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Abstract

In the present paper, the coupled behavior of structural systems obtained by connecting a moment resisting frame
structure with a vertical elastic truss, known in the literature as strong-back, which acts as a mast by imposing to the
structure a given lateral deformed shape, is investigated. The rigid behavior of the strong-back, which is designed in
order to remain in the elastic field under strong seismic ground motion, imposes a uniform inter storey drift along the
frame height, thus avoiding undesired effects such as soft storey and weak storey mechanisms.

Consequently, the whole structural system may be, at first approximation, modelled as an equivalent Single Degree
of Freedom system thus allowing for an analytical description of its response. In particular, in the work the attention
is paid to the mutual actions exchanged by the strong-back and the frame by solving the static equilibrium equations,
assuming a shear type behavior for the frame. Finally, some numerical simulations of frame systems with strong-back
systems as subjected to earthquake ground motions are developed, encompassing both shear type frames and frames

with flexible beams.

Keywords: Strong-back; Earthquake resistant design; Static behavior;
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Introduction

New approaches in earthquake resistant design have determined a
change of paradigm from the traditional Force Based Seismic Design
approach (FBD) to the so-called Performance Based Seismic Design
(PBSD) approach based on the imposition of specific performance
objectives (POs), obtained by considering both the structural and
non-structural performance of the building under increasing seismic
intensity levels [1]. The basic idea lies upon the capacity of predicting
that a given system will perform in a selected manner (i.e., performance
level) under a given seismic intensity (i.e., earthquake design level) [2,3].

First of all, the desired performance design objectives need to be
expressed in terms of precise engineering demand parameters (EDPs)
capable of measuring various and different kinds of damages, resulting
from expected levels of earthquake ground motions. Then by imposing
specific values of EDPs it is possible to move ranging from code
requirements to superior performances such as fully operational level
guaranteed under very rare earthquake. Inter-storey drifts proved to be
a reliable parameter to quantify damages in framed structures [4].

In view of this, a possible strategy for superior seismic performances
under earthquake excitation should be based on the use of peculiar
solutions for limiting the attitude of conventional frames in developing
large drifts concentrated in one or few stories, which often lead to
undesirable seismic responses such as soft storey mechanisms, thus
leading to larger non-structural and structural damages and even
premature collapses (when compared to the structural systems allowing
for a more uniform distribution of damage over the height). Moreover,
soft storey mechanisms are also likely to result in significant residual
displacements, which can be extremely costly or even unfeasible to
repair.

One possible solution for an enhanced seismic performance of
frame structures is the use of adhoc designed hysteretic steel braces,
such as those developed by Christopoulos and coworkers at the
University of Buffalo (commercially known as Scorpion brace devices)
[5] or the ones developed by some of the authors of the present work
and known as Crescent Shaped Brace [6-8].

Alternatively, a novel hybrid system composed of a traditional frame
and a mast, known as strong-back system, has been recently proposed

by researchers at University of California Berkeley to achieve improved
seismic performances [9]. The mast, in fact, acts like a “strong back’,
to help resist the tendency of frames to concentrate damage in one or
few stories during severe seismic excitations. The mentioned studies
were mainly devoted to the sizing of specific trussed systems so that the
steel members would remain in their elastic field under severe ground
motions, thus ensuring the development of nearly uniform inter-storey
drifts along the building height. Despite those studies, no further work
was carried out to investigate the coupled nature of the system response
under lateral loads and to evaluate the mutual actions exchanged
between the frame and the strong-back. Indeed, even though a lot of
research work was focused on the lateral response of coupled structural
systems, the available results refer to the interactions between shear
wall and frame system, composed by a frametype structure connected
to a walltype structure [10-15]. To this purpose, the seminal works
done by Khan [10], Rosman [11] and Stafford Smith [12] back to 1960s
and 1970s, devoted to the comprehension of the mutual interactions
between the frame and the shear wall through analytical approaches,
still nowadays represent the fundamental body of knowledge for the
comprehension of the coupled response of such complex systems.

By using a similar approach, in the present work the aim is to obtain
analytical expressions of the mutual actions exerted by the frame and
the strong-back to fully understand the behavior of these structural
systems.

Strong-Back System: The Concept and Previous Studies

The so-called strong-back system, as schematically represented in
Figure 1, has been first introduced by Lai and Mahin [9]. The system is
essentially a vertical truss going from the top to the ground storey made
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by segments of the augmented braced bay which are proportioned to
provide a continuous vertical truss that remains essentially elastic
during strong ground motions. Its main function is to avoid large
deformations which can be concentrated at particular weak stories
during an earthquake. Indeed, the vertical truss provides an elastic
“strong back” or mast, which imposes a nearly uniform lateral deformed
shape over the height of the structure (Figure 1).

The original idea was inspired by previous research studies aimed
at reducing the damage concentration and achieving smaller residual
displacements by connecting the main frame to an additional system:
(i) dual systems, where a moment resisting frame is used in addition
to a braced frame [16,17] (ii) zipper or vertical tie bar systems [18,19]
(iil) rocking/uplifting systems [20-22] (iv) tied-truss, masted systems
[23,24].

The work previously done focuses on the investigation of the novel
hybrid system performances through non-linear inelastic analysis
results of a total of 6 different prototypes of braced frame systems, 3 of
which equipped with strong-back systems, under a variety of earthquake
excitations. For this purpose, two-dimensional computer models were
developed in OpenSees, in which static and cyclic pushover analyses as
well as nonlinear dynamic response history analyses were performed.
The results of the study show that the strong-back system prevents the
deformation concentration in steel braced frames, thus avoiding soft
storey mechanism and additional cost comparison evidences that the
new hybrid system would be economically feasible with respect to the
traditional braced frames.

In the aforementioned research conducted by Lai and Mahin [9],
however, the strong-back system is idealized as a braced frame in which
part of the bay is augmented so to be modeled as a vertical truss that
remains essentially elastic under seismic action, with no evidence of
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Figure 2: (a) Schematization of the coupled frame strong-back system (b) External horizontal forces and mutual actions applied to the hybrid system.

analytical studies focused on the interaction between the “strong back”
and the frame system.

In the present study the strong-back concept is adapted and
considered as an external stiff system with linear elastic behavior even
under high levels of lateral load, and the interaction between the strong-
back and the frame, which is essential to capture the real behavior of
the hybrid system, is investigated following the approach of Khan [10],
Rosman [11] and Stafford Smith [12] used to comprehend the behavior
of shear wall frame systems.

Behavior Under Equivalent Static Lateral Loads

The system schematization

Letus consider the system schematization as in Figure 2, representing
a generic Nth storey frame system coupled with a strong-back system,
pinned at the base. At the ith storey the frame is characterized by a
lateral stiffness equal to k and a floor mass equal to m_. The geometrical
configuration of the system can be described by assuming a system
coordinate x, z having origin at the base of the strong-back (point A).

The structure when subjected to the generic set of external lateral
forces F, ,; develops a lateral displacement profile dl. , as well as a set of
internal mutual horizontal forces H, exchanged between the frame and
the strong-back system (Figure 2b). Hereafter, the mutual action at the
top storey is going to be referred to as X.

Under the following additional assumptions:

o Both the frame and the strong-back system have linear elastic
behavior.

o The beams are considered as infinitely stiff (shear type
schematization).
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Figure 3: Schematization of the system cutting: (a) at the Nth storey (b) at the N1 storey (c) at the i storey.
« The axial flexibility of columns is neglected. H =4 X+A4 F, ,~F,, 6)
« The strong-back is infinitely rigid. b —k
Where 4, =——"% is a numerical coefficient depending upon the

The lateral drift profile is linear and therefore it can be completely
described in terms of the unique rigid rotation p

Assuming equal storey height at all stories (e.g. A, =/ Vi) it follows
that the inter storey drifts (6, = j/ —d,, ) has to be constant along the
entire building height (e.g. 5, =5 Vi).

Equilibrium equations

Let us consider the translational equilibrium equation written by
cutting the system just below the Nth floor (Figure 3a). External force
F ,\ has to be in equilibrium with the internal mutual force X and the
internal storey shear Fm) SO that:

F y+X=F,, &y

ext,N
where F,, , =k,0, - kyo.

Eq. 1 allows to obtain the following expression of the constant
interstorey drift § :

- F ytX .

5 = _enN _ Dewn +£ )

kN kN kN

Let us consider the translational equilibrium equation written by
cutting the system just below the Nth floor (Figure 3b). Again the sum
of the external forces has to be in equilibrium with the sum of internal
mutual forces exchanged between the frame and the strong-back, and

the internal storey shear, so that:
Fe.xz,N +X+H,, = F;n,N—l (3)

where Fona= k.’\«'—lg .

+F

ext,N-1

By combining Eq. 2 and 3 the mutual action H,, can be expressed in
terms of the external forces and the top mutual action:

Hy =4, 'Fm,zv T Ay, X - F;,xt,N—l 4)

ky_ —ky
Where 4, , =—~=—2 is a coefficient depending upon the relative
N
differences of the lateral storey stiftness of the two top stories?

Similarly, by cutting the system at the generic ith storey, Figure 3c
the translational equilibrium equation can be written as follows:
N-1

N-1

ext,j ext,i
J=i+l J=itl

Where, F, . = kig‘ .

By substituting in Eq. 5 the expressions of the constant inter-storey
drift H of Eq. 2, the following analytical expression of the mutual force
at the generic ith storey H, can be derived:

N
difference between the lateral stiffness of the ith storey and the one

of the storey above (normalized with respect to the top storey lateral
stiffness). It can be noted that H, can be expressed uniquely in terms
of the external force F, | and the mutual force X at the top floor (both
multiplied by the numerical coefficient A) and the external force at the
ith storey F, . As such, if the set of the mutual forces is known and
the lateral stiffness distribution k, is also known, the unknown mutual
force X can be derived by imposing the rotational equilibrium around
point A:

N-1

dYHz +Xz,=0 )

J=1

After combining Eq. 6 and 7 the following analytical expression of
X can be derived:

N-1 Vol
X=- Feu Zj:l AJ'Z,/ - ZFI F.,z; o

N-1
(ZN + Zj:l AJ'Z./' )
Then, substituting Eq. 8 into Eq. 7 the following explicit expression
of the mutual forces H, can be derived:

N-1 N-1
Foun Zj:l 4;z; - Z,-:1 Fou 2
N-1
(ZN + Zj:lAfo)

Mutual Actions and Frame Lateral Stiffness

H =-

i i

+AF F_. 9

i ext,N_ ext,i

Let us now focus the attention on the expression of the mutual
horizontal forces H, as given by Eq. 6. The expression is made by the
algebraic sum of the following three terms:

Ai. X represents the term proportional to the mutual action at the
top storey X. The value of the coefficient of proportionality A, is related
to the difference between the lateral stiffness of the ith storey and that of
the storey above (i+1). Indeed, as the storey stiffness increases also the
mutual action tends to increase as well.

Ai. F, | represents the term proportional to the external action at
the top storey F, . Again, the coefficient of proportionality is A,

F__ represents the term proportional to the storey shear at the ith

ext,i

storey (with constant coeflicient of proportionality equal to 1).

In the next subsections the general expressions of H, and X
are specified for interesting cases in order to provide some useful
considerations.
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On the lateral stiffness distributions

In the case of a frame structure with uniform lateral stiffness
along the height of the structure (£, =k V1) the value of coefficient A,
becomes identically null at all stories and the expressions of the mutual
actions (Eq. 8 and 9) simplify as follows:

M
X=—"0—F, (10)
ZN
H, = _Fext,i (11)

Where M, , = Z';]ZIEM_ ,Z; the moment of the external forces around
point A is (also called base benNding moment). Similarly the summation
of the external forces V,, = Z _F..; is also called base shear (especially

j=1ext,j
in seismic engineering).

Eq. 11 simply states that the mutual action at the ith storey has
equal value and opposite direction with respect to the external force
at the same ith storey, whereas from Eq. 10 it results that X has an
amplitude which is proportional to the base bending moment divided
by building height.

Itis also of interest to consider the case for which the mutual actions
are all identically null. This corresponds to impose the following set of
conditions:

Hl.:Ai»X-FALF;ﬁ,N—Fw'i:O (12)
X=0

Yielding to the following specific relations between the values of
coefficients A, and the external forces F, , :
k,' - k,'+1 _ F;x/,r (13)
kN ext,N
In other words, axframe structure characterized by a lateral stiffness
distribution satisfying Eq. 13 when subjected to the given set of static
external forces F,  will develop a linear storey drift profile.

4 =

Solutions for particular external forces profiles

Focusing on the previous case of a frame system with uniform
lateral stiffness along the height of the structure (k, =k V1), let us
now consider the following two specific along the height distributions
of external forces.

«Case 1: Uniform distribution:

F . =FVi (14)

ext,i

o Case 2: Inverse triangular distribution (typically adopted for

seismic analysis):
X=F- (%} (15)

In such special cases the expressions of the mutual forces further
specify as follows:

For Case 1:

N -1
xor (2] 0o

H =—F 17)

i

Considering that the base shear (e.g. the summation of the external
forces) is equal to V,, = N+ F the mutual force at the top storey can
be also expressed as follows:

x=v, 21 (18)

o 2N
Note that, for large N, the value of X tends to 0.5 V. .

For Case 2:

N+1)(2N +1
X:FA[W_l} (19)
6N
H =-F- LN (20)
Considering that the base shear (e.g. the summation of the external

. 1
forces) is equal to ¥, = F - NT+j the mutual force at the top storey can

ase

also be expressed as follows:

{(N+1)(2N+1)—6N} 1)

X=,
3N(N+1)

base

Note that for large N, the value of X tends to 0.66 V.

For instance, Figure 4 displays the along the height profiles of
the internal actions (e.g. mutual actions H and X, columns shear and
bending moment in the frame, bending moment in the strong-back)
for the specific case of a 6storey structure as subjected to a uniform set
of unitary external forces (Case 1). It can be noted that the presence
of the strong-back leads to a uniform storey shear along the building
height, with a constant value (3.75 kN) which is around 50% of the base
shear of the same frame but with no strong-back (equal to the sum of
the external forces, which is 6 kN). Such a reduction in the base shear
is paid by considerably large mutual actions and bending moments in
the strong-back, requiring adequate sizing of the connections between
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Figure 5: (a) Pseudo acceleration response spectrum and (b) Displacement response spectrum, considering a 5% damping ratio.
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Frame with strong-back
system

PIN — SB (T,=3.51s)
IPE300 — SB (T,=2.04s)
IPE500 — SB (T,=1.25s)
IPE60O — SB (T,=1.10s)

ST - SB (T,=0.80s)

p\w Bare frame

p=0 (PIN)
0=0.27 (IPE300)
0=0.78 ( IPE500)
p=1.49 (IPE600)

p= (ST)

PIN — BARE (T,=7.44s)
IPE300 — BARE (T,=2.225)
IPE500 — BARE (T,=1.31s)
IPE600 — BARE (T,=1.15s)
ST- BARE (T,=0.84s)

Table 1: FE models developed in the present study.

frame elements and the strong-back, as well as the truss elements
forming the strong-back itself.

Let us consider instead the case of inverted triangular profile of
external forces (Case 2). In such a case it may be of interest to obtain the
stiffness distribution leading to a linear lateral drift profile. Introducing
Eq. 15 into Eq. 13, after some simple mathematical manipulations, it
is possible to derive the following expression of this particular lateral
stiffness distribution:

- ky (N—i+1)-(N+1i)

" N 2
Incidentally, the lateral stiffness distribution of Eq. 22 is also a quite
accurate approximation of the lateral stiffness distribution of a Nstorey

sheartype frame structure with uniform floor mass distribution and
characterized by a linear first mode shape [25].

(22)

Numerical Simulations
The FE models and the seismic analysis

It is well known that the distribution of internal actions in a
moment resisting frame structure is significantly affected by the beam
to column stiffness ratio (Hardy Cross method [26], then extended by
Pozzati for the more general case of moment resisting frames subjected
to lateral loads [27]:

EJ, L
=_b"b, ¢ (23)
L, E.J.
Where E,J, L, are the elastic modulus, modulus of inertia and

length of the beam, respectively, while E,],L, are the elastic modulus,
modulus of inertia and length of the column, respectively.

In this section, some numerical Finite Element (FE) based
simulations are carried out with the purpose of assessing the seismic
behavior of moment resisting frames equipped with strong-back
systems. In particular, a total number of 10 two bays six storey steel
frame structures are investigated, namely 5 bare frame structures
and the corresponding 5 counterparts with strong-back systems. All
structures have a constant inter storey height 4= 3 m and a constant
span width equal to 6 m. HE300 steel profiles are used for all columns,

o
w
&

o
@

—025
E
T 02}
£
]
& 015
=
2
® o1

0.05

% f 3 a3 1 e
period T [s]
_(b)

while the cross sections of the beams are varied in order to obtain beam
to column stiffness ratios p ranging from 0.25 to 1.5 (in addition to the
limited cases of pinned connections and of shear-type structures). In
more detail, five different p values are used in the numerical simulations:

« p=0 (Limit case of pinned connections);

o p=0.27 (Relatively flexible beam case obtained using IPE300
beams at all stories);

« p=0.78 (Intermediate case obtained using IPE500 beams at all
stories);

« p=1.49 (Relatively rigid beam obtained using IPE600 beams at all
stories);

o p=co (Limit case of shear-type behavior).

Uniform floor masses are applied at all stories leading to a total
seismic weight equal to W, = 4150 kN. The El Centro 1940 acceleration
time history record (North South Component) is used as seismic input
at the base of the structure.

Table 1 summarizes the main characteristics (p and fundamental
periods of vibration for the 10 FE models) while Figure 5 provides the
displacement and pseudo acceleration response spectra (considering a
5% damping ratio) of the El Centro 1940 record (the blue dots indicate
the spectral ordinates corresponding to the natural periods of the
5 frames with strong-back systems). The numerical simulations are
carried out using the commercial software SAP2000 v.18.

Main results

Figure 6a displays the along the height profile of peak inter storey
drift ratio ID, = (5max,,- / h) -100 (g, isthe maximum lateral inter storey

drift under earthquake ground motion of the ith floor). As expected, the
frame structures equipped with strong-back systems exhibit a constant
ID, value along the entire building height. At first approximation,
by neglecting the higher mode contributions and considering a roof
displacement equal to twice the ordinate of the spectral displacement,
the constant ID value may be roughly estimated by using the following
equation:

IDg, = 2:5,0) 149 (24)

N-h

Figure 6a displays the along the height profile of peak inter storey
drift ratio ID, for all analyzed systems as obtained from the numerical
simulations. Figure 6b compares the predictions given by Eq. 24 with
the results of the numerical simulations.

Figure 7 displays the envelope of the shear diagrams (both positive
and negative peak values) in the bare frame structures and in the frame
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Figure 6: Peak inter-storey drift profiles: (a) Comparison between bare frames (solid line with full markers) and corresponding frames with strong-back systems (dotted
line with empty markers). (b) Comparison between frames with strong-back system and predictions of Eq. 24.
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Figure 7: Comparisons of shear diagrams for bare frames (figures in the bottom alignment) and corresponding frames with strong-back systems (figures in the top

alignment).

E > All units are in kN

structures with strong-back systems, respectively. Comparison of the
shear diagrams leads to the following observations:

« For both cases of the shear type (ST) structure and the structure
with stiff beams (IPE600) the presence of the strong-back tends to level
out the values of the shear with quite remarkable reductions at the
lower stories with respect to the corresponding bare frames.

o For the structures with pinned beam to column connections the
presence of the strong-back leads to an along the height distribution of
mutual actions quite different with respect to the case of ST structures.
In particular, a large concentration of actions in the first storey is
observed, whereas the upper stories remain essentially unloaded. A
sound interpretation of these observations will require a specific study
which is out of the scope of the present work.

« The frame structures with relatively flexible beams (IPE300) tend
to behave like the corresponding pinned structures even though the
peak values of the shear in the bottom storey are reduced.

Conclusion

The present work presented the first results of a study aimed at
assessing the seismic behavior of frame structures with strong-back
systems, namely a vertical truss system having the function of imposing
a linear lateral deformation to the main frame when subjected to
lateral loads. In particular here the attention has been focused on the
evaluation of the mutual actions exchanged between the frame and

the strong-back. For this purpose a shear type frame idealization has
allowed to obtain analytical expressions of along the height profile
of the mutual actions. It is found that for the case of uniform lateral
stiffness distributions the mutual action at the top storey becomes quite
large (approximately the same order of magnitude of the base shears).

A possibility to minimize the mutual actions is to size the columns
so that under a given set of lateral forces the frame would develop a
nearly linear lateral deformation profile. An analytical expression of
such lateral stiffness profile has been obtained assuming a shear type
schematization.

Finally some numerical simulations have been carried out
considering the influence of actual beam flexibility and real recorded
earthquake. It is found that for the case of pinned beam to column
connections the actual profile of the mutual actions significantly differs
from the one analytically obtained for the case of shear type frames.
For that case, a very large mutual action at the first storey is exchanged
between the frame and the strong-back. The sound explanation of this
behavior will be the objective of a future work.

References
1. Vision, S. E. A. O. C. Committee (1995-2000) Performance based seismic
design engineering.

2. Bertero RD, Bertero VV (2002) Performance-based seismic engineering:
The need for a reliable conceptual comprehensive approach. Earthquake
Engineering & Structural Dynamics 31.3: 627;652.

J Civil Environ Eng, an open access journal
ISSN: 2165-784X

Volume 7 - Issue 2 + 1000274


http://cat.inist.fr/?aModele=afficheN&cpsidt=13483092
http://cat.inist.fr/?aModele=afficheN&cpsidt=13483092
http://cat.inist.fr/?aModele=afficheN&cpsidt=13483092

Citation: Laghi V, Palermo M, Gasparini G, Trombetti T (2017) Strong-Back System Coupled with Framed Structure to Control the Building Seismic
Response. J Civil Environ Eng 7: 274. doi: 10.4172/2165-784X.1000274

Page 7 of 7

Bozorgnia Y, Bertero VV (2004) Earthquake engineering: From engineering
seismology to performance based engineering. CRC press.

Iwan WD (1997) Drift spectrum: A measure of demand for earthquake ground
motions. Journal of Structural Engineering 123: 397-404.

Gray MG, Christopoulos C, Packer JA (2010) Cast steel yielding fuse for
concentrically braced frames. Proceedings of the 9" US National and 10"
Canadian Conference on Earthquake Engineering, Toronto, Canada.

Trombetti T, Silvestri S, Gasparini G, Ricci | (2009) Stiffness, strength, ductility,
design approaches for crescent shaped braces. Open Construction and
Building Technology Journal 3: 127-140.

Palermo M, Silvestri S, Gasparini G, Trombetti T (2015) Crescent shaped
braces for the seismic design of building structures. Materials and Structures,
48: 1485-1502.

Palermo M, Ricci |, Gagliardi S, Silvestri S, Trombetti T, et al. (2014) Multi-
performance seismic design through an enhanced fist; storey isolation system.
Engineering Structures 59: 495-506.

Lai JW, Mahin SA (2014) Strongback system: A way to reduce damage
concentration in steel; braced frames. Journal of Structural Engineering 141:
401-423.

.Khan FR, Sbarounis JA (1964) Interaction of shear walls and frames. Journal of

Structural Division 90: 285-338.

. Rosman R (1974) Stability and dynamics of shear wall frame structures.

Building Science 9: 55-63.

.Smith BS, Coull A, Smith BS (1991) Tall building structures: Analysis and

design. Vol. 5. Wiley, New York.

.Macleod IA (1972) Simplified analysis for shear wall: Frame interaction.

Building Science 7: 121-125.

. Rutenberg A, Heidebrecht AC (1975) Approximate analysis of asymmetric wall

frame structures. Building Science 10: 27-35.

. Capuani D, Merli M, Savoia M (1996) Dynamic analysis of coupled shear wall;

frame systems. Journal of Sound and Vibration 192: 867-883.

20.

2

=

22.

23.

24,

2

(&)

26.

2

B

. Foutch DA, Goel SC, Roeder CW (1987) Seismic testing of full; scale steel

building; Part 1. Journal of Structural Engineering 113: 2111-2129.

.Kiggins S, Uang CM (2006) Reducing residual drift of buckling; restrained

frames as a dual system. Engineering Structures 28: 1525-1532.

.Khatib IF, Mahin SA, Pister KS (1988) Seismic behavior of concentrically

braced steel frames. Earthquake Engineering Research Center, University of
California, USA.

. Tirca L, Tremblay R (2004) Influence of building height and ground motion

type on the seismic behavior of zipper concentrically braced steel frames.
Proceedings of the 13" World Conference on Earthquake Engineering,
Vancouver, Canada.

Clough RW, Huckelbridge AA (1977) Preliminary experimental study of seismic
uplift of a steel frame. Earthquake Engineering Research Center, College of
Engineering, University of California.

. Deierlein G, Krawinklet H, Ma X, Eatherton M, Hajjar J, et al. (2011) Earthquake

resilient steel braced frames with controlled rocking and energy dissipating
fuses. Steel Construction 4: 171-175.

Sause R, Ricles JM, Roke DA, Chancellor NB, Gonner NP (2010) Seismic
performance of a self; centering rocking concentrically; braced frame.
Proceedings of the 9" US National and 10" Canadian Conference on
Earthquake Engineering, Toronto, Canada.

Popov EP, Ricles JM, Kasai K (1992) Methodology for optimum EBF link
design. Proceedings of the 10" World Conference on Earthquake Engineering,
Madrid, Spain.

Lai JW, Chen CH, Mahin SA (2010) Experimental and analytical performance of
concentrically braced steel frames. Structures Congress 20: 2339-2350.

. Palermo M, Silvestri S, Landi L, Gasparini G, Trombetti T (2016) Peak velocities

estimation for a direct five; step design procedure of inter; storey viscous
dampers. Bulletin of Earthquake Engineering 14: 599-619.

Cross H (1932) Analysis of continuous frames by distributing fixed end
moments. American Society of Civil Engineers Transactions.

. Pozzati P, Ceccoli C (1980) Teoria e tecnica delle strutture, Utet.

J Civil Environ Eng, an open access journal
ISSN: 2165-784X

Volume 7 - Issue 2 + 1000274


https://books.google.co.in/books?hl=en&lr=&id=-br7MuVFKesC&oi=fnd&pg=PP1&ots=hSOBheU-xB&sig=bO3_6I-E8RmexSpkXlBg-ALDe4Q
https://books.google.co.in/books?hl=en&lr=&id=-br7MuVFKesC&oi=fnd&pg=PP1&ots=hSOBheU-xB&sig=bO3_6I-E8RmexSpkXlBg-ALDe4Q
http://dx.doi.org/10.1061/(ASCE)0733-9445(1997)123:4(397)
http://dx.doi.org/10.1061/(ASCE)0733-9445(1997)123:4(397)
https://benthamopen.com/contents/pdf/TOBCTJ/TOBCTJ-3-127.pdf
https://benthamopen.com/contents/pdf/TOBCTJ/TOBCTJ-3-127.pdf
https://benthamopen.com/contents/pdf/TOBCTJ/TOBCTJ-3-127.pdf
http://dx.doi.org/10.1617%2Fs11527-014-0249-z
http://dx.doi.org/10.1617%2Fs11527-014-0249-z
http://dx.doi.org/10.1617%2Fs11527-014-0249-z
http://dx.doi.org/10.1016%2Fj.engstruct.2013.11.002
http://dx.doi.org/10.1016%2Fj.engstruct.2013.11.002
http://dx.doi.org/10.1016%2Fj.engstruct.2013.11.002
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0001198
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0001198
http://dx.doi.org/10.1061/(ASCE)ST.1943-541X.0001198
http://cedb.asce.org/CEDBsearch/record.jsp?dockey=0013544
http://cedb.asce.org/CEDBsearch/record.jsp?dockey=0013544
https://dx.doi.org/10.1016/0007-3628(74)90040-1
https://dx.doi.org/10.1016/0007-3628(74)90040-1
http://www.academia.edu/download/39369984/Content.pdf
http://www.academia.edu/download/39369984/Content.pdf
https://dx.doi.org/10.1016/0007-3628(72)90048-5
https://dx.doi.org/10.1016/0007-3628(72)90048-5
https://dx.doi.org/10.1016/0007-3628(75)90005-5
https://dx.doi.org/10.1016/0007-3628(75)90005-5
http://dx.doi.org/10.1006%2Fjsvi.1996.0222
http://dx.doi.org/10.1006%2Fjsvi.1996.0222
http://dx.doi.org/10.1061/(ASCE)0733-9445(1987)113:11(2111)
http://dx.doi.org/10.1061/(ASCE)0733-9445(1987)113:11(2111)
http://dx.doi.org/10.1016%2Fj.engstruct.2005.10.023
http://dx.doi.org/10.1016%2Fj.engstruct.2005.10.023
https://nehrpsearch.nist.gov/article/PB91-210898/XAB
https://nehrpsearch.nist.gov/article/PB91-210898/XAB
https://nehrpsearch.nist.gov/article/PB91-210898/XAB
http://www.iitk.ac.in/nicee/wcee/article/13_2894.pdf
http://www.iitk.ac.in/nicee/wcee/article/13_2894.pdf
http://www.iitk.ac.in/nicee/wcee/article/13_2894.pdf
http://www.iitk.ac.in/nicee/wcee/article/13_2894.pdf
https://nehrpsearch.nist.gov/article/PB-278 769/5/XAB
https://nehrpsearch.nist.gov/article/PB-278 769/5/XAB
https://nehrpsearch.nist.gov/article/PB-278 769/5/XAB
http://dx.doi.org/10.1002%2Fstco.201110023
http://dx.doi.org/10.1002%2Fstco.201110023
http://dx.doi.org/10.1002%2Fstco.201110023
https://www.researchgate.net/profile/David_Roke/publication/280091554_Seismic_Performance_of_a_Self-Centering_Rocking_Concentrically-Braced_Frame/links/55a7f3ff08ae481aa7f56452.pdf
https://www.researchgate.net/profile/David_Roke/publication/280091554_Seismic_Performance_of_a_Self-Centering_Rocking_Concentrically-Braced_Frame/links/55a7f3ff08ae481aa7f56452.pdf
https://www.researchgate.net/profile/David_Roke/publication/280091554_Seismic_Performance_of_a_Self-Centering_Rocking_Concentrically-Braced_Frame/links/55a7f3ff08ae481aa7f56452.pdf
https://www.researchgate.net/profile/David_Roke/publication/280091554_Seismic_Performance_of_a_Self-Centering_Rocking_Concentrically-Braced_Frame/links/55a7f3ff08ae481aa7f56452.pdf
http://www.iitk.ac.in/nicee/wcee/article/10_vol7_3983.pdf
http://www.iitk.ac.in/nicee/wcee/article/10_vol7_3983.pdf
http://www.iitk.ac.in/nicee/wcee/article/10_vol7_3983.pdf
http://dx.doi.org/10.1061/41130(369)212
http://dx.doi.org/10.1061/41130(369)212
http://dx.doi.org/10.1007%2Fs10518-015-9829-8
http://dx.doi.org/10.1007%2Fs10518-015-9829-8
http://dx.doi.org/10.1007%2Fs10518-015-9829-8
http://cedb.asce.org/CEDBsearch/record.jsp?dockey=0276704
http://cedb.asce.org/CEDBsearch/record.jsp?dockey=0276704

	Title
	Abstract
	Corresponding Author
	Keywords
	Introduction
	Strong-Back System: The Concept and Previous Studies
	Behavior Under Equivalent Static Lateral Loads
	The system schematization
	Equilibrium equations
	Mutual Actions and Frame Lateral Stiffness
	On the lateral stiffness distributions
	Solutions for particular external forces profiles 

	Numerical Simulations
	The FE models and the seismic analysis
	Main results

	Conclusion
	Table 1
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	References

