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Net Section Tension Capacity of Equal Angle Braces Bolted at Different
Legs
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Abstract:

This technical note points out that, in practice, the two connected ends of an angle brace or
bracket may be bolted at different legs due to constructional constraints. However, no design
equation for determining the net section tension capacity of such a connection exists, nor do
published laboratory test results. This note presents a series of laboratory tensile test results
involving equal angle braces bolted at different legs, with legs ranging from 50 to 75 mm,
and tension distances ranging from 100 to 300 mm. The specimens were composed of 3.0
mm G450 sheet steel, which is among those having the lowest ductility for which the nominal
tensile strength is permitted to be fully utilised in structural design calculations by cold-
formed steel design codes. Based on a modification to the equation derived for angle braces
bolted at one leg, a design equation is presented for determining the net section tension

capacity of a cold-formed steel angle bracket bolted at different legs.
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sections
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Introduction

In practice, an angle brace or bracket may be bolted at different legs due to constructional
constraints, as illustrated in Figure 1. This type of connection, whether for an angle brace or
bracket, is not addressed explicitly in any steel design standards with regard to the net section
tension capacity of the angle. To the authors’ knowledge, no laboratory test results of such

connections have been published in the literature either.

Design equations have been derived for a common type of bolted connection for angle
braces, where the gusset plates at the two member ends lie in the same plane. The authors
recently presented a design equation for determining the net section tension capacity of a
cold-formed steel angle brace bolted at one leg (Teh & Gilbert 2013a). Earlier equations had
been presented by Holcomb et al. (1995), LaBoube & Yu (1995), Yip & Cheng (2000), Paula
et al. (2008), and Prabha et al. (2011). Such a connection arrangement is also addressed in

international steel design specifications (AISI 2010, AISC 2010, SA/SNZ 2010).

In this technical note, a series of laboratory test results involving equal angle braces bolted at
different legs will be presented. The depths of the equal angle legs range from 50 to 75 mm,
with tension distances ranging from 100 to 300 mm. A tension distance I is defined in Figure
2. A previous study by the authors (Teh & Gilbert 2013b) have found no noticeable effect of
tension distances ranging from 300 to 700 mm on the net section tension capacity among
channel braces bolted at the web, and it is reasonable to believe that the conclusion also

applies to the present case over the same tension distances.

Selected equations for determining the net section tension capacity of an angle brace bolted at
one leg, found in the North American steel design specifications and cold-formed steel

literature, will be first presented and compared against the present laboratory test results. The



performance of the equation presented by Teh & Gilbert (2013a), coupled with the authors’
observation concerning an angle brace or bracket bolted at different legs, will then be used to
derive a more accurate equation. Only equal angles, which are the most widely used as

brackets to facilitate construction and minimise installation errors, are discussed.

Existing equations for an angle brace bolted at one leg

Section E5.2 of Supplement No. 2 to the North American Specification for the Design of
Cold-formed Steel Structural Members 2007 (AISI 2010) specifies the net section tension

capacity P, of an angle brace bolted at one leg to be

P, = A F,max{0.4,min(0.9,1-1.2%{ | (1)

in which A, is the net area of the section, F, is the material tensile strength of the member, X
is the distance between the connection interface and the section’s centroid in the direction
normal to the connection plane, and L is the connection length. The two geometry variables

are defined in Figure 2.

Equation (1) was proposed by LaBoube & Yu (1996) based on the laboratory test results of
Holcomb et al. (1995) and the equation proposed by Chesson (1959). The original equation is
still used in the current AISC specification for structural steel buildings (AISC 2010) with a

lower bound shear lag factor equal to the ratio of the connected width to the total width

P =AF, max(l—%, vaw j (2)

in which the connected width W, and the unconnected width W, are defined in Figure 2.

Holcomb et al. (1995) proposed the following equation based on nonlinear regression

analysis of their laboratory test results
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in which t is the section thickness. It can be seen that Equation (3) involves a power term.

Linear regression analysis of laboratory test results was employed by Paula et al. (2008)

Pp = AnFu |:119_026Y |- (OGSVVm +0-17Wu -0.47d —17t) (4a)
WC
in which d is the bolt diameter and
WC“ =Wc - nbdh (4b)

and ny is the number of bolts in the considered cross-section (which is equal to one for the

vast majority of cold-formed steel angle braces), and d; is the bolt hole diameter.

Teh & Gilbert (2013a) proposed the following equation for determining the net section

tension capacity of an angle brace bolted at one leg

p u (E)
1.1 W X

As explained by Teh & Gilbert (2013b), the first term in the denominator of Equation (5)
accounts for the in-plane shear lag effect, the second for the out-of-plane shear lag effect, and
the last for the detrimental bending moment effect due to the connection eccentricity and the

counteracting bending moment effect that increases with the connection length.

Test materials

The G450 sheet steel materials used in the laboratory tests were manufactured and supplied
by Bluescope Steel Port Kembla Steelworks, Australia. The nominal thickness selected for

the laboratory tests is 3.0 mm, which is the thickest available off the shelves and the most



likely used for angle brackets such as that illustrated in Figure 1. The measured base metal
thickness is 2.95 mm. The nominal tensile strength to be used in determining the nominal net
section tension capacity of a member is 480 MPa (SA 2011). However, the measured value in
the loading direction perpendicular to the sheet rolling direction is significantly higher, being
580 MPa. This value is also 10% higher than the measured tensile strength in the rolling

direction (Teh & Hancock 2005), indicating the greater ductility in the rolling direction.

The G450 sheet steel used in the present work represents the grade of steel covered by
AS/NZS 4600 (SA/SNZ 2010) which has the lowest ductility and for which the nominal
tensile strength may be fully utilised in structural design calculations (Hancock 2007). In
addition, the loading direction perpendicular to the sheet rolling direction, employed
throughout the present work, results in less ductile responses compared to the loading
direction parallel to the sheet rolling direction. The present laboratory tests therefore

represent a stringent verification of the design equation to be proposed.

Laboratory test results

The nominal bolt hole diameter of all specimens is 17 mm, to accommodate the 16-mm high
strength bolts used in the laboratory tests. Each connection has two bolts aligned in the axial
direction of the member, as shown in Figure 3. Cold-formed steel angle braces with one bolt
only at a connected end normally fail by bearing (AISI 2007). Such connections are also
more prone to shear-out or block shear failure, the mechanisms of which were elaborated by
Teh & Clements (2012). Net section fracture therefore does not concern one-bolt connections,

although a block shear failure may be confused with net section fracture (Teh & Yazici 2013).

The lower gusset plate is 6 mm thick, and the upper one is 10 mm thick. It can be inferred

from the test results of Teh & Gilbert (2013b) involving 6 mm gusset plates and those of Teh



& Yazici (2013) involving back-to-back channel braces (equivalent to having infinitely thick
gusset plates) that the discrepancies in net section tension capacities due to the variation in
thickness of practical gusset plates should not be more than 5%. As it turned out, some of the

present specimens fractured in the lower connection, others in the upper connection.

All specimens were tested at a stroke rate of 5 mm/minute. Trial tests in flat sheets have
shown that the net section tension capacity of bolted connections in G450 sheet steel is

insensitive to the stroke rates in the range of 1 to 50 mm/minute.

In calculating the predicted net section tension capacity of a specimen, the measured values
of the geometric dimensions such as the bolt hole diameter, the base metal thickness and the
section dimensions were used. However, for legibility and ease of comparisons across
different configurations, only the nominal values are shown in the tables. An empty cell

indicates that the data in the above cell applies.

Table 1 lists the relevant geometric dimensions of the tested specimens, and the ratios of the
ultimate test load P; to the net section tension capacity P, predicted by the existing Equations
(1) through (5), called the professional factors. The variable ¢ denotes the test net section
efficiency factor, defined as the ratio of ultimate test load to tension capacity computed by

assuming uniform stress distribution across the critical net section.

All the specimens in Table 1 failed in net section fracture, as shown in Figure 4(a) for
Specimen OL2. A 60-mm angle specimen with a connection length L of 100 mm, not
included in the table, underwent bolt punching failure as shown in Figure 4(b). Washers were

used in subsequent specimens in order to ensure net section fracture.

The test net section efficiency factors ¢ of specimens OL3a, OL3b and OL3c show no

noticeable effect of the tension distance l; on the net section efficiency, reinforcing the



finding of Teh & Gilbert (2013b) for channel braces bolted at the web. Notwithstanding the
concern of Kirkham & Miller (2000), whether or not the brace is long enough to “fully
develop stresses” at the middle section is immaterial to the net section efficiency. The net
section efficiency depends on the stress distribution over the critical net section across the

bolt hole(s), not on the stress distribution over the gross section in the middle of the member.

In any case, Table 1 shows that none of the existing five equations provide accurate estimates
of the ultimate test loads. Even though the average professional factor given by Equation (5)
is 1.03, which is close to unity, the resulting coefficient of variation is almost three times that
resulting from Equation (3). More importantly, Equation (5) underestimates the capacity of
specimen OL2 by more than 15% while overestimating that of specimen OL5 (OL5a and
OL5b). On the other hand, Equation (3), which has the smallest coefficient of variation,

overestimates the capacity of specimen OL2 by the largest margin among all specimens.

Proposed equation

While statistical regression analysis is sometimes the only practicable course, Teh & Gilbert
(2012, 2013b) have shown that it can lead to unforeseen anomalies. The form of Equation (5)
is simple, continuous, transparent and robust. It is simple as it does not involve a (decimal)
power term, which is found in Equation (3). It is continuous with no artificial lower or upper
bound value for the net section efficiency factor, unlike Equation (1). It is transparent as it is
clear that, for example, for a given ratio of the angle legs, increasing the eccentricity X
relative to the connection length L always leads to reduced net section efficiency, which is
not always the case with Equation (2). It is robust as the resulting net section efficiency factor
never exceeds unity, which is not necessarily the case with Equation (4) for the limit

condition of a flat sheet (W, — 0 and X — 0). As the width of the outstanding leg W,



approaches zero (in which case the connection eccentricity X also approaches zero), the net
section efficiency factor embedded in Equation (5) has a natural upper bound value of 0.91,

which is consistent with the upper bound value of 0.9 in Equation (1).

It can be seen from Figure 2 that, for an angle brace bolted at different legs, the unconnected
leg of one end is the connected leg of the other end. On the other hand, there are two

orthogonal eccentricities. Based on these observations, Equation (5) is modified into

1
P, = AF, _ (63)
p u
11405 M oX
W +W. L

C u

and since W, = W, for an equal angle, it reduces to

(6b)

The last column of Table 1 shows the professional factors of Equation (6) for the tested
specimens. Although the average professional factor of Equation (5) is closer to unity,
Equation (6) is considered to be more accurate, with a smaller coefficient of variation. The
professional factors of Equation (5) range from 0.93 to 1.17, while those of Equation (6) only

range from 0.99 to 1.00.

Conclusions

Laboratory test results of angle braces bolted at different legs and loaded in tension have been

presented. It was found that the tension distance did not affect the net section efficiency.



None of the previously published equations for determining the net section tension capacity

of an angle brace bolted at one leg was found to be accurate for the tested specimens.

It was pointed out that the use of statistical regression analysis for deriving the design
equation could lead to unforeseen anomalies, as described by the authors in this and earlier
papers. The equation previously presented by the authors for angle braces bolted at one leg
was explained to be simple, continuous, transparent and robust. A modification to the
equation to suit an equal angle brace bolted at different legs was shown to lead to more
accurate estimates for the tested specimens, which were composed of high strength cold-

reduced sheet steel.
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Figure 1 Angle brackets bolted at different legs
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Figure 2 Definitions of geometry variables



Figure 3 Tension test set-up



Figure 4 (a) Net section fracture; (b) Punching failure



Table 1 Laboratory test results, W, =W, =W

Pt/Pp
W X L I
Spec AISI  AISC Holcomb Paula Teh Present
(mm) (mm) (mm) (mm)
o @ 3) @ (6)

oL1 50 13.1 50 300 058 085 0.79 0.94 0.76 1.09 1.09
oL2 100 200 0.67 080 0.78 0.88 0.84 1.17 1.09
OL3a 60 15.6 50 300 052 083 0.76 0.92 0.76 1.00 1.03
OL3b 055 0.87 0.79 0.96 0.80 1.04 1.08
OL3c 100 053 085 0.77 0.94 0.77 1.01 1.04
OL5a 75 19.3 50 300 047 0.88 0.77 0.92 0.79 094 1.00
OL5b 0.47 087 0.76 0.92 0.78 0.93 0.99
OL6 100 200 057 075 0.71 0.91 0.88 1.03 1.00

Mean 0.84 0.77 0.92 0.80 1.03 1.04

COV 0.054 0.034 0.027 0.053 0.077 0.041
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