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The seismic performance of diagrids equipped with buckling restrained braces (BRBs) is investigated. In that re-
gard, the effects of BRBs on the seismic performance characteristics of diagrids such as response modification fac-
tor, R, overstrength factor, o, ductility ratio, i, and median collapse capacity, Scr, are evaluated. To this end, 6
three dimensional diagrid structures with various heights and diagonal angles are modeled using OpenSees pro-
gram and are equipped with BRBs in a novel arrangement. Utilizing nonlinear static analysis, the seismic perfor-
mance factors of models are evaluated. Subsequently, the median collapse capacity (Scr) of the models are
determined by performing nonlinear dynamic analyses. The results indicate that using BRBs improve the seismic
performance of the considered models due to accumulation of plastic damages in BRBs and a better distribution
of plastic hinges over those models. The nonlinear static analyses indicate that for the original diagrid models, the
response modification factor, R, ranges from 1.7-2.5, while the ductility ratio, |, varies between 1.2 and 2.5, de-
pending on the diagonal angles. Also, the results show that the Qo remains fairly constant. However, in BRB
equipped diagrids, the range of R increases to 2.4-3.3, while the ductility ratio pvaries in the range 2.1-3.1. Sim-
ilar to regular diagrids, Q0o remains constant for BRB equipped models. Furthermore, the output of the dynamic

analyses indicates that the Scr, which is a function of diagonal angles and generally increases by growing the di-

agonal angles, could rise up to 60% for diagrids equipped with BRB.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

After a long period of ignoring aesthetic aspects of brace elements in
building constructions, now, the engineering societies are convinced to
benefit from the appearance of these components as a symbol of concin-
nity in urban construction. One of the manifest examples of this trend is
the diagrid system which has emerged as an innovative and adoptable
approach to create not only the building structures but also construc-
tions with various functionalities.

Over time people learnt how to increase the resistance of the build-
ing structures against lateral forces such as wind, soil pressure, water
pressure, and earthquakes, by “use of oblique elements” [1]. Nonethe-
less, utilizing only pure triangulate modules to build a structure com-
menced in 20th century by Vladimir Shukhov in designing a radio
tower (opened 1922). After that, triangulation concept assisted Walther
Bauersfeld to construct the first geodesic dome, for a planetarium
(opened 1926). Some years later, in 1953, Goldsmith [2], who majored
civil engineering at the Illinois Institute of Technology, probably was
the first person that academically investigated the diagrids. He
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proposed three different diagrid shapes that did not receive much atten-
tion, until one of them was utilized by Fazlur Khan [1] in designing the
John Hancock Center in Chicago. In 1963, IBM building in Pittsburgh
was constructed which can be considered as the most prominent exam-
ple of shifting to diagrid structures. Fig. 1 shows some important diagrid
structures built around the world [1].

Diagrids are more difficult to construct than other common tall
buildings; the joints of diagrids are more complicated since up to six
members may interconnect at each joint [3]. However, there are some
reasons that may elucidate this new willingness of engineering commu-
nity to use diagrids. The first reason is that the diagrid concept is a sat-
isfying tool for the architects to create whatever they want [4]. Using
this new solution to create elegant tall buildings with unusual shapes
is undoubtedly due to the advantages of triangulation pattern of
diagrids [1]. Triangulate tessellation of diagrids indeed makes them to
enfold the building structures with any type of curved shape [5]. The
second reason is that not only the diagrids are aesthetically satisfying,
but they are also structurally efficient [6]. A diagrid structure inherently
needs less material than other systems used to support the tall buildings
[1], while it has a superior flexibility in plan since it is capable of not hav-
ing interior and corner columns [7]. Diagrids respond to the gravity and
lateral loads by axial reaction of their members rather than bending ac-
tions that is dominant in systems with vertical columns [8]. It makes
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Fig. 1. (a) Swiss Re Tower, (b) Hearst Tower, (c) Guangzhou West Tower, (d) China Central Television (CCTV) Headquarters [1].

them to be a comparatively stiff system that easily passes the displace-
ment requirements of tall buildings while using less material.

As an example, utilizing diagrid system for Hearst Tower led to using
20% less material than adopting a moment resisting frame system [9].
Although in some tower buildings such as Lotte Super Tower, the inte-
rior core provides additional strength against lateral loads [10], diagrids
basically are core dispensable, and this can be considered as one of the
prominent factors which promotes the efficiency of diagrids. On the
other hand, the axial action of the diagonal elements located on the pe-
rimeter of diagrids provides high shear rigidity for this structural system
[11]. Even the buildings with braced inner cores have much less stiffness
than the diagrids despite the fact that the diagrid diagonals can be de-
signed just for the gravity loads [11]. The effects of shear lag which in-
creases stress in perimeter columns and reduces structural efficiency
[7], are much less in diagrids with regard to other tubular systems due
to their higher shear stiffness.

Despite of all aforementioned privileges of diagrids, limited research,
which mainly focuses on the elastic characteristics of this structural sys-
tem, has been carried out to investigate the performance of diagrids. For
example, [1,5,11,12] propose methods to elastically pre-design the
diagrids under wind load. The reluctance of scholars to numerically
and/or experimentally assess the seismic performance of diagrids is ex-
pectable, as most of the constructed diagrids are located in low seismic
regions.

Diagrids generally show brittle behavior under seismic loads. Baker
et al. [13] conducted nonlinear static and dynamic analyses on a single
8-story diagrid model to evaluate its seismic performance factors
(SPFs). They adopted the FEMA P695 [14] criteria and determined the
response modification factor (R-factor) and the overstrength factor
(Qo) of the model to be 3.64 and 1.5, respectively. Kim et al. [15] con-
firmed that the diagrids exhibit a brittle behavior and showed that the
collapse of diagrids can occur in drift ratios less than 1%. In an approach
which was not economically practical, they replaced all diagonal mem-
bers of diagrids with BRBs. That led to the formation of plastic hinges
more widely and increased the structural ductility. Also, a new configu-
ration was proposed for diagrid structures with shear-link fuse that en-
hanced their ductility and reduced the residual displacements [16].
While there is no experiment on performance of a diaigrid structure
under earthquakes, some experiments [17-19] have investigated the
performance of the diagrid joints (the intersection of the diagonal ele-
ments) under cyclic and static loads. Furthermore, application of con-
crete filled steel tubes (CFST) in diagrids, the optimum angle of the
diagonals, and the progressive collapse of diagrids, have been studied
by researchers [20-22].

This paper investigates the seismic performance of diagrids
equipped with BRBs. Research indicates that BRBs can be an effective
tool to control damage and dissipate seismic energy [23,24]. In that re-
gard a number of 6 three dimensionally diagrid models with 8 and 12
stories and three different diagonal angles of 45°, 63.4°, and 71.5° are
modeled using the open source finite element framework, OpenSees

software [25]. This range of structural height has been selected for two
reasons: first, the number of mid- and low-rise diagrids is increasing
throughout the world, and second, to opt the height range that is
more sensitive and susceptible to seismic excitations in comparison to
the wind loads. All models are prepared using the regular diagonal ele-
ments with buckling capability. In the next step the same models are
constructed by employing the BRB elements as some of their diagonals.
Conducting extensive nonlinear dynamic and static analyses, the SPFs of
all the models with and without BRBs are determined.

2. Designing and modeling diagrid archetype models

As already mentioned, the diagrids can be constructed in a variety of
shapes. However, this paper considers the diagrids with ordinary con-
figurations in order to investigate the effects of some main parameters
such as the diagonal angles, structural height, and the behavior of diag-
onal elements on their seismic response. Consequently, a number of 6
diagrid archetype models with 8 and 12 number of stories are consid-
ered. The models have the same square plan with four bays along the
orthogonal directions each 9 m wide, so the footprint of all models is
36 m x 36 m, with a story height of 4.5 m as shown in Fig. 2. Also, as pre-
sented in Fig. 3, three angles of 45°, 63.4° and 71.5° are chosen for the
diagonals. As already mentioned, all the diagrid frames are located on
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Fig. 2. Floor framing plan of the models.
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Table 1

Design response spectrum parameters.
SS S1 Fa l:v SMS SM] SDS SD]
1.5 0.6 1 1.5 1.5 0.9 1 0.6

the perimeters of the models. Also, 9 columns are placed in the middle
space of the models for transferring the gravity loads. These columns
are connected to the perimeter diagrid frames by pin-ended beams to
prevent them from contributing to the lateral load carrying capacity of
the diagrid system.

All the models are designed according to the ASCE/SEI 7-10 [26],
with a R-factor of 3.6 as proposed by Baker et al. [13], assuming all the
diagrids are located on soil type D and Seismic Design Category (SDC)
D. The displacement amplification factor (Cy) is supposed to be equal
to R-factor as suggested by FEMA P695 [14]. Also, the over-strength fac-
tor (Qp) was not used in design process, as it is not clear which critical
members of diagrids should be designed considering the Q. Besides, of-
fice functionality is considered for the occupancy of these structural
models with the related risk category and seismic importance factors
of lland 1, respectively. Since the diagrid systems are not yet recognized
as one of the standard lateral load carrying systems by seismic design
codes, the special concentric braced frames requirements are utilized
as the complementary criteria to design the diagrids. Equivalent static
and response spectrum analysis methods are employed to design the
models with the design spectrum parameters represented in Table 1, as-
suming that the structures are located in a high seismic region. The
gravity dead and live loads are assumed as 650 kg/m? and 400 kg/m?,
respectively. Tubular sections are used for all diagonals, perimeter
beams and the central gravity columns with the gravity middle beams
selected as I-shaped sections. The steel material used for all members
is of Grade 50 with yield stress equal to 344.7 MPa. Table 2 shows the
designed diagonal sections of the selected models.

Table 2
Designed diagonal sections for diagrid models.

(b)

Fig. 3. Facade of 12-story diagrid models: (a) 12-story-45°, (b) 12-story-63.4°, (c) 12-story-71.5°.

As discussed before, the diagrid structures gain their stability and ri-
gidity through three dimensional tessellation of triangles. Basically,
components of triangle modules counter the shear and flexural de-
mands by axial reactions regardless of their connection type; as a result,
the performance of diagrid system is highly reliant on the model that
describes axial behavior of its elements. Using the capability of fiber sec-
tion modeling and the implemented co-rotational transformation in the
OpenSees software, buckling and post buckling behavior of an axial
member can be simulated appropriately by a physical-theory-based el-
ement proposed by Uriz [27]. The axial member is divided into at least
two equal parts which are connected to each other by applying a
small imperfection at the connection point. Nonlinear hysteretic mate-
rial is assigned to each fiber of the section, and a proper amount of im-
perfection is allocated to the middle of the element. When these
properties are combined with the co-rotational theory, large deforma-
tions of the element are captured, and buckling can be simulated.

The previous research [28] indicates that the values of out of
straightness imperfection are generally in the range of 0.001L —
0.005L, where L is the total length of the element. In this study, to prop-
erly simulate the buckling load of the axial members, an imperfection of
0.005L is assumed for the diagonal elements. The section of this force-
based nonlinear beam-column element is divided into 3 fibers along
the thickness and 5 fibers along the edges. Uniaxial Menegotto-Pinto
steel material (Steel02) is assigned to each fiber of the section. Other pa-
rameters of the Steel2 material in the OpenSees program are defined as
the yield stress F, = 344.7 MPa, the Young's modulus E = 199.9 Gpa,
strain hardening ratio b = 0.003, the default values of Ry = 18.5, cR;
= 0.925, cR, = 0.15, to control the transition from elastic to plastic
branch, and the parameters a; = 0.0005, a, = 0.01, a3 = 0.0005, a4 =
0.01, that are employed to account for the cyclic isotropic hardening
[27]. Moreover, the Gauss-Lobatto numerical integration with 5 integra-
tion points along the element is considered for the analysis. This nonlin-
ear beam-column element simulates the buckling and overall post
buckling behavior of an axial member. To simulate fracture of the

8-story-45° Story 8-story-63.4° Story 8-story-71.5°

Story 12-story-45°

Story 12-story- 63.4° Story 12-story-71.5° Story

Tube 300 x 300 x 22.2 1,2
Tube 260 x 260 x 22.2 3,4
Tube 220 x 220 x 22.2 5,6
Tube 200 x 200 x 16 7,8

Tube 280 x 280 x 20 1,2
Tube 260 x 260 x 22.2 3,4
Tube 260 x 260 x 17.5 5,6
Tube 220 x 220 x 16 7,8

Tube 260 x 260 x 16 7,8

Tube 280 x 280 x 20 1,2,3 Tube 320 x 320 x 28 1,2
Tube 260 x 260 x 20 4,5,6 Tube 300 x 300 x 25 3,4
Tube 300 x 300 x 20 5,6
Tube 260 x 260 x 20 7,8
Tube 220 x 220 x 20 9,10 Tube 240 x 240 x 16 9,10

Tube 200 x 200 x 16 11,12 Tube 220 x 220 x 16 11,12

Tube 320 x 320 x 22.2 1,2
Tube 300 x 300 x 22.2 3,4
Tube 280 x 280 x 20 5,6
Tube 260 x 260 x 20 7,8

Tube 320 x 320 x 22.2 1,2,3
Tube 320 x 320 x 20 4,5,6
Tube 260 x 260 x 20 7,8,9
Tube 260 x 260 x 16 10,11,12
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Fig. 4. The nonlinear beam-column element: (a) initial imperfection, (b) behavior of the material of the fibers, (c) cyclic load history and (d) force-displacement behavior of the element.

element under monotonic and cyclic loading, properties of fatigue ma-
terial are attached to the uniaxial Steel02 material. Fatigue material is
available in OpenSees program (uniaxialMaterial fatigue) which its
two main parameters are taken asm = — 0.5 and gy = 0.095, according
to Uriz's recommendation. Although the aforementioned element
modeling do not consider the local buckling, but the parameters of fa-
tigue material have been calibrated in a way to account for effects of
local buckling. Fig. 4 represents the behavior of this nonlinear axial
element. The validity of this model has been verified based on the
results of numerous experimental tests conducted by Uriz and other
researchers [27].

As mentioned before, in order to leave the entire lateral load bearing
role to the perimeter diagrid frames, the central boxed-section gravity
columns are connected to the perimeter diagrid frames by pin-ended
beams. These gravity beams that are assigned I-shaped sections, transfer
a portion of the gravity loads to the diagrid perimeter nodes. These
members are modeled as pin-ended elements (truss element), while
the central columns are modeled as elastic members (elastic
BeamColumn element) to prevent them from having plastic behavior
due to large displacements. The P-Delta coordinate transformation com-
mand is employed to include the P-Delta second-order effects in model-
ing the gravity columns. The floor system was not modeled, but to
simulate the effects of rigid floor, all nodes of each level were
constrained using the command “rigidDiaphragm”.

On the other hand, a common-numerical approach of modeling the
BRBs is to model them as a one-dimensional truss element. Fig. 5 shows
the general configuration of a BRB element. The length of the three main
segments of BRB are defined as: the core segment length (L), the tran-
sitional segment length (L), and the connection segment length (L;).
Some studies [27,29] indicate that L. can be taken as 70% of total length
of BRB (L,,). Moreover, the L; and L; are selected as 6% and 24% of the L,,

0.5L, 0.5, 0.5L,  0.5L,
A T4 A T4 1 4

Work point Work point
p. o0 o0 ooo‘ .pO

o 0 0 0 0 0
| I | | ] |
Connection Transition Buckling-restrained Transition Connection
segment  segment yield (core) segment segment segment

Fig. 5. General configuration of a BRB member [29].

respectively. The cross section of the transitional segment (A;) and con-
nection segment (A;) are selected such that A;/Ac = 2.0 and A;/A. = 3.0,
respectively, where A is the cross section area of the core segment [29].

The BRB is modeled as a truss element by defining its cross sectional
area and material type. Material of BRB is defined as a one dimensional
nonlinear steel material referred to as “SteelBRB”, based on elasto-
plastic model developed by Zona and Dall'Asta [31]. This rheological
model have well been calibrated against experimental tests done by dif-
ferent researchers [30,32-34]. Employing the test results of Merrit et al.
[30], as shown in Fig. 6, the parameters of the command “SteelBRB” are
considered as:

The modulus of elasticity, E = 199.9 GPaq,

The initial yield force, 0,0 = 248.2 MPa,

The maximum tension yield force of fully saturated isotropic hard-
ening condition, 0y; = 414.49 MPa,

The constant of the plastic flow in tension, ar = 0.6,

The ratio of post yield stiffness (Ki") to initial stiffness (Kg') in ten-
sion, Br = 0.1,

The hardening constant in tension, 67 = 0.2,

% 0
-1
—— Simulation
o Test
2 T T r } r r r
=20 -15 -10 -5 0 5 10 15 20

DID,

Fig. 6. Comparison of the results obtained from tests by Merrit [30] and the model
prediction [31].
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The maximum compression yield force of fully saturated isotropic
hardening condition, 0, = 464.23 MPaq,

The constant of the plastic flow in compression, ac = 0.4,

The ratio of post yield stiffness (K7) to initial stiffness (K ) in com-
pression, 3¢ = 0.01,

The hardening constant in compression, 67 = 0.15,

The connection and the transitional segments of BRB are not
modeled and just one pin-ended truss element with the length L,, is
placed between two nodes of the story. Thus, to achieve the actual be-
havior of BRB, the elastic stiffness of the truss element is adjusted by
the following equation [29]:

Ly E,AAA; Ly

Eor =Ker 4. = L.AA i+ LAA; + LiAA Ac

. < AA;L, ) )
- LCA[Aj + LtACAj + LjAcAt

where E.and Ky are the effective modulus of elasticity and effective
axial stiffness of the modeled BRB, respectively. The E;, is the modulus
of elasticity of the BRB material which is considered as 199.9 GPa. It is
also assumed here that all plastic deformation of a BRB is accumulated
in the core segment, while Uriz indicates that axial deformations of gus-
set plates of the connection segments are in the order of 10-15% of the
total brace elongation. However, the accuracy of using a truss element
to simulate the behavior of BRBs is satisfactory and effects of flexural
components in global behavior of BRBs can be neglected [27]. For dy-
namic analyses, Rayleigh damping is employed by assigning 2%
damping ratio for the first and fifth modes of the models.

3. Equipping the diagrid structural models with BRBs

Two approaches could be considered to equip the archetype diagrid
models with BRBs. In the first approach, all the diagrid diagonals could
be replaced with BRBs which would obviously be very costly. Alterna-
tively, only the diagonals with larger demands (caused by lateral load-
ing) in each story could be considered for replacement by BRBs. Fig. 7
shows the distribution of relative axial forces of the diagonal members

that are obtained according to the equivalent lateral load analysis of
ASCE 7-10 [26] for different diagonal angles. As this figure illustrates,
the axial forces of the diagonals are normalized with respect to the max-
imum axial force. Due to the symmetric configuration of the models, just
normalized forces of the left half of the models are shown in Fig. 7. As the
results indicate, in each bay, the axial force of the diagonal members are
not equal, while in some cases they might be very close (some ratios have
become equal in the upper stories just because of neglecting the third
digit after decimal points). Hence, replacing the diagonals with greater
axial forces by BRBs causes the plastic deformation to be mainly concen-
trated in the BRBs before minor occurrence of yielding or buckling in the
other adjacent unchanged diagonal members. According to this criterion,
only one-half of the diagonal members of the diagrids in each story need
to be replaced by BRBs in a symmetric way. To further increase the effi-
ciency of the BRB elements in dissipating the seismic energy input, the
yield stress of the BRBs can be considered to be slightly less than the buck-
ling stress of the other regular diagonals.

Therefore, in the considered models, half of the diagonals (4 ele-
ments) that have greater normalized forces are replaced by the BRBs
in each story. In addition, since the buckling stress of the initial diagonal
members of the diagrids were between 0.75 and 0.85 times the
member's yield stress (F,), the yield stress of BRBs members was as-
sumed to be 248.2 MPa.

The dynamic characteristics of the diagrid models are presented in
Table 3. As it is shown, the natural periods of the initial and BRB-
equipped models are almost the same and the stiffness of the initial
models do not change after being equipped by BRBs.

4. Nonlinear static analyses

To validate the prepared nonlinear models and to evaluate the duc-
tility ratio (1), the over-strength factor (Qo), the ductility reduction fac-
tor (R,) and the response modification factor (R) of the diagrid models,
pushover analyses are conducted. Initially, the diagrid structures are
statistically analyzed under the following gravity load combination:

1.05Qp + 0.25Q; (2)

0.07 0.07 0.07

0.17

024

o ha A\
ywm@/\/\
..\!X

Fig. 7. The normalized axial forces of the diagonals under applied lateral loadings that need to be replaced by BRB members in 12-story diagrid models: (a) 45°, (b) 63.4°, and (c) 71.5°.
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Table 3

The natural periods of the first three modes of vibration for the initial and BRB-equipped models [seconds].

8-Story-45° 8-Story-63.4° 8-Story-71.5° 12-Story-45° 12-Story-63.4° 12-Story-71.5°

Initial  BRB-equipped  Initial BRB-equipped Initial ~BRB-equipped Initial BRB-equipped Initial ~BRB-equipped Initial =~ BRB-equipped
Mode 1 0.65 0.62 0.79 0.8 1.13 1.12 0.98 0.94 1.15 1.11 1.38 1.35
Mode2  0.65 0.62 0.78 0.78 1.11 1.10 0.98 0.94 1.15 1.11 1.37 1.34
Mode3  0.25 0.21 0.46 0.50 0.65 0.71 0.32 0.30 0.54 0.55 0.65 0.71

where Qp and Q; represent the dead and live loads, respectively. Then,
using appropriate lateral load pattern, the diagrids are incrementally
pushed up to the target displacement 6,. The ASCE 41-13 [35] suggested
load pattern is as follows:

Fyomy@i x 3)

where Fy is the horizontal force acting at the level of x-story, m is the
mass of the x-story, and &,  is the amplitude of the fundamental
mode at the level of x-story. Next, to evaluate the yield and ultimate
strengths and deformations, the constructed pushover curves are line-
arized according to ASCE 41-13 [35] code.

Using the linearized pushover curves and the method proposed by
Uang [36], the SPF of the diagrid models are evaluated. In this method-
ology, the response modification factor is determined by the following
equation:

Ve Ve Yy

R=v,=v, v,

=Ry x Qo (4)

where V, is maximum elastic base shear force, V; is the base shear in
which first significant yield occurs in the system and is approximated
from the results of pushover analysis, V, is the base shear corresponding
to yield strength, and R, is the strength reduction factor. Also, V, can be
approximated by multiplying the design base shear (V) by the design R
factor (which is equal to 3.6). Likewise, V, is determined from pushover
curve shown in Fig. 8.

The results of the pushover analyses of diagrid models shown in
Fig. 9 indicate that the application of BRB significantly improves the
softening part of the pushover curves. Table 4 presents the results for
the SPFs extracted from the linearized pushover curves.

Besides, the important parameters of the conducted pushover anal-
yses such as Cy (the coefficient relating the roof displacements to the
fundamental mode of the structure), T, (the effective period), o, (target
displacement), the yield displacement (6,), ultimate displacement (6,,),
and ductility ratio (i) are presented in Table 5. Fig. 10 explains the

‘ Idealized curve

Vy f———-

06Vy F——F# - ————————

Ke

N

variation of SPFs as a function of diagonal angles. This figure shows
that the over-strength factor (Qp) is fairly constant for different diagonal
angles with average values of 1.23 for 8-story models and 1.17 for 12-
story models. As one could observe, both the R, and R increase with
growing diagonal angles. This trend is better shown in the shorter (8-
story) models. In 12-story models, both R, and R decrease for diagonal
angles greater than 63.4°. The same pattern is also observed in the
BRB equipped models. To better understand the effects of equipping
the diagrid models by BRBs, a performance index (PI) is defined as the
ratio of a seismic parameter of the BRB equipped model to the same pa-
rameter of the initial model as the following:

Pl SPF of BRB equipped model
~ SPF of Initial model

()

Fig. 11 shows the variation of PI for the Q, R, and R as a function of
diagonal angles, which indicates that the PI for all considered SPFs is
greater than one. So, employing the BRBs in the diagrid structures im-
proves their seismic performance. But the level of improvement for
12-story models is generally greater than 8-story models. Mean value
of PI of R-factor for 8-story and 12-story models are equal to 1.24 and
1.59, respectively. For 8-story models, by increasing the diagonal angles,
the PI of R-factor reduces; thus, the BRBs are more efficient in improving
the seismic performance of 8-story-45° diagrid models. For 12-story
models, larger diagonal angles increases the PI of R, while PI of R-
factor attains its maximum at angle of 63.4°. Therefore, the BRB has
the best performance in improving the SPF of 12-story-63.4° diagrid
system. In this model, using BRBs increases the R-factor from 1.97 to
3.28, indicating an increase of 66% for the R-factor of initial diagrid
model.

Fig. 12 clearly demonstrates the effect of buckling of the diagonal
members and yielding BRBs on the overall performance of the diagrid
models. The shown pushover curves belong to the initial and BRB
equipped 8-story-45° diagrid model. In the initial model, a sharp de-
crease can be seen in the pushover curve caused by the buckling of

Actual force-displacement curve

|
du Displacement

Fig. 8. Actual and idealized pushover curves.
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Fig. 9 (continued).

the diagonal members of the first 4 floors of the model. On the other BRBs. In fact, after yielding of the BRBs, the diagrid model experiences
hand, in the BRB equipped model, the yielding BRBs is the dominating its maximum strength without any subsequent abrupt change in the
mechanism of energy dissipation and it can be observed that the base shear. In the BRB equipped model, just five of the un-retrofitted di-
shape of the pushover curve is highly dependent on the behavior of agonal members buckle while most of the replaced diagonals with BRB
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Table 4

The results of the pushover analyses.
Model Ve (MN)  Vy (MN) Vi(MN) R, Q R
8-St 45 75.09 48.52 38.1 154 127 1.95
8-St 45" (BRB equipped) 75.09 37.66 28.0 20 134 268
8-St 63.4° 57.25 33.68 28.4 1.7 118 20
8-St 63.4  (BRB equipped)  47.61 27.6 20.0 1.72 138 237
8-St 71.5° 40.1 20.46 16.2 196 126 247
8-St 71.5" (BRB equipped) ~ 40.36 183 13.8 22 132 29
12-St 45 70.4 45.53 404 154 112 1.72
12-St 45 (BRB equipped) 75.1 37.81 28.5 198 132 261
12-St 63.4° 60.58 37.21 30.37 162 122 197
12-St 63.4 (BRB equipped)) 62.82 31.48 19.2 20 164 328
12-St 71.5° 492 32.62 27.64 15 118 1.77
12-St 71.5" (BRB equipped)  50.67 23.34 17.78 217 131 284

Table 5

The different parameters obtained from the pushover analyses.
Model Co Te () &y (m) &, (m) n
8-St 45 138 0.64 0.11 0.15 136
8-St 45" (BRB equipped) 141 0.6 0.11 0.22 2.0
8-St 63.4° 1.07 0.95 0.1 0.14 1.4
8-St 63.4° (BRB equipped) 113 1.07 0.11 0.3 2.72
8-St 71.5° 1.55 1.21 0.18 0.45 2.5
8-St 71.5  (BRB equipped) 1.56 1.21 0.21 0.65 3.1
12-St 45° 1.45 0.94 0.2 0.24 1.2
12-St 45 (BRB equipped) 145 0.96 0.22 0.5 227
12-St 63.4° 1.28 1.1 0.18 0.29 1.61
12-St 63.4° (BRB equipped) 1.26 1.25 0.2 0.42 21
12-St 71.5° 1.22 141 0.22 0.39 1.77
12-St 71.5" (BRB equipped) 117 15 0.21 0.45 2.14
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A
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Fig. 10. Variation of SPFs of the diagrid models vs diagonal angles (left: Initial models, right: BRB equipped models): (a) 8-story models, (b
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elements yield, which in a way verifies the efficacy of the proposed ap-
plication of the BRBs. Moreover, the distribution of the yielded and
buckled members is more uniform in the BRB equipped model. The
maximum strength of the retrofitted structure is slightly lower than
the initial model because the yield stress of the BRB elements is as-
sumed to be less than the buckling stress of the un-retrofitted diagonal
elements.

5. Nonlinear dynamic analyses
5.1. Ground motion records

The far-field ground motion records provided by FEMA P695 are se-
lected to investigate the collapse performance of the structures through
performing nonlinear dynamic analyses [14]. The far-field record set in-
cludes 22 horizontal record pairs of strong ground motions from sites
located at a distance greater than or equal to 10 km from the fault rup-
ture line. The number of records is large enough to statistically evaluate
collapse behavior of structures.

5.2. Evaluating the collapse margin ratio using incremental dynamic
analyses

The collapse margin ratio (CMR) is defined as the ratio of the
median collapse capacity (Scr) to the spectral intensities of the
maximum considered earthquake (MCE) at the fundamental pe-
riod of the structure (Syr), as indicated by Eq. (6). The CMR is con-
sidered as the adjusted amount of the Sy, where 50% of the ground
motions trigger collapse and represents the way the MCE ground
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Fig. 11. Variation of PI vs diagonal angles: (a) 8-story models, (b) 12-story models.
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Fig. 13. The collapse probability curve for a particular structure.

motions to be scaled (upward or downward) to reach the point of
median collapse capacity. Therefore, as the CMR increases, the
safety margin against collapse is augmented and the structures
can resist more intensive ground motions [14]. Fig. 13 presents a
sample collapse probability curve with the related Sy and Scr.
The parameter d, which is the distance between Sy and Scr, is a
representative of CMR. Since the position of Scr is fixed to the
point corresponding the probability of 50%, increasing the

parameter d, for a particular structure, means decreasing the prob-
ability of failure under the excitations with Sy;r intensities.

CMR = Scr/Sur (6)

The Syt that is approximated from the MCE response spectrum, in
turn depends on the seismic region and seismic design category
(SDC). In this research, the initial diagrid models are designed according
to ASCE/SEI 7-10 [26] for highest intensities of SDC D (SDC Dynax). The 5%
damped acceleration spectra of 44 normalized records for SDC Dy, .4, and
their median and median plus 1 standard deviation are shown in Fig. 14.

To determine the Sy, the fundamental period of the structural models
(T) is evaluated according to section 12-8-2-1 of ASCE/SEI 7-10 [26]:

T = 1.4 x 0.0488H%7 (7)

where H is the height of the building. To assess the CMR of the models, Sc
is evaluated for each model by conducting incremental dynamic analyses
(IDA). The S¢r is defined as the spectral acceleration intensity where half
of the scaled far field ground accelerations cause collapse. In dynamic
analysis of 3-D structural models under bi-directional input, for each
pair of earthquake records two analyses will be performed by changing
the directions of the input motions. So, a total of 44 dynamics analyses
need to be carried out. However, once the 50% of the records (22 records)

cause the collapse of the structural model, the S can be evaluated with-
out continuing the analyses [14].
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Fig. 14. The 5% damped spectral response accelerations of normalized records, and MCE response spectrum.
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Table 6

The results of evaluating CMR for diagrid models.
Model T Smt Scr CMR
8-St 45 1.0 0.9 0.75 0.83
8-St 45" (BRB equipped) 1.0 0.9 133 148
8-St 63.4° 1.0 0.9 0.67 0.74
8-St 63.4° (BRB equipped) 1.0 0.9 14 1.55
8-5t71.5° 1.0 0.9 0.86 0.95
8-5t 71.5° (BRB equipped) 1.0 0.9 1.05 1.16
12-St 45° 1.36 0.66 0.56 0.85
12-St 45" (BRB equipped) 1.36 0.66 0.97 147
12-St 63.4° 1.36 0.66 0.66 1.0
12-St 63.4°(BRB equipped) 1.36 0.66 0.93 141
12-St 71.5° 1.36 0.66 0.66 1.0
12-St 71.5° (BRB equipped) 136 0.66 0.88 133

As the first step in conducting IDA, each one of a pair of records is
normalized relative to the geometric mean of peak ground velocities
(PGVpeer) of that pair in order to remove the unwarranted variability
between records due to inherent differences in event magnitude,
distance to source, source type and site conditions, without elimi-
nating record-to-record variability [14]. Next, the normalized pairs
of records are scaled upward incrementally and the time history
analyses are carried out using the scaled records. For the IDA the
damage measure (DM) is considered to be the maximum story
drift, while the “median spectral intensity (St)” of the scaled records
is selected as the intensity measure (IM). Therefore, this approach is
somewhat different in comparison to the IDA proposed by
Vamvatsikos and Cornell [37].

In case of braced frames subjected to horizontal ground mo-
tions, sidesway collapse is a governing mechanism that leads to
lateral dynamic instability and collapse of the system. The
sidesway collapse occurs when the displacements of any specific
story becomes large enough to offset the shear resistance of the

mInitial Models ™ BRB Equipped Models

45.0 63.4 71.5
Diagonal angle [degrees]

(@)

structural model, thus causing reduction in their gravity load car-
rying capacity [38]. Numerical instability due to non-convergence
of the time-integration process features sidesway collapse of non-
linear diagrid models in the OpenSees program. Also, the collapse
point is observable in IDA curves, when a minor increase in IM
causes large increment in DM.

The collapse point is considered as the occurrence of simulated or
non-simulated collapse modes. Simulated collapse modes have already
been defined and modeled through the nonlinear performance of axial
members in the Section 2. But non-simulated collapse modes of diagrid
systems are not well known, as the experiments and studies rarely ad-
dress the seismic behavior of diagrids. Some experiments [18,39,40] in-
dicate that the non-simulated collapse modes of diagrid structures are
mainly concentrated in the connection zone. Also, the non-simulated
collapse modes of braced and moment frames take place when the
drift ratio of the structural models are between 5 and 10%. In the case
of diagrid structures, drift ratios generally rise as the diagonal angles
increase; as a result, it is expected that the limit states to control
the non-simulated collapse modes should be increased by rising the
diagonal angles. In this study, the limit states to check the occurrence
of non-simulated collapse modes for 45°, 63.4°, and 71.5° models are
considered to be 5%, 7%, and 9%, respectively, as suggested by [41].

Results of evaluating CMR are provided in Table 6. Values of Syt are
constant for models with equal heights, as Syr is a function of T which is
in turn a function of the height of the building models. To investigate the
effects of BRBs on the collapse performance of the models, Fig. 15 shows
the variations of CMR as a function of diagonal angles. This figure indi-
cates that for the initial diagrids, the values of CMR generally increase
by rising the diagonal angles. This trend is reverse in BRB equipped
models where the collapse capacity improvement mostly occurs for
diagrids with smaller diagonal angles. Fig. 16 shows the IDA curves for
the regular and BRB equipped 12-story-71.5° diagrid. The difference be-
tween the curves is just due to the record-to-record variability of
ground motions. For the initial model, there is no safety margin against

mInitial Models ®m BRB Equipped Models

45.0 63.4 71.5
Diagonal angle [degrees]
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Fig. 15. Variation of CMR vs diagonal angles: (a) 8-story models, (b) 12-story models.
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collapse since St is equal to Syrr and CMR is unity. Equipping this model

with BRBs shifts the Scr up to 0.88 and improves the collapse capacity by
around 33%.

The IDA results are presented in Fig. 17. This figure shows the cumu-
lative distributions of the collapse intensities obtained from IDA results
for the initial and the BRB equipped models. The collapse intensity is de-
fined as the maximum drift ratio of the structural model or the spectral
acceleration of the records at the onset of collapse. To consider the char-
acteristics of a pair of horizontal records in collapse performance assess-
ment process, the spectral acceleration of a pair of records is described
as the geometric mean of 5%-damped spectral acceleration (S,(T,5%))
of the pair of the bi-directional records:

Sa(T.5%) = \/Sa1(T.5%) x Sa2(T.5%) (8)
where S,;(T,5%) is the spectral 5%-damped acceleration of the ig, (i = 1,
2) record at the fundamental period of the structure. A quick look at
the cumulative distribution curves represented in Fig. 17 indicates
that equipping diagrid models by BRBs generally shifts the cumulative
curves of the initial (without BRB) models to the right. This means
that collapse capacity of BRB equipped models is greater than that of
the regular models. To better study the effects of adding BRBs on seismic
performance of models, the PI is redefined here as the ratio of median
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damage measure (DM) or intensity measure (IM) of a BRB equipped
model to the median DM (or IM) of the initial diagrid:

_ Median(Drift Ratio or Sq(T,5%) of BRB equipped models)

Pr= Median(Drift Ratio or Sq(T,5%) of initial models) ©)

Fig. 18 shows the PIs as a function of the diagonal angles. This figure
indicates that the PI of collapse drift ratios increases as the diagonal an-
gles increase, so equipping the diagrids by BRB substantially increases
the collapse displacements of the diagrids with larger diagonal angles
(71.5°). Also, all PIs of the collapse intensities are larger than unity
which means that the BRB equipped models can withstand more in-
tense earthquakes. Variation of PI associated with the collapse spectral
accelerations has a reverse trend relative to the trend of PI of collapse
drifts. In other words, PI of collapse spectral accelerations is larger for
diagrids with smaller diagonal angles. This is attributed to the behavior
change of the diagrids from braced frames to moment resisting frames
as their diagonal angle increases.

6. Conclusion

In this study a new approach for improving the seismic performance
of diagrid structures through application of BRBs is proposed. 6 three
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Fig. 18. Variations of PI vs diagonal angles: (a) PI for collapse drifts, (b) PI for collapse Sa (T, 5%).

dimensional nonlinear diagrid models were partially equipped by the
BRBs in a suggested arrangement, and nonlinear pushover and time his-
tory analyses were conducted. Overally, the obtained results indicated
that partially replacement of the diagonal elements by BRBs, as sug-
gested, could improve the seismic performance factors of diagrids by ef-
ficiently accumulating the plastic damages in BRBs, thus preventing the
remaining diagonals from buckling. Also, the distribution of the plastic
behavior of the diagonals becomes more uniform throughout the struc-
ture when partially equipped with BRBs. The detailed findings of this
study are as the following:
Results of the pushover analyses:

o The over-strength factor ({)g) remains almost constant for diagrid
models with average value of 1.2 for all models.

o The ductility ratio, 1, of all initial and BRB equipped models generally
has an increasing trend with growing diagonal angles. Also, the ductil-
ity of 8-story-71.5° models is greater than other cases. It is equal to 2.5
for initial model and 3.1 for BRB equipped model. This can be attributed
to the flexural behavior of the diagrids with higher diagonal angles.
For most cases, both R, and R have an increasing trend with rising
diagonal angles from 45° to 63.4°. For 12-story models, the diagonal
angle of 63.4° seems to be optimal for both R, and R not only in the ini-
tial models but also in the BRB equipped models. The maximum value
of R for the initial models is 2.47 for 8-story-71.5° model, while for the
BRB equipped cases is 3.28 for 12-story-63.4° model.

Generally, PI is greater than one for all models, which demonstrates
the improvement in the seismic performance of the models; for

[e]
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12-story-63.4° model, application of BRB increases the R factor from
1.97 to 3.28, indicating an improvement of 66%.

o In 8-story models, PI of the R factor reduces by growing diagonal
angles; so, 8-story-45° model achieves the maximum improvement
of 37%.

Results of dynamic analyses:

o The values of CMR for regular models generally increase by grow-
ing diagonal angles. But for the BRB-equipped cases, this trend is
somehow reverse, indicating that the BRB-equipped models with
smaller diagonal angles have a greater safety margin against col-
lapse.

o The cumulative distribution functions of collapse spectral acceler-
ations of BRB-equipped models are located at the right side of cu-
mulative curves for the regular models, showing improvement in
the collapse capacity of BRB-equipped diagrids for all statistical
levels.

o The maximum value of PI for collapse intensities belongs to the
diagrids with diagonal angle of 63.4°. For both 8- and 12-story
models with diagonal angle of 63.4°, the collapse intensities are
in average improved by up to 60%. For diagonal angles steeper
than 63.4°, the effectiveness of using BRB is reduced.

o Diagrids with larger diagonal angles gain more increase in col-
lapse drifts by being equipped with BRBs.
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