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ABSTRACT

This paper begins with a brief introduction to Canadian seismicity and the history of seismic code
development in Canada; a summary of major changes planned for the 2005 edition of the National
Building Code of Canada follows. Areas of major change include seismic hazard, site effects,
irregularities, force reduction factors and methods of analysis (dynamic analysis now being preferred).
The implications of the proposed changes are presented in terms of impact on seismic design force for
several structural systems located in regions of high, moderate and low seismicity; implications for
seismic level of protection and the seismic design process are also discussed. The paper concludes with
a discussion of ongoing seismic code development issues.

1 INTRODUCTION

1.1 Canadian Seismicity and Code Development
History

The seismicity of the large Canadian landmass varies
considerably and comprises the following main features:

. A relatively high seismicity region near the plate
boundary along the western coast of British Columbia;
hazard is influenced both by relatively shallow crustal
earthquakes and by the Cascadia subduction zone; the
cities of Vancouver and Victoria are located in this
region.

. A large region of low to moderate seismicity in
southeastern Canada and the eastern Arctic in which
hazard is influenced largely by intraplate earthquakes;
the cities of Toronto (low seismicity) and Montreal
(moderate seismicity) are in this region.  High
seismicity in a very small area in the lower St.
Lawrence valley arises from a zone of crustal weakness
thought to be due to the impact of a meteor; this is a
rural area with no sizeable cities.

. A large stable region in central Canada which is for all
practical purposes aseismic; this region includes most
of the land area of the provinces of Alberta,
Saskatchewan and Manitoba as well as a substantial
portion of northwestern Ontario and the western Arctic.

! McMaster University, Hamilton, Ontario, Canada.

Adams and Atkinson (2003) describe how this seismicity is
modelled for the purpose of calculating seismic hazard.

The first edition of the National Building Code of Canada
(NBCC) in 1941 contained seismic provisions in an
appendix; specific seismic provisions in the code proper did
not appear until the 1953 edition. There have been nine
editions since 1953 up to and including the edition which is
currently in use, i.e. NBCC 1995 (Associate Committee on
the National Building Code 1995). As has been the case with
the evolution of most other building codes, there have been
major changes in seismic provisions during that period.
Since 1965, the overall responsibility for developing these
seismic provisions has been the responsibility of the
Canadian National Committee on Earthquake Engineering
(CANCEE), which operates under the direction of the
Associate Committee on the National Building Code,
National Research Council of Canada (NRCC).

The next edition of the NBCC is to be published in 2005; at
the time of writing this paper, the seismic provisions for that
edition have been completed and are about to be made
available for public review and comment. An overview of
those provisions is given by Heidebrecht (2003). The
changes to these provisions are substantial and will have a
major impact on seismic design of buildings in Canada.

1.2 Objectives

The primary objectives of this paper are to outline the major
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changes being proposed for the 2005 NBCC seismic
provisions and to discuss the impact of these changes on
seismic design and the seismic protection of building
structures. Discussion of the implications of these changes
for designers and the design process is also included as well
as a brief presentation of issues applicable to seismic codes
and design in general, whether in Canada or any other
country. The views expressed in this paper are those of the
author and are not to be construed as official positions of
CANCEE or of the Associate Committee on the National
Building Code, NRCC.

2 MAJOR CHANGES IN NATIONAL BUILDING
CODE OF CANADA, 1995 TO 2005

2.1 Seismic Hazard

As noted in Table 1, which summarizes major changes being
proposed for NBCC 2005, both the seismic hazard format
and probability of exceedance are being changed; seismic
hazard has been recomputed using a so-called fourth
generation hazard model (Adams and Atkinson 2003) which
incorporates new knowledge from recent earthquakes, new
strong ground motion relations, measures of uncertainty and
a more systematic approach to reference site conditions.
Because the spectral acceleration ordinates S,(T) (calculated
on a uniform hazard basis) are being specified directly for
each geographical location, design forces for the same
structure will vary continuously rather than being the same
within a seismic zone or changing abruptly over zonal
boundaries, as is currently the case. Similarly, the shape of
the spectrum, i.e. its variation with period, varies from
location to location. The spectral values tend to fall off more
rapidly with increasing period than the equivalent spectrum
(i.e. amplified peak ground motions) in NBCC 1995. For
example, the ratio S,(0.2)/S,(1.0) ranges from approximately
2 to 3.5 in the southwestern plate boundary region and 3 to 6
in the eastern intraplate region; the corresponding ranges of
this ratio for the NBCC 1995 equivalent spectrum are 1.4 to 2
and 2 to 2.8 respectively. This feature has the impact of
significantly increasing the design loads of short period
structures relative to long period structures; this increase is
somewhat ameliorated for structures of limited ductility or
better by applying a 2/3 factor to short period loads.

The change in probability level is being introduced to
provide a geographically more uniform margin of safety
against collapse; the proposed 2% in 50 year probability level
is somewhat nearer to the expected probability of structural
collapse or failure of structures designed and constructed in
accordance with code provisions. The reason for making this
change is that the slopes of the hazard curves (defined as the
relationship between spectral acceleration and probability of
exceedance) vary considerably between interplate and
intraplate regions. For example the ratios of S,(1.0) at 2% in
50 year to 10% in 50 year probabilities are in approximately
2 in Vancouver and 2.8 in Montreal.

2.2 Site Effects

It has long been recognized that the amplification of seismic
motions from rock to soil sites can be significant, especially
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for sites with soft soil conditions. The site factor approach
being proposed for NBCC 2005 is an adaptation of that used
in NEHRP 2000 (Building Seismic Safety Council 2001)
which is based largely on research done by Borcherdt (1994).
The substantive impacts of this change are to include: a)
short period amplification, b) non-linearity of site
amplification, i.e. amplification decreasing with increasing
levels of rock motion, and c) de-amplification of seismic
motions at rock or hard rock sites, i.e. those having shear
wave velocities higher than that of the reference site
condition, which is described as “very dense soil and soft
rock”.  Short period amplification occurs primarily on soft
soils in regions of Jow seismicity and can increase ground
motions by as much as a factor of 2; NBCC has no short-
period amplification on soft soils because of a cap on short
period force levels.  Non-linearity has the effect of
eliminating short period amplification on soft soil sites in
regions of high seismicity and reducing medium to long
period amplification by 20 to 40%. De-amplification for hard
rock sites (shear wave velocities of 1500 m/s or more) can
range from 20 to 50% depending upon period and the
intensity of rock motion.

2.3 TIrregularities

As noted in Table 1, NBCC 1995 has no specific
requirements for vertical irregularities, although it does
require that building design take into account the effect of
setbacks; the commentary provides a few paragraphs
describing setbacks and their effects. The significant effect of
such irregularities on the performance of structures during
earthquakes is being recognized in NBCC 2005 by defining
six types (stiffness, mass, geometric, discontinuities (in-plane
and out-of-plane) and weak storey) and specifying
restrictions applicable to the different types. The kinds of
restrictions include: analysis (i.e. requiring dynamic rather
than static analysis), design (e.g. specific requirements
associated with diaphragms, openings and discontinuities)
and use (e.g. restrictions related to type and level of
seismicity). One of the major use restrictions is the proposal
to prohibit weak storeys in regions of moderate to high
seismicity.

The consideration of torsional effects for all structures
continues to be a requirement but it is being proposed that
dynamic analysis be required for structures which are
torsionally flexible, based on studies (e.g. Humar et al 2003)
which show that a static approach cannot consistently
represent torsional effects for such structures. Rather than
requiring designers to compute the ratio of torsional to lateral
period, a torsional sensitivity parameter B is to being
introduced. This parameter is defined as the maximum
value, in both orthogonal directions, of the ratio of edge
displacement to average displacement in each storey when
the static seismic load is applied at distances of £ 0.1 x plan
dimension from the centres of mass at each floor. A structure
is deemed to be torsionally sensitive when B > 1.7 in which
case dynamic analysis is required; otherwise torsional effects
can be determined statically by applying torsional moments
based on the natural eccentricity plus an accidental
eccentricity of 0.1 x plan dimension. Accidental eccentricity
must also be included when dynamic analysis is used.
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Table 1 Summary of Major Changes in Seismic Provisions, NBCC 1995 to 2005

NBCC 1995

NBCC 2005

Seismic hazard
format

Seismic hazard
probability

Site effects

Vertical
irregularities

Torsion

Structural system
force modification
factors

Zonal peak ground velocity and acceleration

10% in 50 years

Single foundation factor F ranging from 1.0
to 2.0 for four foundation categories; short
period force cap equiv to F of 1.0 for all sites

No specific requirements

Static torsional moments include amplified
natural eccentricity and accidental
eccentricity 0.1 x plan dimension; same
accidental eccentricity added to 3D dynamic
analysis

Single factor R; values range from 1.0 (e.g.
unreinforced masonry) to 4.0 (e.g. steel or
RC moment-resisting frame)

Location specific uniform hazard spectral
acceleration values at 0.2, 0.5, 1.0 and 2.0s, with
linear interpolation

2% in 50 years

Site factors F, and F, with values dependant upon
spectral accelerations at 0.2s and 1.0s respectively
(direct adaptation of approach used by NEHRP¥)

Six types defined with restrictions on method of
analysis and design for each type

Torsional sensitivity defined on basis of ratio of max
edge displ to ave displ; dynamic analysis required
for torsionally sensitive structures; static method
may be used for non-sensitive structures, with no
amplification of natural eccentricity

Ductility related factor Ry (range 1.0 to 5.0) and
system overstrength factor R, (range 1.0 to 1.7);
product Ry4R, ranges from 1.0 to 8.5

Dynamic analysis prescribed (normally linear modal

Analysis Equivalent static load prescribed; dynamic
analysis permitted
Calibration Level of protection factor U = 0.6 applied in

determination of seismic load

response or numerical integration); equivalent static
load permitted as exception (e.g. low seismicity,
most regular structures and short period irregular
structures)

No calibration but maximum seismic load limited to
2/3 of short period maximum for structures with Ry
of 1.5 or higher, i.e. limited ductility or better

*National Earthquake Hazards Reduction Program (Building Seismic Safety Council 2001)

2.4 Structural Systems

NBCC 1995 specifies a force modification factor R, which is
equivalent to the maximum system ductility capacity, for a
number of types of lateral-force-resisting systems for which
the design and detailing requirements are specified in the
steel, reinforced concrete, timber and masonry materials
standards published by the Canadian Standards Association
(CSA). The linkage to updated editions of these materials
standards continues to be important in the proposed NBCC
2005 requirements because of the significance of these
design and detailing requirements in assuring that these
systems have the properties associated with the specified
force modification factors. As noted in Table 1, it is being
proposed that both a ductility related factor Ry and an
overstrength related factor R, be specified for each structural
system; the product RyR, appears as a composite reduction
factor in the denominator of the expression for calculating
the seismic design force V. The introduction of R, is
intended to recognize the dependable portion of the reserve
strength in the various structural systems; this is consistent
with the use of seismic hazard at a lower probability of
exceedance, as discussed previously. Mitchell et al. (2003)
describe the components used to determine R, and show the
detailed calculations for the various values assigned to the
different structural systems.

It is also being proposed that NBCC 2005 include height
limits for structural systems having limited ductility when
these are to be built in regions of high seismicity. The most

common limit is 60 m although limits as low as 15 m are
specified for so-called “conventional construction” in steel
and concrete, i.e. buildings designed with no specific
attention to ductility capacity. Also, it is being proposed that
very brittle structures such as unreinforced masonry be
prohibited in regions of moderate and high seismicity.

2.5 Analysis

As indicated in Table 1, it is being proposed that dynamic
analysis be the “default” method of analysis, with static
analysis permitted as an exception. Linear methods of
dynamic analysis (either modal response or numerical
integration time history) are specified although nonlinear
dynamic analysis is permitted provided that a special study is
performed. The input for the linear methods must conform to
the site specific spectral acceleration values, i.e. either using
these as response spectrum ordinates or using accelerograms
having spectra which are compatible with such a spectrum.
The dynamically determined base shear must be at least 80%
of that determined using the static method for regular
structures and 100% of the static value for irregular
structures; these restrictions are intended to provide a
safeguard against the use of structural models which are
inadvertently much more flexible than actual structures. Of
course, it is intended that the designer use the actual dynamic
base shear if it is larger than the static value, which is likely
to be the case for structures in which the higher modes
dominate the dynamic response, e.g. tall long period



structures.

The NBCC 2005 static method uses the spectral acceleration
at the fundamental period of the structure to compute the
elastic base shear coefficient. However, since spectral
acceleration represents the maximum force in a single-
degree-of-freedom system, a higher mode factor M, is
applied for structures with fundamental periods in excess of
1.0 s. That factor varies with period and with the type of
lateral load resisting system; it can be as high as 2.5 for long
period wall and wall-frame systems.

2.6 Level of Design Load

In this context, the value of the seismic design load is
considered a proxy for the level of protection although there
are several other factors which contribute significantly to the
actual level of protection, e.g. maximum interstorey drift.
NBCC 1995 deliberately calibrated the “average” seismic
design load to that in the previous code by incorporating the
multiplier U = 0.6 in the expression for determining that load.

As the provisions for NBCC 2005 were being developed, the
consensus among the members of CANCEE was that it
would be preferable, if possible, for the calculation of the
seismic design load to be done rationally without resorting to
a calibration factor. However, as studies were done to
compare seismic design forces using the proposed code
provisions with those determined in accordance with the
NBCC 1995 provisions it became clear that the resulting
increases in design forces for short period structures would
be unacceptably large; in many situations such forces would
be nearly doubled. There are several major reasons for such
changes: a) the spectral shape, i.e. higher ratios of short to
long period values and b) short period site amplification in
regions of low to moderate seismicity, both of which have
been discussed previously in this paper.

While dramatic increases in short period design forces could
be explained, these go counter to experience during
earthquakes which shows that it is very unusual for well
designed short period structures to collapse, especially if they
have even a limited amount of ductility capacity. As a
consequence, it is being proposed that NBCC 2005 limit the
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design force to 2/3 of the short period maximum value for
systems having Ry > 1.5, ie. in all but the least ductile
structures.

Other codes also reduce seismic loads on the basis of
experience. NEHRP 2000 (Building Seismic Safety Council
2001), which also uses hazard computed at a 2% in 50 year
probability of exceedance, applies a factor of 2/3 for all
structures at all periods on the basis of an experience-based
estimated lower bound margin against collapse of
approximately 1.5 inherent in structures designed in
accordance with those provisions. The 1992 New Zealand
Code of Practice (Standards New Zealand 1992) includes a
structural performance factor S, = 0.67 in the static base
shear expression; one of the arguments for this factor is that
experience in past earthquakes indicates that, on average,
buildings sustain less damage than would be predicted from
simplified calculations.

3 IMPLICATIONS OF PROPOSED CHANGES IN
SEISMIC PROVISIONS

3.1 Seismic Design Forces

Figures 1-6 present a comparison of NBCC 1995 and 2005
seismic base shear coefficients for two different structural
systems (conventional construction steel moment frame and
ductile reinforced concrete coupled wall) located in Toronto,
Montreal and Vancouver, i.e. low, medium and high
seismicity locations respectively. Figures 1-2 are for sites on
the reference ground condition (very dense soil and soft
rock); Figures 3-4 are for soft soil sites (shear wave velocity
< 180 m/s) and Figures 5-6 are for hard rock sites. In each
case, bold lines are used to show the NBCC 2005 values.

The force modification factors are Ry = 1.5 & 4.0 and R, =
1.3 & 1.7 for the steel moment frame and the RC coupled
wall respectively. Accordingly, the multiplier of 2/3 of the
maximum short period value has been included in the
preparation of these figures. Without that multiplier, the
maximum short period values would be 50% larger than
shown.
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Figure 1. Conventional Construction Steel Moment Frame on Very Dense Soil and Soft Rock.



112

o
-
[%4]

- - MTL 2005 —®— TOR 2005 —¥— VAN 2005

[=]
-
N

—%— MTL 1995 -©- TOR 1995 —~— VAN 1995

<

g
o
@

.

BASE SHEAR COEFF V/IW

0.1 1 10
PERIOD (s)

Figure 2. Ductile Reinforced Concrete Coupled Wall on Very Dense Soil and Soft Rock.
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Figure 3. Conventional Construction Steel Moment Frame on Soft Soil.
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Figure 4. Ductile Reinforced Concrete Coupled Wall on Soft Soil.
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Figure 5. Conventional Construction Steel Moment Frame on Hard Rock.
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Figure 6. Ductile Reinforced Concrete Coupled Wall on Hard Rock.

Consider first the results shown in Figures 1-2, i.e. when
these structures are located on the reference site condition of
very dense soil and soft rock. NBCC 2005 short period
forces in the ductile RC coupled wall structure at all three
locations are similar to those determined using NBCC 1995.
Forces at a fundamental period of 1.0s are also similar but
NBCC 2005 forces tend to be lower at long periods. For the
conventional construction steel moment frame, NBCC 2005
short period forces are considerably larger in both Vancouver
and Montreal, but also tend to fall below NBCC 2005 at long
periods.

Figures 3-4 show clearly the effect of soft soil amplification
at short periods, which is particularly pronounced in the low
and moderate seismicity locations, i.e. Toronto and Montreal,
even though the maximum forces have been reduced by the
2/3 multiplier. Long period amplifications are somewhat
similar and show a similar trend as for structures on the
reference site condition, i.e. NBCC 2005 values below the
NBCC 1995 values.

Deamplification on hard rock sites can be seen in Figures S-
6, reducing the NBCC 2005 short period forces below the
comparable NBCC 1995 forces for the ductile reinforced
concrete coupled wall structure at all three locations. This
site condition is quite common in Toronto and Montreal but

not in Vancouver.

While these figures are for only two types of structural
systems at three different locations, similar data for other
systems and other geographical locations show that there are
no general trends, i.e. design force levels changes vary with
little or no apparent pattern. This variability arises largely
because the geographical distribution of seismic hazard has
changed markedly; however, spectral shape and site
amplification or de-amplification also contribute significantly
to changes in seismic design force levels.

3.2 Seismic Level of Protection

In this context, seismic level of protection is defined as being
the protection against serious damage or collapse provided to
building structures when they are designed, detailed and
constructed in accordance with the seismic provisions of a
code, in this case the provisions of the proposed NBCC 2005.
Clearly the adequacy of the design load is a significant
component of the level of protection; however, other
measures such as maximum interstorey drift and the inelastic
deformation capability of the structural system are also
important. While all of these dimensions are important, this
discussion is based primarily on the impact of the proposed






