €500 = — o c
£l - 1000
3 n'’
and 650}2 = .—.ps —_—
2 55

In the equation above, h” is the out to out width of the
lateral ties. For SI conversion replace 3 by 0.0207 MPa and
1000 by 6.895 MPa.

The Modified Kent and Park Curve used by Skrabek and

Mirza to model the heavily confined concrete between the web
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and flanges of the rolled steel shape was also used in this
study. The peak stress in the heavily confined concrete was
assumed to be maintained at all strains beyond the peak
stress. Figure 2.13 describes the assumed stress-strain curve
for heavily confined concrete.

Thé tensile stress-strain curve used in this study is
shown is Figure 2.14. A linear stress-strain relationship
from the origin to the modulus of rupture was assumed with the
elastic modulus for tension assumed equal to the modulus of
elasticity in compression. The work of Skrabek and Mirza
(1990) shows that this simple model suggested by Park and

Pauley (1975), and Mirza and MacGregor (1989) was sufficient.

2.6.2 Stress-Strain Curves for Steel

An elastic-plastic stress-strain curve was assu;ed to
describe the behaviour of both the structural steel and the
longitudinal reinforcing steel. Strain-hardening was not
included for the study of stiffness described in Chapter 5 and
6, but was included for calibration of the strength model
described in Chapter 3. The stress-strain curve for
compression was assumed to be the same as that for tension.

A second order parabola was used to describe the strain-
hardening portion of the stress-strain curve. At ultimate
strain the slope of the strain hardening curve was assumed to

be equal to zero.

The variables used by the program to describe the stress-
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Figure 2.13 - Heavily confined concrete compressive stress-

strain relationship used in theoretical strength subroutine.
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Figure 2.14 - Concrete tensile stress-strain relationship used
in theoretical strength subroutine.
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strain curve for structural steel shown in Figure 2.15 are the
elastic modulus E., the yield stress f}s, the strain at the
onset of strain hardening €...,,, the initial tangent slope of
the strain hardening curve E. . ,,, and the ultimate stress f,.

The variables used by the program to describe the stress
strain curve for reinforcing steel shown in Figure 2.16 are
the elastic modulus E,., the yield stress f&r, the strain at
the onset of strain hardening €, ,,, the ultimate stress £,

and the ultimate strain €ure

2.7 RESIDUAL SfRESSES IN STRUCTURAL STEEL

Residual stresses are due to uneven cooling of component
parts during the manufacturing process. Skrabek and Mirza
(1990) found that the work of LaChance and Hays (1980), Virdi
and Dowling (1973), and Mirza (1989) made it evident that
residual stresses can significantly vary the strength of a
composite beam-column. For this reason the effect of
residual-stresses was accounted for in this study.

A detailed analysis by Skrabek and Mirza (1990)
determined that using Young's (1971) model (Equation 2.26) to
predict the residual stresses at the flange tips combined with
the model by Galambos (1963) (Equation 2.27) to predict the
residual stresses at the flange-web juncture provides the best.
overall prediction of measured values reported by Beedle and

Tall (1960).
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subroutine.
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A
orft==-24,ooo(1 _'175%}] (2.26)
bt
= - 2.27
Ortw = “Orft |57 (d = 2t)] ( )

A linear distribution was assumed for the residual stresses.
In Equation 2.26 0,.. is the residual stress at the tips of
the flanges, A, is the area of the web, and A; is the area of
both flanges of the steel section. 1In Equation 2.27 Opfy 1S
the residual stress at the flange web juncture, b is the
flange width, t is the flange thickness (average thickness for
tapered flanges), w is the web thickness and d is the depth of
the structural steel shape. For SI conversion of Equation

2.26, replace 24,000 psi by 165 MPa.

Using a trial and error method, described below, the
program calculates the required residual stress at the mid-
depth of the web to maintain force equilibrium of the steel
section:

(a) Determine the net force in the flanges due to residual
stresses.

(b) Determine whether the mid-depth of the web is in tension
or in‘compression in order to achieve equilibrium.

(c) Calculate the mid-depth residual stress assuming a
triangular stress distribution in the web (Figure
2.17(a) (i) or 2.17(b) (i)).

(d) TIf the residual stress computed in (c) exceeds 50 percent

of the web yield stress, try a trapezoidal distribution
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Figure 2.17 - Residual stress distribution in wide flanged

steel shapes used in theoretical strength subroutine.
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(Figure 2.17(a) (ii) or 2.17(b) (ii)) assuming a value of
50 percent of the web yield stress as the mid-depth
stress. Increase the zone of mid-depth stress to a

maximum of 90 percent of the web depth (Figure

2.17(a)(iii) or 2.17(b)(iii) or until equilibrium is
achieved.

(e) If equilibrium is not reached in (d) increase the mid-
depth stress by another 5 percent of the web yield stress
and repeat with the trapezoidal distribution for the web
residual stresses.

Item (e) is repeated until equilibrium is achieved. This
procedure balanced the residual stresses in the steel section

before the residual stress in the web reached yield stress

level. The theoretical program can be used with or without
the above-noted residual stresses in the rolled steel section
depending what is desired. For this study, however, the
residual stresses were included in the analysis of strength as

indicated earlier.
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3 - COMPARISON OF THEORETICAL MODEL TO EXPERIMENTAL RESULTS

To test the accuracy of the theoretical model, the
ultimate strengths predicted by the theoretical subroutine
were compared to the ultimate strengths of physical
experimental test results gathered from published literature.
No new tests were conducted for this study. The load cases
studied for major and minor axis bending are examined
individually and are discussed in detail in the Section 3.1
and 3.2. Data gathered for examination for bending about
major and minor axis of the steel section included concentric
loading, eccentric loading causing bending about an axis, and
pure bending about an axis for columns with slenderness ratios
£/h (length to overall concrete cross-section depth) ranging
from 2.0 to 45.0.

Problems which were encountered while interpreting the
experimental results for some of the test data gathered from
available literature are summarized below:

1) The specified length of some specimens was unclear,
especially when haunches were used at the ends of the
column. This pertains to tests conducted by Stevens
(1965) .

2) Information regarding the reinforcement was in some cases
insufficient with respect to quantity, position, and
yield strength. This pertains to tests conducted by
Stevens (1965) and Bondale (1966).

3) The way the concrete strength was determined from cubes
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was unclear for some test results (cube tested parallel

or perpendicular to the direction of casting). This

pertains to tests conducted by Stevens (1965), Bondale

(1966), Procter (1967), Janss and Anslijn (1974), Janss

and Piraprez (1974), Roik and Mangerig (1987), and Roik

and Schwalbenhofer (1988).

4) Test specimens were in some cases very small. This
pertains to tests conducted by Stevens (1965) and Bondale
(1966) .

For some of the physical tests, 4~-inch, 6-inch and 8-inch
cube specimens were tested to establish concrete strength,
instead of the "standard" 6-inch diameter by 12-inch high
cylinders. In these cases the strength reported was converted
to an equivalent cylinder strength.

Many different factors for obtaining and equivalent
cylinder strength from cube strength have been employed by
other authors over the years. Roderick and Rogers (1969) and
Roderick and Loke (1974) utilized Equation 3.1 recommended by

Evans (1943).
£l = 1.035u - 700 (3.1)

in which both the cube strength (u) and the cylinder strength
(f',) are in pounds per square inch. Virdi and Dowling (1973)
reported a factor of 0.64 for converting the strength of a 6-
inch cube to an equivalent cylinder. Furlong (1976) appears

to have used 0.8 times the 4-inch cube strength to obtain an
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equivalent 6-inch cylinder strength. May and Johnson (1978)
applied a factor of 0.76 for obtaining an equivalent cylinder
strength from a 6-inch cube. Roik and Bergmann (1989) used
0.83 times the 4-inch cube strength and 0.85 times the 8-inch
cube strength to obtain an equivalent 6-inch cylinder
strength.

Eight physical tests on columns by Bondale (1966), four
for major axis bending and four for minor axis bending, that
were used in this study were also compared by Basu (1967) to
his theoretical model. Basu's work indicated that if a ratio
of the 4-inch cube strength to 6-inch cylinder strength‘is
taken as 0.80 as opposed to 0.67, it will change the tested to
theoretical strength ratio by approximately 10 percent for the
eight columns tested by Bondale.

It was decided that two equations would be used, when
necessary, to obtain an equivalent cylinder strength from a
given cube. Equation 3.2, which is based on the statistical
theory of brittle fracture of solids (Bolotin 1969), as
reproduced by Mirza, Hatzinikolas and MacGregor (1979), is
utilized to account for the difference in strength due to

volume difference of a cube with respect to a 4-inch cube.

1
Vo—j

A

(3.2)

f=f,]0.58 + 0.42

In Equation 3.2, f, and v, represent the concrete strength and
volume of a 4-inch cube, and f and v are the concrete strength

and volume of a cube of the desired size (6-inch in this




51
study). L'Hermite's equation (1955) (Equation 3.3) reproduced
by Neville (1973) was then applied to convert the 6-inch cube
strength to that of an equivalent é6-inch diameter by 12-inch

long cylinder.

/ £ 3.3
£l = [0.76 + 0.21og (28‘2‘0)] Fey (3.3)

in which f_, is the 6-inch cube specimen strength and £,
represents the 6-inch cylinder strength in psi. For SI units
replace 2840 psi with 19.6 MPa.

In a number of cases only the nominal values for the
strength of the structural steel and reinforcing steel were
reported with the physical test data. In most cases, however,
actual tests were performed to determine the yield strength of

the structural steel and the reinforcing steel.

3.1 COMPARISON OF THEORETICAL STRENGTH OF COLUMNS SUBJECTED

TO MAJOR AXIS BENDING TO EXPERIMENTAL RESULTS

The accuracy of the theoretical model for columns
subjected to major axis bending was initially checked against
81 physical tests gathered from Bondale (1966), May and
Johnson (1978), Morino et al. (1984), Procter (1967), Suzuki
et al. (1983), Roik and Mangerig (1987), and Roik and
Schwalbenhofer (1988). Sixteen more physical tests of columns
subjected to major axis bending were located since the
completion of the work by Skrabek and Mirza (1990). Five of

the physical tests were eventually excluded from the
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comparison for reasons that will be discussed later in this
section.

A brief description of the 81 physical tests used for the
comparison of tested to theoretical strength for columns
subjected to major axis bending is given in Table 3.1.
Included with the information on material properties and
specimen configuration shown in Table 3.1 is the ratio of
tested to calculated ultimate strengths (strength ratio) for
each of the 81 beam-column specimens. A strength ratio was
taken as the ratio of the bending moment strengths for e/h=w,
and the ratio of the axial 1load capacities for e/h<w.
Detailed descfiptions of material properties and specimen
configuration for each beam-column are given in Table Al of
Appendix A. The plot of tested strength against the
theoretical strength (Figure 3.1) indicates that the magnitude
of error increases proportionally with an increase in
strength, which is expected since the percentage of error
remains relatively constant.

The calculated mean, coefficient of variation and
coefficient of skewness for strength ratios of all beam-column
specimehs listed in Table 3.1 are shown in Table 3.2. The
statistical analysis shown in Table 3.2 was subdivided into
two categories, based on the slenderness ratio (2/h) . The
columns with an 2/h less than 6.6 are assumed to be short
columns and long columns are assumed to have 2/h greater than

or equal to 6.6. The data was further categorized into four
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Table 3.1 - Specimen Configuration for Composite Columns Subjected to Bending
about the Major Axis used for Ratio of Test to Calculated Ultimate Strength
Author Col. h b f'e Pss Prs P ssfyss 2/h e/h Tested Theor. Strength
Desig. (in.) {in.) (psi) —T.—'_ Strength Strength  Ratio
c

Bondale RS 60.3 6.00 375 4506 0.0653 0.0062 0.649 100 0500 55.8 47.0 1.188
(1966) Rs 80.2 6.00 375 4382 0.0653 0.0062 0.667 13.3 0.333 70.1 55.8 1.257
RS 100.1 600 375 4260 0.0653 0.0062 0.687 16.7 0.167 92.3 72.9 1.265

R81200 600 375 4700 0.0653 0.0062 0.622 20.0 0.000 107.1 115.3 0.929

May & RC1 7.87 7.87 4308 0.0745 0.0028 0727 81 0112 301.2 282.2 1.067
Johnson RC3 7.87 7.87 3390 0.0745 0.0028 0824 81 0136 3057 239.1 1.279
(1978) RC4 787 787 5191 0.0745 0.0028 0603 148 0.197 191.1 217.9 0.877
Morino A4-980 6.30 6.30 3080 0.0870 0.0036 1.481 58 0250 166.5 121.4 1.372
etal. B4-90 630 6.30 3393 0.0870 0.0036 1.302 144 0250 1146 104.0 1.102
(1984) C4-80 6.30 6.30 3379 0.0870 0.0036 1.177 21.7 0.250 93.9 83.0 1.131
D4-90 6.30 630 3074 0.0870 0.0036 1.474 289 0.250 64.7 63.5 1.019

A8-90 6.30 6.30 4872 0.0870 0.0036 0953 58 0469 118.1 98.6 1.197

B8-90 630 630 4829 0.0870 0.0036 0.957 144 0.469 94.0 84.3 1.114

C8-90 6.30 630 3567 0.0870 0.0036 1.305 21.7 0.469 68.0 62.5 1.089

D8-s0 630 6.30 3321 0.0870 0.0036 1.399 28.9 0.469 50.1 492 1.020

Procter S1 11.00 8.00 4722 0.0484 0.0000 0.432 22 0.000 470.4 522.9 0.900
(1967) Ss2 11.00 8.00 4722 00484 0.0000 0432 22 0.000 4816 522.9 0.921
S3 12.00 8.00 5407 0.0520 0.0000 0410 20 0.000 698.9 642.1 1.088

S4 1200 800 5407 00520 0.0000 0.410 20 0.000 703.4 642.1 1.095

1 1125 8.00 4722 0.0473 0.0000 0422 117 0533 1322 127.7 1.035

2 1125 800 4722 0.0473 0.0000 0.422 11.7 0.800 87.4 87.4 1.000

3 1125 800 4722 0.0473 0.0000 0422 11.7 0.000 470.4 508.0 0.926

4 11.25 800 4722 0.0473 0.0000 0422 117 0.533 1434 127.7 t.122

5 11.25 800 5407 0.0473 0.0000 0.369 11.7 0.800 91.8 90.5 1.015

6 1200 800 5407 0.0520 0.0000 0410 110 0750 129.9 114.1 1.138

7 1200 8.00 5407 0.0520 0.0000 0.410 11,0 0500 199.4 168.6 1.183

8 1200 800 5407 0.0520 0.0000 0.410 11.0 0.000 560.0 613.6 0.913

9 1125 8.00 6007 0.0473 0.0000 0.332 11.7 0.267 2688 243.5 1.104

10 1125 8.00 6007 0.0473 0.0000 0.332 117 0.267 2509 243.5 1.030

11 1200 8.00 6007 0.0520 0.0000 0.369 11.0 0.000 533.1 658.5 0.810

12 1200 800 6007 0.0520 0.0000 0.369 11.0 0.250 3158 290.9 1.086

Suzuki LH-000-C 827 827 4785 0.0290 0.0021 0274 29 0.000 380.0 366.4 1.037
etal, LH-020-C 827 827 4785 0.0200 0.0021 0274 29 0.000 374.3 429.4 0.872
(1983) LH-040-C 827 827 4785 0.0290 0.0021 0.274 29 0000 374.3 398.0 0.940
LH-100-C 827 827 4785 0.0280 0.0021 0.274 29 0.000 3858 379.2 1.017

RH-000-C 827 827 4858 00546 0.0021 0624 2.9 0000 547.0 462.7 1.182

RH-020-C 827 827 4858 0.0546 0.0021 0624 29 0.000 561.4 523.7 1.072

RH-040-C 827 827 4858 00546 0.0021 0624 29 0000 521.1 493.4 1.056

RH-100-C 827 827 4858 0.0546 0.0021 0.624 29 0000 521.1 475.2 1.097
HT60-000-C 827 827 4858 0.0600 0.0021 1.035 29 0.000 5988 562.8 1.064
HT60-020-C 827 827 4858 0.0600 0.0021 1.035 29 0000 656.4 674.0 0.974
HT60-040-C 827 827 4858 0.0600 0.0021 1.035 29 0.000 6622 639.2 1.036
HT60-100-C 827 827 4858 0.0600 0.0021 1.035 29 0.000 627.6 611.8 1.026
HT80-000-C 8.27 827 4858 0.0633 0.0021 1.480 29 0.000 716.9 626.3 1.145
HT80-020-C 827 827 4858 0.0633 0.0021 1480 29 0.000 7342 797.3 0.921
HT80-040-C 827 827 4858 0.0633 0.0021 1480 29 0000 7284 759.4 0.959
HT80-100-C 827 827 4858 0.0633 0.0021 1.480 29 0.000 711.1 721.0 0.986
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Table 3.1 - Continued
Author Col. h b ! c Pss Prs pssfyss 2/h e/h Tested Theor. Strength
Desig. (in.) (in.) {psi) 1 Strength Strength  Ratio
c

Suzuki HT80-000-CB 8.27 827 4423 0.0423 0.0021 1.060 29 0.874 110.4 104.0 1.061
etal. HT80-020-CB 827 827 4423 0.0423 0.0021 1.060 29 1.062 1104 108.7 1.016
(1983) LH-000-B 827 827 4292 0.0280 0.0021 0.306 29 inf. 27.4 27.8 0.988
LH-020-B 827 827 4597 0.0290 0.0021 0286 29 inf, 294 32.1 0.916
LH-040-B 827 827 4524 00290 0.0021 0290 29 inf. 28.2 30.1 0.939
LH-100-B 827 827 4365 0.0290 0.0021 0.301 29 inf. 28.2 28.0 1.008
RH-000-B 827 827 4858 0.0546 0.0021 0624 29 inf. 48.9 52.1 0.940
RH-020-B 827 827 4858 0.0546 0.0021 0.624 2.9 inf. 54.5 56.9 0.958
RH-040-B 827 827 4858 0.0546 0.0021 0.624 29 inf. 83.3 45.5 1.171
RH-100-B 827 827 4858 00546 0.0021 0624 29 inf. 50.9 52.3 0.974
HT60-000-B 827 827 4814 0.0600 00021 1.045 29 inf. 68.8 73.4 0.937
HT60-020-B 8.27 827 4814 0.0600 0.0021 1.045 29 inf. 79.2 79.7 0.993
HT60-040-B 827 827 4814 0.0600 0.0021 1.045 2.9 inf. 77.2 76.2 1.013
HT60-100-B 827 827 4814 0.0600 0.0021 1.045 29 inf. 72.0 75.9 0.949
HT80-000-B 827 827 4771 0.0633 0.0021 1507 29 inf. 93.5 98.8 0.946
HT80-020-B 827 827 4771 0.0633 0.0021 1.507 29 inf. 104.2 105.3 0.989
HT80-040-B 827 827 4771 0.0633 0.0021 1.507 29 inf. 101.0 102.8 0.983
HT80-100-B 827 827 4771 0.0633 0.0021 1507 29 inf. 97.9 99.6 0.983
Roik 23 1181 118t 6570 0.0868 0.0050 0.517 16.7 0.300 526.3 4423 1.190
Mangeri 24 11.81 1181 6570 0.0868 0.0050 0.517 167 0500 368.3 324.8 1.134
(1987) 25 11.81 11.81 6570 0.0868 0.0050 0.517 267 0.300 377.8 314.4 1.202
26 11.81 11.81 6570 0.0868 0.0050 0.517 267 0.500 200.9 238.6 0.842
Roik Vi1 11.02 11.02 6351 0.0434 0.0079 0230 124 0571 171.7 169.6 1.012
Schwal'r via 11.02 11.02 6351 0.0434 0.0079 0.230 124 0214 366.3 373.3 0.981
(1988) Vi3 11.02 11.02 6786 0.0434 0.0079 0215 124 0.357 3229 2727 1.184
V21 11.02 1102 6786 0.0495 0.007¢ 0.333 124 0.357 3382 321.8 1.051
V22 11.02 11,02 5365 0.0495 0.0079 0421 124 0571 213.8 201.7 1.060
vas 11.02 11.02 5365 0.0495 0.0079 0.421 124 0214 4372 388.9 1.124
V31 11.02 11.02 5902 0.0996 0.0079 0.555 124 0.357 384.1 383.3 1.002
V32 11.02 11.02 5902 0.0996 0.0079 0.555 124 0.214 506.9 501.2 1.011
V33 11.02 11.02 5699 00996 0.0079 0.575 124 0.571 294.3 280.8 1.048
Va1 11.02 11.02 5699 0.1441 0.0079 0.796 124 0.357 477.7 422.9 1.130
V42 11.02 11.02 6119 0.1441 0.0079 0926 124 0.571 344.9 359.6 0.959
V43 11.02 11.02 6119 0.1441 00079 0995 124 0214 614.9 650.6 0.845

NOTE : For e/h = inf., strength is given in kip-ft ( 1 kip-ft = 1.356 kN-m).

For all other values of e/h, the strength is shown in kips ( 1 kip = 4.448 kN).

b=

h

The term fyss was taken as the web yield strength for computing the pssf

The strain-hardening of both steels was included in the analysis.

* Excluded from final analysis.

width of the concrete cross-section parrallel to the axis of bending;

yss

depth of the concrete cross-section perpendicular to the axis of bending.

/£t

o]

ratio.
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axis of the steel section.

jected to bending about the major
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Table3.2-  Statistical Analysis of Ratios of Tested to Calculated Strength of all
Composite beam-column specimens subjected to major axis bending (Strain-harding included).
Column allefh 0<=¢e/h<=02 02<eh<1 O0<=eh<1 e/h = inf.
Type
(1) @ 3) 4 &) (6) Ui
Short No. 40 20 4 24 16
(£/h< 6.6) Mean 1.02 1.02 1.16 1.04 0.98
cvV 9.52 8.24 13.78 10.54 5.93
Skew 1.39 0.01 0.32 0.92 2.05
Long No. 41 8 33 41 0
(¢/h=>6.6) Mean 1.06 1.01 1.08 1.06 -
Ccv 10.51 17.65 8.18 10.51 -
Skew -0.14 0.55 -0.24 -0.14 -
No. 81 28 37 65 16
Alle/h Mean 1.04 1.02 1.09 1.06 0.98
cv 10.23 11,31 9.09 10.48 5.93
Skew 0.52 0.49 0.35 0.25 2.05
Table 3.3-  Statistical Analysis of Ratios of Tested to Calculated Strength of all
Composite beam-column specimens subjected to major axis bending for which strength ratio
was less than or equal to 1.2 (Strain-hardening included).
Column all e/h 0<=e/h<=02 02<e/h<1 0<=e/h <1 e/h = inf.
Type
) @ 3 4 (5) {6) )
Short No. 39 20 3 23 16
(8/h< 6.6) Mean 1.01 1.02 1.09 1.03 0.98
Cv 7.85 8.24 8.64 8.43 5.93
Skew 0.66 0.01 0.29 0.07 2.05
Long No. 37 6 31 37 0
(2/h=>6.6) Mean 1.04 0.92 1.07 1.04 -
Ccv 9.31 9.21 7.58 9.31 -
Skew -0.46 0.48 -0.45 -0.46 -
No. 76 26 34 60 16
All £/h Mean 1.03 1.00 1.07 1.04 0.98
Ccv 8.71 9.32 7.57 8.94 5.93
Skew 0.06 0.02 -0.38 -0.28 2.05
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ranges of end eccentricity ratio (e/h) as described in Table
3.2.

The mean value for the ratio of tested to theoretical
ultimate strength was 1.04 with a coefficient of variation of
10.23 percent when all 81 specimens were considered (Table 3.2
= Column 3). This is comparable with the mean value of 1.04
and coefficient of variation of 10.4 percent obtained by
Skrabek and Mirza (1990) for 63 specimens analyzed by an
earlier version of the same program. It is also comparable to
a mean value of 1.04 and a coefficient of variation of 10.4
percent obtained by Virdi and Dowling (1973) for their
analysis of 8 biaxially loaded composite columns.

Significant differences in the statistics for the four
different ranges of end eccentricity ratio (Table 3.2 Columns
4,5,6, and 7) were noticed for certain cases. Long columns
with low eccentricity ratios (e/h greater than or equal to
zero and less than or equal to 0.2) have a greater coefficient
of variation (17.65 percent) than the overall coefficient of
variation (10.23 percent). For short columns with an
intermediate eccentricity ratio (e/h greater than 0.2 and less
than 1.0), the mean value (1.16) and the coefficient of
variation (13.78 percent) obtained are both greater than the
overall mean (1.041) and coefficient of variation (10.23).

It was decided, after successively removing data with
relatively high strength ratios and recalculating the

statistics, that the physical tests with a strength ratio
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greater than 1.20 would not be included in the statistical
analysis. Using this criteria, a total of five columns were
removed from the statistical analysis: RS 80.2 and RS 100.1
from Bondale, RC3 from May and Johnson, A4-90 from Morino et
al., and No. 25 from Roik and Mangerig. The strength ratio
plotted against e/h, £¢/h, p., and (PgstPrs) in Figures 3.2,
3.3, 3.4 and 3.5, respectively, shows the relative location of
the removed data with respect to the remaining data. Removing
the five columns from the statistical analysis results in a
marked improvement in the mean values and coefficient of
variation for each of the e/h ranges as well as for the
overall statistics, except for the case of pure bending (e/h
= ©). This can be seen by comparing the values in Table 3.3
to those shown in Table 3.2.

Column 6 in Table 3.3, where e/h ranges from zero to
1.0, is of specific interest since eccentricity ratios ranging
from 0.05 to 1.0 were used to study the effective flexural
stiffness (EI) of composite columns described in Chapter 5 and
6. Here, whether the columns are short, long or all lengths
combined, the mean value and the coefficient of variation do
not differ significantly. Based on the mean value and
coefficient of variation determined for 60 columns with all
2/h included (Table 3.3 Column 6), a mean value of 1.04 and a
coefficient of variation of 9 percent are recommended to
describe the model error for beam-columns bending about the

major axis of the steel section when e/h < 1.0.
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Figure 3.2 - Effect of e/h on strength ratios for beam-columns
subjected to bending about the major axis of the steel
section.
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Figure 3.3 - Effect of £/h on strength ratios for beam-columns
subjected to bending about the major axis of the steel
section. '
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Pure bending (Column 7 in Table 3.3), where e/h = o,
gives the lowest coefficient of variation (5.93 percent)
compared to the other e/h ranges. The lower coefficient of
variation is, probably, a result of the following:

1) The variation in concrete strength does not affect the
pure bending strength as significantly as the strength
under pure axial load or combined axial load and bending.

2) The laboratory test procedure for pure bending is not
prone to as much experimental error as are those for
axially loaded columns and columns subjected to axial
load and bending.

The calcuiated ultimate strength considering the effect
of strain hardening (Table 3.1) was compared to the calculated
ultimate strength when strain hardening effect was not
included (Table A2, Appendix A). Strain hardening was found
to increase the predicted strength by aboué 20 percent for
cases of pure flexure only and had little or no affect on the
calculated: strength of the remainder of the beam-column
specimens.

The probability distribution of the strength ratios
calculated for the sixty specimens (e/h < 1.0) is plotted on
a normal probability paper in Figure 3.6 and is compared to a
normal probability distribution using a suggested mean value
of 1.04 and coefficient of variation of 9 percent. The data
can be assumed to be normally distributed since the data

closely follows the normal curve.
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3.2 COMPARISON OF THEORETICAL STRENGTH OF COLUMNS SUBJECTED

TO MINOR AXIS BENDING TO EXPERIMENTAL RESULTS

The accuracy of the theoretical model for columns
subjected to bending about the minor axis was initially
checked against 164 physical tests from Stevens (1965),
Bondale (1966), May and Johnson (1978), Janss and Anslijn
(1974), Janss and Piraprez (1974), Roderick and Loke (1974),
Morino et al. (1984), Roik and Mangerig (1987), and Roik and
Schwalbenhofer (1988).

Table 3.4 outlines the material properties and specimen
configurations, and gives ratio of tested to calculated
ultimate strength (strength ratio) for the 164 specimens
studied. A strength ratio was taken as the ratio of the
bending moment strengths for e/h = ®, and the ratio of the
axial load capacities for e/h < ». Detailed descriptions of
material properties and specimen configuration for each beam-
column specimen are given in Table A3 of Appendix A. Figure
3.7 plots the tested strength of all 164 columns against the
calculated theoretical strength.

The calculated mean, coefficient of variation and
coefficient of skewness for strength ratios of all beam-column
specimens listed in Table 3.4 are shown in Table 3.5. The
statistical analysis shown in Table 3.5 was subdivided into
two categories based on to the slenderness ratio (£/h). The
columns with ¢/h less than 6.6 are assumed to be short columns

and long columns are assumed to have £/h greater than or equal
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Table 3.4 - Specimen Configuration for Composite Columns Subjected to Bending
about the Minor Axis used for Ratio of Tested to Calculated Ultimate Strength.

Author Col. b h f! I Pges Prg pSszSS 2/h e/h Tested Theor. Strength
Desig. (in.) (in.) (psi) £1 © Strength Strength Ratio
c
Stevens cva2 700 650 11156 0.1291 0.0000 4.175 126 0.115 134.4 98.0 1.3714 *
(1965) Ccvs 700 650 1900 0.1291 0.0000 2450 126 0115 161.3 1106 1.4586 *
cv4 700 650 2491 0.1291 0.0000 1889 126 0.115 179.2 1224 1.4636 *
Ccvs 700 6.50 3058 0.1291 0.0000 1.523 126 0.115 201.6 1345 1.4989 *
Ccve 7.00 650 3872 0.1281 0.0000 1.268 126 0.123 2285 1426 16025 *
AE1 7.00 650 2046 0.1291 00000 2275 43 0.154 1658 1374 1.2065 *
AE2 700 650 2679 0.1281 0.0000 1738 71 0.154 163.5 1356 1.2056 *
AE3 700 650 2566 0.1291 0.0000 1814 126 0.154 141.1 1059 1.3321 *
AE4 700 650 2906 0.1291 0.0000 1.802 182 0.154 118.7 885  1.3409 *
AE5S 700 650 2305 0.1291 0.0000 2020 237 0.154 98.6 632 1.5588 *
AES 700 650 2010 0.1291 0.0000 2317 7.1 0.000 291.2 257.0 1.1333 *
AE7 700 650 2083 0.1291 0.0000 2235 7.1 0.077 2240 176.8 1.2673 *
AE8 700 650 2157 0.1291 0.0000 2.158 182 0.077 161.3 108.5 1.4860 *
AE9 700 650 1467 0.1291 0.0000 3.174 237 0.231 78.4 446  1.7563 *
*

AE10 7.00 6.50 1900 0.1291 0.0000 2450 23.7 0.308 72.8 422 1.7263
AE11 7.00 650 2305 0.1291 0.0000 2,020 16.6 inf. 20.9 19.4 1.0760
FE1 16.00 12.00 2083 0.0996 0.0041 1580 150 0.000 9856 8146 1.2099
FE2 16.00 12.00 2268 0.0996 0.0041 1451 150 0.000 1055.0 846.1 1.2470
FE3 16.00 1200 2083 0.0996 0.0041 1580 150 0.083 672.0 4795 1.4016
FE4 16.00 12.00 1936 0.0996 0.0041 1.699 150 0.167 486.1 331.9 1.4645
FES 16.00 12.00 2454 00996 0.0041 1341 150 0.167 515.2 365.7 1.4089
FES 16.00 12.00 2231 0.0996 0.0041 1.475 150 0.250 360.6 278.6  1.2943
FE7 16.00 12.00 2231 0.09%6 00041 1.475 150 0.333 2957 2349 1.2587
FE8 16.00 12.00 2342 00996 0.0041 1.405 150 0.417 262.1 206.1  1.2717
FEQ 16.00 12.00 2268 0.0996 0.0041 1.451 150 0500 2307 1789 1.2897
FE10 16.00 12.00 2604 0.0996 0.0041 1.264 150 0.583 198.4 168.4 1.1836
FE11 16.00 12.00 2529 0.0996 0.0041 1.301 150 0.667 168.0 1498  1.1211
FE12 16.00 12.00 2528 0.0896 0.0041 1.301 10.0 inf. 131.4 128.6 1.0219
B1 500 350 2120 0.0674 0.0000 1.310 13.1 0.000 82.9 647  1.2802
B2 500 3.50 1467 0.0674 0.0000 1.894 183 0.000 61.2 42.6 1.4352
B3 500 3.50 1827 0.0674 0.0000 1.520 234 0.000 64.1 38.0 1.6881
B4 500 3.50 1610 0.0674 0.0000 1.725 286 0.000 44.4 276  1.6070
B5 500 350 2083 0.0674 0.0000 1.334 337 0.000 51.5 25.0 2.0649
B6 500 350 1791 0.0674 0.0000 1.551 389 0.000 36.7 18.4 1.8822
B7 500 350 2305 0.0674 0.0000 1.205 44.0 0.000 34.5 17.0 2.0244
Al 7.00 6,50 1900 0.1281 0.0000 2.861 1.4 0.000 358.4 304.0 1.1791
A2 700 650 1682 0.1291 0.0000 3.231 7.1 0.000 313.6 258.2 1.2099
A3 7.00 650 1900 0.1201 0.0000 2861 126 0.000 322.6 239.7 1.3456
A4 7.00 650 2046 0.1291 0.0000 2656 12.6 0.000 302.4 2462 1.2282
AS 7.00 6.50 1864 0.1291 0.0000 2917 182 0.000 293.4 2007 1.4623
A6 7.00 650 2216 0.1291 0.0000 2453 237 0.000 235.2 164.3 1.4314
REta 7.00 650 2010 0.1291 0.0000 2814 182 0.000 300.2 2147 1.3978
RE1b 7.00 650 1791 0.1281 0.0000 3.158 18.2 0.000 280.0 206.5 1.3558
RE2a 7.00 650 1800 0.1291 0.0000 2976 182 0.000 275.5 217.4 1.2676
RE2b 7.00 650 2305 0.1291 0.0000 2453 182 0.000 268.8 2308 1.1640
RE3a 7.00 650 2231 0.1291 0.0043 2535 182 0.000 313.6 2719 1.1535
RE3b 7.00 650 1800 0.1291 0.0043 2976 182 0.000 277.8 2602 1.0674
RE4a 7.00 650 1973 0.1291 0.0000 2866 182 0.000 271.0 2095 1.2037
RE4b 7.00 650 1827 0.1291 0.0000 3.095 182 0.000 284.5 2041  1.3936
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Table 3.4 - Continued
Author Col. b h ‘“c Pss Prs pSS":ZSS 2/h e/h Tested Theor. Strength
Desig. (in)  (in) (psi) f Strength Strength  Ratio
c
Stevens FA1 16.00 12.00 1864 0.0996 0.0000 1.758 3.0 0.000 1070.7 899.4 1.1905 *
(1965) FA2 16.00 12,00 2010 0.0996 0.0000 1.631 6.0 0.000 10080 9128 1.1044 *
FA3 16.00 12.00 1755 0.0996 0.0000 1.868 9.0 0.000 943.0 8173 1.15839 *
FA4 16.00 12.00 1973 0.0996 0.0000 1661 120 0.000 954.2 807.0 1.1825 *
FAS 16.00 1200 1973 0.0996 0.0000 1.661 150 0.000 949.8 7385 12861 *
Bondale RWe0.3 6.00 375 4665 0.0653 00098 0.627 16.0 0.800 17.9 149 12019 *
(1966) RW802 6.00 375 5557 0.0653 0.0099 0.526 21.3 0.533 217 19.1 1.1370
RW 100.1 6.00 375 4488 0.0653 0.0099 0.652 267 0.267 20.8 20.8  1.0030
RW120.0 6.00 375 3927 0.0653 0.0099 0745 320 0.000 52.9 53.0 0.9969
May (1978) RCS 787 7.87 5278 0.0745 0.0284 0594 143 0.100 185.5 2312  0.8021
Janss 1.1 945 945 6014 0.0747 00079 0514 17.8 0.000 4833 6289 0.9139
Anslijn 1.2 945 945 5517 0.0747 00079 0560 17.8 0.000 489.8 506.8 0.9665
(1974) 1.3 945 945 5263 0.0747 0.0079 0563 17.8 0.000 470.0 4915 0.9563
2.1 945 945 5263 0.0747 0.0079 0603 145 0.000 527.4 5649 0.9336
22 8.45 945 4507 0.0747 0.0079 0704 145 0.000 489.8 5179 0.9458
23 945 945 5517 0.0747 0.0079 0575 145 0.000 580.3 5816 0.9978
3.1 9.45 945 5957 00747 00079 0502 104 0.000 591.3 680.8 0.8685
3.2 945 945 6014 0.0747 00079 0497 103 0.000 503.1 6852 0.7342 *
3.3 945 945 5263 00747 00079 0568 104 0.000 527.4 634.0 0.8318
4.1 945 945 5263 0.0747 00079 0568 54 0.000 5738 658.3 0.8715
42 945 945 4507 0.0747 00079 0.663 53 0000 556.0 604.2 0.9201
4.3 945 945 5574 0.0747 00079 0536 52 0000 617.9 618.0 0.9997
8.1 945 945 4870 0.0747 00079 0.844 145 0000 5297 585.6 0.8045
5.2 945 945 5277 0.0747 00079 0.778 145 0.000 591.3 611.3 0.9673
53 945 945 4982 0.0747 0.0079 0.825 145 0.000 556.0 582.9 0.9378
6.1 945 945 4870 00747 00079 1.116 178 0.000 529.7 517.0 1.0244
6.2 945 945 5277 0.0747 00079 1.030 178 0.000 485.3 541.0 0.8971
6.3 945 945 4996 0.0747 0.0079 1.088 17.8 0.000 558.2 524.6 1.0642
71 945 845 4968 0.0747 0.0079 1.064 145 0.000 556.0 6241  0.8908
7.2 945 945 5291 0.0747 00079 0999 145 0.000 589.1 648.3 0.9086
7.3 945 945 4996 0.0747 0.0079 1.058 145 0.000 5780 626.6 0.9225
8.1 945 945 5263 0.0747 00079 1.028 104 0.000 547.2 758.3 07207 *
8.2 945 945 6014 0.0747 0.0079 0900 104 0.000 531.7 816.8 0.6509 *
8.3 945 945 5957 0.0747 0.0079 0909 104 0000 573.8 8129 0.7058 *
9.1 1260 827 4507 0.0497 00067 0.436 166 0.000 514.1 4971 1.0342
9.2 1260 827 5957 0.0497 00067 0.330 166 0.000 569.3 §82.9 0.9601
9.3 1260 827 5291 0.0497 0.0067 0.371 166 0.000 463.3 549.6 0.8430
10.1 12.60 827 5263 0.0497 0.0067 0.669 16.6 0.000 5186 §79.1  0.8956
10.2 12.60 827 4868 0.0497 0.0067 0708 16.6 0.000 609.1 557.6  1.0923
10.3 1260 827 4982 0.0497 0.0067 0707 16.6 0.000 531.7 5§59.2 0.9508
111 945 945 5390 0.0747 0.0078 0.575 144 0.167 251.6 257.9 09755
11.2 945 945 5574 0.0747 0.0079 0.556 144 0.167 264.8 2629 1.0072
1.3 9.45 945 4772 0.0747 0.0079 0.650 144 0.167 2405 240.1  1.0018
121 945 945 5390 0.0747 0.0079 0979 144 0.167 264.8 2719 0.9739
12.2 945 945 5207 0.0747 0.0079 1.0183 144 0.167 2516 2437 1.0821
12.3 945 845 4772 0.0747 0.007¢ 1.106 144 0.167 2228 253.3 0.8796
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Table 3.4 - Continued
Author Col. b h fle Pss Prs pssfyss 2/h e  Tested Theor. Strength
Desig. (in)  (in) (psi) £1 Strength Strength  Ratio
c

Janss 13.1 12.60 827 5574 0.0487 0.0067 0352 116 0.190 269.1 277.3 0.9703
Anslijn 13.2 12,60 827 5207 0.0497 0.0067 0377 11.7 0.180 234.0 264.6 0.8845
(1974) 13.3 12.60 827 5084 0.0497 0.0067 0.386 11.7 0.190 228.5 259.5 0.8846
Janss 1 12.60 827 4724 0.0497 0.0067 0.426 16.6 0.000 606.8 5162 11779
Piraprez 3 1260 827 4724 0.0497 0.0067 0.426 6.1 0.000 591.3 628.1 0.9414
(1974) 5 12.60 827 5161 0.0497 0.0067 0.3%0 166 0.000 617.9 5443 1.1352
7 1260 827 5161 0.0497 0.0067 0.390 6.1 0000 646.4 665.6 0.9713
9 12.60 827 5534 0.0497 0.0067 0364 16.6 0.000 428.0 568.8 0.7524
11 12.60 827 5534 00497 0.0067 0364 61 0000 461.3 697.6 0.6612
13 12.60 827 4992 0.0497 0.0067 0.403 20.4 0.000 419.2 478.9 0.8753
15 12,60 827 5110 0.0497 0.0067 0.394 204 0.000 441.2 4845 0.9107
17 12,60 827 5043 0.0497 0.0067 0399 204 0.000 4370 481.4 0.9077
19 12.60 827 4741 0.0497 0.0067 0425 118 0000 5758 599.4 0.9606
23 12.60 827 4573 0.0497 0.0067 0440 118 0.000 600.1 586.3 1.0236
27 1260 827 4108 0.0497 0.0067 0480 118 0.000 551.7 549.4 1.0042
2 845 9.45 4724 0.0747 00079 0.622 145 0.000 518.6 521.3 0.9949
4 9.45 945 4724 0.0747 0.0079 0.622 5.3 0.000 522.9 6154 0.8496
6 945 945 5161 0.0747 0.0078 0570 145 0.000 538.4 549.2 0.9805
8 9.45 945 5161 0.0747 00079 0.570 53 0.000 545.0 646.8 0.84286

10 945 945 5534 0.0747 0.0079 0.531 14.5 0.000 481.1 572.6 0.8401
12 9.45 945 5534 0.0747 0.0079 0.531 53 0.000 503.1 660.6 0.7616

14 945 945 4992 0.0747 0.0079 0588 17.8 0.000 403.9 479.1 0.8431
16 845 945 5110 0.0747 0.0079 0575 17.8 0.000 533.9 484.1 1.1029
18 945 945 5043 0.0747 0.0079 0583 17.8 0.000 472.3 481.3 0.9812
21 945 945 4741 0.0747 0.0079 0.620 10.3 0.000 573.8 593.5 0.9667
25 945 945 4573 0.0747 0.0079 0.643 10.3 0.000 547.2 580.9 0.9420
29 945 945 4108 0.0747 0.0079 0716 10.3 0.000 448.0 5452 0.8217
20 1260 827 4741 0.0497 0.0067 0.425 11.7 0.190 269.1 248.0 1.0852
24 1260 827 4573 0.0497 0.0067 0.440 117 0.190 231.8 2415 0.9598

28 1260 827 4108 0.0497 0.0067 0490 117 0.190 236.0 224.3 1.0521
22 945 945 4741 0.0747 0.0079 0.620 102 0.167 264.8 2755 098614
26 945 945 4573 0.0747 0.0079 0.643 102 0.167 218.5 269.5 0.8106
30 945 945 4108 0.0747 0.0079 0716 102 0.167 280.1 251.4 1.1143
Roderick SE 1 800 700 3690 00525 0.0000 0603 120 0.000 273.0 268.1 1.0184
& Loke SE2 8.00 7.00 4280 0.0525 0.0000 0.520 12.0 0.057 211.0 2112  0.9993
(1974) SE3 800 7.00 3910 0.0525 0.0000 0569 12,0 0.114 128.0 139.7 0.9235
SE4 800 7.00 3880 0.0525 0.0000 0.551 12.0 0.000 264.0 275.3 0.9591
SE5 800 7.00 3710 0.0525 0.0000 0576 120 0.057 195.0 1884 1.0349
SES6 800 7.00 3280 0.0525 0.0000 0730 12.0 0.114 108.0 1221 0.8844

SE7 8.00 7.00 4200 0.0525 0.0000 0.491 12.0 0214 88.0 88.3 0.9967
SES8 800 7.00 4140 0.0525 0.0000 0500 120 0.000 290.0 2858 1.0148
SE9 8.00 7.00 4580 0.0525 0.0000 0453 17.1 0.029 201.0 213.6  0.9409

SE10 800 7.00 4310 0.0525 0.0000 0.480 17.1 0.057 135.0 168.1 0.8031
SE11 800 7.00 3250 00525 0.0000 0690 17.1 0.114 88.0 g2.2 0.9547

SE12 8.00 7.00 4280 0.0525 0.0000 0485 171 0214 67.0 70.2 0.9543

SE13 800 7.00 3070 0.0263 0.0000 0.368 12.0 0.000 180.0 192.8 0.9333

SE14 8.00 7.00 2890 0.0263 0.0000 0.391 12.0 0.057 116.0 1340 0.8659

SE15 800 7.00 3810 0.0263 0.0000 0296 12.0 0.114 108.0 126.3 0.8551

*

*
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Table 3.4 - Continued
Author Col. b h o e pgg Prs Pssfyss o/h  eh  Tested Theor. Strength
Desig. (in)  (in) (psi) £1 Strength Strength  Ratio
c
Morino A4-90 6.30 630 3080 0.0870 0.0036 1.481 5.8 0.250 113.0 88.4 1.2791
etal. B4-90 630 630 3393 0.0870 0.0036 1.302 144 0.250 83.6 69.1 1.2090
(1984) C4-90 6.30 630 3379 00870 0.0036 1.177 21.7 0.250 61.7 52.4 1.1773
D4-90 630 630 3074 0.0870 0.0036 1.474 289 0.250 46.4 37.1 1.2502
A8-90 630 6.30 4872 0.0870 0.0036 0953 58 0.469 77.4 66.7 1.1608
B8-90 6.30 6.30 4829 0.0870 0.0036 0957 144 0.469 58.5 537 1.1068
C8-90 630 630 3567 0.0870 0.0036 1.305 21.7 0.469 39.7 36.8 1.0779
D8-g0 630 630 3321 00870 0.0036 1.399 28.9 0.469 30.3 28.2 1.0759
Roik 7 11.81 11.81 6570 0.0868 0.0050 0.517 10.0 0.100 1023.1 789.0 1.2967
Mangerig 8 11.81 11.81 6570 0.0868 0.0050 0517 100 0300 5020 406.4 1.2352
(1887) ] 11.81 1181 6570 0.0868 0.0050 0.517 16.7 0.100 824.6 587.6 1.4034
10 11.81 1181 6570 0.0868 0.0050 0517 167 0.300 4109 316.3 1.2989
11 11.81 11.81 6570 0.0868 0.0050 0.517 26.7 0.100 485.0 3348 1.3588
12 11.81 11.81 6570 0.0868 0.0050 0.517 26.7 0.300 2239 206.8 1.0827
Roik vio2 11.02 11.02 5956 0.0495 0.0079 0.370 126 0.357 2522 236.3 1.0674
Schwal'r \ARN! 11.02 11.02 6015 0.0495 00314 0358 126 0.357 394.9 347.9 1.1351
(1988) V112 11.02 11.02 6015 0.0495 0.0314 0358 126 0214 5659 478.7 1.1822
V113 11.02 11.02 6015 00495 00314 0358 126 0.000 10328 1069.1 0.9660
Via1 11.02 11,02 6015 0.0434 0.0314 0251 126 0.571 256.1 237.7 1.0772
via2 11.02 11.02 6015 0.0434 0.0314 0251 126 0.714 182.9 186.6 0.9305
vias 11.02 11.02 6015 0.0434 0.0314 0251 126 0.357 3454 333.2 1.0367
NOTE : For es/h = inf., strength is given in kip-ft ( 1 kip-ft = 1.356 kN-m).
For all other values of es/h, the strength is shown in kips ¢ 1 kip = 4.448 kN).
b = width of the concrete cross-section parrallel to the axis of bending;
h = depth of the concrete cross-section perpendicular to the axis of bending.
The term fyss was taken as the web yield strength for computing the pssfyss/f'c ratio.
The strain-hardening of both steels was included in the analysis.

* Excluded from final analysis.

* X A A N %
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Figure 3.7 - Comparison of tested strength to theoretical

strength for beam-columns subjected to bending about the minor

axis of the steel section.
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Table 3.5-  Statistical Analysis of Ratios of Tested to Calculated Strength of all
Composite beam-column specimens subjected to minor axis bending (Strain-hardening included).
Column all e/h 0<=e/h<=02 02<e/h <1 O<=eh<1 e/h = inf.
Type
(1) @ ©) “) 6 © 7
Short No. 15 13 2 15 -
(2/h< 6.6) Mean 1.00 0.96 1.22 1.00 -
cv 18.43 17.73 6.86 18.43 -
Skew -0.09 0.02 0.00 -0.08 -
Long No. 149 119 28 147 2
(/h=>6.6) Mean 1.12 1.10 1.18 1.12 1.05
CcV 22.87 24.40 15.92 23.00 3.65
Skew 1.19 1.22 1.62 1.17 0.00
No. 164 132 30 162 2
All £/h Mean 1.11 1.09 1.19 1.11 1.05
cv 22.77 24.25 15.41 22.88 3.65
Skew 1.18 1.25 1.62 1.17 0.00
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to 6.6. The data was further categorized into four ranges of
end eccentricity ratio (e/h) as described in Table 3.5.

The mean value for the ratio of tested to theoretical
ultimate strength was 1.11 with a coefficient of variation of
22.77 percent when all 164 specimens were considered (Table
3.5 = Column 3). These values do not correlate to the mean
value of 1.04 and coefficient of variation of 10.23 percent
obtained for the 81 beam-column specimens subjected to the
major axis bending and analyzed in the Section 3.1.

A review of the strength ratios in Table 3.4 shows
Stevens' test data to be overly conservative with a wide
variation in sfrength ratios ranging from 1.04 to 2.06. A
parametric study of the data was then carried out using
different variables. The purpose was to compare the strength
ratios obtained from Stevens' data to those obtained for the
data of the other authors. Figures 3.8, 3.9, 3.10, and 3.11
plot the strength ratios for Stevens' data and the rest of the
data against e/h, ¢/h, f'_, and Pssfyss/T'c) respectively,
where p.. = the structural steel ratio, and f,ss = the yield
strength of the structural steel. Comparisons of Figures
3.8(a) and (b), 3.9(a) and (b), 3.10(a) and (b), and 3.11(a)
and (b) indicate that Stevens' data is consistently different
from the others. Stevens' 54 specimens alone gave a mean
value of 1.36 and a coefficient of variation of 17.09 percent.
This is significantly different from a mean value of 0.98 and

a coefficient of variation of 14.34 percent obtained for the
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remaining 110 specimens.

Basu (1966) used 26 of Stevens' column specimens(CV, AE,
and FE series in Table 3.4) and found that using a factor of
0.8 instead of 0.67 to obtain equivalent cylinder strength
from a 4-inch cube gave 10 percent better agreement with his
theoretical model. Roderick and Rogers (1969) on the other
hand, analyzed Stevens' twelve specimens from FE series (Table
3.4) and suggested that the yield strength of 32.9 ksi (227
MPa) reported by Stevens' for the 12-inch by 6-inch structural
steel section is somewhat low in comparison to the nominal
yield strength of 35.8 ksi (247 MPa) specified for that
section.

Figure 3.10 (a) shows that the congrete strength ', for
almost all of Stevens' specimens is less than 3000 psi. This
indicates an apparent problem either with obtaining an
equivalent cylinder strength using Equation 3.2 and 3.3 or
with the cube test data reported by Stevens. The latter is
suspected to contribute to the problem, because Equation 3.2
and 3.3 were used to convert the cube strength to the cylinder
strength for many of the remaining specimens and gave
reasonable results.

Other problems that were encountered in determining the
material properties and cross-section configuration for the
test specimens reported by Stevens' data are summarized below:

1) The specified length of some of the specimens was

unclear.
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2) Information regarding the reinforcement was insufficient
with respect to quantity, position, and yield strength.

3) The way the concrete strength was determined from cubes
was unclear (cube tested parallel or perpendicular to the
direction of casting).

4) Two sets of concrete cubes were cast, one set stored with
the beam-column specimens and the other stored in water,
gave significantly different results.

Stevens' data indicates that the theoretical model is
quite conservative. More favourable results could have been
obtained if the water stored cube strengths were multiplied by
a factor of 0;8 to obtain an equivalent cylinder strength
rather than using the approximately 0.67 times the strength
obtained from the cubes stored with the test specimens.
Consequently, it was decided that it would be acceptable not
to use Stevens' data in this study, with the exception of the
two tests in pure flexure (AEl1l and FE12 in Table 3.4).
Flexural tests results were retained because the strength is
not as significantly affected by concrete strength and
unsupported length as is in the case of beam-columns subjected
to combined axial load and bending. A plot of tested strength
versus theoretical strength for the remaining 112 specimens is
shown in Figure 3.12.

The statistics for strength ratios of the remaining 112
specimens resulted in a mean value of 0.98 and a coefficient

of variation of 14.23 percent (Table 3.6 - Column 3). This
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Figure 3.12 - Comparison of tested strength to theoretical

strength for beam-columns subjected to minor axis bending
other than those tested by Stevens in which e/h < .
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Table 3.6 - Statistical Analysis of Ratios of Tested to Calculated Strengths for Composite
beam-columns subjected to minor axis bending other than those tested by Stevens
in which e/h < inf. (Strain-hardening included).
Column all e/h 0 <=e/h<=0.2 02<eh<t O<=eh<1 e/h = inf.
Type
(1 ] 8 &) ) (6) )
Short No. 11 9 2 11 -
(8/h< 6.6) Mean 0.93 0.87 1,22 0.93 -
CcV 18.57 12.29 6.86 18.57 -
Skew 0.48 -0.58 0.00 0.48 -
Long No. 101 79 20 99 2
(&/h=>6.6) Mean 0.99 0.95 1.11 0.89 1.08
Ccv 13.73 13.20 9.05 13.85 3.65
Skew 0.48 0.86 0.00 0.51 0.00
No. 112 88 22 110 2
Alle/h Mean 0.98 0.95 1.12 0.98 1.05
cv 14.23 13.35 9.14 14.34 3.65
Skew 0.43 0.77 -0.07 0.46 0.00
Table 3.7 -  Statistical Analysis of Ratios of Tested to Calculated Strengths for Composite
beam-column specimens subjected to minor axis bending for which the strength
ratio ranged from 0.8 to 1.2 (Strain-hardening included).
Column all e/h 0<=e/h<=02 02<eh<1 O0<=e/h <1 e/h = inf,
Type
) ] 8 4 5 {6) @
Short No. 8 7 1 8 -
(£/h< 6.6) Mean 0.94 0.91 1.16 0.94 -
CcV 11.02 6.70 - 11.02 -
Skew 0.88 0.09 - 0.88 -
Long No. 87 71 14 85 2
(2/h=>6.6) Mean 0.97 0.95 1.07 0.97 1.05
Ccv 9.26 8.46 7.26 9.30 3.65
Skew 0.26 0.32 -0.21 0.30 0.00
No. 95 78 15 93 2
All£/h Mean 0.97 0.95 1.07 0.97 1.08
Ccv 9.39 8.38 7.30 9.42 3.65
Skew 0.32 0.36 -0.30 0.37 0.00
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compares reasonably well with the mean value of 1.04 and a
coefficient of variation of 10.23 percent obtained for
strength ratios of 81 beam-column specimens subjected to major
axis bending and analyzed in the Section 3.1. This also
compares with the mean value of 1.04 and coefficient of
variation of 10.4 percent obtained by Virdi and Dowling (1973)
for eight biaxially loaded composite columns.

Differences in statistics for the four different ranges
of end eccentricity ratio (Table 3.6 Columns 4, 5, 6, and 7)
and the overall statistics (Table 3.6 Column 3) are
significant for some cases. For short columns with low to
intermediate eccentricity ratios (Columns 4, 5 and 6 in Table
3.6), the mean value and coefficient of variation fluctuate
considerably for each range of end eccentricity ratio. Long
columns with intermediate eccentricity rgtios (Column 5 in
Table 3.6) have a much higher mean value than the overall mean
value.

It was decided that all data with a strength ratio
greater than 1.20 or less than 0.8 be excluded from the final
analysis. This is consistent with what was done for the
calibration of the theoretical model for beam-columns
subjected to major axis bending and described in Section 3.1.
Using this criteria, a total of 17 specimens were removed from
the final statistical analysis: RS 60.3 from Bondale; 3.2,
8.1, 8.2 and 8.3 from Janss and Anslijn; 9, 11 and 12 from

Janss and Piraprez; A4-90, B4-90 and D4-90 from Morino et al.;
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and all 6 beam-column specimens from Roik and Mangerig. All
tests from Roik and Mangerig were excluded since five out of
six of these tests were outside the limits of 0.8 and 1.2.
The strength ratios plotted against e/h, ¢/h, Pssr and po +p,.o
in Figures 3.13, 3.14, 3.15 and 3.16, respectively, show the
relative locations of the excluded data with respect to the
remaining data. The resulting statistics in Table 3.7 of the
remaining 95 specimens shows a marked improvement in the mean
value and coefficient of variation for each of the e/h ranges
as well as for the overall statistics over the values shown in
Table 3.6.

Column 6 in Table 3.7, where e/h ranges from zero to
1.0, is of specific inFerest since eccentricity ratios ranging
from 0.05 to 1.0 were used to study the effective flexural
stiffness (EI) of composite columns described in Chapters 5
and 6. Here, whether the columns are short, long or all
lengths combined, the mean value and the coefficient of
variation do not differ significantly. Based on the mean
value and coefficient of variation, determined for 93 columns
with all 2/h included (Table 3.7 Column 6), a mean value of
1.0 with a coefficient of variation of 10 percent are
recommended to describe the model error for beam-columns
bending about the minor axis of the steel section when e/h <
1.0.

Pure bending (Column 7 in Table 3.7), where e/h = oo,

gives the lowest coefficient of variation (3.65 percent)
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Figure 3.13 - Effect of e/h on strength ratios for beam-

columns subjected to bending about the minor axis of the steel
section.
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Figure 3.14 - Effect of ¢/h on strength ratios for beam-
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section.
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columns subjected to bending about the minor axis of the steel
section.
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compared to the other e/h ranges. This 1is the same trend
exhibited by beam-columns subjected to pure bending about the
major axis described in Section 3.1.

The calculated ultimate strength considering the effect
of strain-hardening was compared to the calculated ultimate
strength when strain hardening was not included. Strain
hardening was found to have no affect on the calculated
strength of the beam~columns when e/h < ®». Strain hardening
had some effect on the strength of beam-columns subjected to
pure bending. The resulting calculated ultimate bending
strength without the effect of strain-hardening for each of
Stevens' two beam-columns, AE1ll and FE12, are 17.63 kip~-ft and
127.4 kip-ft, respectively.

The probability distribution of the strength ratios
calculated for the 93 specimens (e/h < 1.0) is plotted on a
normal probability paper in Figure 3.17 and is compared to a
normal probability distribution using the suggested mean value
of 1.00 and coefficient of variation of 10 percent. The data
can be assumed to be normally distributed since the data

closely follows the normal curve.
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4 - ACI AND AISC FLEXURAL STIFFNESSES
4.1 ACI CODE EFFECTIVE FLEXURAL STIFFNESS
Equation 4.1 is specified by the ACI Building Code (1989)
and CSA Code A23.3 (1984) to determine the effective flexural
stiffness of slender composite columns subjected to short term

loading.
EI = 0.2E.Ty + EgT g (4.1)

In the above equation, E_, is the modulus of elasticity for
concrete, Ig is the moment of inertia for the gross concrete
cross section, E; is the modulus of elasticity for steel, and
I,s is the moment of inertia of the structural steel shape
taken about the centroidal axis of the composite cross-

section.

4.2 AISC-LRFD CODE EFFECTIVE FLEXURAL STIFFNESS

The AISC LRFD-Specification (AISC Code 1986) for the
design of Structural Steel Buildings does not compute the
effective flexural stiffness (EI) of a composite beam-column
as does the ACI code. The procedure, described in detail
later in this section, was developed to obtain effective
flexural stiffness from the AISC interaction equations. The
AISC EI so computed 1is comparable to the ACI EI and
theoretical ET.

First, the equations given in the AISC Code (1986) werel
rearranged to establish axial load-bending moment (P-M)

relationships for slender beam-column strength and cross-
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section strength. The bending moment from each of the two
interaction diagrams for a given axial load level was then
computed and used to determine the AISC moment magnification
factor, similar to the one described in the ACI code.
Finally, the moment magnification equation, given in the ACI
Building Code, was rearranged to solve for AISC EI. The
procedure outlined above simply uses the ACI moment magnifier
approach in reverse order and the AISC interaction equations

for composite columns.

4.2.1 AISC Axial Load-Bending Moment Relationship
The AISC Code (Chapter H) limits the strength interaction
for structural steel members subjected to combined axial load

and bending moment according to Equation 4.2 and 4.3.

Pu
For > 0.2
¢'an
p M M
u +§( ux , _Twy | < 1.0 (4.2)
¢ Pn 9 <i’b Mnx ¢b Mny
Pu
For < 0.2
$c Pp
p M M
Y+ ux_ Y 1 <1.0 (4.3)
29c Py ®p Mnx Pp Mny

The modifications required in these equations to obtain the

strength interaction for composite columns are described later
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in this section. Essentially, Equations 4.2 and 4.3 can be
used to describe the axial load-bending moment interaction
relationship for a beam-column of any length £.
In Equations 4.2 and 4.3, P, is the required compressive

strength in kips; P

, is the nominal compressive strength in

kips for a column of length £ determined in accordance with
Section E2 of the AISC Code; M, is the required flexural
strength calculated including the second order effects; M, is
the nominal flexural strength of the cross section; ¢, and ¢,
are resistance factors for compression and bending. In this
study the major and minor axis bending cases were each

considered separately and the resistance factors were set

equal to 1.0. Equation 4.2 and 4.3 take the following form:

P P M
For -Y > 0.2 Zu 8wl g (4.4)
B, P, 9| M,
P P M
For - % < 0.2 Y 41 Zl<1.0 (4.5)
2 26, |\H,

Schematic P-M interaction curves resulting from Equations 4.4
and 4.5 for bending about one axis are given in Figure 4.1.
The nominal compressive strength (P,) for a steel column

is defined in Chapter E (Section E2) of the AISC Code as:

(4.6)

A 4.7
For A.< 1.5 F., = (0.658 C)FY ( )
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Figure 4.1 - Schematic cross-section and column axial load-

bending moment (P-M) interaction diagrams developed from AISC
interaction equations for beam-columns bending about one axis
of the steel section.
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For Ag > 1.5 Fcr=[°'8277 F, (4.8)
kC
K¢ Fy (4.9)
and }, = I .
€ TmuN E

in which A, is the gross cross section area of the steel
member, in.?; Fy, is the specified yield strength, ksi; E is the
modulus of elasticity, ksi; K is the effective length factor,
which was taken equal to 1.0 for this study; ¢ is the unbraced
length, inches; and r is the governing radius of gyration
about the plane of buckling, inches.

For structures designed on the basis of first-order
elastic analysis, Equation 4.10 is used (in lieu of second-
order analysié) to obtain the required flexural moment (M)
that accounts for the second-order effects of column length

and lateral translation.
Mu = BlMHt + B2M£t (4-10)

where B; is a moment magnifier to account for second-order
length effects and is described by Equation 4.11 and M., is
the required flexural strength (kip-in.) in a member assuming

no lateral translation of the franme.

(4.11)

The product of the moment magnifier B, and M,,, the required

flexural strength for the member due to lateral translation of
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the frame, were equal to zero because lateral translation was
not considered in this study. In Equation 4.11, the
coefficient C, = 0.6 - 0.4(M;/M,) accounts for end moment
conditions for compression members braced against lateral
translation. M;/M, is the ratio of the smaller bending moment
to the larger bending moment acting at opposite ends of the
unbraced length and in the plane of bending being considered.

For single curvature bending, M; and M, are equal and opposite

and, therefore, C, becomes equal to 1.0. Finally, P, is
defined by the equation:
AgF
P, = Azy (4.12)

C

In the present form, Equations 4.2 through 4.12,
described above are for structural steel beam-columns. To
obtain the design strength of a composite beam-column, the
AISC Code modifies the properties of the structural steel
according to the following provisions:

(a) Replace Ag with A,, the area of the gross steel shape.

(b) Replace r with r,, the greater of the radius of gyration
of the steel shape or 0.3 times the overall depth of the
composite section in the plane of buckling.

(c) Replace F, with a modified yield stress Fpny and replace

E with a modified modulus of elasticity E,, as described?

by Equations 4.13 and 4.14.
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/
Fpy = Fy + C1F, (A /Ag) + Cpf o (AL/Ag) (4.13)

Ep=E + c3E (A./Ag) (4.14)

in which A, is the area of concrete, in.?; A, is the area

of the longitudinal reinforcing bars, in.? ; A, is the

area of the steel section, in.?; E is the modulus of

elasticity for steel, ksi; E. 1is the Modulus of

elasticity for concrete calculated as 57000/?7;, ksi; FY
is the specified yield strength of the steel shape, ksi;
Fur is the specified yield strength of the longitudinal
reinforcing bars, ksi; f'_ is the specified compressive
strength of the concrete, ksi; and coefficients C;, Cy
and c¢3 are equal to 0.7, 0.6, and 0.2 respectively.

The nominal flexural strength (M,) is calculated using

Equation 4.15 described in Chapter I (Section I4) of the

AISC Code.
1 hy  ALF
Mn=Mp=sz+_3_(hz—zcr)ArFYrJr[T-___/Y_ aF, (4.15)
l.7fch1)

This is an approximate formula obtained from the plastic
stress distribution for the composite section. In

Equation 4.15, A, is the web area of the encased steel

2

shape, 1in.“; Z is the plastic section modulus of the

steel section, in.3; €, is the average distance from the
compression face to longitudinal reinforcement in that

face and distance from tension face to longitudinal




96
reinforcement in the face, inches; h; is the width of the
cross section parallel to the axis of bending, inches;
and h, is the depth of the cross section perpendicular to
the axis of bending, inches.
Substituting Equation 4.10 and then Equation 4.11 into

Equations 4.4 and 4.5 yields:

FrPu>02
(o] _ 2 .
p

p M
“u . 8 nt <1.0
P, 9 Py (4.16)
M, (1 - P_)
e )
Pu
For _"Y <0.2
P, ,
Pu Mnt
+ <1.0
2P, [ P, (4.17)
Mn (l - —)
e )

Instead of generating a series of values to determine the
P-M relationship and then interpolating for a desired end
eccentricity ratio (e/h), a closed form solution was used. In
the present form, Equations 4.16 and 4.17 cannot be readily
solved using simple algebraic manipulation since each equation
has two unknowns, M,, and P,. Knowing the value of end
eccentricity (e) from the desired e/h ratio, the term P, times

e was substituted for M,, into Equations 4.16 and 4.17,

leaving each equation with only one unknown variable (P,) in
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For
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&
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4,18 and 4.19.

whp
+
| w

P,e - 1.0
M, (1 Pu c
\ n( - -p—))

®

< 0.2

M, (1L - %

Pu +[ Pye ]:1.0
))
e

(4.18)

(4.19)

Both sides of Equations 4.18 and 4.19 were then multiplied by

(r - P,/P;) to give:

For

For

Rearranging Equations 4.20 and 4.21, gathering terms of P, and

multiplying through by -1.0 results

Py

Pp

S
v

> 0.2
P p? P e P
_u . u , 8 Tu® _ 1.0 - _H
P, P,P, 9 M, 2
<0.2
P p? P e D
u u , 4 _49,0-_4
2P, 2P,P, M, D

in

(4.20)

(4.21)

following
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expressions:

P,
For —— > 0.2
P

1 2 1 8 e 1
Pp+|l-— - =— - — [P, + (1.0) =0 (4.22)
[pnpe} u [pn 9 M, Pe] u
Pu
For % <o0.2
Pn
1 2 1 e 1
=Pyt |- - — - —| P, + (1.0) =0 4.23
[2PnPe] u [ 2P, M, Pe] ut ) ( )

in which e is éalculated from the desired e/h ratio and is an
input to Equations 4.22 and 4.23; P,, P, and M, are values
that can be readily determined using the equations stated
earlier and the given cross-section properties and column
length. Equations 4.22 and 4.23 are in the form of a general
quadratic equation: ax’ + bx + ¢ = 0, where x = P, and a, b
and ¢ are the constants indicated within parentheses in
Equations 4.22 and 4.23. The solution for a general quadratic

equation shown below was then used to determine P,:

P =x = —bi‘\/b - 4dac (4.24)

u 2a

Equation 4.24 gives two solutions due to the plus and
minus signs used in the numerator of the equation. It was-
determined that the minus sign gives the correct solution

because the other solution (with a plus sign) for P, is
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greater than the pure axial load capacity of the cross-section
(£ = 0).

Equations 4.22, 4.23 and 4.24 were used to solve for the
axial load P, for each desired eccentricity for a slender
column. M,, (M,,;) was then taken equal to P, times e. To
maintain consistency with the terms in Section 2.1, M.,; was
used to represent the overall slender column bending moment
capacity and M_. to represent the cross-section bending moment
capacity. P, was then substituted into either equation 4.16
or 4.17 depending on the ratio of P,/P,, the column length was
set equal to zero, M_,, was used to replace M,., and the
equation was rearranged to solve for M.s- Note that for a
cross-section (column of length 2zero) P, tends to infinity.
Therefore, P,/P, becomes zero, making the solution a matter of

simple algebra.

4.2.2 Computation of AISC Effective Flexural Stiffness

To facilitate a direct comparison to the ACI method of
determining the effective flexural stiffness, it was
determined that an equivalent moment magnification factor,
similar to the one utilized by the ACI Code, could be computed
from the interaction diagrams and formulation described in
Section 4.2.1.

The ACI magnified factored moment M_ is defined by

Mo = 8pMop + 8 Moy (4.25)

Equation 4.25 is identical to Equation 4.10 taken from the
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AISC Code. In Equation 4.25, §, is a moment magnifier to
account for second-order length effects as computed from
Equation 4.26; M,;, is the moment resulting from gravity loads.
The product of the moment magnifier §s and M,,, the moment
resulting from lateral loads, was equal to zero because

lateral loads were not considered in this study.

. P (4.26)
35,

In Equation 4.26, C, is the equivalent uniform moment diagram
factor and is equal to 0.6 - 0.4 (Myp/Myp) i M;p/M,y is the
ratio of smaller bending moment to larger bending moment
acting at opposite ends of the unbraced length and in the
plane of bending being considered. For single curvature, My
and M,, are equal and opposite and C, becomes equal to 1.0.
P, is the factored axial load; ¢ is the resistance factor
which was taken equal to 1.0 in this study; and P, is defined

by:

2
P, = .JEEEEE (4.27)
(k 2,)

in which 2, is the unsupported length of the column and k is
the effective length factor taken equal to 1.0 for the type of
beam columns considered.

Substituting into Equation 4.25, M, ; for Myp, Myg for M, -
and §, from Equation 4.26, and setting Cp, = 1.0, ¢ = 1.0, and

§Mys = 0 gives the following expression:
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_ 1
Mcs ‘[—""‘P— Mco1 (4.28)

1 -
t Pe)

Equation 4.28 was rearranged to solve for P, (Equation 4.29).

Py- ___fu
c (1 ) Mcol] (4.29)
L Mcs

Equating Equation 4.27 to Equation 2.29, setting k = 1.0, and

then solving for EI gives the effective flexural stiffness for

the AISC Code:

T2 [1 B Mcol] (4.30)

The terms P,, M_,,; and M_, were obtained from the closed
form solution to the column axial load-bending moment
interaction diagrams, shown in Figure 4.2 and explained in
Section 4.2.1. A short computer program was written to

compute the EI employing the procedure outlined in this

Section and Section 4.2.1.
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Figure 4.2 - Schematic cross-section and column axial load-

bending moment interaction diagrams used to develop an
equivalent AISC flexural stiffness.
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S - EVALUATION OF EFFECTIVE STIFENESS FOR BEAM-COLUMNS

SUBJECTED TO MAJOR AXIS BENDING

5.1 DESCRIPTION OF BEAM-COLUMNS STUDIED

In an attempt to study the full range of variables, 11880
composite beam-columns were used to evaluate the theoretical
stiffness of beam-columns bending about the major axis. Each
column had a different combination of the specified
properties. The specified nominal concrete strengths f',, the
structural steel yield strengths f&ss, the reinforcing steel
ratios p,.., the structural steel ratios Pss and the size of
structural steél éhapes used in this study are listed in Table
5.1. The values shown in the table represent the practical
ranges of these variables used in the construction industry.
The overall concrete cross-section had a size of 22 inches by
22 inches; the details of the cross-section are given in
Figure 5.1.

The ACI and AISC Code requirements for composite columns
influenced the selection of the cross section parameters used
in this study. For composite beam-columns neither the ACI nor
the AISC Code specifies a maximum amount for the structural
steel core. However, the AISC Code states that to qualify as
a composite column the structural steel ratio (pgg) must be
greater than or equal to 4 percent. The ACI Building Code
requires that a minimum of 1 percent to a maximum of 8 percent-

of longitudinal reinforcing (prs) be 1included with the
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Table 5.1 - Specified properties of composite beam-columns

studiedx*
Number of
Properties Specified Values Specified Values
£'., psi 4000; 5000; 6000; 8000 4
f:'ysS ; psi 36000; 44000; 50000 3
Prg 1 % 1.09; 1.96; 3.17 3
structural section Psg ¢+ %
steel
wW1l2 x 170 10.33
W1l2 x 120 7.29
W12 x 72 4.36 6
W10 x 112 6.80
W10 x 68 4.13
W8 x 67 4.07
£/h 10; 15; 20; 25; 30 5
e/h 0.05; 0.1; 0.2; 0.3; 0.4; 0.5 11
0.6; 0.7; 0.8; 0.9; 1.0

* Total number of columns equals ( 4 x 3 x 3 x 6 x 5 x 11 =) 11880 with
each column having a different combination of specified properties shown
above. All columns had a cross section size of 22 x 22 in. with lateral
ties conforming to ACI 318-89 Clause 10.14.8.

Note: 1.0 in. = 25.4 mm; 1000 psi = 6.895 MPa.
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STEEL SECTION LONGITUDINAL REINFORCING
Corner Rebars Add'l Rebars | Total
Area of

Ass dss b pgg Y  Max.bar Max.barf Bar No. Clear| Bar No.| Rebars p g

Designation 2 dia. for  dia. for Dia. Req. Dist. Dia.  Req. 2
(in.®) (n) (n) (%) | (n) Z=1.0in lap (in.) Z (in.) (in.) (in.%) (%)
W12x 170 50.0 14.03 12,57 10.33| 1.99 1.80 1.72 1.693 4 1.342] 1.000 8 15.32 317
(W310 x 253) 1.000 4 2167 ] 1.000 8 9.48 1.96
0.750 4 2465 0.750 8 5.28 1.09
Wi2x 120 353 1312 1232 729 244 2.20 1.84 1.693 4 17061 1.000 8 18.32 3.7
(W310x 179) 1.000 4 2540 1.000 8 9.48 1.96
0.750 4 2841 | 0.750 8 5.28 1.09
Wi12x72 21.1 1225 12.04 436} 288 2.60 1.98 1.693 4 2097} 1.000 8 15.32 317
(W310x107) 1.000 4 2934 1.000 8 9.48 1.96
0.750 4 3.286] 0750 8 528 1.09
W10x 112 329 11.36 1041 680| 3.32 3.30 2.80 1.693 4 3.002| 1.000 8 16,32 3.17
(W250 x 167) 1.000 4 11.821 1.000 8 9.48 1.96
0.750 4 11.823{ 0.750 8 5.28 1.09
W10 x 68 20.0 1040 10.13 4.13| 3.80 3.70 2.94 1.693 4 3.427 | 1.000 8 1632 3.17
(W250 x 101) 1.000 4 4263] 1.000 8 9.48 1.96
0.750 4 4565 0.750 8 5.28 1.09
W8 x 67 197 9.00 828 4.07} 450 4.60 3.86 1693 4 4581 1000 8| 1532 317
(W200 x 100} 1.000 4 5417 | 1.000 8 9.48 1.96
0.750 4 5719 0.750 8 5.28 1.09

o 22" 22" o
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Figure 5.1 - Details of composite column cross-section for

columns subject to bending about the major axis.
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structural steel core. Difficulty in 1lap splicing the
reinforcing bars reduces the maximum limit of prs to about 3
to 4 percent when a relatively large structural steel core is
encased. The reinforcing steel ratio is, therefore, usually
expected to range from 1 to 3 percent. Even three percent
reinforcing steel will restrict p,. to a maximum of about 10
percent, giving a range of p_., about 4 to 10 percent. The AISC
Code (Chapter I, Section I2) specifies that f', be restricted
to range from 3000 psi to 8000 psi and that the maximum yield
strength for structural steel and reinforcing bars shall not
exceed 55,000 psi in calculating the strength of the column.
The ACI Building Code, on the other hand, specifies that .
shall not be less than 2500 psi (Clause 10.14.8.1) and that
the design yield strength of the structural steel shall not
exceed 50,000 psi (Clause 10.14.8.2), but no restriction is
placed on the design yield strength of the reinforcing steel.
With these requirements in mind, the strengths for concrete
and structural steel shown in Table 5.1 were selected. The
yield strength of the reinforcing bars was taken as 60 ksi for
all of the cross section arrangements, because this represents
the standard strength of reinforcing bars used in the
construction industry. Figure 5.1 shows the cross section
arrangements that were used in this study.

Utilizing six different sizes of structural steel shapes.
(Figure 5.1) provided the means to study the effect of_

concrete cover over the structural steel section. The ratio
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of the depth of the structural steel shape to the depth of the
concrete cross-section d,./h was used as an index for concrete
cover over structural steel.

Table 5.1 shows that eleven end eccentricity ratios e/h
ranging from 0.05 to 1.0 were used. This is consistent with
the findings of Mirza and MacGregor (1982) that, for
reinforced concrete buildings, e/h usually varies from 0.1 to
0.65. Five slenderness ratios 2/h were chosen to represent
the range of ¢/h for columns in braced frames designed in
accordance with ACI 318-89 Clause 10.11.

As the purpose of this study is to simulate the actual
stiffness EI of beam-columns described by nominal cross-
sectional properties, the specified nominal values for
material strength and cross-sectional properties will not
provide an accurate estimation of EI. Mean values established
by Skrabek and Mirza (1990) corresponding to the nominal
specified properties were, therefore, used to compute the
theoretical stiffness for each column. Table 5.2 lists the
mean values corresponding to the specified nominal values.

The short-term theoretical effective flexural stiffness
EI for each of the 11,880 columns studied was computed using
Equation 2.7, the cross-section and slender column interaction
diagrams described in Section 2.2, and the mean values of the
variables specified in Table 5.2. The simulated column
stiffness data were then statistically analyzed for examining‘

the current ACI column stiffness, the equivalent AISC column
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Table 5.2 = Mean Values of Variables Used for Computing Theoretical
Strength and Stiffness.

(a) Concrete

Mean Values
Nominal Compressive Modulus Elastic
Strength Strength of Rupture Modulus
£'. (psi) £, (psi) £. (psi) E, (ksi)
4,000 3,388 445 3,260
5,000 4,013 485 3,537
6,000 4,641 523 3,795
8,000 5,904 591 4,263

(b) Structural Steel Strength*

Mean Values
Nominal Static Yield Strength
Strength
£, (psi) Web Flange
Y £ . £
ysw {psi) ysf
36,000 39,240 0.95 fww
44,000 47,960 0.95 fysw
50,000 54,500 0.95 fysw

{(c) Residual Stresses in Structural Steel

Steel Shape Flange Tip (psi) Flange - web

Juncture (psi)
Wl2 x 170 (W310 x 253) -18,367 11,792
W12 x 120 (W310 x 179) -17,983 11,267
Wl2 x 72 (W310 x 107) -17,896 11,152
W10 x 112 (W250 x 167) -18,576 12,089
W10 x 68 (W250 x 101) -18,384 11,816
W8 x 67 (W200 x 100) -18,465 11,931

* Note: Modulus of Elasticity for Structural Steel, E. = 29,000 ksi

S
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(d) Structural Steel Dimensions

Section Flange Flange Web
Depth width Thickness Thickness
d b t w
Ratio of Actual to
Specified Dimensions 1.000 1.005 0.976 1.017

{(e) Reinforcing Steel

Nominal Strength
fy (psi)

Static Yield
Strength fys (psi)

Elastic Modulus
E, (ksi)

60,000

66,800

29,000

(f) Deviation of Overall Beam~Column Dimensions
from Nominal Specified Dimensions

Length (in.) 0.0
Cross-Section Depth (in.) +0.06
Cross-Section Width (in.) +0.06
Concrete Cover to Lateral Ties (in.) +0.33
Spacing of Lateral Ties (in.) 0.0
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stiffness, and for developing the proposed design equations

for EI.

5.2 EXAMINATION OF ACI AND AISC STIFFNESSES

The ACI Building Code and the comparable AISC Code
equivalent flexural stiffnesses (Equation 4.1 and 4.30
described in Chapter 4) were compared with the theoretical EI
data generated for all of the 11,880 composite columns
subjected to bending about the major axis of the steel
section. The nominal values of variables shown in Table 5.1
and Figure 5.1 were used for computing the ACI and AISC ETI
values. Note the theoretical EI values were computed using
the.mean values of variables shown in Table 5.2.

The histograms in Figure 5.2 show the ratios of
theoretical EI to design EI (EI.,/EIz..). The results shown
in Figure 5.2 (a) were computed based on EI;.s taken equal to
the ACI EI equation (Equation 4.1) and those shown in Figure
5.2(b) were based on EI 4 05 set equal to AISC EI expression
(Equation 4.30). Figure 5.2 that includes data for all p,,
values (1.09, 1.96, 3.17 percent) indicates that relatively
high mean stiffness ratios and coefficients of variation (cv)
are obtained from both the ACI and AISC equations (mean value
= 1.39, CV = 22.8 percent; and mean value = 1.45, CV = 22.8
percent for Equations 4.1 and 4.30, respectively). This means.
that the ACI and AISC equations on the average predict_

conservative EI values which are about 40 percent lower than
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Figure 5.2 - Frequency histogram comparing ACI and AISC

stiffness equations with theoretical results for all columns
bending about major axis.
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the theoretically predicted values.

The ACI equation, however, does not account for
differences in the reinforcing steel ratio Prs- A second
comparison showing only the data where prs = 1 percent was .~
plotted in Figure 5.3 for both the ACI and AISC stiffnesses.
Mean values of 1.21 and 1.26 were obtained for ACI and AISC,
respectively, along with coefficients of variation similar to
those in Figure 5.2. This significant change in mean value
indicates that the ACI and AISC design equations were most
likely calibrated for the minimum required reinforcement
ratio. This also appears to confirm the general belief that

ACI and AISC equations are, in most cases, on the safe side.

For a significant number of columns studied, however, both the

ACI and AISC ET deviated substantially from the corresponding
theoretically computed EI. This is because the ACI and AISC
design equations do not include all the parameters that affect
the stiffness of slender columns. The ACI equation does not
account for the longitudinal reinforcing steel whereas the
AISC design equations modify the properties of a composite
column to that of an "equivalent steel"™ column in which
cracking of the concrete is not considered.

It is evident from Figures 5.2 and 5.3 and the related
discussions that there appears to be a need for modification
in the existing ACI stiffness equation and AISC strength

interaction equations used for the design of composite beam-

columns.
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stiffness equations with theoretical results for columns
bending about major axis where p,, = 1.09 percent.
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5.3 DEVELOPMENT OF PROPOSED DESIGN EQUATIONS
FOR SHORT~TERM EI

Mirza (1990) among others pointed out that the effective
flexural stiffness of a slender reinforced concrete column is
significantly affected by cracking along its length and
inelastic actions in the concrete and reinforcing steel. This
is also expected for a composite column although to a lesser
degree, because the structural steel core is expected to
stiffen the concrete cross-section. However, the inelastic
actions within the encased structural steel shape affect the
overall stiffness of a composite column. EI 1is then
represented by a complex function of a number of variables
that cannot be readily transformed into a unique and simple
analytical solution. The objective in this study is to
develop simple equations for the EI of composite columns,
similar éo the ones that were produced by Mirza (1990) for
reinforced concrete columns. Multiple 1linear regression
analysis was chosen to evaluate EI from the generated

theoretical stiffness data.

5.3.1 Variables Used for Regression Analysis

The variables used in this study were divided into two
major groups: (A) variables that affect the contribution of
concrete to the overall effective stiffness; and (B) variables.

that influence the contribution of structural and reinforcing

steel to the overall effective stiffness of a composite beam-
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column.

Group A consists of five subgroups, similar to those
described by Mirza(1990): (1) end eccentricity ratio e/h or
P,/P, (subgroup X;), in which P, is the factored axial load
acting on the slender column and P, is the pure axial load
capacity of the cross-section; (2) slenderness ratio ¢/h or
é/r (subgroup X,), where r is the radius of gyration
calculated according to the ACI Building Code Equation (10-13)
reproduced here as Equation 5.1; (3) steel index Pssr O Prg,
or pg = (pss + Prs) 1 OF Prg/Pgss OF pssfyss/f'c" or prsfyrs/f'c'
or (pssfyss + prsfyrs)/f'c (subgroup X3), where Pg is the total
steel ratio and fors is the specified yield strength of the
reinforcing steel; (4) stiffness index I,./I.., or Tes/Ig, oOF
Irs/Ig, or (I 4 + Irs)/Ig (subgroup X,) where Ig = the moment
of inertia of the gross concrete cross-section neglecting
structural and reinforcing steel; and (5) concrete cover index
dgss/h (subgroup X;) where d,s, the depth of the structural
steel section, is divided by the overall depth of the
composite cross-section perpendicular to the axis of bending

being considered.

_ | (EcIg/5) + EgIgg (5.1)
(EcA,7/5) + EghAg

In Equation 5.1, Ag equals the area of the gross concrete

cross—-section neglecting structural and reinforcing steel and

Ags edquals the gross cross-sectional area of the structural
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steel section. The Group A variables are listed in Table 5.3.

Group B, on the other hand, consists of two variables,
E;I,s and E I, that were considered to have a significant
affect on the overall effective stiffness of a composite
column.

Mirza and MacGregor (1989) found that for reinforced
concrete slender columns the variables in the first and second
subgroup of group A are important in the study of the strength
and behaviour of slender columns. Mirza (1990) verified this
in his analysis of the flexural stiffness of rectangular
reinforced concrete columns. The third subgroup variables of
Group A took into consideration the influence of the quantity
of steel in proportion to the area of concrete cross-section.
The fourth subgroup was intended to examine the effects of
relative stiffnesses of steel and concrete. The fifth and
final subgroup of Group A was included to investigate the
effect of concrete cover to the structural steel shape on
column stiffness.

The variables within an individual subgroup of Group A
were considered as dependent variables, while variables
between the subgroups were taken as independent variables.
For example, e/h was considered dependent on P,/P, but was
taken independent of variables related to slenderness ratio,
steel index, stiffness index, and concrete cover index. The
variables of Group B were always considered independent—

variables. A maximum of one variable from any of the chosen
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subgroups of Group A was, therefore, used for a particular
regression analysis of the theoretical stiffness data. When
one variable from each subgroup of Group A and both variables
from Group B are included into the regression analysis,
Equation 2.2 becomes:
ET = (ap + a1X1 + 03X, + a3X3 + 04X, (5.2a)

tagXg)Eo(Ig ~ Igg) + QgeBolgg + @pgE T o
in which @, is a constant (equivalent to the intercept of a
simple 1linear equation). The remaining a values are
dimensionless reduction factors corresponding to independent
variables X;, X,, X3r X4y X5, EgIgg and E I, .. X; through X5
represent one variable chosen from each of the subgroups (i.e.
end eccentricity ratio, slenderness ratio, steel index,
stiffness index, and concrete cover index) in Group A.

The combination of Group A variables used for different
regression analyses are given in Table 5.3. Gréup B variables
were included in all regression analyses shown in Table 5.3.

The prediction accuracy for a particular regression
equation was based on the standard error Sgo, a measure of
sampling variability, and the multiple correlation coefficient
R,, an index of relative strength of the relationship. The
smaller the value of S_, the smaller the sampling variability
of the regression equation. An R, value equal to zero
signifies no correlation, and R, = %1.0 indicates 100 percent
correlation. R, values greater than +1.0 and less than -1.0

are not possible. The calculated values of Se and R, for each
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regression analysis are also given in Table 5.3. To reduce
the relative magnitude of the standard error So, both sides of
Equation 5.2a were divided by Ec(Ig - Igg) to "normalize" the
equation. This also allowed the S, obtained in this study to
be compared to the S_, obtained by Mirza (1990) for reinforced

concrete columns. The normalized version of Equation 5.2a is:

ET
Ec(Ig - Igg)

= ak+ ale + (12X2 + a3X3 + a4X4 + a5X5

5.2b
Eglgs Eslrs ( )

+
ssEc(l-g - Iss) rsEc(Ig - Iss)

+

Note that S, in this study was computed for Qs

5.3.2 Regression Analysis

Table 5.3 shows the S_, and R, values calculated for 25
regression equations. The insignificant changes in S, and R,
for the first thirteen variable combinations indicate that
variables other than those used in combination 13 (e/h and
£/h) do not significantly influence the ET of slender columns.
A correlation analysis confirmed that this was due to the fact
that the variables in subgroups X; and X, were included
explicitly or implicitly in the format of the regression
equations, Equations 5.2a and 5.2b.

Variable combinations 13 to 16 involving e/h, P,/P,, £/h,
and £/r proved that e/h and ¢/h are the most significant pair
of variables from Group A influencing EI. The ratios 2/h and;
£/r are obviously correlated, however, £/h is much simpler to

compute. A correlation analysis of the variables used in
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combinations 13 to 16, including the Group B variables,
confirmed Mirza's observation indicating that: (a) no
correlation exists between e/h and ¢/h (or £/r) ratios; (b)
there 1is some correlation between P,/P, and £/h (or £/r)
ratios; and (c) a strong correlation exists between P,/P, and
e/h ratios. This means that e/h and £¢/h (or ¢/r) are
independent variables and P,/P, is dependent on e/h.

Finally, combinations 17 through 25 show that when only
one of the variables in Group A was combined with the two
variables in Group B, e/h is the most significant variable
from Group A.

In summary, the lowest S, and highest R, values among the
regression equations concerning two variables and one variable
from Group A, combined with the two variables from Group B,
were obtained for variable combinations 13 and 17,

respectively. The resulting regression equations are:

EI = (0.313 + 0.00334 £/h - 0.203 e/h) Eg(Iy - Igg) (5.3)
+ 0.792E,T s + 0.788E.T )
EI = (0.379 - 0.203 e/h) Ec(Ig - Igg) (5.4)

+ 0.792E.,T ¢ + 0.788E.T ¢

Equations 5.3 and 5.4 are similar in format to regression
Equations 5.5 and 5.6 developed by Mirza (1990) for reinforced

concrete columns.

EI = (0.294 + 0.00323 2/h - 0.299 e/h) Ech + E T o (5.5)

EI = (0.358 - 0.299 e/h) E,I, + E;I,g (5.6)




121

Both sets of equations show that with an increase in e/h ratio
there is a corresponding decrease in EI for a column. This is
because an increase in e/h means a correspondiﬁg increase in
bending moment and tension stresses at the outer fibre,
resulting in more cracking of the column. The coefficient of
0.203 associated with e/h in Equations 5.3 and 5.4 for
composite columns is about 2/3 of Ehat in Equations 5.5 and
5.6 for reinforced concrete columns. This is due to the
structural steel shape in composite columns interrupting the
continuity of the cracks that remain unarrested in reinforced
concrete columns. Equations 5.3 and 5.5 indicate that for an
increase in ¢/h ratio there is an increase in EI. Mirza
(1990) suggests that this is because in a longer column the
cracks are likely to be more widely spaced with more concrete.
in between the cracks contributing to the EI of the column.
The coefficients of 0.792 and 0.788 related to By, and ET,.,
respectively, in Equations 5.3 and 5.4 indicate "softening" of
structural and reinforcing steel. This is the result of
elastic-plastic nature of the stresses developed in the
structural steel and the reinforcing steel at ultimate load.

For composite columns S, = 0.050 and R, = 0.964 were
obtained for Equation 5.3. This compares to an S, = 0.058 and
R, = 0.86 reported by Mirza (1990) for Equation 5.5. For the

second composite column equation (Equation 5.4) S, equals

0.056 and R, equals 0.955. The corresponding values reported

by Mirza for Equation 5.6 were 0.061 and 0.84.
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A scatter diagram (Figure 5.4) shows the values of ET
computed from Equations 5.3 and 5.4 plotted against the
corresponding theoretical EI. Regression EI from Equation 5.3
is shown in Figure 5.4 (a), and Figure 5.4 (b) is for Equation
.5.4. Both equations exhibit reasonable correlation with the
theoretical EI values when compared to the line of unity
labelled as 45° line. Equation 5.3 produced somewhat, but not
very significantly, better results.

The histograms and related statistical data for the ratio
of theoretical EI to regression ET (EIth/EIreg) developed from
all the columns studied (n = 11,880) are virtually identical
for Equations 5.3 and 5.4, as shown in Figure 5.5. ET,eq in
Figure 5.5(a) was taken from Equation 5.3 and that in Figure
5.5(b) from Equation 5.4. Both equations give mean values of
1.00. The coefficient of variation (CV) for Equation 5.3 is
0.075 and 0.080 for Equation 5.4. This represents a very
significant improvement when compared to mean values of 1.39
and 1.45 shown in Figure 5.2 for the ACI and AISC stiffness
equations, respectively, and CV of 0.228 obtained for both ACI
and AISC equations.

The histograms and statistical data for the columns where
the longitudinal reinforcement ratio (prs) 1is one percent
(n=3960), shown in Figure 5.6, again indicates that the two
equations give almost the same results. Both equations give
mean values of 0.99. The ¢V for Equation 5.3 is 0.088 and_

0.091 for Equation 5.4, This still represents a very
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significant improvement over the mean values of 1.21 and 1.26,
and the coefficients of variation of 0.202 and 0.229 obtained

from the ACI and AISC stiffness equations shown in Figure 5.3.

5.3.3 Proposed Design Equations
Equations 5.7 and 5.8, proposed for design use, were
simplified from Equations 5.3 and 5.4.

ET = [(0.27 + 0.003 £/h - 0.2 e/h) E, (I, - Igg)

(5.7)
+ 0.8E (I + I,.5)1 2 E Igq

EI = [(0.3 - 0.2 e/h) E_(Ig - Ig)

5.8
+ 0.8 Eg(Igg + Ipg)] 2 ET ( )

ss
These compare to Equations 5.9 and 5.10 suggested by Mirza

(1990) for reinforced concrete columns.

EI = [{(0.27 + 0.003 £2/h - 0.3 e/h) Ech + Egl, ] 2 E I,y (5.9)

EI = [(0.3 - 0.3 e/h) EoTy + E;T, ] 2 BT, (5.10)

At £/h of 10, Equations 5.7 and 5.8 yield the same results.
For values of £/h > 10, Equation 5.8 is more conservative than
Equation 5.7. However, Equation 5.8 is less conservative than
Equation 5.7 for £/h < 10. For very large e/h ratios (e/h >
1.5 in Equation 5.8), a lower limit of E I, is used for both
equations to insure that the effective stiffness of the

composite column is at least equal to that of the encased

structural steel shape.

Histograms and statistical data were prepared using the

proposed design equations for all the columns studied
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(n=11880) . The histograms for the ratios of theoretical EI to
design EI (EI.,/EI,..) are plotted in Figure 5.7. EIl; . in
Figure 5.7(a) was taken from Equation 5.7 and that in Figure
5.7(b) from Equation 5.8. As expected, Figure 5.7 indicates
that the stiffness ratios (EI,,/EI,4..) for Equation 5.8 (Figure
5.7 (b)) are more conservative than those for Equation 5.7
(Figure 5.7(a)).

The histograms and statistical data prepared for the
columns having one percent reinforcing steel (n=3960), using
the proposed design equations, are shown in Figure 5.8. The
results are similar to those obtained for the data plotted in

Figure 5.7.

5.4 ANALYSIS OF STIFFNESS DATA
5.4.1 Overview of Stiffness Ratio Statistics

An overview of the stiffness ratio (EI.p/ET4.s) statistics
computed for different design equations are given in Table 5.4
for all data and in Table 5.5 for beam-columns having a
reinforcing steel ratio of one percent. To calculate the
stiffness ratio of a column, EI,, was taken as the computed
theoretical stiffness and EI, . was calculated from Equations
5.7, 5.8, 4.1 and 4.30. Equations 5.7 and 5.8 are the
proposed design equations, Equation 4.1 is the ACI design
equation, and Equation 4.30 is the stiffness expression
developed from the AISC strength interaction'curves.

Tables 5.4 and 5.5 give the coefficient of variation,
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Figure 5.7 - Frequency histograms comparing proposed design

equations with theoretical data for all columns bending about
major axis.
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Figure 5.8 - Frequency histograms comparing proposed design
equations with theoretical data for columns bending about
major axis where p,, = 1.09 percent.
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Table 5.4 -  Stiffness Ratio Statistics for Different Design Equations
for all Beam-Columns Subjected to Major Axis Bending
Group | Slenderness Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
e/h e/h Eq.5.7 Eq.5.8 Eq. 4.1 Eq.4.30 | Columns
M @ @) 4 ) 6) @ ®)
(a) Coefficient of Variation
Al 10 0.05 - 1.0 0.085 0.095 0.224 0.277 2376
A2 15 0.068 0.072 0.227 0.251 2376
A3 20 0.063 0.067 0.228 0.223 2376
A4 25 0.071 0.072 0.226 0.198 2376
AS 30 0.079 0.079 0.225 0.181 2376
A6 10-30 0.077 0.083 0.228 0.228 11880
B1 10 0.1 -07 0.077 0.077 0.222 0.233 1512
B2 15 0.065 0.067 0.219 0.212 1512
B3 20 0.051 0.052 0.206 0.184 1512
B4 25 0.045 0.042 0.194 0.166 1512
B5 30 0.046 0.039 0.187 0.185 1512
B6 10-30 0.062 0.060 0.206 0.193 7560
{b) Mean Stiffness Ratio

At 10 0.05 - 1.0 1.073 1.073 1.309 1.445 2376
A2 15 1.088 1.119 1.370 1.440 2376
A3 20 1.088 1.149 1.407 1.433 2376
A4 25 1.073 1.163 1.423 1.441 2376
A5 30 1.056 1.174 1.434 1.477 2376
A6 10-30 1.076 1.136 1.389 1.447 11880
B1 10 0.1 -07 1.065 1.065 1.358 1.527 1512
B2 15 1.075 1.104 1.407 1.518 1512
B3 20 1.061 1.118 1.423 1.487 1512
B4 25 1.039 1.121 1.424 1.473 1512
BS 30 1.017 1.124 1.427 1.488 1512
B6 10-30 1.051 1.106 1.408 1.499 7560
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Table 5.4 - continued
Group | Slenderness Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
2/h e/h Eq.5.7 Eq. 5.8 Eq. 4.1 Eq.4.30 | Columns
1) ] 3 G ) ©) ¢ ]
(c) Five-Percentile
Al 10 0.05 - 1.0 0.900 0.900 0.930 0.865 2376
A2 15 0.975 0.996 0.981 0.890 2376
A3 20 0.995 1.047 1.016 0.931 2376
A4 25 0.976 1.063 1.040 1.000 2376
A5 30 0.948 1.067 1.057 1.080 2376
A8 10-30 0.958 0.993 0.998 0.941 11880
B1 10 01 - 07 0.936 0.936 0.956 1.002 1512
B2 15 0.977 0.899 1.010 1.029 1512
B3 20 0.087 1.040 1.046 1.056 1512
B4 25 0.967 1.057 1.070 1.095 1512
B5 30 0.935 1.062 1.086 1.143 1812
B6 10-30 0.958 0.996 1.027 1.069 7560
(d) One-Percentile

A1l 10 0.05 - 1.0 0.787 0.787 0.848 0.764 2376
A2 15 0.923 0.939 0.905 0.795 2376
A3 20 0.967 1.013 0.950 0.824 2376
A4 25 0.943 1.036 0.975 0.875 2376
A5 30 0.911 1.047 0.993 0.972 2376
AB 10-30 0.894 0.898 0.910 0.812 11880
B1 10 01 - 07 0.883 0.883 0.877 0.859 1512
B2 15 0.938 0.951 0.930 0.881 1512
B3 20 0.961 1.003 0.970 0.923 1512
B4 25 0.934 1.031 0.999 0.980 1512
BS 30 0.902 1.042 1.017 1.054 1512
B6 10-30 0.915 0.935 0.933 0.920 7560
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Table 55-  Stiffness Ratio Statistics for Different Design Equations
for Beam-Columns Subjected to Major Axis Bending for
which p rs= 1.09 percent.
Group | Slenderness Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
£/h e/h Eq.5.7 Eq.5.8 Eq. 4.1 Eq.4.30 | Columns
1 @ 3) @ ) &) @ ®
(a) Coefficient of Variation
Al 10 0.05 - 1.0 0.094 0.094 0.186 0.280 792
A2 15 0.071 0.075 0.194 0.257 792
A3 20 0.075 0.077 0.202 0.229 792
A4 25 0.087 0.088 0.205 0.196 792
A5 30 0.096 0.093 0.208 0.169 792
A8 10-30 0.086 0.091 0.202 0.229 3960
B1 10 0.1 - 07 0.079 0.079 0.185 0.228 504
B2 15 0.071 0.072 0.180 0.206 504
B3 20 0.061 0.060 0.162 0.170 504
B4 25 0.057 0.050 0.146 0.137 504
BS 30 0.058 0.046 0.136 0.116 504
B6 10-30 0.071 0.064 0.163 0.177 2520
{b) Mean Stiffness Ratio

Al 10 0.05 - 1.0 1.083 1.083 1.143 1.249 792
A2 15 1.093 1.129 1.195 1.249 792
A3 20 1.089 1.159 1.227 1.244 792
A4 25 1.073 1.176 1.245 1.252 792
A5 30 1.054 1.189 1.258 1.287 792
AB 10- 30 1.078 1.147 1.214 1.256 3960
B1 10 01 - 07 1.077 1.077 1.196 1.326 504
B2 15 1.078 1.110 1.232 1.318 504
B3 20 1.057 1121 1.241 1.293 504
B4 25 1.032 1.125 1.243 1.282 504
BS 30 1.008 1.129 1.247 1.298 504
B6 10-30 1.050 1.113 1.232 1.304 2520
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Table 5.5 - continued
Group | Slenderness Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
£/h e/h EqQ.5.7 Eq. 5.8 Eq. 4.1 Eq.4.30 | Columns
M @ @) @ &) 6) @ ®
(c) Five-Percentile
Al 10 0.05 - 1.0 0.913 0.913 0.878 0.785 792
A2 15 0.978 1.005 0.931 0.812 792
A3 20 0.984 1.048 0.966 0.849 792
A4 25 0.954 1.061 0.993 0.902 792
AS 30 0.923 1.063 1.012 0.994 792
A6 10-30 0.946 1.003 0.950 0.842 3960
B1 10 0.1 -07 0.944 0.944 0.907 0.883 504
B2 15 0.976 1.004 0.957 0.921 504
B3 20 0.973 1.040 0.995 0.952 504
B4 25 0.944 1.050 1.018 1.012 504
B5 30 0912 1.052 1.034 1.069 504
Bé 10-30 0.942 1.003 0.971 0.957 2520
(d) One-Percentile

Al 10 0.05 - 1.0 0.786 0.786 0.802 0.732 792
A2 15 0.923 0.939 0.873 0.761 792
A3 20 0.959 1.013 0.927 0.802 792
A4 25 0.928 1.034 0.952 0.846 792
A5 30 0.897 1.039 0.973 0.939 792
A6 10-30 0.896 0.910 0.869 0.773 3960
B1 10 0.1 -07 0.888 0.888 0.837 0.784 504
B2 15 0.930 0.959 0.893 0.825 504
B3 20 0.947 1.005 0.934 0.873 504
B4 25 0.925 1.029 0.972 0.947 504
B5 30 0.891 1.036 0.993 1.032 504
B6 10-30 0.906 0.942 0.892 0.860 2520
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mean, five-percentile and one-percentile values for each of

the different design equations. For statistical analysis, the

beam-columns studied are divided into two groups: Group A

includes all columns and Group B includes only the columns

with usual e/h values (0.1 < e/h < 0.7). The statistics
provided within each of these groﬁps are based on subgroups
that were taken according to £/h ratio but also include the
statistics for the overall sample.

After reviewing Tables 5.4 and 5.5 the following
observations are made:

(1) The coefficients of variation for the proposed design
equations}are considerably lower and remain relatively
constant compared to those for the ACI or AISC equations.

(2) The mean stiffness ratios for the ACI and AISC equations
tend to be significantly more conservative than those for
the proposed design equations.

(3) A comparison of Table 5.4 (for all data) and Table 5.5
(for beam-columns having one percent reinforcing steel)
shows that the mean, five-percentile and one-percentile
stiffness ratios for the ACI and AISC equations are
subjected to greater variations due to p.s than are those
for the proposed design equations.

(4) All of the design equations gave five-percentile and one-
percentile values that, in most cases, exceeded 0.86 and
0.8, respectively. The AISC expression, however, in a—

majority of cases resulted in five-percentile and one-
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percentile values less than those obtained for Equation

5.7, Equation 5.8 and the ACI equation (Equation 4.1).

Figure 5.9 shows the cumulative frequency distribution of
stiffness ratios (EI,,/EI4.) for the different design
equations plotted on normal probability paper. The curves in
Figure 5.9 represent the data for all 11,880 columns studied.
The curves for Equation 5.7, Equation 5.8 and the ACI equation
'(Equation 4.1) follow one another fairly closely from 0.1-
percentile to 10-percentile values of stiffness ratio, whereas
the AISC expression (Equation 4.30) is somewhat 1less
conservative in this region. However, both the ACI and AISC
expressions become progressively more conservative than either
of the proposed design equations as the percentile values

increase, as indicated by Figure 5.9.

5.4.2 Effect of Variables on Stiffness Ratios

The effects that each of the variables listed in Table
5.3 has on the mean, five-percentile, and one-percentile
values of stiffness ratios (EI.n/EIges) Obtained from the
proposed design equations (Equations 5.7 and 5.8), ACI
equation (Equation 4.1) and AISC equation (Equation 4.30) were
examined in detail.

Figures 5.10, 5.11 and 5.12 examine the effect of e/h on
mean, five-percentile, and one-percentile (minimum in case of

Figure 5.12) stiffness ratios. Figure 5.10 is plotted for all

data (n = 11,880), Figure 5.11 includes beam-columns having
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (ACI)
2 Eq. (5.8) (Proposed) 4 Ba. (4.30) (AISC)
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Figure 5.10 - Effect of end eccentricity ratio on stiffness
ratio for different design equations for all columns bending
about major axis (n = 1080 for each e/h ratio equal to 0.05,
0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0). :
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (AC])
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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Figure 5.11 - Effect of end eccentricity ratio on stiffness -
ratio for different design equations for columns bending about
major axis where Prs = 1.09 percent (n = 360 for each e/h
ratio equal to 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 and 1.0).
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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Figure 5.12 - Effect of end eccentricity ratio on stiffness-
ratio for different design equations for columns bending about
major axis where Prs = 1.09 percent and £/h = 10 (n = 72 for
each e/h ratio equal to 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7, 0.8, 0.9 and 1.0).
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Prs = 1 percent (n = 3960), and Figure 5.12 considers beam-
columns with pré = 1 percent and £/h = 10 (n = 792). Minimum
values in place of one-percentile values are used for Figure
5.12 because each e/h ratio represents only 72 beam=-columns.

An examination of these figures indicates that proposed design
equations (Equations 5.7 and 5.8) producé mean, five-
percentile and one-percentile values that are relatively
constant for the entire range of e/h studied. The ACI and
AISC expressions produce stiffness ratios that varied with
e/h. This is because neither equation uses e/h as a variable.

The mean stiffness ratios for the ACI equation appear to be
overly conservative at 1low e/h ratios, however, the ACI
stiffness ratio does closely follow the five-percentile and
one-percentile stiffness ratios produced by the proposed
stiffness equations. Mirza (1990) pointed out that, for
establishing safety in design equations, the five-percentile
and one-percentile values are more important than the mean
value. The proposed design eqﬁations and the ACI equation
gave mean, five-percentile and one-percentile (or minimum in
case of Figure 5.12) values that exceeded 1.0, 0.86 and
0.80,respectively, for most e/h ratios shown in Figures 5.10,

5.11 and 5.12. The AISC expression (Equation 4.30), on the
other hand, is more conservative than the other equations for

the five-percentile and one-percentile values at low e/h but
these values drop below 0.86 and 0.80 at high e/h. Figure

5.12 shows that for beam-columns having Prs = 1 percent and
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2/h = 10, the mean stiffness ratio for the AISC expression is
less that 1.0 when e/h > 0.7.

Figure 5.13 illustrates the effect of the axial load
ratio (P,/P,) on the stiffness ratios resulting from different
design equations. The axial load ratio was not a controlled
variable in this study, i.e. there are as many different axial
load ratios as the number of beam-columns studied. This
required grouping of stiffness ratios into a number of ranges
of P,/P, values. The statistics for stiffness ratios in each
range of P,/P, values were then determined. Grouping the
stiffness ratios according to axial load ratio resulted in
having a significantly different number of columns in each of
the ranges of P,/P,. For example, less columns were grouped
in the range of 0.7 to 0.9 P,/P, (n = 285) than in the range
of 0.2 to 0.25 P, /P, (n = 1648). The ranges of P,/P, ratios
were set at 0.05-0.1, 0.1-0.15, 0.15-0.2, 0.2-0.25, 0.25-0.3,
0.3-0.35, 0.35-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.9. The
mean P,/P, ratio for each range is plotted against the mean,
five-percentile and one-percentile stiffness ratios for each
corresponding range. Figure 5.13 shows that the mean
stiffness ratios for the ACI and AISC equations tend to be
again more conservative than for the proposed design
equations. This is expected since there is a strong
correlation between P,/P, and e/h. At P,/P, ratio greater than_
0.7, the mean, five-percentile and one-percentile stiffness’

ratios for the proposed design equations are slightly less
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (ACl)

2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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Figure 5.13 - Effect of axial load ratio on stiffness ratio
for different design equations for all columns bending about
major axis (n varies for each P,/P, ratio; total n = 11,880).
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than 1.0, 0.86, and 0.80, respectively. Figures 5.14 and 5.15
show that by excluding the values of P,/P, for beam-columns
where either e/h equals 0.05 or £/h equals 10 eliminates the
values of P,/P, greater than 0.7. This is expected because
high P,/P, occurs at very low e/h or £/h ratios.

An examination of Figure 5.16 concerning slenderness in
terms of ¢/h ratio indicates that there is no significant
difference in the five-percentile and one-percentile stiffness
ratios for the four design equations. Relatively constant but
different values of mean, five-percentile and one-percentile
stiffness ratios were obtained for all four design equations,
even though only Equation 5.7 includes £/h as a variable.
This suggests that 2/h is not as significant as initially
considered. The AISC expression, however, yields the lowest
five-percentile and one-percentile values when 2/h £ 25. The
mean value for the ACI and AISC stiffness expressions are
again more conservative than the proposed design equations.

Figure 5.17 shows the effect of slenderness using ¢/r
ratio. The ACI expression for radius of gyration (Equation
5.1) was used to determine r. One hundred and twenty
different values of ¢/r for 11,880 beam-columns studied
necessitated the grouping of ¢/r into ranges. The ranges of
L/r ratio were set at 30-40, 40-50, 50-60, 60-70, 70-80, 80~
90, 90-100, 100-110, 110-140. The mean £/r ratio for each
range is plotted against the mean, five-percentile and one—_

percentile stiffness ratios for each corresponding range,
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (ACI)
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (AC})
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (8.7) (Proposed)
2 Eq. (5.8) (Proposed)

3 Eq. (4.1) (AC)
4 Eq. (4.30) (AISC)
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (ACl)
2 Eq. (5.8) (Proposed) ’ 4 Eq. (4.30) (AISC)
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similar to what was done to study the effect of P,/Pyo. The
apparent zig-zag nature of the plots in Figure 5.17 for the
ACI equation is, probably, caused by grouping of 2/r and due
to the fact that the contribution of reinforcing steel to
beam-column stiffness is not included in Equation 4.1. For
the AISC expression, even though the area of the reinforcing
steel is included in computing the equivalent cross-section
properties, the full effect of the reinforcing steel is not
accounted for in determining the nominal axial load capacity
of a beam~-column. The mean, five-percentile and one-
percentile stiffness ratios appear to follow the trends stated
previously for £/h ratio.

The effect of longitudinal reinforcing steel in terms of
Prs is shown in Figure 5.18. The stiffness ratios for the ACI
and AISC expressions increase proportionally with the
reinforcing steel ratio. This is because the ACI expression
(Equation 4.1) does not account for the effect of reinforcing
steel. This also suggests that the AISC expression does not
properly account for the effect of reinforcing steel.

Figure 5.19 shows the effect of structural steel in terms
of pgg on the stiffness ratios. Figure 5.20 shows the effect
of p,, on stiffness ratios of beam-columns having reinforcing
steel of only one percent. Both figures indicate that the ACT
and AISC expressions are more susceptible to the effect of Pss
than the proposed equations. This influence is due to the-

proportion of stiffness the reinforcing steel contributes to
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (ACl)
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (8.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (ACl)
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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the overall stiffness in relation to the stiffness contributed
by the structural steel section. For example, three steel
shapes with significantly different moments of inertia were
used to give a structural steel ratio of approximately 4
percent ( actual‘values 4.07, 4.13 and 4.36 percent). This
means when the ACI equation is used, a composite column
containing a steel section with a relatively small moment of
inertia gives a more conservative result than a column with a
stiffer steel section.

Figure 5.21 concerning the effect of gross steel ratio Py
confirms the inconsistency of the ACI and AISC expressions for
determining EI. Fluctuations appearing in the stiffness
ratios for the proposed design equations are quite minor
compared to the irregularities resulting from the ACI and AISC
equations. This observation is also true for the effect of
Prs/Pss (ratio of reinforcing steel to structural steel) as
indicated by Figure 5.22. In both figures, all four design
equations produced mean, five-percentile and one-percentile
values of stiffness ratios that for most cases exceeded 1.0,
0.86, 0.80, respectively.

Figures 5.23, 5.24 and 5.25 examine the effects of the
structural steel index Pssfyss/f'c, the reinforcing steel index
prsfyrs/f'c, and the gross steel index (pssfyss+prsfyrs)/f'c.
Figures 5.23, 5.24, and 5.25, respectively, represent 72, 12,.
and 216 possible combinations of the related steel index.-

This resulted in stiffness ratios in Figures 5.23 and 5.25
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (ACI)
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (ACY)
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (5.8) (Proposed) 4 Eg. (4.30) (AISC)
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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being plotted for ranges of pssfyss/f'c and
(pss:wm+pr§%uﬁ)/f'c' each range with a different number of
stiffness ratios for statistical calculations. The ranges for
Pssfyss/ ' plotted in Figure 5.23 were set at 0.20-0.25, 0.25-
0.35, 0.35-0.45, 0.45-0.55, 0.55-0.65, 0.65-0.75, 0.75-0.85,
0.85-0.95, 0.95-1.05, 1.05-1.15, 1.15-1.25, 1.25-1.35; and
those for (pssfyss+prsfyrs)/f'c plotted in Figure 5.25 were set
at 0.2-0.3, 0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8~
0.9, 0.9-1.00, 1.00-1.10, 1.10-1.20, 1.20-1.30, 1.30-1.40,
1.40-1.50, 1.50-1.60, 1.60-1.80. The mean steel index for
each range is plotted against the mean, five-percentile and
one-percentile stiffness ratios for each corresponding range.
These figures show that the fluctuations in stiffness ratios
for the proposed design equations are subtle compared to the
fluctuations occurring for the ACI and AISC expressions.

The effects of I, /I_., Iss/Ig, Irs/Ig and (I, + Irs)/Ig
on stiffness ratios (EI,;/EI,;.) are respectively shown in
Figures 5.26, 5.27, 5.28, and 5.29. The trends shown in these
figures are similar to those discussed for Figures 5.18 to
5.25 related to the steel indices. This is particularly true
when Figure 5.21 is compared to Figure 5.26 and 5.29, and
Figure 5.18 to Figure 5.28. As expected, Figures 5.27 and
5.28 indicate that the ACI equation is more conservative when
the moment of inertia of the steel section is relatively small
or when the moment of inertia of reinforcing steel isw

relatively large compared to the moment of inertia of the



159

1 Eq. (58.7) (Proposed) 3 Eq. (4.1) (AC})
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1 Eq. (5.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (5.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (5.7) (Proposed) 3Eq. (4.1) (AC)
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1 Eq. (5.7) (Proposed)
2 Eq. (5.8) (Proposed)
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4 Eq. (4.30) (AISC)
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gross cross-section.

Figure 5.30 examines the effect of dgs/h (ratio of depth
of structural steel section to the overall depth of the
composite cross section) on stiffness ratios. As expected,
the results are somewhat similar to those obtain from Figure
5.27 plotted for the effect of Iés/Ig. The proposed design
equations produce practically constant values of mean, five-
percentile and one-percentile stiffness ratios over the entire
range of d ,/h plotted, while the ACI and AISC equations are
subject to variations for different values of dgs/h.

The following can be summarized from the data plotted in
Figures 5.10 to 5.30 and the related discussions:

(1) The proposed design equations (Equations 5.7 and 5.8)
were not significantly affected by any of the variables
investigated, while the ACI and AISC expressions
(Equations 4.1 and 4.30) were significantly affected by
most of these same variables.

(2) The ACI design equation produced results that are
compatible to the results of the proposed design
equations for the five-percentile and one-percentile
stiffness ratios plotted against many of the variables.
This is particularly apparent when considering the affect
of e/h and 2/h, the variables used in the proposed design
expressions.

(3) The AISC equation, in many cases, gives the most_

conservative results for mean stiffness ratios and the
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least conservative values for the five-percentile and

one-percentile stiffness ratios.

5.4.3 stiffness Ratios Produced by Proposed Design
Equations for Usual Columns

For composite beam-columns, neither the ACI Code nor the
AISC Code sets an upper limit on the amount of structural
steel. However, the AISC Code states that to qualify as a
composite column the structural steel ratio (pgg) must be
greater than or equal to 4 percent. The ACI Building code
requires that a minimum of 1 percent to a maximum of 8 percent
of longitudinél reinforcing (prs) be included with the
structural steel core. Difficulty in 1lap splicing the
reinforcing bars reduces the maximum limit of prs to about 3
percent when a relatively large structural steel core is
encased. The reinforcing steel ratio is, therefore, usually
expected to range from 1 to 3 percent. Even three percent
reinforcing steel will restrict Pss to a maximum of about 10
percent, giving the p., range of about 4 to 10 percent. Mirza
and MacGregor (1982) determined that the end eccentricity
ratio for columns in reinforced concrete buildings usually
ranged from 0.1 to 0.65. Therefore, the usual columns in this
study were defined as those for which e/h = 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, or 0.7, and Pss = 4.2 (actual Qalues = 4.07,.
4.13, 4.36), 7.0 (actual values of 6.80, 7.29), or 10.3

(actual value = 10.33) percent, and p,, equal to 1.09, 1.96,
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or 3.17 percent.

Figures 5.31 (a) to (e) examine the variations in mean
and minium values of the stiffness ratios with respect to e/h
computed from Equation 5.7 and plotted for £¢/h = 10, 15, 20,
25 and 30, respectively. The number of values available for
plotting each point were 36, 72 and 108 for Pss = 10.3, 7.0
and 4.2 percent, respectively. The one-percentile values were
not plotted in these figures because the minimum values
represented 2.8, 1.4 and 0.93 percentiles. The mean stiffness
ratios exceeded 1.0 for most of the columns for all £/h, while
the minimum values exceeded 0.8 in all cases. Only for 2/h
=10 and p,, = 10.3 percent and for 2/h =30 and Psgs = 4.2
percent, the mean stiffness ratio were less than 1.0. This
indicated by Figures 5.31(a) to (e).

Equation 5.8 is identical to Equation 5.7 for 2/h = 10,
and becomes more conservative as 2/h increases. This becomes
evident by Figures 5.31(f), (g9), (h), and (i) plotted for
Equation 5.8.

The following conclusions appear to be valid for columns
with e/h = 0.1 to 0.7, Pss = 4.2 to 10.3 percent, Prs = 1.1 to
3.2 percent, and ¢/h = 10 to 30:

(1) The mean and minimum stiffness ratios for Equation 5.7 or

5.8 may be taken as 1.0 and 0.8, respectively;

(2) The proposed design equations (Equations 5.7 and 5.8) are
not subject to significant variation due to e/h, pg. or—

2/h ratios.
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Figure 5.31(a) - Stiffness ratios obtained from proposed

design equations, Eq. (5.7) or (5.8), for usual columns
bending about major axis with £/h = 10 (for each combination
of e/h and Pgs ratios plotted n=108 for Pss=4.2 percent, n=72"
when p,.=7.0 percent and n=36 when Pss=10.3 percent).
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Figure 5.31(b) - Stiffness ratios obtained from proposed

design Equation (5.7) for usual columns bending about major
axis with 2/h = 15 (for each combination of e/h and p_. ratios
plotted n = 108 for Pss=4.2 percent, n=72 when Pss=7.0 percent .
and n=36 when Pss=10.3 percent).
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Figure 5.31(c) - Stiffness ratios obtained from proposed
design Equation (5.7) for usual columns bending about major
axis with 2/h = 20 (for each combination of e/h and p_ ratios
plotted n = 108 for Pss=4.2 percent, n=72 when Pss=7.0 percent .
and n=36 when Pgs=10.3 percent).
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Figure 5.31(d) - Stiffness ratios obtained from proposed
design Equation (5.7) for usual columns bending about major
axis with ¢/h = 25 (for each combination of e/h and pg  ratios
plotted n = 108 for Pss=4.2 percent, n=72 when Pss=7.0 percent
and n=36 when Pss=10.3 percent).
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Figure 5.31(e) - Stiffness ratios obtained from proposed
design Equation (5.7) for usual columns bending about major
axis with 2/h = 30 (for each combination of e/h and p, . ratios
plotted n = 108 for Pss~4.2 percent, n=72 when Pss=7.0 percent:
and n=36 when Pss=10.3 percent).
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Figure 5.31(f) - Stiffness ratios obtained from proposed

design Equation (5.8) for usual columns bending about major
axis with ¢/h = 15 (for each combination of e/h and p,. ratios
plotted n = 108 for Pss=4.2 percent, n=72 when Pss=7.0 percent
and n=36 when p_ .=10.3 percent).
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Figure 5.31(g) - Stiffness ratios obtained from proposed
design Equation (5.8) for usual columns bending about major
axis with ¢/h = 20 (for each combination of e/h and p,  ratios

plotted n = 108 for Pgs=4.2 percent, n=72 when Pgss=7.0 percent’
and n=36 when Pss=10.3 percent).
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Figure 5.31(h) - Stiffness ratios obtained from proposed

design Equation (5.8) for usual columns bending about major
axis with 2/h = 25 (for each combination of e/h and p., ratios
plotted n = 108 for Pss=4.2 percent, n=72 when Pgs=7.0 percent .
and n=36 when Pss=10.3 percent).
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Figure 5.31(i) - Stiffness ratios obtained from proposed

design Equation (5.8) for usual columns bending about major
axis with 2/h = 30 (for each combination of e/h and p,_. ratios

plotted n = 108 for Pss=4.2 percent, n=72 when Pgs=7.0 percent -
and n=36 when Pss=10.3 percent).
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5.5 THEORETICALLY CALCULATED CRITICAL BUCKLING LOAD

The ratio of axial load acting on the column to critical
buckling load, given as P,/P.., is used by ACI (Eqﬁation 4.26)
and AISC (Equation 4.11) to evaluate the second order effects
of slenderness.

The frequency histogram and statistics shown in Figure
5.32 and Table 5.6 represent the critical 1load ratio
Puum)/Pcram) for 10800 columns with e/h ranging from 0.1 to
1.0. Py tn) is the computed theoretical axial load capacity
and Por(th) is calculated by substituting the computed
theoretical effective flexural stiffness EI,y in Equation 2.4,
yielding: |

2
22

Peor(th) = (5.11)

Table 5.6 1lists the mean value of 0.326, standard
deviation of 0.177 and coefficient of variation of 0.544 for
the range of critical load ratios shown in Figure 5.32. The
critical load ratios of 0.4, 0.5, 0.6, 0.7 and 0.8 represent
the 68th, 83rd, 92nd, 97th, and 99.9th percentiles,
respectively, as indicated in Figure 5.32.

For design purposes, it is proposed that the mean value
plus one standard deviation, 0.5, be used as the upper limit

for P,/P This means that 83 percent of the beam-columns

cr*
used for plotting Figure 5.32 would be considered practicai?
is

columns. The suggested upper 1limit of 0.5 for P,/P.,

plotted in Figures 5.33(a) and 5.33(b) to examine the effects
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Table 5.6 - Statistics for critical load ratio Pucen)/Per(tn)

NUMBER OF COLUMNS STUDIED = 10800

COLUMNS WITH e/h = 0.05 NOT INCLUDED

STATISTICAL EVALUATION

MEAN-VALUE STND-DEV. COEF . VAR COEF. SKEW. KURTOSIS
0.32603 0.17721 0.54355 0.56240 2.65146
MIN-VALUE MAX-VALUE MEDIAN
0.05597 0.80593 0.30823

ONE-PERCENTILE FIVE-PERCENTILE
0.06611 0.07960
MOMENTS ABOUT THE MEAN
2ND-MOMENT 3RD-MOMENT 4TH-MOMENT
0.3140179E-01 0.3129976E-02 0.2615016E-02
CUMULATIVE FREQUENCY TABLE )

CLASS-NO. LOWER-LIMIT UPPER-LIMIT %CUM~-FREQ. GROSS-NO. $FREQ. No.
1 0.00000 0.04999 0.00000 0] 0.00000 0
2 0.05000 0.09999 9.35185 1010 9.35185 1010
3 0.10000 0.14999 15.12963 2066 9.77778 1056
4 0.15000 0.19999 28.15741 3041 9.02778 975
5 0.20000 0.24999 39.18518 4232 11.02778 1191
6 0.25000 0.29999% 48.32407 5219 9.13889 987
7 0.30000 0.34999 58.18518 6284 9.86111 1065
8 0.35000 0.39999 68.13889 7359 9.95370 1075
9 0.40000 0.44999 76.76852 8291 8.62963 932
10 0.45000 0.49999 83.00926 8965 6.24074 674
11 0.50000 0.54999 87.02778 9399 4.01852 434
12 0.55000 0.59999 91.60185 9893 4.57407 494
13 0.60000 0.64999 94.02778 10155 2.42593 262
14 0.65000 0.69999 96.71296 10445 2.68519 290
15 0.70000 0.74999 98.00000 10584 1.28704 139
16 0.75000 0.79999 99.86111 10785 1.86111 201
17 0.80000 0.84999 100.00000 10800 0.13889 15
18 0.85000 0.89999 100.00000 10800 0.00000 0
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Figure 5.33 - Effect of (a) end eccentricity ratio and (b) "
slenderness ratio on critical load for all columns bending
about the major axis other than those for which e/h = 0.05.
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of e/h and £/h on Puam)/Pcrum)' Figures 5.33(a) and 5.33(b)
indicate that some columns with low e/h, high E/h, or both
have Pu(th)/Pcr(th) ratio greater than the suggested upper
limit. This means that the suggested upper 1limit would
control the design of very slender columns in lower storeys of

high-rise buildings.

5.6 ANOTHER LOOK AT THE AISC EFFECTIVE STIFFNESS

The somewhat low stiffness ratios (EI.,/EI,..) obtained
in some cases for the AISC expression (Equation 4.30) raised
some concerns. This prompted a further examination of the
AISC interactiﬁn equations.

A comparison of the ratios of the theoretical ultimate
streng}th Pu(th) to the AISC ultimate strength Pu(AISC) was
undertaken to assess the accuracy of the AISC interaction
equations (Equation 4.16 and 4.17) used for predicting the
beam-column strength. Figure 5.34(a) plotted from the data
for all beam-columns studied shows that the probability
distribution of the strength ratios yield a mean value of
1.31, coefficient of variation of 0.14, and one-percentile
value of 1.01. This is clearly an improvement over the
probability distribution properties of the stiffness ratios
(mean value = 1.45, coefficient of variation of 0.23, and one-
percentile value = 0.81) obtained from the same beam—column'
data and shown in Figure 5.2(b).

For the strength ratio data shown in Figure 5.34(b) for
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bending about the major axis: (a) ppg = 1.09, 1.96 and 3.17
percent; and (b) Prs = 1.09 percent.
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beam-columns having only 1 percent of reinforcing steel, the
mean value of 1.25, coefficient of variation of 0.14, and one-
percentile value of 0.99 were obtained. Again, this is a
considerable improvement over the comparable values (1.26,
0.23, and 0.77) shown in Figure 5.3(b) for stiffness ratios.

The above-noted differences in strength ratios and
stiffness ratios are expected since the stiffness of a
composite beam-column is more susceptible to concrete cracking
and material nonlinearities than its strength.

Figures 5.35 and 5.36 show the strength ratios plotted
against e/h for all the data and for data from beam-columns
having p,. of‘l percent. Both figures show mean, five-
percentile and one-percentile values above 1.0, 0.86, and
0.80, respectively.

From the data plotted in Figure 5.34, 5.35, and 5.36 and
the related discussion, it is concluded that the AISC method
produces safe design for composite beam-columns subjected to

bending about the major axis of the steel section.
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Figure 5.35 - Effect of end eccentricity ratio on ratio of-

theoretical ultimate strength to AISC ultimate strength for
columns bending about the major axis (n = 1080 for each e/h
ratio equal to 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 and 1.0). :
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6 - EVALUATION OF EFFECTIVE STIFENESS FOR BEAM-COLUMNS

SUBJECTED TO MINOR AXIS BENDING

6.1 DESCRIPTION OF BEAM-COLUMNS STUDIED

To obtain a parametric study equivalent to the study of
major axis bending, 11880 composite beam-columns were used to
evaluate the theoretical stiffness of columns bending about
the minor axis. Each column had a different combination of
the specified properties. The specified nominal concrete
strengths f'_,, the structural steel yield strengths f}ss, the
reinforcing steel ratios Prs, the structural steel ratios Pss
and the size of structural steel shapes used in this study are
listed in Table 6.1. The values shown in the table represent
the practical ranges of these variables used in the
construction industry. The overall concrete cross-section had
a size of 22 inches by 22 inches; the details of the cross-
section are given in Figure 6.1.

The ACI and AISC Code requirements for composite columns
influenced the selection of the cross section parameters used
in this study. For composite beam-columns neither the ACI nor‘
the AISC Code specifies a maximum amount for the structural
steel core. However, the AISC Code states that to qualify as
a composite column the structural steel ratio (pgs) must be
greater than or equal to 4 percent. The ACI Building Code.

requires that a minimum of 1 percent to a maximum of 8 percent

of longitudinal reinforcing (prs) be included with the
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Table 6.1 - Specified properties of composite beam-columns

studiedx*
Number of
Properties Specified Values Specified Values
£'., psi 4000; 5000; 6000; 8000 4
fwm , psi 36000; 44000; 50000 3
Prg + % 1.09; 1.96; 3.17 3
structural section Pgg 7 %
steel
Wl2 x 170 10.33
Wl2 x 120 7.29
Wl2 x 72 4.36 6
W1l0 x 112 6.80
W10 x 68 4.13
W8 x 67 4.07
£/h 10; 15; 20; 25; 30 5
e/h 0.05; 0.1; 0.2; 0.3; 0.4; 0.5 11
0.6; 0.7; 0.8; 0.9; 1.0

* Total number of columns equals ( 4 x 3 x 3 x 6 x 5 x 11 =) 11880 with
each column having a different combination of specified properties shown
above. All columns had a cross section size of 22 x 22 in. with lateral
ties conforming to ACI 318-89 Clause 10.14.8.

Note: 1.0 in. = 25.4 mm; 1000 psi = 6.895 MPa.
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STEEL SECTION LONGITUDINAL REINFORCING
Corner Rebars Add'l Rebars| Total
Area of

Ass b ¢ d Pes Y Max. bar Max. bar Bar No. Clear Bar No.| Rebars o rs

Designation > ss dia. for  dia. for Dia. Req. Dist Dia. Req.
(in.%) ({in) (n) (%) (in) Z=1.0in. lap (in.} Z (in.) (in.} (in. 2) (%)
W12x 170 50.0 14.03 12,57 10.33] 1.98 1.80 1.72 1.693 4 1.3421 1.000 8 158.32 3.7
(W310 x 253) 1.000 4 2.167 | 1.000 8 9.48 1.96
0.780 4 2.465| 0.750 8 5.28 1.09
Wi2x 120 35.3 13.12 1232 729 244 2.20 1.84 1.693 4 1.706 | 1.000 8 15.32 3.7
(W310x 179) 1.000 4 2540 1.000 8 9.48 1.86
0.750 4 2.841 0.750 8 5.28 1.08
Wit2x72 21,1 1225 1204 436| 2.88 2.60 1.98 1.693 4 2097 1.000 8 16.32 3.17
W310x 107} 1.000 4 29341 1.000 8 9.48 1.96
0.750 4 3,236 | 0.750 8 5.28 1.09
W10x 112 329 11.36 1041 86.80| 3.32 3.30 2.80 1.693 4 3.002] 1.000 8 1532 3.17
(W250 x 167) 1.000 4  11.521] 1.000 8 9.48 1.96
0.750 4 11.823| 0.750 8 5.28 1.09
W10 x 68 20.0 10.40 10..13 413 3.80 3.70 2.94 1.693 4 3.427 1 1.000 8 1532 317
(W250 x 101) 1.000 4 4263 | 1.000 8 9.48 1.96
0.750 4 4565)] 0.750 8 5.28 1.09
W8 x 67 187 9.00 828 4.07] 450 4.60 3.86 1.693 4 4,581 1.000 8 15632 3.7
(W200 x 100) 1.000 4 5417 1.000 8 9.48 1.96
0.780 4 5719 0.750 8 5.28 1.09
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Figure 6.1 - Details of composite column cross-section for
columns subject to bending about the minor axis.
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structural steel core. Difficulty in lap splicing the
reinforcing bars reduces the maximum limit of p-s to about 3
to 4 percent when a relatively large structural steel core is
encased. The reinforcing steel ratio is, therefore, usually
expected to range from 1 to 3 percent. Even three percent
reinforcing steel will restrict Pss to a maximum of about 10
percent, giving a range of Pgs about 4 to 10 percent. The AISC
Code (Chapter I, Section I2) specifies that f', be restricted
to range from 3000 psi to 8000 psi and that the maximum yield
strength for structural steel and reinforcing bars shall not
exceed 55,000 psi in calculating the strength of the column.
The ACI Building Code, on the other hand, specifies that £,
shall‘not be less than 2500 psi (Clause 10.14.8.1) and that
the design yield strength of the structural steel shall not
exceed 50,000 psi (Clause 10.14.8.2), but no restriction is
placed on the design yield strength of the reinforcing steel.
With these requirements in mind, the strengths for concrete
and structural steel shown in Table 6.1 were selected. The
yield strength of the reinforcing bars was taken as 60 ksi for
all of the cross section arrangements, because this represents
the standard strength of reinforcing bars used in the
construction industry. Figure 6.1 shows the cross section
arrangements that were used in this study.

Utilizing six different sizes of structural steel shapes.
(Figure 6.1) provided the means to study the effect of—

concrete cover over the structural steel section. The ratio
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of the depth of the structural steel shape to the depth of the
concrete cross-section d. . /h was used as an index for concrete
cover over structural steel.

Table 6.1 shows that eleven end eccentricity ratios e/h
ranging from 0.05 to 1.0 were used. This is consistent with
the findings of Mirza and MacGregor (1982) that, for
reinforced concrete buildings, e/h usually varies from 0.1 to
0.65. Five slenderness ratios £/h were chosen to represent
the range of ¢/h for columns in braced frames designed in
accordance with ACI 318-89 Clause 10.11.

As the purpose of this study is to simulate the actual
stiffness ET éf beam-columns described by nominal cross-
sectional properties, the specified nominal values for
material strength and cross-sectional properties will not
provide an accurate estimation of EI. Mean values established
by Skrabek and Mirza (1990) corresponding to the nominal
specified properties were, therefore, used to compute the
theoretical stiffness for each column. Table 6.2 lists the
mean values corresponding to the specified nominal values.

The short-term theoretical effective flexural stiffness
EI for each of the 11,880 columns studied was computed using
Equation 2.7, the cross-section and slender column interaction
diagrams described in Section 2.2, and the mean values of the
variables specified in Table 6.2. The simulated column
stiffness data were then statistically analyzed for examining—

the current ACI column stiffness, the equivalent AISC column
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Table 6.2 - Mean Values of Variables Used for Computing Theoretical
Strength and Stiffness.

(a) Concrete

Mean Values
Nominal Compressive Modulus Elastic
Strength Strength of Rupture Modulus
£'. (psi) f. (psi) £. (psi) E. (ksi)
4,000 3,388 445 3,260
5,000 4,013 485 3,537
6,000 4,641 523 3,795
8,000 5,904 591 4,263

(b) Structural Steel Strength*

Mean Values
Nominal Static Yield Strength
Strength
£, (psi) Web Flange
Y £ f
ysw (psi) ysf
36,000 39,240 0.95 fysw
44,000 47,960 0.95 fysu
50,000 54,500 0.95 fysw
(c) Residual Stresses in Structural Steel
Steel Shape Flange Tip (psi) Flange - web
Juncture (psi)
W1l2 x 170 (W310 x 253) -18,367 11,792
Wl2 x 120 (W31l0 x 179) -17,983 11,267
W1l2 x 72 (W310 x 107) -17,896 11,152
W10 x 112 (W250 x 167) -18,576 12,089
W10 x 68 (W250 x 101) -18,384 11,816
W8 x 67 (W200 x 100) -18,465 11,931

* Note: Modulus of Elasticity for Structural Steel, E, = 29,000 ksi
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(d) Structural Steel Dimensions

Section Flange Flange Web
Depth width Thickness Thickness
d b t w
Ratio of Actual to
Specified Dimensions 1.000 1.005 0.976 1.017

(e) Reinforcing Steel

Static Yield
Strength fys (psi)

Nominal Strength
fy (psi)

Elastic Modulus

E, (ksi)

66,800

60,000

29,000

(f) Deviation of Overall Beam-Column Dimensions
from Nominal Specified Dimensions

Length (iﬁ.) 0.0
Cross-Section Depth (in.) +0.06
Cross-Section Width (in.) +0.06
Concrete Cover to Lateral Ties (in.) +0.33
Spacing of Lateral Ties (in.) 0.0
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stiffness, and for developing the proposed design equations
for ET.

Note that the specified nominal values listed in Table
6.1 and the mean values for material properties and cross
section descriptions listed in Table 6.2 are the same as those
given in Chapter 5. The only difference between the columns
described in Chapters 5 and 6 is the 90 degree rotation of the

axis of bending.

6.2 EXAMINATION OF ACI AND AISC STIFFNESSES

The ACI Building Code and the comparable AISC Code
equivalent flexural stiffnesses (Equation 4.1 and 4.30
described in Chapter 4) were compared with the theoretical ET
data generated for all of the 11,880 composite columns
subjected to bending about the minor axis of the steel
section. The nominal values of variables shown in Table 6.1
and Figure 6.1 were used for computing the ACI and AISC ET
values. Note the theoretical EI values were computed using
the mean values of variables shown in Table 6.2.

The histograms in Figure 6.2 show the ratios of
theoretical EI to design EI (EI p/EIges)- The results shown
in Figure 6.2 (a) were computed based on EI eos taken equal to
the ACI EI equation (Equation 4.1) and those shown in Figure
6.2(b) were based on EIl; es set equal to AISC EI expression
(Equation 4.30). Figure 6.2 that includes data for all prs_

values (1.09, 1.96, 3.17 percent) indicates that relatively
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stiffness equations with theoretical results for all columns
bending about minor axis.
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high mean stiffness ratios and coefficients of variation (CV)
are obtained from the ACI equation (mean value = 1.69, CV =
24.3 percent for Equation 4.1). This means that the ACI
equation on the average predicts conservative EI values, which
are about 70 percent lower than the theoretically computed
values, but the ACI EI values deviate substantially from the
corresponding theoretically computed values for a significant
number of columns studied. The AISC expression, on the other
hand, gives a mean value that is much closer to 1.0 than the
ACI, but also gives a large coefficient of variation and
extremely low one-percentile value ( mean value = 1.10; CV =
32.4 percent; and one-percentile = 0.540 for Equation 4.30).

A second comparison showing only the data where p,, = 1
percent was plotted in Figure 6.3 for both the ACI and AISC
stiffnesses. Mean values of 1.42 and 0.91 were obtained for
ACI and AISC, respectively, along with coefficients of
variation similar to those in Figure 6.2. This significant
change in mean value indicates that the ACI and AISC design
equations were most likely calibrated for the minimum required
reinforcing steel ratio. This also appears to confirm the
general belief that ACI equation is, in most cases, on the
safe side. For the AISC, however, a mean stiffness ratio less
than 1.0 in Figure 6.3(b) and extremely low one percentile
values (0.540 and 0.507) in Figures 6.2(b) and 6.3 (b) indicate 
that the AISC design expression gives non-conservative results_

for a large number of cases. Mirza (1990) pointed out that
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for establishing safety into design equations the one-
percentile value is more important than the mean value.

Note the ACI and AISC design equations do not include all
the parameters that affect the stiffness of slender columns.
The ACI equation does not account for the 1longitudinal
reinforcing steel whereas the AISC design equations modify the
properties of a composite column to that of an "equivalent
steel" column in which cracking of the concrete is not
considered.

It is evident from Figures 6.2 and 6.3 and the related
discussions that there appears to be a need for modification
in the existing ACI stiffness equation and AISC strength
interaction equations used for the design of composite beam-

columns.

6.3 DEVELOPMENT OF PROPOSED DESIGN EQUATIONS

FOR SHORT-TERM EI
Mirza (1990) among others pointed out that the effective
flexural stiffness of a slender reinforced concrete column is
significantly affected by cracking along its length and
inelastic actions in the concrete and reinforcing steel. This

is also expected for a composite column although to a lesser

degree, because the structural steel core is expected to

stiffen the concrete cross-section. However, the inelastic

actions within the encased structural steel shape affect the
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overall stiffness of a composite column. EI 1is then
represented by a complex function of a number of variables
‘that cannot be readily transformed into a unique and simple
analytical solution. The objective in this study is to
develop simple equations for the EI of composite columns
subjected to bending about the minor axis of the steel
section. These equations are similar to the ones that were
produced in Chapter 5 and those developed by Mirza (1990) for
reinforced concrete columns. Multiple 1linear regression
analysis was chosen to evaluate EI from the generated

theoretical stiffness data.

6.3.1 Variables Used for Regression Analysis

The variables used in this study were divided into two
major groups: (A) variables that affect the contribution of
concrete to the overall effective stiffness; and (B) variables
that influence the contribution of structural and reinforcing
steel to the overall effective stiffness of a composite beam-
column.

Group A consists of five subgroups, similar to those
described by Mirza(1990): (1) end eccentricity ratio e/h or
P,/P, (subgroup X;), in which P, is the factored axial load
acting on the slender column and P, is the pure axial 1load

capacity of the cross-section; (2) slenderness ratio £/h or

£/r (subgroup X,), where r is the radius of gyration
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calculated according to the ACI Building Code Equation (10-13)
reproduced here as Equation 6.1; (3) steel index p.., or p,.,
or py, = (Pss + Prs) s OT Prg/Psgi OF pssfyss/f'c' or prsfyrs/flc'
or (pssfyss + prsfyrs)/f'c (subgréup X3), where Py is the total

steel ratio and f is the specified yield strength of the

yrs
reinforcing steel; (4) stiffness index I, /I_., or Iss/Ig, or
IrS/Ig, or (I o + Irs)/Ig (subgroup X,) where Ig = the moment
of inertia of the gross concrete cross-section neglecting
structural and reinforcing steel; and (5) concrete cover index
dgg/h (subgroup X;) where d,.,, the depth of the structural
steel section, is divided by the overall depth of the

composite cross-section perpendicular to the axis of bending

being considered.

| (BIgl5) + BoIgg (6.1)
(EcA,75) + EgAgs

In Equation 6.1, Ag equals the area of the gross concrete
cross-section neglecting structural and reinforcing steel and
A,s equals the gross cross-sectional area of the structural
steel section. The Group A variables are listed in Table 6.3.

Group B, on the othér hand, consists of two variables,
EI,s and E_I,_,, that were considered to have a significant
affect on the overall effective stiffness of a composite
column.

Mirza and MacGregor (1989) found that for reinforced

concrete slender columns the variables in the first and second
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subgroup of group A are important in the study of the strength
and behaviour of slender columns. Mirza (1990) verified this
in his analysis of the flexural stiffness of rectangular
reinforced concrete columns. The third subgroup variables of
Group A took into consideration the influence of the quantity
of steel in proportion to the area of concrete cross—éection.
The fourth subgroup was intended to examine the effects of
relative stiffnesses of steel and concrete. The fifth and
final subgroup of Group A was included to investigate the
effect of concrete cover to the structural steel shape on
column stiffness.

The variables within an individual subgroup of Group A
were considered as dependent variables, while variables
between the subgroups were taken as independent variables.
For example, e/h was considered dependent on P,/P, but was
taken independent of variables related to slenderness ratio,
steel index, stiffness index, and concrete cover index.. The
variables of Group B were always considered independent
variables. A maximum of one variable from any of the chosen
subgroups of Group A was, therefore, used for a particular
regression analysis of the theoretical stiffness data. When
one variable from each subgroup of Group A and both variables
from Group B are included into the regression analysis,

Equation 2.2 becomes:

EI = (ak + ale +'a2X2 + a3X3 + CZ4X4

6.2a
+ aSXS)Ec(Ig - Igg) + P N CrsEslrg ( )
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in which @, is a constant (equivalent to the intercept of a
simple 1linear equation). The remaining « values are
dimensionless reduction factors corresponding to independent
variables X;, X,, X;, X4, X5, EjIo, and E.T,.. X; through X,
represent one variable chosen from each of the subgroups (i.e.
end eccentricity ratio, slenderness ratio, steel index,
stiffness index, and concrete cover index) in Group A.

The combination of Group A variables used for different
regression analyses are given in Table 6.3. Group B variables
were included in all regression analyses shown in Table 6.3.

The prediction accuracy for a particular regression
equation was based on the standard error Ser @ measure of
sampling variability, and the multiple correlation coefficient
R., an index of relative strength of the relationship. The
smaller the value of S, the smaller the sampling variability
of the regression equation. An R, value equal to zero
signifies no correlation, and R, = 1.0 indicates 100 percent
correlation. R, values greater than +1.0 and less than -1.0
are not possible. The calculated values of S, and R, for each
regression analysis are also given in Table 6.3. To reduce
the relative magnitude of the standard error So, both sides of
Equation 6.2a were divided by E.(Ig - Igs) to "normalize" the
Equation. This also allowed the S, obtained in this study to
be compared to the S, obtained by Mirza (1990) for reinforced
concrete columns. The normalized version of Equation 6.2a is_

shown in Equation 6.2b.
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ET

= ak + ale + azXz + a3X3 ‘+ a4X4 + a5X5
Eo(T, - Iss)

6.2b
ESISS ESIrS ( )
Mt o o o L S s o Sy

C g ss (o4 g 58

Note that S, in this study was computed for Q-

6.3.2 Regression Analysis

Table 6.3 shows the S, and R, values calculated for 25
regression equations. The insignificant changes in S and R,
for the first thirteen variable combinations indicate that
variables other than those used in combination 13 (e/h and
£/h) do not significantly influence the EI of slender
composite columns. A correlation analysis confirmed that this
was due to the fact that the variables in subgroups X3 and X,
were included explicitly or implicitly in the format of the
regression equations, Equations 6.2a and 6.2b.

Variable combinations 13 to 16 involving e/h, P,/P,, £/h,
and ¢/r proved that e/h and ¢/h (or £2/r) are the most
significant pair of variables from Group A influencing ET.
The ratios ¢/h and £/r are obviously correlated, however, 2/h
is much simpler to compute. A correlation analysis of the
variables used in combinations 13 to 16, including the Group
B variables, confirmed Mirza's observation indicating that:
(a) no correlation exists between e/h and £/h (or £/r) ratios;
(b) there is some correlation between P,/P, and £/h (or Q/rj?
ratios; and (c) a strong correlation exists between P,/P, and

e/h ratios. This means that e/h and ¢/h (or L/r) are
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independent variables and P,/P, is dependent on e/h.

Finally, combinations 17 through 25 show that when only
one of the variables in Group A was combined with the two
variables in Group B, e/h is the most significant variable
from Group A.

In summary, the lowest S_, and highest R, values among the
regression equations concerning two variables and cone variable
from Group A, combined with the two variables from Group B,
were obtained for variable combinations 13 and 17,

respectively. The resulting regression equations are:

ET = (0.334 + 0.00185 ¢/h - 0.204 e/h) E (I, - I)

6.
+ 0.808E I ¢ + 0.732E.T,4 (6-3)

EI = (0.371 - 0.204 e/h) Eo(I, - Ig)

6.
+ 0.808E T + 0.732E.T, (6-4)

Equations 6.3 and 6.4 are similar in format to regression
Equations 5.3 and 5.4 developed for beam-columns subjected to
major axis bending (Chapter 5) and Equations 6.5 and 6.6

developed by Mirza (1990) for reinforced concrete columns.

EI = (0.294 + 0.00323 ¢/h - 0.299 e/h) E.I, + EgI,, (6.5)

ET = (0.358 - 0.299 e/h) E,T, + E;I,, (6.6)

Equations 6.3 to 6.6 show that with an increase in e/h ratio
there is a corresponding decrease in EI for a column. This is
because an increase in e/h means a corresponding increase in

bending moment and tension stresses at the outer fibre,

resulting in more cracking of the column. The coefficient of
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0.204 associated with e/h 1in Equations 6.3 and 6.4 for
~ composite columns is about 2/3 of that in Equations 6.5 and
6.6 for reinforced concrete columns. This is due to the
structural steel shape in composite columns interrupting the
continuity of the cracks that remain unarrested in reinforced
concrete columns. Equations 6.3 and 6.5 indicate that for an
increase in £¢/h ratio there is an increase in EI. Mirza
(1990) suggests that this is because in a longer column the
cracks are likely to be more widely spaced with more concrete
in between the cracks contributing to the EI of the column.
The coefficients of 0.808 and 0.732 related to E I, and ET,,
respectively, in Equations 6.3 and 6.4 compare to the values
of corresponding coefficients obtained for Equations 5.3 and
5.4 (Chapter 5 for columns subjected to major axis bending).
These coefficients indicate "softening" of structural and
reinforcing steel. This is the result of elastic-plastic
nature of the stresses developed in the structural steel and
the reinforcing steel at ultimate load.

For composite columns.Se = 0.048 and R, = 0.908 were
obtained for Equation 6.3. This compares to an S, = 0.050 and
R, = 0.964 obtained for Equation 5.3 for columns subjected to
major axis bending and S, = 0.058 and R, = 0.86 reported by
Mirza (1990) for Equation 6.5. For the second composite
column equation (Equation 6.4) Se equals 0.050 and R, equals.

0.901. The corresponding values for Equation 5.4 were 0.056

and 0.955 and those reported by Mirza (1990) for Equation 6.6
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were 0.061 and 0.84.

A scatter diagram (Figure 6.4) shows the values of ET
computed from Equations 6.3 and 6.4 plotted against the
corresponding theoretical EI. Regression EI from Equation 6.3
is shown in Figure 6.4 (a), and Figure 6.4 (b) is for Equation
6.4. Both equations exhibit reasonable correlation with the
theoretical EI values when compared to the line of unity
labelled as 45° line. Equation 6.3 produced somewhat, but not
very significantly, better results.

The histograms and related statistical data for the ratio
of theoretical EI to regression EI (EI p/EI,.,) developed from
all the columné studied (n = 11,880) are virtually identical
for Equations 6.3 and 6.4, as shown in Figure 6.5. El,eq in
Figure 6.5(a) was taken from Equation 6.3 and that in Figure
6.5(b) from Equation 6.4. Both equations give mean values of
1.00. The coefficient of variation (CV) for Equation 6.3 is
0.095 and 0.097 for Equation 6.4. This represents a very
significant improvement when compared to mean values of 1.69
and 1.10 and CV of 0.243 and 0.324 shown in Figure 6.2
obtained for ACI and AISC equations, respectively.

The histograms and statistical dafa for the columns where
the 1longitudinal reinforcement ratio (prs) 1is one percent
(n=3960) , shown in Figure 6.6, again indicates that the two
equations give almost the same results. Both equations give
mean values of 0.99. The CV for Equation 6.3 is 0.114 and—

0.117 for Equation 6.4. This still represents a very
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significant improvement over the mean values of 1.42 and 0.91,
and the coefficients of variation of 0.236 and 0.334 obtained

from the ACI and AISC stiffness equations shown in Figure 6.3.

6.3.3 Proposed Design Equations

Equations 6.7 and 6.8, proposed for design use, were
simplified from Equation 6.3 and 6.4 and were chosen to be
identical to Equation 5.7 and 5.8 (Chapter 5) proposed for

composite beam-columns subjected to bending about the major

axis.

EI = [(0.27 + 0.003 £/h - 0.2 e/h) E (I, - Igg)

.7
+ 0.8Eg(Tgq + Ipq)] 2 ELT (6-7)

ss

EI = [(0.3 - 0.2 e/h) E(Ig ~ Igg)

6.8
+ 0.8 Eg(Igg + I,g)] 2 Eglgg ( )

These compare to Equations 6.9 and 6.10 suggested by Mirza

(1990) for reinforced concrete columns.

EI = [(0.27 + 0.003 ¢/h - 0.3 e/h) BTy + EgT, ] 2 EqT,o (6.9)

ET = [(0.3 - 0.3 e/h) E,I, + EgT, ] 2 EgT, (6.10)

At ¢/h of 10, Equations 6.7 and 6.8 yield the same results.
For values of ¢/h > 10, Equation 6.8 is more conservative than
Equation 6.7. However, Equation 6.8 is less conservative than
Equation 6.7 for £/h < 10. For very large e/h ratios (e/h >
1.5 in Equation 6.8), a lower limit of E I ., is used for both_

equations to insure that the effective stiffness of the

composite column is at least equal to that of the encased
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structural steel shape.

Histograms and statistical data were prepared using the
proposed design equations for all the columns studied
(n=11880) . The histograms for the ratios of theoretical EI to
design EI (EI.,/EI;.,) are plotted in Figure 6.7. EIljes in
Figure 6.7(a) was taken from Equation 6.7 and that in Figure
6.7(b) from Equation 6.8. As expected, Figure 6.7 indicates
that the stiffness ratios (EI.,;/EI,..) for Equation 6.8 (Figure
6.7 (b)) are more conservative than those for Equation 6.7
(Figure 6.7(a)).

The histograms and statistical data prepared for the
columns having one percent reinforcing steel (n=3960), using
the proposed design equations, are shown in Figure 6.8. The
results are similar to those obtained for the data plotted in

Figure 6.7.

6.4 ANALYSIS OF STIFFNESS DATA
6.4.1 Overview of Stiffness Ratio Statistics

An overview of the stiffness ratio (EI.n/EI;z.s) statistics
computed for different design equations are given in Table 6.4
for all data and in Table 6.5 for beam-columns having a
reinforcing steel ratio of one percent. To calculate the
stiffness ratio of a column, ET,, was taken as the computed
theoretical stiffness and ET jes was calculated from Equation'

6.7, 6.8, 4.1 and 4.30. Equations 6.7 and 6.8 are the

proposed design equations, Equation 4.1 is the ACI design
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Table 6.4 -  Stiffness Ratio Statistics for Different Design Equations
for all Beam-Columns Subjected to Minor Axis Bending
Group | Slenderness Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
£/h e/h Eq. 6.7 Eq. 6.8 Eq. 4.1 Eq. 4.30 Columns
0 @ ) 4 &) {6) @ ®)
(a) Coefficient of Variation
At 10 0.05 - 1.0 0.107 0.107 0.223 0.365 2376
A2 15 0.085 0.089 0.237 0.349 2376
A3 20 0.088 0.083 0.243 0.320 2376
Ad 25 0.098 0.102 0.247 0.299 2376
AS 30 0.109 0.111 0.252 0.281 2376
A6 10- 30 0.101 0.104 0.243 0.324 11880
B1 10 0.1 -07 0.080 0.090 0.220 0.334 1512
B2 15 0.075 0.076 0.221 0.310 1512
B3 20 0.059 0.059 0.210 0.276 1512
B4 25 0.055 0.052 0.203 0.255 1512
BS 30 0.057 0.053 0.199 0.242 1512
B6 10-30 0.079 0.069 0.211 0.286 7560
(b) Mean Stiffness Ratio

Al 10 0.05 - 1.0 1.110 1.110 1.606 1.086 2376
A2 15 1.115 1.158 1.684 1.098 2376
A3 20 1.092 1.175 1.709 1.088 2376
A4 25 1.062 1.183 1.721 1.100 2376
A5 30 1.036 1.192 1.734 1.140 2376
A6 10-30 1.083 1.164 1.691 1.103 11880
B1 10 0.1 -07 1.081 1.081 1.659 1.140 1512
B2 15 1.073 1.111 1.708 1.139 1612
B3 20 1.041 1.115 1.711 1.121 1512
B4 25 1.007 1.114 1.708 1.122 1512
B5 30 0.978 1.116 1.710 1.147 1512
B6 10-30 1.036 1.107 1.699 1.134 7560
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Table 6.4 - continued
Group | Slenderness Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
/h e/h Eq.6.7 Eq. 6.8 Eq. 4.1 Eq.4.30 | Columns
M @ @) @ ®) 6) @ @
(c) Five-Percentile
Al 10 0.05 - 1.0 0.927 0.927 1.121 0.585 2376
A2 15 0.977 1.005 1.159 0.606 2376
A3 20 0.971 1.037 1.186 0.636 2376
A4 25 0.941 1.046 1.198 0.671 2376
A5 30 0.904 1.049 1.212 0.715 2376
A6 10-30 0.937 1.002 1174 0.636 11880
B1 10 01 -07 0.932 0.932 1.156 0.643 1512
B2 15 0.966 0.992 1.212 0.669 1812
B3 20 0.965 1.031 1.234 0.698 1512
B4 25 0.931 1.040 1.243 0.725 1612
B5 30 0.893 1.043 1.252 0.758 1512
B6 10-30 0.927 0.990 1.221 0.699 7560
(d) One-Percentile

Al 10 0.05 - 1.0 0.863 0.863 1.039 0.505 2376
A2 15 0.941 0.966 1.066 0.523 2376
A3 20 0.952 1.012 1.110 0.552 2376
A4 25 0.914 1.027 1.140 0.586 2376
A5 30 0.865 1.020 1.165 0.632 2376
A8 10-30 0.880 0.927 1.087 0.541 11880
B1 10 01 -07 0.884 0.884 1.047 0.545 1612
B2 15 0.932 0.956 1.102 0.576 1612
B3 20 0.948 1.007 1.146 0.608 1512
B4 25 0.803 1.022 1.181 0.647 1512
B5 30 0.853 1.012 1.197 0.683 1512
B6 10-30 0.885 0.932 1.122 0.597 7560
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Table 6.5-  Stiffness Ratio Statistics for Different Design Equations
for Beam-Columns Subjected to Minor Axis Bending for
which p . = 1.09 percent,

Group | Slendemess Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
£/h e/h Eq. 6.7 Eq. 6.8 Eq. 4.1 Eqg. 4.30 | Columns
m @ @) (4) ®) ®) @ @

(a) Coefficient of Variation

Al 10 0.05 - 1.0 0.105 0.105 0.198 0.371 792
A2 15 0.097 0.100 0.222 0.363 792
A3 20 0.110 0.112 0.237 0.334 792
A4 25 0.124 0.125 0.248 0.309 792
A5 30 0.138 0.136 0.258 0.287 792
A6 10-30 0.120 0.119 0.236 0.334 3960
B1 10 V 0.1 - 07 0.081 0.091 0.197 0.336 504
B2 15 0.084 0.084 0.190 0.305 504
B3 20 0.074 0.071 0.173 0.260 504
B4 25 0.070 0.066 0.161 0.224 504
B5 30 - 0.075 0.069 0.157 0.203 504
B6 10-30 0.094 0.077 0.176 0.270 2520

(b) Mean Stiffness Ratio

At 10 0.05 - 1.0 1.130 1.130 1.355 0.899 792
A2 15 1.122 1173 1.413 0.910 792
A3 20 1.092 1.180 1.435 0.803 792
A4 25 1.059 1.202 1.449 0.910 792
A5 30 1.029 1.214 1.463 0.945 792
A6 10-30 1.086 1.182 1.423 0.813 3960
B1 10 0.1 - 07 1.098 1.098 1.414 0.944 504
B2 15 1.072 i.116 1.436 0.936 504
B3 20 1.030 1.115 1.432 0.919 504
B4 25 0.991 1114 1.429 0.922 504
B5 30 0.959 1.117 1.431 0.949 504

B6 10-30 1.030 1.112 1.428 0.934 2520
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Table 6.5 - continued
Group | Slenderness Eccentricity Proposed ACI AISC Number
Number Ratio Ratio Equations of
2/h e/h Eq. 6.7 Eq. 6.8 Eq. 4.1 Eq.4.30 | Columns
(1) @ 3 @ 5) ® @ ®
{c) Five-Percentile
Al 10 0.05 - 1.0 0.958 0.958 1.050 0.521 792
A2 15 0.982 1.019 1.092 0.546 792
A3 20 0.959 1.037 1.126 0.576 792
A4 25 0.922 1.041 1.154 0.605 792
A5 30 0.876 1.035 1.171 0.655 792
A6 10- 30 0.918 1.016 1.112 0.570 3960
B1 10 0.1 - 07 0.948 0.949 1.073 0.574 504
B2 15 0.972 1.006 1.124 0.600 504
B3 20 0.954 1.032 1173 0.638 504
B4 25 0.916 1.035 1.197 0.675 504
BS 30 0.866 1.022 1.210 0.700 504
B6 10-30 0.903 1.005 1.152 0.627 2520
(d) One-Percentile

Al 10 0.05 - 1.0 0.508 0.908 1.003 0.476 792
A2 15 0.948 0.978 1.041 0.493 792
A3 20 0.942 1.016 1.077 0.515 792
Ad 25 0.887 1.018 1.108 0.545 792
A5 30 0.840 1.000 1.132 0.598 792
A8 10-30 0.873 0.955 1.044 0.507 3860
B1 10 0.t - 0.7 0.801 0.901 1.020 0.508 504
B2 15 0.934 0.963 1.066 0.528 504
B3 20 0.940 1.007 1.120 0.576 504
B4 25 0.880 1.011 1.152 0.622 504
BS 30 0.834 0.996 1.179 0.649 504
Beé 10-30 0.866 0.948 1.081 0.549 2520
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equation, and Equation 4.30 is the stiffness expression

developed from the AISC strength interaction curves.

Tables 6.4 and 6.5 give the coefficient of variation,
mean, five-percentile and one-percentile values for each of
the different design equations. For statistical analysis, the
beam-columns studied are divided into two groups: Group A
includes all columns and Group B includes only the columns
with usual e/h values (0.1 < e/h < 0.7). The statistics
provided within each of these groups are based on subgroups
that were taken according to £/h ratio but also include the
statistics for the overall sample.

After reviewing Tables 6.4 and 6.5 the following
observations are made:

(1) The coefficients of variation for the proposed design
equations are considerably lower and remain relatively
constant compared to those for the ACI or AISC equations.

(2) The mean stiffness ratios for the ACI equation tend to be
significantly more conservative than those for the
proposed design equations and for the AISC expression.

3) The AISC expression mean stiffness ratio for columns with
1 percent reinforcing steel is less than 1.0 for all
subgroups of £/h in both groups of e/h.

(4) A comparison of Table 6.4 (for all data) and Table 6.5
(for beam-columns having one percent reinforcing steeli
shows that the mean, five-percentile and one—percentile-

stiffness ratios for the ACI and AISC equations are
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subjected to greater variations due to p,. than are those
for the proposed design equations.

5) The proposed design equations and the ACT équation gave
five-percentile and one-percentile values that in all
cases exceeded 0.86 and 0.8, respectively. The AISC
expression, on the other hand, resulted in five-
percentile and one-percentile values that were in all
cases significantly less than 0.86 and 0.8, respectively.
Figure 6.9 shows the cumulative frequency distribution of

stiffness ratios (EI,,/EI,;,,) for the different design

equations plotted on normal probability paper and represents
the data for all 11,880 columns studied. The curves for

Equations 6.7 and 6.8 follow one another. The ACI equation

(Equation 4.1) produces more conservative results than the

proposed design equations, whereas the AISC expression

(Equation 4.30) is less conservative than the proposed design

equations for 50 percent of the columns studied. In fact, the

AISC expression produces very low stiffness ratios for a

significant number of beam-columns studied, as indicated by

Figure 6.9.
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6.4.2 Effect of Variables on Stiffness Ratios

The effects that each of the variables listed in Table
6.3 has on the mean, five-percentile, and one-percentile
values of stiffness ratios (EI,,/EI,;.;) obtained from the
proposed design equations (Equations 6.7 and 6.8), ACI
equation (Equation 4.1) and AISC equation (Equation 4.30) were
examined in detail.

Figures 6.10, 6.11 and 6.12 examine the effect of e/h on
mean, five-percentile, and ohe—percentile (minimum in case of
Figure 6.12) stiffness ratios. Figure 6.10 is plotted for all
data (n = 11,880), Figure 6.11 includes beam-columns having
Prs = 1 percent (n = 3960), and Figure 6.12 considers beam-
columns with p,. = 1 percent and 2/h = 10 (n = 792). Minimum
values in place of one-percentile values are used fér Figure
6.12 because each e/h ratio represents only 72 beam-columns.
An examination of these figures indicates that proposed design
equations (Equations 6.7 and 6.8) produce mean, five-
percentile and one-percentile values that are relatively
constant for the entire range of e/h studied. The ACI and
AISC expressions produce stiffness ratios that varied with
e/h. This is because neither equation uses e/h as a variable.
The mean, five-percentile and one-percentile stiffness ratios
for the ACI equation appear to be overly conservative at low
e/h ratios when compared to the stiffness ratios produced by
the proposed stiffness equations. Mirza (1990) pointed out”

that, for establishing safety in design equations, the five-
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Figure 6.10 - Effect of end eccentricity ratio on stiffness
ratio for different design equations for all columns bending
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (ACI)
2 Eq. (6.8) (Proposed) 4 Eq. (4.30) (AISC)
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (6.8) (Proposed) 4 Eq. (4.30) (AISC)
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Figure 6.11 - Effect of end eccentricity ratio on stiffness’
ratio for different design equations for columns bending about

minor axis where Prg = 1.09 percent (n = 360 for each e/h

ratio equal to 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (ACH)
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percentile and one-percentile values are more important than
the mean value. The proposed design equations and the ACI
equation gave mean, five-percentile and one-percentile (or
minimum in case of Figure 6.12) values that exceeded 1.0, 0.86
and 0.80,respectively, for most e/h ratios shown in Figures
6.10, 6.11 and 6.12. The AISC expression (Equation 4.30), on
the other hand, is less conservative than the other equations
for the five-percentile and one-percentile values at almost
all values of e/h and these values are less than 0.86 and 0.80
for e/h > 0.2.

Figure 6.13 illustrates the effect of the axial 1load
ratio (P,/P,) oh the stiffness ratios resulting from different
design equations. The axial load ratio was not a controlled
variable in this study, i.e. there are as many different axial
load ratios as the number of beam-columns studied. This
required grouping of stiffness ratios into a number of ranges
of P,/P, values. The statistics for stiffness ratios in each
range of P, /P, values were then determined. Grouping the
stiffness ratios according to axial load ratio resulted in
having a significantly different number of columns in each of
the ranges of P,/P,. For example, less columns were grouped
in the range of 0.7 to 0.9 P,/P, (n = 212) than in the range
of 0.2 to 0.25 P,/P, (n = 1128). The ranges of P,/P, ratios
were set at 0.05-0.1, 0.1-0.15, 0.15-0.2, 0.2-0.25, 0.25—0.3,:
0.3-0.35, 0.35-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.9. The-

mean P,/P, ratio for each range is plotted against the mean,
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for different design equations for all columns bending about
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five-percentile and one-percentile stiffness ratios for each
corresponding range. Figure 6.13 shows that the mean, five-
percentile and one-percentile stiffness ratios for the ACI
equation continue to be more conservative than those for the
proposed design equations. The AISC stiffness values for
five-percentile and one-percentile are less than 0.86 and
0.80, respectively, for P, /P, < 0.4. This is expected since
there is a strong correlation between P, /P, and e/h. Figure
6.14 and 6.15 show that by excluding the values of p,/P, for
beam-columns where either e/h equals 0.05 or E/h.equals 10
eliminates the values of P,/P, greater than 0.7. This is
expected because high P, /P, occurs at very low e/h or £/h
ratios.

An examination of Figure 6.16 concerning slenderness in
terms ofle/h ratio shows relatively constant bﬁt different
values of mean, five-percentile and one-percentile stiffness
ratios obtained for all four design equations, even though
only Equation 6.7 includes £/h as a variable. This suggests
that ¢/h is not as significant as initially considered. The
AISC expression, however, yields the lowest five-percentile
and one-percentile for all values of ¢/h. The mean, five-
percentile and one-percentile stiffness ratios for the ACI
stiffness expression are again more conservative than the
proposed design equations.

Figure 6.17 shows the effect of slenderness using Z/r;

ratio. The ACI expression for radius of gyration (Equation
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (ACI)
2 Eq. (6.8) (Proposed) 4 Eq. (4.30) (AISC)
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Figure 6.14 - Effect of axial load ratio on stiffness ratio’

for different design equations in which columns bending about
minor axis with e/h 0.05 not included (n varies for each
P,/P, ratio; total n 10,800).
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (AC))
2 Eq. (6.8) (Proposed) 4 Eq. (4.30) (AISC)
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Figure 6.15 - Effect of axial load ratio on stiffness ratio
for different design equations in which columns bending about

minor axis with £/h = 10 not included (n varies for each P,/P,
ratio; total n = 9,504).
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1 Eq. (6.7) (Proposed)
2 Eq. (6.8) (Proposed)

3 Eq. (4.1) (AC)
4 Eq. (4.30) (AISC)
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1 Eq. (6.7) (Proposed) 3 Eq. (4.1) (ACl)
2 Eq. (6.8) (Proposed) 4 Eq. (4.30) (AISC)
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6.1) was used to determine r. One hundred and twenty
different values of £¢/r for 11,880 beam-columns studied
necessitated the grouping of £/r into ranges. The ranges of
2/r ratio were set at 40-50, 50-60, 60-70, 70-80, 80-90, 90-
100, 100-110, 110-140. The mean ¢/r ratio for each range is
plotted against the mean, five-percentile and one-percentile
stiffness ratios for each corresponding range, similar to what
was done to study the effect of P,/P,. The apparent zig-zag
nature of the plots in Figure 6.17 for the ACI equation is,
probably, caused by grouping of £/r and due to the fact that
the contribution of reinforcing steel to beam-column stiffness
is not included in Equation 4.1. For the AISC expression,
even though the area of the reinforcing steel is included in
computing the equivalent cross-section properties, the full
effect of the reinforcing steel is not accounted for in
determining the nominal axial load capacity of a beam-column.
The mean, five-percentile and one-percentile stiffness ratios
appear to follow the trends stated previously for £/h ratio.

The effect of longitudinal reinforcing steel in terms of
prs is shown in Figure 6.18. The stiffness ratios for the ACI
and AISC expressions increase proportionally with the
reinforcing steel ratio. This is because the ACI expression
(Equation 4.1) does not account for the effect of reinforcing
steel. This also suggests that the AISC expression does noﬁ
properly account for the effect of reinforcing steel. )

Figure 6.19 shows the effect of structural steel in terms
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of p.; on the stiffness ratios. Figure 6.20 shows the effect
of pgs on stiffness ratios of beam-columns having reinforcing
steel of only one percent. Both figures indicate that the ACI
and AISC expressions are more susceptible to the effect of Pss
than the proposed equations. This influence is due to the
proportion of stiffness the reinforcing steel contributes to
the overall stiffness in relation to the stiffness contributed
by the structural steel section. For example, three steel
shapes with significantly different moments of inertia were
used to give a structural steel ratio of approximately 4
percent (actual values 4.07, 4.13 and 4.36 percent). This
means when the ACI equation is used, a composite column
containing a steel section with a relatively small moment of
inertia gives a more conservative result than a column with a
stiffer steel section. Figures 6.19 and 6.20 also indicate
that the ACI equation is more conservative and the AISC
equation is less conservative than the proposed equations over
the entire range of p_., at mean, five-percentile and one-
percentile levels.

Figure 6.21 concerning the effect of gross steel ratio Py
confirms the inconsistency of the ACI and AISC expressions for
determining EI. Fluctuations appearing in the stiffness
ratios for the proposed design equations are quite minor
compared to the irregularities resulting from the ACI and AISd
equations. This observation is also true for the effect of_

Prs/Pss (ratio of reinforcing steel to structural steel) as
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indicated by Figure 6.22. In both figures, the ACI and
proposed design equations produced mean, five-percentile and
one-percentile stiffness ratios that exceeded 1.0, 0.86, 0.80,
respectively. The AISC expression followed the usual trend of
being non-conservative in most cases.

Figures 6.23, 6.24 and 6.25 examine the effects of the
structural steel index pg . f . /f'., the reinforcing steel index
Prsfyrs/t'c and the gross steel index (pgof o+P,rsfyrs) /L'
Figures 6.23, 6.24, and 6.25, respectively, represent 72, 12,
and 216 possible combinations of the related steel index.
This resulted in stiffness ratios in Figures 6.23 and 6.25
being plottéd for ranges of Pssfyss/ T’ c and
(PsslysstPrsfyrs) /f'c, each range with a different number of
stiffness ratios for statistical calculations. The ranges for
PssTyss/L'c plotted in Figure 6.23 were set at 0.20-0.25, 0.25-
0.35, 0.35-0.45, 0.45-0.55, 0.55-0.65, 0.65-0.75, 0.75-0.85,
0.85-0.95, 0.95-1.05, 1.05-1.15, 1.15-1.25, 1.25-1.35; and
those for (pssfyss+prsfyrs)/f'c plotted in Figure 6.25 were set
at 0.2-0.3, 0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-
0.9, 0.9-1.00, 1.00-1.10, 1.10-1.20, 1.20-1.30, 1.30-1.40,
1.40-1.50, 1.50-1.60, 1.60-1.80. The mean steel index for
each range is plotted against the mean, five-percentile and
one-percentile stiffness ratios for each corresponding range.
These figures show that the fluctuations in stiffness ratioé
for the proposed. design equations are subtle compared to the-

fluctuations occurring for the ACI and AISC expressions.
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The effects of I../Iqs, Igs/Igr Ips/Ig and (Igs + I.5)/I4
on stiffness ratios (EI.,/EI,;,) are respectively shown in
Figures 6.26, 6.27, 6.28, and 6.29. The trends shown in these
figures are similar to those discussed for Figures 6.18 to
6.25 related to the steel indices. This is particularly true
when Figure 6.21 is compared to Figures 6.26 and 6.29, and
Figure 6.18 to Figure 6.28. As expected, Figures 6.27 and
6.28 indicate that the ACI equation is more conservative when
the moment of inertia of the steel section is relatively small
or when the moment of inertia of the reinforcing steel is
relatively large compared to the moment of inertia of the
gross cross-seétion°

Figure 6.30 examines the effect of d.,/h (ratio of depth
of structural steel section to the overall depth of the
composite cross section) on stiffness ratios. As expected,
the results are somewhat similar to those obtain from Figure
6.27 plotted for the effect of Igs/Ig. The proposed design
equations produce practically constant values of mean, five-
percentile and one-percentile stiffness ratios over the entire
range of d../h plotted, while the ACI and AISC equations are
somewhat subjected to variations for different values of
dos/h.

The following can be summarized from the data plotted in
Figures 6.10 to 6.30 and the related discussions: -
(1) The proposed design equations (Equations 6.7 and 6.8)—

were not significantly affected by any of the variables
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(Equations 4.1 and 4.30) were significantly affected by
most of these same variables.
The ACI design equation produced results that are
consistently more conservative than the results of the
proposed design equations for the mean, five-percentile
and one-percentile stiffness ratios plotted against all
of the variables.
The AISC equation gives stiffness ratios that are in many
cases less conservative than those obtained for the
proposed and ACI design equations. This is particularly
valid for five-percentile and one-percentile values.
A compariéon of plots for columns subjected to minor axis
bending to the plots for columns subjected to major axis
bending (Chapter 5) shows that fhe shape of the plotted
curves for each of the four design equations remained
essentially the same. It appears that the stiffness
ratios obtained for the ACI equation became more
conservative and the values obtained for the AISC
expression became less conservative when columns were
subjected to bending about the minor axis of the steel

section.



249

6.4.3 Stiffness Ratios Produced by Proposed Design

Equations for Usual Columns

For composite beam-columns, neither the ACI Code nor the
AISC Code sets an upper limit on the amount of structural
steel. However, the AISC Code states that to qualify as a
composite column the structural steel ratio (Pgs) must be
greater than or equal to 4 percent. The ACIVBuilding code
requires that a minimum of 1 percent to a maximum of 8 percent
of longitudinal reinforcing (p,;) be included with the
structural steel core. Difficulty in lap splicing the
reinforcing bars reduces the maximum limit of p,.. to about 3
percent when é relatively large structural steel core is
encased. The reinforcing steel ratio is, therefore, usually
expected to range from 1 to 3 percent. Even three percent
reinforcing steel will restrict p.,., to a maximum of about 10
percent, giving the p_, range of about 4 to 10 percent. Mirza
and MacGregor (1982) determined that the end eccentricity
ratio for columns in reinforced concrete buildings usually
ranged from 0.1 to 0.65. Therefore, the usual columns in this
study were defined as those for which e/h = 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, or 0.7, and p ., = 4.2 (actual values = 4.07,
4.13, 4.36), 7.0 (actual values of 6.80, 7.29), or 10.3
(actual value = 10.33) percent, and p,., equal to 1.09, 1.96,
or 3.17 percent. |

Figures 6.31 (a) to (e) examine the variations in mean-

and minium values of the stiffness ratios with respect to e/h
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Figure 6.31(a) - Stiffness ratios obtained from proposed
design equations, Egqg. (6.7) or (6.8), for usual columns

bending about minor axis with £/h = 10 (for each combination
of e/h and p,, ratios plotted n=108 for Pgs=4.2 percent, n=72
when p .,=7.0 percent and n=36 when Pgs=10.3 percent).
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Figure 6.31(b) - Stiffness ratios obtained from proposed
design Equation (6.7) for usual columns bending about minor.
axis with 2/h = 15 (for each combination of e/h and p,  ratios
plotted n = 108 for p_,,~4.2 percent, n=72 when Pss=7-0 percent .
and n=36 when Pss=10.3 percent).
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Figure 6.31(c) - Stiffness ratios obtained from proposed

design Equation (6.7) for usual columns bending about minor
axis with ¢/h = 20 (for each combination of e/h and Pgs ratios

plotted n = 108 for Pss=4.2 percent, n=72 when Pss=7.0 percent
and n=36 when p..=10.3 percent).
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Figure 6.31(d) - Stiffness ratios obtained from proposed
design Equation (6.7) for usual columns bending about minor.
axis with ¢/h = 25 (for each combination of e/h and p., ratios
plotted n = 108 for p_.=4.2 percent, n=72 when Pss=7.0 percent .
and n=36 when p_,.=10.3 percent).
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computed from Equation 6.7 and plotted for ¢/h = 10, 15, 20,
25 and 30, respectively. The number of values available for
plotting each point were 36, 72 and 108 for p.,, = 10.3, 7.0
and 4.2 percent, respectively. The one-percentile values were
not plotted in these figures because the minimum values
represented 2.8, 1.4 and 0.93 percentiles. The mean stiffness
ratios exceeded 1.0 for most of the columns for all £/h, while
the minimum values exceeded 0.8 in all cases. Only for p
equal to 10.3 percent and e/h equal to 0.2 to 0.4 were the
mean stiffness ratios consistently less than 1.0. This
indicated by Figures 6.31(a) to (e).

Equation 6.8 is identical to Equation 6.7 for £/h = 10,
and becomes more conservative as £/h increases. This becomes
evident by Figures 6.31(f), (g9), (h), and (i) plotted for
Equation 6.8.

The following conclusions appear to be valid for columns
with e/h = 0.1 to 0.7, pg, = 4.2 to 10.3 percent, p,, = 1.1 to
3.2 percent, and £/h = 10 to 30:

(1) The mean and minimum stiffness ratios for Equation 6.7 or

6.8 may be taken as 1.0 and 0.8, respectively;

(2) The proposed design equations (Equations 6.7 and 6.8) are

not subject to significant variation due to e/h, Pgs O

£/h ratios.
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Figure 6.31(f) - Stiffness ratios obtained from proposed
design Equation (6.8) for usual columns bending about minor
axis with 2/h = 15 (for each combination of e/h and p,. ratios
plotted n = 108 for Pss=4.2 percent, n=72 when Pss=7.0 percent’.
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257

m p,=42% * A, =70% 4 pg_=103%

1.6

4 Mean Stiffness Ratio
1.4+

1.0 1.0

o
e

o
(o))

1 T T T T

Minimum Value

Stiffness Ratio (El h /Eldes)
>

—h
e

3ua
b
2]
pin
[ 2|
e
PE—

0.8 0.8
0.6 ¥ T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

End Eccentricity Ratio (e/h)

Figure 6.31(g) =~ Stiffness ratios obtained from proposed
design Equation (6.8) for usual columns bending about minor
axis with 2/h = 20 (for each combination of e/h and p., ratios
plotted n = 108 for Pss=4.2 percent, n=72 when Pss=7.0 percent.
and n=36 when Pss=10.3 percent).
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Figure 6.31(i) - Stiffness ratios obtained from proposed

design Equation (6.8) for usual columns bending about minor
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6.5 THEORETICALLY CALCULATED CRITICAL BUCKLING LOAD

The ratio of axial load acting on the column to critical
buckling load, given as P,/P_,., is used by ACI (Equation 4.26)
and AISC (Equation 4.11) to evaluate the second order effects
of slenderness.

The frequency histogram and statistics shown in Figure
6.32 and Table 6.6 represent the critical 1load ratio
Pycth)/Pcr(eny for 10800 columns with e/h ranging from 0.1 to
1.0. Py ep is the computed theoretical axial load capacity
and Por(th) is calculated by substituting the computed
theoretical effective flexural stiffness EI,, in Equation 2.4,
yielding:

m2EI.p

- (6.11)

Por(thy =

Table 6.6 1lists the mean wvalue of 0.335, standard
deviation of 0.179 and coefficient of variation of 0.535 for
ﬁhe range of critical load ratios shown in Figure 6.32. The
critical load ratios of 0.4, 0.5, 0.6, 0.7 and 0.8 represent
the 66th, 82nd, 89th, 96th, and 99.7th percentiles,
respectively, as indicated in Figure 6.32.

For design purposes, it is proposed that the mean value
plus one standard deviation, 0.5, be used as the upper limit
for P,/P.,.. This means that 82 percent of the beam-columns
used for plotting Figure 6.32 would be considered practicai‘
columns. This compares to the value obtained for the columns

subjected to major axis bending (Chapter 5). The suggested
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Table 6.6 - Statistics for critical load ratio Py(th)/P

cr(th)

NUMBER OF COLUMNS STUDIED = 10800

COLUMNS WITH e/h = 0.05 NOT INCLUDED

STATISTICAL EVALUATION

MEAN-VALUE STND-DEV. COEF.VAR COEF. SKEW. KURTOSIS
0.33464 0.17912 0.53527 0.51358 2.57418
MIN-VALUE MAX~VALUE MEDIAN

0.06114 0.80794 0.31864
ONE-PERCENTILE FIVE-PERCENTILE
0.06800 0.08069
MOMENTS ABOUT THE MEAN
2ND-MOMENT 3RD-MOMENT 4TH-MOMENT
0.3208220E-01 0.2951641E-02 0.2650016E-02
CUMULATIVE FREQUENCY TABLE
CLASS-NO. LOWER-LIMIT UPPER~-LIMIT %CUM-FREQ. GROSS-NO. $FREQ. No.

1 0.00000 0.04999 0.00000 0 0.00000 0]
2 0.05000 0.09999 8.97222 969 8.97222 969
3 0.10000 0.14999 17.42593 1882 8.45370 913
4 0.15000 0.19999 27.34259 2953 9.91667 1071
5 0.20000 0.24999 37.50926 4051 10.16667 1098
6 0.25000 0.29999 47.10185 5087 9.59259% 1036
7 0.30000 0.34999 55.62963 6008 8.52778 921
8 0.35000 0.39999 65.88889 7116 10.25926 1108
9 0.40000 0.44999 75.33334 8136 9.44444 1020
10 0.45000 0.49999 81.87037 8842 6.53704 706
11 0.50000 0.54999 86.53704 9346 4.66667 504
12 0.55000 0.59999 89.40741 9656 2.87037 310
13 0.60000 0.64999% 94.00000 10152 4.59259 496
14 0.65000 0.69999 96.28704 10399 2.28704 247
15 0.70000 0.74999 98.00000 10584 1.712%96 185
16 0.75000 0.79999 99.74074 10772 1.74074 188
17 0.80000 0.84999 100.00000 10800 0.25926 28
18 0.85000 0.89999 100.00000 10800 0.00000
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upper limit of 0.5 for P, /P_.,. is plotted in Figures 6.33(a)
and 6.33(b) to examine the effects of e/h and £¢/h on
Puum)/Pcram)' Figures 6.33(a) and 6.33(b) indicate that some
columns with low e/h, high £/h, or both have Puum)/Pcrum)
ratio greater than the suggested upper limit. This means that

the suggested upper limit would control the design of very

slender columns in lower storeys of high-rise buildings.

6.6 ANOTHER LOOK AT THE AISC EFFECTIVE STIFFNESS

The somewhat low stiffness ratios (EI.,/EIg.,) obtained
in some cases for the AISC expression (Equation 4.30) raised
some concerns.‘ This prompted a further examination of the
AISC interaction equations.

A comparison of the ratios of the theoretical ultimate
strength Pu(th) to the AISC ultimate strength Pu(AISC) was
undertaken to assess the accuracy of the AISC interaction
equations (Equation 4.16 and 4.17) used for predicting the
beam-column strength. Figure 6.34(a) plotted from the data
for all beam-columns studied shows that the probability
distribution of the strength ratios yield a mean value of
1.23, coefficient of variation of 0.19, and one-percentile
value of 0.803. This is clearly an improvement over the
probability distribution properties of the stiffness ratios
(mean value = 1.10, coefficient of variation of 0.32, and one;
percentile value = 0.540) obtained from the same beam—column—

data and shown in Figure 6.2 (b).
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bending about the minor axis: (a) Prs = 1.09, 1.96 and 3.17
percent; and (b) p,; = 1.09 percent. -
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For the strength ratio data shown in Figure 6.34(b) for
beam-columns having only 1 percent of reinforcing steel, the
mean value of 1.18, coefficient of variation of 0.21, and one-
- percentile value of 0.765 were obtained. Again, this is a
considerable improvement over the comparable values (0.91,
0.33, and 0.507) shown in Figure 6.3(b) for stiffness ratios.

The above-noted differences 1in strength ratios and
stiffness ratios are expected since the stiffness of a
composite beam-column is more susceptible to concrete cracking
and ﬁaterial nonlinearities than its strength.

Figures 6.35 and 6.36 show the strength ratios plotted
against e/h for all the data and for data from beam-columns
having p,.. of 1 percent. Figure 6.35 shows mean, five-
percentile and one-percentile greater than or equal to 1.0,
0.86, and 0.80, respectively. However, Figure 6.36 shows the

five-percentile and one-percentile values to be somewhat less

than 0.86 and 0.80, respectively, when e/h > 0.2. The data

plotted in Figures 6.35 and 6.36 do not include the effect of
resistance factors for compression and bending (Dor  @p)
specified by the AISC Code. Introduction of ¢. and ¢, factors
will partially offset the understrength indicated by five-
percentile and one-percentile values in Figure 6.36. However,
it 1s unlikely that ¢, and ¢, will fully offset this
understrength.

From the data plotted in Figure 6.34, 6.35, and 6.36 and

the related discussion, it is concluded that the AISC method



267

2.6

55 (@) Mean Stiffness Ratio

1.4- \

1.0 1.0

o
o

T T T 1 T T T 1

(b) Five-Percentile

-t -t
@

—h
Q

ﬁ(tn)/ Fl,J(AlSC)

\ 0.86

o
Q@

o
(M

T T T i T T T T

(c) One-Percentile
1.8
1.4+

1.0
\\ 0.8

0.6-

0.2 i T T T T T T T T
0 0.1 02 03 04 05 06 07 08 09 1

End Eccentricity Ratio (e/h)

Figure 6.35 - Effect of end eccentricity ratio on ratio of-
theoretical ultimate strength to AISC ultimate strength for
columns bending about the minor axis (n = 1080 for each e/h
ratio equal to 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9 and 1.0). )



268

2.6
(a) Mean Stiffness Ratio
2.2
1.8+

1.4 \

1.0 1.0

0.6 1 T T T T T i T T
(b) Five-Percentile

1.8
1.4

1.0 K 0.86

0.6

B(th)/ Raisc)

0-2 T H 1 i { 1 T T T
(c) One-Percentile

1.8+
1.4

1.0+

0.6+

0.2 T T T T T T T T T
0] 0.1 02 03 04 05 06 07 08 09 1

End Eccentricity Ratio ( e/h)

Figure 6.36 =~ Effect of end eccentricity ratio on ratio of
theoretical ultimate strength to AISC ultimate strength for
columns bending about the minor axis where Prs = 1.09 percent
(n = 360 for each e/h ratio equal to 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9 and 1.0).
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produces a safe design for most of the composite beam-columns
subjected to bending about the minor axis of the steel
section. The matter of concern are the AISC beam-columns in

which p,, is 1 percent.
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7 - SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1 SUMMARY

This study presents a statistical evaluation of the
parameters that affect flexural stiffness EI of slender
composite beam-columns (structural steel shapes encased in
concrete) subjected to short-term 1loading. The columns
studied were pin-ended with equal load eccentricities acting
at both ends. To study the full range of variables, 11880
composite beam-columns were used to evaluate the flexural
stiffness of beam-columns bending about the major axis of the
encased structural steel shape and 11880 composite beam-
columns were uéed to evaluate the flexural stiffness of beam-
columns bending about the minor axis of the encased structurgl
steel shape.

Various combinations of the specified concrete strength,
the longitudinal steel ratio, the specified structural steel
strength, the structural steel ratio, the slenderness ratio,
and the end eccentricity ratio were used to study the effects
of these variables on EI of composite beam-columns.

Based on the statistical evaluations of the parameters
affecting EI, the most dominant variables were selected and

placed into equation form (Equation 5.7, 5.8, 6.7 and 6.8).

Note that Equations 5.7 and 5.8 for beam-columns bending about

the major axis in Chapter 5 are identical to Equations 6.7 and.
6.8 for beam-columns subjected to minor axis bending described

in Chapter 6. The ACI EI expression (ACI 318-89 Eg. 10-14)
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and a computed AISC EI equation (Equation 4.30) were compared

to the theoretically computed EI and to the proposed design

equations (Equation 5.7 and 5.8 or 6.7 and 6.8).

7.2

CONCLUSIONS RELATED TO COMPOSITE BEAM-COLUMNS BENDING
ABOUT THE MAJOR AXIS

From the discussions, tables and plots given in Chapter

5 for beam~columns subjected to bending about the major axis,

the following conclusions seem to be valid:

(1)

(2)

(3)

(4)

The mean, five-percentile and one-percentile stiffness
ratios for the ACI and AISC equations are subject to

greater variations due to Prs than are those for the

proposed design equations.

The proposed design equations (Equations 5.7 and 5.8)
were not significantly affected by any of the variables
investigated, while the ACI and AISC expressions
(Equation 4.1 and 4.30) were significantly affected by
most of these same variables. The overall coefficients
of variations related to the proposed stiffness equations
were about one-third of those for the ACI and AISC
stiffness expressions.

The ACI design equation produced results that are similar
to the results of the proposed design equations for the
five-percentile and one-percentile stiffness ratios for.
many of the variables.

The AISC equation, in many cases, gives the most
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conservative results for mean stiffness ratios and the
least conservative values for the five-percentile and
‘one-percentile stiffness ratios.

(5) The mean and minimum stiffness ratios for Equation 5.7 or
5.8 may be taken as 1.0 and 0.8, respectively, for
columns with e/h = 0.1 to 0.7, Pss = 4.2 to 10.3 percent,
Prs = 1.1 to 3.2 percent, and £/h = 10 to 30.

(6) There is no significant difference between the results of
Equations 5.7 and 5.8.

(7) For the critical load ratio P,/P_,, this study shows that
83 percent of the columns studied with e/h ranging from
0.1 to 1.6 fall below the value of 0.5.

(8) Even though the stiffness ratios EI,y/EIgrge Taised some
concerns with respect to the AISC expression for
stiffness, the strength ratios Puctn)/Pyarsc) seem to show
that the AISC method produces safe design for composite

beam-columns subjected to bending about the major axis.

7.3 CONCLUSIONS RELATED TO COMPOSITE BEAM-COLUMNS BENDING
ABOUT THE MINOR AXIS
From the discussions, tables and plots given in Chapter
6 for beam-columns subjected to bending about the minor axis,

the following conclusions seem to be valid:

(1) The mean, five-percentile and one-percentile stiffness.

ratios for the ACI and AISC equations are subject to

greater variations due to p,, than are those for the
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proposed design equations.

(2) The proposed design equations (Equations 6.7 and 6.8)
were not significantly affected by any of the variables
investigated, while the ACI and AISC expressions
(Equation 4.1 and 4.30) were significantly affected by
most of these same variables. The overall coefficients
of variation for the proposed stiffness expression were
in the order of 30-40 percent of those related to the ACI

""" and AISC stiffness equations.

(3) The ACI design equation produced results that are
consistently more conservative than the results of the
proposed design equations for the mean, five-percentile
and one-percentile stiffness ratios for all of the
variables investigated.

(4) The mean and minimum stiffness ratios for Equation 5.7 or
5.8 may be taken as 1.0 and 0.8; respectively, for

columns with e/h = 0.1 to 0.7, = 4.2 to 10.3 percent,

pSS

Prs = 1.1 to 3.2 percent, and £/h = 10 to 30.

(5) There is no significant difference between the results of
Equations 6.7 and 6.8.

(6) For the critical load ratio P,/P.., this study shows that
82 percent of the columns studied with e/h ranging from
0.1 to 1.0 fall below the value of 0.5.

(7) Even though the AISC stiffness ratios ET n/EIlzrsc were.

consistently non-conservative, the strength ratios

Puum)/PuUUSC) seem to show that the AISC method should
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produce safe design for most of the composite beam-
columns subjected to bending about the minor axis.
However, there is a concern regarding the AISC approach

with respect such columns when p,. = 1 percent.

7.4 RECOMMENDATIONS

For design purposes Equation 5.8 or 6.8 is recommended in
determining the flexural stiffness of composite beam-columns
for final (more accurate) designs. The ACI expression
(Equation 4.1) may be used as a substitute, particularly for
initial sizing of members. A critical load ratio P,/P.,. equal
to 0.5 is suggésted as upper limit to control the design of
slender columns. This value will be useful in the initial
sizing of the members.

The AISC expression (Equation 4.30) and the strength
ratio Puum)/PuUUSC) seem to show problems with regard to some
composite beam-columns bending about the minor axis of the
encased structural steel section. Further analysis of the

AISC interaction equations is recommended.
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LIST OF SYMBOLS

b flange width of structural steel section.

b, width of structural steel section taken parallel to
the axis of bending.

d depth of structural steel section.

dgs depth of structural steel section taken

perpendicular to the axis of bending.

dyert distance from the web to vertex of the parabola
taken at the mid-height of the steel section.

e end eccentricity of axial load at column ends.

e/h end eccentricity ratio.

Ay deflection of slender column at mid-height.

e, totai eccentricity of axial load at mid-height of
slender column.

£, specified strength of concrete.-

£, modulus of rupture of concrete.

foss specified yield strength of structural steel.

for critical buckling stress.

for static yield strength of reinforcing steel.

fys static yield strength of structural steel.

fus static ultimate strength of structural steel.

f,r static ultimate strength of reinforcing steel.

h overall depth of composite section taken
perpendicular to the axis of bending.

k effective column length factor (equal to 1.0 in
this study). .

2 column length.

r radius of gyration.

Iy modified radius of gyration (AISC).
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flange thickness of structural steel section.

thickness of flange tip of structural steel
section. ‘

thickness of flange at web-flange juncture of
structural steel section.

web thickness of structural steel section.

area of concrete.

area of longitudinal reinforcing steel (AISC).
area of one flange of structural shape (bt).

area of web of structural steel shape (w(d-2t)).
gross area of cross-section.

area of structural steel section.

factor related to actual bending moment diagram to
an equivalent uniform bending moment diagram (taken

equal to 1.0 in this study).

perpendicular distance from plastic centroid of
column to neutral axis (see Figure 2.8).

effective flexural stiffness of slender composite
column.

modulus of elasticity of structural steel (AISC).
initial tangent modulus of elasticity of concrete.

modified modulus of elasticity of structural steel
section (AISC).

modulus of elasticity of structural steel.
tangent modulus of elasticity of element.

initial tangent modulus of strain-hardening curve
of reinforcing bars.

initial tangent modulus of strain-hardening curve
of structural steel.

modulus of elasticity of reinforcing steel.

yield stress for structural steel section (AISC) .-
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modified yield stress for structural steel section
(AISC) .

moment of inertia.
gross moment of inertia of cross-section.

moment of inertia of reinforcing steel taken about
the centroidal axis of the composite cross-section.

moment of inertia of structural steel section taken
about the centroidal axis of the composite cross-
section.

bending moment.

overall column bending moment capacity.

cross-section bending moment capacity.

required flexural strength for member due to
lateral translation.

bending moment at mid-height of slender column.
nominal flexural strength.

required flexural strength assuming no lateral
translation.

ultimate flexural strength.

moment, curvature, axial load relationship.
axial load.

nominal compressive strength.

ultimate compressive strength.

plastic section modulus of structural steel
section.

effective stiffness factor for concrete.

effective stiffness factor for longitudinal-
reinforcing steel.

effective stiffness factor for structural steel
section.
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absolute wvalue of the ratio of maximum factored
dead load moment t the maximum factored total load
moment (taken equal to 0.0 in this study).

moment magnification factor for second-order length
effects.

moment magnifier for lateral loads (taken equal to
0.0 in this study).

strain in concrete.
strain in unconfined concrete at peak compressive
stress.

strain at start of strain-hardening curve of
structural steel.

strain at start of strain-hardening curve of
reinforcing bars.

ultimate strain in longitudinal reinforcing bars.

curvature (inclination of strain gradient) or
design code resistance factor. '

resistance factor for compression.
resistance factor for bending.

curvature at mid-height of slender column.
curvature at column ends.

ratio of area of longitudinal reinforcing bars to
gross cross-section area.

ratio of area of structural steel to gross cross-
section area.

residual stress at centroid of structural steel
section.

residual stress at flange tip of structural steel
section. )

residual stress at juncture of flange and web of -
structural steel section.
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Table A1 - Specimen Configuration for Columns Bending About the Major Axis

ASS

*

Author Col. h b Steel Long. c rs Vol'met’
Desig. in. in. Profile Reinf. in.2 in.2 in.2 Ratio
Bondale RS 60.3 6.00 375 4'x1.75'@5# 4-0.21" 1.47 20.89 0.14 0.00644
(1966) RS 80.2 6.00 375 4'x1.75'@5# 4-.0.21" 1.47 20.89 0.14 0.00644
RS 100.1 6.00 3.75 4'x1.75"@5# 4-0.21" 1.47 20.89 0.14 0.00644
RS 120.0 6.00 3.75 4'x1.75"@5# 4-0.21* 1.47 20.89 0.14 0.00644
May & RC1 7.87 7.87 152X152 UC23 4-Y6 4.62 57.21 0.18 0.00190
Johnson RC3 787 7.87 152X152 UC23 4-Y6 4.62 57.21 0.18 0.00190
(1978) RC4 7.87 7.87 152X152 UC23 4-Y6 4,62 57.21 0.18 0.00190
Morino A4-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
etal. B4-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
(1984) C4-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
D4-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
A8-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
B8-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
C8-80 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
D8-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
Procter St 11.00 8.00 7'x4"@14.5# 4.26 83.74
(1967) 82 11.00 8.00 7"x4"@14.5# 4.26 83.74
S3 12.00 8.00 8 x4'@17# 5.00 91.00
54 1200 8.00 8'x4"@17# 5.00 91.00
1 1125 8.00 7"x4"@14.5# 4.26 85.74
2 1125 8.00 7'x4'@14.5# 4.26 85.74
3 11.25 8.00 7'x4'@14.5# 4.26 85.74
4 11.25 8.00 7'x4"@14.5# 4.26 85.74
5 11.25 8.00 7"x4*@14.5# 4.26 85.74
6 12.00 8.00 8" xX4"@17# 5.00 91.00
7 12.00 8.00 8" x4"@17# 5.00 91.00
8 12.00 8.00 8'x4"@17# 5.00 91.00
9 11.25 8.00 7'x4"@14.5# 4.26 85.74
10 11.25 8.00 7'x4"@14.5# 4,26 85.74
11 12.00 8.00 8'x4'@17# 5.00 91.00
12 12.00 8.00 8" x4"@17# 5.00 91.00
Suzuki LH-000-C 8.27 827 H150x100x3.2x4.5 4-6mm 1.88 66.23 0.14 0.00000
etal LH-020-C 8.27 8.27 H150x100x3.2x4.5 4-6mm 1.98 66.23 0.14 0.00232
(1983) LH-040-C 8.27 8.27 H150x100x3.2x4.5 4-6mm 1.98 66.23 0.14 0.00116
LH-100-C 8.27 8.27 H150x100x3.2x4.5 4-6mm 1.98 66.23 0.14 0.00046
RH-000-C 8.27 8.27 H150x100x6x8 4-6mm 3.74 64.48 0.14 0.00000
RH-020-C 8.27 8.27 H150x100x6x9 4-6mm 3.74 64.48 0.14 0.00232
RH-040-C 8.27 8.27 H150x100x6x9 4-6mm 3.74 64.48 0.14 0.001186
RH-100-C 8.27 8.27 H150x100x6x9 4-6mm 3.74 64.48 0.14 0.00046
HT60-000-C 8.27 8.27 H150x100x8x8 4-6mm 4.10 64.11 0.14 0.00000
HT60-020-C 8.27 8.27 H150x100x8x8 4-6mm 4.10 64.11 0.14 0.00232
HT60-040-C 8.27 8.27 H150x100x8x8 4-6mm 4.10 64.11 0.14 0.00116
HT60-100-C 8.27 8.27 H150x100x8x8 4-6mm 4.10 64.11 0.14 0.00046
HT80-000-C 8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14  0.00000
HT80-020-C 8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14 0.00232
HT80-040-C 8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14 0.00116
HT80-100-C 8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14 0.00046
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Table A1 - Specimen Configuration for Columns Bending About the Major Axis

continued
Author Col. lss Ie Irg Fy Fy f'c Fy p p
Desig. A A .4 web flange psi Reint. ss rs
in. in. in.

Bondale RS 60.3 3.66 63.05 0.79 44800 44800 4506 60000 0.0653 0.00862
(1966) RS 80.2 3.66 63.05 079 44800 44800 4382 60000 0.0653 0.0062
RS 100.1 3.66 63.05 079 44800 44800 4260 60000 0.0653 0.0062

RS 120.0 3.66 63.05 079 44800 44800 4700 60000 0.0653 0.0062

May & RCt1 30.34 28912 0.87 42050 41630 4308 60000 0.0745 0.0028
Johnson RC3 30.34 28912 0.87 42050 41630 3390 60000 0.0745 0.0028
(1978) RC4 30.34 28912 0.87 42050 41630 5191 60000 0.0745 0.0028
Morino A4-90 830 121.08 0.83 52055 42485 3060 56115 0.0870 0.0036
etal. B4-90 930 121.08 083 50750 41615 3393 56115 0.0870 0.0036
(1984) C4-80 8.30 121.08 0.83 45675 44680 3379 56115 0.0870 0.0036
D480 930 121.08 0.83 52055 42485 3074 56115 0.0870 0.0036

A8-90 9.30 121.08 0.83 53360 43935 4872 56115 0.0870 0.0036

B8-90 930 121.08 0.83 53070 45095 4829 56115 0.0870 0.0036

C8-90 9.30 121.08 083 53505 44225 3567 56115 0.0870 0.0036

D8-80 9.30 121.08 0.83 53360 43790 3321 56115 0.0870 0.0036

Procter S1 37.48  849.85 42112 42112 4722 0.0484 0.0000
(1967) 82 37.48 84985 42112 42112 4722 0.0484 0.0000
S3 53.62 1098.38 42560 42560 5407 0.0520 0.0000

S4 53.62 1098.38 42560 42560 5407 0.0520 0.0000

1 3748 911.74 42112 42112 4722 0.0473 0.0000

2 3748 911.74 42112 42112 4722 0.0473 0.0000

3 3748 911.74 42112 42112 4722 0.0473 0.0000

4 3748 911.74 42112 42112 4722 0.0473 0.0000

5 3748 911.74 42112 42112 5407 0.0473 0.0000

6 53.62 1098.38 42560 42560 5407 0.0520 0.0000

7 53.62 1098.38 42560 42560 5407 0.0520 0.0000

8 53.62 1098.38 42560 42560 5407 0.0520 0.0000

9 3748 911.74 42112 42112 6007 0.0473 0.0000

10 37.48 911.74 42112 42112 6007 0.0473 0.0000

11 63.62 1098.38 42560 42560 6007 0.0520 0.0000

12 53.62 1098.38 42560 42560 6007 0.0520 0.0000

Suzuki L.H-000-C 1255 375.09 1.73 45240 45661 4785 48430 0.0290 0.0021
etal. LH-020-C 1255 375.09 1.73 45240 45661 4785 48430 0.0290 0.0021
(1983) LH-040-C 1255 375.09 1.73 45240 45661 4785 48430 0.0290 0.0021
LH-100-C 1255  375.09 1.73 45240 45661 4785 48430 0.0290 0.0021

RH-000-C 2268 36496 1.73 55477 48503 4858 48430 0.0546 0.0021

RH-020-C 2268 36486 1.73 55477 48503 4858 48430 0.0546 0.0021

RH-040-C 2268 36496 173 55477 48503 4858 48430 0.0546 0.0021

RH-100-C 22.68 364.96 1.73 55477 48503 4858 48430 0.0546 0.0021
HT60-000-C 23.06 364.58 1.73 83781 83781 4858 48430 0.0600 0.0021

HT60-020-C 23.06 364.58 1.73 83781 83781 4858 48430 0.0600 0.0021

HT60-040-C 23.06 36458 173 83781 83781 4858 48430 0.0600 0.0021

HT60-100-C 2306 36458 1.73 83781 83781 4858 48430 0.0600 0.0021

HT80-000-C 2417 363.48 173 113651 113651 4858 48430 0.0633 0.0021

HT80-020-C 24.17 36348 173 113651 113651 4858 48430 0.0633 0.0021

HT80-040-C 2417 36348 173 113651 113651 4858 48430 0.0633 0.0021

HT80-100-C 2417 36348 173 113651 113651 4858 48430 0.0633 0.0021
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Table A1 - Specimen Configuration for Columns Bending About the Major Axis

continued

Author Col. ‘lS_Sf_EE 2 2/h e e/h Tested  Theor.  Strength

Desig. f1 c in. in. Strength  Strength Ratio
Bondale RS 60.3 0.649 60.0 10.0 3.00 0.500 55.8 47.0 1.1880
(1966) RS 80.2 0.667 80.0 13.3 2.00 0.333 7041 55.8 1.2572
RS 100.1 0.687 100.0 16.7 1.00 0.167 92.3 72.9 1.2653
RS 120.0 0.622 120.0 20.0 0.00 0.000 107.1 115.3 0.9286
May & RC1 0.727 63.5 8.1 088 0.112 301.2 282.2 1.0674
Johnson RC3 0.924 63.5 8.1 1.07 0.136 305.7 239.1 1.2787
(1978) RC4 0.603 116.7 14.8 1.55 0.197 191.1 217.9 0.8771
Morino A4-90 1.481 36.4 5.8 1.567 0.250 166.5 121.4 1.3719
etal B4-90 1.302 90.9 14.4 1.57 0.250 114.6 104.0 1.1020
(1984) C4-80 1177 136.4 21.7 1.57 0.250 93.9 83.0 1.1313
D4-90 1.474 181.9 28.9 1.57 0.250 64.7 63.5 1.0189
A8-80 0.953 36.4 5.8 2.95 0.469 118.1 98.6 1.1968
B8-90 0.957 80.9 14.4 2.95 0.469 84.0 84.3 1.1144
C8-90 1.305 136.4 21.7 2.95 0.469 68.0 62.5 1.0889
D8-80 1.399 181.9 28.9 2.95 0.469 50.1 49.2 1.0196
Procter S1 0.432 240 22 0 0.000 470.4 §22.9 0.8997
(1967) s2 0.432 24.0 2.2 0 0.000 481.6 522.9 0.9211
S3 0.410 24.0 2.0 0 0.000 698.9 642.1 1.0885
S84 0.410 24.0 2.0 0 0.000 703.4 642.1 1.0955
1 0.422 132.0 11.7 6 0.533 132.2 127.7 1.0347
2 0422 1320 11.7 9  0.800 87.4 87.4 0.9997
3 0.422 132.0 1.7 0 0.000 470.4 508.0 0.9259
4 0.422 132.0 11.7 6 0.533 143.4 127.7 1.1224
5 0.369 132.0 11.7 9 0.800 91.8 80.5 1.0154
6 0.410 132.0 11.0 9 0.750 129.9 114.1 1.1383
7 0.410 132.0 11.0 6 0.500 199.4 168.6 1.1827
8 0.410 132.0 11.0 0 0.000 560.0 613.6 0.9126
e} 0.332 132.0 11.7 3 0.267 268.8 243.5 1.1039
10 0.332 132.0 1.7 3 0.267 250.9 243.5 1.0303
1 0.369 132.0 11.0 0 0.000 533.1 658.5 0.8096
12 0.369 132.0 11.0 3 0.250 315.8 290.9 1.0859
Suzuki LH-000-C 0.274 23.6 29 0.00 0.000 380.0 366.4 1.0373
et al. LH-020-C 0.274 23.6 2.9 0.00 0.000 374.3 429.4 0.8716
(1983) LH-040-C 0.274 23.6 29 0.00 0.000 374.3 398.0 0.9403
LH-100-C 0.274 23.6 29 0.00 0.000 385.8 379.2 1.0173
RH-000-C 0.624 23.6 29 0.00 0.000 547.0 462.7 1.1823
RH-020-C 0.624 23.6 28 0.00 0.000 561.4 5§23.7 1.0720
RH-040-C 0.624 23.6 29 0.00 0.000 521.1 493.4 1.0563
RH-100-C 0.624 23.6 29 0.00 0.000 521.1 475.2 1.0867
HT60-000-C 1.035 23.6 29 0.00 0.000 598.8 562.8 1.0840
HT60-020-C 1.035 23.6 29 0.00 0.000 656.4 674.0 0.9739
HT60-040-C 1.035 23.6 28 0.00 0.000 662.2 639.2 1.0359
HT80-100-C 1.035 23.6 2.9 0.00 0.000 627.6 611.8 1.0259
HT80-000-C 1.480 23.6 29 0.00 0.000 716.9 626.3 1.1447

HT80-020-C 1.480 23.6 2.9 0.00  0.000 734.2 797.3 0.9208
HT80-040-C 1.480 23.6 2.9 0.00 0.000 728.4 759.4 0.9592
HT80-100-C 1.480 23.6 29 0.00 0.000 7111 721.0 0.9863
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Table A1 - Specimen Configuration for Columns Bending About the Major Axis

continued

Author Col. h b Steel Long.  Ass Ac Ars  Vol'met
Desig. in. in. Profile Reinf. in.2 in. 2 in. 2 Ratio

Suzuki HT80-000-CB 8.27 8.27 H150x100x5x5 4-6mm 2.89 65.32 0.14 0.00000
etal. HT80-020-CB 8.27 8.27 H150x100x5x5 4-6mm 2.89 65.32 0.14 0.00232
(1983) LH-000-B 8.27 8.27 H150x100x3.2x4.5 4-6mm 1.98 66.23 0.14 0.00000
LH-020-B 8.27 827 H150x100x3.2x4.5 4-6mm 1.98 66.23 0.14 0.00232
LH-040-8 8.27 8.27 H150x100x3.2x4.5 4-6mm 1.98 66.23 0.14 0.00116
LLH-100-B 827 827 H150x100x3.2x4.5 4-6mm 1.98 66.23 0.14 0.00046
RH-000-B 8.27 8.27 H150x100x6x9 4-6mm 3.74 64.48 0.14 0.00000
RH-020-B 8.27 8.27 H150x100x6x9 4-6mm 3.74 64.48 0.14 0.00232
RH-040-B 827 8.27 H150x100x6x9 4-6mm 3.74 64.48 0.14 0.00116
RH-100-B 827 8.27 H150x100x6x9 4-6mm 3.74 64.48 0.14  0.00046
HT60-000-8 827 8.27 H150x100x8x8 4-6mm 4,10 64.11 0.14  0.00000
HT60-020-B 827 827 H150x100x8x8 4-6mm 4.10 64.11 0.14 0.00232
HT60-040-B 8.27 8.27 H150x100x8x8 4-6mm 4.10 64.11 0.14 0.00116
HT60-100-B 8.27 8.27 H150x100x8x8 4-6mm 410 64.11 0.14 0.00046
HT80-000-B 8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14 0.00000
HT80-020-B 8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14 0.00232
HT80-040-B 8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14 0.00116
HT80-100-B '8.27 8.27 H150x100x8x8 4-6mm 4.32 63.89 0.14 0.00046
Roik 23 11.81 11.81 HE2008 4-12mm  12.11 126.69 0.70 0.00293
Mangerig 24 11.81 1181 HE200B 4-12mm 1211 126.69 0.70 0.00293
(1987) 25 11.81  11.81 HE200B 4-12mm  12.11 126.69 0.70  0.00293
26 11.81 11.81 HE200B 4-12mm  12.11 126.69 0.70 0.00293
Roik V11 11.02 11.02 HE120B 4-14mm 5.27 115.30 0.85 0.00283
Schwal'r vi2 11.02 11.02 HE1208B 4-14mm 5.27 115.30 0.85 0.00283
(1988) Vi3 11.02 11.02 HE120B 4-14mm 527 115.30 0.95 0.00283
Va1 11.02 11.02 HE160A 4-14mm 6.01 114.55 0.95 0.00283
Va2 11.02 11.02 HE160A 4-14mm 6.01 114.55 0.95 0.00283
Va3 11.02  11.02 HE160A 4-14mm 6.01 114.55 0.95 0.00283
V3t 11.02 11.02 HE200B 4-14mm 12.11 108.46 0.95 0.00283
V32 11.02 11.02 HE200B 4-14mm  12.11 108.46 0.95 0.00283
V33 11.02 11.02 HE2008B 4-14mm 1211 108.46 0.95 0.00283
V41 11.02 11.02 HE180M 4-14mm  17.52 103.05 0.95 0.00283
V42 11.02 11.02 HE180M 4-14mm 1752 103.05 0.95 0.00283
V43 11.02 11.02 HE180M 4-14mm  17.52 103.05 0.95 0.00283

*

Volumetric Ratio for transverse reinforcement

p'=

2(b* +d*) A

b"d's

b* -
d"-
A -
S -

outside width of transverse reinforcing
outside depth of transverse reinforcing

area of bar

spacing of reinforcing
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Table A1 - Specimen Configuration for Columns Bending About the Major Axis

continued
Author Col. Iee I, Fy Fy fe Fy Pes Prs
Desig. in.[’ in.[’ in.[’ web flange psi Reinf.

Suzuki HT80-000-CB  16.77 370.87 1.73 110809 110809 4423 48430 0.0423 0.0021
et al. HT80-020-CB 16.77 370.87 1.73 110809 110809 4423 48430 0.0423 0.0021
(1983) LH-000-B 12.55 375.09 1.73 45240 45661 4292 48430 0.0290 0.0021
L.H-020-B 12.58 375.08 1.73 45240 45661 4597 48430 0.0290 0.0021
LH-040-B 12.55 375.09 173 45240 45661 4524 48430 0.0290 0.0021
LH-100-B 12.55 375.09 1.73 45240 45661 4365 48430 0.0290 0.0021
RH-000-B 22.68 364.96 1.73 55477 48503 4858 48430 0.0546 0.0021
RH-020-B 2268  364.96 1.73 55477 48503 4858 48430 0.0546 0.0021
RH-040-B 22,68 36496 173 55477 48503 4858 48430 0.0546 0.0021
RH-100-B 22.68 364.96 1.73 55477 48503 4858 48430 0.0546 0.0021
HT60-000-B 23.06 364.58 1.73 83781 83781 4814 48430 0.0600 0.0021
HT60-020-B 23.06 364.58 1.73 83781 83781 4814 48430 0.0800 0.0021
HT60-040-8 23.06  364.58 173 83781 83781 4814 48430 0.0600 0.0021
HT60-100-B 23.06 364.58 173 8378t 83781 4814 48430 0.0600 0.0021
HT80-000-B 24.17 363.48 1.73 113651 113651 4771 48430 0.0633 0.0021
HT80-020-B 24.17 363.48 1.73 113651 113651 4771 48430 0.0633 0.0021
HT80-040-B 24.17 363.48 1.73 113651 113651 4771 48430 0.0633 0.0021
HT80-100-B 24.17 363.48 1.73 113651 113651 4771 48430 0.0633 0.0021
Roik 23 136.94 1467.77 16.99 39150 39150 6570 60900 0.0868 0.0050
Mangerig 24 136.94 1467.77 1699 39150 39150 6570 60900 0.0868 0.0050
(1987) 25 136.84 146777 1699 39150 39150 6570 60900 0.0868 0.0050
26 136.94 1467.77 16,99 39150 39150 6570 60800 0.0868 0.0050
Roik V11 20.76 119128 18.55 33655 33655 6351 60800 0.0434 0.0079
Schwal'r vi2 20.76 119128 1855 33655 33655 6351 60300 0.0434 0.0079
(1988) Vi3 20,76 119128 1855 33655 33655 6786 60900 0.0434 0.0079
Va1 40.12 117182 1855 45675 45675 6786 60900 0.0495 0.0079
va2 40.12 117192 1855 45675 45675 5365 60800 0.0495 0.0079
va3 4012 117192 1855 45675 45675 5365 60900 0.0495 0.0079
Va1 136.94 107510 1855 32886 32886 5902 60900 0.0996 0.0079
V32 136.94 107510 1855 32886 32886 5902 60900 0.0996 0.0079
V33 136.94 107510 1855 32886 32886 5699 60900 0.0996 0.0079
Va1 17971 1032.33 1855 31465 31465 5699 60800 0.1441 0.0079
Va2 17971 103233 18.55 39295 39295 6119 60800 0.1441 0.0079
V43 179.71 103233 18.55 42239 42239 6119 60900 0.1441 0.0079
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Table A1 - Specimen Configuration for Columns Bending About the Major Axis

continued

Author Col. p_s§il’§i R 2/h e e/h Tested  Theor.  Strength
Desig. f-c in. in. Strength  Strength Ratio

Suzuki HT80-000-CB  1.060 23.6 29 7.22 0.874 1104 104.0 1.0612
etal HT80-020-CB  1.060 236 29 878  1.062 110.4 108.7 1.0156
(1983) LH-000-B 0.306 23.6 28 . inf inf. 274 27.8 0.9877
LH-020-B 0.286 23.6 2.9 inf. inf. 29.4 32.1 0.9162
LH-040-B 0.280 23.6 2.9 inf. inf. 28.2 30.1 0.9386
LH-100-B 0.301 23.6 29 inf. inf. 28.2 28.0 1.0083
RH-000-B 0.624 23.6 2.9 inf. inf. 48.9 52.1 0.9397
RH-020-B 0.624 236 |, 29 inf. inf., 54.5 56.9 0.9578
RH-040-B 0.624 23.6 29 inf. inf. 53.3 45.5 1.1710
RH-100-B 0.624 23.6 29 inf. inf. 50.9 52.3 0.9736
HT60-000-B 1.045 23.6 2.9 inf. inf. 68.8 73.4 0.9372
HT60-020-B 1.045 236 29 inf. inf. 79.2 79.7 0.9934
HT60-040-B 1.045 23.6 29 inf. inf. 772 76.2 1.0127
HT60-100-B 1.045 236 29 inf. inf. 72.0 75.9 0.9488
HT80-000-B 1.507 23.6 29 inf. inf. 93.5 98.8 0.9459
HT80-020-B 1.507 236 29 inf. inf, 104.2 105.3 0.9895
HT80-040-B 1.507 23.6 29 inf. inf. 101.0 102.8 0.9830
HT80-100-8 1.507 23.6 2.9 inf. inf. 97.9 99.6 0.9826
Roik 23 0.804 196.9 16.7 3.54 0.300 526.3 442.3 1.1800
Mangerig 24 0.804 186.9 16.7 5.91 0.500 368.3 324.8 1.1340
(1987) 25 0.804 315.0 26.7 3.54 0.300 377.8 314.4 1.2017
26 0.804 315.0 26.7 5.91 0.500 200.9 238.6 0.8420
Roik Vi1 0.416 136.2 124 6.30 0.571 171.7 169.6 1.0124
Schwal'r viz 0.416 136.2 124 2.36 0.214 366.3 373.3 0.0812
(1988) V13 0.389 136.2 12.4 3.94 0.357 322.9 272.7 1.1842
va1 0.444 136.2 12.4 3.94 0.357 338.2 321.8 1.0509
vaz 0562 136.2 12.4 6.30 0571 213.8 201.7 1.0589
Va3 0.562 136.2 124 2.36 0.214 437.2 388.9 1.1243
V31 1.028 136.2 124 3.94 0.357 384.1 383.3 1.0020
V32 1.028 136.2 12.4 2.36 0.214 506.9 501.2 1.0114
V33 1.065 136.2 12.4 6.30 0.571 294.3 280.8 1.0481
V41 1.540 136.2 124 3.94 0.357 477.7 422.9 1.1295
V42 1.434 136.2 12.4 6.30 0.571 344.9 359.6 0.9592
V43 1.434 136.2 124 2.36 0.214 614.9 650.6 0.8451

NOTE : For e/h = inf., strength is given in kip-ft ( 1 kip-ft = 1.356 kN-m).

For all other values of e/h, the strength is shown in kips ( 1 kip = 4.448 kN).

b = width of the concrete cross-section parrallel to the axis of bending;

h = depth of the concrete cross-section perpendicular to the axis of bending.

. N
/f ¢ ratio.

The t f i ;
e term yss was taken as the web yield strength for computing the pssfyss

The strain-hardening of both steels was included in the analysis.



290

Table A2 - Specimen Configuration for Major Axis Bending
Ratio of Test to Calculated Ultimate Strength - STRAIN HARDENING NOT INCLUDED
Author Col. h b fie Pss Prs p_SEi&S L/h e/ Tested Theor. Strength
Desig. in. in. psi f1 c Strength Strength  Ratio
Bondale RS 60.3 6.00 375 4506 0.0653 0.0062 0.649 10.0 0.500 55.8 47.0 1.1880
(1966) RS 80.2 6.00 375 4382 0.0653 0.0062 0.667 133 0.333 70.1 55.8 1.2572
RS 100.1 6.00 3.75 4260 0.0653 0.0062 0.687 16.7 0.167 92.3 729  1.2653
RS 1200 6.00 375 4700 00653 0.0062 0622 200 0.000 107.1 1153 0.9286
May & RCt 7.87 7.87 4308 0.0745 00028 0727 81 0112 301.2 2822 1.0674
Johnson RC3 787 787 3390 0.0745 00028 0924 81 0.136 3057 239.1 1.2787
(1978) RC4 787 7.87 5191 0.0745 0.0028 0603 148 0197 191.1 2179 0.87M1
Morino A4-90 6.30 6.30 3060 0.0870 0.0036 1.481 58 0250 166.5 121.4 1.3719
etal B4-90 630 6.30 3393 0.0870 0.0036 1.302 144 0250 1146 1040 1.1020
(1984) C4-80 630 6.30 3379 0.0870 0.0036 1.177 217 0.250 93.9 830 1.1313
D4-90 630 6.30 3074 0.0870 0.0036 1.474 289 0.250 64.7 635 1.0189
A8-80 630 630 4872 0.0870 0.0036 0.953 58 0469 118.1 98.6 1.1968
B8-90 6.30 6.30 4829 0.0870 0.0036 0957 144 0.469 94.0 843 1.1144
C8-80 6.30 6.30 3567 0.0870 0.0036 1.305 21.7 0.469 68.0 62.5  1.0889
D8-90 630 6.30 3321 0.0870 0.0036 1.399 289 0.469 50.1 49.2 1.0196
Procter S1 11.00 8.00 4722 0.0484 0.0000 0432 22 0.000 4704 522.9 0.8997
(1967) S2 11.00 8.00 4722 0.0484 0.0000 0432 22 0.000 4816 §22.9 0.9211
83 12.00 8.00 5407 0.0520 0.0000 0.410 20 0.000 698.9 642.1 1.0885
S4 1200 8.00 5407 0.0520 0.0000 0410 2.0 0.000 7034 6421 1.0955
1 11256 8.00 4722 0.0473 0.0000 0422 11.7 0533 1322 127.7 1.0347
2 1125 8.00 4722 0.0473 0.0000 0422 117 0.800 87.4 87.4  0.9997
3 1125 8.00 4722 0.0473 0.0000 0422 117 0.000 470.4 508.0 0.9259
4 1126 8.00 4722 0.0473 0.0000 0422 117 0.533 1434 127.7  1.1224
5 1125 8.00 5407 0.0473 0.0000 0.369 117 0.800 91.8 80.5 1.0154
6 1200 8.00 5407 0.0520 0.0000 0410 110 0.750 1299 1141 1.1383
7 1200 8.00 5407 0.0520 0.0000 0410 11.0 0.500 199.4 168.6 1.1827
8 1200 8.00 5407 0.0520 0.0000 0410 11.0 0.000 560.0 6136 0.9126
9 11.25 8.00 6007 0.0473 0.0000 0.332 117 0267 268.8 2435 1.1039
10 1126 8.00 6007 0.0473 0.0000 0.332 117 0267 2509 2435 1.0303
11 12,00 8.00 6007 0.0520 0.0000 0.369 11.0 0.000 533.1 658.5 0.8096
12 1200 800 6007 0.0520 0.0000 0369 11.0 0250 3158 2909 1.0859
Suzuki LH-000-C 827 827 4785 0.0280 0.0021 0274 29 0.000 380.0 366.4 1.0373
etal. LH-020-C 8.27 827 4785 0.0290 0.0021 0.274 29 0.000 374.3 429.4 0.8716
(1983) LH-040-C 827 827 4785 0.0290 0.0021 0274 29 0000 3743 398.0 0.9403
LH-100-C 827 827 4785 0.0290 0.0021 0274 29 0.000 3858 379.2 1.0173
RH-000-C 827 827 4858 0.0546 0.0021 0624 29 0.000 5470 462.7 1.1823
RH-020-C 827 827 4858 0.0546 0.0021 0624 29 0.000 561.4 5237 1.0720
RH-040-C 827 827 4858 0.0546 0.0021 0624 29 0000 5211 493.4 1.0563
RH-100-C 827 827 4858 0.0546 0.0021 0624 29 0000 521.1 4752 1.0967
HT60-000-C 8.27 827 4858 0.0600 0.0021 1.035 29 0.000 5988 5§62.8 1.0640
HT60-020-C 827 827 4858 0.0600 0.0021 1.035 29 0000 656.4 6740 0.9739
HT60-040-C 827 827 4858 0.0600 0.0021 1.035 29 0.000 6622 639.2 1.0359
HT60-100-C 827 827 4858 0.0600 0.0021 1.035 29 0.000 6276 611.8 1.0259
HT80-000-C 827 827 4858 0.0633 00021 1480 29 0000 716.9 626.3 1.1447 -
HT80-020-C 827 8.27 4858 0.0633 0.0021 1.480 29 0.000 734.2 797.3 0.9208
HT80-040-C 827 827 4858 0.0633 0.0021 1.480 29 0.000 728.4 759.4 09592
HT80-100-C 827 827 4858 0.0633 0.0021 1.480 29 0.000 7111 721.0 0.9863
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Table Continued

Author Col. h b f'c p Prg Pssfyss 2/h e/h Tested  Theor. Strength
Desig. in. in. psi ss £ Strength Strength  Ratio

Suzuki HT80-000-CB 827 827 4423 0.0423 0.0021 1.060 29 0.874 110.4 102,11 1.0809
etal HT80-020-CB 8.27 827 4423 0.0423 0.0021 1.060 29 1.062 1104 104.8 1.0528
(1983) LH-000-B 827 827 4292 00280 0.0021 0306 29 inf. 27.4 233 1.1760
LH-020-B 827 827 4597 0.0200 0.0021 0286 29 inf. 29.4 238 12817

LH-040-B 827 827 4524 0.0290 00021 0290 29 inf. 28.2 23.7  1.1932

LH-100-B 827 827 4365 0.0280 0.0021 0.301 29 inf. 28.2 23.4  1.2080

RH-000-B 827 827 4858 0.0546 0.0021 0624 29 inf. 48.9 448  1.0931

RH-020-B 827 827 4858 0.0546 0.0021 0624 29 inf. 54.5 459  1.1873

RH-040-B 827 827 4858 0.0546 0.0021 0.624 29 inf. 53.3 455 1.1710

RH-100-B 827 827 4858 0.0546 0.0021 0624 29 inf. 50.9 452 1.1265
HT60-000-B 827 827 4814 0.0600 0.0021 1045 29 inf. €8.8 69.8  0.9865
HT60-020-B 827 827 4814 0.0800 0.0021 1.045 29 inf. 79.2 73.1 1.0823
HT60-040-B 827 827 4814 00800 0.0021 1045 29 inf. 77.2 723  1.0877
HT60-100-B 827 827 4814 0.0600 0.0021 1.045 29 inf. 72.0 715  1.0069
HT80-000-B 827 827 4771 0.0633 0.0021 1507 29 inf. 893.5 833 1.1224
HT80-020-B 827 827 4771 0.0633 0.0021 1507 29 inf, 104.2 811 1.1437
HT80-040-B 827 827 4771 0.0633 0.0021 1507 29 inf. 101.0 833 1.1312
HT80-100-B 827 827 4771 0.0633 0.0021 1.507 29 inf. 97.9 872 11217

Roik 23 11.81 1181 6570 0.0868 0.0050 0.517 167 0.300 526.3 4423 1.1900
Mangeri 24 11.81 11.81 6570 0.0868 0.0050 0.517 16.7 0.500 368.3 3248 1.1340
(1987) 25 11.81 1181 6570 0.0868 0.0050 0.517 267 0.300 377.8 3144 12017
26 11.81 1181 6570 0.0868 0.0050 0.517 267 0.500 200.9 238.6 0.8420

Roik Vi1 11.02 11.02 6351 0.0434 0.0079 0230 124 0.571 171.7 1696 1.0124
Schwal'r Vi2 11.02 11.02 6351 0.0434 0.0079 0.230 124 0214 366.3 373.3 09812
(1988) Vi3 11.02 1102 6786 0.0434 00079 0215 124 0357 3229 2727  1.1842
va1 11.02 11.02 6786 0.0495 0.0079 0.333 124 0.357 3382 321.8 1.0509

vaz 11.02 11.02 5365 0.0495 0.007¢ 0421 124 0.571 213.8 201.7 1.0599
ves 11.02 11,02 5365 0.0495 0.0079 0421 124 0214 4372 3889 1.1243
V3t 11.02 11.02 5802 0.0886 00079 0.555 124 0.357 384.1 383.3 1.0020
V32 11.02 11.02 5802 0.0996 0.0079 0.555 124 0.214 506.9 501.2 1.0114
V33 11.02 11.02 5699 0.0986 0.0079 0575 124 0.571 294.3 280.8 1.0481

V41 11.02 11.02 5699 0.1441 0.0079 0.796 124 0357 4777 4229 1.1285
V42 11.02 11.02 6119 0.1441 0.0079 0.926 124 0.571 344.9 359.6 0.9592
V43 11.02 11.02 6119 0.1441 0.0079 0.995 124 0214 6149 650.6 0.9451

NOTE : For e/h = inf., strength is given in kip-ft ( 1 kip-ft = 1.356 kN-m).

For all other values of e/h, the strength is shown in kips ¢ 1 kip = 4.448 kN).

o
n

width of the concrete cross-section parrallel to the axis of bending;

p=
i

depth of the concrete cross-section perpendicular to the axis of bending.

The term fyss was taken as the web yield strength for computing the pssfyss/f'c ratio.
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

ASS

AFS

*

Author Col. b h Steel Long. ¢ Vol'met'
Desig. in. in. Profile Reinf.  ;,.2  in.2 in.2  Ratio
Stevens cva2 7.00 8.50 5'x4.5"@20# 5.87 39.63
(1965) Ccvs 7.00 6.50 5"x4.5"@20# 5.87 39.63
Ccv4 7.00 6.50 5"x4.5"@20# 5.87 39.63
Cvs 700 650 5°x4.5"@20# 5.87 39.63
Cve 700 650 5'x4.5"@20# 5.87 39.63
AE1 700 650 §"x4.5"@20# 5.87 39.63
AE2 7.00 6.50 5"x4.5"@20# 5.87 39.63
AE3 7.00 650 5'%4.5"@20# 5.87 39.63
AE4 700 8650 5'x4.5"@20# 5.87 39.63
AE5 7.00 8.50 5"x4.5"@20# 5.87 39.63
AES 7.00 6.0 5'x4.5"@20# 5.87 39.63
AE7 7.00 6.50 5'x4.5"@20# 5.87 39.63
AE8 7.00 6.50 5'%4.5"@20# 5.87 39.63
AE9 7.00 6.50 5'x4.5"@20# 5.87 39.63
AE10 7.00 6.50 5'x4.5"@20# 5.87 39.63
AE11 7.00 6.50 5'x4.5"@20# 5.87 39.63
FE1 16.00 12.00 12"'x8"@65# 4-0.5" 19.13 172.09 0.79 0.0028
FE2 16.00 12.00 12'x8"@65# 4-0.5" 18.13 172.08 0.78  0.0028
FE3 16.00 12.00 12'x8"@65# 4-0.5" 19.13 172.09 0.79 0.0028
FE4 16.00 12.00 12"'x8"@65# 4-0.5" 19.13 172.08 0.79  0.0028
FES 16.00 12.00 12'x8"@65# 4-0.5" 18.13 172.09 0.79 0.0028
FE6 16.00 12.00 12°'x8"@65# 4-0.5" 19.13 172.09 0.79  0.0028
FE7 16.00 12.00 12'x8"@65# 4-0.5* 19.13 172.09 0.79  0.0028
FE8 16.00 12.00 12"'x8"@65# 4-0.5" 18.13 172.09 0.79 0.0028
FES 16.00 12.00 12'x8*@65# 4-0.5 19.13 172.08 0.79 0.0028
FE10 16.00 12.00 12'x8"@65# 4-0.5" 19.13 172.09 0.79 0.0028
FE11 16.00 12.00 12"x8"@65# 4-0.5" 18.13 172.09 0.79 0.0028
FE12 16.00 12.00 12'x8"@65# 4-0.5" 19.13 172.09 0.79 0.0028
B1 5.00 3.50 3'x1.5'@4# 1.18 16.32
B2 5.00 3.50 3'x1.5"@4# 1.18 16.32
B3 5.00 3.50 3x1.5"@4# 1.18 16.32
B4 5.00 3.50 3'x1.5"@4# 1.18 16.32
BS 5.00 3.50 3'x1.5"@4# 1.18 16.32
B6 5.00 3.50 3'x1.5°@4# 1.18 16.32
B7 5.00 3.50 3'x1.5"@4# 1.18 16.32
Al 7.00 6.50 5'x4.5"@20# 5.87 39.63
A2 700 650 5"x4.5"@20# 5.87 39.63
A3 7.00 6.50 5'x4.5"@20# 5.87 39.63
A4 7.00 6.50 5'%4.5"@20# 5.87 39.63
A5 7.00 6.50 5"x4.5"@20# 5.87 39.63
A6 7.00 6.50 5"%x4.5"@20# 5.87 39.63
REta 7.00 6.50 5"%4.5"@20# 5.87 39.63
RE1b 7.00 6.50 §5'x4.5"@20# 5.87 39.63
RE2a 7.00 6.50 5"x4.5"@20# 5.87 39.63 0.0057
RE2b 7.00 6.50 5"x4.5"@20# 5.87 39.63 0.0057
RE3a 7.00 6.50 5'x4.5"@20# 4-1/4 5.87 39.43 0.20 0.0057
RE3b 7.00 6.50 5'%x4.5"@20# 4-1/4" 5.87 39.43 0.20 0.0057
RE4a 7.00 6.50 5'x4.5"@20# 5.87 39.63
RE4b 7.00 6.50 5'x4.5"@20# 39.63

5.87
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
fc f'c
Author Col. I ss 1 c I rs Fy Fy Col.  Water Fy p p
Desig. A . 4 . 4 web flange Stored Stored Reinf. ss rs
in. in. in. .
Stevens cv2 6.58 153.62 36060 36060 1115 1012 0.1291  0.0000
(1965) CcvV3 6.58 153.62 36060 36060 1900 2083 0.1281  0.0000
Cv4 6.58 163.62 36060 36060 2491 2982 0.1291 0.0000
CV5 6.58 163.62 36060 36060 3058 3983 0.1281  0.0000
Ccve 6.58 153.62 36060 36060 3672 4414 0.1281 0.0000
AE1 6.58 153.62 36060 36060 2046 2379 0.1291  0.0000
AE2 6.58 183.62 36060 36060 2679 2792 0.1281  0.0000
AE3 6.58 153.62 36060 36060 2566 2830 0.1291  0.0000
AE4 6.58 153.62 36060 36060 2906 3020 0.1291  0.0000
AE5S 6.58 153.62 36060 36060 2305 2491 0.1291  0.0000
AE6 6.58 1563.62 36060 36060 2010 2379 0.1291 0.0000
AE7 6.58 153.62 36060 36060 2083 2379 0.1281 0.0000
AE8 6.58 153.62 36060 36060 2157 2342 0.1291  0.0000
AES 6.58 163.62 36060 36080 1467 1682 0.1291  0.0000
AE10 6.58 153.62 36060 36060 1900 2120 0.1291 0.0000
AE11 6.58 153.62 36060 36060 2305 2305 0.1291  0.0000
FE1 65.18 221920 1592 33031 33031 2083 2641 60000 0.0996 0.0041
FE2 65.18 221920 1592 33031 33031 2268 3020 60000 0.0996 0.0041
FE3 65.18 221920 1592 33031 33031 2083 2717 60000 0.0996 0.0041
FE4 65.18 221920 1592 33031 33031 1936 2231 60000 0.0996 0.0041
FES 65.18 221920 1592 33031 33031 2454 2792 60000 0.0996 0.0041
FE6 65.18 221820 1592 33031 33031 2231 2641 60000 0.0996 0.0041
FE7 65.18 221920 15982 33031 33031 2231 2529 60000 0.0996 0.0041
FES 65.18 221920 1592 33031 33031 2342 2792 60000 0.0896 0.0041
FE9 65.18 221920 1592 33031 33031 2268 2566 60000 0.0996 0.0041
FE10 65.18 2219.20 1592 33031 33031 2604 2830 60000 0.0096 0.0041
FE11 65.18 221920 1592 33031 33031 2529 2754 60000 0.0996 0.0041
FE12 65.18 2219.20 1592 33031 33031 2529 2830 60000 0.0996 0.0041
B1 0.13 17.73 41200 41200 2120 2417 0.0674 0.0000
B2 0.13 17.73 41200 41200 1467 1538 0.0674 0.0000
B3 0.13 17.73 41200 41200 1827 2454 0.0674 0.0000
B4 0.13 17.73 41200 41200 1610 1574 0.0674 0.0000
BS 0.13 17.73 41200 41200 2083 2083 0.0674 0.0000
B6 0.13 17.73 41200 41200 1791 1610 0.0674 0.0000
B7 0.13 17.73 41200 41200 2305 2046 0.0674 0.0000
At 6.58 153.62 42100 42100 1900 2046 0.1291 0.0000
A2 6.58 153.62 42100 42100 1682 1973 0.1291  0.0000
A3 6.58 183.62 42100 42100 1900 2417 0.1291  0.0000
A4 6.58 153.62 42100 42100 2046 2231 0.1291 0.0000
A5 6.58 153.62 42100 42100 1864 2120 0.1281  0.0000
AB 6.58 1563.62 42100 42100 2216 2342 0.1291  0.0000
RE1a 6.58 163.62 43800 43800 2010 0.1291 0.0000
RE1b 6.58 153.62 43800 43800 1791 0.1291  0.0000
RE2a 6.58 153.62 43800 43800 1900 0.1291  0.0000
RE2b 6.58 153.62 43800 43800 2305 0.1291 0.0000
RE3a 6.58 152.52 1.1 43800 43800 2231 60000 0.1291 0.0043 _
RE3b 6.58 1562.52 1.1 43800 43800 1800 60000 0.1291  0.0043
RE4a 6.58 153.62 43800 43800 1973 60000 0.1291 0.0000 -
RE4b 6.58 153.62 43800 43800 1827 60000 0.1291 0.0000

K

Two sets of concrete tests reported by Steven’s. Concrete specimens
stored with columns were used in this study.
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued

Author Col. gﬁiﬁi £ £/h e e/h Tested  Theor.  Strength

Desig. £ c in. in. Strength  Strength Ratio
Stevens cv2 4175 82.0 12.6 075 0.115 134.4 98.0 1.3714
(1965) Ccvs 2.450 82.0 12.6 075 0.115 161.3 110.6 1.4586
Cv4 1.869 82.0 12.6 075 0.115 179.2 122.4 1.4636
CV5 1.523 82.0 12.6 0.75 0.115 201.6 134.5 1.4989
Cvé 1.268 82.0 12.6 0.80 0.123 228.5 142.6 1.6025
AE1 2.275 28.0 4.3 1.00 0.154 165.8 137.4 1.2065
AE2 1.738 46.0 71 1.00 0.154 163.5 135.6 1.2056
AE3 1.814 82.0 12.6 1.00 0.154 141.1 105.9 1.3321
AE4 1.602 118.0 18.2 1.00 0.154 118.7 88.5 1.3408
AES 2.020 184.0 237 1.00 0.154 98.6 63.2 1.5588
AE6 2.317 48.0 74 0.00 0.000 291.2 257.0 1.1333
AE7 2.235 46.0 7.1 0.50 0.077 224.0 176.8 1.2673
AE8 2.158 118.0 18.2 0.50 0.077 161.3 108.5 1.4860
AES 3.174 1540 23.7 1.50 0.231 78.4 44.6 1.7563
AE10 2450 154.0 237 200 0308 72.8 422 1.7263
AE11 2.020 108.0 16.6 inf. inf. 20.9 19.4 1.0760
FE1 1.580  180.0 15.0 0.00  0.000 985.6 814.6 1.2099
FE2 1.451 180.0 15.0 0.00 0.000 1055.0 846.1 1.2470
FE3 1.580  180.0 15.0 1.00 0.083 672.0 479.5 1.4016
FE4 1.699 180.0 15.0 2.00 0.167 486.1 331.8 1.4645
FE5 1.341 180.0 15.0 2,00 0.167 515.2 365.7 1.4089
FE6 1.475 180.0 15.0 3.00 0.250 360.6 278.6 1.2943
FE7 1.475 180.0 15.0 4.00 0.333 295.7 234.9 1.2587
FE8 1.405 180.0 18.0 5.00 0.417 262.1 206.1 1.2717
FES 1.451 180.0 16.0 6.00 0.500 230.7 178.9 1.2897
FE10 1.264 180.0 15.0 7.00 0.583 199.4 168.4 1.1836
FE11 1.301 180.0 18.0 8.00 0.667 168.0 149.9 1.1211
FE12 1.301 120.0 10.0 inf. inf. 131.4 128.6 1.0219
B1 1.310 46 13.1 0.00 0.00 82.9 64.7 1.2802
B2 1.894 64 18.3 0.00 0.00 61.2 42.6 1.4352
B3 1.520 82 234 0.00 0.00 64.1 38.0 1.6881
B4 1.725 100 28.6 0.00 0.00 44.4 27.6 1.6070
BS 1.334 118 337 0.00 0.00 51.5 25.0 2.06489
B6 1.551 136 389 0.00 0.00 36.7 18.4 1.8922
B7 1.205 154 44.0 0.00 0.00 34.5 17.0 2.0244
Al 2.861 g 1.4 0.00 0.00 358.4 304.0 1.1791
A2 3.231 48 7.1 0.00 0.00 313.6 259.2 1.2099
A3 2.861 82 12.6 0.00 0.00 322.6 239.7 1.3456
Ad 2.656 82 12.6 0.00 0.00 302.4 246.2 1.2282
A5 2.917 118 18.2 0.00 0.00 293.4 200.7 1.4623
A6 2.453 154 23.7 0.00 0.00 235.2 164.3 1.4314
RE1a 2.814 118 18.2 0.00 0.00 300.2 214.7 1.3978
RE1b 3.188 118 18.2 0.00 0.00 280.0 206.5 1.3558
RE2a 2.976 118 18.2 0.00 0.00 275.5 217.4 1.2676
RE2b 2.453 118 18.2 0.00 0.00 268.8 230.9 1.1640
RE3a 2.535 118 18.2 0.00 0.00 313.6 271.9 1.1835
RE3b 2.976 118 18.2 0.00 0.00 277.8 260.2 1.0674
RE4a 2.866 118 18.2 0.00 0.00 271.0 209.5 1.2937

RE4b 3.085 118 18.2 0.00 0.00 284.5 204.1 1.3936
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
*
A A A I
Author Col. b h Steel Long. ss c rs Vol'met
Desig. in. in. Profile Reinf. in. 2 in. 2 in. 2 Ratio
Stevens FA1 16.00 12.00 12"'x8"@65# 18.13 172.87
(1965) FA2 16.00 12.00 12"'x8"@65# 19.13 172.87
FA3 16.00 12.00 12"x8"@65# 19.13 172.87
FA4 16.00 12.00 12°x8"@65# 18.13 172.87
FAS 16.00 12.00 12"'x8"@65# 19.13 172.87
Bondale RW 60.3 6.00 375 4'x1.75"@5# 4-0.21* 1.47 20.89 0.14 0.00644
(1966) RW 80.2 6.00 3.75 4°x1.75"@5# 4.0.21" 1.47 20.89 0.14 0.00644
RW 100.1 6.00 3.75 4'x1.75"@5# 4.0.21" 1.47 20.89 0.14 0.00644
RW 120.0 6.00 3.75 4'x1.75"@5# 4-0.21* 1.47 20.89 0.14 0.00844
May (1978) RC5 787 787 152X152 UC23 4-Y6 4.62 57.18 020 0.0018
Janss 1.1 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
Anslijn 1.2 9.45 39.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
(1974) 1.3 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
2.1 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
2.2 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
2.3 2.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
3.1 945 945 HE140B 4-12mm 6.67 81.91 0.70 0.00205
3.2 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
3.3 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
4.1 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
4.2 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
4.3 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
5.1 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
5.2 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
5.3 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
6.1 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
6.2 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
6.3 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
71 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
7.2 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
7.3 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
8.1 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
8.2 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
8.3 9.45 9.45 HE1408 4-12mm 6.67 81.91 0.70 0.00205
9.1 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
9.2 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
9.3 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
10.1 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
10.2 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
10.3 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
1141 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
1.2 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
11.3 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
121 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
12.2 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
12.3 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
f'c f'c
Author Col. lss I s Fy Fy Col. Water Fy p p
Desig. s 4 -4 . 4 web flange Stored Stored Reinf. ss rs
in. in. in. o
Stevens FA1 65.18 2238.82 32900 32900 1864 2231 0.0896 0.0000
(1965) FA2 65.18 2238.82 32800 32900 2010 2342 0.0996 0.0000
FA3 65.18 2238.82 32800 32800 1755 2417 0.0996 0.0000
FA4 65.18 2238.82 32800 32800 1973 2604 0.0896 0.0000
FA5S 65.18 2238.82 32800 32900 1973 2454 0.0996 0.0000
Bondale RwW 60.3 0.19 67.08 0.22 44800 44800 4665 0.0653 0.0099
(1966) Rw 0.2 0.19 67.09 022 44800 44800 5557 0.0653 0.0099
RW 100.1 0.18 67.09 022 44800 44800 4488 0.0653 0.0089
RW 120.0 0.19 67.09 0.22 44800 44800 3927 0.0653 0.0099
May (1978) RC5 30.34 288.17 1.82 42050 41615 5278 60000 0.0745 0.0294
Janss 1.1 13.21 64123 980 41383 41383 6014 31900 0.0747 0.0079
Ansliin 1.2 13.21 641.23 8.80 41383 41383 5517 31800 0.0747 0.0079
(1974) 1.3 13.21 641.23 8.80 39672 39672 5263 31900 0.0747 0.0079
2.1 13.21 641.23 9.80 42514 42514 5263 31900 0.0747 0.0079
2.2 13.21 641.23 9.80 42514 42514 4507 31900 0.0747 0.0079
2.3 13.21 64123 980 42514 42514 5517 31800 0.0747 0.0079
3.1 13.21 64123 980 40035 40035 5957 31800 0.0747 0.0079
3.2 13.21 64123 9.80 40035 40035 6014 31900 0.0747 0.0079
3.3 13.21 64123 980 40035 40035 5263 31800 0.0747 0.0079
4.1 13.21 641.23 9.80 40035 40035 5263 31800 0.0747 0.0079
4.2 13.21 64123 980 40035 40035 4507 31800 0.0747 0.0079
4.3 13.21 64123 9.80 40035 40035 5574 31900 0.0747 0.0079
5.1 13.21 64123 980 55028 55028 4870 31900 0.0747 0.0079
5.2 13.21 64123 980 55028 55028 5277 31800 0.0747 0.0079
5.3 13.21 64123 9.80 55028 55028 4982 31800 0.0747 0.0079
6.1 13.21 641.23 9.80 72805 72805 4870 31900 0.0747 0.0079
6.2 13.21 64123 980 72805 72805 5277 31900 0.0747 0.0079
6.3 13.21 64123 9.80 72805 72805 4996 31900 0.0747 0.0079
7.1 13.21 641.23 9.80 70818 70818 4968 31800 0.0747 0.0079
7.2 13.21 64123 980 70818 70818 5291 31800 0.0747 0.0079
7.3 13.21 64123 9.80 70818 70818 4996 31800 0.0747 0.0079
8.1 13.21 641.23 9.80 72515 72515 5263 31900 0.0747 0.0079
8.2 13.21 64123 980 72515 72515 6014 31900 0.0747 0.0079
8.3 13.21 641.23 980 72515 72515 5957 31900 0.0747 0.0079
9.1 493 58146 6.97 39527 39527 4507 31900 0.0497 0.0067
9.2 493 58146 697 39527 39527 5957 31900 0.0497 0.0067
9.3 493 58146 697 39527 39527 5291 31800 0.0487 0.0067
10.1 493 58146 697 70818 70818 5263 31900 0.0497 0.0067
10.2 493 58146 697 70818 70818 4968 31900 0.0497 0.0067
10.3 493 58146 697 70818 70818 4982 31900 0.0497 0.0067
11.1 13.21 64123 980 41528 41528 5390 31900 0.0747 0.0079
11.2 13.21 64123 980 41528 41528 5574 31300 0.0747 0.0079
11.3 13.21 641.23 9.80 41528 41528 4772 31900 0.0747 0.0079 _
12.1 13.21 641.23 9.80 70673 70673 5390 31900 0.0747 0.0079
12.2 13.21 641.23 9.80 70673 70673 5207 31800 0.0747 0.0079
12.3 13.21 64123 9.80 70673 70673 4772 31800 0.0747 0.0079
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
Author Col. EE{LS.S L 2/h e e/h Tested Theor.  Strength
Desig. £1 c in. in. Strength ~ Strength Ratio
Stevens FA1 1.789 36 3.0 0.00 0.00 1070.7 899.4 1.1805
(1965) FA2 1.631 72 6.0 0.00 0.00 1008.0 912.8 1.1044
FA3 1.868 108 8.0 0.00 0.00 943.0 817.3 1.1639
FA4 1.661 144 12.0 0.00 0.00 954.2 807.0 1.1825
FAS 1.661 180 15.0 0.00 0.00 949.8 738.5 1.2861
Bondale RW 60.3 0.627 60.0 16.0 3.00 0.800 17.9 14.9 1.2019
(1966) RW 80.2 0.526 80.0 21.3 2.00 0.833 21.7 18.1 1.1370
RwW 100.1 0.652  100.0 26.7 1.00 0.267 20.8 20.8 1.0030
RW 120.0 0745 120.0 32.0 0.00 0.000 52.9 53.0 0.9969
May (1978) RC5 0.594 112.6 14.3 0.79 0.100 185.5 231.2 0.8021
Janss 1.1 0.514 168.5 17.8 0.00 0.000 483.3 528.9 0.9138
Anslijn 1.2 0.560 168.5 17.8 0.00 0.000 489.8 5086.8 0.9665
(1974) 1.3 0.563 168.3 17.8 0.00 0.000 470.0 481.5 0.9563
241 0603 137.2 14.5 0.00  0.000 527.4 564.9 0.9336
22 0704 136.7 14.5 0.00 0.000 489.8 517.9 0.9458
23 0.575 136.9 14.5 0.00 0.000 580.3 581.6 0.9978
3.1 0.502 98.0 104 0.00 0.000 591.3 680.8 0.8685
3.2 0.497 97.5 10.3 0.00 0.000 8603.1 685.2 0.7342
3.3 0.568 88.0 104 0.00 0.000 527.4 634.0 0.8318
4.1 0.568 50.7 5.4 0.00 0.000 573.8 658.3 0.8715
42 0.663 50.5 5.3 0.00  0.000 556.0 604.2 0.9201
4.3 0.536 49.3 5.2 0.00 0.000 617.9 618.0 0.9997
51 0.844 137.4 14.5 0.00 0.000 529.7 585.6 0.9045
5.2 0.778 137.1 14.5 0.00 0.000 §91.3 611.3 0.9673
5.3 0.825 137.2 145 0.00 0.000 5656.0 592.9 0.9378
6.1 1.116 168.3 17.8 0.00 0.000 528.7 517.0 1.0244
6.2 1.030 168.3 17.8 0.00 0.000 485.3 541.0 0.8971
6.3 1.088 168.3 17.8 0.00 0.000 558.2 524.6 1.0642
7.1 1.064 137.4 14.5 0.00 0.000 556.0 624.1 0.8808
7.2 0.999 137.4 145 0.00 0.000 589.1 648.3 0.8086
7.3 1.058 137.3 14.5 0.00 0.000 578.0 626.6 0.9225
8.1 1.029 97.8 104 0.00 0.000 547.2 759.3 0.7207
8.2 0.800 98.2 104 0.00 0.000 531.7 816.8 0.6509
8.3 0.909 98.0 104 0.00 0.000 573.8 812.9 0.7058
9.1 0436 1373 16.6 0.00  0.000 514.1 497.1 1.0342
9.2 0.330 137.3 16.6 0.00 0.000 569.3 592.9 0.9601
9.3 0.371 137.2 16.6 0.00 0.000 463.3 549.6 0.8430
10.1 0.669 137.2 16.6 0.00 0.000 518.6 §79.1 0.8956
10.2 0.709 137.2 16.6 0.00 0.000 609.1 557.6 1.0923
10.3 0.707 1371 16.6 0.00 0.000 531.7 559.2 0.9508
11.1 0.575 135.9 14.4 1.57 0.167 251.6 257.9 0.9755
11.2 0.556 135.9 14.4 1.57 0.167 264.8 262.9 1.0072
11.3 0.650 135.9 14.4 1.57 0.167 240.5 240.1 1.0018
121 0.979 135.7 14.4 1.57 0.167 264.8 271.9 0.9739
12.2 1.013 135.7 14.4 1.57 0.167 251.6 243.7 1.0321

12.3 1.106 136.0 14.4 1.57 0.167 222.8 253.3 0.8796
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
*
A A A f s
Author Col. b h Steel Long. ss c rs Vol'met
Desig. in. in. Profile Reinf. in.2 in.2 in.2 Ratio
Janss 13.1 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
Anslijn 13.2 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
(1974) 13.3 12.60 827 IPE220 4-12mm 5.18 98.28 0.70 0.00192
Janss 1 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
Piraprez 3 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00182
(1974) 5 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
7 12.60 827 IPE220 4-12mm 5.18 98.28 0.70 0.00192
9 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
11 1260 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
13 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
18 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
17 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
19 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
23 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
27 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
2 9.45 9.45 HE1408 4-12mm 6.67 81.91 0.70 0.00205
4 '9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
6 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
8 8.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
10 9.45 9.45 HE1408 4-12mm 6.67 81.91 0.70 0.00205
12 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70  0.00205
14 945 945 HE140B 4-12mm 6.67 81.91 0.70 0.00205
16 945 945 HE140B 4-12mm 6.67 81.91 0.70 0.00205
18 945 945 HE1408 4-12mm 6.67 81.91 0.70  0.00205
21 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
.25 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00208
29 9.45 9.45 HE1408 4-12mm 6.67 81.91 0.70 0.00205
20 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
24 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
28 12.60 8.27 IPE220 4-12mm 5.18 98.28 0.70 0.00192
22 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
26 9.45 9.45 HE140B 4-12mm 6.67 81.91 0.70 0.00205
30 9.45 9.45 HE1408B 4-12mm 6.67 81.91 0.70 0.00205
Roderick SE 1 8.00 7.00 4"x3"@10# 2.94 53.06
Loke SE2 8.00 7.00 4'x3"@10# 2.94 53.06
(1974) SE3 8.00 7.00 4'x3"@10# 2.94 53.06
Australia SE4 8.00 7.00 4'x3"@10# 2.94 563.06
SES 8.00 7.00 4"'x3"@10# 2.94 53.06
SE6 8.00 7.00 4'x3"@10# 2.94 5§3.06
SE7 8.00 7.00 4'x3"@10# 2.94 53.06
SE8 8.00 7.00 4"'x3"@10# 2.94 53.06
SE9 8.00 7.00 4"x3"@10# 2.94 53.06
SE10 8.00 7.00 4'x3'@10# 2.94 53.06
SE11 8.00 7.00 4"'x3"@10# 2.94 53.06
SE12 8.00 7.00 4"x3"@10# 2.94 53.06
SE13 8.00 7.00 4"x1.75"@5# 1.47 54.53
SE14 8.00 7.00 4°x1.75"@5# 1.47 54.53
SE15 8.00 7.00 4'x1.75"@5# 1.47 54.53
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
f'c f'c
Author Col. Iss le Irs Fy Fy Col. Water Fy  p Prg
Desig. in4 in. 4 in.4 web  flange Stored Stored Reint.
- *%
Janss 13.1 493 58146 697 39527 39527 5574 31900 0.0497 0.0067
Ansliin 13.2 493 58146 697 39527 39527 5207 31900 0.0497 0.0067
(1974) 13.3 4.93 581.46 6.97 39527 39527 5084 31900 0.0487 0.0067
Janss 1 493 58146 6,97 40528 40528 4721 31800 0.0497 0.0067
Piraprez 3 493 58146 697 40528 40528 4721 31900 0.0497 0.0067
(1974) 5 4.93 581.46 6.97 40528 40528 5158 31800 0.0497 0.0067
7 4.93 581.46 6.97 40528 40528 5158 31900 0.0497 0.0067
9 4.93 581.46 6.97 40528 40528 5531 31900 0.0497 0.0067
11 4.93 581.46 6.97 40528 40528 5531 31900 0.0497 0.0087
13 4.93 581.46 6.97 40528 40528 49980 31900 0.0497 0.0067
15 4.93 581.46 6.97 40528 40528 5108 31800 0.0497 0.0067
17 4.93 58146 6.97 40528 40528 5040 31900 0.0497 0.0067
19 4.93 581.46 6.97 40528 40528 4738 31800 0.0497 0.0067
23 4.93 581.46 697 40528 40528 4571 31800 0.0497 0.0067
27 493 58146 697 40528 40528 4105 31800 0.0497 0.0067
2 1321 64123 980 39382 39382 4721 31900 0.0747 0.0079
4 1321 64123 9.80 39382 39382 4721 31900 0.0747 0.0079
6 1321 64123 980 39382 39382 5158 31900 0.0747 0.0079
8 13.21 641.23 9.80 39382 39382 5158 31900 0.0747 0.0079
10 13.21 641.23 9.80 39382 39382 5531 31900 0.0747 0.0079
12 13.21 641.23 9.80 39382 39382 5531 31800 0.0747 0.0079
14 13.21 641.23 9.80 39382 39382 4990 31800 0.0747 0.0079
16 13.21 641.23 8.80 39382 39382 5108 31800 0.0747 0.0079
18 13.21 641.23 9.80 39382 39382 5040 31800 0.0747 0.0079
21 13.21 641.23 9.80 39382 39382 4738 31900 0.0747 0.0079
25 13.21 641.23 9.80 39382 39382 457 31800 0.0747 0.0079
29 13.21 641.23 9.80 39382 39382 4105 31800 0.0747 0.0079
20 493 58146 697 40528 40528 4738 31900 0.0497 0.0067
24 4.93 581.46 6.97 40528 40528 4571 31800 0.0497 0.0067
28 4.93 581.46 697 40528 40528 4105 31800 0.0497 0.0087
22 13.21 641.23 9.80 39382 39382 4738 31800 0.0747 0.0079
26 13.21 641.23 9.80 39382 39382 4571 31800 0.0747 0.0079
30 13.21 641.23 9.80 39382 39382 4105 31800 0.0747 0.0079
Roderick SE 1 132 227.35 42400 42400 38690 0.0525 0.0000
Loke SE2 1.32 227.35 42400 42400 4280 0.0525 0.0000
(1974) SE3 1.32 22735 42400 42400 3910 0.0525 0.0000
Australia SE 4 1.32 22735 40700 40700 3880 0.0525 0.0000
SES 1.32 227.35 40700 40700 3710 0.0525 0.0000
SE6 132 22735 45600 45600 3280 0.0525 0.0000
SE7 1.32 227.35 39300 39300 4200 0.0525 0.0000
SE 8 1.32 = 227.35 39400 39400 4140 0.0525 0.0000
SE9 1.32 227.35 39500 39500 4580 0.0525 0.0000
SE10 1.32 22735 39400 39400 4310 0.0525 0.0000
SEt1 132 22735 42700 42700 3250 0.0525 0.0000
SE12 132 227.35 39500 39500 4280 0.0525 0.0000
SE13 0.32 228.34 43000 43000 3070 0.0263 0.0000" -
SEt14 032 228.34 43000 43000 2890 0.0263 0.0000
SE15 0.32 228.34 43000 43000 3810 0.0263 0.0000
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued

Author Col. pssfzss £ £/h e e/h Tested Theor. Strength
Desig. fr in. in. Strength  Strength Ratio
c

Janss 13.1 0.352 96.3 11.6 1.57  0.190 269.1 277.3 0.8703
Anslijn 13.2 0.377 96.6 1.7 1.57 0.180 234.0 264.6 0.8845
(1974) 13.3 0.386 96.3 1.7 157 0.190 229.5 259.5 0.8846
Janss 1 0.427 136.9 16.6 0.00 0.000 606.8 5158.2 1.1779
Piraprez 3 0.427 50.2 6.1 0.00 0.000 591.3 628.1 0.9414
(1974) 5 0.391 136.9 16.6 0.0 0.000 617.9 544.3 1.1352
7 0.391 50.2 6.1 0.00  0.000 646.4 665.6 0.9713
9 0.364 136.9 16.6 0.00 0.000 428.0 568.8 0.7524
1 0.364 50.2 6.1 0.00  0.000 461.3 697.6 0.6612
13 0.404 1683 20.4 0.00 0.000 419.2 478.9 0.8753
15 0.384 1683 20.4 0.0c  0.000 441.2 484.5 0.9107
17 0.400 168.3 204 0.00 0.000 437.0 481.4 0.9077
19 0.425 97.5 11.8 0.0 0.000 575.8 599.4 0.9606
23 0.441 97.5 11.8 0.00 0.000 600.1 £86.3 1.0236
27 0.491 97.5 11.8 0.00 0.000 551.7 549.4 1.0042
2 0.623 136.9 14.5 0.00 0.000 518.6 521.3 0.9949
4 '0.623 50.2 5.3 0.00 0.000 522.9 615.4 0.8496
6 0.570 136.9 14.5 0.00 0.000 5384 549.2 0.9805
8 0.570 50.2 53 0.00 0.000 545.0 646.8 0.8426
10 0.532 136.9 14.5 0.00  0.000 481.1 §72.6 0.8401
12 0.532 50.2 5.3 0.00 0.000 503.1 660.6 0.7616
14 0.589  168.3 17.8 0.00  0.000 403.8 479.1 0.8431
16 0.576 168.3 17.8 0.00 0.000 533.9 484.1 1.1029
18 0.583 168.3 17.8 0.00 0.000 472.3 481.3 0.9812
21 0.621 97.5 10.3 0.00 0.000 573.8 583.5 0.9667
25 0.643 97.5 10.3 0.00 0.000 547.2 580.9 0.9420
29 0.716 97.5 10.3 0.00  0.000 448.0 545.2 0.8217
20 0.425 96.8 11.7 157 0.180 269.1 248.0 1.0852
24 0.441 96.8 1.7 1.57 0190 231.8 2415 0.9598
28 0.491 96.8 1.7 157 0.180 236.0 224.3 1.0521
22 0.621 96.8 10.2 1.57 0.167 264.8 2755 0.9614
26 0.643 96.8 10.2 1.57 0.167 2185 269.5 0.8106
30 0.716 96.8 10.2 1.57 0.167 280.1 251.4 1.1143
Roderick SE 1 0.603 84 120 0.000 0.000 273.0 268.1 1.0184
Loke SE2 0.520 84 120 0400 0.057 211.0 211.2 0.9993
(1974) SE3 0.569 84 120 0.800 0.114 129.0 139.7 0.9235
Australia SE 4 0.551 84 120 0.000 0.000 264.0 275.3 0.9591
SES 0.576 84 120 0400 0.057 195.0 188.4 1.0349
SE6 0.730 84 120 0800 0.114 108.0 122.1 0.8844
SE7 0.491 84 120 1.500 0.214 88.0 88.3 0.9967
SE 8 0.500 84 120 0.000 0.000 290.0 285.8 1.0148
SE9 0.453 120 17.1 0200 0.029 201.0 213.6 0.8409
SE10 0.480 120 17.1 0400 0.057 135.0 168.1 0.8031
SE11 0.690 120 171 0.800 0.114 88.0 92.2 0.9547
SE12 0.485 120 17.1 1.500 0.214 67.0 70.2 0.9543
SE13 0.368 84 120 0.000 0.000 180.0 192.9 0.8333
SE14 0.391 84 120 0400 0.057 116.0 134.0 0.8659

SE15 0.296 84 120 0.800 0.114 108.0 126.3 0.8551
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
*

A A A s '
Author Col. b h Steel Long. ss c rs Vol'met

Desig. in. in. Profile Reinf, in.2 in. 2 in.2 Ratio
Morino A4-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
etal. B4-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
(1984) C4-80 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
D4-80 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
A8-80 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
B8-90 630 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
C8-90 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
D8-30 6.30 6.30 H100x100x6x8 4-6mm 3.45 36.08 0.14 0.00258
Roik 7 11.81  11.81 HE200B 4-12mm 1211 126.69 0.70 0.00293
Mangerig 8 11.81  11.81 HE200B 4-12mm 12,11 126.69 0.70 0.002893
(1987) 9 11.81  11.8t HE200B 4-12mm  12.11 126.69 0.70 0.00293
10 11.81 11.81 HE200B 4-12mm  12.11 126.69 0.70 0.00293
11 11.81  11.81 HE200B 4-12mm  12.11 126.69 0.70 0.00293
12 11.81  11.81 HE2008 4-12mm  12.11 126.69 0.70 0.00293
Roik V102 11.02  11.02 HE160A 4-14mm 6.01 114.55 0.95 0.00283
Schwal'r Vi1 11.02 11.02 HE160A 4-28mm 6.01 111.69 3.82 0.00283
(1988) V112 11.02 11.02 HE160A 4-28mm 6.01 111.69 3.82 0.00283
V113 11.02 11.02 HE160A 4-28mm 6.01 111.69 3.82 0.00283
viai 11.02  11.02 HE1208B 4-28mm 527 11243 3.82 0.00283
viz22 11.02 11.02 HE120B 4-28mm 5.27 112.43 3.82 0.00283
vi23 11.02 11.02 HE120B 4-28mm 527 11243 3.82 0.00283

* - Volumetric ratio for transverse reinforcement

p'=

2b* +d) A

b'd's

b* - outside width of transverse reinforcement
d" - outside depth of transverse reinforcement
A - area of bar
s - spacing of reinforcing
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
f'c f'c
Author Col. lss Ie rs Fy Fy Col. Water Fy Pes Prg
Desig. A . . 4 web flange Stored Stored Reinf.
in. in. in. P

Morino A4-90 3.22 127.16 0.83 52055 42485 3060 56115 0.0870 0.0036
etal. B4-90 3.22 127.16 0.83 50750 41615 3393 56115 0.0870 0.0036
(1984) C4-30 3.22 127.16 0.83 45675 44660 3379 56115 0.0870 0.0036
D4-90 3.22 127.16 0.83 52055 42485 3074 56115 0.0870 0.0036
A8-90 3.22 127.16 0.83 53360 43935 4872 56115 0.0870 0.0036
B88-90 3.22 127.16 0.83 53070 45095 4829 56115 0.0870 0.0036
C8-90 3.22 127.16 0.83 53505 44225 3567 56115 0.0870 0.0036
D8-90 3.22 127.16 0.83 53360 43780 3321 56115 0.0870 0.0036
Roik 7 48.05 1556.66 16.99 39150 39150 6570 60900 0.0868 0.0050
Mangerig 8 48.05 1556.66 16.99 39150 39150 6570 60800 0.0868 0.0050
(1987) 9 48.05 1556.66 16.99 39150 39150 6570 60900 0.0868 0.0050
10 48.05 155666 16,99 39150 39150 6570 60900 0.0868 0.0050
11 48.05 1556.66 1699 39150 39150 6570 60800 0.0868 0.0050
12 48.05 1556.66 16.99 39150 39150 6570 60900 0.0868 0.0050
Roik V102 1480 1197.25 1855 44515 44515 5956 60800 0.0495 0.0079
Schwal'r V111 14.80 115057 65.23 43529 43529 6015 60900 0.0495 0.0314
(1988) V112 1480 1150.57 65.23 43529 43529 6015 60900 0.0495 0.0314
V113 14.80 1150.57 6523 43529 43529 6015 60800 0.0495 0.0314
V121 7.64 1157.73 6523 34757 34757 6015 60900 0.0434 0.0314
vi22 764 115773 65.23 34757 34757 6015 60900 0.0434 0.0314
V123 764 1157.73 6523 34757 34757 6015 60800 0.0434 0.0314
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Table A3 - Specimen Configuration for Columns Bending About the Minor Axis

continued
Author Col. SSfYSS L 2/h e e/h Tested Theor. Strength
Desig. Ft in. in. Strength  Strength Ratio
c
Morino A4-90 1.481 36.4 58 1575 0.250 113.0 88.4 1.2791
et al, B4-80 1.302 90.9 144 1575 0.250 83.6 69.1 1.2080
(1984) C4-80 1177 1364 21.7 1575 0.250 61.7 52.4 11773
D4-90 1474 1819 289 1575 0.250 46.4 37.1 1.2502
A8-90 0.953 36.4 58 2953 0469 77.4 66.7 1.1608
B8-90 0.957 90.9 144 2953  0.469 59.5 83.7 1.1068
C8-80 1.306 1364 21.7 2853 0469 39.7 36.8 1.0779
D8-80 1.399 1819 289 2953 0469 30.3 28.2 1.0759
218.5 269.5
Roik 7 0517 11841 10.0 1,181 0.100  1023.1 789.0 1.2967
Mangerig 8 0517 1181 10.0 3543 0.300 502.0 406.4 1.2352
(1987) 9 0517  196.9 16.7  1.181 0.100 824.6 £87.6 1.4034
10 0517 196.9 16,7 3543  0.300 410.9 316.3 1.2989
11 0517 3150 267 1.181 0.100 455.0 334.8 1.3588
12 0.517 3150 267 3543 0.300 223.9 206.8 1.0827
Roik V102 0370 139.2 126 3.937 0.357 252.2 236.3 1.0674
Schwal'r \ARR 0.358 1398.2 126 3937 0.357 394.9 347.9 1.1351
(1988) \AR P 0.358  139.2 126 2362 0.214 565.9 478.7 1.1822
V113 0.358  139.2 126 0.000 0.000 10328 1069.1  0.96860
viat 0.251 139.2 126 6299 0.571 256.1 2377 1.0772
viz2 0.251 139.2 126 7874 0.714 182.9 196.6 0.9305
Vias 0.251 139.2 126 3937 0.357 345.4 333.2 1.0367
NOTE : For e/h = inf., strength is given in kip-ft ( 1 kip-ft = 1.356 kN-m).
For all other values of es/h, the strength is shown in kips ( 1 kip = 4.448 kN).
b = width of the concrete cross-section parrallel to the axis of bending;
h = depth of the concrete cross-section perpendicular to the axis of bending.
The term fyss was taken as the web yield strength for computing the pssfyss/f'c ratio.
The strain-hardening of both steels was included in the analysis.



