Send Orders of Reprints at reprints@benthamscience.net

The Open Civil Engineering Journal, 2013, 7, 17-31 17

Open Access

Seismic Design of Base-lIsolated Buildings in Mexico. Part 1: Guidelines of

a Model Code

Arturo Tena-Colunga*

Departamento de Materiales, Universidad Autonoma Metropolitana

Abstract: The updated version for the Manual of Civil Structures (MOC), a model seismic code in Mexico, was published
in 2008. MOC also is incorporating guidelines for the seismic design of base-isolated structures this year 2012, being the
first Mexican code to include such recommendations. This paper summarizes the most relevant aspects of these guide-
lines, their relations to other guidelines worldwide and research efforts conducted in Mexico and worldwide to improve

the seismic design of base-isolated structures.
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INTRODUCTION

The Manual of Civil Structures (MOC), one of the model
design codes in Mexico, was updated. This manual is fre-
quently used in the entire nation in lieu of a specific code for
a state or a city. The new version for this manual and all its
chapters was published in 2008 [1, 2]. Among the new
planned chapters, there is one devoted to the seismic design
of base-isolated structures, which is going to be published in
2012 [3].

The guidelines for base isolation are based on a previous
proposal that took care to make them compatible with the
design philosophy of the seismic codes of Mexico and that
included the seismic risk and hazard of Mexico, to ease their
incorporation into model seismic codes of Mexico [4,5].
However, additional material has been reviewed, adapted
and/or included, so the guidelines for base-isolated structures
in MOC are a much improved version compared to the pre-
vious proposal.

Some of the most important provisions that impacted the
seismic design of base isolated structures are summarized in
the following sections. The bases and design philosophy of
previous and current seismic design provisions of MOC code
in English can be found elsewhere [2, 6].

GENERAL DESIGN CRITERIA

The seismic design of base-isolated structures should
satisfy two limit states according to the proposed guidelines

[3]:
e serviceability limit state, where deformations should be

restricted to prevent damage and warrant that the isola-
tion system is activated and,
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e collapse prevention limit state, where the strength and
the deformation capacity of the isolation system and
structural elements (below, above and within the isola-
tion interface) should be assessed to verify that they can
withstand the applied forces and accommodate the de-
formation demands due to the maximum credible earth-
quake (MCE). The structure above the isolation system
should remain essentially elastic or experience very lim-
ited damage. This condition should be verified by
checking against the allowable interstory drifts, as speci-
fied in section “review of limit states”.

Base-isolated structures should be designed considering
the action of three simultaneous orthogonal components for
the ground motions (two horizontal and one vertical) and
their combinations with other general loading conditions
(i.e., gravitational) specified by the manual.

The stability of the isolation system for lateral and gravi-
tational load combinations should be reviewed both analyti-
cally and experimentally based on test data at the design
displacement (Dr).

Base-isolated structures should be built in near-firm to
rock soil profile types. This must be verified in terms of what
it is defined in MOC-2008 as the site factor, F, and the site
period, T, as explained elsewhere [1]. The proposed ranges
are: 1.0<F, <1.4 and 0<7,<0.7. Alternatively, the soil pro-

file type could be assessed in terms of: (a) the shear wave
velocity, that for the soils under consideration, should be
v, 2180 m/s and/or, (b) the number of hits for the standard

penetration test, which for the soils under consideration
should be equal or greater than 30 ( Npg =30 ).

The recommendation to use base isolation systems in
competent soil profile types is justified. The advantages of
using base isolation in firm soils or rocks are well-known.
The disadvantages of using base isolation in soft soils be-
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cause of the likeliness of resonant responses and instability
of the isolation system have also been well documented [7,
8]. In addition, potential problems because of uneven soil
settlements may be triggered in soft soils for many founda-
tions that are not fully supported in the firm strata.

Height limits are specified for the most common struc-
tural systems used in buildings and addressed by the code.
The proposed height limits are based on the base-isolation
guidelines of the United States [9,10], but they were adapted
to Mexican design conditions [i.e., 5]. However, a window is
open in MOC [3] for special base-isolated structures that
may surpass the limiting height values. Taller base-isolated
buildings could be built only if a group of experts independ-
ent from the original design team (peer-review committee)
authorizes such projects.

It is also established in MOC [3] that if the structure
above the isolation system contains special elements such as
passive energy dissipators or dampers, their design should
also meet the criteria established for such devices within the
Manual and that the proposed design values for effective
damping and the seismic reduction factor should be fully
justified. This statement is included as it is recognized that
such mixed systems are becoming more commonly used
worldwide today, so guidelines should be set for a coherent
seismic design.

ELASTIC DESIGN SPECTRA

As described in further detail elsewhere [2], the elastic
acceleration design spectra for MOC code is, in theory, an
infinite number of discrete functions within the Mexican
Territory, as a direct consequence of taking the decision of
defining the seismic hazard as a continuous function.

The proposed elastic acceleration design spectra are
transparent in essence, as modification factors are defined
exclusively in terms of the seismic hazard and site effects.

For the maximum credible earthquake (MCE), the elastic
acceleration design spectrum for 5% equivalent viscous
damping for structures of the group B (standard occupancy)
for MOC-2008 code [1,2], schematically depicted in Fig. (1),
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is defined with the following general expressions:
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where a is the spectral acceleration ordinate for the design
spectrum (S,) expressed as a fraction of the acceleration of
gravity (g), ay is the ground acceleration coefficient, ¢ is the
seismic coefficient that defines the plateau, 7, is the effec-
tive natural period for the base-isolated structure, 7, and 7},
are control periods that define the plateau of the spectrum, 7,
is a control period that defines the descending branch of the
acceleration spectrum so that the displacement design spec-
trum computed from the acceleration design spectrum will
converge to the ground displacement at long periods, 7 is the
parameter that defines the descending branch of the accelera-
tion spectrum in the period range 7, <T, <7, , k is the pa-
rameter that defines the descending branch of the accelera-
tion spectrum when 7,, >7, and fis a damping factor. The
control period 7, and the parameters r and & that define the

descending branch of the acceleration spectrum are defined
as follows:

3s if T, <3s
=g (2)
r=T; 05<r<10 3)
[ min{l5,2-7,} if T,<1.65s @
 |max{0.35, B/F,}  if T,>1.65s

where T is the site period and all remaining terms have been
already defined.

Fig. (1). Schematic representation of elastic acceleration design spectra for MOC-2008.
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The damping factor £ allows to modify the spectral ordi-
nates for damping ratios different from 5% to account only
for the potential supplemental damping of the isolation sys-
tem, and it is defined by the following expressions:

0.05
p [ Cas

0.45
Tas .
0.45 T_ lf Tas ZTC

C

if Tg < T,

(6))

A
] where A=

where { is the equivalent effective damping provided by

the isolation system at the design displacement. This pro-
posal is based on a study conducted for structural systems
with a linear response [11], although there are other interest-
ing proposals available in the literature [12-16].

Displacement design spectra S, (7,,) is obtained indi-
rectly from acceleration design spectra based upon a stan-
dard relation from structural dynamics:

T 2
St ={ 22| 5,01 ©

Typical acceleration and displacement spectra for the
design of base-isolated structures for effective damping
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ratios from 5 to 20 percent are depicted in Figs. (2 and 3).
The site profile type is similar to the one defined in former
MOC-93 code for zone D-I [6].

As it is demonstrated elsewhere [1, 2], when the period

T — o0, the maximum spectral displacement converges to
the peak ground displacement D,,,,. This fact is an important
improvement in MOC-2008 with respect to its previous
version of 1993 and with respect to most international codes,
where due to the definition of the descending branch of the
acceleration spectra for long periods, displacements grew up
irrationally for long periods, as illustrated in Fig. (4) and
previously discussed in the literature [4, 17].

Different proposals for the displacement design spectra
for zone D-I of previous MOC-93 code are compared in Fig.
(4). It can be observed that displacements grew up irration-
ally under MOC-93 code. Current MOC-2008 proposal takes
care of that problem, as for long periods, defined curves
converge to the ground displacement. The guidelines pro-
posed by Tena-Colunga [4, 5] also converge to the ground
displacement. In fact, there is a reasonable correlation in
what was proposed by Tena-Colunga [4] and what it is now
proposed in MOC for this site [1, 3], particularly in the pe-
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Fig. (2). Acceleration design spectra for MOC-2008 for a site where aj =0.157g, T, =0.5s and F, =1.
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Fig. (3). Displacement design spectra for MOC-2008 for a site where ajp =0.157g, T, =0.5s and F, =1.
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Fig. (4). Comparison of displacement design spectra for former zone D-I defined in MOC-93.

riod range of interest for base-isolated structures
(1.5s<T, <3s). It is worth noting that the proposal in Tena-

Colunga [4] was obtained using a basic probabilistic and
statistical criteria based on displacement response spectra of
approximately 250 ground motions recorded at stations lo-
cated on rock sites from the Mexican Strong Motion Data
Base [18] for subduction earthquakes of M>6.4. In contrast,
in MOC-2008 [1] all known earthquake sources for the dif-
ferent regions of seismic risk of Mexico were taken into
account, and their maximum credible earthquake (MCE)
scenarios were defined using updated information. In addi-
tion, the seismic hazard in MOC-2008 was evaluated using
both deterministic and probabilistic approaches [1, 2, 19].

Another relevant aspect of MOC [1, 3] in the definition
of the design spectra is that it is recognized that reductions
due to supplemental damping (Eq. 5) are not constant and
they depend on the structural period and the characteristics
of the ground motion. Most international guidelines for the
seismic design of base-isolated structures [9, 10, 20, 21]
specify a constant reduction in sake of simplicity. Proposed
reductions for supplemental damping according to MOC
code (1/p) for former zone D-I of MOC-93 are compared in
Fig. (5) with the proposal of B, made by Tena-Colunga [4, 5]
and the B constant proposed by the international guidelines
of reference. Proposed reductions in MOC (1//) have a spec-
tral shape as they were derived in order that the associated
acceleration design spectra will keep their shape. B curves
vary parabollically as they were derived from the quotient
between corresponding mean displacement spectra. Given
the differences in their derivation, in both the (1/5) and B,
curves, the effect of the natural period on the reduction factor
due to supplemental damping is taken into account, contrary
to other design regulations where such an effect is neglected.
It is also worth noting that the constant reduction (B) pro-
posed by international guidelines seem to be somewhat con-
servative.

REDUCTION OF ELASTIC RESPONSE PARAME-
TERS FOR DESIGN

According to what it was presented in previous sections,
acceleration and displacement design spectra can be reduced

for the supplemental damping provided by the isolation sys-
tem at the design displacement D7. Additional reductions are
allowed in the acceleration design spectra to account for
overstrength and redundancy only, as it is desired that the
structure above the isolation system will remain essentially
elastic when subjected to the MCE. These additional reduc-
tions should be assessed as described in following sections.

Overstrength Reduction Factor R,

The proposal for the overstrength reduction factor for
base-isolated structures, R, is given by the following equa-
tions:

R, - {Rao V03— T, )i Ty <, -

Rao 5 if TE > Ta

where Tj is the fixed-base fundamental period of the struc-
ture above the isolation system, 7T, is the lower boundary
limiting period that defined the plateau for the acceleration
design spectra (Fig. 1) and R, is an overstrength index value
for the base-isolated structure that depends on the structural
system. For example, R,~1.4 for ordinary and intermediate
moment-resisting frames, ordinary moment-resisting braced
frames and confined masonry wall structures made with
hollow units (ungrouted or partially grouted); R,~1.6 for
special moment-resisting frames, intermediate moment-
resisting braced frames, and confined masonry wall struc-
tures made with solid units; R,,=1.7 is for dual systems built
with special moment-resisting frame connections.

The proposed R, curves for MOC-2012 [3] are depicted
in Fig. (6), where it can be observed that they vary with the
structural system and the structural period. This is done be-
cause it is recognized that for squatty, short period structures
(Te/T,<1), the impact of gravitational load combinations in
the design provides structures with additional lateral
strength.

The proposal for the R, factor for base-isolated struc-
tures is similar to the R factor proposed for conventional
buildings [1, 2], although their absolute values are smaller.
This is justified as follows. The R factors for the design of
conventional structures accounts for the maximum over-
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Fig. (5). Comparison of different reduction factors to account for supplemental damping.
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Fig. (6). Overstrength reduction factors for base isolated structures R,; for MOC-2012.

strength that the structural system can develop under lateral
loading if its maximum deformation capacity is achieved. In
contrast, R, factors for the design of base-isolated structures
accounts for sources of overstrength that trigger within the
elastic range of response (up to the elastic limit), as they
depend primarily on design decisions rather than in ultimate
deformation capacity under lateral loading. Among such
sources of overstrength are the selection of typical cross
sections, minimum strength requirements for structural ele-
ments, impact of gravitational loads on the design, etc.

The proposed values for R,y are based on the analysis of
results presented in studies conducted in Mexico where the
minimum nominal strength was assessed for some structural
systems such as ordinary and special moment-resisting RC
[22] and steel frames [23] and special moment-resisting
concentric braced frames [24, 25]. Of course, the current
proposal of MOC has room for improvement as more reli-
able data regarding the assessment of overstrength for differ-
ent structural systems will be available in the future.

Redundancy Factor o

The introduction of a specific redundancy factor for base
isolated structures p,; is a new concept for seismic design

codes worldwide, not only for MOC-2012 [3]. The purpose
of this “new” factor is recognizing directly that base-isolated
structures have a better performance under lateral earthquake
loading as they become more redundant. This fact is well-
known by the structural engineering community worldwide
[17, 26]. Therefore, this new p,, factor allows higher reduc-
tions for the design of highly redundant base-isolated struc-
tures and penalizes weakly-redundant base-isolated struc-
tures with smaller reductions for design.

The proposed values for p,; in MOC-2012 [3] are the
following:

pas = 0.8 for buildings with isolation systems that have at

least two earthquake-resistant parallel frames or lines of
defense in the direction of analysis, if such frames are one-
bay frames (or equivalent structural systems). The same
concept shall be simultaneously satisfied by the base-
isolation system.

pqs =1 for buildings with isolation systems that have at

least two earthquake-resistant parallel frames or lines of
defense in the direction of analysis, if such frames have at
least two bays (or equivalent structural systems). The same
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concept shall be simultaneously satisfied by the base-
isolation system.

pas =1.25 for buildings with isolation systems that have

at least three earthquake-resistant parallel frames or lines of
defense in the direction of analysis, if such frames have at
least three bays (or equivalent structural systems). The same
concept shall be simultaneously satisfied by the base-
isolation system.

The proposed values for p,, for base isolated structures
coincide with the values proposed for p for conventional
structures [1, 2]. This was done for simplicity in lieu of spe-
cific studies that may justify differences between p and p.

The assessment of the p,, factor for a given base-isolated
structure is straight-forward and it will be illustrated with the
aid of the building plans depicted in Fig. (7). Often, the
number of isolators is equal or less the number of column
lines for the building, so the definition of the p, factor is
generally ruled by the isolation system. For the building plan
depicted in Fig. (7a), p, =0.8 should be taken in the Y

direction as the isolation system is forming an equivalent
“three parallel one-bay frames system”, whereas in the X
direction, p,, =1 because the isolation system is forming an

equivalent “two parallel two-bay frames system”. In contrast,
for the building plan depicted in Fig. (7b), p, =1.25 should

be taken in the Y direction as the isolation system is forming
an equivalent “five parallel three-bay frames system”,
whereas in the X direction, p,, =1.25 also because the isola-

tion system is forming an equivalent “four parallel four-bay
frames system”.

This simple example illustrates the philosophy behind the
new p, factor. A4-priori, most engineers would agree that the
base-isolated building, the plan of which is depicted in Fig.
(7b), is more redundant than the base-isolated building
which plan is depicted in Fig. (7a). It is hoped that this ap-
proach would help structural engineers to promote the use of
more redundant base-isolated buildings in zones of high
earthquake hazard and to limit or avoid the use of weakly-
redundant isolation systems (i.e., Fig. 7a).
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Fig. (7). Sample buildings to illustrate the assessment of the p,, factor.
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Seismic Reduction Factor ¢’

The acceleration design spectra for base-isolated struc-
tures could be further reduced for overstrength and redun-
dancy (Fig. 8) in terms of a seismic reduction factor for base-
isolated structures, Q’,, , given by the following expressions:

RyPus 215 if %25
, E
Q'y= r - (3)
R,y 0.5+0.12% [>1; if 2<=85 <5
' Tg Tg

The proposal for Q' is similar to the one presented in

previous recommendations for base isolated structures in
Mexico [4, 5]. The normalized Q’,,/R,p,, VS T, /Ty curve

is depicted in Fig. (9).

As it can be observed from Eq. 8 and Fig. (9), higher
reductions are allowed for structures where the effective
base-isolated fundamental period 7, is considerably higher
than its corresponding fixed-base period T%. It is well known
in the literature that when that occurs, the seismic demands
in the structure above the isolation system are considerably
reduced, but the reductions are not as high when Ty ap-
proaches to 7,. The limits are based on the observation of
amplification curves presented in many studies available in
the literature [27], as well as in studies conducted by the
author [28, 29, 30]. The lower limit for 7, /Ty =2 is consis-
tent with the minimum value allowed in MOC-2012 guide-
lines to use the static design force procedure, which is origi-
nally based on a recommendation available in Skinner ez al.
[27], that has been further evaluated, including torsional
effects, as reported elsewhere [30, 31].

From the values specified for R, and p,, in MOC-2012

[3], it is obtained that the maximum value for the seismic
reduction factor for base isolated structure s
Q' =2x125=25 for highly redundant structures when

T,/Tg>5 The minimum value is Q=1 for weakly-

redundant base-isolated structures, with low overstrength and
when the 7, /Ty ratio is low. It is worth noting that in base-

isolated guidelines of the United States [9, 10, 20, 21] reduc-
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Fig. (9). Normalized O’/ R,;p,s Vs T,/ TE curve for base-isolated structures for MOC-2012.

tions due to redundancy and overstrength for base-isolated
structures ranges from 1.4 to 2.0 depending on the structural
system, as previously pointed out by Naeim and Kelly [32].

Finally, following the design philosophy of Mexican
seismic codes, if the base-isolated structure does not satisfy
the conditions of structural regularity, Q’,, must be reduced,

as it will be discussed in more detail in following sections.

CONDITIONS OF STRUCTURAL REGULARITY

For the design of base-isolated structures, twelve condi-
tions of regularity are defined and building structures must
satisfy them in order to use directly the seismic force reduc-
tion factor Q,,. These conditions are mostly the eleven

condition of regularity for conventional building specified
since MOC-93 [i.e., 6] that mostly remain the same for the
design of conventional buildings in MOC-2008 [1, 2], but
the statement devoted to prevent a soft story condition (con-
dition # 10) was redefined and now is more conservative
than in previous versions [2].

For the design of base-isolated structures, the limits of
original structural regularity conditions 2 (slenderness) and 3
(plan aspect ratio) are also lowered, based upon what it is
recommended in Naeim and Kelly [32] and Tena-Colunga
[33]. In addition, a new condition of structural regularity 12
is set to limit the static eccentricity in the isolation system
which it is based on some specific studies [34-37]. There-
fore, the conditions of regularity that have been redefined or
inserted for the design of base-isolated structures are:

2. The ratio of the height of the building to the smallest
plan dimension shall not exceed 2.0 (H/L,<2.0).

3. The ratio of the largest to the smallest plan dimensions
shall not exceed 2.0 (L /L ,<2.0).

10. The lateral shear stiffness or strength of any story
shall not exceed more than 50 percent the shear stiffness or
strength of the adjacent story below the one in consideration.
The top story is exempt from this requirement.

11. The torsional plan eccentricities (e;), computed for
any story from static seismic analysis, shall not exceed 10
percent of the plan dimension in the given direction of analy-
sis.
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12. The torsional eccentricity for the isolation system
(ew), shall not exceed 5 percent of the plan dimension in the
given direction of analysis.

The remaining conditions of structural regularity can be
read in English as outlined elsewhere [2, 6].

Similar to what it was done for the design of conven-
tional buildings [1, 2], if a base-isolated building satisfies all
the twelve conditions of structural irregularity, it is defined
as a regular structure, so Q’,, remains unchanged. However,

if at least one condition of structural regularity is not satis-
fied, the base-isolated building is defined as irregular struc-
ture, and then Q’,, is reduced for design purposes as follows:

Q’as—irregular: o Q’as—regular (9)

where « is a corrective reduction factor that depends on the
degree of irregularity according to MOC [1-3]. If a building
does not satisfy one regularity condition (from those num-
bered 1 to 9), then & =0.9. If a building does not satisfy regu-
larity condition 10 (soft story) or 11 (torsion in the super-
structure), or 12 (torsion in the isolation system), or two or
more of the remaining regularity conditions (1 to 9) are not
satisfied, then « =0.8. If a building has a strong irregularity,
then a=0.7.

Strong irregularity conditions are defined as follows: (1)
If conditions 10 (soft story) and 11 (torsion in the superstruc-
ture) are not satisfied simultaneously, (2) a strong torsional
irregularity in the superstructure is met, evaluated in terms of
a static eccentricity greater than 20 percent of the plan di-
mension in the given direction of analysis (e;>0.20L), (3) a
strong torsional irregularity in the isolation system is met,
evaluated in terms of a static eccentricity greater than 15
percent of the plan dimension in the given direction of analy-
sis (e, >0.15L), (4) a strong soft story condition is found,
where the lateral shear stiffness or strength of any story ex-
ceeds more than 100 percent the shear stiffness or strength of
the adjacent story below the one in consideration.

It is recognized in the proposed guidelines that the main
source of torsional motions in isolated structures (particu-
larly with elastomeric bearings) is the isolation system ec-
centricity, especially when the eccentricity is large. This is
why the design of base-isolated structures is severely pun-
ished when e, is greater than 5% or 15%. The limiting val-
ues for static eccentricities in the superstructure (e;) and in
the isolation system (ey) to define when a base-isolated
structure should be considered irregular or strongly irregular
were proposed after reviewing primarily the results presented
in the extensive parametric studies [30, 31, 37, 38]. In addi-
tion, other results presented in the literature were carefully
reviewed as well [17, 26, 34-36, 39-44].

Finally, it is worth noting that there are some studies
where base-isolated structures have been designed as irregu-
lar buildings using the corrective reduction factor ¢ adapting
the former MOC-93 code and using =0.8 [i.e., 28, 29, 45,
46]. From the results presented in these studies, it was found
that using a=0.8 seem to be an effective strategy to lead to
safe designs of base-isolated buildings that do not satisfy two
or more conditions of structural regularity.
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METHODS OF ANALYSIS

Three methods of seismic analysis are allowed for base-
isolated structures in MOC-2012 [3]: a) the simplified
method, b) the static method and, ¢) dynamic methods.

Simplified Method

The simplified method is allowed for low-rise (up to four
stories or less than 13 m in height), shear-wall structures
where seismic forces are distributed among structural ele-
ments according to their shear stiffnesses.

This simplified method is a hybrid method where the
design of the isolation system is a simpler but more restric-
tive version for the static method for base-isolated structures
(similar to US guidelines) and the design of the superstruc-
ture essentially is the improved simplified method for the
design of conventional structures but the effective shear area
factors (F ) that are defined for the walls are those for elas-
tic response [1-3, 47]. The effects of the vertical component
of the ground motions are neglected in the design process
when using the simplified method.

In order to use the simplified method of analysis, the
base-isolated structure should satisfy the 12 conditions of
structural regularity, but stricter requirements are set for
torsional response, as ey, and e, shall not exceed 2 and 5
percent of the plan dimension in the given direction of analy-
sis respectively. The limiting value for e, is based on the
results of a detailed parametric study [48]. Among other
stricter requirements with respect to the static method, are
the following: (1) The base-isolated structure should be lo-
cated more than 50 km away from any active fault, and, (2)
The effective natural period of the base-isolated structure at
the design displacement, 7, should be greater than five
times the elastic, fixed-base period of the structure above the

isolation system, T, this is, 7 > 57.. This method is

presented in greater detail elsewhere [49, 50].

Static Method

The static method in MOC-2012 [3] is very similar to the
one presented in the previous guidelines of the seismic de-
sign of base-isolated structures in Mexico [4, 5]. Therefore,
the static method is based on adaptations for the procedures
outlined in design guidelines of the United States [9, 10, 20,
21] to the seismic design philosophy of current MOC code,
but having some original proposals from research studies
conducted in Mexico and worldwide.

The requirements to use the static method that are some-
what different in reading from those established in US guide-
lines are:

e The structure above the isolation interface is not more
than 20 m in height.

e The base-isolated structure is located on firm soils or
rock [the site factor ranges from 1.0 to 1.25
(1.0<F,<1.25) or the shear wave velocity is

vy 2250m/s .
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e The effective period of the base-isolated structure at the
design displacement, T, is greater or equal to 1.5 sec-
onds but less or equal to 3.0 seconds, this is,
1.5s<T,  <3s.

as —

e The effective period of the base-isolated structure at the
design displacement, T, is greater than two times the
elastic, fixed-base period of the structure above the iso-
lation system, 7F, this is, T,, > 27T} .

The following requirement set in MOC-2012 to use the
static method is not currently considered in US guidelines:

e The base-isolated structure complies with all twelve
regularity conditions outlined in the guidelines.

As 3D-analyses are mandatory for base-isolated struc-
tures, the static method requires the determination of the
natural period for the base-isolated structure in the vertical
direction, T, as:

w
g kasv

T,

asv =

2 (10)

where W is the weight of the structure above the isolation
system and k,, is the effective vertical stiffness of the isola-
tion system. There are procedures to determine k,, already
available in the literature [27, 32, 51].

The design displacement of the center of stiffness of the
isolation system in the direction of analysis for the MCE, Dp,
is computed as:

DD:F‘(,’Sd(Tas) (11)

where F.=1.1 is the load factor for combinations of lateral
and gravitational loads.

This design displacement has to be amplified to account
for orthogonal effects in the horizontal plane (D,p) as fol-
lows, based on an extensive parametric study summarized
elsewhere [52]:

Dyp =Dp(1.3-0.02T,,); T, >1.5s (12)

The amplification of the total design displacement (D7) to
account for torsional effects is an improved version of the
equation proposed by US guidelines to include 2D direc-
tional effects and account for the rotational to translational

frequency ratio of the isolation system (€2, ) and is given

by the following two equations:

12 quDzD (13)

DT =DZD 1+yi[—
QOas (d12 +d22)

Ops Ty
Qe =28 = a5 (14)
Wys THas

where e is the actual eccentricity, measured in plan between
the center of mass of the structure above the isolation inter-
face and the center of stiffness of the isolation system, plus
accidental eccentricity, taken a five percent of the longest
plan dimension of the structure perpendicular to the direction
of force under consideration. The remaining terms are: d,
and d, are respectively the shortest and the longest plan di-
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mensions of the structure and y; is the distance between the
center of stiffness of the isolation system and the element of
interest measured perpendicular to the direction of the seis-
mic loading under consideration.

It can be observed that if Q,,, =1and D,, = D, then Eq.

13 coincides with what it is proposed in US guidelines [9,
10, 20, 21]. The introduction of Q,, is supported by the

study presented by Seguin [17], where it is demonstrated that
if the rotational to translational frequency ratio of the isola-
tion system is not introduced (Q,, =1, i.e., US guidelines),

that strategy lead to large, very conservative amplification
factors when they are compared with those obtained from
dynamic analyses, particularly for torsionally-stiff systems

(QOas >1 )

The minimum design shear force for the isolation system,
the foundation and structural elements below the isolation
system, V,, is computed similarly to what is done in US
guidelines:

Vas =kpmaxD2p (15)

where kp,,.. 1S the maximum effective stiffness of the isola-
tion system at the design displacement in the horizontal
direction under consideration. The value for V,, should not
be taken less than the maximum force in the isolation system
at the design displacement Dr.

The equation to define Vg, the minimum design shear

force for the structure above the isolation system is:
Vv,
Vg =—2% (16)
fo,

It is worth noting that the limits in ¥z mostly coincide
with current proposal of ASCE-7 [9] as per section 17.5.4.3,
but item 3 is not included in MOC-2012 [3].

The vertical distribution of forces in the superstructure
are given by the following expressions:

W, T,

v i Zess
SRl

. (a7
VE I/Vlhl . Tas <5

zWihi g Tg

where F;, W; and h; are respectively the lateral force, the
weight and the height above the isolation system of level i.
and the remaining terms have been already defined. As ob-
served, in MOC-2012 a uniform lateral load distribution is
allowed for base-isolated structures that are well uncoupled
(T, /Ty >5), that it is a more rational approach. An inverted

triangular lateral load distribution is specified otherwise. The
proposed limiting value 7,,/7; =5 between the uniform and

the inverted triangular lateral load distribution is based on
the analysis of results presented in some studies [28-30].
However, specifically-oriented parametric studies are re-
quired to assess the most appropriate limiting value between
both force distributions or to involve the 7,, /T ratio in the

expressions for F;, in order to have a smooth transition be-
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tween the uniform and the inverted triangular lateral load
distribution.

To account for the vertical component of the ground
motion, the equivalent normal forces (tension and compres-
sion) induced to the isolation system ( N, ) and to the base

asv
of the structure ( Nz ) can be approximately estimated as:

2/3
N, =Ng = 1.4(0'05] S, (T ) W (18)

asyv

where T

asv

is the natural period for the base-isolated struc-
ture in the vertical direction, 7, is the smaller of the natural

periods for the structure in the horizontal direction, W is the
total weight for the structure above the isolation system, and

S,(T,,) is the acceleration spectral ordinate at period 7,

already reduced for supplemental damping . It is worth
noting that Eq. 18 is based on the vertical design spectrum
already proposed in MOC-2008 for the design of conven-
tional buildings [1, 2].

Accordingly, the distribution of vertical forces in the
superstructure due to the action of the vertical ground com-
ponent is computed assuming a uniform distribution as:

e (19)

Do

where N, is the total vertical force acting at level i due to

N;=Ng

vertical component of the ground motion and the remaining
terms have already been defined.

The effects of the vertical component of the ground mo-
tion can be neglected for structures located more than 50 km
away from any active fault.

Additional torsional effects due to eccentricities in the
superstructure should be included in the analyses of the su-
perstructure as outlined for conventional buildings.

P-A effects should be included in the analysis of base-
isolated structures when the superstructure is very flexible,
defined when the following two conditions are satisfied
simultaneously: 7,,/T; <3 and Ty >0.15N , where N is the

number of stories for the structure above the isolation sys-
tem.

Besides these additional requirements for torsional and P-
A effects, special provisions are also specified to account for
overturning moments and asymmetric strength capacity in
the two principal axes of the building that are also mostly
addressed in the design of conventional buildings [1, 2].

Dynamic Method

The dynamic method established in MOC-2012 [3] is
also based on adaptations for the procedures outlined in US
guidelines to current seismic design philosophy of MOC.
Therefore, response spectrum and time-history analyses are
specified. However, there are some adjustments (differences)
worth noting with respect to the general guidelines estab-
lished in US codes [9, 10, 20, 21].

Arturo Tena-Colunga

For example, an acceleration design spectrum for the
vertical component of the ground motion S,,(7;,) is specified

for an equivalent 5% viscous damping (f=1) as follows:

1.48,(1;,) if T,<0.05s
SalTy)= (20)

2/3
1.4Sa(Th)(0'T05] if T, >0.05s

v

where S (T h) is the acceleration design spectrum of the
largest horizontal ground component and the remaining
terms have already being defined. This vertical spectrum is
also specified for the design of conventional buildings [1, 2]
and it is based in the study presented by Perea and Esteva
[53]. The effects of the vertical component of the ground
motions can be neglected for structures located more than 50
km away from any active fault.

Directional orthogonal effects in the horizontal plane are
amplified with a similar expression to the one established for
the static method. Therefore, for each direction of analysis,
the effects of the ground components will be combined tak-
ing 100% of the effects of the ground motion component
acting along that direction (£)) and 100%(0.3-0.027,,) of the

effects of the component perpendicular to the former one
(Ey) with the signs that, for each concept, lead to the most

unfavorable condition.

In the response spectrum analysis, accidental torsional
effects are accounted in the design by translating + 0.05b,

the centers of mass at each level for each horizontal direction
of analysis. This recommendation would require the use of
four additional models to assess the impact of the modal
coupling due to accidental torsion. As an option, one can use
a single model if the line of action of the lateral forces ob-
tained from the response spectrum analysis are translated

+0.05b, at each level, this is, static torques are applied as

an approximation of the modal coupling due to accidental
torsion. In addition, SRSS or CQC combination procedures
are specified; however, it is clearly stated that SRSS method
can only be used if the natural periods for the building in
each given direction differ in 10% or more.

For time-history analysis, it is clearly specified that the
acceleration ground motions to be included in the analyses
must be fully compatible with the seismic hazard for the site
of interest, as outlined in a specialized section of the manual.
Three orthogonal ground motion components (two horizontal
and one vertical) should be included in the analyses of struc-
tures located at a distance equal or less than 50 km away
from any active fault or in structures where the action of the
vertical component might be relevant. Otherwise, at least
two orthogonal horizontal ground motion components must
be included in the analyses. At least four representative trios
(or duos) of representative ground motions should be in-
cluded in the analyses. The nonlinear response of the isola-
tion system, the effective damping for the isolation system
and/or the structure above the isolation system and their
associated uncertainties should be also taken into account.
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Each trio or pair of time histories must be applied simul-
taneously to the model considering the most disadvantageous
location of mass eccentricity. The maximum displacement of
the isolation system must be calculated from the vectorial
sum of the orthogonal components at each time step. The
parameter of interest must be calculated for each time-
history analysis. If seven or more trios (or duos) of time-
history analyses are performed, the average value of the
response parameter of interest should be used for design. If
fewer than seven trios (or duos) of time-history analyses are
performed, the most unfavorable response of the parameter
of interest must be used for design.

An alternate method is also allowed in MOC-2012 [3],
named simplified nonlinear dynamic analysis. Under this
method, a base-isolated structure can be design based upon
inelastic spectra obtained from SDOF systems [i.e., 54],
assessing the maximum design displacement and shear force
for the isolation system as well as the maximum shear force
and acceleration for the structure above the isolation system.
To use this method, the following requirements should be
met: (a) A representative hysteretic model should be used for
the isolation system, (b) At least 15 pairs or trios of accelera-
tion records should be used to define the average value of the
response parameter of interest, (c) The uncertainties in the
estimates of the effective period for the base-isolated struc-
ture, the yield force, post yielding stiffness, coefficient of
friction, equivalent viscous damping or any other relevant
parameter that defines the nonlinear response or damping
characteristics of the isolation system should be taken into
account in the analyses.

The total design displacement is computed as in US
guidelines [9, 10], including reductions that take into account
the flexibility of the structure above the isolation system.

The minimum design shear force for the structure above
the isolation system, V7, is also defined, reviewed and scaled
(if necessary) according to US guidelines. However, the
minimum percentages with respect to the shear force ob-
tained from an static analyses slightly differ in some cases,
because these reductions should be compatible with those
specified in MOC-20008 for the design of conventional
buildings [1, 2], particularly because of the definitions of
irregular and strongly irregular structures.

As noted in the static method, special provisions are
specified to account for P-A effects, overturning moments
and asymmetric strength capacity in the two principal axes of
the building that are also mostly addressed in the design of
conventional buildings [1, 2].

REVIEW OF LIMIT STATES

Four limit states have to be reviewed for seismic loading
for base-isolated structures: (a) Story drift limits for the
service earthquake, (b) Story drift limits for near elastic
response of the structure above the isolation system for the
maximum credible earthquake (MCE), (c) Glass gaps under
the MCE and, (d) Buildings separations under the MCE.

The recommendations for glass gaps remain unchanged
for this manual [1, 6]. For buildings separations, it is estab-
lished that base-isolated structures should be separated from

The Open Civil Engineering Journal, 2013, Volume 7 27

an adjacent structure a distance equal to 1.5D7 plus the com-
puted horizontal displacement at the level of interest.

The review of drift limits for the service earthquake in
MOC-2012 [3] is a new proposal for the design of base-
isolated structures in México. For the service earthquake, the
proposed story drift limits are A < 0.001 if non-structural

elements are not properly separated from the structural sys-
tem and A _ <0.002 if non-structural elements are prop-

erly separated from the structural system.

Story drift limits defined for near elastic response for the
superstructure under the MCE are function of the structural
system. The proposed drift limits are given in Table 1. The
proposed drift limits are based on studies conducted in Mex-
ico where the drift value that defines the initial yielding for
each story of building models using nonlinear analyses (dy-
namic and/or pushover) have been reported. These studies
have been conducted for RC and steel moment frames [i.e.,
22, 23] and RC and steel braced frames [i.e., 24, 25]. For
masonry structures, these values have been defined from
experimental testing conducted in Mexico [i.e., 55-61].

The proposed story drift limits were compared with the
maximum dynamic drifts reported for base-isolated struc-
tures in several analytical studies, particularly studies where
building models were subjected to acceleration records com-
patible with the design spectra of previous MOC-93 code
[i.e., 45, 46, 54]. It was confirmed that the proposed story
drift limits are not restrictive for base-isolated structures with
satisfactory performance.

OTHER DESIGN REQUIREMENTS

The following sections are almost entirely based on US
guidelines [9, 10, 20, 21]: (a) Analysis and design of compo-
nents at, above, below or crossing the isolation interface, (b)
Detailed system requirements, (c) Design and construction
review and, (d) Required testing for the isolation system.
However, there are some minor modifications and additional
precisions required to make these guidelines coherent as well
as compatible with all regulations adopted by MOC-2008 [1-
3]

For example, in US guidelines the required prototype
tests are defined in terms of two design displacements (Dp
and Dy,). In MOC-2012 guidelines [3], the required testing is
redefined in terms of one displacement only, the total design
displacement (D).

Also, in MOC-2012 there is a more rigorous policy re-
garding inspection and replacement compared to US codes.
In MOC-2012 a base-isolated structure must have a struc-
tural safety certificate at all times that has to be extended by
an official authority (i.e, Building Official Authority) based
on the required inspections by the code (similar to US
codes). This certificate must be renewed every four years for
standard occupancy structures (group B) and every two years
for very important and essential facilities (groups A and A",
or after an earthquake M>6.5 on the Richter scale strikes the
area where the base-isolated structure is located.

Selective testing of at least two representative isolators
extracted from the base-isolated structure is mandatory every
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Table 1.  Story Drift Limits of MOC-2012 for Near Elastic Response of the Superstructure of Base-isolated Structures Under the
MCE
Structural SYSTEM Drift Limit

Special moment-resisting (ductile) reinforced concrete (RC) frames (Q= 3 or 4) 0.004
Special moment-resisting (ductile) steel frames (Q= 3 or 4) 0.007
Ordinary or intermediate moment-resisting RC frames (Q= 1 or 2) 0.003
Ordinary or intermediate moment-resisting steel frames (Q=1 or 2) 0.004
RC Flat slab frame systems without walls or bracing 0.003
Eccentric braced steel frames 0.005
Concentric braced steel frames 0.004
Concentric braced RC frames 0.0025
Dual system: RC walls with ductile RC frames (Q= 3) 0.003
Dual system: RC walls with ordinary or intermediate moment-resisting RC frames (Q= 1 or 2) 0.0025
Masonry infill panels 0.002
Confined masonry wall system made with solid units and with horizontal steel reinforcement (joint reinforcement or wire mesh) 0.0015
Confined masonry wall systems: (a) walls made with solid units and, (b) walls made with hollow units and with horizontal steel rein- 0.0015
forcement (joint reinforcement or wire mesh)

Combined and confined masonry wall systems 0.0015
Confined masonry wall system made with hollow units and without horizontal steel reinforcement (joint reinforcement or wire mesh) 0.0015
Unreinforced and unconfined masonry wall systems 0.001

20 years or after an earthquake equal or greater to MCE
considered in MOC-2012 strikes the area where the base-
isolated structure is located.

An important modification of MOC-2012 with respect to
US guidelines is found in the section entitled “Testing of
similar units”, where the following is established:

Prototype tests are not required for isolators of the same
type, material and dimensional characteristics to those that
will be used for construction if:

1. The isolation unit has been previously tested using the
specified sequence of tests, and this testing is com-
pletely documented or,

2. According to the Responsible for Structural Safety and a
team of certified experts (peer review panel) named by
the Building Official Authority, the manufacturer has
previously conducted prototype tests for other projects
using a similar or equivalent sequence of tests, and this
testing is completely documented.

For both options, it is mandatory that the Building Offi-
cial Authority will hire a team of certified experts (peer
review panel) in experimental testing, theory and design
of base-isolated structures, independent from the team in
charge of the design project, in order to have enough
technical arguments to: (a) approve that prototype tests
are not required or, (b) request the mandatory prototype
tests.

Item two and the last paragraph are included taking into
account the opinion of some US experts that are not satisfied
with current US guidelines in this regard. For example, Kelly
[62] states that it is precisely the overregulation of the proto-
type testing advocated by the US guidelines on seismic isola-
tion before the construction of the base-isolated structure the
one responsible to make this technology unnecessarily unaf-
fordable to most projects, therefore, limiting its application
for the design and retrofit of buildings in the United States.

CONCLUDING REMARKS

This paper summarized the most relevant aspects of the
new chapter for the seismic design of base-isolated structures
in the Manual for Civil Structures (MOC-2012), a model
design code in Mexico, and its relations to US guidelines and
research efforts conducted in Mexico and worldwide to im-
prove the seismic design of base-isolated structures. The
proposed guidelines follow the general seismic design phi-
losophy behind MOC-2008, but include several recommen-
dations available for base-isolated structures in US guide-
lines as well as original recommendations based on research
studies conducted in Mexico and worldwide.

Displacement design spectra are obtained indirectly from
acceleration design spectra, but the difference with other
international guidelines is that the maximum spectral dis-
placement converges to the peak ground displacement when
the period tends to infinity (7 — o). This fact is an impor-
tant improvement in MOC-2012 with respect to most inter-
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national codes, where due to the definition of the descending
branch of the acceleration spectrum for long periods, dis-
placements grew up irrationally for long periods.

Another relevant aspect in the definition of the design
spectra of MOC-2012 is that it is recognized that reductions
due to supplemental damping are not constant and they de-
pend on the period and the characteristics of the ground
motions, which constitutes a difference from the constant
values proposed in US guidelines.

Reductions are allowed in the acceleration design spectra
for the design of the structure above the isolation system to
account for overstrength and redundancy in terms of a seis-
mic reduction factor for base-isolated structures (Q’,,) in a

more transparent manner than what is currently proposed in
other international guidelines. The overstrength factor de-
pends primarily on the structural system, whereas the redun-
dancy factor accounts primarily for how many lines of de-
fense a building has in a given direction of interest. Then, the
seismic reduction factor for base-isolated structures (0", ) is

defined in function of the overstrength and redundancy fac-
tors and the 7, /7 ratio, allowing higher reductions for

structures where the effective base-isolated fundamental
period T, is considerably higher than its corresponding
fixed-base period Tg. Also, Q’, has to be reduced if the

structure is found irregular according to MOC-2012 guide-
lines.

The design for the superstructure of base-isolated build-
ings with structural irregularities follows the general guide-
lines of MOC-2008 for the design of conventional buildings,
which were reviewed and updated. However, new provisions
were derived from original research on the torsional response
for base-isolated structures. In particular, the definition of
strong structural irregularities in terms of computed static
eccentricities in the superstructure and/or the isolation sys-
tem were based on parametric studies devoted to define these
parameters.

A simplified method for the seismic design of low-rise,
base-isolated shear wall structures is proposed in MOC-
2012. This simplified method is basically a hybrid method,
where the design of the isolation system is a simpler but
more restrictive version for the static method for base-
isolated structures available in US guidelines and the design
of the superstructure essentially is the improved simplified
method for the seismic design of lowrise shear wall struc-
tures of Mexican seismic codes.

The static and dynamic methods of analysis mostly coin-
cide with what it is proposed in US guidelines. However,
there are some differences worth noting, particularly how
torsional response and orthogonal effects, including the ac-
tion of the vertical component of the ground motion, is ac-
counted for design purposes. The proposal for the vertical
distribution of forces in the superstructure in the static
method is also somewhat different to what is available in US
guidelines.

The review of the drift limits for the service earthquake
and the MCE for base isolated structures in MOC-2012 is
different to what is proposed in US guidelines. The proposed
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limiting values for the MCE are based on research studies
conducted in Mexico for the most common structural sys-
tems used within the country.

Specialized sections related to the requirements, design,
construction, required testing and review for the isolation
system are entirely based on US guidelines. However, there
are some small modifications that were done to make the
base-isolated guidelines coherent as well as compatible with
all regulations adopted by MOC-2012. A mandatory certifi-
cate of structural safety is required by MOC-2012, based on
periodical inspections of the base-isolated structure. An
important modification in the writing of the section entitled
“Testing of similar units” was done in order to avoid over-
regulation on the initially required prototype testing for the
base-isolation project that may inhibit the application of base
isolation for the design and retrofit of buildings in Mexico.

As a result, the guidelines for the seismic design of base-
isolated structures in MOC-2012 have a modern format.
Extensive commentaries to these recommendations are pro-
vided within the document, with graphic illustrations and in-
depth detailed references to the research studies that were
consulted for. It is also recognized in the commentaries that
seismic codes should continuously evolve, so there is always
room for improvement.

It is hoped that these new guidelines in MOC-2012 will
help promote the use of base isolation in regions of high
seismic hazard in Mexico, thus improving their seismic
safety.
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