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ABSTRACT

The purposes of this paper are to summarize the research on the torsional performance of square and rectangular hollow section members
and compare the available experimental results to the applicable provisions in the AISC Specification (2022). A review of the research on the
torsional strength of square and rectangular hollow section members revealed 49 experimental tests from 11 projects. A first-order reliabil-
ity analysis was used to calculate appropriate resistance factors for the current design equations, revealing inconsistent reliability indices
that are dependent on the predicted failure mode. Revisions are proposed for the provisions in AISC Specification Section H3.1 that result
in a simpler design method with increased accuracy. Also, the accuracy of serviceability rotation calculations is evaluated using the avail-
able experimental data.
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INTRODUCTION The purposes of this paper are to summarize the research
on the torsional performance of square and rectangular hol-
low section members and compare the available experi-
mental results to the applicable provisions in the AISC
Specification. A first-order reliability analysis is used to
calculate appropriate resistance factors for the current
design equations and revisions to the AISC Specification
are proposed. Also, the accuracy of serviceability rotation

quare and rectangular hollow sections are often used
to resist twisting because they are more efficient at
resisting torsional loads than open sections. These hollow
sections are defined as HSS or box sections based on the
manufacturing and fabrication methods. The AISC Specifi-
cation (2022) Glossary defines two types of hollow sections:

e Box section: Square or rectangular doubly symmetric calculations is evaluated using the available experimental
members made with four plates welded together at the data.
corners such that it behaves as a single member.

e HSS (hollow structural section): Square, rectangular AISC SPECIFICATION SECTION H3

or round hollow structural steel section produced in
accordance with one of the product specifications in
Section A3.1a(b).

The nominal torsional strength of an HSS member is cal-
culated with Equation H3-1 in AISC Specification Section

H3.1.

The torsional strength of square and rectangular HSS i
shapes is evaluated according to AISC Specification Sec- Tn=FaC (AISC Spec. H3-1)
tion H3.1. Both the yielding and wall buckling limit states For rectangular HSS members, the critical shear stress is
are addressed only for HSS shapes. The design method is determined as follows.
based on the classical plate buckling equation and research E
related primarily to I-shaped member webs subjected to When —<2.45 \/:
shear. Although the load transfer mechanism is similar to J

that of I-shaped beam webs, the accuracy of these equa- F,.=0.6F, (AISC Spec. H3-3)
tions has not been established for HSS members subjected )

to torsion.
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where
C = torsional modulus constant, in.?

E =modulus of elasticity, ksi

F, = specified minimum yield stress, ksi
h = flat width of longer side, in.

t =design wall thickness, in.

or =0.90 (LRFD)

Qr=1.67 (ASD)

The cross-sectional dimensions of a rectangular HSS are
shown in Figure 1.

AISC SPECIFICATION SECTION G2

For rectangular HSS members, torques are resisted pri-
marily by shear in the walls. Because the behavior of HSS
walls is similar to that of I-shaped member webs subjected
to shear loads, AISC Specification Section G2.1 is reviewed
in this section of the paper. The nominal shear strength
of I-shaped members is calculated with Equation G2-1 in
AISC Specification Section G2.1.

V,=0.6F\A,Cy; (AISC Spec. G2-1)

where A,, is the web area. Built-up members are addressed
in Section G2.1(b), where the web strength coefficient, C,;,
is defined as follows.

Whenﬁs 1.10 kv—E
t \l F,

Cu=10 (AISC Spec. G2-3)

k,E

When?>1.10

1.10 kB

F,
Cvl = (ﬁ)
t

According to Section G2.1(b)(2)(1), k, = 5.34 for webs with-
out transverse stiffeners.

(AISC Spec. G2-4)

EUROCODE 3, PART 1-1

Eurocode 3, Part 1-1 (CEN, 2005) Section 6.2.7(7) states,
“As a simplification, in the case of a member with a closed
hollow cross-section, such as a structural hollow section, it
may be assumed that the effects of torsional warping can be
neglected.” The design philosophy for closed hollow sec-
tions in Part 1-1 Section 6.2.7(8) is similar to that of AISC
Specification Section H3.1, with the shear strength calcu-
lated using the provisions for plated structural elements in
Eurocode 3, Part 1-5 (CEN, 2006).

Part 1-5 Section 5 specifies the design method for the
shear resistance of plate elements. The factor m is used to
estimate the ultimate shear buckling strength. Here, = 1.2
is recommended for calculating the shear strength of steel
grades up to and including S460 (F, = 460 MPa = 67 ksi),
and n = 1.0 is recommended for higher strength steels. For
values of 1 greater than 1.0, the increased strength is attrib-
uted to strain hardening (Beg et al., 2010). Because large
inelastic rotations may be required to obtain the torsional
strengths calculated with n > 1.0, n = 1.0 is used in the
equations below. This limits the critical stress to the shear
yield stress. Where applicable, the variable name symbols
defined in the AISC Specification were used in lieu of the
Eurocode symbols. This is intended to make direct compar-
isons between the two design requirements easier.

i

Fig. 1. Cross-sectional dimensions of a rectangular HSS.

2 / ENGINEERING JOURNAL / FIRST QUARTER / 2026



The critical shear stress is
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The slenderness is
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where the shear yield stress, 1, is Fy / V3. The elastic critical
shear stress, T,, of an infinitely long plate with simply sup-
ported edges subjected to shear is (Ziemian, 2010)

)

where
k, = buckling coefficient
= 5.34 for plates with simply supported edges
= 8.98 for plates with clamped edges
v = Poisson’s ratio

When the elements are assumed to be simply supported, the
slenderness can be determined by substituting Equation 5
into Equation 4 with k, = 5.34.

h [F,
Ar =035 =2
! VE ©

For comparison, the Eurocode provisions can be written
in the same format as the AISC Specification. To make the
comparisons easier, the shear yield stress, T, = 0.6F),, is used
in lieu of T, = F,/xE

When ﬁ <24 E
t F,

When ﬁ >24 £
t Fy
24 |E
Fy
F., =0.6F, ®)

F. = 0.6F, )

SECTION PROPERTIES

The torsional modulus constant, C, is used in strength cal-
culations, and the torsional inertia constant, J, is used in
rotational stiffness calculations. As discussed in AISC
Specification Section H3.1 Commentary, the torsional mod-
ulus constant can be defined using a membrane analogy.
The area enclosed by the sectional mid-thickness is

Ay=(B-1)(H-1t)-r(4-T) ©)
The torsional modulus constant is
C=21A, (10)
=2[(B-1)(H-1)—r(4-)]
where
B = overall width, in.

H = overall height, in.
r,, = mid-thickness corner radius, in.

Assuming r,, = 1.5¢, which is based on an outside corner
radius, r,, of 2t, results in the HSS torsional constant in the
User Note in AISC Specification Section H3.1:

C=2t(B—t)(H-1)—4.50r (4—m) (11)
=2t(B—1)(H-1)-3.86

For the rectangular HSS materials listed in Specification
Section A3.1a.(b) [ASTM A500 (2021), A501 (2014), A1085
(2015a), and A618 (2015b)], the maximum permissible out-
side corner radius is 3z. Equation 12, which is based on r,, =
2.5t, can be used for this condition.

C=2t(B—t)(H-1)-12.5¢ (4—m) (12)
=2t(B—1)(H-1)-10.7¢
The torsional inertia constant is

_dA]
Pm

J (13)

The mid-thickness perimeter is
DPm =2(B+ H—4r,)+2mr, (14)
=2[B+H=-2t+r,(n—4)]

where
r, = outside corner radius, in.

Equations 10 through 13 were derived using thin-wall the-
ory, which is based on the assumption that the shear stress
is constant across the wall thickness. Thin-wall theory is
generally deemed valid when H/t > 10 (Seaburg and Carter,
1997). Thick-wall theory, which considers the shear stress
gradient across the wall thickness, was used to derive the
torsional inertia and modulus constants in Equations 15 and
16, respectively.
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The second term in Equation 15 is negligible, and the tor-
sional inertia constant can be calculated with Equation 13
for all practical conditions. For box sections, the sectional
properties can be calculated with r, = r,, = 0.

RESIDUAL STRESSES

Although residual stresses do not affect the torsional
strength, the buckling strength is dependent on both the
magnitude and the pattern of residual stresses. Also, ser-
viceability rotations can be significantly higher than cal-
culated if the residual stresses cause inelasticity prior to
reaching the calculated yield moment.

Cold-Formed HSS

Due to the cold-bending process, cold-formed square and
rectangular HSS members have high through-thickness
residual stresses at the corners. Liu et al. (2017) summa-
rized the research on these residual stresses and determined
that a mean value for the bending residual surface stress is
70% of the yield stress. This agrees well with the recom-
mendations of Key et al. (1988) and Davison and Birkemoe
(1983).

Longitudinal membrane residual stresses are compres-
sive at the corners (Sherman, 1992). Measurements showed
that these stresses are dependent to the HSS geometry, with
values at the corners, flats, and weld approximately equal
to 35%, 60%, and 70% of the yield strength, respectively
(Zhang et al., 2016). Sherman (1971) developed a simplified
pattern for cold-formed rectangular HSS members, where
the longitudinal residual stresses varied linearly from 40%
of the yield stress in compression at the corners to 40% of
the yield stress in tension at the wall mid-width.

Box Sections

For box sections, the longitudinal residual stresses at the
corners are approximately equal to the plate yield stress.
Depending on the plate width, compression residual stresses
are between 10% and 30% of the yield stress. Compression
residual stresses are nearly constant and cover most of the
wall width. These characteristics have been verified for both
fillet-welded sections (Uy, 1998; Ingvarsson, 1977, ECCS,
1976) and groove-welded sections (Chen and Chang, 1993).

Hot-Formed HSS

Because the final cooling pattern is relatively uniform for
hot-formed HSS members, residual stresses are usually
considered negligible in buckling analysis (Sherman, 1992;
ECCS, 1976). However, for the assumed pattern in ECCS,
the residual stress varied linearly from 50% of the yield
stress in compression at the corners to 20% of the yield
stress in tension. For this pattern, the tension residual stress
was constant over most of the wall width.

BEHAVIOR

Rectangular HSS torsion members can fail by shear yield-
ing, shear buckling, or cross-sectional collapse. The limit
states that are applicable to common building members,
shear yielding, and shear buckling will be discussed further
in the remaining parts of this paper.

Cross-Sectional Collapse

Cross-sectional collapse can occur when second-order
effects cause the walls to deform inward at large tor-
sional rotations as shown in Figure 2 (Chen, 2000). This
cross-sectional flattening reduces the torsional strength,
which causes an unstable post-buckling curve, resulting in
collapse under large plastic deformations (Zaifuddin et al.,
2017). Often identified as a distortional mode, the buck-
led shape is characterized by inward deformation at the
wall mid-width (Chen, 2000; Chen and Wierzbicki, 2000;
Zaifuddin et al., 2017), sometimes accompanied by inward
deformation of the corners (Omidvari and Hematiyan,
2015). The length of diagonal half-waves along the member
longitudinal axis are several times the half-wavelengths for

Fig. 2. Cross-sectional collapse (Chen, 2000).
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the shear buckling mode, and they often extend over the full
member length.

Because this limit state is applicable only when torsional
rotations are significantly higher than the yield rotation, it
is usually a consideration only for extreme loadings (such
as for vehicle impact studies) and will not be addressed fur-
ther in this paper. However, the unstable collapse behavior
is a consideration for a reliability analysis that considers the
consequences of failure. Also, the second-order effects in
earlier loading stages can potentially affect the behavior by
lowering the proportional limit torque.

Shear Yielding

The shear yielding limit state is shown in Figure 3 (Chen,
2000). The behavior of rectangular HSS torsion mem-
bers is similar to that of flexural members, where the
moment-rotation curve is nonlinear. For a perfect flex-
ural member with linear elastic—perfectly plastic material
behavior, the moment-rotation curve is linear up to the yield
moment, M,. At higher moments, the curve is nonlinear up
to the maximum value, which is the plastic moment, M,
Figure 4 shows the torque versus twist plots for the speci-
mens tested by Ridley-Ellis et al. (2003).

Because thick-wall theory considers the shear stress gra-
dient across the wall thickness, the yield torsion can be cal-
culated with Equation 17.

T,=1,C, (17)

Equation 18, which is based on thin-wall theory, is used to
calculate the plastic torsion.

(18)

For HSS sizes typically used in buildings, Ridley-Ellis
(2000) determined that 7;,/ T, ranged between 1.05 and 1.25.
Using the experimental data in Appendix A, the 20 speci-
mens with an experimental failure mode of yielding had a
mean torsional shape factor, C/C,, of 1.12.

Figure 5 shows the data points for the experimental spec-
imens that are documented in Appendix A, where 7,/T is
plotted versus the maximum overall wall width-to thick-
ness ratio, H/t, with H > B. The plot shows a significant
difference between the elastic and plastic properties when
HJt < 40.

With flexural members, the moment-rotation curve
becomes nonlinear at moments lower than M, due to
stress concentrations, residual stresses, and geometric

1,=1,C
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Fig. 4. Torque versus twist for the specimens tested by Ridley-Ellis et al. (2003).

ENGINEERING JOURNAL / FIRST QUARTER / 2026 / 5



imperfections. Rectangular HSS torsion members behave
similarly, with residual stresses, geometric imperfec-
tions, and corner stress concentrations causing yielding at
torques lower than 7). Additionally, the proportional limit
torque can be affected by cross-sectional collapse due to
second-order flexural stresses in the walls.

Shear Buckling

The shear buckling limit state is shown in Figure 6 (Zaifud-
din et al., 2017). The critical stresses in AISC Specifica-
tion Section H3.1 are identical to those calculated with the
equations in AISC Specification Section G4. Section G4
defines the web shear buckling strength coefficient, C,,,
using the equations in Section G2.2, with a buckling coef-
ficient, k, = 5.0. Although the provisions of Chapter G were
developed for beams that are subjected to direct shear, the
Commentary to Section H3.1 discusses the similarities
between direct shear and torsional shear: “The shear dis-
tribution due to torsion is uniform in the longest sides of
a rectangular HSS, and this is the same distribution that
is assumed to exist in the web of an I-shape beam. There-
fore, it is reasonable that the provisions for buckling are
the same in both cases.” The design philosophy in Euro-
code 3, Part 1-1 (CEN, 2005) Section 6.2.7 is similar to that

of AISC Specification Section H3.1, with the critical shear
stress calculated with the direct shear provisions in Euro-
code 3, Part 1-5 (CEN, 20006).

Warping

Theoretically, warping is not present in square HSS mem-
bers or square box section members with constant wall
thickness (Zyczkowski, 1991). Although corner details and
geometric imperfections may affect the warping stresses,
finite element models by Ridley-Ellis (2000) and experi-
mental strain measurements by Konate (2015) showed that
the warping stresses are negligible for these members.

Ridley-Ellis (2000) verified the presence of warping in
rectangular HSS members and noted that the warping strains
vary linearly across the width of the four walls. Warping
strains are maximum at the corners and zero where a wall
intersects a transverse axis of symmetry. Although warp-
ing is present in these members, it is common practice to
neglect warping when designing rectangular HSS members
for torsional loads. Ahlfors (2015) showed that this is con-
servative for the yielding limit state. For all practical aspect
ratios, H/B, Derler and Unterweger (2021) showed that this
practice is also conservative when the controlling limit state
is buckling of the cross-sectional elements.

1.20
.‘
115 | *
:
..
1.10 ‘
C %
C, %
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1.00 '
0.95
0 50 100 150 200 250 300
H
t

Fig. 5. Graph of the torsional shape factor versus the overall wall slenderness for the experimental specimens.
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In some cases, it may be appropriate to consider the
increased torsional resistance caused by warping for rect-
angular box sections with short lengths relative to the
cross-sectional dimensions. Smith et al. (1970) provides
information on analyzing the effects of warping in rect-
angular box sections. Also, including the warping stresses
should be considered for a fatigue analyses (Ahlfors, 2015).

Nonlinear Behavior

Nonlinear strength can result from stress redistribution,
strain hardening, and post-buckling. Although significant
nonlinear strength is available for the full range of wall slen-
derness values, utilization of the nonlinear range, whether
characterized by gross inelastic yielding with strain harden-
ing or post-buckling, can result in unacceptably large rota-
tions of several times the yield rotation.

Serviceability

When designing flexural members, properly designing
for strength ensures that the serviceability design is accu-
rate by limiting the moments to the linear portion of the
moment-rotation curve. Beams are designed for deflec-
tion limits using serviceability loads and elastic sectional
properties. For braced compact beams that are designed
according to LRFD, ¢,M, < M,, where ¢, =0.90 and M,
is the required flexural strength. As discussed in the Com-
mentary to AISC Specification Section B3.1, LRFD is
calibrated to ASD at a live-to-dead load ratio of 3.0. This
results in an average LRFD load factor of 1.5 for live and
dead load combinations. In this case, M, must be equal to
or greater than 1.5/, = Q; = 1.67 times the maximum ser-
vice moment for both ASD and LRFD. To ensure that the
serviceability moments are limited to the linear portion of
the moment-rotation curve, the combined effect of resid-
ual stresses and geometric imperfections must reduce M,
by no more than 1/1.67 times the shape factor, Z,/S,. This

is the case for rolled W-shapes that are bent about the major
axis. Although the typically minor detrimental effects of
shear deformation and secondary load interaction are usu-
ally neglected in beam deflection calculations, potentially
beneficial effects are also neglected. These include the par-
tial end rotational restraint provided by typical shear con-
nections, the stiffness of nonstructural building elements,
and the higher expected yield stress relative to the specified
minimum value.

Although serviceability rotations for torsion members
are calculated in a manner that is analogous to the calcu-
lation of beam deflections, it is unclear if the serviceabil-
ity torques are on the linear portion of the torque-rotation
curve. Rectangular HSS sections typically have high resid-
ual stresses at the weld seam and cold-bending residual
stresses at the corners. This, combined with the stress con-
centrations at the corners and second-order effects can
cause yielding at torques significantly lower than T;.

HISTORICAL REVIEW

This part of the paper provides a review of the existing
research on square and rectangular hollow section mem-
bers that are subjected to torsion. Experimental tests that
were included in the reliability analysis are discussed as
well as the relevant research on shear buckling and residual
stresses.

Hovgaard (1937)

Hovgaard (1937) documented the torsional tests of three
rectangular tubes of drawn and annealed mild steel. The
shear strains were measured at several locations on the
cross section. The measured torsional rotations “showed
fair agreement with theory” in the elastic range. However,
the torque-rotation curves became nonlinear at torques less
than the calculated yield torques, 7. = 0.66,C, where o, is
the measured uniaxial tension yield stress.

Fig. 6. Shear buckling (Zaifuddin et al., 2017).
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Specimen C was 3 X 3 X 0.070 in. X 52 in. long, with 6, =
24.0 ksi. Nonlinear behavior initiated at a torque of only
75% of the theoretical yield torque.

Specimen D was 6 x 3 X 0.313 in. X 51 in. long, with 6, =
35.5 ksi. Nonlinear behavior initiated at a torque of only
49% of the theoretical yield torque.

Specimen E was 4 x 4 x 0.192 in. x 51 in. long, with 6, =
26.0 ksi. Because this test was used primarily to accurately
determine the stress distribution, it was loaded only in the
linear range. The measured torsional rotation was 87% of
the calculated value. The measured shear stresses were
higher than average near the corners.

Peters (1954)

Peters (1954) recognized that the HSS wall shear stresses
caused by torsional loading are similar to the stresses
caused by direct shear. He compared the theories for buck-
ling of long flat plates with the results of elastic and plastic
buckling tests on long square tubes loaded in compres-
sion, torsion, and combined compression and torsion. It was
determined that the torsional loading direction has little to
no effect on the shape of the interaction curve. Peters rec-
ommended a design procedure based on the classical shear
buckling equation, where the elastic critical stress is mul-
tiplied by a plasticity reduction factor. The elastic critical
stress, T,, of an infinitely long plate with simply supported
edges subjected to shear is calculated with Equation 5.

Basler (1963)

An empirical transition curve between shear yielding and
elastic buckling was proposed by Basler (1963). He observed
a proportional limit at 80% of the shear yield stress: T, =
0.81,. For stresses greater than the proportional limit, the
inelastic buckling stress is

Ter = N TpTe (19)
=, /O.STyre

Equation 19 can be used to derive AISC Specification
Equation G2-4.

Cp =2 (20)
Ty
_10.81,
Ty,
_ |08  m’kE
Ty 12(1-v?) (k)
110k EJF,

hjt
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Substituting k, = 4.96 into Equation 20 results in Equa-
tion 21, where the web shear strength coefficient pro-
duces the same shear strength as AISC Specification
Equation H3-4.

@D

Wittrick and Curzon (1968)

Wittrick and Curzon (1968) developed stability functions
for the buckling strength of square HSS members subjected
to torsion and solved the equations iteratively to determine
appropriate buckling coefficients. Although the corners
remained straight, buckling caused corner rotations, induc-
ing interaction between adjacent walls. The buckling mode
was characterized by continuous two-start spirals advanc-
ing by one complete wavelength for each revolution of the
member. The buckling half-wavelength is 1.24H. The buck-
ling coefficient is 5.3395, which is almost identical to the
value that was derived by the authors for an infinitely long
simply supported plate: 5.336.

Marshall (1970, 1971, 1972)

Marshall (1970) derived approximate equations for
thick-walled rectangular hollow sections without corner
radii. He noted that thin-wall theory predicts stresses with
12% nonconservative error for sections with B/t = 20, and
the error “gets rapidly worse for thicker sections.”

Marshall (1971) expanded the solution of Marshall
(1970) to include corner radii. The equations were solved
numerically, using the finite difference method.

Nine square and rectangular HSS torsion specimens
were tested by Marshall (1971, 1972). All specimens were
4.5 ft long. The outside dimensions were 1.5, 2.0, 2.5, 3.0,
4.0, and 5.0 in. The wall thicknesses were 0.128, 0.160,
0.192, and 0.250 in. The measured uniaxial tension yield
stresses, Oy, were 44.57 and 62.71 ksi. All specimens were
loaded until the strain hardening region was reached.

Comparisons with the experimental results showed
that thin-wall theory underpredicts the shear stresses by an
average of 14.2%. The measured torsional rotations were in
reasonable agreement with the calculated rotations in the
elastic range. Both the experimental results and the numeri-
cal models showed significant stress concentration at the
corners; however, the areas of elevated stress covered less
than 1% of the cross-sectional area.



Kitada et al. (1989)

Kitada et al. (1989) tested seven box sections with various
combinations of axial compression, flexure, and torsion.
Only one specimen was subjected solely to torsion. The spec-
imens were 450 mm (17.7 in.) long. The outer dimensions
were 133 mm (5.24 in.) X 163 mm (6.42 in.), and the plates
were 4.5 mm (0.177 in.) thick. The initial out-of-flatness
of the walls was approximately equal to 1/150 of the plate
width. The measured uniaxial tension yield stresses, G,
was 289 N/rnrn2 (41.9 ksi). The experimental-to-calculated
strength ratio was 1.04, where the calculated yield torque is
1.=0.606,C.

Mahendran and Murray (1990)

Mahendran and Murray (1990) tested 54 built-up hollow
square sections in various combinations of axial compres-
sion and torsion. Sixteen of the specimens were subjected
solely to torsion. The section was formed of two elements
that were cold bent at the corners. The two elements were
connected by spot welding at the corners to form a hollow
square section. The outer dimension was 151 mm (5.94 in.),
and the thickness ranged from 0.500 mm (0.0197 in.) to
2.45 mm (0.0965 in.). This resulted in &/t ratios between 60
and 300. The measured uniaxial tension yield stresses, Gy,
were 220 MPa (31.9 ksi) and 285 MPa (41.3 ksi).

The buckled specimens had waves that were inclined at
approximately 30° to the longitudinal member axis. The
authors noted that the presence of initial geometric imper-
fections “did not seem to have a significant effect” on the
strength.

White et al. (1993)

White et al. (1993) tested built-up hollow square sections
in various combinations of axial compression and torsion.
Five of the specimens were subjected solely to torsion. The
“closed-hat” section was formed of two elements, with a
cold-bent U-shaped element and a flat plate element. The
two elements were connected by spot welding at 20 mm
(0.79 in.) intervals to form a hollow square section. The
outer dimension was 50 mm (2.0 in.), and the thickness
ranged from 0.38 mm (0.015 in.) to 1.5 mm (0.059 in.). This
resulted in h/r ratios between 31 and 130. The material
was “cold-rolled automotive grade steel sheet,” with mea-
sured uniaxial tension yield stresses, G, between 269 MPa
(39.0 ksi) and 590 MPa (85.6 ksi).

For the specimens with low A/t ratios, the experimental
strengths were slightly overpredicted when the calculated
strength was based on thin-wall theory. In this case, the cal-
culated strength is 7.=0.60,C For the specimens with high
h/t ratios, the experimental strength was predicted with rea-
sonable accuracy using Equation 5 to calculate the elastic
critical shear stress with k, = 5.35.

Ridley-Ellis et al. (2003)

Ridley-Ellis et al. (2003) tested five square and rectangu-
lar HSS members subjected to torsion. All specimens were
2,000 mm (78.7 in.) long. The specified outside dimensions
were 100, 150, and 200 mm (3.9, 5.9, and 7.9 in.). The wall
thicknesses were 6.3 and 8 mm (0.25 and 0.32 in.). The
shapes were manufactured and “hot-finished” by either
British Steel Tubes/Corus or Vallourec and Mannwsmann
Tubes. Because the specimens were normalized after form-
ing, the residual stresses were expected to be significantly
lower than for a typical cold-formed HSS section. The
materials were either S275 or S355, with measured uniaxial
tension yield stresses, G,, between 329 MPa (47.7 ksi) and
405 MPa (58.7 ksi).

All specimens were loaded into the plastic range without
buckling. For S275 and S355 HSS, the maximum experi-
mental torques were approximately 20% and 12% lower than
the strengths calculated with thin-wall theory, respectively.
In this case, the calculated strength is 7. = 0.66,C. They
determined that “the experimentally measured torque-twist
relationships differ significantly from the theoretical pre-
dictions,” when thin-wall theory was used. The authors rec-
ommended thick-wall theory for design because it results in
calculated strengths and stiffnesses that are more consistent
with the experimental results and finite element models.

Kim and Yoo (2008)

Kim and Yoo (2008) studied box sections using finite ele-
ment models that were subjected to various combinations
of flexure and torsion. Width-to-thickness ratios of 20, 40,
and 80 were used to simulate elastic, inelastic, and plastic
behavior. Welding residual stresses were modeled using a
simplified pattern made up of rectangular stress blocks. At
the corners, tensile residual stresses were equal to the yield
stress. The remaining wall width had compressive residual
stresses equal to 20% of the yield stress.

By curve fitting the results of 64 models that were sub-
jected to torsional loads, the authors developed Equation 22
to calculate the torsional strength ratio based on the wall
slenderness. The range of validity for Equation 22 is 0.7 <
7\.7" <2.

=
=

T =0.78+0.71h7 — 0.850% +0.2203 (22)

Belingardi et al. (2008)

Belingardi et al. (2008) tested 10 built-up hollow square
sections in torsion. The section was formed of two hat or
C-shaped elements that were cold bent at the corners. The
two elements were connected by either spot welding or
adhesive bonding of the lap joints on opposite walls to form
a hollow square section. The outer dimension was 40 mm
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(1.57 in.), and the thickness was 1.00 mm (0.0394 in.). This
resulted in i/t = 36. The low carbon sheet steel had a mea-
sured uniaxial tension yield stress, G, of 210 MPa (30.5 ksi).

After the specimens reached the elastic limit torques,
approximately 15% to 30% more strength was available;
however, this post-yield strength was accompanied by
large rotations. At large rotations, cross-sectional collapse
occurred, where the walls deformed inward.

Chahkand et al. (2013)

In addition to carbon fiber reinforced polymer (CFRP)-
reinforced specimens, Chahkand et al. (2013) tested two
non-reinforced square HSS specimens that were subjected
to torsion. The specified outside dimension for all speci-
mens was 50 mm (2.0 in.), and the specified wall thick-
ness was 3 mm (0.12 in.). This resulted in an A/t ratio of
15.5. The hot-formed shapes had a measured uniaxial ten-
sion yield stress, oy, of 382 MPa (55.4 ksi). Due to the low
h/t ratio, the specimens exhibited a stable post-yield curve,
with increased strength caused by strain hardening.

Goncalves and Camotim (2013)

Using finite element models of square HSS members,
Goncalves and Camotim (2013) showed that the buckling
strength increases with decreasing member length; how-
ever, significant increases are applicable only for L/H <
3. For L/H = 10, the results were within 2% of those for
infinitely long members. The authors developed buckling
coefficients of 5.444 and 5.390 for L/H = 10 using different
modeling techniques; however, they noted that k, = 5.34 is
an appropriate lower-bound design value.

Omidvari and Hematiyan (2015)

Using a parametric finite element study, Omidvari and
Hematiyan (2015) showed that two buckling modes exist
for rectangular HSS torsion members. For members with
very high A/t ratios, the first mode is similar to plate shear
buckling, where the deformation of the HSS corners is
negligible.

Members with lower h/t ratios, which more closely rep-
resent the HSS members used in building structures, have
a distortional first buckling mode. The distortional mode
is characterized by considerable inward deformation of
the corners and diagonal waves along the member length
that are several times the half-waves for the shear buck-
ling mode. This mode is applicable in the inelastic range,
which is generally accepted to be the range between 80%
and 100% of the yield strength due to material and geomet-
ric imperfections (Basler, 1963).

Curve fit equations were developed from the finite ele-
ment models to predict the distortional buckling stress.
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Equation 23 is a simplified version of the equations with an
applicability range of h,/t > 50.

12

1, =241G———— 23
¢ ho(hy +b,) @3)

where h,=H—t,b,=B—t,and h, > b,

Konate (2015)

Konate (2015) tested 60 HSS1.5x1.5%x!s in. members in var-
ious combinations of flexure, axial compression, and tor-
sion. Only two of the specimens were subjected solely to
torsion. All specimens were 34 in. long. The measured uni-
axial tension yield stress, o, was 59.0 ksi.

Strain gages were used to measure the longitudinal
strains that were induced by warping. Because the mea-
sured strains were between 1.35% and 5.52% of the yield
strains, the authors concluded that the warping stresses are
negligible.

The analysis used a yield torque based on the limiting
shear stress calculated with Equation 24, where G, is the
maximum longitudinal residual stress. For the simplified
residual stress pattern that was used in the analysis, G, =
0.56,, resulting in 1, = 0.56, = 0.871,.

ool

3 24)

Ty =

Sharrock et al. (2015)

In addition to aluminum and CFRP-reinforced specimens,
Sharrock et al. (2015) tested six non-reinforced steel square
HSS specimens that were subjected to torsion. The spec-
ified outside dimension for all specimens was 100 mm
(3.9 in.). The specified wall thicknesses were 2, 3, and 6 mm
(0.079, 0.12, and 0.24 in.). This resulted in h/t ratios of 11.9,
30.3, and 44.9, respectively. The cold-formed shapes were
manufactured by One Steel Tube Mills. The material was
C450PLUS, with measured uniaxial tension yield stresses,
oy, between 383 MPa (55.5 ksi) and 444 MPa (64.4 ksi).

Shear buckling in the specimens with 2 and 3 mm wall
thickness caused a “dramatic drop in the torsional capacity”
at torsional rotations of approximately 5° and 10°, respec-
tively. Buckling did not occur in the specimens with 6 mm
wall thickness. These specimens reached at least 20° rota-
tions prior to significant reductions in the strength.

Chen (2016)

A finite element study by Chen (2016) showed buckling
waves inclined at approximately 30° to the longitudinal
member axis. Based on this, a plate buckling coefficient of
k,=535+ [2tan(30°)]2 = 6.68 was recommended.



Zaifuddin et al. (2017)

For square HSS, finite element models developed by
Zaifuddin et al. (2017) showed buckling waves inclined
at approximately 35° to the longitudinal member axis.
This angle was essentially constant for all models regard-
less of the width-to-thickness ratio. Based on this, a plate
buckling coefficient of k, = 5.35 + [2tan(35°)]2 = 7.31 was
recommended.

Rendall et al. (2018)

A study of square HSS members using the finite strip
method by Rendall et al. (2018) resulted in a buckling
half-wavelength of 1.24H and a buckling coefficient of
5.3396, which is almost identical to the values determined
by Wittrick and Curzon (1968).

Devi et al. (2019)

In addition to tests of HSS members with circular open-
ings in the walls, Devi et al. (2019) tested two square HSS
torsion specimens without openings. Additionally, finite
element models were used to determine the behavior of
members with various wall slenderness ratios. The spec-
ified outside dimension for the experimental specimens
was 60 mm (2.4 in.), and the specified wall thickness was
3.2 mm (0.13 in.). For the finite element models, the speci-
fied outside dimension was 150 mm (5.9 in.), and the speci-
fied wall thicknesses varied from 0.6 to 10 mm (0.024 to
0.39 in.). This resulted in &/f ratios that varied from 11 to
250. The specimens were cold formed, with a measured
uniaxial tension yield stress, Gy, of 412 MPa (59.8 ksi).

The authors developed a method to calculate the rota-
tion capacity based on the wall slenderness. Empirical
equations were then developed to calculate the strength
based on the rotation capacity ratio. Both their proposed
deformation-based method and the AISC Specification
equations provided accurate predictions for the torsional
strength.

RELIABILITY ANALYSIS

In this part of the paper, a first-order reliability analysis
will be used to calculate appropriate resistance factors for
use with AISC Specification Equation H3-1. The resis-
tance factor required to obtain a specific reliability level is
(Galambos and Ravinda, 1978).

0 = Crpre PH% (25)

where
Cp = correction factor

V& = coefficient of variation

o = separation factor
B =reliability index
pr = bias coefficient

Galambos and Ravinda (1973) proposed a separation factor,
O, of 0.55. For L/D = 3.0, Li et al. (2007) developed Equa-
tion 26 for calculating the correction factor.

Cr=1.40 — 0.156p + 0.0078p> (26)

Based on the Commentary to Specification Section B3.1,
the target reliability index, By, is 2.6, which results in Cg =
1.05. The reliability analysis also includes calculations
using Br= 3.0, which results in Cg = 1.00. The coefficient of
variation and bias coefficient are calculated using the statis-
tical parameters of the specific joint. The bias coefficient is

PR = Pm PG PP 27)

where
pc = bias coefficient for the geometric properties

py = bias coefficient for the material properties

pp =bias coefficient for the test-to-predicted strength
ratios; mean value of the professional factor cal-
culated with the measured geometric and material
properties

The coefficient of variation is
Ve=AVi +VE+ V3 (28)

where
Vi = coefficient of variation for the geometric properties

Vi = coefficient of variation for the material properties

Vp = coefficient of variation for the test-to-predicted
strength ratios

Material and Geometric Parameters

Osterhof and Driver (2011) used p, = 1.00 and V; = 0.050
for the thickness characteristics of HSS shapes. For ASTM
A500 Grade C HSS shapes, Dowswell (2021) calculated
p;= 0.994 and V,= 0.00710. For plates, Hess et al. (2002)
recommended p, = 1.05 and V; = 0.044, and Schmidt and
Bartlett (2002) recommended p, = 1.04 and V, = 0.025.

The author was unable to locate statistical data regard-
ing deviations from the specified overall height and width
of HSS shapes. However, for members meeting ASTM
A500 and A1085 tolerances, any variation of the overall
dimensions results in only a 2% worst-case strength reduc-
tion. Additionally, extensive statistical data related to HSS
corner radii are unavailable. Packer and Frater (2005) and
Gong (2008) measured corner radii of HSS flare bevel weld
specimens, resulting in r,/t ratios between 1.78 and 2.43.
Comparison of the torsional modulus constants for HSS
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shapes with various r,/t ratios calculated with Equation 10
indicate that the variability of the corner radii is negligible.
When both the overall dimensions and corner radii are con-
sidered deterministic quantities, p; and Vi are dependent
only on the wall thickness, 7.

Depth variations for welded structural members are in
AWS D1.1 (2020) Subclause 7.22.9. The maximum under-
run is '& in. for depths up to and including 36 in. and ¥is in.
for depths over 36 in. Schmidt and Bartlett (2002) com-
piled actual-to-specified ratios for welded built-up I-shaped
members, with mean flange width and overall depth ratios
of 0.998 and 0.999, respectively. Because the torsional
strength reduction is insignificant for these values, the over-
all dimensions are considered a deterministic quantity. For
these conditions, pg and V; are dependent only on the wall
thickness, ?.

The material characteristics for modulus of elasticity are
pe = 1.04 and Vg = 0.045 for HSS shapes and pg = 1.04
and Vg = 0.026 for plates (Schmidt and Bartlett, 2002). For
plates, Hess et al. (2002) recommended pg = 0.987 and Vg =
0.076.

Dowswell (2021) summarized the tensile strengths
parameters from five HSS research projects (Zhao et al.,
2008; Han et al., 2007; Yang and Mahin, 2005; Zhao et al.,
1999; Zhao and Hancock, 1995). For these tests, coupons
were extracted from the flat portions of the walls of ASTM
AS500 Grade B, A500 Grade C, and similar international
grades. Using 20 data points from these papers, the yield
strength parameters were calculated, resulting in py; = 1.20
and V= 0.0686.

Liu et al. (2007) reported the material characteristics for
the yield stress of rectangular HSS shapes manufactured
according to ASTM A500 Grade B to be py=1.31 and V, =
0.08. However, these values are based on only one of the
eight approved material grades listed in AISC Specifica-
tion Section A3.1 for rectangular HSS shapes. Also, AISC
Manual (2023) Table 2-4 designates ASTM A500 Grade C
as the preferred HSS material specification. Therefore. the
more conservative values from Schmidt and Bartlett (2002)
may be more appropriate: p, = 1.18 and V,, = 0.063.

Brockenbrough (2001) reported the material characteris-
tics for ASTM A36, A514, A572 Grade 50, A572 Grade 60,
AS572 Grade 65, A588, and A852 plates. The mean values
were p, = 1.18 and V, = 0.063. The lowest bias coefficient
was p, = 1.11 with V,, = 0.06 for A588 plates with 2 in. <t <
4 in. When the A36 plates are excluded from the data set,
the mean values were p, = 1.16 and V, = 0.064.

Schmidt and Bartlett (2002) reported the material char-
acteristics for the yield stress of plates based on the thick-
ness. The mean values were p, = 1.11 and V, = 0.056. The
lowest bias coefficient was p, = 1.07 with V,, = 0.054 for
plates less than 30 mm (1.2 in.) thick. p, increased with
thickness up to a maximum value of 1.16 for plates between
40 and 50 mm.
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For “high-strength” steels, which had a mean measured
yield stress of 49.6 ksi, Hess et al. (2002) recommended p, =
1.19 and V, = 0.083. For ASTM A572 and A588 Grade 50
plates, Suwan et al. (2003) reported p, = 1.16 and V, =
0.0637.

Liu et al. (2007) reported the material characteristics
for ASTM A36, A529 Grade 50, A529 Grade 55, A572
Grade 50, and A572 Grade 55 plates. The mean values were
py = 1.20 and V, = 0.06. The lowest bias coefficient was
py = 1.10 with V, = 0.05 for A529 Grade 55 plates. For the
four groups with only A529 and A572 plates, p, = 1.15 with
v, = 0.06.

The reliability analysis must be based on the three equa-
tions for yielding (H3-3), inelastic buckling (H3-4), and
elastic buckling (H3-5). For a first-order multivariate anal-
ysis, the mean and variance of 7, can be approximated with
Equations 29 and 30, respectively (Benjamin and Cornell,
1970).

Tcm :f(XlinaXZm:vanm) (29)
N ARY
o7 = E([B_X,]m) o%, (30)

where
T, = critical torsional strength, kip-in.
T.,,= mean value of the critical torsional strength, kip-in.
X; =uncorrelated variables affecting 7,

Substituting Equations H3-3 and 10 into Equation H3-1,
the critical torsional strength for the limit state of yielding is

T.=12F,A, 31

Because Equation 31 is linear with respect to both F, and
t, the statistical parameters for the material and geometric
properties are used without manipulation as listed in the
third column of Table 1.

Substituting Equations H3-4 and 10 into Equation H3-1,
the critical torsional strength for the limit state of inelastic
buckling is

2
T, =294 [EF, —A/‘;’ (32)

The derivative of 7, with respect to E is

2
oL =(1)2.94 5 At (33)
e 2 E h

The derivative of T, with respect to F) is

2
oL =(1)2.94 L Ad (34)
oF, 2 R h




Table 1. Reliability Functions
Buckling
Yielding Inelastic Elastic
=1.15 % =1.09 =1.04
Material Py Py (Pepy, PE
Vi V, =0.06 Ve/2 +V,/2 =0.053 Ve =0.045
, PG pr=0.994 (p)?=0.988 (p)®=0.982
Geometric
Ve V,=0.04 @)(Vy) =0.08 @) (V) =0.12

Table 2. Statistical Parameters for Test-to-Predicted Strength
Ratios Using the AISC Specification Section H3 Equations
Buckling
All Yielding All Inelastic Elastic
N 48 30 18 2 16
pp 1.23 0.922 1.74 0.831 1.85
Vp 0.621 0.118 0.607 0.145 0.575
N = number of specimens
The derivative of T, with respect to ¢ is al. (1993), Ridley-Ellis et al. (2003), Belingardi et al. (2008),
orT. At Chahkand et al. (2013), Sharrock et al. (2015), Konate
o~ (2294JEF, ~ 35) (2015), and Devi et al. (2019). The specimen details and

The statistical parameters for the geometric and mate-
rial properties for inelastic buckling are listed in the fourth
column of Table 1. Substituting Equations H3-5 and 10 into
Equation H3-1, the critical torsional strength for the limit
state of elastic buckling is

Al
h2

T.=9.04FE (36)

Equation 36 is linear with respect to E. The derivative of T

with respect to ¢ is

A2
h2

o7,
ot

=(3)9.04E 37)

The statistical parameters for the geometric and material
properties for elastic buckling are listed in the fifth column
of Table 1.

Professional Factors

The statistical parameters for the test-to-predicted strength
ratios were calculated using 48 experimental tests from 11
research projects described previously in this paper. Of the
research discussed in the historical review, only the exper-
iments with adequate data were included in the analysis.
This included tests by Marshall (1972), Kitada et al. (1989),
Mahendran and Murray (1990), Al-Ayish (2004), White et

experimental results are listed in Appendix A, Tables Al
and A2, respectively. Mahendran and Murray (1990) Speci-
men 6 was omitted from the data set because h/t = 300,
which exceeds the AISC Specification limit of 260.

Because the reliability functions are separated into three
groups (yielding, inelastic buckling, elastic buckling), each
group was analyzed separately. Statistical parameters for
test-to-predicted strength ratios, pp and Vp, as well as the
number of specimens, N, within each group are listed in
Table 2.

Analysis

From Table 2, pp = 1.23 when the AISC Specification equa-
tions are used with all specimens. Without further consider-
ation, this appears reasonable. However, when the yielding
and buckling limit states are considered separately, incon-
sistencies are revealed. For yielding, Vp = 0.118 is reason-
able; however, pp = 0.922 is significantly less than 1.00. For
buckling, pp = 1.74 is significantly greater than 1.00, and
Vp =0.607 indicates that the design model is inaccurate.

With ¢ = 0.90, the Specification equations result in § =
2.63 for the 30 specimens with a predicted failure mode of
yielding. With B7r= 2.6, ¢ = 0.906. With Br=3.0, ¢ = 0.841.

With ¢ = 0.90, the Specification equations result in § =
2.47 for the 16 specimens with a predicted failure mode of
elastic buckling. With By = 2.6, ¢ = 0.853. With By = 3.0,
¢ =0.716.
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Discussion

Figure 7 shows a graph of T,/T, versus A for the experimen-
tal data. 7, is the maximum experimental torsional moment.
T, is the torsional yield moment calculated with the mea-
sured specimen geometry and the measured uniaxial yield
stress: Ty, = 0.60,C. The slenderness parameter, A, is cal-
culated with Equation 38. For the calculation of A for the
experimental data points, the measured dimensions and
material properties were used in lieu of the nominal values.

The AISC Specification curve is inaccurate over most of
the buckling range, with excessive conservatism when A >
4 and a nonconservative range when 1.5 < A < 3. The accu-
racy and transition (anchor) points of AISC Specification
Equations H3-4 and H3-5 can be improved by addressing
the sources of error in the design model.

In AISC Specification Section H3.1, the definition of 4 is
inaccurate. Because the buckled shape is usually character-
ized by buckling of all four walls, the interaction between
walls should be considered. This can be accomplished
by defining the buckling width as the larger of the two
midwall-to-midwall distances for pairs of opposite walls
(i.e., h, = H—t in Figure 1).

12 5
1.1 D
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09 | *g® o
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Equation 11 was derived using thin-wall theory, which
is based on the assumption that the shear stress is constant
across the wall thickness. However, the experimental results
indicate that thin-wall theory results in overestimates of the
torsional strength. Equation 16, which was derived using
thick-wall theory, is more accurate that Equation 11.

DISCUSSION AND RECOMMENDATIONS

This part of the paper discusses potential improvements
to the AISC Specification design method. Revised design
equations are proposed, and the reliability of the new design
method is analyzed. Serviceability considerations are also
discussed.

Section Properties

As discussed previously in this paper, the yield and plas-
tic torsion properties can be calculated with thick- and
thin-wall theory, respectively. The differences in the elas-
tic and plastic section properties are on the same order
as for the flexural design of common I-shaped members
(Ridley-Ellis, 2000). Therefore, for a highly refined tor-
sional design method, a linear transition between the plas-
tic and elastic strengths could be implemented. However,
a review of the experimental data points on the yield pla-
teau of Figure 2 indicate that a more refined method may

o HSS Specimens
x Box Specimens

0.0

Fig. 7. Graph of AISC equations with experimental data.
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not be justified. This is because, for the 20 specimens with
an experimental failure mode of yielding, the data trend is
relatively constant in the range 0 < A < 1.5. For A > 1.5, the
AISC Specification equations should be revised to include
the effect of buckling.

The reliability analysis shows that the yield strength
bias coefficient offsets the slightly nonconservative nature
of using section properties calculated with thin-wall the-
ory over the entire yielding plateau. Therefore, it is recom-
mended that Equation 11 is used to calculate the torsional
modulus constant, C, for HSS members. For box sections,
the sectional properties can be calculated using Equation 10
with r,, = 0.

Equation 12, which was derived using the maximum per-
missible outside corner radius, results in slightly lower val-
ues for C. However, the difference between Equations 11
and 12 is negligible for most HSS shapes. Also, mea-
surements by Packer and Frater (2005) and Gong (2008)
showed that the outside corner radius is closer to 2 times
the wall thickness, which was assumed in the derivation of
Equation 11.

Wall Buckling

The experimental data clearly showed that the wall buck-
ling model should be based on a buckling width, 4, defined
as the largest distance between the mid-thickness of adja-
cent walls. The research of Wittrick and Curzon (1968),
Goncalves and Camotim (2013), Chen (2016), Zaifuddin et
al. (2017), and Rendall et al. (2018) indicated that a buck-
ling coefficient of k, = 5.34 is appropriate for use in Equa-
tion 5. Equation 42 was derived by substituting Equation 5
into Equation 4 with k, = 5.34 and A, replacing h.

Figure 7 clearly shows that the yield plateau in the cur-
rent AISC Specification design model should be short-
ened. Theoretically, this can be accomplished by revising
the assumed residual stresses and geometric imperfec-
tions. Although research data are available to quantify the
residual stresses, their magnitudes and patterns vary sig-
nificantly between the various sections due to the differ-
ent manufacturing and fabrication processes. Because the
experimental specimens in the database included all com-
mon manufacturing and fabrication processes, the best-fit
curve can be established first, and then the implied effect of
imperfections can be calculated based on the intersection of
the yield and buckling curves.

After the yielding-buckling anchor point is established,
the shape of the curve can be adjusted to improve the accu-
racy of the design model. The inelastic and elastic buckling
curves can be replaced by a single nonlinear curve that sim-
plifies the design process. Equation 41 is of the form that
was proposed by Devi et al. (2019); however, the constants
were adjusted to result in similar reliabilities for the yield-
ing and buckling limit states.

Proposed Design Method

AISC Specification Section H3 is limited to HSS shapes.
The proposed design method is applicable to both HSS and
box section members. The proposed method uses Specifica-
tion Equation H3-1 and replaces Equations H3-3, H3-4, and
H3-5 with Equations 39, 40, and 41.

The nominal torsional strength of an HSS or box section
member is calculated with Equation H3-1 in AISC Specifi-

cation Section H3.1.
1,=F.,C (AISC Spec. H3-1)

For rectangular HSS and box section members, the criti-
cal shear stress is

F,, =0.6F,C, (39)
When Ay < 0.530
C,=1.00 40)
When Ay > 0.530
P I @

The slenderness is
F,
A =03530e | B “2)
t \E
where

h, = largest distance between the mid-thickness of adja-
cent walls, in.

Reliability of the Proposed Method

Because the reliability functions are separated into two
groups (yielding, buckling), each group was analyzed sepa-
rately. Statistical parameters for test-to-predicted strength
ratios, pp and Vp, as well as the number of specimens, N,
within each group are listed in Table 3.

From Table 3, pp = 1.01 when the proposed equations are
used with all specimens. For the 25 specimens controlled
by yielding, pp = 0.932. When C, according to Equation 16
is used in lieu of C, pp = 1.03. However, using C, is unnec-
essary because the yield strength bias coefficient offsets the
slightly nonconservative nature of using section properties
calculated with thin-wall theory.

The anchor point and shape of the buckling curve was
adjusted to result in approximately equal reliability for the
yielding and buckling limit states. The difference in pp val-
ues for yielding and buckling are offset by the differences
in Vp. Compared to yielding, the buckling limit state has
a higher Vp; therefore, pp must also be higher to produce
similar reliabilities. By comparing the values of Vp for the
buckling limit state, it is clear that the proposed design
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Table 3. Statistical Parameters for Test-to-Predicted
Strength Ratios Using the Proposed Equations
All Yielding Buckling

N 49 25 24

pp 1.01 0.932 1.10

Vp 0.183 0.118 0.189

N = number of specimens

method is significantly more accurate than the AISC Speci- h, [o,
fication equations. Ao= “VE “3)

With ¢ = 0.90, the proposed equations result in B = 2.69
for the 25 specimens with a predicted failure mode of yield-
ing. With Br=2.6, ¢ = 0.916. With Br= 3.0, ¢ = 0.850.

With ¢ = 0.90, the proposed equations result in } = 2.68
for the 24 specimens with a predicted failure mode of buck-
ling. With By = 2.6, ¢ = 0.917. With Br= 3.0, 6 = 0.837.

Figure 8 shows a graph of T,/T, versus A, for the experi-
mental data. The slenderness parameter, A,, is calculated
with Equation 43. For the calculation of A, for the exper-
imental data points, the measured dimensions and mate-
rial properties were used in lieu of the nominal values.
The solid lines plot the proposed design equations, and the
AISC Specification equations are plotted with dashed lines.
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Experimental Failure Modes

The failure mode for each experimental specimen is listed
in Table A2 of Appendix A. Compared to the AISC Speci-
fication equations, the proposed design method results in
more accurate predictions of the experimental failure mode.
The Specification equations provided successful predic-
tions for 38 of 48 specimens for a 79% success rate. The
proposed equations provided successful predictions for 44
of 49 specimens for a 90% success rate.

0 HSS Specimens

x Box Specimens

Proposed nominal
strength

0.2 / < =
AISC Specification T~

- ——

0.0
0 1 2 3 4

6 7 8 9 10 11 12
Ao

Fig. 8. Graph of proposed equations with experimental data.
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Serviceability

For a member subjected to uniform torsion over the length,
the twist angle is calculated with Equation 44.

_TL

=67

“4)

where
G = shear modulus of elasticity, 11,200 ksi

L =member length, in.
T,, = uniform torsional moment, kip-in.
0 = angle of torsional rotation

The twist angle of 20 experimental specimens was
reported in the referenced research. These data are shown
in Figure 9, where 6,,/0, is plotted versus T,;/T,. T, is the
experimental proportional limit torque. 7), is the plastic tor-
sion calculated using Equation 18 with the measured speci-
men geometry and the measured uniaxial yield stress. 0,, is
the experimental proportional limit rotation. 6, is the rota-
tion at torque T}, = T, calculated using Equation 44 with the
measured specimen geometry and the measured modulus of
elasticity.

As discussed previously in this paper, residual stresses,
geometric imperfections, corner stress concentrations,

and second-order effects cause yielding at torques lower
than 7). This can potentially cause inaccurate service-
ability calculations if the serviceability torques are on the
nonlinear portion of the torque-rotation curve. To ensure
that the serviceability torques are on the linear portion of
the torque-rotation curve, the combined effect of residual
stresses and geometric imperfections must reduce 7, by no
more than 1/1.67 = 0.60. Because the minimum value for
T,/ T, is 0.665, this condition is satisfied for all 20 speci-
mens. The mean value of T,;/ T, is 0.803.

Figure 9 shows that the experimental rotations generally
exceed the rotations calculated with Equation 44. The mean
value of eep/ec is 1.22. Because the theoretical equations
can significantly underestimate the rotation, this should be
considered in the design of critical members where service-
ability rotation is the controlling limit state.

CONCLUSIONS

A review of the available research on the torsional strength
of square and rectangular hollow section members revealed
49 experimental tests from 11 projects. Theoretical, experi-
mental, and numerical research identified two strength limit
states for members commonly used in buildings: yielding
and wall buckling.
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Fig. 9. Graph of the normalized twist angle versus the normalized yield torsion.
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An evaluation of the AISC Specification provisions
revealed inconsistent reliability indices that are dependent
on the predicted failure mode. The reliability level for the
yielding limit state is appropriate. However, for the wall
buckling limit state, the reliability index is less than the tar-
get reliability index.

Revisions are proposed for the provisions in AISC Speci-
fication Section H3.1. The improved accuracy of the pro-
posed design method is illustrated in Figure 8, which shows
a graph of the normalized strength versus wall slenderness
for the AISC Specification equations, the proposed equa-
tions and the experimental data. In addition to providing
a simpler design method and increasing the accuracy, the
proposed design equations

¢ Include provisions for both HSS shapes and box sections.
e Are verified by experimental results.

e Are more successful in predicting the actual failure
mode.

e Result in more consistent reliability between the yielding
and wall buckling limit states.

e Ensure that the reliability index is greater than the target
reliability index for the wall buckling limit state.

The experimental data related to torsional rotation indi-
cated that serviceability torques are low enough to be on the
linear portion of the torque-rotation curve. However, the tor-
sional rotations were underpredicted for most of the speci-
mens, with a mean experimental-to-calculated ratio of 1.22.
Because the theoretical equations can significantly underes-
timate the rotation, this should be considered in the design of
critical members where serviceability rotation is the control-
ling limit state.

SYMBOLS

Area enclosed by the sectional mid-thickness, in.?

BN
Q

Web area, in.2

>
=

B Overall width, in.

C  Torsional modulus constant, in.}

Cr Correction factor

C, Torsional modulus constant based on thick-wall theory,
in.?

C, Web shear strength coefficient (Eurocode 3, Part 1-1)

C,; Web shear strength coefficient (AISC Specification
Section G2.1)

E  Modulus of elasticity, ksi

F., Critical shear stress, ksi
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Specified minimum yield stress, ksi

Overall height, in.

Torsional inertia constant, in*

Torsional inertia constant based on thick-wall theory,
in.*

Length, in.

Critical torsional strength

Mean value of the critical torsional strength

Plastic torsion, kip-in.

Yield torsion, kip-in.

Coefficient of variation for modulus of elasticity
Coefficient of variation for the geometric properties
Coefficient of variation for the material properties

Coefficient of variation for the test-to-predicted strength
ratios

Coefficient of variation

Coefficient of variation for wall thickness
Coefficient of variation for yield stress
Uncorrelated variables affecting 7.
B-t

Flat width of longer side, in.

H-t

Buckling coefficient

Mid-thickness perimeter, in.
Mid-thickness corner radius, in.
Outside corner radius, in.

Design wall thickness, in.

Safety factor for torsion

Separation factor

Reliability index

Shear buckling strength factor

Slenderness parameter calculated with Equation 38,
which uses a buckling width equal to the flat width of
longer side, h

Slenderness parameter calculated with Equation 43,
which uses a buckling width equal to the larger of the
two midwall-to-midwall distances for pairs of opposite
walls, h,



Ar Slenderness

pr Bias coefficient for modulus of elasticity

pc Bias coefficient for the geometric properties
py Bias coefficient for the material properties
pp Bias coefficient for the test-to-predicted strength ratios
pr Bias coefficient

p; Bias coefficient for wall thickness

p, Bias coefficient for yield stress

6, Maximum longitudinal residual stress

0, Measured uniaxial tension yield stress, ksi
T., Inelastic shear buckling stress, ksi

1,  Elastic critical shear stress, ksi

T, Proportional limit shear stress, ksi

T,  Shear yield stress, ksi

Ty Shear residual stress, ksi

v Poisson’s ratio

07 Resistance factor for torsion
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APPENDIX A

Table A1. Specimen Details

Specimen | B (in.) | H (in.) | t (in.) | E (ksi) | oy (ksi)
Marshall (1972)
A 2.00 2.00 0.193 30690 44.6
B 2.50 2.50 0.193 30690 44.6
C 3.00 3.00 0.193 30690 62.7
D 4.00 4.00 0.252 30690 44.6
E 4.00 4.00 0.161 30690 44.6
F 2.00 5.00 0.252 30690 44.6
G 1.50 3.00 0.161 30690 44.6
H 2.00 3.00 0.130 30690 44.6
I 2.00 4.00 0.130 30690 44.6
Kitada et al. (1989)
T3 4.83 6.41 | 0.173 | 30023 41.9
Mahendran and Murray (1990)
1 5.94 5.94 0.0965 290007 31.9
2 5.94 5.94 0.0748 290002 31.9
3 5.94 5.94 0.0591 29000? 41.3
4 5.94 5.94 0.0374 29000? 41.3
5 5.94 5.94 0.0295 29000 41.3
6 5.94 5.94 0.0197 290002 41.3
White et al. (1993)
1 1.97 1.97 0.0591 290007 39.0
2 1.97 1.97 0.0394 290002 36.3
3 1.97 1.97 0.0299 290002 35.1
4 1.97 1.97 0.0197 29000? 39.2
5 1.97 1.97 0.0150 29000? 85.6
Ridley-Ellis et al. (2003)
1 3.92 7.78 0.307 28311 50.0
2 5.87 5.87 0.240 28311 47.8
3,4 3.94 7.83 0.312 29457 55.2
5 5.89 5.89 0.228 28993 58.7
I 1.50 1.50 0.0563 290002 52.8

Table A-1 continues on the next page
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Table A1. Specimen Details (continued)

Specimen B (in.) H (in.) | t (in.) | E (ksi) o, (ksi)
Al-Ayish (2004)

1 5.91 15.75 0.157 29000° 38.0

2 5.91 15.75 0.157 29000° 38.0

3 5.91 15.75 0.157 29000° 38.0

4 5.91 15.75 0.157 29000° 38.0
Belingardi et al. (2008)

1 1.57 1.57 0.0394 29000? 30.5°

2 1.57 1.57 0.0394 29000? 30.5°

1.57 1.57 0.0394 29000° 30.5°
Chahkand et al. (2013)

1,2 1.98 1.98 | 0.106 | 29008 55.4
Sharrock et al. (2015)

SC-2 3.93 3.93 0.0803 29208 55.5

SC-3 3.96 3.96 0.115 29153 62.9

SC-6 3.96 3.96 0.234 29153 64.4

Konate (2015)
TR1, TR44 1.50 1.50 | 0.125 29599 59.0
Devi et al. (2019)

P1, P2 2.36 2.36 0.126 28355 59.8

1 5.91 5.91 0.0236 28355 59.8

2 5.91 5.91 0.0315 28355 59.8

3 5.91 5.91 0.0394 28355 59.8

4 5.91 5.91 0.0472 28355 59.8

5 5.91 5.91 0.0591 28355 59.8

6 5.91 5.91 0.0709 28355 59.8

7 5.91 5.91 0.0787 28355 59.8

8 5.91 5.91 0.0984 28355 59.8

9 5.91 5.91 0.315 28355 59.8

10 5.91 5.91 0.394 28355 59.8

@ The modulus of elasticity was not measured for these specimens.
® The yield stress was not measured for these specimens.
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Table A2. Experimental Results
Experimental AISC Specification Proposed
Specimen | T, (kip-in) | FM T.(kip-in) | FM | T, T.(kip-in) | FM | T,
Marshall (1972)
A 32.5 Y 33.3 Y 0.974 33.3 Y 0.974
B 47.0 Y 54.6 Y 0.861 54.6 Y 0.861
C 90.3 Y 114 Y 0.793 114 Y 0.793
D 157 Y 189 Y 0.831 189 Y 0.831
E 106 Y 127 Y 0.836 127 Y 0.836
F 92.0 Y 111 Y 0.829 111 Y 0.829
G 29.1 Y 32.6 Y 0.893 32.6 Y 0.893
H 33.2 Y 37.2 Y 0.893 37.2 Y 0.893
| 42.6 Y 50.2 Y 0.848 50.2 Y 0.848
Kitada et al. (1989)
T3 254 Y 253 | vy | 100 | 253 Y 1.00
Mahendran and Murray (1990)
1 105 B 126 Y 0.831 107 B 0.981
2 66.9 B 941 B 0.711 711 B 0.941
3 57.7 B 551 B 1.05 56.4 B 1.02
4 22.7 B 13.9 B 1.63 25.2 B 0.902
5 14.0 B 6.82 B 2.05 16.3 B 0.858
6 6.00 B -2 -2 -2 7.65 B 0.785
White et al. (1993)
1 9.20 B 10.1 Y 0.913 10.1 Y 0.913
2 5.16 B 6.38 Y 0.809 5.89 B 0.876
3 3.69 B 4.74 Y 0.779 3.74 B 0.986
4 2.21 B 2.04 B 1.08 2.00 B 1.10
5 2.58 B 0.891 B 2.90 1.97 B 1.31
Ridley-Ellis et al. (2003)

1 381 Y 494 Y 0.772 494 Y 0.772
2 343 Y 434 Y 0.792 434 Y 0.792
3,4 473 Y 562 Y 0.841 562 Y 0.841
5 439 Y 513 Y 0.856 513 Y 0.856
| 7.35 B 7.39 Y 0.994 7.39 Y 0.994

Table A-2 continues on the next page
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Table A2. Experimental Results (continued)
Experimental AISC Specification Proposed
Specimen | T, (kip-in) | FM T.(kip-in) | FM | T, T.(kip-in) | FM | T,
Al-Ayish (2004)
1 333 B 385 B 0.865 371 B 0.898
2 333 B 385 B 0.865 371 B 0.898
3 365 B 385 B 0.947 371 B 0.984
4 638 B 385 B 1.66 371 B 1.72
Belingardi et al. (2008)
1 3.39 B 3.39 Y 1.00 3.39 Y 1.00
2 3.53 B 3.39 Y 1.04 3.39 Y 1.04
3.16 B 3.39 Y 0.931 3.39 Y 0.931
Chahkand et al. (2013)
1,2 24.6 Y 24.6 Y | 100 | 246 Y 1.00
Sharrock et al. (2015)
SC-2 72.3 B 79.3 Y 0.912 65.7 B 1.10
SC-3 133 B 129 Y 1.03 126 B 1.05
SC-6 278 Y 248 Y 1.12 248 Y 1.12
Konate (2015)
TR1, TR44 15.4 Y 167 | Y | 0919 16.7 Y 0.919
Devi et al. (2019)
1,2 47.5 Y 44.9 Y 1.06 44.9 Y 1.06
1 16.6 B 3.46 B 4.81 13.0 B 1.28
2 28.6 B 8.27 B 3.45 22.3 B 1.28
3 39.2 B 16.3 B 2.40 33.7 B 1.16
4 62.9 B 28.4 B 2.21 46.9 B 1.34
5 82.2 B 56.1 B 1.46 69.8 B 1.18
6 116 B 98.2 B 1.19 95.9 B 1.22
7 144 B 136 B 1.06 115 B 1.25
8 216 B 227 B 0.952 167 B 1.29
9 783 Y 702 Y 1.12 702 Y 1.12
10 997 Y 849 Y 1.17 849 Y 1.17
T, = calculated torsional moment, kip-in.
Te = experimental torsional moment, kip-in.
FM: Failure mode
B: Buckling
Y: Yielding
a h/t =300, which exceeds the AISC Specification limit of 260.
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