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ABSTRACT

The maximum bending moment capacity of steel-concrete composite column cross sections occurs with concurrently applied axial com-
pression. This is seen in the shape of the interaction diagram, where the bending moment capacity increases with increasing axial com-
pression before reaching the balance point. The size of this bulged region of the interaction diagram can be significant, especially for
concrete-dominant sections. However, it is often neglected in design because of two stability-related concerns. First, the simple transfor-
mations that are recommended to convert cross-section strength to member strength produce illogical results near the balance point, with
member strength exceeding cross-section strength. Second, research has shown that the stiffness reductions used in elastic analyses are
not sufficient for highly slender concrete-dominant composite members subjected to high bending moments. This work seeks to address
these issues through the development of more advanced transformations and stiffness reductions. These new recommendations will more

accurately capture the strength of composite members and allow for more efficient designs.

Keywords: composite construction, interaction strength, balance point, stiffness reduction.

INTRODUCTION

S teel-concrete composite frames are an effective alterna-
tive to structural steel or reinforced concrete frames for
use as the primary lateral-force-resisting system of build-
ing structures. However, they have not yet been as widely
adopted in United States practice as they have in other parts
of the world, notably East Asia. There are several barri-
ers to the broader use of composite structures. Sequencing
issues in construction, which can lead to complications such
as difficult coordination of trades, can be a barrier. On the
other hand, innovative composite construction methods that
resolve the sequencing issues can be highly efficient and
can reduce construction time (Griffis, 1992; Traut-Todaro,
2019). Current design provisions are another barrier to the
wider adoption of composite construction. Despite recent
advances (e.g., Lai et al., 2015; Denavit et al., 2016; Bruneau
et al., 2018), design provisions for composite frames are
not yet as comprehensive as those for the more traditional
systems, nor do they consistently reflect the advantages of
composite framing.

Composite columns were introduced to the AISC Speci-
fication for Structural Steel Buildings, hereafter referred
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to as the AISC Specification, in the 1986 edition (AISC,
1986). From that time until major revisions were made in the
2005 edition (AISC, 2005), the axial and flexural strengths
of composite beam-columns were based on calculations
that determined an equivalent steel section. This approach
had limitations in that it was not applicable to columns
with steel ratios below 4%, and it often underestimated
the contribution of the concrete, particularly for concrete-
dominant composite beam-columns with low steel ratios
(Griffis, 2005). The current beam-column strength inter-
action provisions (AISC, 2016) are based more directly on
mechanics principles. The cross-section strength may now
be determined using one of several methods; the two most
commonly used are the plastic stress distribution method,
which is applicable to most common composite column
cross sections, and the more general strain-compatibility
method, which is comparable to approaches often taken
to compute reinforced concrete section strength. The plas-
tic stress distribution method is the primary method for
assessing steel-concrete composite columns in the AISC
Specification (AISC, 2016) and other standards worldwide
(CEN, 2004; SAC, 2014). It is accurate over a wide range
of materials, cross-sectional geometries, and loading con-
ditions, but the method does result in significant unconser-
vative error for some cases. Cases of unconservative error
include encased composite members, also known as steel-
reinforced concrete (SRC) members, with high steel ratio,
high steel yield stress, or both (Behnam and Denavit, 2020).
The strain-compatibility method is conservative in nearly
all cases but can be overly conservative in many cases. The
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revisions in the 2005 edition also included an expansion of
the range of applicability of the provisions to members with
steel ratios as low as 1%.

Using the plastic stress distribution method, pairs of axial
compression and bending moment strength are computed
based on assumed plastic neutral axis locations. Selecting
many possible locations for the plastic neutral axis results
in an essentially continuous curve for the interaction dia-
gram. For example, the interaction diagram for the SRC
cross section shown in Figure 1 for bending about the major
axis of the steel shape is shown in Figure 2(a). This cross
section has outside dimensions of 28 in. X 28 in., a W10x49
wide-flange steel shape, and four #8 reinforcing steel bars.
The steel ratio (i.e., the ratio of area of steel to gross area
of the cross section) for this cross section is py = AJ/Ag =

Fig. 1. Example SRC cross section.
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1.81% (note that, for simplicity, the fillets between the web
and the flange are neglected in this work). The reinforcing
ratio (i.e., the ratio of area of reinforcing steel to gross area
of the cross section) for this cross section is p,, = Ay,/. ¢=
0.40%. The concrete compressive strength is f; = 8 ksi, the
steel yield stress is Fy = 50 ksi, and reinforcing steel yield
strength is Fy, = 60 ksi. The longitudinal reinforcing has a
cover of 17 in. from the edge of the concrete to the edge of
the bar.

The example cross section shown in Figure 1 was selected
to have low steel ratios, near the lower limits given in the
AISC Specification (AISC, 2016) since neglecting the
balance point reduces the available strength for concrete-
dominant members more than it does for steel-dominant
members. This cross section is used in example analyses
described throughout this paper.

While the plastic stress distribution method can be used
to compute a continuous cross-section interaction diagram
by selecting many different plastic neutral axis locations,
doing so is burdensome by hand or spreadsheet. A set of
closed-form equations (AISC, 2017) has been developed to
compute key points on the curve which can then be used to
construct a multilinear interaction diagram. The points are
labeled A, C, D, and B as shown in Figure 2(a). Point A rep-
resents the pure axial strength; point B represents the pure
bending strength; point C has the same bending moment as
point B, but with axial compression; point D represents the
balance point, the point of maximum bending moment.

Computing the cross-section interaction strength is rela-
tively straightforward; however, it is not directly used in
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Fig. 2. Interaction strength diagrams for the example SRC cross section.

268 / ENGINEERING JOURNAL / FOURTH QUARTER / 2021



design. As described in the AISC Specification Commen-
tary (AISC, 2016), two reductions are applied to the nomi-
nal cross-section interaction strength to obtain the available
beam-column interaction strength.

The first is a stability reduction, where a factor equal
to the ratio of the nominal axial compression strength
with and without length effects () = P,/P,,) is applied to
the ordinate (i.e., axial compression) of each point on the
interaction diagram, leaving the abscissa (i.e., bending
moment) unchanged. This method is logical in that it yields
the proper results for pure axial compression (point A)
and for pure bending moment (point B), but illogical and
potentially unconservative results arise in the intermediate
points, particularly the balance point (point D). The balance
point is the point of maximum moment and it occurs for a
nonzero axial compression. When the stability reduction is
applied in this simple manner, the resulting beam-column
interaction point D lies outside of the cross-section interac-
tion diagram, as shown in Figure 2(b). Note that the beam-
column strength interaction diagram shown in Figure 2(b)
was constructed with y = 0.5, which corresponds to L./H =
18.6 for the example cross section.

The second reduction is to apply the resistance factors.
The resistance factors for composite columns are defined
as ¢, = 0.75 for axial compression and ¢, = 0.90 for flexure
in AISC Specification Chapter 1 (AISC, 2016). For com-
bined bending and axial load, the AISC Specification Com-
mentary recommends that axial compression of each point
be multiplied by ¢. and the bending moment of each point
be multiplied by ¢p. This simple procedure may be uncon-
servative because it can lead to strength reductions which
imply resistance factors greater than 0.90 for the intermedi-
ate points (Denavit, 2017).

Furthermore, when evaluated against advanced second-
order inelastic analyses, current design provisions can
result in unconservative errors for highly slender, concrete-
dominant composite members subject to low axial loads
and high bending moments (Denavit et al., 2016). Con-
cerns resulting from the simple reductions and potential
unconservative error have led to the recommendation in the
AISC Specification Commentary to neglect point D in the
strength interaction diagram and to only consider points A,
C, and B (AISC, 2016).

Neglecting the balance point can be highly conserva-
tive, especially for stocky concrete-dominant columns.
Improved methods of determining interaction strength of
steel-concrete composite beam-columns would have the
potential of unlocking large amounts of strength and allow-
ing composite columns to fulfil more of their potential.
This work explores potential alternative approaches for
including the balance point within the interaction strength
of steel-concrete composite beam-columns. This work
has two complimentary goals. The first goal is to reduce

conservative error introduced by neglecting the balance
point. The second goal is to reduce the unconservative error
observed for highly slender, concrete-dominant composite
members, which may be exacerbated by the inclusion of the
balance point. To accomplish these goals, an alternative
stability reduction for interaction diagrams and an alterna-
tive stiffness reduction to be used with the direct analysis
method are evaluated.

ALTERNATIVE STABILITY REDUCTION
FOR INTERACTION DIAGRAMS

As described in the previous section, the method for com-
puting the interaction strength of steel-concrete composite
columns, which is referred to as Simplified Method 2 in the
AISC Specification Commentary (AISC, 2016), neglects
the balance point (point D). While any number of points
on the cross-section interaction diagram can be computed,
only three points, A, C, and B are utilized for the avail-
able strength of composite beam-columns. Interaction dia-
grams computed following these recommendations for the
example SRC cross section and for a variety of effective
lengths are shown in Figure 3(a). The conservativeness of
neglecting point D can be seen by comparing the interac-
tion diagrams in Figure 3(a) to the cross-section interac-
tion diagram shown in Figure 2(a). The example SRC cross
section is concrete-dominant, so the moment strength at
point D is significantly greater than that at point B.

Interaction diagrams using an alternative method of
applying the stability reduction are shown in Figure 3(b).
In this alternative method, points A, C, and B are computed
and reduced as before (i.e., factoring the ordinate by =
P,/P,,). Noting that factoring just the ordinate for point D
gives the illogical result of a point on the beam-column
interaction strength diagram outside of the cross-section
interaction strength diagram, both the ordinate and the
abscissa of point D are reduced. The ordinate of point D is
reduced by the same factor as the other points. The abscissa
is reduced such that the reduced point D remains on the line
between point B and the original point D, thus ensuring that
the beam-column interaction strength does not exceed the
cross-section interaction strength. A summary of the reduc-
tion applied to each point is presented in Table 1.

The interaction diagram including point D and con-
structed using the alternative stability reduction (denoted
as the ACDB interaction) provides a plausible alternative
to the interaction diagram currently recommended in the
AISC Specification Commentary (AISC, 2016) (denoted
as the ACB interaction). However, the new interaction dia-
gram must be rigorously evaluated to ensure that it results
in safe designs.

When evaluating design provisions for beam-column
interaction strength, simply comparing available strengths
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Table 1. Points on the Interaction Diagram

Cross-Section Strength Beam-Column Strength
Point M P M P
A 0 Pa 0 xPa
C Mc Pc Mc xPc
D? Mp Pp (1 =xMg + xMp xPo
B Mg 0 Mg 0

2 Point D is not included with the ACB interaction diagram.

computed per design equations to the results of physical
experiments or advanced inelastic analyses can be mislead-
ing. In practice, available strengths are evaluated against
required strengths and required strengths are computed
following particular rules (e.g., specific type of analysis,
defined stiffness). The provisions for an entire method
of design, encompassing both the available and required
strengths, must be considered in the evaluation.

Many notable studies have been conducted in this way,
including for structural steel columns and the development
of the interaction equations in use today (Kanchanalai,
1977), for reinforced concrete columns (Hage and Mac-
Gregor, 1974), for the development of the direct analysis
method (Surovek-Maleck and White, 2004), and for the
extension of the direct analysis method to composite frames
(Denavit et al., 2016). Each of these studies duly consid-
ered both the calculation of available strength and required
strength in their evaluations, albeit using somewhat different
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approaches. This work expands upon the results presented
by Denavit et al. (2016). The approach taken is to compare,
for many different individual cases, the maximum applied
loads permitted by the design methodology to the applied
loads at which failure occurs according to second-order
inelastic analyses.

Benchmark Frames

The cases investigated are small frames that consist of a
single composite column as shown in Figure 4. The same
broad range of cross-section and frame parameters investi-
gated by Denavit et al. (2016) were used in this work.

Four categories of cross section were investigated:
(1) circular concrete-filled steel tubes (CCFT), (2) rectan-
gular concrete-filled steel tubes (RCFT), (3) SRC subjected
to major-axis bending, and (4) SRC subjected to minor-axis
bending. Within these groups, sections were selected to
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Fig. 3. Interaction strength diagrams for beam-columns with the example SRC cross section.
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span practical ranges of concrete strength; steel ratio; and,
for the SRC sections, reinforcing ratio. Steel yield strengths
were selected as F, = 50 ksi for wide-flange shapes, F, =
42 ksi for round HSS shapes, F, = 46 ksi for rectangular
HSS shapes, and F,,. = 60 ksi for reinforcing bars. Three
concrete strengths were selected: f; =4, 8, and 16 ksi. Note
that the AISC Specification (AISC, 2016) limits concrete
strength to a maximum of 10 ksi. Concrete exceeding
this limit was included to investigate an extreme case and
because the limits may be revised in future editions.

With the selected CFT sections, the full range of permit-
ted steel ratios is examined, including those associated with
noncompact and slender sections. However, local buckling
is neglected in this study, both by not modeling it in the
inelastic analyses and by not including the strength reduc-
tions in the design strength calculations. The effects of local
buckling on the interaction strength of filled composite
members can be captured in design through the use of the
effective stress-strain method defined in AISC Specifica-
tion Section I1.2 (AISC, 2016) and in analysis through the
use of beam elements with specialized constitutive relations
or shell elements (Lai and Varma, 2016). Nonetheless, local
buckling remains a complicated issue that was excluded
from this work for simplicity. Thus, the results of this study
are only strictly applicable to compact sections.

As shown in Figure 4, both sidesway inhibited and side-
sway uninhibited cases were investigated. The frames are
based on and expanded from those used in previous studies
(Kanchanalai, 1977; Surovek-Maleck and White, 2004). For
the sidesway inhibited frames, a range of column lengths,
L, and end moment ratios, B, were investigated. For the
sidesway uninhibited frames, a range of column lengths,

P
R

L, leaning column load ratios, ¥, and end restraints (rota-
tional spring stiffnesses, kg ;,, and kg ,) Were investigated.
Each cross section was run with each frame resulting in
1,200 individual cases for each of the CCFT and RCFT
groups and 2,880 individual cases for each of the SRC
groups. Full details of the selected benchmark frames are
reported by Denavit et al. (2016).

Second-Order Inelastic Analysis

Geometric and material nonlinear analyses using fiber-
based beam finite elements were used to obtain results
against which the design methodologies are benchmarked.
These analyses represent the “best guess” of the true behav-
ior of the frames. The uniaxial constitutive relations defined
within the fiber representations of the cross sections were
calibrated specifically for composite columns. As noted
previously, local buckling of the steel tube and other steel
components was neglected. Initial system and member geo-
metric imperfections were directly modeled. Full details of
the analyses, including validation against the results of hun-
dreds of physical experiments are reported by Denavit et al.
(2016) and Denavit and Hajjar (2014).

A sample of analysis results is presented in Figure 5 for
various lengths of the sidesway inhibited frame with 3 =1
and with the example SRC cross section shown in Figure 1
and described previously. A series of analyses was per-
formed to obtain the results for each individual case shown
in Figure 5. First, an analysis applying only vertical load
(i.e., M = 0; see Figure 4) was performed to determine the
peak load. In this analysis, load was applied and increased
in displacement control until a limit point was determined.
The limit point was defined as when the lowest eigenvalue
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Fig. 4. Benchmark frames.
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of the stiffness matrix was equal to zero. This coincides
with the maximum applied axial compression. Then, eight
separate nonproportional analyses were performed with
different values of axial compression equally spaced from
zero to the maximum applied axial compression from the
axial-only analysis. In each of these nonproportional analy-
ses, the specified level of axial compression is applied in
load control then held constant. Subsequently, the lateral
load is applied and increased in displacement control until
a limit point was determined. The limit point was defined
as when the lowest eigenvalue of the stiffness matrix was
equal to zero. This coincides with the maximum applied
moment. In each analysis, the applied loads and maximum
internal forces at the limit point are recorded. These are
the values shown in Figure 5. The same process was used
for all other interaction diagrams developed using second-
order inelastic analyses in this work.

Design Methodology

The maximum applied loads permitted by the design meth-
odology are obtained from an automated iterative process
as the applied loads that produce maximum internal forces
from an elastic analysis that lay directly on the design
interaction diagram [either the ACB such as shown in Fig-
ure 3(a) or the ACDB interaction such as shown in Fig-
ure 3(b)]. The elastic analyses are performed by evaluating
closed-form solutions to the governing differential equa-
tion for the benchmark frames obtained from a computer
algebra system. Only flexural deformations are considered.

Axial Compression (kips)

0 500 00 1500 2000
Bending Moment (kip-ft)
(a) Applied loads

The nominal flexural stiffness of the composite columns is
taken as El as defined in the AISC Specification (AISC,
2016). All stiffnesses are reduced by 0.8, and the flexural
stiffness of the composite column is reduced by an addi-
tional factor T, = 0.8. A notional lateral load of 0.002 times
the vertical load was included. The notional load was taken
as an additive load when the ratio of second-order drift to
first-order drift was greater than or equal to 1.7. It was taken
as a minimum lateral load otherwise. A sample of results is
presented in Figure 6(a) for the example SRC cross section
and the same frames investigated in Figure 5.

Results

The key result from these analyses is the error measured
along a radial line from the origin between the interaction
diagrams constructed from the maximum applied loads per-
mitted by the design methodology and the applied loads at
which failure occurs according to the second-order inelastic
analyses. A sample comparison is shown in Figure 6(b) for
the example SRC cross section and the sidesway inhibited
frame with L/H = 40, where H is the lateral dimension of
the cross section. For higher axial loads the interaction dia-
gram constructed from the inelastic analyses is outside the
interaction diagram constructed from the design methodol-
ogy, indicating conservative error of up to 70%. For higher
bending moments the opposite is true, albeit to a lesser
degree, with maximum unconservative error of up to 8%.
In this range, the design methodology permits applied loads
that the inelastic analysis indicates would result in failure.
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Fig. 5. Second-order inelastic analysis results for frames with the example SRC cross section.
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The error was evaluated for all benchmark frames, at
many angles within the M-P plane, and for both the ACB
and ACDB interaction diagrams. While the selected cross
sections and frame parameters can be considered to span
the practical range, the distribution of parameters within the
selection may not be representative of what is expected in
practice. For instance, the selected set contains a far higher
proportion of very slender frames than would be expected
in typical construction. Accordingly, maximum and mini-
mum error values are more meaningful than median or
average error values. Two of the most influential parame-
ters within the set are the steel ratio, p,, and the slenderness.
Slenderness is defined by the parameter A, (Equation 1)
which is proportional to the effective length of the columns.
An effective length factor was computed and used for
determining A, (note, however, that the available strength
was computed with an effective length factor of unity in
accordance with the direct analysis method). The frames
were separated into bins based on ranges of steel ratio and
slenderness to better understand the error. The ranges used
to separate the frames based on slenderness are shown in
Table 2. The maximum unconservative error for each of the
bins for the ACDB interaction is shown in Table 3.
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The maximum unconservative error varies significantly
with section type, slenderness, and steel ratio. The greatest
unconservative errors are seen for the slenderest and most
concrete-dominant cases. There is no specified limit on the
level of unconservative error that can be tolerated within a
design methodology. One reference identifies a 5% uncon-
servative error as a reasonable maximum (ASCE, 1997).
Another study identified unconservative errors as large as
16% for structural steel columns designed according to the
direct analysis method with direct modeling of member
imperfections (Wang and Ziemian, 2019). It is important to
note that large unconservative errors have been found using
the ACB interaction as well (Denavit et al., 2016). Given
that the ACDB interaction diagram is larger than the ACB
interaction diagram, use of the ACDB interaction diagram
can only increase the maximum unconservative errors. The
increase in maximum unconservative error for each bin is
presented in Table 4. Compared to the magnitude of error,
the increase due to the inclusion of point D is modest.

The primary reason to include point D is to reduce con-
servative error in the evaluation of strength. The decrease
in maximum conservative error by including point D for
each bin is presented in Table 5. As expected, the larg-
est decreases in conservative error occur for stockier and
more concrete-dominant frames. This range is likely more
practical and common in construction than the highly
slender members for which the high unconservative errors
are seen, indicating that the addition of point D would
be highly beneficial. Nonetheless, given the increases in
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Fig. 6. Maximum permitted applied loads for frames with the example SRC cross section.
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Table 2. Definition of Slenderness Ranges

Range Slenderness

I hoe <0.5

I 0.5<he<1.0

I 1.0<Xe <15

v 1.5<h0e<2.0

Vv 2.0 <N <3.0

VI 3.0 < Xoe

Table 3. Maximum Unconservative Error Based on Slenderness and Steel Ratio, ACDB Interaction
Ps | | 1] v \'} \'/|

0.25 6.00% 14.6% 12.5% 13.7% 5.70% 5.90%

- 0.18 4.40% 12.4% 14.0% 15.9% 8.60% 9.10%
"<'3 0.11 5.20% 9.50% 14.4% 17.9% 11.4% 12.8%
© 0.06 6.40% 8.90% 11.7% 12.7% 19.3% 17.9%
0.02 5.40% 6.70% 7.00% 15.6% 24.8% 36.3%

0.28 1.70% 2.40% 1.90% 3.00% 0.00% 0.00%

- 0.19 4.30% 3.60% 5.20% 7.00% 0.90% 1.30%

"('3 0.11 4.00% 4.60% 8.20% 11.4% 6.30% 710%
- 0.06 3.90% 4.90% 8.70% 6.20% 16.3% 15.7%
0.03 1.60% 0.50% 4.80% 10.5% 18.7% 21.8%

K 0.12 6.90% 5.90% 3.60% 4.70% 6.80% 2.10%

g § 0.09 4.70% 3.60% 3.80% 6.70% 8.90% 4.00%
o2 0.04 2.00% 0.90% 2.40% 9.70% 14.3% 13.1%

©

= 0.01 210% 2.10% 5.00% 7.40% 14.7% 29.2%

) 0.12 17.4% 15.8% 14.9% 13.9% 14.1% 8.60%

&) § 0.09 13.8% 14.6% 10.3% 12.8% 13.0% 6.80%
(2 _g 0.04 5.50% 5.70% 8.00% 11.0% 13.8% 11.4%
= 0.01 210% 210% 4.30% 7.50% 11.2% 28.1%

maximum unconservative error, this approach cannot be
recommended for general use unless paired with additional
changes that reduce the maximum unconservative errors.

ALTERNATIVE STIFFNESS REDUCTION

The previous section addressed the source of some of the
greatest conservative errors that exist in the provisions for
steel-concrete composite columns. The ACDB interaction
diagram significantly reduced the level of conservative
error while only modestly increasing the unconservative
error. However, the unconservative error was already high
in some cases. The greatest unconservative errors occur
for highly slender, concrete-dominant members with large
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flexural demands. Cases such as these are perhaps not
often seen in practice, since most engineers wisely avoid
this range. However, there is no slenderness limit within the
AISC Specification (AISC, 2016) and thus cases for which
large errors are recorded are permitted. One remedy to
these high errors would be to further reduce the size of the
interaction diagram. However, a different remedy related to
the stiffness reduction may be more appropriate.

The errors occur with low axial loads and high bending
moments. High levels of concrete cracking are expected
in composite columns under this loading, which is more
beam-like than column-like. The flexural rigidity used for
composite columns when determining required strengths
within the direct analysis method is 0.87,El, where



Table 4. Percentage Point Increase in Maximum Unconservative Error Based on Slenderness and Steel Ratio

Ps | I 1 v Vv Vi
0.25 3.00% 0.00% 2.50% 1.50% 1.00% 0.70%
- 0.18 2.00% 0.00% 3.90% 2.20% 1.30% 1.00%
"(_'5 0.1 2.40% 2.70% 5.10% 4.00% 3.10% 1.70%
© 0.06 0.40% 3.20% 3.20% 6.40% 6.30% 3.10%
0.02 0.00% 0.40% 7.00% 9.20% 7.70% 7.50%
0.28 0.00% 0.00% 1.90% 1.20% 0.00% 0.00%
- 0.19 0.00% 0.00% 2.40% 1.90% 0.90% 0.90%
"(_'5 0.11 0.00% 1.70% 4.00% 3.70% 2.20% 1.70%
o

0.06 0.10% 2.60% 4.50% 5.50% 7.10% 3.50%
0.03 0.00% 0.00% 4.80% 6.20% 7.70% 4.80%
0 0.12 0.00% 0.00% 2.20% 2.30% 2.40% 0.70%

X
&) ¢ 0.09 0.20% 0.30% 2.30% 4.80% 2.60% 1.20%
(] -% 0.04 1.00% 0.20% 1.70% 6.20% 4.70% 2.00%
£ 0.01 0.00% 0.00% 2.90% 3.30% 3.00% 4.80%
» 0.12 0.00% 0.50% 0.20% 0.40% 0.20% 0.10%
&‘:) § 0.09 0.30% 0.30% 0.70% 0.40% 0.20% 0.50%
n _g 0.04 0.00% 1.90% 1.80% 0.80% 2.70% 1.40%
g 0.01 0.00% 0.00% 2.20% 3.10% 3.40% 4.50%

Table 5. Percentage Point Decrease in Maximum Conservative Error Based on Slenderness and Steel Ratio

Ps | | n v Vv Vi

0.25 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
- 0.18 0.00% 5.40% 0.00% 0.30% 0.00% 0.00%
"('5 0.11 14.4% 16.5% 1.40% 0.60% 0.80% 0.10%
© 0.06 32.4% 28.8% 11.7% 3.20% 1.10% 0.70%
0.02 33.6% 32.3% 25.5% 9.20% 4.50% 2.10%
0.28 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
- 0.19 5.20% 0.00% 0.20% 0.40% 0.00% 0.00%
I{'S 0.1 16.9% 10.6% 1.80% 0.70% 0.80% 0.00%
« 0.06 31.9% 21.1% 4.70% 2.70% 0.00% 0.70%
0.03 34.4% 33.4% 18.2% 4.40% 1.60% 1.20%
» 0.12 13.7% 0.00% 0.80% 0.50% 0.30% 0.30%

x
&:) NS 0.09 20.6% 6.20% 1.00% 0.80% 0.30% 0.30%
»n -% 0.04 30.7% 12.6% 2.20% 0.70% 1.10% 0.30%
E 0.01 30.3% 29.0% 10.6% 2.40% 2.20% 0.00%
K 0.12 0.00% 0.00% 0.30% 0.40% 0.00% 0.20%

x
g:) ¢ 0.09 5.90% 4.10% 1.10% 0.50% 0.00% 0.10%
(] _g 0.04 28.2% 9.50% 0.90% 0.40% 0.70% 0.20%
E 0.01 30.2% 28.5% 10.0% 2.20% 2.10% 0.00%
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T, = 0.8 and El4is the flexural rigidity used within the col-
umn curve for determination of axial compression strength.
Further reductions to the stiffness would help eliminate the
observed unconservative errors. An example alternative
stiffness reduction factor, T, is shown in Equation 3:

n no

T,,zl.zs_%[l_gi]so.g 3

This equation is based on prior work (Denavit and Hajjar,
2014). Data on the secant flexural rigidity was computed
based on results from second-order inelastic analysis; an
equation was then fit to the data. The variation of the T,
described by Equation 3 with internal forces is shown in
Figure 7. The reduction factor is a constant T, = 0.8 for much
of the range. Only with high bending moment and low axial
loads, where high levels of cracking are expected, does T,
become less than 0.8 and vary with the axial compression
and bending moment.

Performing an elastic analysis with a stiffness reduc-
tion that varies with internal forces can be cumbersome.
However, there is precedent in U.S. practice. For structural
steel members, the factor T, varies with axial compression.
For reinforced concrete members, the ACI Building Code
Requirements for Structural Concrete and Commentary

(ACI, 2019) includes provisions for an effective flexural
rigidity that varies with both axial compression and bend-
ing moment.

The effect of the alternative stiffness reduction on the
maximum permitted applied loads for the example SRC
cross section is shown in Figure 8(a). The solid lines repre-
sent the maximum permitted applied loads using a constant
T, = 0.8; the dashed lines represent the maximum permitted
applied loads using Equation 3. The percentage difference
between the two is shown in Figure 8(b). The reduction
is sufficient to eliminate the unconservative error [e.g., as
shown in Figure 6(b).] There are also other attractive fea-
tures. The alternative stiffness reduction has no effect on
the pure bending strength, nor does it affect the strength
when the axial compression is high. Also, as seen in Fig-
ure 8(b), it has a greater effect on more slender members,
for which additional conservatism is likely warranted. The
specific factors in Equation 3 should be refined and a wide
ranging evaluation should be performed to ensure safety
and accuracy, but these limited results show the promise of
a moment-based stiffness reduction in efficiently eliminat-
ing some of the largest unconservative errors observed in
the design provisions for steel-concrete composite framing
systems.
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Fig. 7. Contour plot showing the variation of the alternative stiffness reduction factor.
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CONCLUSIONS

This work has highlighted some of the most pressing
unresolved issues in stability and strength design of steel-
concrete composite framing systems: (1) the large conser-
vative errors that result from neglecting the balance point
in the calculation of available strength and (2) the large
unconservative errors that result from overestimation of the
stiffness for very slender concrete-dominant members sub-
jected to high bending moments. An alternative method of
computing the available strength interaction diagram was
proposed and evaluated against second-order inelastic anal-
yses for a broad range of cases. The results show that using
the proposed interaction diagram reduces the largest con-
servative errors but worsens existing unconservative errors.
To address this issue, an alternative stiffness reduction that
varies with internal forces was proposed to better capture
the occurrence of high levels of cracking and eliminate the
unconservative errors. Initial studies with this alternative
stiffness reduction showed promising results. Both alter-
native approaches, once fully validated, have the potential
to improve the accuracy and safety of the stability design
provisions for steel-concrete composite framing. They can
also set the stage for future developments such as design
provisions based on cross-section strength and the use of
high-strength materials.
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0 200 400 600 800 1000 1200
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