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ABSTRACT
A starred angle (or XL shape) is a built-up shape composed of two angles joined intermittently by
welded plates (stitch plates) at the heels, forming a cross-shaped section. Starred angles have
several advantages: they are simple to fabricate, easy to install on the frame, and their configuration
makes clean up and maintenance less complicated. However, a number of these braces failed
during the 2010 Maule earthquake in Chile. Failures observed included local buckling, lateral
torsional buckling, and connection fractures. These failures, although not yet completely
explained, have made engineers steer away from the use of starred angles as braces. Finite element
models of different brace configurations were built considering initial imperfections, nonlinear
material behavior and large deformations. Gusset plates and stitch plates were also modeled and
contact conditions established between these elements and the angles. The models were subjected
to cycles of increasing displacement amplitude. Results for axial load capacity, hysteresis loops,
failure mode, and forces between the gusset plates, stitch plates and angles were extracted from
the analysis. The results indicate that the global buckling failure mode (flexural, torsional, and
flexural torsional) developed by the brace depends on the ratio between the cross section
slenderness and the global slenderness and the spacing of the stitch plates. In addition, forces larger
than the normally used to design these connections develop for some cases in the connection
between stitch plates, gusset plates and angles, which could explain the failures observed after the
earthquake. Six scaled specimens with the same cross section but different lengths were tested
under cyclic loading of increasing amplitude. The failure modes varied depending on the
slenderness of the specimen from flexural to flexural-torsional buckling. After several cycles of
inelastic displacement, the specimens only exhibited fracture in one of the angle legs, maintaining
significant tensile strength, but low residual compressive strength. No failure on the connections
or the stitch plates was observed.
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ABSTRACT
A starred angle (or XL shape) is a built-up shape composed of two angles joined intermittently by
welded plates (stitch plates) at the heels, forming a cross-shaped section. Starred angles have several
advantages: they are simple to fabricate, easy to install on the frame, and their configuration makes
clean up and maintenance less complicated. However, a number of these braces failed during the
2010 Maule earthquake in Chile. Failures observed included local buckling, lateral torsional
buckling, and connection fractures. These failures, although not yet completely explained, have
made engineers steer away from the use of starred angles as braces. Finite element models of
different brace configurations were built considering initial imperfections, nonlinear material
behavior and large deformations. Gusset plates and stitch plates were also modeled and contact
conditions established between these elements and the angles. The models were subjected to cycles
of increasing displacement amplitude. Results for axial load capacity, hysteresis loops, failure mode,
and forces between the gusset plates, stitch plates and angles were extracted from the analysis. The
results indicate that the global buckling failure mode (flexural, torsional, and flexural torsional)
developed by the brace depends on the ratio between the cross section slenderness and the global
slenderness and the spacing of the stitch plates. In addition, forces larger than the normally used to
design these connections develop for some cases in the connection between stitch plates, gusset
plates and angles, which could explain the failures observed after the earthquake. Six scaled
specimens with the same cross section but different lengths were tested under cyclic loading of
increasing amplitude. The failure modes varied depending on the slenderness of the specimen from
flexural to flexural-torsional buckling. After several cycles of inelastic displacement, the specimens
only exhibited fracture in one of the angle legs, maintaining significant tensile strength, but low
residual compressive strength. No failure on the connections or the stitch plates was observed.

Introduction
The vast majority of steel structures in Chile are industrial facilities, which are commonly
structured with concentrically braced frames (CBF) and moment resisting frames (MRF). The
seismic design of industrial facilities is ruled by the code NCh2369 [1], which contains design
considerations based largely on the AISC LRFD Specification [2]and the AISC Seismic Provisions
[3], complemented with empirical recommendations of the leading structural design offices of
industrial facilities in the country, gathered mainly in the second half of the 20th century. This
methodology has provided satisfactory structural performance for both the 1985 Valparaiso
earthquake and the 2010 Maule earthquake. Nonetheless, several failures were observed in the
latter, the most critical cases corresponding to facilities older than 20 years designed without
stringent ductility and overstrength requirements, which included cellulose pulp mills, steel mills,
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wine production facilities, and cement plants [4][5].
A number of brace failures were reported. Braces restrict frame lateral displacements, resisting
during seismic events alternating tensile and compressive forces. One of the most affected were
the starred angles braces, exhibiting failures associated to local buckling, flexural torsional
buckling and connection fractures. Starred angles are composed of two angles joined intermittently
at the heels by interconnection plates (stitch plates), forming a cross-shaped section. Previous
studies have shown that the number and type of interconnectors have a significant effect on the
response of this built-up section, mainly on its compressive strength, buckling axis, and fracture
life [6].
Several experimental and analytical studies have been carried out to understand the inelastic
response of steel braces, although most of them on RHS, CHS and W-shapes. The key parameters
that influence the brace response are their effective slenderness and the compactness of their cross
section. In a numerical study, Molina [7] determined that the type of failure mode of a starred
angle brace under monotonically increasing compression could be predicted based on the
slenderness-compactness ratio calculated according to Eq. (1): elements with ratios lesser than 5.5
experienced torsional buckling, while elements with larger ratios were likely to develop flexural
buckling.
λS/C =

max(λu,eff ;λv )

(1)

(b⁄t)

In Eq. (1), λu,eff is the effective slenderness with respect to the u-u axis (modified because of the
stitch plates spacing), λv is the v-v axis slenderness ratio, and b/t is the width-to-thickness ratio of
the angles.
This paper presents the results of numerical and experimental research conducted to study the
response of starred angle braces under cyclic loading. The objective was to validate the findings
of Molina [7] for the case of cyclic loading.
Numerical studies
74 configurations of different lengths and sections were modeled using the finite element software
ANSYS Workbench 15. The selection of the sections was made according to NCh2369 [1]
requirements, using commercially available rolled equal-leg angle shapes. The angles ranged from
40 to 200 mm flange width and from 4 to 16 mm thickness, while the length of the braces varied
from 3000 to 6000 mm. Additionally, two different separations of stitch plates were used: one
following the dimensional requirements for built-up sections from the AISC360-10 [8]; and the
other following the dimensional requirements for special concentrically braced frame diagonals
(SCBF) from AISC341-10 [9]. The resulting connector spacings were LB/4 and LB/8 respectively,
where LB is the total brace length. The material was assumed as ASTM A36 and expected yield
strength and tensile strength were used. The response of the braces was characterized in terms of
the axial load capacity, hysteresis loops, and forces in the gusset connection and in the central
connection (diagonal intersection).
The finite element analysis was performed in two stages. The first stage was an elastic buckling
analysis, conducted to obtain the elastic buckling mode and critical load. Then, an initial
imperfection proportional to the elastic buckling mode was created in the specimen to generate a
small camber and guide the buckling mode in the non-linear analysis under cyclic loads of
increasing amplitude (second stage). A view of one of the models is shown in Fig. 1. The modelling

details can be found in [10]. Only the main results are reproduced here.
A quasi-static cyclic analysis was conducted using a symmetrical displacement pattern in tension
and compression increasing stepwise every two cycles (see Fig. 2). The maximum amplitude was
taken as 4δy based on NEHRP Recommended Seismic Provisions [11], where the yield
displacement, δy, was determined from the Von Mises equivalent stress- equivalent deformation
curves and taken as the displacement which caused (in compression) the first significant alteration
in the elastic slope. The δy values ranged from 1.5 mm to 4 mm and were roughly equal to KLy,
with a mean calculated-to-predicted ratio of 0.99 and a standard deviation of 0.13. The loading
history has a total accumulated deformation of 84δy, where 72δy correspond to inelastic excursion.
Even though the ductility level imposed by the cyclic load is µ: δ/δy = 4, some elements exceeded
the tensile strength (Fu = 460 MPa) at lower deformation levels (3δy<δ≤4δy). A limit stress
associated with fracture was therefore applied, amplifying the nominal tensile strength by a factor
of 1.09, i.e., allowing a tensile strength of 500 MPa to be attained. Thereby, a larger correlation
with an eventual fracture in practice can be assured, since ultimate strengths are firstly reached in
the model on highly localized zones, so using a unitary factor would lead to an early analysis
termination. A monotonic analysis was also performed on each model for comparison purposes.
Results for axial load capacity, hysteresis loops, failure mode, and forces between the gusset plates,
stitch plates and angles were extracted from both analyses.

Figure 1.

Finite element model: a) Mesh applied on an element; b) Initial imperfection due to a
flexural buckling mode.

Figure 2.

Loading history.

Axial load capacity
The maximum compressive strength (Cu) from the cyclic analysis exceed slightly the Cu values

obtained from the monotonic ones (11% in average). Likewise, the maximum compressive
strengths due to monotonic loading are larger (22% in average, accentuated in stockier braces
prone to develop torsional buckling) than the nominal values obtained from Chapter E of
AISC360-10 [8]. On the other hand, the maximum tensile strength achieved by the braces ranged
from 1.1FyAg in more slender elements, up to 1.3FyAg in the stockier ones, decreasing with
increasing effective slenderness.
Hysteresis
The shape of the hysteresis loop depended on the global buckling mode. Fig. 3 shows the hysteretic
response of six representative specimens. The compressive resistance degrades significantly, when
flexural buckling occurs, due to the formation of plastic hinges near the mid-length of the unbraced
points, the Bauschinger effect, and the residual out-of-plane deformations accumulated from
previous cycles [12]. In tension, the braces reached their tensile yield resistance and developed
some strain hardening, achieving a maximum tensile strength Tmax that remained practically
constant in the subsequent cycles. The specimens that failed by flexural torsional buckling
exhibited a similar response. On the contrary, the specimens that failed by torsional buckling
showed a considerably smaller compressive strength degradation, achieving loads close to the
yield capacity of the member. The torsional buckling develops without significant out-of-plane
deformations, avoiding the formation of plastic hinges and strain concentration in the ends.

Figure 3.

Hysteresis loops for different buckling modes.

Failure modes
A clear distinction of the failure modes is observed when plotted against the slenderness-tocompactness ratio (see Fig. 4), without apparent effect from the stitch plate spacing. Elements with
λS/C ratios less than 6 were likely to develop torsional buckling, for λS/C ratios between 6 and 10,
flexural-torsional buckling occurred, and if the slenderness-to-compactness ratio was greater than
10, flexural buckling developed.

Figure 4.

Failure modes vs. λS/C: a) Stitch plates at LB/4; b) Stitch plates at LB/8.
Experimental studies

Six specimens with the same cross section, but different lengths were tested under cyclic load with
constant amplitude and increasing amplitude. The angles were made of NCh A270ES steel (Fy =
270 MPa), the gusset and stitch plates were ASTM A36, and the bolts were  ½” ASTM A325.
The angles were hot rolled shapes with a flange length b of 50 mm and a flange thickness t of 4
mm. The specimens had three different lengths, in order to cover the three ranges indicated by the
numerical results, as shown in Table 1. Table 2 shows the material testing results. It is apparent
the material has a significant overstrength with respect to the nominal values.
Table 1.

Specimen characteristics.

Length, mm

λS/C

Loading

S-CA

984

4.12

Constant amplitude

S-VA

984

4.12

Increasing amplitude

I-CA

1784

8.10

Constant amplitude

I-VA

1784

8.10

Increasing amplitude

L-CA

2584

11.74

Constant amplitude

L-VA

2584

11.74

Increasing amplitude

Specimen

Table 2.
Coupon

Measured material properties.

E, MPa Fy, MPa Fu, MPa Elongation, %

Angle-A1

249296

267

373

14

Angle-A2

201991

337

440

16

Angle-A3

218094

344

449

15

Angle-Average

223127

316

421

15

Plate-P1

204761

360

482

14

Plate-P2

204587

334

457

15

Plate-Average

204674

347

470

15

A schematic of the test setup is shown in Fig. 5. The loading protocol applied for the variable
amplitude specimens is shown in Fig. 6. The constant amplitude tests were conducted at the
maximum amplitude of the variable protocol.

Figure 5.

Schematic of test setup.

Protocolo de Desplazamientos

Figure 6.

Increasing amplitude loading protocol.

Instrumentation included two LVDTs to measure brace elongation, two LVDTs to measure lateral
and vertical displacement at the center, two inclinometers to measure the cross section rotation in
the middle, a load cell to measure the applied load and an LVDT to measure the displacement
applied by the actuator. A detail of the instrumentation is presented in Fig. 7.
Longitudinal
LVDT
Inclinometer

LVDT
support

Figure 7.

Instrumentation of the specimens.

Fig. 8 presents: the buckled configuration; the fracture generated in the middle at the end of the
test; and the cyclic response of specimen I-VA, which is representative of all the specimens tested.
The brace buckled primarily in flexure. Fracture stopped at the toe of the angle, as shown in Fig.
8(b). The brace had a significant tensile capacity, and negligible strength in compression.

South

Plastic
hinge

North

Fracture

(b)
(c)

(a)
Figure 8.

Experimental results, specimen I-VA: (a) Deformed shape; (b) Fracture; (c) Cyclic
response.

The response of specimen S-VA is presented in Fig. 9. This specimen exhibited some degree of
torsion, as indicated by the buckling of the vertical leg of the angle shown in Fig. 9(b), but flexural
buckling still dominated the response. The specimen also fractured, but the crack did not propagate
as much as the intermediate specimen did. The loss of strength in compression was less
pronounced.
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Figure 9.

Experimental results, specimen C-VA: (a) Deformed shape; (b) Fracture; (c) Cyclic
response.
Conclusions

A numerical study on the failure modes of starred angle braces in X configuration was conducted.
The sections were made up from commercially available angle shapes in Chile. Finite element
models of 74 different brace configuration were built and the axial load capacity, hysteresis loops,
and forces in the gusset and intersection connection were extracted from the analysis. The
maximum axial forces carried by the braces generally exceeded the expected values for both tensile
and compressive loads. The maximum tensile strengths measured were in all cases larger than the
yielding capacities. Additionally, the spacing of the interconnectors did not influence the tensile
capacity. Regarding the compressive maximum strengths (Cu), they exceeded in a 22% (on
average) the predicted value from AISC360-10 [8]. Differences between the Cu values coming
from the monotonic and the cyclic analysis were also observed: the same brace subjected to cyclic
loading developed, on average, an 11% higher maximum compressive strength.
The hysteresis loops showed differences depending on the global buckling mode. In all cases,
however, the maximum compressive capacity Cu was reached at first buckling occurrence.
Additionally, given the shape of the cyclic loading history, the brace buckled after yielding in
tension. The post-buckling compressive capacity degraded when further negative deformation was
applied, mainly in elements with flexural and flexural-torsional buckling. On the contrary,
elements with torsional buckling (the less slender ones) lost their compressive capacity to a lesser

extent, mainly due their negligible out-of-plane deformations.
According to the numerical simulations, the ratio between the effective slenderness and the widthto-thickness ratio (λS/C) is an adequate failure mode predictor: elements with λS/C ratios lesser than
6 were likely to develop torsional buckling; when the λS/C ratio ranged from 6 to 10, flexuraltorsional buckling tended to occur; and if λS/C was greater than 10, flexural buckling developed.
However, it was not possible to verify this experimentally. A possible cause was the effect of the
local slenderness of the shapes which exceeded the non-slender limit due to the higher strength of
the base metal. Tests under more controlled conditions may be required to validate or discard this
hypothesis. Nonetheless, all specimens exhibited a ductile failure and maintained significant
tensile strength because the fracture occurred only on one of the angles.
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