
Vol. 21, No. 4, 2019JSEE

Available online at: www.jseeonline.com

The new techniques in seismic design of structures are usually attributed to high
damping ratios. Mass isolation of structures is one of the new techniques in seismic
design of structures that focuses on the mass of the structure as the main target for
seismic isolation and reducing earthquake effects on buildings. Mass Isolation
System (MIS) consists of two stiff and soft substructures connected by a viscous
damper. The mass subsystem comprises the main mass of the structure, which is
attached to a frame with a low stiffness by a separation mechanism at the height of
the structure including viscous dampers to a stiffness subsystem consisting of a
moment or braced frame system with great stiffness. In this paper, the aim is to
present a simple preliminary design method based on the normalized pushover
curve. The most important problems for increasing the period of the soft structure
are deformation and structural stability. This paper presents a preliminary design
solution for a soft substructure of the Mass Isolation System (MIS) with con-
sideration of stability constraints. To this end, the paper presents mathematical
relationships to calculate the period of the structure followed by proposing a simple
solution for the design of the soft substructure.
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ABSTRACT

1. Introduction

Modern methods of seismic performance control,
commonly known as performance control techniques,
often seek to dissipate seismic energy by increasing
the flexibility of the structure. One of these techniques
is the connection of two adjacent structures by
dampers [1-2]. This method can also be used for a
single structure by separating the gravity load
system from the lateral load system [3-4]. It has
been shown that increasing the period difference
between these two substructures will improve the
performance of this method. The proposed system
is known as the Mass Isolation System (MIS). Such

structures can be modeled according to Figure (1).
The MIS can be divided into two substructures,

the mass substructure in which most of the mass of
the structure is concentrated and the stiff sub-
structure from which most of the lateral stiffness of
the structure is derived (Figure 2). The two sub-
structures are connected by a viscous damper to
reduce the displacement amplitude of the mass
substructure, and the stiff substructure acts as a
support for the dampers, which act as an energy
dissipation system [3-4]. Due to the low lateral
stiffness of the soft substructure, theoretically and
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according to the seismic design spectrum, the best
design for the soft substructure is to increase its
period as much as possible to reduce the seismic
base shear. Therefore, it can be assumed that this
structure is designed exclusively for gravity forces
and without the effects of lateral forces. However,

Figure 2. Two-mass modeling.

Figure 1. Simplified model of the mass isolation system.

excessive increase of structural period, and con-
sequently excessive reduction of lateral stiffness
can lead to structural instability. On the other hand,
the hard infrastructure, as the lateral support of
the dampers, must have a high lateral stiffness to
withstand the forces transferred from the dampers.
Of course, it may be a mistake to say that due to the
high stiffness of the stiff substructure, the seismic
shear base of this structure would be large and
irrational. However, it should be noted that despite
the high stiffness of this structure, its seismic base
shear will not be high, because this structure will have
a small mass compared to its considerable stiffness.

The design criterion for a soft structure should be
based on the displacement control method, since the
major part of the seismic forces in this part of the
structure is transmitted through a damper to a stiff
structure. It can be shown that there is always a
reciprocal relationship between the period and the
stability ratio, and this relation can be expressed as

.−β= αλT  The coefficients α and β are determined
with respect to the height of the structure and other
structural parameters, and λ from eigen-analysis of
structural stiffness matrix is determined by taking
into account the effects of P-∆ and the concept of
the gravity increase factor of the structure to achieve
instability due to the structural weight. Therefore,
the aim of this paper is to implement the design of
high-damping structures (and in particular, Mass
Isolation Systems), considering the proper and safe
stability limits, the minimum stability ratio for the
frame structures is determined and, finally, the
period of the soft structure Calculated. The method
of doing work is based on a combination of nonlinear
push-over and dynamic methods, taking into account
the gravity load effects.

2. Procedures for Calculation of Stability Factor

Sideways collapse of the structure subjected
to severe earthquake excitation is due to the suc-
cessive reduction of lateral load capacity as a result
of the stiffness and strength deterioration, and the
global destabilizing effect of gravity loads acting
through lateral displacements (P-Delta effect) [5].
In very flexible buildings, the destabilizing effect
of gravity loads may lead to a negative post-yield
stiffness, and as a consequence, the structural
collapse capacity might be exhausted at a rapid rate
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when the earthquake drives the structure into its
inelastic range of deformation, even for stable
hysteretic component behavior [6]. The excessive
deformation of the mass structure may have un-
desirable effects on the stability of the structure.
Even this parameter has not been directly investi-
gated in nonlinear push-over analysis and nonlinear
time histories, and only the general buckling of the
members is considered in nonlinear calculations.
Therefore, the criterion for determining the per-
formance of IO, LS, or CP is merely the formation
of hinges in structural elements, and the general
stability of the structure is ignored in this regard,
while according to studies, the change in the axial
load pattern in the members as well as the formation
of plastic joints can affect the structural stability.

In Figure (3), the behavior of a structure is seen
with and without regard to the secondary moments
of the effect caused by P-∆. As it is seen, taking
into account the decreasing effects of the geometric
hardness matrix and the secondary moments reduces
the initial stiffness of the pushover structure as well
as the expected resistance of the structure. In
addition, the behavior of the structure after reaching
the yield limit with negative and decreasing stiffness
goes down. In this section, how to calculate the
amount of these impacts and their effects will be
examined.

However, none of the codes explicitly provides
documentary evidence of the reliability ratio versus
stability for the entire structure, and only refers
to the ASCE 7-10 code to calculate the limit of
instability (known as the maximum stability index),
which is the safety factor of 2 [7].

The collapse capacity of inelastic P-Delta
sensitive frames has been investigated in numerous
articles [8-11]. According to a study by Bernal [12]
focused on two-dimensional frames and aimed at
determining the minimum lateral stiffness needed for
the frame, he presented the coefficient of stability
with the dynamic modeling of the structure and
assuming non-linear behavior for the frame.

2θ =
ω

gi
i

i

k
mo

                                                        (1)

where θi  is the coefficient of stability of the frame
after the formation of ith plastic mode. Also, Bernal
[13] showed that the stability index can be expressed
by its dependence on the mode forms.
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where { }1φ  is the shape of the first mode, gK  is the
geometric stiffness matrix, and Ko  is the linear
structure stiffness matrix, 

1gK  and 1K  are the
geometric stiffness matrix and the stiffness matrix
of the first mode of the structure, respectively.

Accordingly, and in continuation of their work, the
empirical equations for calculating the stability index
of the linear state θo  and the stability index equal to
the failure of the frame θm  are as follows [9, 12]:
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where N is the number of stories, g is the gravity
acceleration, h is the total building height, τ is the
ratio of total weight to effective seismic weight.

0.5
0.2

+
τ = =

+
uP D L

W D L                                                (4)

The critical mechanism for analyzing dynamic
stability can be roughly the same as the static failure
mechanism due to a pushover analysis with lateral
load distributions relative to mass [13]. It has also
been shown that the failure mechanism in buildings
is statistically independent of the fact that the
excitation is near the fault or far from the fault [9].

The mentioned analyzes are an introduction to the
application of the stability index in seismic codes.

Figure 3. An ideal response of a 1-Story structure, with and
without P-∆ effect [7].
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As an example, according to the ASCE 7-10 code
[14], the structural stability is achieved by the
following equation:

θ =
sx

P
F h

∆o

o
                                                        (5)

where sxh  is the story height, Fo  is the shear force in
story such as ,∆ ∆o o  is the elastic lateral story drift,
which is equal to ,e dI C  ∆ ∆  is the inelastic story
drift determined in accordance with Section 12.8.6
in ASCE 7-10 Standard, and P is the total gravity
load supported by the structure.

By comparing this coefficient of stability index
based on Equation (2) with the stability factor of the
frames mentioned in [15], it can be concluded that:

1
1

1

1
λ = =

θg

K
K                                                      (6)

where 1λ  is the coefficient of frame stability in the
first mode.

Based on Bernal studies, the nonlinear behavior
curve of a structure under the effect of increasing
load (pushover curve) can be summarized in the
bilinear form below:

The additional parameters used in this figure are
defined as follows:
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Yield displacement is almost independent of the
nonlinear geometric effects of P-∆ [15]. It has also

been shown in studies that the initial period (and
therefore the initial stiffness) does not play an
important role in determining the boundary of
instability [13]. As a result, immunity against dynamic
instabilities is not guaranteed by controlling the
initial elastic stiffness, and a reasonable method of
checking safety against this failure mode should be
considered by examining the strength and shape of
the mechanism of the critical mechanism [13].

Theoretically, a system may persist after a
transient response to a dynamic stimulation or even
exceed the static stability ( 1 ),λ = θs o  but numerical
results show that, for an earthquake stimulation,
with a considerable time, the threshold of dynamic
instability ( )λd  is much less than λs  [16]. For
example, Castilla and Lopez [17] have suggested
that   λd be considered to be 0.5.λs

By defining the ratio between the maximum
factored gravity load, uP  and the gravity load assumed
present during the earthquake, :sP

β = u

s

P
P                                                                (8)

The ductility should be limited to µm  given by [16]:

1 λ
µ = =

βθ β
s

m                                                      (9)

Assuming a capacity reduction factor φ β   can
be expressed as follows:

( )
( )

1.2 1.6
0.2

+
β =

φ +
D L

D L                                            (10)

Assuming / 0.4=L D  (which is reasonable for
buildings) and 0.75 :φ =

Figure 4. Effective restoring force per unit mass versus generalized displacement [12].
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0.452.25 0.45β = ⇒ µ = = λ
θm s                              (11)

Considering Figure (5), there are three ideal
curves for non-linear pushover behavior. The top
curve represents a case of no gravity, the inter-
mediate curve is for the axial load present during
the design earthquake (proportional to the effective
seismic load), and the lower one corresponds to the
factored gravity loads [16].

The maximum permanent deformation, con-
sidering the ductility µ, is:

= µ −f y∆ ∆ ∆o                                                   (12)

where:
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Substituting the second and third equations into
the first equation, and recognizing that =y yR K ∆

o o

one gets:

( )
( )
1
1
− µθ

=
− θy∆ ∆o                                                     (14)

And as a result:

( )
( )

1
1
µ −

=
− θf y∆ ∆                                                     (15)

Due to the permanent deformation, ,f∆  increasing
gravity load increases the lateral drift. This effect
is indicated by arrows in the figure. The general
expression for the additional drift is:

Figure 5. The ideal curve of structural pushover behavior [16].
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From the figure:

= +u f iG ∆ ∆                                                    (17)

Substituting equations:
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With β from Equation (10) and noting that θ = βθu

Equation (20) can be expressed as:

( )
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1
1
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− βθu yG ∆                                                  (19)

uG  is also given by:

= =
θ βθ

y y
u

u

G
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                                                 (20)

However, in spite of all the issues raised, due to
the considerable reduction in the soft structure
displacement due to the connection to the hard
structure and the use of high damping ratios, the
problem of stability should be examined from a
different viewpoint in order to allow the softness of
the soft structure to be increased. As a result, the
period will be set to higher values than usual.

3. Presentation of a Design Method based on
Stability with Limited and Controlled Dis-
placement

In this section, by assuming the stability
parameter as a design parameter, and not just a
check parameter at the end of the design process, in
accordance with the desired application of the soft
structure, for this structure, the minimum amount of
safe stability factor is determined, and as a result, the
seismic base shear is recommended.

First, the minimum stability factor of the frame
must be determined so that, with the assumption of
0.5 to 0.7 percent of the drift for this particular
structure, the structural stability is maintained.



JSEE / Vol. 21, No. 4, 201942

Mohammad Boujary and Mansour Ziyaeifar

According to ASCE 7-10, in most structures, if
the stability index value exceeds 0.25, the structure
has an unstable risk and should be redesigned.
This amount of the stability index, is equivalent to
reducing stability factor of 4, the structure will be at
the risk of instability and, accordingly, the stability
factor of less than 4 for the structure will be
unacceptable, and according to the point earlier,
ASCE 7-10 was said to have included a safety
factor of 2 in calculating this value.

Also, according to the above-mentioned equ-
ations, the following equations can be reached to
estimate the minimum stability factor:
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It should be noted that for reliability, ASCE allows
β = 1.0 to be assumed [18]. Regarding Equations (21)
and (22), having the coefficient ,dC  the lowest
acceptable stability factor can be obtained  by
assuming a safety coefficient 2 to maintain the
stability and expected value for the stability factor.

For example, ASCE [18] proposes the deflection
amplification factor of 5.5 for steel special moment
frames. As a result, according to Equations (21)
and (22), the minimum safe coefficient for such
structures will be equal to:
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This means that in order to maintain the stability
of the structure to withstand the ultimate displace-
ment proposed by ASCE, the stability factor of the
structure must be at least 9.5 or in other words, the
stability index in all stories must not exceed 0.11.

Similarly for steel ordinary moment frames, the
following result will be obtained:

2

min

3

0
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d

s s

s s

C
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With the logical assumption and with the use of
the Bernal presentation equations, the following
method is proposed for soft structure design. In this
method, the stability factor is calculated first by
assuming the minimum coefficient of stability for
the structure (for example, 5, 25% higher than the
minimum accepted by ASCE). Then, the probable
period of the structure is estimated using the follow-
ing relationship.

( )2 1
2

3
+

= π
τλ

N h
T

Ng                                           (23)

As previously stated, assuming / 0.4,=L D  the
value of the coefficient τ is equal to 1.11. By
assuming the same stories height of 3.3 m for the
structure, the above relation can be simplified as
follows.

( )3.3 2 1
2

1.11
= +

⇒ = πτ = λ

h N N
T

g                        (24)

Then, in accordance with the standard criteria and
using the equivalent static method, the design base
shear for this structure is calculated to obtain the
minimum lateral stiffness to ensure the stability of
the structure.

As a result, the following two methods are
proposed for the design of structures with a limited
and controlled displacement and with a stability
limitation.
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In the first method, due to the collapse acceler-
ation proposed by Bernal [12] and its ratio with the
ultimate acceleration, 1.7,=cI  and the collapse
acceleration in the structure is assumed to be in the
design limit, .uy  Therefore, assuming the value of
the stability factor 5λ =  and design drift ,uy  for
short structures 1.5% and for mid-rise structures
2.0%, and the coefficient 1.7=cI  the ultimate
acceleration value for the structure auS  is calculated,
and assuming the overstrain coefficient 2,=Ω  the
acceleration of the design limit dS  is calculated
and the structure is designed to withstand this base
acceleration.

In the second method, the assumption is used that
the yielding displacement is approximately indepen-
dent of the nonlinear geometric P-∆ effects [15]; the
same as in the first method, but by considering  yy
to be equal to the proposed values in FEMA 273 [19]
for Immediate Occupancy level (IO), and selecting
the stability factor λ for each structure so that

=f fy H∆  is more than 1.0% ( f∆ as shown in
Figure 5) and preserved 1.7.=cI  Accordingly, as in
the first method, calculating auS  and assuming the
overstrain coefficient 2,=Ω  the acceleration of the
design limit dS  is calculated and the structure is
designed to withstand this base acceleration.

To examine the proposed methods, the following
equations are extracted according to Figure (4). If
the equations of the ascending and descending
branches of the curve are denoted by 1S  and 2 ,S
respectively, then:

( )
( ) ( ) ( )
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o

o o

All of the above parameters are defined in
Figure (4), and uY  is the final displacement of the
curve (i.e., the point where the value of S equals zero
(see Figure 5)). As a result, it can be easily shown
that:

2= ωau yS Yo                                                         (25)

It can also be shown that:
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As a result, it can be concluded that:

y uY Y= θ                                                            (26)

Also according to Bernal [12] ( ( )/ac au cS S I=  if a
displacement such as acS  is indicated by :dY
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It can be concluded that:
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If the seismic response coefficient is defined as
( )1 / ,acC S g= − θ  for example, for a 4-story struc-

ture with the story height of 3.3 m, the two proposed
methods will be considered as follows:
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4. Numerical Modeling

To investigate the proposed methods, three
two-dimensional frames were selected, which are
shown in Figure (6). First, each frame is modeled
and designed according to standard criteria. Then,
according to the two methods proposed in the
previous section, period and seismic response co-
efficient of structures using the techniques that
will be discussed later, the structures are redesigned
to achieve the period calculated according to
Equation (24). Then, for each structure, the

pushover analysis will be performed and a bilinear
curve will be generated for them. Finally, to ensure
the stability of the structure, the stability factor of
the structure before and after push is calculated and
compared with the minimum acceptable value (λ =
4.0 discussed in previous sections).

First, these three structures were designed
according to Iranian 2800 code and their basic
parameters were extracted, as shown in Table (1).
1. General Collapse Behavior: In this method,

according to the relations provided by Bernal [12]
and assuming the general mechanism ( 1.0),G h =
the final acceleration and critical gravity acceler-
ation are calculated and the structure for critical
base shear ( )cV  has been redesigned.

2. Maximum period using standard relationship: In
this method, assuming a minimum of 6 for the
stability factor ( 6)λ =  and using the proposed
formula for calculating the period, the relations
provided in the regulations are used to estimate
the design base shear.

3. Using the first method with the assumption of the
specified stability factor: In this method, using
the proposed first method, assuming a stability

Figure 6. The dimensions and weight of the floors of the multi-story buildings used in this study; 4S-3B [20], 10S-3Ba [21],
16S-2B [22].

Table 1. The structural parameters of the three structures studied.
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factor of 6 and 5, the overall failure behavior
( 1.0)G h =  and the design displacement value
( ),dy  the expected bilinear curve for pushover
behavior are calculated, based on which the amount
of ultimate and critical displacement of the
structure is calculated. The structure is finally
redesigned to critical base shear, taking into
account the nonlinear geometric effects. In this
regard, after numerical studies, it can be concluded
that the value of dy  is 1.5% for low-rise struct-
ures, 2% for mid-rise structures of 2%, and 2.5%
for high-rise structures.

4. Using the first method with the assumption of
the specified stability factor and the semi-rigid
beam-column connection: The design base shear
in this method is exactly the same as the value of
method 3, and only the beam-column connection
is assumed with 50% rigidity.

5. Using the first method with the assumption of the
stability factor 5 and using simple framed beam
connection and using the cable with a finite
pre-stress coefficient: In this method, according
to method 3, and assuming a stability factor of 5,
the design base shear is computed, but in this
case, all beam connections are modeled in pinned
connection. However, limited prestressing cables
are used to provide sufficient lateral load bearing
capacity. The advantage of this method is firstly
the simplicity of construction and installation of
the structure, and secondly, in this method by
changing the amount of prestressing force, there
is better control over the performance of the
structure.

6. Use of the second method: In this method, the
value of yield displacement ( )yy  is selected in ac
cordance with the displacement of the Immediate

Occupancy (IO) Level (based on FEMA 273 [19])
and the stability factor is chosen to the extent
that the design displacement is at least equal to the
proposed values in method 3. As a result, the
critical base shear is considered as the design base
shear and the structure is redesigned.

7. Using the second method with the semi-rigid beam-
column connection: The base shear in this method
is equal to the value calculated in method 6, and
only in this method, the beam-column connection
is assumed with 50% fixity.

8. Using the second method with the assumption of
the stability factor 5 and using simple framed beam
connection and using the cable with a finite pre-
stress coefficient: The base cut of this method is
also equal to the value calculated in method 6,
but the structure, such as method 5, all beam
connections are modeled in pinned connection.
However, limited prestressing cables are used to
provide sufficient lateral load bearing capacity.
Accordingly, the modeling results for the three

structures are as follows. It should be noted that in
this tables, T is the period of the structure, λ  is the
stability factor of the structure, uλ  is the stability factor
after push, W is the weight of the structure, V is the
seismic base shear, uV  is the ultimate base shear, dδ
is the displacement the same as .acS

It can be seen that the period of the 4-story frame
from 1.13 (see Table 2), by using the proposed
method, was increased to about 2.5 seconds without
any stability problems. However, in this case, the
stability of the structure is endangered after about
1.5% drift (method 4). It is also observed that using
the cable with a finite pre-stressing (Method 5), the
safety of the structure against the instability problem
has been significantly improved.

Table 2. 4S-3B frame modeling results.
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The period of the 10-story frame has also been
increased to about 4.5 seconds. However, it is
observed that the stability of the structure is
endangered after 1.5% drift. Also, based on the
above results, it is observed that the seismic base
shear of the structure is reduced four times
compared to the standard design method (Table 3).

In the case of the selected 16-story frame, it can
be seen that the period has increased up to about
5.5 seconds while maintaining the stability of the
structure up to 1.5% drift (Table 4).

It should be noted that the present study is limited
to short to mid-rise moment frame structures and no
comment is made on tall structures. Also, based on
the hypotheses mentioned, it can be concluded that
no structural irregularities are acceptable. It is also
clear that in regular short-order structures the effects
of higher modes are not very significant

5. Conclusion

In this paper, the stability of mass substructure in
the mass isolation system (MIS) is investigated. MIS
consists of two substructures and this research
shows that for the optimal performance of this
system, the period difference between the two

Table 3. 10S-3Ba frame modeling results.

Table 4. 16S-2B frame modeling results.

substructures should be as large as possible.
Increasing the period difference between the two
substructures makes the dampers between them
having good efficiency. To create a period difference
between the two substructures and to reduce the
seismic base shear, the soft substructure is designed
for increasing the period and flexibility while
maintaining its stability.

Therefore, the stability of the structure is investi-
gated based on standards and articles, and then a
relation for calculating the period of moment frame
structures based on the structural stability factor is
presented. Also, a relationship between the structural
stability factor and the deflection amplification co-
efficient of deviation as well as the minimum safe
stability factor of the structure with the assumption
of safety factor 2 is presented.

Finally, with simple initial methods, the pushover
bilinear curve of the structure is generated to achieve
the maximum possible period. Based on the obtained
curve, the seismic base shear is estimated and the
structure is designed.

Using the proposed method in this paper, the
period of the structure is increased up to two times,
for example, the period of a 4-story structure is
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increased from 1.13 to 2.5 seconds while maintaining
stability. Of course, provided that the permissible
displacement of the structure is limited, which is
possible in the mass isolation system due to the
presence of stiff substructure and dampers.

It should be noted that this is only a simplified
preliminary method and the present study is limited
to short to mid-rise moment frame structures, and
due to the limited stability coefficient, any structural
irregularities are not allowed and also the dis-
placement of the structure should be limited. Also,
since the proposed method is presented for regular
short and mid-rise structures, the effect of higher
modes is not very significant.

In the future, the proposed method can be
improved by performing more detailed analyzes,
including dynamic analysis or IDA, and also the
hypotheses considered in this method can be
examined more carefully.
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