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ABSTRACT

Braces with Intentional Eccentricity (BIEs) have been proposed to overcome some of the
shortcomings of Concentrically Braced Frames (CBFs), namely the implications of their inherently
stiff nature, their limited post-yielding stiffness and the susceptibility of Hollow Structural Sections
(HSSs) to premature local buckling and fracture, and the excessive overstrength that may result
from the design codes limits on the local and global slenderness. However, the application of BIEs
for use in buildings has not yet been attempted, nor has their implementation in a global design
approach yet been addressed. In this paper, a procedure based on the Direct Displacement Based
Design (DDBD) method is employed in the seismic design of Frames with Intentionally Eccentric
Braces (FIEBs). Buildings of 4, 8 and 12 storeys are designed as FIEBs with HSS brace members,
with target drift ratios of 1.5 % and 2.5 %, and as Special CBFs for comparison purposes. The
performance of the resulting buildings is assessed through Non-Linear Response-History Analysis.
The results show that the employed design procedure is well suited to FIEBs, that their seismic
performance is satisfactory and complies with the proposed performance objectives, and that they

can constitute an economically advantageous alternative to conventional CBFs.
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1. INTRODUCTION

Concentrically Braced Frames (CBFs) with Hollow Structural Sections (HSSs) as the brace
members are widely used as the seismic-force-resisting system (SFRS) of low- and mid-rise
buildings. Despite their popularity, these structures present significant drawbacks that hinder their
convenience. Firstly, the ductility and the energy dissipation capacity of the braced frame is limited
by the susceptibility of HSS braces to low cycle fatigue induced fracture at the plastic hinge region
[1,2]. Secondly, due to their invariably stiff nature, CBFs are constrained to low fundamental
periods of vibration and, thus, to high acceleration and force demands, which, in combination with
the overstrength that originates from the compression resistance governing the sizing of the brace
members, result in high design forces for the capacity protected components of the structure and
its foundations, weighing significantly on the total cost of construction. Additionally, Conventional
Concentric Braces (CCBs) possess nearly no post-yielding stiffness, potentially resulting in large
deformation demands and stability issues. Furthermore, although the design codes prescribe limits
to the local and global slenderness of the bracing members in CBFs aiming to ensure that they
provide an adequate response and sufficient ductility, the need to comply with these often results
in unintentional excessive overstrength in particular storeys, favouring the concentration of drift
demands in storeys with a lower capacity to demand ratio [3]. The propensity of CBFs to develop
a soft-storey seismic response is mitigated by the modest force modification factors and stringent
building height limits specified in the codes, further hindering their cost-effectiveness and range of
application in seismically active regions.

To overcome these shortcomings of CCBs, Skalomenos et al. [4] proposed the use of Braces with
Intentional Eccentricity (BIEs) as an alternative lateral load carrying system. A BIE is,
straightforwardly, an otherwise conventional brace with its longitudinal axis offset with respect to
the working points (i.e. the frame diagonal). As, due to this eccentricity, they are subjected to
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bending moment and axial force simultaneously under seismic action, BIEs are naturally more
flexible than CCBs and are characterised by a pseudo-trilinear force-displacement behaviour in
tension, with an early initiation of inelastic response and significant post-yielding stiffness, and a
smooth flexural response in compression devoid of sharp peaks and loss of stiffness due to sudden
buckling. Moreover, their pre- and post-yielding stiffness can be controlled by varying the
prescribed eccentricity, enabling a better control over the dynamic response of the structure. These
characteristics of BIEs presumably auspice an earlier and better distributed engagement of
dissipative action. In addition to this, the onset of local buckling at the mid-length, which precedes
fracture, is delayed in terms of axial displacements because the strain demand is more evenly
distributed along the brace length. In their research, Skalomenos et al. performed cyclic load tests
on five half-scale BIE specimens with two eccentricity values and one CCB, all made from the
same circular HSS, and obtained results consistent with the behaviour described above. However,
their published works did not address the application of these braces in buildings nor did they speak
to the implementation of BIEs in a global design approach. These steps are necessary to determine
whether BIEs would indeed produce SFRSs with advantages, in terms of cost or structural
performance, over conventional CBFs.

In this paper, an exploratory investigation on the seismic design and performance of Frames with
Intentionally Eccentric Braces (FIEBs) made of square HSSs is presented. Given the particular
force-deformation behaviour of BIEs, which, as is herein described, sets them apart from
conventional dissipating elements, an alternative design approach addressing explicitly the
characteristics of the BIEs, namely one based on the Direct Displacement-Based Design procedure,
was developed. Prototype buildings based on a common plan configuration and with number of
storeys of 4, 8 and 12, were designed using the proposed design procedure for two target maximum
drift ratios: 2.5 % and 1.5 %. To consider a relatively high seismic hazard, the buildings were
supposed located in Los Angeles, CA, on a class C site, resulting in seismic design category D,
according to ASCE/SEI 7-16 [5]. The braces were designed to bend in the plane of the frame using

4



a knife-plate to gusset-plate connection. The eccentricity was achieved by means of side-plated
assemblies linking the bracing members to their connections to the frame beam-to-column joints,
designed following constructive and cost-effectiveness criteria. To allow for the comparison of
costs and structural performance, conventional Special CBFs were also designed for the same
conditions. The performance of all resulting frames under seismic action was assessed numerically
through Non-Linear Response-History Analyses (NLRHA) on fiber-based models in OpenSees [6].

2. CHARACTERIZATION OF BIEs

2.1. Components of BIEs
The essential components of a nonspecific BIE are presented schematically in Fig.1. The
eccentricity, e, is defined as the parallel offset between the axis of the bracing member and the line
connecting the frame’s working points, which would normally coincide with the frame diagonal.
The eccentricity is introduced by assemblies that transfer rigidly the axial loads between the
working points and the bracing member, hereon designated as eccentering assemblies. Beyond their
length, L., , the specific design of the eccentering assemblies does not have a significant effect on
the response of the BIE provided that they can be assumed to behave as rigid bodies linking the
bracing member to its connection to the rest of the structure. Examples of eccentering assemblies
are those tested by Skalomenos et al. and the ones considered in this research, which are described

further below. The total, or hinge to hinge, length of the BIE is L.
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Fig. 1. Schematic drawing of a nonspecific BIE and its components

2.2.Modelling of BIE response
In this research, the OpenSees platform is the main resource used to model BIEs and to study their

response and the effects of the different variables involved. OpenSees allows for the construction



of fiber-based finite element frame objects incorporating the specified material stress-strain curve
and force-deformation hysteretic parameters at the fiber level and, as such, allows for the explicit
representation of distributed plasticity. The software is also capable of handling geometric
nonlinearity and is therefore well suited to reproduce the global response of steel frames with
elements under flexural compression, including buckling of braces. OpenSees has been used
extensively in research on steel frame structures and its suitability for these purposes has been
demonstrated in many publications [7,8]. Since the published data on the numerical modelling of
BIEs is scarce, the authors verified the applicability of OpenSees for BIEs by programming models
of the tests described in Skalomenos et al. and verifying that the numerical results were in
reasonable agreement with the published test results.

Fiber-based finite element models, however, possess the limitation of being unable to capture
localized phenomena such as local buckling, which is of great relevance as an indicator of the
imminent failure of HSS brace members. Therefore, the OpenSees analyses are complemented in
this research with shell-based finite element models in the commercial software Abaqus [9] when
there is need to explicitly capture the onset of local buckling, as is explained in section 2.7. The
suitability of Abaqus for this purpose has also been demonstrated in the literature [10].

2.3.Monotonic Force-Deformation Behaviour of BIEs

The kinematic response of BIEs, which was described in Skalomenos et al., and is here anew
summarized, relies on the assumption that the connections at the ends of the eccentering assemblies
behave as pins. In practice, this can be reasonably approximated by employing ductile connections
detailed to yield in flexure at low levels of axial load such as those commonly used in CBFs. The
idealised general behaviour of BIEs under tensile (a) and compressive (b) monotonic load,
compared to that of CCBs, is presented in Fig.2. Due to the eccentric loading, bending moments
develop at its ends with initial magnitude equal to the product of the force and the prescribed
eccentricity. Under tensile load, the BIE bends toward the working point axis as it elongates and,

since the moment arm across the brace length decreases as the loading progresses, the effective
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stiffness increases with the axial deformation until the outermost fiber in tension attains the yielding

stress, Fy,. The corresponding point on the curve, T, — 4,,, marks a discontinuity on the force-

v
deformation response, and is designated as the “first yield” point. As loading is continued beyond
this stage, the plasticity extends through the cross-section and the BIE responds with a lower
stiffness that, however, increases as the effective eccentricity keeps decreasing. The maximum
tensile force developed by the BIE, T, is attained when the effective eccentricity where the bracing
member meets the eccentering assembly reaches zero, thus allowing the full cross-section to yield
in tension. Nearing this stage, depending on the magnitudes of e and L,,, plastic hinges may
develop where the brace ends meet the eccentering assemblies because bending of the HSS
compensates the rotation of the eccentering assemblies in order to maintain the parallelism between
the bracing member’s axis and the frame diagonal. The maximum rotation demand on the HSS at
that location, 6;, , can be estimated as tan~1(e/Ley) . As shown in Fig. 2 (a), the force-deformation
backbone curve of BIEs in tension can be approximated with a tri-linear model, as proposed in
Skalomenos et al. An initial, or elastic, portion with stiffness K; extends up to the “first yield” point,
T,, followed by a post-“first yield” portion, with secondary stiffness K, limited by the ultimate
yield point, T,,. This is trailed by a final segment, comprising the fully yielded section, that extends
until the brace eventually fractures.

When compressive load is applied, the BIE bends away from the working point axis and the
increment of the brace deflection entails a progressive reduction of the stiffness, as the effective
eccentricity at the brace mid-length increases. As proposed by Skalomenos et al., the maximum
force developed in compression, C’, can be approximated by the load corresponding to the elastic
limit state of a column subjected to eccentric axial load, using Eq. (1), where P, is Euler’s buckling

load, A is the cross-section’s area and S is the section modulus.
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In contrast with CCBs, in BIEs the maximum force in compression does not manifest as a sharp

peak in the force-deformation curve. Instead, their response transitions smoothly from elastic to
inelastic post-buckling behaviour. As such, the backbone curve of BIE response in compression
can be idealised as elastic-perfectly plastic, with initial stiffness K; and maximum force C’ as shown
in Fig. 2 (b). As the deformation progresses, a plastic hinge develops at the brace-mid-length where
the strain demand concentrates. As it will be explained, the set composed by Ty, T, C’, K;, and
K, comprises the relevant parameters used for design, which depend on the length, cross section

and eccentricity of the BIE.
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Fig. 2. Compared BIE and CCB idealised monotonic force-deformation behaviour: tension (a) and compression (b) (not
to scale)

The effects of the eccentricity magnitude on the BIE’s monotonic response can be observed in Fig.
3, which, as an example, presents the results of analyses carried out in OpenSees on models of BIEs
of an ASTM A1085 HSS 178x178x16 for different levels of eccentricity under monotonic tensile
(a) and compressive (b) loading. The length of the BIE for these models was 5408 mm, including
eccentering assemblies modelled as 360 mm long rigid links. The end connections were modelled
as 38.1 mm thick plates with a width of 360 mm and a clearance of 77 mm to allow for unrestrained
plastic rotation and to resist the force associated with the probable brace resistance in tension. The

design is consistent with that of a BIE intended for a 6 m wide by 4 m tall braced bay considering



a knife plate to gusset plate end connection producing in-plane bending of the BIEs, as is discussed
below. A nominal yield stress of 345 MPa was considered both for the plates and the HSS for these
analyses. Referring to the idealized models of BIE response described above, the relevant values
for design, i.e. Ty, T, C’, Ki, and K; can be obtained from such analyses. Table 1 presents this set of
parameters, as obtained from the curves shown in Fig. 3. In general, for a given section BIE, T}, C’,
K;, and K; will decrease as a function of the eccentricity, resulting in an increase of the deformations
associated with “first yield” and ultimate yield. The ultimate yield force, T., does not depend on

the eccentricity, as it is a function of the section’s gross area and material yield stress.
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Fig. 3. Influence of eccentricity on the force-displacement response of HSS 178x178x16 BIEs with L=5408 mm and
Lea=360 mm: tension (a) and compression (b)

Table 1. Example of selected relevant design values as a function of eccentricity for HSS 178x178x16 BIEs with
L=5408 mm and Les=360 mm

Eccentricity, e, “First yield” Ultimate yield rigil:tl;;iflz‘? Initial stiffness, stsi’;fi?;(:arlz
(mm) force, Ty, (kN) force, Tu, (kN) (kN) Ki, (kN/mm) (kN/mm)
0 - 3325.8 1788.3 356.5 -
60 2088.1 3325.8 1032.7 271.2 44.8
120 1471.2 3325.8 716.1 136.2 27.6
180 1135.8 3325.8 554.9 69.7 18.4
240 926.2 3325.8 454.9 39.4 13.1

Taking the horizontal components of the axial forces obtained for the analyses shown in Fig. 3 and
summing them, one obtains the storey shear force that two contiguous braced frames with bracing
members such as described above acting in opposite directions would produce when subjected to
horizontal displacement at the top, as presented in Fig. 4. Note that in contrast with the CCBs (i.e.
e = 0), the storey shear response of the BIEs with significant eccentricities working in pairs
increases continuously with the displacement; there is no peak corresponding to buckling of the
compression brace and subsequent drop in storey shear capacity. As is discussed below, the
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eccentricity to bracing member section depth ratios (e/H) that commonly result from the use of the
design procedure herein described are larger than 0.66, and therefore the shear — deformation
stiffness of the BIE pairs is continuously positive.
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Fig. 4. Influence of eccentricity on the storey shear vs. top displacement response for two contiguous 6 m by 4 m bays
with HSS 178x178x16 BIEs acting in opposite directions.

2.4.Influence of the eccentering assemblies length
The length of the eccentering assemblies, L,,, plays a significant role on the force-deformation
response of BIEs in tension, and should thus be incorporated explicitly in any BIE model. Firstly,
the bending moments that develop on the bracing members’ ends and how they evolve as the brace
elongates and bends toward the working point axis depend on the dimensions of the eccentering
assemblies. For a given eccentricity, an increase of L,, implies a reduction of the maximum rotation
demand, 6, , thus decreasing the displacement required to annul the eccentricity and reach the
ultimate yield point. Also, supposing that the total length, L, remains unchanged, an increase of L,
results in a reduction of the length of the deformable bracing member, and therefore in an increase
of the axial stiffness of the BIE. An example of this can be observed in Fig. 5 (a), which presents
the monotonic force-deformation curves in tension for a set of BIE models with varying L,,. The
values of K; and K, and hence the “first yield” and ultimate yield deformations, depend on the
length of the eccentering assemblies. The response in compression, however, is not significantly

affected by the magnitude of L4, as Fig. 5 (b) shows, presumably because the stiffness of the
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compression response mainly depends on the rotational rigidity of the mid-length region and the

end connections.
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Fig. 5. Influence of Leqa on the force-displacement response of HSS 178x178x16 BIEs with L=5408 mm and e=180
mm: tension (a) and compression (b)

2.5.Influence of residual stresses and in-section variation of F, of BIEs
Due to their fabrication process, which involves rolling and cold working, HSSs contain residual
stresses and present a variation of the yield stress, F), across their cross section. Koval [11] presents
a thorough review of the available research on the topic and proposes a model of the distribution
of the residual stresses and yield stress gradient over the thickness and the perimeter of rectangular
HSSs, applicable to fiber elements models in OpenSees. A comparison of the monotonic force-
deformation response of an OpenSees BIE model that neglects the residual stresses and yield stress
gradient against one that includes these effects using Koval’s model is presented in Fig. 6. In the
latter, only the variation of the residual stresses across the thickness was considered, as it was shown
by Koval that the variation across the perimeter exerts no significant influence on an HSS’s force-
deformation response. Considering the nominal value for F, of 345 MPa, the net yield stress on the
model with the effects was uniformly scaled so that both models had an equal ultimate tensile
strength. As can be seen, the effects of the residual stresses and yield stress gradient do not modify
considerably the response in monotonic tension, producing only slight changes to the shape of the
curve and to the displacements corresponding to “first yield” and ultimate yield. In compression,
the inclusion of the effects results in an even smoother transition from the elastic to the post-

buckling regimes.
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(a)

Fig. 6. Influence of yield stress gradient and residual stresses on the force-displacement response of HSS 178x178x16
BIEs with L=5408 mm and e=180 mm: tension (a) and compression (b)

2.6. Response of BIEs to Cyclic Loading
The axial force vs. lateral drift hysteretic plots of an ASTM A1085 HSS 178x178%16 BIE with an
eccentricity of 180 mm, and a CCB of the same section, are presented in Fig. 7 (a). The resulting
storey shear vs. lateral drift plots that would result from pairs of such braces acting in opposing
directions in adjacent bays are shown in Fig. 7 (b). The data were obtained from OpenSees analyses
where the brace dimensions and components were, again, defined assuming a 6 m wide by 4 m tall
braced bay. A loading protocol with symmetrical cycles of increasing equivalent storey drift
amplitude of 0.1, 0.25, 0.75, 1.0, 1.5, 2 and 3 % was followed. In Fig. 7 (a), it can be noted how, in
contrast with the CCB, the BIE exhibits a significant secondary (post “first yield”) stiffness in
tension with the maximum load increasing at each cycle, while in compression the maximum load

stabilizes at the post-buckling force level. These properties are conserved when two braces act
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Fig. 7. Single brace axial force vs. lateral drift (a) and storey shear vs. lateral drift (b) for HSS 178%178x16 CCBs and
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2.7.Fracture Life of BIEs
As for conventional braces, low-cycle fatigue fracture, triggered by local buckling, presumably
governs the failure mode of HSS BIEs. However, the physical tests by Skalomenos et al. showed
that the introduction of eccentricity delays the onset of local buckling at the brace mid-length in
terms of axial displacement or equivalent inter-storey drift ratio. This is explained by the strain
demands being more evenly distributed along the brace length due to the presence of bending from
the onset of loading. To generalize these findings to BIEs made with square HSSs commonly used
in North America, i.e. ASTM A1085 HSSs, the authors performed a parametric study based on 243
individual finite element BIE models in Abaqus based on standard commercially available sections
and dimensioned assuming the use of the braces in a 6 m by 4 m braced bay. The considered

variables were the global (L /r) and local (b/t) slenderness ratios and the eccentricity ratio, defined
as the specified eccentricity divided by the section height, ey = % Given the lack of available data

necessary to adequately calibrate a material damage model to capture low-cycle fatigue fracture in
BIEs, the onset of local buckling at the brace mid-length was regarded as an indicator of imminent
failure. It has been shown in previous research on HSS braces [1, 2, 12] that once local buckling
occurs, the brace will likely fracture in the subsequent tension excursion. The BIE models in the
study were subjected to reversed cyclic loading with increasing displacement amplitude; the drift
ratio of the cycle with maximum amplitude that the BIE could sustain before developing local
buckling was reported as the maximum allowable drift ratio, 6,,;. The maximum drift ratio
amplitude in the load protocol was 5 %; this value was reported for the models that did not show
local buckling during the analyses. As expected, the results illustrate that the fracture life of BIEs
increases with the eccentricity, the global slenderness and the stockiness of the section. A multiple

regression analysis was then applied to obtain an expression to estimate 8,,4 as a function of e,
. : Lt . . .
and a combined slenderness ratio: 1, = —, given in Eq. (2). The data point scatter and the surface

corresponding to the obtained function are shown in Fig. 8. It must be noted, however, that the
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appropriateness of the proposed equation is yet to be validated by contrasting the drift ratios at the
onset of local buckling it predicts, against actual results from physical testing of BIE specimens.

g = —0.4312 + 0.19431, + 0.6704e, — 0.00131912 — 0.018331ye, + 0.241e2  (2)
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Fig. 8. Maximum allowable drift ratio vs. eccentricity ratio and combined slenderness

2.8. Energy Dissipation Capacity of BIEs
In comparison with CCBs, a larger amount of energy is required to reach the tensile yield strength
of BIEs. This is due to the additional energy required to straighten the bracing member and annul
the eccentricity. In Fig. 9, the total energy required to attain T,,, disaggregated into its axial and
flexural components, is presented for an ASTM A1085 HSS 152x152%13 BIE with different levels
of eccentricity. To construct this plot, first the energy required to attain T;, for a perfectly straight
brace was obtained from an analysis under monotonic load in OpenSees. This energy is thus
associated with the axial elongation of the brace (blue part of the bars in Fig. 9). Then, the analysis
was replicated for increasing e/H ratios, and the difference in the total energy with respect to the
concentric model is assumed to be associated with bending (red part of the bars). As expected, the
flexural energy increases with the eccentricity, whereas the axial energy does not vary. However,
as the eccentricity is increased, the displacement required to reach T, increases accordingly. As
such, although it would be impractical to fully benefit from the maximum theoretical energy
dissipation capacity of BIEs in design, as the displacement involved could be excessive. However,

one could still benefit from part of the additional energy dissipation by performing a design oriented
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toward the BIEs attaining a predetermined and practical, drift or displacement target under seismic
action. The energy dissipation capacity at the target displacement could then be exploited in design

through an equivalent damping ratio.

The equivalent damping ratio, ¢4, quantifies the net damping capacity of a dissipative system
under cyclic loading for a given loading cycle accounting for all the energy-dissipating mechanisms
involved [13]. &, can be obtained from Eq. (3), where E; is the area enclosed by the force-
deformation curve for the cycle of interest, and F,, and A,, are respectively the maximum force in

the cycle and the displacement amplitude.

Eq

$ea = 30F A

3)

Skalomenos et al. presented the equivalent damping ratios, ¢.,, obtained for their test specimens at
each drift level. It was shown that although the maximum values of &, were not significantly
affected by the eccentricity, the drift ratio at which they occurred varied notably as the yield
displacement changed with the eccentricity. Preliminary data collected from numerical analyses
performed by the researchers on BIEs have shown that, indeed, there is no clear correlation between
the eccentricity and the net energy dissipation capacity. Further, the eccentricity has no notable
effect on the equivalent damping ratio as a function of the ductility demand. The ductility demand
is defined as the ratio between the cycle amplitude and the drift corresponding to the “first yield”
point of the BIE. An example of this behaviour is presented in Fig. 10 for ASTM A1085 HSS
152x152%13 BIEs, in which it can be observed that for eccentricity ratios equal to 1.0 or larger, the

maximum value for ¢, and the associated ductility demand are practically constant.
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Fig. 9. Energy input and axial displacement required to
reach T,, under monotonic loading for HSS 152x152x13
BIEs with L=5408 mm and Le=305 mm

2.9. Sensitivity to Member Out-of-Straightness

Fig. 10. &4 vs. ductility demand for HSS 152x152x13
BIEs with L=5408 mm and Le=305 mm

While in CCBs the member out-of-straightness plays an important role on the brace buckling
strength, in BIEs, given that their responses in compression and in tension encompass an inherent
flexural component, the effect of the member imperfection is overshadowed by that of the
eccentricity. Depending on whether the out-of-straightness increases (positive out-of-straightness)
or decreases (negative out-of-straightness) the effective eccentricity, it may entail an increment or
decrement in the BIE strength and stiffness. As positive out-of-straightness increases, the effective
eccentricity at mid-length, the values of K;, K, C', and T,, decrease accordingly. Conversely, with
negative out-of-straightness those values increase. Numerical analyses carried out by the authors
to study the influence of member out-of-straightness on the monotonic and cyclic response of BIEs
indicate that the effects of out-of-straightness smaller than + L/1000, the fabrication tolerance in
North American codes [14, 15], are negligible. Figure 11 presents the change of the compressive
strength of BIEs as a function of the out-of-straightness with respect to the compressive strength of
a perfectly straight BIE, Cj, as obtained from OpenSees models of BIEs with different global
slenderness and eccentricities. The results show that the influence of the out-of-straightness is
greater for smaller eccentricities and larger slenderness; however, for out-of-straightness within the
+ L/1000 tolerance, which corresponds with the region highlighted in gray in Fig. 11, the

differences are within + 5 %.
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Fig. 11. Change of the compressive strength of BIEs as a function of the out-of-straightness, with respect to the
compressive strength of a perfectly straight BIE

3. DESIGN PROCEDURE FOR FIEBs
As shown in the previous section, BIEs present a particular force-deformation behaviour that makes
them stand out from traditional dissipative elements used in SFRSs, such as CCBs, moment frame
connections or eccentrically braced frame links, among others. The monotonic response of common
SFRSs can be reasonably approximated by elastic-perfectly plastic models; they respond elastically
until they reach their yield resistance, at a relatively low displacement or rotation, and then, if the
loading is continued, they deform plastically with the force or moment remaining at an essentially
constant level until fracture. Considering this, traditional dissipative elements are well suited for
the force-based design methods that most modern design codes wield; they can be dimensioned by
equating their yield strength to the seismic demand resulting from an elastic analysis, in which the
force level is reduced to account for ductile response and overstrength. In the case of BIEs,
however, the maximum capacity in tension is attained at variable deformation levels that depend
on the eccentricity and that might even be larger than the maximum inter-storey drift ratios allowed
by the design codes, e.g. 2.0 % in ASCE/SEI 7-16 for buildings over 4 storeys high and 2.5 % for
buildings with 4 or fewer storeys. Furthermore, BIEs’ secondary stiffness is significant and also
varies with the eccentricity, the section properties and the brace geometry, making both the elastic-
perfectly plastic idealisation and the use of a ductility related seismic force reduction factor

unfitting.
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Given these considerations, the use of a displacement-based design method, allowing for the
explicit consideration of the force the BIEs develop as a function of the axial displacement, appears
as a rational course of action. Specifically, an adaptation of the Direct Displacement-Based Design
method (DDBD) [16], is here employed. In past research, the appropriateness of the DDBD
approach for the seismic design of multiple types of structures, including CBFs [17, 18], has been
demonstrated; the results presented in this paper can be considered a verification of its applicability
to FIEBs. In the following sections, a description is given of the steps of the adapted design
procedure as used in this research. For general information on the DDBD method, refer to [16].
3.1.Selection of design target storey drift and displacement vector and calculation of
associated equivalent mass and equivalent displacement
In DDBD, the target displacement vector generally corresponds to the inelastic first mode shape of
the structure and, as such, is specific for the structural system and the height of the building. It is
important to note this target displacement vector is a design assumption that does not necessarily
reflect the distribution of anticipated maximum storey displacements, as it does not account for the
effects of higher modes or the reversing nature of earthquake demands. Expressions are available
to approximate the inelastic first mode shape of various traditional structural systems, but in the
case of FIEBs, none are yet available as the research on the new structural system is incipient.
Moreover, the formal calibration of such expressions requires a considerable amount of data and
work which, in the authors’ opinion, will be justified at a later stage once the potential of the new
system will have been established.
In this research, the inelastic first mode shape proposed by Priestley et al. [16] for moment frames,
given in Eq. (4) is used. Although expressions developed for CBFs exist, such as the one presented
by Al-Mashaykhi et al. [19], and arguably that system bears more similarities to the proposed
system than moment frames, analyses by the authors have shown that the inelastic first mode shape
of FIEBs is in fact closer to the shape obtained with Eq. (4) than to that obtained with the
expressions for CBFs. An example of this is presented in Fig. 12. A proposed explanation for this
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observation is that, given that BIEs are naturally less stiff than CCBs, the displacement profile of
FIEBs is closer to that of an ideal shear building, in contrast with CBFs where the contribution to
the deformed shape of the axial deformations of the columns in more significant. In Eq. (4), n is
the number of storeys, H; and H,, are the elevations of the i and top storeys and §; is the normalised

lateral displacement of the i storey.

H;
n< 4: 6i = H_
n
“4)
4 s 4H; 1 H;
n>4: i = -
3H,\"  4H,
10
o] —FEa®
8
Proposed for
7 CBFs
o 6 — Observed
] 5 inelastic first
% mode shape
4
3
2
1
0

0 01 02 03 04 05 06 07 08 09 1
Normalised lateral displacement

Fig. 12. Observed inelastic first mode shape of a 10 storey FIEB, compared with predicted inelastic first mode shapes for
moment frames and CBFs

The normalised displacement vector obtained with Eq. (4) is then scaled to produce the selected
lateral design drift of the critical storey, which is the first storey for buildings 5 storeys and taller,
to obtain the storey design displacements, d;, which, along with the storey masses, m;, are used in
the calculation of the displacement (Eq. (5)) and mass (Eq. (6)) of the equivalent Single Degree of

Freedom System (SDOF) at the design level.

Ydim;
= 5
Beq 2 dimy ©
>d;m;
Meq = fql (6)
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3.2. Determination of equivalent damping ratio and target period
The target period, T, is obtained from the damped displacement design spectrum by reading the
ordinate corresponding to A,. To do so, however, the equivalent viscous damping ratio, §.q, used
to reduce the displacement spectrum must first be defined. In the same manner as for the
displacement vector, no models exist yet for the estimation of the equivalent viscous damping of
FIEBs in the context of DDBD. The formal development of such models remains for the moment
out of the scope of this exploratory investigation. In lieu of that, the models proposed by
Wijesundara et al. [20] for the equivalent damping ratio of CCBs as a function of the member’s
non dimensional slenderness, A, and the ductility demand, u, given by Eq. (7) are used. This
approach is considered acceptable since, as is explained in the previous section, for BIEs, ¢, as a
function of u is not sensibly affected by the variation of the eccentricity level and because, as is

shown below, the results obtained using this approach are satisfactory.

2
W<2 £pq =003+ (0.23 - E) (u—1

2
u>2: $eq = 0.03 + (0.23 - 1—5) (7
L | E
A=3 7E

Eq. (7) gives &, for a pair of identical braces acting together in opposite direction. Thus, assuming
that only one type of BIE is used per storey, the average value from all storeys is used to obtain the
design ¢, of the FIEB, which is then used to reduce the base displacement spectrum through the
damping correction factor, R¢. In this research, the damping correction factor recommended by
Eurocode 8 [21], given by Eq. (8) is used. The base design displacement spectrum, S, is obtained

by applying Eq. (9) to the 5 % damping elastic design acceleration spectrum, S,.
R, — 0.1 ®)
¢ [0.05+¢,,
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3.3.Calculation of target “primary” target secant stiffness, associated base shear and
equivalent static force vector

Having obtained T, the target “primary” secant stiffness, K4, can be calculated with Eq. (10).
The authors refer to this stiffness as “primary” since it is directly associated with the target spectral
displacement of the equivalent SDOF system. Additional “auxiliary” stiffness might also need to
be provided to the FIEB to comply with stability and regularity criteria, as explained below. The
primary base shear, V4, is obtained by multiplying K., by A4 (Eq. (11)), and subsequently can be
distributed as the corresponding storey lateral forces, F;. In this research, the distribution of storey
forces is performed as per Clause 12.8.3 of ASCE/SEI 7-16 (Egs. (12) and (13)); however, instead
of the initial period, T, is used to compute the exponent k in acknowledgment of the structure’s
anticipated condition at the design level. In Eq. (13), for structures with T, < 0.5 s, k= 1; for

structures with Teq >2.5 s, k = 2; and for structures with T,, between these two values, k is

interpolated linearly.
M
Koq = 42 T"’" (10)
eq

Vog = Kegleq 3y
Feq,i = CviVeq (12)

L (13)
Y EE Wik

3.4.Selection of BIEs for each storey, providing capacity equal to the design shear at the
design displacement level and complying with regularity and stability criteria

At each storey, the BIEs, in terms of a section-eccentricity pair (e.g. HSS 178x178x16 — e = 230

mm) are selected such that the storey shear capacity they provide at the target storey displacement,

d;, 1s equal to the design shear. The storey design shear, v, ;, given by Eq. (14), is defined as the
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sum of the equivalent primary storey shear, v, ; (i.€. the cumulated effects of the forces Fy ; above
storey i obtained from step 3), and the notional loads, v, ;, amplified by a factor accounting for the
P-A effects which, given that FIEBs are relatively flexible structures, if not addressed in the design
might induce a reduction of the effective stiffness of the structure as it evolves toward the design
displacement. In this paper, the magnitude of the notional loads applied corresponds to 0.002 times
the factored gravitational loads, Cr;, as per clause C2.J.2b of ANSI/AISC 360-16 [14]. The
amplification factor used to account for the P-A effects at the design level, U, ;, is based on that of
CSA S16-14 Clause 27.1.8.2 [15], given by Eq. (15), where v; is the storey shear capacity of the
chosen section-eccentricity pair at the design displacement level. This amplification factor is
preferred over that given by clause 12.8.7 of ASCE/SEI 7 as it compensates the loss of storey shear

resistance due to P-A effects at the expected displacement.

Vai = Uy i(Veq,i + Vni) (14)
Cr.d;
fi%i
Uy, =1+ (L (15)
“t <WM>

The selection of the BIE section-pairs can rely on simplified models of the monotonic behaviour
of the BIEs in tension and compression, such as those described in Section 2.3 (cf. Table 1). These
can be obtained from numerical analyses under monotonic load performed on fiber-element models
based on the design properties of the material (i.e. F,), and considering the actual dimensions the
BIE will have in the braced bent, in particular its total length, L, and the length of the eccentering
assemblies, L,,. To ensure that the resulting FIEB indeed attains safely the intended displacement
levels, the fracture life of the selected section-eccentricity pairs needs to be considered. This can
be performed by verifying that the allowable drift, calculated with Eq. (2), is at least 50 % higher
than the design drift to include a safety margin.

In addition to providing sufficient capacity to satisfy the design shear, the BIEs shall also comply

in each storey with minimum stability and regularity criteria to favour an adequate response of the

22



structure. To prevent geometric instability, the ratio of effective lateral stiffness to counterbalancing
geometric stiffness at the design displacement level should be at least 1.5, as through several
preliminary evaluations, the authors have found that satisfying this limit reduces the probability of
collapse due to geometric instability. Similarly, it was found that, to avoid soft-storey mechanisms
and concentrations of shear demands in particular storeys, a smooth variation of the storey stiffness
over the height of the building is required. To achieve this, the vertical stiffness criteria of the
National Building of Canada 2015 [22] is observed; the lateral stiffness at any storey is no less than
70 % of any adjacent storey or 80 % of the average stiffness of the three storeys above or below.
3.5.Design of the protected members of the FIEB to withstand elastically the probable
forces imposed by the action of the BIEs
To ensure the conditions for the BIEs to fully develop their intended axial force vs. deformation
hysteretic response at the design level and beyond, Capacity-Based Design principles are observed.
Thus, the non-dissipating members of the FIEBs, i.e. beams, columns, connections and foundations
are treated as protected members. As such, they are provided with enough resistance to respond
elastically to the forces imposed by the inelastic action of the BIEs. Given that the forces developed
by the braces depend on the storey drift level, the probable forces are calculated assuming storey
drifts 50 % higher than the design drift in anticipation of ground motions more intense than those
associated with the design level. To consider the probable difference between nominal and real
material properties, the brace forces are further augmented by the R,, factor corresponding to the
brace member’s expected material strength. In the case of ASTM A1085 HSS members, R, = 1.25
as per ANSI/AISC 341-16 [23]. As it was shown Section 2.3, since the force-displacement
behaviour of BIEs in compression can be approximated with an elastic-perfectly plastic model,
there is no need to distinguish between buckling and post-buckling cases when analysing the forces

imposed by the BIEs on the rest of the structure, as is the case for CCBs.

23



3.6. Assessment of the performance of the resulting design
To verify that the performance objectives are fulfilled, the seismic performance of the resulting
building should be assessed employing a detailed analysis such as NLRHA. Also, the designer
should verify that the structure satisfies service level states and all other relevant ultimate limit
states, such as those including wind loading.

4. SEISMIC PERFORMANCE OF MULTI-STOREY FIEBs
To study the seismic performance of FIEBs and to verify the validity of the design procedure, 4-,
8-, and 12-storey prototype buildings based on the plan configuration shown in Fig. 13 (a) were
designed for target maximum drift ratios, 84, of 2.5 % and 1.5 %. The buildings were also designed
as Special Concentrically Braced Frames (SCBFs) following ANSI/AISC 341-16 for the purpose
of comparison with traditional braced frame systems. A braced frame configuration with pairs of
single diagonals acting in opposite directions in contiguous bays, as shown in Fig. 13 (b) was
selected. The braced frame designed and analysed corresponds to one of those situated along the
longest dimension of the building. The columns’ orientation was chosen so that in-plane
deformations of the frame produced bending about their weak axis. The foundation restraints were

considered as pins.

7@6m
8@4111

o

(a) S5@6m (b) 2@6m
Fig. 13. Plan configuration of considered prototype building (a), with highlighted regions indicating braced bents and
vertical configuration of considered SFRS (b) (8-storey frame shown)
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4.1. General design criteria
The buildings were located in downtown Los Angeles, CA, (34°05°N, 118°26’W) on a site class C.
The general and seismic design criteria and requirements are those from ASCE/SEI 7-16 and the
resulting seismic design category is D. The design of the FIEBs was performed following the
procedure described above, while for the design of the SCBFs the Equivalent Lateral Force
Procedure was employed, with a Response Modification Coefficient, R, of 6. The design seismic
ground motion values were taken from the SEAOC/OSHPD Seismic Design Maps online tool
(www.seismicmaps.org). The resulting Maximum Considered Earthquake (MCERr) and Design-
Level Earthquake (DE) acceleration response spectra along with their associated non-reduced
displacement response spectra, obtained with Eq. (9), are presented in Fig. 14. In consistency with
the seismic design criteria of ASCE/SEI 7-16 (2017), the buildings were designed for the demands
corresponding to the Design-Level Earthquake. To account for accidental eccentricity, a 10 %
increment to the acceleration spectra was applied based on the plan configuration of the building.
The dead and live loads considered in the design, as well as the storey seismic masses, are given in
Table 2. It was also assumed that the floor slabs present a 0.25 m overhang along the perimeter of
the building and that the weight of the exterior wall was 1.5 kPa. Only dead, live and seismic loads
were considered, wind loads were not included in this study. For the design of the beams and
columns, the requirements for SCBFs from ANSI/AISC 341-16 were observed both for FIEBs and
for SCBFs. It was defined that for all buildings the column section would change every three storeys
(two 1in the case of the 4 storey buildings or the topmost storeys of the 8 storey buildings), while
the lightest complying beam would be selected at each storey. Formal design of connections,
optimization of sections regarding constructability, and assessment of the performance of the

buildings under service-level earthquake loads were left out of the scope of the paper.
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Fig. 14. Acceleration and displacement design response spectra for the prototype buildings

Table 2. Design loads and seismic masses for prototype buildings

Storey Dead load Live load Seismic mass
(kPa) (kPa) (kN)
Roof 14 0.9 2188
All other storeys 4.1 2.4 6191

4.2.Bracing member design considerations
Given that, as explained previously, the BIE force-deformation models used in design need to
correspond to the actual dimensions of the bracing member, it was defined that the total length of
the bracing members would be 75 % of the frame diagonal’s length (i.e. 5408 mm). This dimension
was selected and fixed at the beginning of the design process because the resulting free space was
deemed sufficient to accommodate the final dimensions of the columns, beams, and connections
that would result from the process. The connections to the frames consist of bolted gusset- and
knife-plate arrangements designed to produce in-plane bending of the brace. The introduction of
the eccentricity is achieved by means of two side-plates that link the HSS to the knife plate. The
pin-like behaviour is assured by including a clearance of twice the knife-plate’s thickness between
the end of the eccentering assembly and its connection to the gusset plate. This configuration was
adopted on account of its simplicity and to prevent the storey drifts from imposing in-plane bending
moments on the BIEs other than those arising from the eccentricity, thus favouring a simpler and
more predictable force-deformation hysteretic behaviour. It was also defined that both the length
of the eccentering assemblies, L., (i.e. the side plates) and the width of the knife-plates would be
roughly twice the HSS height, rounded to the closest higher multiple of 5 mm. These dimensions

were selected considering that L,, should be such to allow the probable tensile force and moment
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produced at the bracing member’s end to be transmitted through reasonably sized welds, first to the
side plates and then to the knife-plate, and that the width of the knife plate should be such that a
reasonable plate thickness would result in order to grant a tension capacity at least equal to the
probable tensile force, while having relatively low flexural stiffness. An example of the considered
connection and eccentering assembly is shown in Fig. 15. The behaviour and performance of the
proposed arrangement, including whether the HSS can withstand the cyclic rotational demands it
is subjected to, is to be investigated in a later stage of the research program and remains out of the
scope of the present paper. In the case of CCBs, an analogous solution was considered but with the

knife-plate slotted into the bracing member.

e a~_ Gusset Plate\
2t, i
Eccentering | |

Assembly 2 |

| e
Knife Plate—] |
|

L] AN Section a-a

|
A

Fig. 15. Example of considered BIE to frame joint connection and eccentering assembly

To make the section-eccentricity pair selection process described in Step 4 of the design procedure
more efficient, a database containing the relevant design parameters for BIEs made from a wide
array of commercially available HSSs was created. The database was prepared using OpenSees
models based on the material’s nominal mechanical properties (i.e. F, = 345 MPa) and considering
eccentricities ranging from null to three times the section height in 10 mm increments and the
brace/eccentering assembly dimensions described above.
4.3. Resulting design

The resulting bracing members, beams and columns for all buildings are presented in Fig. 16
through Fig. 18. It can be noted for the FIEBs that the proposed design procedure, together with

the intention of using the lightest allowable sections, favoured that instead of recurring to frequent
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section changes along the building height for the bracing members, a gradually increasing
eccentricity for a constant section would be preferred. In addition, the design procedure necessitated
that identical section-eccentricity pairs be selected for several adjacent storeys to comply with all
the proposed stiffness requirements, indicating that possibly it would have been beneficial to
consider a smaller eccentricity increment, such as 5 mm, when preparing the design properties
database. However, it is questionable whether such a small resolution in the specified eccentricity
would be practical in a realistic fabrication context, considering workmanship and section
production tolerances. It can be noted as well that the observed e, ratios do not present a wide
variation with building height for a given drift ratio. In the buildings with 8,;,=2.5 %, the average
e/H value varies between 1.07 and 1.28 while in the buildings with 8,;=1.5 %, the observed values
are between 0.71 and 0.99. As commented in Section 2.3, for these eccentricity ratios it is expected
that the storey shear-deformation stiffness of the BIE pairs will be continuously positive.

The approximate steel tonnage is given in Table 3, broken down by beams and columns and bracing
member. For all three building heights, the FIEBs with 6;=2.5 % present a lower tonnage than the
equivalent SCBF, with the difference increasing with the building height. Although the net weight
of the bracing members is slightly higher, the reduction in the protected members given the lower
capacity-based design forces compensates and produces an overall lower weight. If design of the
foundations had also been included, the difference between the two systems would be even greater.
The FIEBs with 6;=1.5 %, however, were heavier than the SCBFs, with the difference becoming

more significant at lower heights.
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Fig. 16. Resulting design for 12 storey buildings
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Table 3. Steel tonnage per braced frame for the resulting designs

Building type Beams and columns (t) Bracing members (t) Total weight (t)
12 Storey SCBF 47.33 7.76 55.09
12 Storey FIEB - 04=2.5 % 35.81 9.92 45.73
12 Storey FIEB - 4= 1.5 % 45.18 11.20 56.38
8 Storey SCBF 19.42 4.67 24.09
8 Storey FIEB - 84= 2.5 % 18.37 5.16 23.53
8 Storey FIEB - 84= 1.5 % 22.86 7.1 29.96
4 Storey SCBF 5.08 1.92 7.01
4 Storey FIEB - 04=2.5 % 4.93 2.03 6.96
4 Storey FIEB - 04=1.5 % 5.61 3.03 8.64

The fundamental and target periods of the structures are shown in Table 4, along with the equivalent
damping ratios that were used in the design, as per Step 2 of the design procedure. As expected,
the FIEBs are significantly softer structures than the CBFs, especially those designed for the higher
target drift ratio, and therefore the anticipated force and acceleration demands are lower. The design
equivalent damping ratios showed little variation, ranging between 16 % and 18 % for all 6 FIEBs

designed, and not showing any particular trend regarding the building’s height or design drift ratio.

Table 4. Fundamental and target periods and design damping ratios for the resulting designs

Building type Fundamental period (s) Targe(tsp))erlod Des(l({in) Seq

0

12 Storey SCBF 1.55 - -
12 Storey FIEB - 6= 2.5 % 2.59 5.48 18
12 Storey FIEB - 6= 1.5 % 1.75 3.14 16
8 Storey SCBF 0.93 - -

8 Storey FIEB - 0¢= 2.5 % 1.55 3.61 17
8 Storey FIEB - 0= 1.5 % 1.15 2.16 17
4 Storey SCBF 0.49 - -

4 Storey FIEB - 04=2.5 % 0.94 2.15 16
4 Storey FIEB - 6= 1.5 % 0.72 1.32 17

Table 5 presents the rotation demands on the HSSs where they meet the eccenfering assembly at
1.5 times the target displacement for the 12 storey FIEB with 8,;=2.5 %. The values resulting from
the design of this building range from 0.27 rad to 0.43 rad and are similar to those obtained for the
other 5 FIEBs. Although not included in the scope of the preliminary study presented in this paper,
it is planned to address in a subsequent stage of the research program whether the connections and
the HSSs themselves are capable of sustaining such levels of rotation under combined tension force

and bending.
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Table 5. Rotation demand at the HSS and eccentering assembly interface at 1.5 times the target displacement for the 12
storey FIEB with 04=2.5 %

Rotation demand at 1.5 times the

Storey BIE target displacement (rad)
12 114x114x13 — e = 160 mm 0.27
11 114x114%13 — e = 150 mm 0.31
10 114x114%13 — e = 140 mm 0.34
9 114x114%13 — e =130 mm 0.39
8 127x127%13 — e = 140 mm 0.38
7 127%127x13 — e = 130 mm 0.43
6 178%178x16 — e =260 mm 0.26
5 178%178x16 — e =250 mm 0.29
4 178%178x16 — e = 240 mm 0.31
3 178%178x16 — e = 240 mm 0.33
2 178x178%16 — e =240 mm 0.34
1 178%x178x16 — e =230 mm 0.37

4.4.Non-Linear Response-History Analysis
The NLRHA method was used to assess the performance of the 9 designed frames subjected to
seismic demands, both at the DE and at the MCERr levels, to verify whether the proposed design
procedure effectively allows control of the peak storey drifts at the design level and to obtain
information about the structural system’s response at the maximum considered earthquake level.

e Selection and scaling of ground motion records
For the analyses, 21 out the 22 records that compose the Far-Field Record Set proposed in FEMA
P695 [24] were selected. The record of the Cape Mendocino earthquake at Rio Dell Overpass
(record sequence number 829) was not included as it is no longer available in the PEER-NGA
West2 database [25], from where all records were obtained. Thus, the employed set comprised 42
individual horizontal components obtained from 13 crustal events with magnitudes ranging from
6.5 to 7.6, including 7 that occurred in California, recorded on class C or D sites at an average
distance of 16.4 km from the source. The initial scaling of the records was performed using the
online tool of the PEER-NGA West2 database, based on the maximum-direction (RotD100)
response spectra, using the DBE spectrum as target. A second, common, scaling factor was then
applied to all ground motions so that the mean suite spectrum was equal or larger than 90 % of the
target spectrum at all periods over the period range of interest. For the MCEg analyses, a subsequent
scaling factor of 1.5 was applied to all records. For scaling purposes, a period range of interest for

each building height was selected, with the lower bound corresponding to 0.2 times the shortest
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fundamental period of the group of structures (e.g. 0.1 s for the 4-storey SCBF) and the higher
bound corresponding to the target period of the most flexible structure in the group (i.e. the FIEB
with 8, = 2.5 %). Instead of specific period ranges of interest for each particular building, the use
of'a common period range for each group with equal number of storeys was preferred as it enables
the direct comparison of the buildings’ response to identical seismic demands. Thus, the period
ranges of interest were from 0.31 s to 5.48 s for the 12-storey buildings, from 0.19 s to 3.61 s for
the 8-storey buildings, and from 0.1 s to 2.15 s for the 4-storey buildings. Figure 19 presents the
spectra of the scaled employed ground motion suite, the period ranges of interest and the target DE

spectrum.
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Fig. 19. Mean Spectra of the employed scaled ground motion suite, period ranges of interest, and target DE spectrum: (a)
12-storey buildings %; (b) 8-storey buildings; (c) 4-storey buildings
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4.4.1. Modelling considerations
Plane models of the designed frames were created using fiber-based elements in OpenSees.
Probable material resistances were considered: Ry, F,=431 MPa for the HSSs and R, F,,=380 MPa
for the beams, columns and plates. An initial out-of-straightness of a thousandth of the element
length was applied to all frame elements; which corresponds to the fabrication tolerance in North
American codes [14, 15]. For the braces, the imperfection was introduced such that it increased the
effective eccentricity, thus reducing their stiffness and strength. The gravitational loads applied
were 100 % of the dead loads plus 50 % of the live loads as per Clause 16.3.2 of ASCE/SEI 7-16.
The knife-plates and eccentering assemblies were explicitly modelled, while the rest of the

connections to the frame joints were modelled as rigid links. At each storey, the mass was
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introduced lumped in the central node, and diaphragm constraints were applied. Rayleigh damping
of 2.5 % was considered for the structures, and P-A effects were included in the models using the
leaning column approach. In the analyses, an additional factor of 1.1 was applied to the ground
motion records to ensure consistency between demand and capacity as braced frame strength was
increased by 10 % to account for accidental torsion effects in design. Numerical tests were

performed to verify that the residual stresses and in-section variation of F, across the HSSs

produced no significant influence on the response of the FIEBs; these effects were therefore not
included in the final analyses.
4.4.2.  Results and discussion

To determine whether the proposed design procedure allows one to effectively anticipate the storey
drift ratios that the buildings will develop under seismic action at the design earthquake level, the
mean values of the peak storey drifts under the DE level ground motions are plotted for all 6 FIEBs,
as shown in Fig. 20. For each structure, the mean of the peak values, and the differences with
respect to the target are reported in Table 6. For the 12- and 8-storey FIEBs designed for 8, = 2.5
%, the mean peak storey drifts in the table are lower than the design limit, which can be considered
satisfactory, although the difference, in particular for the 12-storey building, can be in part
interpreted as a consequence of the design procedure not considering the effects of higher modes
of vibration in the selection of the target displaced shape. In the case of the 4-storey building with
6,4 = 2.5 %, however, the difference of 25.6 % indicates that the design procedure did not control
the drift as intended. As for the buildings designed for 8; = 1.5 %, the 12- and 8- storey buildings
present mean peak storey drift values remarkably close to the design target, while the 4-storey FIEB
developed peak storey drifts on average 66.7 % larger than the target level. The higher than
anticipated storey drifts concerning the 4-storey buildings can be explained by the mean suite
response spectrum being on average 40 % higher than the design spectrum between 0.1 s and 2.15

s, as can be observed in Fig. 19 (c). This is a consequence of the requirement for the mean suite
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response spectrum not to be inferior by more than 10 % to the target spectrum over the period range

of interest.
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Fig. 20. Peak storey drifts at DE level for FIEBs: (a) 12-storey with 8, = 2.5 %; (b) 8-storey with 8; = 2.5 %; (c) 4-
storey with 8,5 = 2.5 %; (d) 12-storey with 64 = 1.5 %; (e) 8-storey with 8,5 = 1.5 %; (f) 4-storey with 6, = 1.5 %

Table 6. Mean peak storey drifts at DE level compared with design targets

Mean Peak Difference
Building type Storey Drift (%)
(%)
12 Storey FIEB - 64=2.5 % 1.73 -30.7
8 Storey FIEB - 0= 2.5 % 2.02 -19.2
4 Storey FIEB - 84=2.5 % 3.14 25.6
12 Storey FIEB - 04= 1.5 % 1.40 -6.67
8 Storey FIEB - 64= 1.5 % 1.43 -4.67
4 Storey FIEB - 04= 1.5 % 2.50 66.7

The effectiveness of the capacity-based protection measures included in the proposed design
procedure is evaluated by comparing the peak storey shears that developed in the FIEBs under the
MCER level ground motions with those used to design the protected FIEB elements, i.e. storey
shears determined at 1.5 times the storey drifts expected at the DE level, as presented in Fig. 21.
For all FIEBs but one, the mean of the peak storey shears is lower than the capacity-based design
shear used to dimension the beams and columns. In the case of the 4-Storey FIEB designed for
04 = 1.5 %, the mean peak storey shears are in practical terms equal to the design forces, being

higher by less than 1.0 %. This indicates that the drift-based amplification contained in the design
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procedure could adequately reduce the probability of excessive demand on the protected elements
at the MCEg level, and thus of the occurrence of an unwanted failure mechanism. However, for all
buildings there were ground motion records for which the capacity-based design storey shear was
exceeded; which is attributed to the fact that the peak drifts surpassed the assumed 1.5 times the
design level in several cases, which is not surprising given the number and variability of the records
considered. To effectively annul the possibility for a ground motion to produce storey shears larger
than the design storey shear, it would be necessary either to calculate the design storey shears based
on the ultimate tension force that can be developed by the bracing members (i.e. R, F,Ay), or to
implement a fuse-like device in the brace connections that would pose a cap to the maximum forces
transmitted to the protected elements. As the first option would eliminate one of the purported
benefits of FIEBs over CBFs, to reduce the costs by limiting the design forces on the protected
elements, the second option could represent a reasonable alternative to be investigated in a

subsequent stage of the research program.
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The number of ground motions at the MCER level causing unacceptable storey drifts for each
structure is reported in Table 7. In this study, storey drifts of 5 % and 30 % were arbitrarily set as
the thresholds for unacceptable response and structural collapse, respectively. No collapses were
observed in the frames studied according to this criterion. As shown, the SCBFs presented worse
overall performance at the MCER level than the FIEBs, in terms of unacceptable responses. Finite
element analysis of the BIEs at the first storey was performed to verify that these braces could
sustain the seismic drift demand without developing local buckling. In the FE analyses, shell-
element models of the BIEs in Abaqus were subjected to the displacement histories recorded from
the OpenSees analyses that produced maximum drifts close to 5 %. In Fig. 22, an example of the
resulting axial force vs. storey drifts plots resulting from these analyses is shown, along with the
deformed shape of the BIE model at the point of maximum compression. The analyses showed that
the BIEs could withstand that drift level without developing local buckling, indicating that the
unacceptable response threshold could be larger than 5 % storey drifts in terms of brace inelastic
response. The mean peak and residual storey drifts under the MCEg level ground motions for the
SCBFs and FIEBs are compared in Figs. 23 and 24, respectively. As expected, storey drifts for the
FIEBs designed with 1.5 % target drift are consistently lower than those sustained by the FIEBs
designed using a target drift of 2.5 %. Compared to the FIEBs, the SCBFs exhibited markedly
larger peak and residual drifts at the first storey at the MCER level. Conversely, the FIEBs presented
larger drifts for most other storeys, showing that the system can produce a more even distribution
of the drift demand over the building height. Although not shown here, similar differences were
observed at the DE level; the SCBFs experienced mean peak storey drifts smaller than both FIEBs
for the 12-storey buildings, and larger than the FIEBs with 8; = 1.5 % for the 8- and 4-storey

buildings.
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Table 7. Number of unacceptable responses for MCEr NLRHA

Unacceptable results

Building type (Brmax > 5 %)
12 Storey SCBF 3
12 Storey FIEB - 04=2.5 % 1
12 Storey FIEB - 4= 1.5 % 2
8 Storey SCBF 11
8 Storey FIEB - 04= 2.5 % 2
8 Storey FIEB - 0= 1.5 % 0
4 Storey SCBF 22
4 Storey FIEB - 04=2.5 % 18
4 Storey FIEB - 04=1.5 % 10
3000
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Z 1500
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Storey Drift (%)
(a) (b)
Fig. 22. Response of first storey braces of the 12-storey FIEB with 8, = 2.5 % for a ground motion that produced

maximum drift close to 5 %: (a) axial force vs. storey drift; (b) deformed shape at maximum drift for right brace finite
element model
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The difference in the observed peak and residual drifts in SCBFs and FIEBs can be explained by
the essentially distinct post-yielding stiffness that each system possesses. While the conventional
concentrically braced frame boasts a nearly null stiffness after yielding of the tension brace, thus
opposing no resistance to further displacement demand, the frame with intentionally eccentric
braces benefits from a significant post-yielding stiffness that is not reduced until very large
deformations, counterbalancing large displacement pulses. This is evident from the comparison of
the first storey shear vs. drift history plots of SCBFs and FIEBs for some of the ground motions,
which produced unacceptable response from the SCBFs, while the FIEBs performed remarkably
well. One of such examples is presented in Fig. 25, for the ground motion record with sequence
number 721 in PEER NGA West 2 database, 90° component, and scale factor of 2.59 for MCEr
including 10 % increase for accidental torsion.
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Fig. 25. First storey shear vs. drift history plot for 12-storey SCBF and FIEB with 8, = 2.5 % for ground motion number
721, 90° component at MCERr level

5. CONCLUSIONS
It was shown that the characteristics of BIEs potentially enable this recently proposed type of brace
to overcome some of the most prominent drawbacks of traditional CCBs; notably, those associated
with their high inherent stiffness, their susceptibility to local buckling and subsequent low-cycle
fatigue-induced fracture, and their tendency to concentrate drift demands in a limited number of
storeys. A seismic design procedure based on the Direct Displacement Based Design approach was

proposed in an effort to explicitly account for the particular force-displacement response of BIEs.
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The proposed procedure was employed in the design of hypothetical buildings located in a high
seismic hazard region. The performance of the resulting structures was assessed through Non-
Linear Response-History Analysis, using an established ground motion record suite. It was verified,
albeit preliminarily, that the proposed design procedure could be considered adequate for the design
of Frames with Intentionally Eccentric Braces as it produces buildings that, on average, comply
with the selected target maximum drifts and performance objectives. Although the maximum storey
drifts were larger than the design targets for the FIEBs with shorter periods, the results can be
regarded as auspicious, considering that the scaled ground motion record suite used in the analysis
produced demands larger than those anticipated in the design. Moreover, the forces in the capacity-
protected elements did not surpass, on average, the threshold considered in design. Furthermore,
the results obtained showed that FIEBs may present a safer response to severe ground motions than
SCBFs, because the maximum and residual storey drifts were significantly lower, owing to the
substantial secondary stiffness of BIEs. Also, it was shown that FIEBs designed for relatively high
target drift ratios can result in economic advantages over SCBFs.

Further studies, however, are required to refine the equivalent damping ratios and design
displacement vectors used in the design procedure, and to address an effective way of controlling
or capping the maximum storey shears in anticipation of ground motions more severe than
expected. Research is also necessary to evaluate the performance of the proposed eccentering
assembly and connections, and to validate or refute the preliminary fracture life equation herein
proposed.
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