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Introduction

The earthquake design provisions of the Massachusetts State Building Code
(subsequently referred to as the Code) are the first seismic criteria developed
specifically for a jurisdiction in the eastern United States. These provisions
represent the recommendations of an ad hoc committee appointed jointly by
the Boston Society of Civil Engineers and the Massachusetts Section of the
American Society of Civil Engineers in July 1973. While the provisions are
largely based on the 1973 edition of the Uniform Building Code [39]
(hereinafter referred to as “UBC-1973”) there are a number of significant
differences. This paper describes the underlying philosophy and objectives of
the seismic provisions, and the design decisions on which they are based.
Some of the innovative provisions and certain provisions of special interest
are discussed in detail.

The history behind the decision to develop a seismic code for
Massachusetts is well documented by Krimgold [11]. The initial task of the
ad hoc committee was to determine whether Massachusetts needed a seismic
code. To arrive at this decision, seismic risk and cost-benefit analyses
previously conducted as part of the Seismic Design Decision Analysis project
at ML.I'T. were studied. These also served to help define the objectives of the
proposed criteria, and to guide policy decisions and design philosophy. The
primary finding of these studies was that the probable maximum earthquake
intensities for Massachusetts are as great as those for Zone 3 regions in
California, but have much longer return periods. Because of the long return
periods for destructive earthquakes, it was found that the cost to society of
the earthquake-resistant design would be considerably greater than the
projected savings in damage and loss of life due to an earthquake.
Nevertheless, the committee felt that society would insist on reasonable
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measures to mitigate the number of casualties from a major seismic event. It
was therefore considered necessary to develop a set of criteria which would
minimize the projected loss of life resulting from such an event, without
causing construction costs to increase by an unacceptable amount.

The cost/benefit studies lead to the conclusion that the protection of life
safety could be achieved for new construction at minimum cost by
comprehensive ductility requirements, rather than by requirements for large
lateral resistance. All the ductility requirements in the Code were placed in
one section to emphasize their importance.

An innovative, comprehensive set of soil and foundation design
requirements was developed for the Code. These include a soil factor for
lateral forces which depends on the class of soil, guidelines to check
susceptibility to liquefaction of saturated cohesionless soils, guidelines to
check the transfer of earthquake forces between foundations and the soil,
and a requirement to consider dynamic active soil pressures on free-standing
retaining walls and basement walls.

The advisory committee’s recommendations were embodied in Article 7 of
the Code promulgated by the Massachusetts State Bulldmg Code
Commission, effective January 1, 1975.

Seismicity of Massachusetts

Historical Seismicity. — Since 1643, 19 earthquakes with intensities of
Modified Mercalli V (MM V) or greater and with epicenters in, or offshore,
Massachusetts have been recorded historically or instrumentally. In
addition, 43 earthquakes of this same intensity range that occurred out-of-
state have been felt in Massachusetts; they occurred primarily in the regions
of the St. Lawrence Valley and the Laurentian Trough, upstate New York,
central New Hampshire, Vermont, the Connecticut River mouth, and
Narragansett Bay. The epicentral intensities of the 62 earthquakes ranged
up to MM VIII. Most of the assigned intensities are estimates. Extensive
information on seismicity in Massachusetts can be found in “Historical
Seismicity of New England,” [33] “Earthquake History of the United
States,” [31] “Earthquake History of Massachusetts,” [24] and “Our New
England Earthquakes” [34].

The strongest known earthquake to affect Massachusetts occurred on
November 18, 1755. The location has been estimated at about 10 miles east
of Cape Ann. Its epicentral intensity estimate in reference [31] is MM VIII;
the corresponding maximum intensity observed in Boston was estimated by
Weston Geophysical as MM VII. [33] The earthquake was felt in a region
estimated to be between 300,000 sq. mi. and 385,000 sq. mi. in area.
Research by Weston Geophysical indicates that most of the MM VII
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damage in Boston occurred in “an area that had been filled near the
Wharves.” [34] Little or no damage occurred on Beacon Hill, which is an
area of very stiff glacial deposits. To the extent that the estimates of the
Cape Ann earthquake epicentral intensity have been extrapolated from its
effect in the extensive fill areas in Boston, they may be high.

Seismic Risk Studies. — Statistical seismic risk studies are based on past
earthquakes, on empirical attenuation laws, and on geological data such as
location of active faults and pertinent subsurface conditions [4]. The first
step in the development of a seismic risk model is the identification of the
earthquake sources; these may be points, lines, or areas. For each source, a
relationship based on historical information is established between number
of earthquakes per unit time and earthquake magnitude or intensity. Then
attenuation laws for intensity or acceleration are obtained for the subsurface
conditions of the region. Finally, the annual probability of earthquake
occurrence for a given site is computed as a function of intensity or peak
ground acceleration. Tong et al.,[22] at the request of the seismic committee,
developed seismic risk maps for the state for return periods of 100 years,
1,000 years, 100,000 years, and 1,000,000 years, using three assumptions for
earthquake sources. Table 1 shows the results for a Boston site. Table 2 (from
reference [14] shows results obtained by Cornell and Merz, [5] and the
extrapolations of results obtained by Algermissen and Perkins [1]. Cornell
and Merz, adjusting historic data for soil effects, assumed a maximum firm
ground epicentral intensity of 8.2, while Algermissen and Perkins assumed a
maximum epicentral intensity of 9.0,

TABLE 1
RESULTS OF SEISMIC RISK STUDIES FOR BOSTON

Return Period versus Intensity

Tong et al. [22]
Return Assumption Assumption Assumption
Period C-1 C-2 C-3
(years) MM Intensity MM Intensity MM Intensity
500 6.0 6.4 6.8
1,000 6.4 6.7 7.2
5,000 7.1 7.6 8.0
10,000 7.4 : 7.9 8.3

A major study of earthquake activity in New England was performed in
connection with Boston Edison’s Pilgrim Nuclear Power Station at
Plymouth, Massachusetts [32]. A result of this study is a theory, verified for
only the Cape Ann earthquake of 1755 and the Lake Ossipee, New
Hampshire, earthquakes of December 1940, which states that major
earthquakes in New England will have epicenters located near the
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‘ TABLE 2 '
RESULTS OF SEISMIC RISK STUDIES FOR BOSTON

Return Period versus Acceleration

Cornell and Merz [5] Algermissen and Perkins [1]
Return Most Likely Bayesian Estimated from Adjusted to max. MMI
Period Risk Curve Risk Curve Seismic Map used by C&M [5]
(years) (% 8) (% 8) (% g) - (%g
500 . 35 35 10.0* 5.4%x*

1,000 4.0 4.0 13.5%* 7.4%**

5,000 6.2 9.0 26.9** 14.6%**
10,000 8.0 14.0 36.3%* 19.8%**

* Return period is actually 475 years
** Estimated from (a,/a,) = (T,/T,)%*
**% Estimated from log (a,/a,) = O. 33 (1,-1,) = 0.264

boundaries of certain plutonic rock intrusions of the White Mountains
magma series [32], [34]. Should this theory be further validated, it will affect
the results of Tong et al. [22] and of Algermissen and Perkins [1], primarily
for the eastern part of Massachusetts. This is because the theory is
inconsistent with the assumption made in both studies that an earthquake of
magnitude similar to that of the Cape Ann earthquake could occur with
equal probability anywhere within certain regions surrounding Cape Ann in
Massachusetts and New Hampshire.

Since historical estimates of epicentral intensities are based on
extrapolations from reported damage which in turn is influenced by local
soil conditions, the epicentral intensity tends to be biased by the more severe
damage observed over soft soils. Therefore, to arrive at a nominal design
earthquake for firm ground, the seismic committee reduced Modified
Mercalli intensities of historical earthquakes by approximately one-half unit.
If such an adjustment is not made, local soft soil effects are actually taken
into account twice in the formula for base shear: once, by the multiplicative

“soils factor, and then by the magnitude of the response spectrum which is set
for each zone based on historical epicentral intensities. The acceleration map
proposed in Applied Technology Council’s publication ATC 3-06 [38] is
based on the results labeled “maximum acceleration in rock” given by
Algermissen and Perkins [1]; with respect to Massachusetts, however, the
latter data apparently have not been adjusted for damage observed over soft
soil.

Design Earthquake. — The result of the seismic studies was the definition of a
nominal design earthquake. This nominal earthquake has a peak ground
acceleration on firm soil of 0.12 g; it corresponds approximately to an
epicentral intensity of between MM VII and MM VIII. The return period of
this nominal earthquake for a Boston site is approximately 5,000 years;
because of uncertainty in seismic risk, the bounds of this return period are
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2,000 years and 10,000 years (see Tables 1 and 2). Since the estimated
variation in seismic risk across the State falls approximately within the error
bound associated with the determination of the level of risk, it was decided
to use the same nominal design earthquake for the entire State.

Assuming a design life of 100 years, the probability of a structure
experiencing an event exceeding the nominal design earthquake during its
design life is approximately 2 percent.

Two decisions were based on the design earthquake. First, a zone factor
equal to 3/8, later changed to 1/3, was selected for use in a formula for base
shear similar to that of UBC-1976 [39]. Second, an elastic design spectrum
for firm ground was defined consistent with the Newmark-Hall [16] response
spectrum for structures with 5 percent damping; the design parameters for
the spectrum are 0.12 g peak ground acceleration and 5.2 in./sec peak
ground velocity. A later section describes how this response spectrum must
be modified to account for soil amplification.

Design Philosophy of Seismic Code

The stated purpose of the seismic design provisions of the Code is “to protect
life safety by limiting structural failure.” It is not the purpose of the Code to
limit structural damage, except when damage may pose a life hazard. The
objectives of the Code should be compared with those of the SEAOC
Recommendations [35] which are to:

“@i) . resist minor earthquakes without damage;

“(i1) resist moderate earthquakes without structural damage, but with
some nonstructural damage; and

“(iii)y  resist major earthquakes, of the intensity of severity of the
strongest experienced in California, without collapse, but with
some structural as well as nonstructural damage.”

The fundamental reason for the differnce in purposes resides in the
expected return periods for strong earthquakes: relatively short for
California, say 100 years [23], and relatively long for Massachusetts, say 5000
years [22]. Because of the low annual probability of occurrence of damaging
earthquakes in Massachusetts, the additional cost associated with improved
seismic resistance in most new construction could not be economically
justified. It was considered appropriate, however, to adopt measures to
mitigate the loss of life due to a possible earthquake, no matter how
infrequent its occurrence, with the understanding that the economic impact
of these measures must not, in general, create an unacceptable financial
hardship. It is the recognition of this distinction between designing to reduce
expected damage and designing solely to protect life safety that leads to
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seismic provisions conceived especially for Massachusetts. The approach of
the model codes (Uniform Building Code, BOCA Basic Building Code,
National Building Code, American National Standards Institute A58.1), of
adopting the SEAOC Recommendations and incorporating a zone factor to
lower the base shear, is not valid for Massachusetts: it considers only the
largest magnitude (or intensity or peak ground acceleration) to be expected
at a site, and not the recurrence interval of strong earthquakes. The
proposed seismic regulations of ATC 3-06 [38] are a step in the right
direction: the design requirements are based on the same probability for the
entire United States of not exceeding the design earthquake in 50 years.

Experience and numerous studies have shown that a structure will not
collapse if it has sufficient ductility to absorb the energy of shaking by
inelastic deformation, unless the lateral deformations are so large as to make
the structure unstable due to P-delta moments. Therefore, a minimum
lateral strength and stiffness are required; this is achieved by specifying
minimum design lateral forces and by setting a limit on acceptable drift.
The Code uses, from UBC-1973, the wording that drift “shall be considered
in accordance with accepted practice.” While there is disagreement
sometimes as to what constitutes accepted practice, the drift may be
considered acceptable if the vertical load-carrying capacity of the structure is
not significantly impaired by the anticipated earthquake distortions, and if
no element of the building, such as an exterior panel or curtain wall,
collapses due to the earthquake distortions.

The Code provides for two optional approaches to obtaining design forces
and moments. The first is a set of rules adapted from UBC-1973; they
prescribe the minimum base shear, the methods of distributing the total
lateral force, and the design requirements for minimum ductility. These
rules in their entirety may be used only if the prescribed ductility
requirements are met. When they are not met, the designer must use the
alternative approach: A structure is considered adequate if studies show that
there would be “negligible risk to life safety’ if the structure experienced an
earthquake with a firm ground peak acceleration of 1.12 g, with a frequency
content defined by a specified response spectrum. The studies to be
performed for compliance with the alternative rule must show that the
structure can safely withstand the displacements and distortions caused by
the design earthquake; that is, that the structure will not collapse. The intent
of the Code is to provide an alternative for unconventional construction
involving members or connections that do not conform to, or cannot be
shown to conform to, the ductility requirements. Proof that a structure has
adequate seismic resistance may be based on dynamic analysis, on a history
of successful performance of a comparable structure with similar foundation
conditions in actual earthquakes of an intensity equal to or higher than the
design earthquake, on dynamic testing, or on other appropriate procedures.
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Lateral Force Requirements
Design Base Shear. — The formula for base shear in the Code,
V = 1/3KCSW, ¢))

is similar to that contained in UBC-1976, with Z equal to 1/3 and C as given
by UBC-1973. Fig. 1 shows the maximum and minimum values of 1/3 KCS
according to the Code; for comparison, the corresponding values from UBC-
1976 for Zone 2 and from ATC 3-06 for Massachusetts also are shown. The
upper curve for ATC 3-06 corresponds to types of construction permitted by
the Code as a prerequisite for use of the above base shear. The lateral forces
specified by the Code are lower than those of UBC-1976 and ATC 3-06; the
largest differences occur for short periods.

The maximum ground accelerations for the zones used in UBC-1973 are,
according to Housner [8], 0.08 g for Zone 1 and 0.16 g for Zone 2.
Massachusetts, with a design earthquake of 0.12 g peak firm ground
acceleration, is therefore in a zone intermediate between 1 and 2. Consistent
with this, the zone coefficient was set as 1/3 for the entire state.

The base shear formula incorporates a soil factor S that is, in contrast to
that in UBC-1976, independent of the period of the structure. S is 1.0 for a
Class A soil site (see section on Foundation Design for definition of classes of
soil), and is 1.5 for a Class B soil site. Intermediate values of S may be used;
these may be obtained by interpolation between the curves for S equal to 1.0
and 1.5 in Fig. 2, or by appropriate geotechnical studies.

The justification of the use of a soil factor that is independent of building
period is based on theoretical studies of soil amplification, on statistical
studies of spectral shapes for actual earthquakes, and on studies of inelastic
response spectra for site-modified ground motions, combined with a desire
for conservatism in the design of tall buildings. From soil amplification
studies, Whitman [26] has shown that such a soil factor is reasonable for a
shallow soil deposit; he has also shown that a soil factor that is constant for
building periods shorter than the soil period, but decreases for longer
building periods, is reasonable for other cases, such as a deep deposit of firm
soil or a shallow soft soil overlying a deep deposit of firm soil. Seed et al. [21]
based on a statistical study, covering 104 past earthquakes, of the elastic
response spectra of structures close to the epicenter, concluded that a soil
amplification factor constant with respect to building period, but applied
only to the region on the response spectrum that depends on peak ground
velocity, is an appropriate simplification, for design purposes, of the
earthquake data studied. Whitman and Protonotarios [27] have shown that,
while elastic response spectra for site-modified ground motions display a
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resonance effect, the corresponding inelastic response spectra do not, for
ductility factors larger than 2, have a pronounced peak at the fundamental
period of the site. In summary, a soil factor as defined in the Code, and also
as proposed by ATC 3-06 for the velocity-dependent region of the response
spectrum [38], accounts adequately for the effect of soil amplification on
inelastic structural response. Such a factor is desirably conservative for very
tall buildings founded over soft soil (buildings with a period longer than the
longest natural period possible for any soil profile) and for stiff buildings
over soft soil.

Design Spectra. — The design earthquake is specified by the Code as a family
of site-dependent elastic response spectra. The firm ground response
spectrum is the Newmark-Hall elastic spectrum for 5-percent damping [16].
A soil is considered firm if the cumulative depth of soft soil, H, below
foundation level is less than 25 ft. A soil amplification effect is introduced for
H larger than 25 ft, but H need not be taken as larger than 150 ft; the soil
effect is introduced by modifying the peak ground velocity from 5.2 in/sec
for firm ground to 5.28(H) in/sec for soft ground where

SH)=H + 100 25<H=<150 2
125

The soil factor S included in the formula for base shear differs from the
soil amplification effect defined by S(H). First, the factor S applies to all
building periods, while S(H) applies only to that portion of the spectrum
that depends on peak ground velocity; second, the factor S is less than or
equal to 1.5, while S(H) can reach 2.0 for soft soil layers of 150 ft or deeper;
and finally, for shallow surface deposits of soft soil (12 ft<H=25 ft) the factor
S is 1.5, while S(H) equals 1.0.

Methods of Analysis. — For a building design which satisfies the ductility
requirements, the minimum base shear is given by Eq. 1. This base shear
must be distributed among the lateral force-resisting elements by the use of
either a static or a dynamic analysis. The dynamic analysis is prescribed for
“structures which have highly irregular shapes, large differences in lateral
resistance or stiffness between adjacent stories, or other unusual structural
features affecting seismic response.” The decision to perform a dynamic
analysis is a matter of engineering judgment; however, considering the cost
of performing a dynamic analysis, it is anticipated that engineers generally
will strive to achieve regular structures by interaction with architects and by
proper choice of framing.

The static analysis rules are those of UBC-1973, except that new rules
were developed for setbacks. These latter are similar to, but simpler than,
those given in Appendix C of the SEAOC Recommendations [35].
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The dynamic analysis rules for buildings meeting the ductility
requirements permit the use of either modal decomposition or of ground
motion time-histories consistent with the elastic response spectrum. The
combined modal base shear or the peak base shear as a function of time need
not exceed that required in Eq. 1 for the period of the fundamental mode;
therefore, the elastic response spectrum may be scaled down accordingly.

For a modal analysis, the modal accelerations must be obtained from the
elastic spectrum that corresponds to the soil at the site. The Code does not
specify a rule for combining modes, nor does it specify a minimum number
of modes to be used. The authors recommend that the modes be combined
by the square root of the sum of the squares (SRSS) method. The number of
modes used should be as follows: for two- and three-story buildings, all
modes; for buildings with four or more stories, the greater of (a) the lowest
three modes, (b) all modes with periods longer than 0.4 seconds, or (¢) a
sufficient number of modes to account, by summing the effective modal
masses, for 95 percent of the total mass.

To match the minimum base shear the elastic spectrum will always be
scaled down. It is of interest to compute selected scale factors, using the
SRSS method for combining modes, to assess the degree of conservatism
implied by the elastic spectrum. As an example, take a structure where:

e The ratio of the second mode period to the first mode period is 0.25,
and the ratio of the third mode period to the first mode period is 0.14.

o The effective modal ‘mass of the first mode is 0.80 M, of the second
mode is 0.15 M, and of the third mode is 0.05 M, where M is the total
mass.

This hypothetical structure corresponds approximately to that used by
SEAOC to arrive at the response spectra in its 1974 recommendations [6].
Fig. 3 shows that scale reduction factor as a function of period for a building
with K equal to 1.0, site on firm ground and on soft ground. For periods
longer than 1.0 second, the two curves are approximately proportional; the
curve for soft ground is higher because S(H) is 2.0, while S is equal to 1.5.
The large drop in scale factor below T equal to 0.5 seconds for firm ground
and below T equal to 1.0 second for soft ground is due to the difference
between the periods at which the factor C drops below its maximum value in
Eq. 1 and the elastic spectrum drops below the maximum spectral
acceleration.

When scaling is a device used only to achieve a different distribution of
lateral forces, the value of the scale factor is irrelevant; however, the Code
requires the use of the unscaled elastic spectrum for structures not meeting
the special design requirements for ductility. The range of the scaling factor
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is 2.9 to 12.4 for firm ground, and 2.5 to 10.4 for soft ground, for the
hypothetical building with K equal to 1.0 (Fig.3). The significance of this
variation of scale factor with period can be assessed in terms of the ductility
demand (required ductility ratio), defined as g in the inelastic spectrum for
firm ground derived from the specified elastic spectrum [16]:

0.32

Sa=min 21 3)

0.16
wT

When this inelastic spectrum is used in lieu of the elastic spectrum to obtain
modal accelerations for the example structure defined above, and if the base
shear is scaled to the value specified by Eq. 1, the computed ductility
demand is larger than 6 for periods shorter than 2.0 seconds; for periods
longer than 2.0 seconds, the ductility demand is approximately constant and
equal to 6. This means that the required ductility ratio, as defined above,
implicit in the base shear equation of the Code is equal to or higher than 6;
the larger values correspond to structures with periods shorter than 2.0
seconds. Therefore, designers should pay much attention to detailing for
ductility, especially for short-period structures.

It is unlikely, considering the cost involved, that many structures in
Massachusetts will be designed using the time-history approach. In any
event, there are currently available several programs to obtain time-histories
consistent with a given elastic response spectrum, and with a given peak
acceleration [7], [10]. Time-histories must be compatible with the response
spectrum that corresponds to the local soil conditions; the results may be
scaled to obtain the base shear given by Eq. 1 for the fundamental period.

Ductility  Requirements. — This section discusses some of the special
requirements for structures designed for the minimum base shear and the
implications of making these requirements mandatory for all structures so
designed. ‘

Since all structures designed for the base shear given by Eq. 1 must meet
the special design requirements, a structure that carries all the lateral load
by moment frames may be designed for a factor K equal to 0.67. This is
different from both UBC-1976 and ATC 3-06. According to UBC-1976,
structures which have a steel or concrete moment-resisting frame must meet
no special design requirements for ductility if designed with a factor K equal
to 1.0; only when K is 0.67 or 0.80 must the moment resisting frames comply
with the special requirements for ductility. Moment frames of steel or
concrete designed for K equal to 1.0 by UBC-1976 have some ductility,
because both ACI-318 [29] and the AISC Specifications [37] lead to

relatively ductile structures; the special design requirements provide for
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additional ductility. The ATC 3-06 recommendations specify that structures
in Massachusetts must meet the requirements for seismic performance
category B. These requirements allow, for a steel building, ordinary moment
frames in which noncompact structural steel sections or cold-formed
members may be used; such frames are not allowed by the Massachusetts
provisions, which specify that compact sections must be used for moment
frames.

The special ductility requirements for steel moment frames are similar to
those of UBC-1973. Note that the requirement, that the slenderness ratio for
columns be computed without consideration for lateral support provided by
bracing or shear walls, has been deleted in UBC-1976.

The special ductility requirements for concrete frames are derived from
UBC-1976 and from selected provisions of ACI 318, Appendix A. For
flexural members, top and bottom reinforcement is required and the positive
moment strength at column connections must be at least 25 percent of the
required negative moment strength. The requirement of the body of ACI
318 (10.3.3) that the ratio of reinforcement in flexural members not exceed
75 percent of the ratio that produces balanced conditions was considered
sufficient; therefore, the special requirement of Appendix A of ACI 318 that
reduces this maximum ratio to 50 percent was not adopted.

The ductility requirements for masonry were developed according to the
principle that damage but not collapse is acceptable. Masonry bearing walls,
shear walls, exterior walls, chimneys and parapets must be reinforced
according to the provisions of the BIA [28], the NCMA [36], or ANSI [30]
standards. The maximum spacing of principal reinforcement is set at four
feet, rather than the two feet required by UBC-1976; spacing of
reinforcement in the direction perpendicular to principal reinforcement is set
at six feet. A four-foot by six-foot reinforcement mesh is considered adequate
to insure the bearing capacity of walls after an earthquake and to preclude
partial collapse. Nomnstructural masonry must be designed as at least
partially reinforced masonry when enclosing stairwells or elevator shafts.

The Code includes the following rules for timber design: lumber and
plywood diaphragms may be used; positive connections are required to
transfer axial and shear forces produced by earthquakes; toenailing or nails
subject to withdrawal are not acceptable; and sheathing may be used as
tension ties, provided no cross-grain bending or tension arises in the framing
members.

A controversial ductility requirement is that structures of materials for
which no special design requirements are given in the Code must “safely
withstand lateral distortions eight (8) times that computed for the lateral
forces specified.” This requirement would apply, for example, to moment
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frames made of cold-formed sections, since these members do not usually
conform to the requirements for “plastic design sections;” however, such a
frame may be stable when some of its members are in the post-buckling
state. The requirement would also apply to new materials of construction.

Foundation Design Requirements

The Code is the first building code in the United States that contains a
comprehensive set of soil and foundation design requirements for earthquake
loads. The soil provisions either give specific design guidelines or they point
. out those areas of design that require special consideration.

The purposes of the foundation requirements are: to insure site stability,
including the prevention of potential liquefication; to provide foundations
capable of transferring all horizontal and. vertical earthquake loads to the
soil; and to provide a foundation system that will not, because of relative
movement between foundations, damage the superstructure to the extent of
jeopardizing life safety. In addition to the foundation requirements, the
effect of soil amplification is incorporated into the base shear requirement
through the soil factor S.

The soil factor and all the foundation requirements except the guidelines
to check the susceptibility of a site to liquefaction are tied to the class of soil
or soil site. Two classes of soil are defined by the Code; in essence, firm soil
and soft soil. Class A soils are firm or very firm soils: igneous rock and
conglomerate; slate; shale; glacial till; dense to very dense gravel, sand and
gravel, and sand; clay having an undrained shear strength above 1,000 lbs
per sq ft; and well compacted granular fill. All other soils are Class B. Soil
site classes are defined based on the thickness and layering of the component
soil classes; the site class is either that of the single component soil or, when
both classes of soils exist, the soil site is determined in accordance with Fig. 2.
It follows from Fig. 2 that a site is Class B when a thickness of more than 12
ft of Class B soil overlies a Class A soil, or when a sufficiently thick layer of
Class B soil underlies a Class A soil.

The Code includes a screening test to determine when a site is considered
not susceptible to liquefaction. Liquefaction is the phenomenon in which a
saturated loose sand under undrained conditions develops a substantial loss
of shear strength due to-either monotonic or cyclic loading; after the sand
liquefies, it has a residual strength so low that the soil actually flows.
Liquefaction is defined in the Code to include liquefaction of loose saturated
sands and cyclic mobility (susceptibility to large strains under cyclic loading)
of medium-dense saturated sands [3]. When susceptibility to liquefaction is
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indicated, based on the screening test, further soil studies are required. While
laboratory tests [2], [13], [19] have been significant in explaining the
liquefaction phenomena, to develop a screening test actual experience of
soils during past earthquakes has proved more useful. Whitman [25] has
shown that during past earthquakes liquefaction has occurred only for
certain combinations of the ratio of dynamic shear stress to vertical effective
stress (both on the same horizontal plane) and the relative density of the
sand; similar results based on combinations of dynamic shear stress
normalized with respect to effective overburden pressure and corrected
standard penetration resistance were presented by Castro [3]. Considering
the wide scatter that exists in correlations between in situ relative density of
saturated sands and standard penetration resistance, the standard
penetration resistance was considered a more reliable parameter for use in a
code screening test. For conditions when lateral sliding cannot occur, the
Code includes a figure to determine those saturated sand soil sites not
susceptible to liquefaction; the curves in this figure are drawn for a
maximum ground acceleration of 0.12 g. The curves are cut off at a depth of
60 ft, because the liquefaction failures on which the empirical criteria are
“ based all have occurred at shallow depths.

Soil sites that do not pass the screening test are not necessarily
liquefaction-susceptible, but may be, and therefore must be further
investigated. Geotechnical studies are also required for sites where lateral
sliding (slope instability) may occur and where the site is underlain by
saturated silty sands and inorganic nonplastic silts.

The design of foundations must make provision for the transmission of the
base shear between the structure and the soil or rock. The Code specifies five
acceptable means by which the lateral forces may be transmitted to the soil.
The Code also specifies that lateral pressure may not exceed one-third the
passive pressure and that bottom friction may not be relied on where a
building overlies a Class B soil and is supported by piles, piers, or caissons.
These requirements are spelled out so that the transmission of lateral forces
from the foundation to the soil will not be overlooked; there are no similar
provisions in UBC-1976.

Individual pile, pier, and caisson caps are required to be interconnected
only when the caps overlie a Class B soil; this provision is similar to the
corresponding one in UBC-1976, except that the Code specifically exempts
caps in Class A soils from the interconnection requirement. The lateral and
vertical movement potential of footings is required to be investigated for
cases where the footing overlies at shallow depths cohesionless soils that only
slightly exceed the criteria for sites not susceptible to liquefaction.

The Code contains a specification for an additional active soil pressure
due to earthquakes to be applied to retaining walls and to foundation walls.
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This force should not be applied when there is a reasonable expectation for
liquefaction of the backfill during seismic loading; rather, further studies
must be performed for such cases. The earliest method for determining the
dynamic lateral pressure on earth retaining structures was that developed by
Okabe in 1926 [17] and by Mononobe in 1929 {15]. The Mononobe-Okabe
analysis is basically a computation of active pressure, using Coulomb theory,
that includes, in addition to the weight of the triangular sliding wedge,
horizontal and vertical inertia forces. The key assumptions of the analysis are
that active pressure develops because of wall movement; that the soil
behaves as a rigid body, with the result that accelerations throughout the
mass of the wedge are uniform; and that the soil wedge behind the wall is at
the point of incipient failure. Recent theoretical analyses by Prakash and
Basavanna, [18] and experimental analyses by Ishii et al. [9] and Kurata et
al. [12] have validated the Mononobe-Okabe theory; the experimental
studies also show that the resultant of the earthquake force acts at a height of
0.5 H to 0.67 H above the base of the wall, where H is the height of the wall.
Seed and Whitman [20] have shown that a very good approximation to the
earthquake active soil pressure coefficient K is 0.75 a, where a is the lateral
acceleration as a fraction of gravity; this approximation was derived for the
case of a vertical wall, horizontal backfill slope, and angle of friction of soil of
35°. A resultant at 0.67 H above the base of the wall is obtained when the
earthquake pressure is distributed as an inverse triangle over the helght of
the wall. The additional earthquake force due to active soil pressure in the
Code is that proposed by Seed and Whitman, [20] evaluated for the design
earthquake of 0.12 g, that is,

P=%hKy H =%(0.75 % 0.12) y H = 0045 v  H @

The extension of applicability of this retaining wall formula to foundation
walls has been criticized; however, th&re are currently no known better
alternative approaches. Finite element analyses performed for foundation
walls of nuclear power plants show lateral forces which are higher than those
given by the Mononobe-Okabe analysis.

Summary and Future Developments

The recognition of the fact that the earthquake return period in
Massachusetts is substantially longer than that for earthquakes in the West
led to the formulation of a design philosophy that states that the sole
purpose of earthquake regulations here should be the mitigation of danger to
life safety. The seismic provisions based on this design philosophy differ
conceptually from those contained in most major model codes; to minimize
the cost of earthquake protection, the Massachusetts Code emphasizes
ductility requirements and prescribes relatively modest lateral forces, while
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the model codes simply apply a zone factor to the lateral force requirements
developed for California by SEAOC (UBC-1976 also includes ductility

exemptions for Seismic Zone 1).

Since the ductility requirements of the Code are applicable primarily to

new construction, the Seismic Advisory Committee to the State Building
Code Commission is in the process of studying the problems associated with
strength evaluations and seismic design for the renovation of existing

buildings.
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Discussion

By Robert V. Whitman,? F. ASCE

I think it unfortunate to conclude that the probable period for the
Massachusetts Code design earthquake motion is 5000 years, with bounds of
2000 and 10,000 years. I know'the authors have used MIT results to reach
that conclusion, and suppose I am saying that I no longer really believe those
results. I agree that Algermissen & Perkins may have based their analysis
upon inflated estimates of intensities during past earthquakes. On the other
hand, they also made a potentially unconservative assumption: neglecting
scatter in the attenuation rule. The net result is that Algermissen & Perkins
estimates may be about correct. Our various studies at MIT also neglected
uncertainty on the attenuation law for intensity and uncertainty in the
relation between intensity and acceleration, and hence would tend to be
unconservative. My feeling is that the return period for our design
earthquake motion, at least in northeastern Massachusetts, is on the order of
1000 years. I feel that the design philosphy incorporated into the
Massachusetts Code is quite consistent with this shorter period.

Closure

By Rene W. Luft and Howard Simpson

The authors thank Professor Whitman for his discussion. The seismic risk
studies reviewed by the Seismic Advisory Committee did not, as noted in the
discussion, consider scatter in the attenuation rule nor the uncertainty in the
relation between intensity and peak ground acceleration. Studies that treat
intensity as a random function of the distance from a site to the epicenter
and of epicentral peak ground acceleration, obtain a higher seismic risk at a
site [40] than studies that neglect scatter. Neglecting the scatter that is
introduced by treating intensity as a random function may, however, be
reasonable to define a design earthquake for Massachusetts.

3 Professor of Civil Engineering, Massachusetts Institute of Technology, Cambridge, Massa-
chusetts





