Chapter 20
Assessment of the Seismic Response
of Concentrically-Braced Steel Frames
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20.1 Introduction

Concentrically braced frames (CBFs) offer an economical and efficient form of
earthquake resistance for steel structures. For small, more frequent earthquakes, they
provide sufficient stiffness and strength to meet serviceability requirements. For
larger earthquakes, adequate seismic design and detailing can ensure a dissipative
response that limits structural response. Diagonal bracing members CBFs are critical
elements that during severe seismic loading experience repeated cycles involving
yielding in tension and member buckling in compression. The performance of these
members depends on various factors, including local slenderness, global slender-
ness, material yield strength, section shape and end restraint (Elghazouli 2003).
Due to the difficulty in accurately modelling their complex seismic response,
numerous experimental studies have been carried out to study the cyclic inelas-
tic behaviour of bracing members. Early studies examined the load-displacement
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hysteretic response which was shown to be most strongly influenced by global
slenderness (Popov and Black 1981). Slender members lost compressive resistance
more rapidly than stocky members, resulting in fewer inelastic response cycles and
less energy dissipation. More recently, attention has shifted to examination of the
factors influencing the fracture life of bracing members. Through experimental test-
ing, both global and local slenderness were found to influence fracture life (Trem-
blay 2002), and empirical expressions for the fracture life and ductility capacity
of hollow section bracing members have been proposed (Goggins et al. 2006; Nip
etal. 2010).

Gusset-plate connections employed in CBFs in which out-of-plane brace buck-
ling is envisaged must be designed to accommodate the large brace end-rotations
experienced at large storey drifts. This implies the formation of a stable ductile
plastic hinge within the gusset plate. The design details must also prevent gusset
plate buckling in compression or yielding in tension (AISC 2005). However, current
design guidance and practice can lead to the use of over-sized gusset plates which
reduce the seismic performance of the brace members themselves. More recently,
balanced gusset plate detailing rules have been recommended, which result in more
efficient connection designs while improving the seismic performance of the CBF
overall (Lehman et al. 2008).

20.2 Experimental Aims and Methodology

20.2.1 Research Objectives

The overall aim of the BRACED project was to improve the understanding of, and
numerical modelling methods for, steel CBFs subjected to seismic loading; and to
assess the implications for design methods and guidance. This is achieved by ad-
dressing three principal objectives:

» Alarge body of research has generated theoretical and empirical formulae to pre-
dict key brace member performance parameters for earthquake response. These
include the stiffness, resistance and ductility of individual brace members and
whole CBFs. The BRACED project examines the validity of these predictive
formulae under realistic dynamic response conditions using shake table testing
of model CBFs, supported by complementary quasi-static cyclic testing and nu-
merical modelling.

* More recent research has shown that standard practice in brace connection de-
sign can be improved by using alternative geometrical details. This project as-
sesses the influence of different gusset plate designs on the dynamic response of
CBFs to earthquake ground motion.

* Finite element software has been used in engineering research and practice to
model the global response of braced frames and the local response of brace
members and brace connections. In this project, OpenSees modelling techniques
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proposed for this form of structure will be investigated, and the software’s ability
to model the earthquake response of CBFs will be validated through correlation
with test results.

20.2.2 Methodology

The BRACED Project was initiated as part of the Transnational Access programme
offered by the European Commission’s Seventh Framework Programme (FP7) proj-
ect SERIES (Seismic Engineering Research Infrastructures for European Syner-
gies). The main experimental phase was carried out at the TAMARIS Laboratory in
the Laboratoire d’Etudes de Mécanique Sismique (EMSI) at CEA Saclay, France.
The tests were carried out on the AZALEE shake table. The AZALEE platform
has an area of 6 x6 m and can accommodate test masses up to 100 t. It is capable
of triaxial excitations up to 1.0 g, offering six degrees of freedom and maximum
longitudinal and lateral displacement of + 125 mm.

These series of shake table tests investigated the ultimate behaviour of CBFs
through shake table testing of a model test frame incorporating pairs of brace spec-
imens with different brace member and gusset plate characteristics. The seismic
performance of such structures during strong earthquakes can be affected by the
limited ductility capacity of brace members under low cycle fatigue conditions. The
experimental programme was designed to assess whether existing models for evalu-
ating the ductility capacity of hollow section bracing members (which were gener-
ally developed using quasi-static cyclic test results) capture observed behaviour
during dynamic response conditions. Hence the test programme examines brace
members with different cross-section sizes, and therefore different global and local
slendernesses. Recent proposals for improved design and detailing guidance for
gusset plate connections in dissipative CBFs may extend the fatigue life of hollow
brace section members. Thus, the brace-gusset plate test specimens compare the
performance of specimens designed using conventional methods with the proposed
balanced design method.

The test frame (or ‘mock-up’) used for the BRACED experiments on the Azalee
shake table was designed to facilitate the testing of multiple pairs of brace-gusset
plate specimens, by allowing the specimens to be exchanged between experiments.
The brace member and connection details were varied between experiments to
investigate the range of global and local member slenderness found in European
design practice, and to assess the effect of conventional and novel gusset plate de-
signs. In each experiment, three separate earthquake tests were performed with table
excitations scaled to produce elastic response, brace buckling and/or yielding and
brace fracture. The principal outcomes included measurements of the displacement
ductility capacity of the brace specimens; an evaluation of the influence of gusset
plate detailing on connection ductility; observations on the contributions of brace
and connection yielding to overall inelastic deformation of CBFs; measurements of
equivalent viscous damping in CBFs; assessment and improvement of Eurocode 8
design guidance for CBFs; and validation of numerical models.
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20.2.3 Shake Table Experimental Programme

The shake table experimental programme investigated the performance of CBFs at
different levels of seismic excitation, including ultimate behaviour, through shake
table testing of a model frame incorporating a pair of brace-gusset plate specimens.
To address project objectives, three different test parameters were examined in
these tests: brace cross-section size; brace connection configuration and gusset plate
design. The following notation is used to identify the properties of the brace-gusset
plate specimens examined in individual experiments:

Brace Section Size:

S180x80x3.0 SHS

S2 100x50%3.0 RHS

S3 80x40x3.0 RHS

S4 60x60x3.0 SHS

Connection Configuration:

CA Gusset connection to beam and column flange
CB Gusset connection to beam flange only

Gusset Plate Design:

G1 Conventional design with Standard Linear Clearance (SLC)
G2 Balanced design with Elliptical Clearance (EC)

The schedule of tests presented in Tables 20.1 and 20.2 was designed to address
all of the above test parameters. In this table, the values for non-dimensional slen-
derness, A, are calculated assuming actual member cross-section areas, pinned-
pinned boundary conditions with bending about the minor axis (K=1.0) and both
nominal (fy=235 MPa for braces; f =275 MPa for gusset plates) and actual mate-
rial yield strengths. The & values shown were selected to cover the range of brace
slenderness allowed by Eurocode 8. The b/t values imply Class 1 cross-sections,
as required for dissipative brace members, but the higher values are close to the
boundary with Class 2 to capture the influence of local buckling on brace ductility.
The B, parameter (Lehman et al. 2008) represents the ratio of the plastic tension
resistances of the brace member and gusset plates. Specimens with conventionally
designed gusset plates have low B values, implying that gusset yielding will not
occur, whereas those designed using the balanced design approach have higher
values, implying that gusset yielding may occur.

A pair of identical brace-gusset plate specimens is tested in each experiment.
A total of 12 experiments are included in the programme, and the test frame is
designed to allow the brace-gusset plate specimens to be exchanged between
experiments. To this end, the gusset plates are welded to flange plates which
are bolted to the flanges of the beam and column members. All specimens were
tested under uniaxial seismic excitation using the same earthquake record scaled
to three different levels. The signal employed is a natural ground record from the
PEER database, recorded in Imperial Valley (California, USA) during the 1940
earthquake. In each test, three levels of earthquake were examined: (i) low-level
with elastic response, (ii) medium-level with brace buckling and yielding, and
(ii1) high-level with brace fracture. These are represented by earthquake events with
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50, 10 and 2 % probability of exceedance in 50 years respectively. Low-level white
noise excitation was also applied before and after each earthquake level to monitor
the evolution of elastic properties with brace member damage.

The spectrum of the input seismic signal was normalized to the lowest seismic
level expected in the test sequence, namely a PGA of 0.1 g. This was considered to
be the 0 dB level, and the signal was then amplified for different excitation levels.
The original signal was filtered at low frequency to limit the maximum displace-
ment under the + 100 mm limit value for the AZALEE table. The high pass filter
eliminated frequencies under 0.7 Hz. This filtering was also necessary to obtain a
null value of table displacement at the end of the test. The signal duration was 40 s
with five seconds at null value added at the beginning to provide time to check the
correct triggering of the data acquisition system.

20.3 Test Frame and Specimens

20.3.1 Test Frame

The test frame was designed as a dedicated single-storey model CBF structure ca-
pable of accommodating the full range brace and gusset-plate connection specimens
set out in Tables 20.1 and 20.2. These specimens were designed so that they could
be tested to failure within the capacity of the shaking table. The following specific
requirements drove the primary test frame geometry and strength specimen design:

» The test frame should have a realistic storey height and natural period

* The mass supported by the test frame should not exceed 50 t

* The PGA required to fracture the brace specimens should not exceed 1.0 g

* The displacement ductility demand required for brace fracture (p,>4) should be
accommodated by the test frame

» Brace lengths shall should be realistic; non-dimensional slenderness should be
within or close to Eurocode 8 limits

» Braces members should possess class | cross-sections, but small b/t and d/t ra-
tios should be avoided to ensure that local buckling and fracture is observed

» The brace- and gusset plate specimens should be easily exchanged between tests

» Brace connections to beam and column (CA) and beam only (CB) should be ac-
commodated

» Two gusset plate designs should be included: conventional design (G1) with
standard linear clearance (SLC) plastic hinge detailing, and balanced design
(G2) with elliptical clearance (EC) plastic hinge detailing

These objectives were completed whilst remaining within the AZALEE shake ta-
ble constraints described in the previous section. Figures 20.1 and 20.2 show the
resulting design of the test frame. The lateral resistance of the frame was provided
by a pair of brace specimens in Frame B which were positioned in the same plane
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Fig. 20.1 Plan and elevation of BRACED test frame on Azalee platform. CA and CB connections
shown for illustration, identical brace specimen pairs were used in all tests
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Fig. 20.2 Test frame without added masses and MTS swivel bearing with load cells

to prevent any significant torsional response. The test frame is symmetrical at either
side of Frame B. Two additional unbraced frames (Frame A and C) were located on
either side of the CBF model to provide lateral stability; lateral beams support the
added mass of the frame. All column members in Frames A and C were pinned at
the top and bottom ends. Columns in Frame B were pinned at their bottom ends and
bolted connected at their top ends to the primary beam by a flush end plate bolted
connection.
The principal elements of the test frame are:

* amain beam in Frame B (IPE 400), length 7500 mm

* two columns in Frame B (HE 220 B) supporting the IPE 400

* two columns each on Frames A and C (HE 120 A)

* six beams (IPE 270), forming a square horizontal roof grid, supported by the
outer columns and fixed to the main IPE 400 beam in Frame B

 four transverse braces (100 % 20 mm solid cross-section) to provide lateral stabil-
ity to the frame in the direction perpendicular to Frames A—C

* two MTS swivel bearings (described below) with load cells assemblies

* two brace members, which are the elements tested, mounted in the main plane
between the swivels and the IPE 400/HE 220 angle

* two mechanical devices to return the frame to vertical plumb after each test

20.3.2 Brace-Gusset Plate Specimens

Twenty-four identical brace tube pairs were designed using four different cross-
section sizes for two connection types (CA and CB) and two gusset plate types (G1
and G2). The yield and buckling capacities (based on nominal and measured steel
strengths) are presented in Tables 20.1 and 20.2. The corresponding non-dimensional
slenderness is also presented. The area used for the calculation of brace resistance is
the product of the Whitmore width and the gusset plate thickness t. Two connection
design approaches were applied to each of the four brace cross-section sizes and the
two connection types, CA and CB (Fig. 20.3). These are conventional designs using
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Fig. 20.3 Sample gusset plate connection designs a CA-G1 b CA-G2 ¢ CB-G1 and d CB-G2

the standard linear clearance detailing rule for the gusset plate and balanced design
using the elliptical clearance detailing rule (Lehman et al. 2008).

The concept of balancing the brace tensile yielding and gusset yielding mecha-
nisms has been encapsulated using the balance factor B,. The conservative nature
of the G1 gusset designs resulted in low (~0.2-0.3) B = values. A higher range of
B, values (~0.6-0.75) was achieved for the G2 designs by specifying thinner gus-
set plates and employing the more compact EC detailing rather than the SLC detail-
ing used in the G1 specimens. For all G1 specimens a linear plastic hinge clearance
length of 3t was used while an elliptical clearance zone of thickness 8t was used
for the G2 plastic hinge. Values for expected yield stress ratio R were used to cal-
culate B 4 values, while characteristic material strengths were used to calculate

values of B
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20.4 Experimental Results

A wide range of response variables were measured in each test, including table and
response (roof) accelerations and displacements, brace elongation and axial force,
and strains in the brace member and gusset plate. Figure 20.4 presents a sample of
some of the recorded results from the final run in Test 4, where brace fracture oc-
curred after approximately 30 s after the test had been completed.

Brace fracture was observed in all tests, either in the third or fourth earthquake
exciation run. During the low level test excitations the frame remained elastic with
no brace buckling. Brace buckling and yielding occurred in the intermediate level
runs, sometimes with large out-of-plane brace buckling deformations, but always
limited plastic deformation demand. A fully inelastic response was observed in all
high level excitation tests, usually causing fracture in one or both braces. In some
tests, an additional failure level earthquake excitation run was added to cause brace
fracture. A similar pattern of failure was displayed in most cases: brace buckling in
compression led to large out-of-plane brace bending and the formation of a plastic

wceX va Tima (RunD&g) Roof Drift vs Time (Run069)
1. -DXB Drift-f
o8 -
o - ! I
3 o4 - . | T
£
ozt - =
|
e 05
ol [ ! 1
asf - - !
a o ; ™ -b':. ; ; - b 0 5 10 Tir::[s] 20 25 30
Base Shear (Brace) & Base Shear (Acc) (Run069) Brace Axial Forces vs Elongation (Run069)
B P i foee ]
v R S PSP iy 200 5 S/ G s S G Sl -
* i v
1
e i AN 18
z s A
‘. Jrdv Ay /I
] < b
&0 (G w 5 }
@
-200 arenefe o -50 /
e f R S S A0 (O5 PNy (SRR ES B SRR SERO
' bl VA Y]
400 1|
-200
C ! o8 DXEURcofant[%]o ° ! e d N 0 s Brace1glongahan1?mm] ® » ®

Fig. 20.4 Measured response in Test 4: a table and response accelerations; b Frame storey drift; ¢
Base shear-drift hysteresis; d brace force-elongation hysteresis
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Fig. 20.5 Images of specimen deformation and fracture. a local buckle at brace mid-length with
initial tear; b incomplete fracture of brace; ¢ deformed shape of brace cross-section after local
buckling and fracture; d yield pattern in gusset plate with SLC detail

hinge close to brace mid-length. During large amplitude displacement cycles, lo-
cal buckling occurred in these plastic hinges, and as the hinge rotation demand
increased, a small tear would initiate at the peak of the local buckle. Upon sub-
sequent reversal of the direction of frame response the brace experienced tension
forces which caused these tears to propagate throughout the depth of the cross sec-
tion causing brace fracture. Figure 20.5 presents a set of images from different tests
that illustrate this process. Also shown is a gusset plate after testing, displaying a
yield pattern in the plastic hinge that must form in the gusset plate to accommodate
large out-of-plane brace buckling deformations. No gusset plate failures (plate frac-
ture, plate buckling, weld or bolt failure) occurred in any of the tests, validating the
capacity design and overstrength procedures employed (AISC 2005; CEN 2004).
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Fig. 20.6 Initial natural frequency of test frames by specimen characteristics

20.4.1 Frame Stiffness

Figure 20.6 compares the initial natural frequency of each test by brace specimen
cross-section size and gusset plate connection configuration. The values vary in a
relatively narrow range between 3.8 and 4.6 Hz approximately. The larger cross-
sections (S1 and S2) tend to display higher natural frequencies than the smaller
ones (S3 and S4), but not in every case, and the differences are less than the differ-
ences in brace cross-section area. For a given cross-section size, the highest natural
frequency (and therefore frame stiffness) tends to be displayed by specimens with
the conventional CA-G1 connection configuration, but the reductions in natural
frequency observed with other configurations are small.

Figure 20.7 examines the evolution of frame natural frequency in each individual
test, grouped by brace-gusset specimen cross-section size. In Fig. 20.7a the natural
frequency of the frame with S1 cross-sections does not reduce much between the
initial and final runs because the maximum drift demand (in the 10% probability
of exceedance in 50 years earthquake test run) remained less than 1%, and the
brace had not experienced large out-of-plane buckling deformations. In contrast,
Fig. 20.7b—d display large reductions in natural frequency after subsequent runs
(10 and 2% probability of exceedance in 50 years where additional failure level
earthquake runs were executed). The S2, S3 and S4 cross-section sizes in these
specimens lead to larger out-of-plane brace buckling slendernesses, and larger brace
buckling deformations.
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Fig. 20.7 Evolution of natural frequency with previous maximum drift demand in individual tests
by brace-gusset plate specimen cross section. a S1 brace cross-sections, b S2 brace cross-sections,
¢ S3 brace cross-sections, d S4 brace cross-sections

20.4.2 Frame Drift and Brace Ductility

Figure 20.8 compares the variation in maximum drift demand with the PGA dis-
played in each test. The results are grouped by brace-gusset plate specimen cross-
section size. The larger cross sections (S1 and S2) display a mostly linear relation-
ship between drift and PGA, while the smaller cross sections (S3 and S4) exhibit
increasing drift values for higher PGA. This behavior may be expected in short
period structures that are subjected to ground excitations substantially greater than
those required for initial yield.

Measured maximum frame drift and brace force data can be combined to give
a high-level indication of the influence of brace-gusset plate specimen connection
type on the global ductility capacity of the test frame. The design of the experimental
programme provided pairs of tests in which the specimens differ in only one of the
main test variables (brace cross-section, connection type and gusset plate design).
Figure 20.9 compares the response of pairs of tests which both employed the same
brace cross-section, but different connection details. The plots shown compare the
variation in the maximum normalized brace force observed in each run with the
maximum drift experienced by the test frame in that run. Three plots compare the
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Fig. 20.8 Variation of maximum storey drift demand with PGA by specimen cross section

application of the conventional and balanced design methods to CA-type connec-
tions. In each case, the balanced design reaches a larger drift before brace fracture.
This is especially noticeable with the 80 x 80 specimens in which the conventional
design experienced brace fracture at a drift of only 1 %. The maximum brace forces
are also greater in the balanced design cases. Overall, the comparisons presented
in Fig. 20.9 support the hypothesis that the use of the balanced gusset plate design
method leads to a more ductile and dissipative response in CBFs without loss of
brace resistance.

Figure 20.10 presents the observed displacement ductility capacity of the brace-
gusset plate specimens. The brace ductility capacity values shown are obtained by
normalizing the brace fracture elongation by the brace yield displacement. The
brace fracture elongation is the maximum measured change in overall brace length
in a fractured brace during the earthquake test run in which that brace fractured.
This change in length may be an increase in length (elongation under tension) or a
reduction in length (shortening under compression) and includes the effects of axial
deformations in the tube length and gusset plate strains. The brace yield displace-
ment is obtained by multiplying the length of the unstiffened brace tube by its char-
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acteristic yield strain, identified from the results of the characteristic steel strengths
presented in Tables 20.1 and 20.2.

The measured brace displacement ductility capacities vary between 2.9 and 12.0,
with a mean value of 7.5. The variation between the values identified in each test is
attributable to the main test specimen parameters: member slenderness, cross-sec-
tion slenderness, connection type and gusset plate design method. Larger ductility
capacities were displayed by more slender specimens with smaller cross sections
(S3 and S4), and the use of the balanced gusset design approach (G2) leads to larg-
er brace ductility capacity than the conventional approach (G1). In the four cases
where direct comparison between specimens designed using these two approaches
can be made, the improvement ranges from 30-140 %, with a mean improvement
of 80 %.

20.5 Conclusions

The BRACED project completed a series of shake table tests on a model CBF em-
ploying various brace members with different cross-section and gusset plate con-
nection details. Amongst other properties, the test results identified the evolution of
frame stiffness with drift level, the sensitivity of frame drift to PGA level, and the
brace displacement ductility capacity displayed with different brace member-gusset
plate combinations. In particular, the tests confirmed that the use of a balanced
design approach in which gusset plate and brace member resistances are designed
to ensure a more uniform distribution of plastic strains can lead to higher brace
ductility capacities.

The experimental results can also be used to validate and improve empirical
models for the ductility capacity of hollow section bracing members, identify active
yield mechanisms and failure modes in different brace member/connection configu-
rations, develop and validate numerical models for simulating the inelastic seismic
response of CBFs, and provide essential data on the earthquake response of Euro-
pean CBFs.
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