Chapter 4 Commentary

GROUND MOTION

4.1 PROCEDURESFOR DETERMINING MAXIMUM CONSIDERED EARTHQUAKE
AND DESIGN EARTHQUAKE GROUND MOTION ACCELERATIONS AND RE-
SPONSE SPECTRA: This section sets alternative procedures for determining ground shaking
parameters for use in the design process. The design requirements generally use response spectra
to represent ground motionsin the design process. For the purposes of the Provisions, these
spectra are permitted to be determined using either a generalized procedure in which mapped
seismic response acceleration parameters are referred to or by site-specific procedures. The
generalized procedure in which mapped values are used is described in Sec. 4.1.2. The site-
specific procedure is described in Sec. 4.1.3.

4.1.1 Maximum Considered Earthquake Ground Motions: The Provisions are intended to
provide uniform levels of performance for structures, depending on their occupancy and use and
the risk to society inherent in their failure. Sec. 1.3 of the Provisions establishes a series of
Seismic Use Groups that are used to categorize structures based on the specific Seismic Design
Category. Itistheintent of the Provisionsthat a uniform margin of failure to meet the seismic
design criteria be provided for al structures within a given Seismic Use Group.

In past editions of the Provisions, seismic hazards around the nation were defined at a uniform
10 percent probability of exceedance in 50 years and the design requirements were based on
assigning a structure to a Seismic Hazard Exposure Group and a Seismic Performance Category.
While this approach provided for a uniform likelihood throughout the nation that the design
ground motion would not be exceeded, it did not provide for auniform margin of failure for
structures designed for that ground motion. The reason for thisisthat the rate of change of
earthquake ground motion versus likelihood is not constant in different regions of the United
States.

The approach adopted in the Provisions is intended to provide for auniform margin against
collapse at the design ground motion. In order to accomplish this, ground motion hazards are
defined in terms of maximum considered earthquake ground motions. The maximum consid-
ered earthquake ground motions are based on a set of rules that depend on the seismicity of an
individual region. The design ground motions are based on alower bound estimate of the margin
against collapse inherent in structures designed to the Provisions. This lower bound was judged,
based on experience, to be about afactor of 1.5 in ground motion. Consequently, the design
earthquake ground motion was selected at a ground shaking level that is 1/1.5 (2/3) of the
maximum considered earthquake ground motion.

For most regions of the nation, the maximum considered earthquake ground motion is defined
with auniform likelihood of exceedance of 2 percent in 50 years (return period of about 2500
years). While stronger shaking than this could occur, it was judged that it would be economi-
cally impractical to design for such very rare ground motions and the selection of the 2 percent in
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50 years likelihood as the maximum considered earthquake ground motion would result in
acceptable levels of seismic safety for the nation.

In regions of high seismicity, such as coastal California, the seismic hazard istypically con-
trolled by large-magnitude events occurring on alimited number of well defined fault systems.
Ground shaking calculated at a 2 percent in 50 years likelihood would be much larger than that
which would be expected based on the characteristic magnitudes of earthquakes on these known
active faults. Thisis because these major active faults can produce characteristic earthquakes
every few hundred years. For these regions, it is considered more appropriate to directly
determine maximum considered earthquake ground motions based on the characteristic
earthquakes of these defined faults. In order to provide for an appropriate level of conservatism
in the design process, when this approach to calculation of the maximum considered earthquake
ground motion is used, the median estimate of ground motion resulting for the characteristic
event ismultiplied by 1.5.

Sec. 4.1.1 of the Provisions defines the maximum considered earthquake ground motion in
terms of the mapped values of the spectral response acceleration at short periods, S, and at 1
second, S, for Site Class B sites. These values may be obtained directly from Maps 1 through
24, respectively. A detailed explanation for the development of Maps 1 through 24 appears as
Appendix A of this Commentary volume. The logic by which these maps were created, as
described above and in Appendix A, isalso included in the Provisions under Sec 4.1.3, Site-
Specific Procedures, so that registered design professionals performing such a study may use
methods consistent with those that served as the basis for devel oping the maps.

4.1.2 General Procedurefor Determining Maximum Consider ed Earthquake Ground
Motions and Design Spectral Response Accelerations. This section provides the procedure
for obtaining design site spectral response accel erations using the maps provided with the
Provisions. Most buildings and structures will be designed using the equivalent lateral force
technique of Sec. 5.4, and this general procedure to determine the design spectral response
acceleration parameters, S, and S, that are directly used in that procedure. Some structures
will be designed using the modal analysis procedures of Sec. 5.5. This section also provides for
the development of a general response spectrum, which may be used directly in the modal
analysis procedure, from the design spectral response acceleration parameters, S,sand S,,.

Maps 1 and 2 respectively provide two parameters S;and S; based on a national seismic hazard
study conducted by the U.S. Geological Survey. For most buildings and sites, they provide a
suitably accurate estimate of the maximum considered earthquake ground shaking for design
purposes. For some sites, with specia soil conditions or for some buildings with special design
regquirements, it may be more appropriate to determine a site specific estimate of the maximum
considered earthquake ground shaking response accelerations. Sec. 4.1.3 provides guidance on
site-specific procedures.

S;isthe mapped value, from Map 1 of the 5 percent damped maximum considered earthquake
spectral response acceleration, for short period structures founded on Class B, firm rock, sites.
The short period acceleration has been determined at a period 0.2 seconds. Thisis because it was
concluded that 0.2 seconds was reasonably representative of the shortest effective period of
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buildings and structures that are designed by the Provisions, considering the effects of soil
compliance, foundation rocking and other factors typically neglected in structural analysis.

Similarly, S, isthe mapped value from Map 2 of the 5 percent damped maximum considered
earthquake spectral response acceleration at a period of 1 second on Site Class B. The spectral
response acceleration at periods other than 1 second can typically be derived from the accelera-
tion at 1 second. Consequently, these two response acceleration parameters, S;and S, are
sufficient to define an entire response spectrum for the period range of importance for most
buildings and structures, for maximum considered earthquake ground shaking on Class B sites.

In order to obtain acceleration response parameters that are appropriate for sites with other
characteristics, it is necessary to modify the S;and S, values, asindicated in Sec.4.1.2.4. This
modification is performed with the use of two coefficients, F, and F, which respectively scale the
S;and S, values determined for firm rock sites to appropriate values for other site conditions. The
maximum considered earthquake spectral response accelerations adjusted for Site Class effects
are designated respectively, S§,s and S,;, for short period and 1 second period response. As
described above, structural design in the Provisionsis performed for earthquake demands that are
2/3 of the maximum considered earthquake response spectra. Two additional parameters, Syq
and S, are used to define the accel eration response spectrum for this design level event. These
are taken, respectively as 2/3 of the maximum considered earthquake values S, and §;, and
completely define a design response spectrum for sites of any characteristics.

Sec. 4.1.2.1 provides a categorization of the various classes of site conditions, as they affect the
design response accel eration parameters. Sec. 4.1.2.2 describes the method by which sites can be
classified according as belonging to one of these Site Classes. Sec. 4.1.2.3 provides definitions
of some site parameters referenced in the preceding section.

4.1.2.1 Site Class Definitions: It has long been recognized that the effects of local soil
conditions on ground motion characteristics should be considered in building design, and most
countries considering these effects have developed different design criteriafor several different
soil conditions. The 1989 Loma Prieta earthquake provided abundant strong motion data that
was used extensively together with other information in developing the 1994 Provisions.
Evidence of the effects of local soil conditions has been observed globally including eastern
North America. An example of the latter is a pocket of high intensity reported on soft soilsin
Shawinigan, Quebec, approximately 155 miles (250 km) from the 1925 Charlevoix magnitude 7
earthquake (Milne and Davenport, 1969).

The Applied Technology Council (ATC) study that generated the preliminary version of the
Provisions provided for the use of three Soil Profile Types considered, in the late 1970s, to be
different enough in seismic response to warrant separate site coefficients (Sfactors) and
experience from the September 1985 Mexico City earthquake prompted the addition of afourth
Sail Profile Type. These have been revised for the 1994 Provisions to conform to the experi-
ences of the Mexico City and the 1989 Loma Prieta earthquake in California as well as to other
observations and studies showing the effects of level of shaking, rock stiffness, and soil type,
stiffness and depth on the amplification of ground motions at short and long periods. The
resulting use of higher seismic coefficients in areas of lower shaking and the addition of a"hard
rock" category in the 1994 Provisions better reflect the conditions in some parts of the country
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and incorporate recent efforts toward a seismic code for New Y ork City (Jacob, 1990 and 1991).
The need for improvement in codifying site effects was discussed at a 1991 National Center for
Earthquake Engineering Research (NCEER) workshop devoted to the subject (Whitman, 1992),
which made several general recommendations. At the urging of Robert V. Whitman, a commit-
tee was formed during that workshop to pursue resolution of pending issues and develop specific
code recommendations. Serving on this committee were M. S. Power (chairman), R. D.
Borcherdt, C. B. Crouse, R. Dobry, I. M. Idriss, W. B. Joyner, G. R. Martin, E. E. Rinne, and R.
B. Seed. The committee collected information, guided related research, discussed the issues, and
organized aNovember 1992 Site Response Workshop in Los Angeles (Martin, 1994). This
workshop discussed the results of a number of empirical and analytical studies and approved
consensus recommendations that form the basis for the 1994 Provisions.

Amplification of Peak Ground Acceleration: Seed and coworkers (1976a) conducted a statistical
study of peak accelerations developed at locations with different site conditions using 147
records from each western U.S. earthquake of about magnitude 6.5. Based on these results,
judgment and analysis, they proposed the acceleration relations of Figure C4.1.2-1athat are
applicable to any earthquake magnitude of engineering interest. It must be noted that the data
base of that study did not include any soft clay sites and, thus, the corresponding curvein the
figure was based on the authors' experience and, consequently, was somewhat more specul ative.

Idriss (1990a and 1990b), using data from the 1985 Mexico City and 1989 Loma Prieta earth-
guakes, recently modified the curve for soft soil sites as shown in Figure C4.1.2-1b. Inthese
earthquakes, low maximum rock accelerations of 0.05g to 0.10g were amplified by factors of
from about 1.5 to 4 at sites containing soft clay layers ranging in thickness from afew feet to
more than a hundred feet and having depths of rock up to several hundred feet. As shown by the
data and site response calculations included in Figure C4.1.2-1b, the average amplification factor
for soft soil sites tends to decrease as the rock acceleration increases--from 2.5to 3 at low
accelerations to about 1.0 for arock acceleration of 0.4g. Since this effect isdirectly related to
the nonlinear stress-strain behavior in the soil as the acceleration increases, the curve in Figure
C4.1.2-1b can be applied in first approximation to any earthquake magnitude of engineering
interest.

It isclear from Figure C4.1.2-1b that low peak accelerations can be amplified several times at
soil sites, especially those containing soft layers and where the rock is not very deep. On the
other hand, larger peak accelerations can be amplified to a lesser degree and can even be dlightly
deamplified at very high rock accelerations. In addition to peak rock acceleration, a number of
factorsincluding soil softness and layering play arole in the degree of amplification. One
important factor is the impedance contrast between soil and underlying rock.

Soectral Shapes. Spectral shapes representative of the different soil conditions discussed above
were selected on the basis of astatistical study of the spectral shapes developed on such soils
close to the seismic source zone in past earthquakes (Seed et a., 1976a and 1976b; Hayashi et
a., 1971).

The mean spectral shapes determined directly from the study by Seed and coworkers (1976b),
based on 104 records from 21 earthquakes in the western part of the United States, Japan and
Turkey, are shown in Figure C4.1.2-2. The ranges of magnitudes and peak accelerations covered
by this data base are 5.0 to 7.8 and 0.04g to 0.43g, respectively. All spectra used to generate the
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mean curve for soft to medium clay and sand in Figure C4.1.2-2 correspond to rather low peak
accelerationsin the soil (Ilessthan 0.10g). The spectral shapesin the figure also were compared
with the studies of spectral shapes conducted by Newmark et al. (1973), Blume et al. (1973), and
Mohraz (1976) and with studies for use in model building regulations. It was considered
appropriate to simplify the form of the curvesto afamily of three by combining the spectrafor
rock and stiff soil conditions leading to the normalized spectral curves shown in Figure C4.1.2-
3. The curvesin thisfigure therefore apply to the three soil conditions in the original version
(1985) of the Provisions.

The three conditions corresponding to the three lines in Figure C4.1.3-3 plus a fourth condition
introduced following the 1985 Mexico City earthquake are described as follows:

1. Soil Profile Type S--A soil profile with either: (1) rock of any characteristic, either shale-
like or crystalline in nature, that has a shear wave velocity greater than 2,500 ft/s (762 m/s) or
(2) tiff soil conditions where the soil depth isless than 200 ft (61 m) and the soil types
overlying the rock are stable deposits of sands, gravels, or stiff clays.

2. Soil Profile Type S,--A soil profile with deep cohesionless or stiff clay conditions where the
soil depth exceeds 200 ft (61 m) and the soil types overlying rock are stable deposits of
sands, gravels, or tiff clays.

3. Soil Profile Type S;--A soil profile containing 20 to 40 ft (6 to 12 m) in thickness of soft- to
medium-stiff clays with or without intervening layers of cohesionless soils.

4. Soil Profile Type S,--A soil profile characterized by a shear wave velocity of |ess than 500
ft/sec (152 m/s) containing more than 40 ft (12 m) of soft clays or silts.

The post-Loma Prieta studies (Martin, 1994) have resulted in considerable modification of these
profile types resulting in the Soil Profile Typesin the 1994 Provisions, A through F.

Response of Soft Stesto Low Rock Accelerations. Earthquake records on soft to medium clay
sites subjected to low acceleration levels indicate that the soil/rock amplification factors for long-
period spectral accelerations can be significantly larger than those in Figures C4.1.2-1 and
C4.1.2-2 (Seed et al., 1974). Furthermore, the largest amplification often occurs at the natural
period of the soil deposit. In Mexico City in 1985, the maximum rock acceleration was
amplified four times by a soft clay deposit that would have been classified as S, whereas the
spectral amplitudes were about 15 to 20 times larger than on rock at a period near 2 sec. In other
parts of the valley where the clay is thicker, the spectral amplitudes at periods ranging between 3
and 4 sec also were amplified about 15 times, but the damage was less due to the low rock
motion intensity at these very long periods (Seed et al., 1988). Inspection of the records obtained
at some soft clay sites during the 1989 L oma Prieta earthquake indicates a maximum amplifica-
tion of long-period spectral amplitudes of the order of three to six times.

Figure C4.1.2-4 shows a comparison of average response spectra measured on rock and soft soil
sitesin San Francisco and Oakland during this magnitude 7.1 earthquake. A preliminary study
of the Loma Prieta records at one 285-ft (87 m) soil deposit on rock containing a 55-ft (17 m)
soft to medium stiff clay layer (Treasure Island) seems to suggest that the largest soil/rock
amplification of response spectra occurred at the natural period of the soil deposit, similarly to
Mexico City (Seed et a., 1990).
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FIGURE C4.1.2-3 Normalized response spectra, damping = 0.05.

Some relevant theoretical and experimental findings are reviewed briefly below to clarify therole
of key site parametersin determining the magnitude of the soil/rock amplification of spectral
ordinates at long periods for sites containing soft layers. These parameters are the thickness of
the soft soil, the shear wave velocity of the soft soil, the soil/rock impedance ratio (IR), the
layering and properties of the stiffer soil between soft layer and rock, and the modulus and
damping properties of the soft soil. The basic assumptions used are those typically used in one-
dimensional site response analyses and, thus, the conclusions drawn are restricted to sites where
these conditions are fulfilled (i.e., flat sites with horizontal layering of significant extension and
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FIGURE C4.1.2-4 Average spectrarecorded during 1989 L oma Prieta earthquake
at rock sites and soft soil sites (Housner, 1990).

The uniform layer on elastic rock sketched in Figure C4.1.2-5 is subjected to a vertically
propagating shear wave representing the earthquake. The soil layer is assumed to behave linearly
and it has athickness h, total (saturated) unit weight g,, shear wave velocity v,, and internal
damping ratio b, Therock has total unit weight g,, shear wave velocity v,, and zero damping.
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Due to the soil-rock interaction effect, the motion at the soil-rock interface C is different
(typicaly less) from that at the rock outcrop B. Only if therock isrigid (v, = ¥) are the motions
at Cand B equal. Of interest here is the ratio between the motions on top of the soil (point A)
and on the rock outcrop (point B).

When the acceleration at B is aharmonic motion of frequency f (cps) and amplitude ag, the
acceleration at A is also harmonic of the same frequency and amplitude a,. The amplification
ratio a,/ag is afunction of the ratio of frequencies f/(v/4h), of the soil damping b, and of the
rock/soil impedance ratio which is equal to g,v,/g.v,. Figure C4.1.2-6 presents a,/a, calculated
for alayer with h = 100 ft (30.5 m), v/4h = 1.88 cps, and IR = 6.7 (Roesset, 1977). The
maximum amplification occurs essentially at the natural frequency of the layer, f;, = VJ/4h, and

IS approxi- mately
equal to:
T !

aB max —_

IR

hat is, the Shear maximum
soil/rock Wave amplifica-
tion for steady-
state har- FIGURE C4.1.2.5 Uniform soil layer on elastic rock subjected to vertical monic
motion in shear waves. this simple
model de- pends on

two factors-b, and IR. When IR = ¥ (rigid rock), the only way the system can dissipate energy is
in the soil and (a,/ag),. = 2/pb, can be very large. For example, if IR =¥ and b, = 0.04,
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(ax/8g)mex = 16. If IR decreases, the amplification (a,/8g) ., &S0 decreases. For example, if IR=
15 and b, = 0.04, the amplification is cut in half, (a,/ag) . = 8.

Another way of expressing the contribution of the impedanceratio IRin Eg. C4.1.2-1isasan
"additional equivalent soil damping" with atotal damping by, in the system at its natural
frequency:

S )
Bt = Ps (nIR) (C4.1.2-2)

Eq. C4.1.2-2 isvery important since the maximum amplification (a,/ag), ., IS awaysinversely
proportional to b, not only for the case of the uniform layer but also for other soil profiles on
rock. b, awaysincludes an internal damping contribution (b, and a second term reflecting the
rock-soil impedance contrast | R although the specific definition of IR and the numerical factor
2/p generally will change depending on the profile. When a soft layer lies on top of a significant
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thickness of stiffer soil followed by rock, Eq. C4.1.2-2 is till qualitatively valid, but the
calculations are more complicated. In that case, the impedance contrast must consider the whole
soil profile and, thus, both soft and stiff soils play arole in determining b, and (8,/8g) . AlSO,
the maximum amplification may occur at the natural frequency of the soft layer, of the whole
profile, or at some other frequency.

Two-Factor Approach and the 1992 Ste Response Workshop: The recommendations devel oped
during the NCEER/SEAOC/BSSC Site Response Workshop mentioned above were summarized
by Rinne and Dobry (1992) and are reprinted as Appendix F of this commentary to provide the
reader with a better understanding of the thinking behind the current Provisions. Some addi-
tional background information taken mostly from the proceedings of that workshop (Martin,
1994) isincluded below.

As discussed above, soil sites generally amplify more the rock spectral accelerations at long
periods than at short periods and, for a severe level of shaking (S>> 1.0g; S, >> 0.4g), the short-
period amplification or deamplification is small; this was the basis for the use in the previous
versions of the Provisions. However, the evidence that short-period accelerations including the
peak acceleration can be amplified several times, especially at soft sites subjected to low levels
of shaking, suggested the replacement of the normalized spectrum approach by the two-factor
approach sketched in Figure C4.1.2-7. In this approach, adopted in the 1994 Provisions, the
short-period plateau, represented by S, is multiplied by a short-period site coefficient F, and
the long period curve represented by S,/T is multiplied by along-period site coefficient F,,.
Both F, and F, depend on the site conditions and on the level of shaking, defined respectively by
thevaluesof S, and § ..

Soil

>
]

Spectral Acceleration, S,

= — Hoeck

0.3 1.0
Building Period, T (sec)

FIGURE C4.1.2.7 Two-factor approach to local site response.

Strong-motion recordings, as obtained from the Loma Prieta earthquake of October 17, 1989,
provide important quantitative measures of the in situ response of avariety of geologic deposits
to damaging levels of shaking. Average amplification factors derived from these data with
respect to "firm to hard rock" for short-period (0.1-0.5 sec), intermediate-period (0.5-1.5 sec),
mid-period (0.4-2.0 sec), and long-period (1.5-5.0 sec) bands show that a short- and mid-period
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factor are sufficient to characterize the response of the local site conditions (Borcherdt, 1994).
This important result is consistent with the two-factor approach summarized in Figure C4.1.2-7.
Empirical regression curves fit to these amplification data as a function of mean shear wave
velocity at the site are shown in Figure C4.1.2-8.

These curves provide empirical estimates of the site coefficients F, and F, as a function of mean
shear wave velocity for input ground motion levels near 0.1g (Borcherdt and Glassmoyer, 1993).
The empirical amplification factors predicted by these curves are in good agreement with those
derived independently based on numerical modeling of the Loma Prieta strong-motion data (Seed
et a., 1992) and those derived from parametric studies of several hundred soil profiles (Dobry et
al., 1994b). These empirical relations are consistent with theory in that they imply that the
average amplification at a site increases as the rock/soil impedance ratio (IR) increases, similar to
the trend described by Eqg. C4.1.2-1. They also are consistent with observed correlations between
amplification and shear velocity for soft claysin Mexico City (Ordaz and Arciniegas, 1992).
These short- and mid-period amplification factors implied by the Loma Prieta strong-motion data
and related calculations for the same earthquake by Joyner et al. (1994) as well as modeling
results at the 0.1g level provided the basis for the consensus values provided in Tables 4.1.2a and
4.1.2b. Vauesat higher levelswere initially determined from modeling results for soft clays
derived by Seed (1994) with values for intermediate soil conditions derived by linear extrapola-
tion. A rigorous framework for extrapolation of the Loma Prieta results consistent with the
resultsin Tables C4.1.2aand C4.1.2b is given in the following paragraph.
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FIGURE C4.1.2-8 Short period F,and mid-period F, amplification factorswith respect to
“firmtohard” rock plotted asa continuousfunction of mean shear wave velocity using the
regression equations derived from the strong-motion recordings of the Loma Prieta
earthquake. The 95 percent confidence intervals for the ordinate to the true population

regression line and the amplification factors for the simplified site classes also are shown
(Borcherdt, 1994).
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Extrapolation of amplification estimates at the 0.1g level as derived from the Loma Prieta earth-
guake must necessarily be based on laboratory and theoretical modeling considerations because
few or no strong-motion recordings have been obtained at higher levels of motion, especially on
soft soil deposits. Resulting estimates should be consistent with other relations between large
rock and soil motions and local site conditions as summarized in Figure C4.1.2-1. The form of
the regression curve in Figure C4.1.2-8 suggests a simple and well defined procedure for
extrapolation. It shows that the functional relationship between the logarithms of amplification
and mean shear velocity is a straight line (Borcherdt, 1993). Consequently, as the amplification
factor for "firm to hard" rock is necessarily unity, the extrapolation problem is determined by
specification of the amplification factors at successively higher levels of motion for the soft-soil
site class. For input ground motion levels near 0.1g, Borcherdt (1993) began with amplification
levels specified by the empirical regression curves (Figure C4.1.2-8) for the Loma Prieta strong-
motion data. Higher levels of motion were inferred from laboratory and numerical modeling
results (Seed et al., 1992; Dobry et al., 1994a). The resulting short-period (F,) and mid-period
(F,) site coefficients as a function of mean shear velocity (v--labeled  elsewherein this
Commentary and in the Provisions) and input ground motion level (1) specified with respect to
"firm to hard" rock are given in Figure C4.1.2-9 and plotted with logarithmic scales. These
expressions state that the average amplification at a site is equal to the "rock-soil" impedance
ratio raised to an exponent (ma or mv). These exponents are defined as the slope of the straight
line determined by the logarithms of the amplification factors and the shear velocities for the
soft-soil and the "firm to hard" rock site classes at the specified input ground motion level
(Borcherdt, 1993). The equations in Figure C4.1.2-9 provide aframework to illustrate asimple
procedure for derivation of amplification factors that are in general agreement with the consensus
valuesincluded in Tables 1.4.2.3aand 1.4.2.3b of the Provisions. However, the numbersin
these tables of the Provisions are not necessarily identical to the equations' predictions due to
other considerations discussed during the consensus process.

Extensive site response studies using both equivalent linear and nonlinear programs were con-
ducted by several groups as listed by Rinne and Dobry (1992). The main objectives of these
studies were to generalize the experience of well documented earthquakes such as Loma Prieta
and Mexico City to a variety of site conditions and earthquake types and levels of shaking.
Some results obtained by Dobry et a. (1994a) are reproduced in Figures C4.1.2-10 to C4.1.2-12.

Figure C4.1.2-10 presents values of peak amplification at long periods for soft sites (labeled
RRS,,, in thefigure) calculated using the equivalent linear approach as a function of the
plasticity index (PI) of the soil, rock wave velocity v,, and for weak and strong shaking. The
effect of Pl isdue to the fact that soils with higher Pl exhibit less stress-strain nonlinearity and a
lower damping b, (Vucetic and Dobry, 1991). For SA, = 0.25g, S = 0.1g, v, = 4,000 ft/sec (1220
m/s) and Pl = 50, roughly representative of Bay area soft sites in the Loma Prieta earthquake,
RRS,. = 4.4, which coincides with the upper part of the range backfigured by Borcherdt from the
records. Note the reduction of thisvalue of RRS,,, from 4.4 to about 3.3when §=1.0g, S =
0.4g due to soil nonlinearity. Evidence such asthisis used in the 1994 Provisions to extrapolate
values of F, and F, a low levels of shaking--based on both analysis and observations--to high
levels of shaking for which no observations on soft sites currently are available.
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FIGURE C4.1.2-9(a) short-period F, and (b) mid-period F, amplification factors
with respect to “firm to hard” rock (SC-Ib) plotted with logarithmic scales as a
continuousfunction of mean shear wavevelocity using theindicated equationsfor
specified levelsof input ground motion. Theequationscorrespond tostraight lines
deter mined by the pointsdefined asthelogarithmsof theamplification factor sand
shear velocities for the “soft-soil” and “firm to hard” rock site classes. The
amplification factors for the “soft-soil” site class are based on strong motion
recordingsat the0.1g level and on numerical modeling and expert opinion results
for higher levelsof motion. Theexponentsmaand mv aregiven by theslopeof the
indicated straight lines. Amplification factors with respect to SC-Ib for the
amplified site classes are shown for the corresponding mean shear wave velocity
interval for input ground motion levels near 0.1g (Bor cherdt, 1993)
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FIGURE C4.1.2-10 Summary of uniform layer
analysis using simple SHAKE (Dobry et al.,
1994a).

Specific equivaent linear runs using the SHAKE program corresponding to the same situation
areincluded in Figure C4.1.2-11 while Figure C4.1.2-12 summarizes and compares them with
calculations by Joyner et al. (1994) from the Loma Prieta records on soft sites similar to the work
by Borcherdt mentioned above.
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FIGURE C4.1.2-11 Summary of uniform layer analysis usinf SHAKE program, h>50 ft
(15.2m) (Dabry et al., 1994a).
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Another important observation from analytical results such as shown in Figure C4.1.2-11 is that
the values of RRS,, are about 20 percent higher for soft sites on "hard rock"--characterized by v,
= 7,500 ft/sec (2290 m/s)--than for soft sites on "regular rock™ corresponding to v, = 4,000 ft/sec
(1220 m/s). Thisisagain the impedance ratio effect previously discussed. Separate studies
indicate that earthquake motions on outcrops of "hard rock™ tend to be smaller than on outcrops
of "regular rock" by 10 to 40 percent at both short and long periods (except at very small periods
under about 0.2 sec where the reverse may be true); see Su et al. (1992) and Silva (1992). On the
basis of these studies and observations, the 1994 Provisions incorporate the difference between
"regular” rock (B) and "hard" rock of > 5,000 ft/sec (1520 m/s) by defining a new "hard rock"
site category (A) and assigning to it site factorsF, = F, = 0.8.

S

T Simple Shake Peaks
ar Loma Prieta (Joyner)

Shake Average + 10
3 =
RRS Loma Prieta Shake Average
(Joyner)
2| —/ ./
AE
0 1 1 1 1 1
0.1 0.3 05 1 2 3
Period T (seconds)

FIGURE 4.1.2-12 Comparison between RRS SHAKE program results and those
obtained by Joyner et al. (1994) for the 1989 L oma Prieta event (Dobry et al., 1994a).

Use of Geotechnical Parameters Instead of v, Based on the studies and observations discussed

above, the site categories in the 1994 Provisions are defined in terms of the average shear wave

velocity in the top 100 ft (30.5 m) of the profile, v,. If the shear wave velocities are available for
the site, they should be used.

However, in recognition of the fact that in many cases the shear wave velocities are not
available, dternative definitions of the site categories also are included in the 1994 Provisions.
They use the standard penetration resistance for cohesionless soil layers and the undrained shear
strength for cohesive soil layers. These aternative definitions are rather conservative since the
correlation between site amplification and these geotechnical parameters is more uncertain than
that with v, That is, there will be cases when the values of F, and F, will be smaller if the site
category is based on v, rather than on the geotechnical parameters. Also, the reader must not
interpret the site category definitions as implying any specific numerical correlation between
shear wave velocity on the one hand and standard penetration or shear strength on the other.

Conducting Site-Specific Geotechnical Investigations and Dynamic Site Response Analysis for
SteClassF Soils:  Asindicated in Sec. 4.1.2.1 and in notesto Tables4.1.2.4aand b, site
coefficients F, and F, are not provided for Site Class F soils and site-specific geotechnical
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investigations and dynamic site response analyses are required for these soils. The exception is
that for structures having a fundamental period of vibration equal to or less than 0.5 second,
values of F,and F, for liquefiable soils, may be determined by following the steps for classifying
asitein Sec. 4.1.2.2 assuming liquefaction does not occur. The exception is provided because
ground motion data obtained in liquefied soil areas during earthquakes indicate that short-period
ground motions are attenuated due to liquefaction whereas long-period ground motions may be
amplified. Guidelines are provided below for conducting site-specific investigations and site
response analyses for Site Class F soils. These guidelines are also applicableif it is desired to
conduct dynamic site response analyses for other soil ypes.

Site-Specific Geotechnical Investigation: For purposes of obtaining data to conduct a site
response analysis, site-specific geotechnical investigations should include borings with sampling,
standard penetration tests (SPTs), cone penetrometer tests (CPTs), and/or other subsurface
investigative techniques and laboratory soil testing to establish the soil types, properties, and
layering and the depth to rock or rock-like material. It is desirable to measure shear wave
velocitiesin al soil layers. Alternatively, shear wave velocities may be estimated based on shear
wave velocity data available for similar soilsin the local area or through correlations with soil
types and properties. A number of such correlations are summarized by Kramer (1996).

Dynamic Site Response Analysis. Components of a dynamic site response analysis include the
following steps:

1. Modeling the soil profile--Typically, aone-dimensional soil column extending from the
ground surface to bedrock is adequate to capture first-order site response characteristics.
However, two- to three-dimensional models may be considered for critical projects when two
or three-dimensional wave propagation effects may be significant (e.g., in basins). The soil
layersin aone-dimensional model are characterized by their total unit weights shear wave
velocities from which low-strain (maximum) shear moduli may be obtained, and by relation-
ships defining the nonlinear shear stress-strain relationships of the soils. The required
relationships for analysis are often in the form of curves that describe the variation of shear
modulus with shear strain (modulus reduction curves) and by curves that describe the
variation of damping with shear strain (damping curves). In atwo- or three-dimensional
model, compression wave velocities or moduli or Poissons ratios also are required. Inan
analysis to estimate the effects of liquefaction on soil site response, the nonlinear soil model
also must incorporate the buildup of soil pore water pressures and the consequent effects on
reducing soil stiffness and strength. Typically, modulus reduction curves and damping
curves are selected on the basis of published relationships for similar soils (e.g., Seed and
Idriss, 1970; Seed et a., 1986; Sun et al., 1988; V ucetic and Dobry, 1991; Electric Power
Research Institute, 1993; Kramer, 1996). Site-specific laboratory dynamic tests on soil
samples to establish nonlinear soil characteristics can be considered where published
relationships are judged to be inadequate for the types of soils present at the site. The
uncertainty in soil properties should be estimated, especially the uncertainty in the selected
maximum shear moduli and modulus reduction and damping curves.
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2. Selecting input rock motions-- Acceleration time histories that are representative of horizon-
tal rock motions at the site are required as input to the soil model. Unless a site-specific
anaysisis carried out to develop the rock response spectrum at the site, the maximum
considered earthquake (MCE) rock spectrum for Site Class B rock can be defined using the
general procedure described in Sec. 4.1.2. For hard rock (Site Class A), the spectrum may be
adjusted using the site factorsin Tables 4.1.2.4aand b. For profiles having great depths of
soil above Site Slass A or B rock, consideration can be given to defining the base of the soil
profile and the input rock motions at a depth at which soft rock or very stiff soil of Site Class
C isencountered. In such cases, the MCE rock response spectrum may be taken as the
spectrum for Site Class C defined using the site factorsin Tables4.1.2.4aand b. Several
acceleration time histories, typically at least four, recorded during earthquakes having
magnitudes and distances that significantly contribute to the site seismic hazard should be
selected for analysis. The U.S. Geological Survey results for deaggregation of seismic
hazard (website address:. http://geohazards.cr.usgs.gov/eqg/) can be used to evaluate the
dominant magnitudes and distances contributing to the hazard. Prior to anaysis, each time
history should be scaled so that its spectrum is at the approximate level of the M CE rock
response spectrum in the period range of interest. It is desirable that the average of the
response spectra of the suite of scaled input time histories be approximately at the level of the
M CE rock response spectrum in the period range of interest. Because rock response spectra
are defined at the ground surface rather than at depth below a soil deposit, the rock time
histories should be input in the analysis as outcropping rock motions rather than at the soil-
rock interface.

3. Siteresponse analysis and results interpretation-- Analytical methods may be equivalent
linear or nonlinear. Frequently used computer programs for one-dimensional analysisinclude
the equivalent linear program SHAKE (ldriss and Sun, 1992) and the nonlinear programs
DESRA-2 (Lee and Finn, 1978), MARDES (Chang et al., 1991), SUMDES (Li et al., 1992),
D-MOD (Matasovic, 1993), and TESS (Pyke, 1992). For analysis of liquefaction effects on
site response, computer programs incorporating pore water pressure development (effective
stress analyses) must be used (e.g., DESRA-2, SUMDES, D-MOD, and TESS). Response
spectra of output motions at the ground surface should be calculated and the ratios of
response spectra of ground surface motions to input outcropping rock motions should be
calculated. Typically, an average of the response spectral ratio curvesis obtained and
multiplied by the MCE rock response spectrum to obtain the MCE soil design response
spectrum. Sensitivity analyses to evaluate effects of soil property uncertainties should be
conducted and considered in devel oping the design response spectrum.

4.1.2.5 Design Spectral Response Acceleration Parameters. This section provides ageneral
method for obtaining a 5 percent damped response spectrum from the site design acceleration
response parameters Sand S,;. This spectrum is based on that proposed by Newmark and Hall,
asaseries of three curves representing in the short period, aregion of constant spectral response
acceleration; in the long period arange of constant spectral response velocity; and in the very
long period, arange of constant spectral response displacement. Response acceleration at any
period in the long period range can be related to the constant response velocity by the equation:
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S, =Wy, = =5 (C4.1.2.5-1)

where w isthe circular frequency of motion, T is the period and S, is the constant spectral
response velocity. The site design spectral response acceleration at 1 second, S, thereforeis
simply related to the constant spectral velocity for the spectrum by the relation:

Sy = 27§, (C4.1.2.5-2)

and the spectral response acceleration at any period in the constant velocity range can be
obtained from the relationship:

S

S, - Tal (C4.1.2.5-3)

The constant displacement domain of the response spectrum is not included on the generalized
response spectrum because relatively few structures have a period long enough to fall into this
range. Response accelerations in the constant displacement domain can be related to the
constant displacement by a 1/T? relationship. Sec. 5.5 of the Provisions, which provides the
requirements for modal analysis aso provides instructions for obtaining response accel erations
in the very long period range.

4.2 SEISMIC DESIGN CATEGORY: This section establishes the five design categories that
are the keys for establishing design requirements for any building based on its use (Seismic Use
Group) and on the level of expected seismic ground motion. Once the Seismic Design Category
(A, B, C,D, E, or F) for the building is established, many other requirements such as detailing,
quality assurance, systems and height limitations, specialized requirements, and change of use
arerelated to it.

Prior to the 1997 edition of the Provisions, these categories were termed Seismic Performance
Categories. While the desired performance of the building, under the design earthquake, was
one consideration used to determine which category a building should be assigned to, it was not
the only factor. The seismic hazard at the site was actually the principle parameter that affected
abuilding's category. The name was changed to Seismic Design Category to represent the uses
of these categories, which is to determine the specific design requirements.

The earlier editions of the Provisions utilized the peak velocity related acceleration, A, to
determine a building’ s Seismic Performance Category. However, this coefficient does not
adequately represent the damage potential of earthquakes on sites with soil conditions other than
rock. Consequently, the 1997 Provisions adopted the use of response spectral acceleration
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parameters S, and S,,, which include site soil effects for this purpose. Instead of asingletable,
as was present in previous editions of the Provisions, two tables are now provided, relating
respectively to short period and long period structures.

Seismic Design Category A represents structures in regions where anticipated ground motions
are minor, even for very long return periods. For such structures, the Provisions require only
that a complete lateral-force-resisting system be provided and that all elements of the structure
betied together. A nominal design force of 1 percent of the weight of the structure is used to
proportion the lateral system.

It is not considered necessary to specify seismic-resistant design on the basis of a maximum
considered earthquake ground motion for Seismic Design Category A structures because the
ground motion computed for the areas where these structures are located is determined more by
the rarity of the event with respect to the chosen level of probability than by the level of motion
that would occur if asmall but close earthquake actually did occur. However, it is desirable to
provide some protection against both earthquakes and many other types of unanticipated
loadings. Thus, the requirements for Seismic Design Category A provide a nominal amount of
structural integrity that will improve the performance of buildingsin the event of a possible but
rare earthguake even though it is possible that the ground motions could be large enough to
cause serious damage or even collapse. The result of design to Seismic Design Category A
requirementsis that fewer building would collapse in the vicinity of such an earthquake.

The integrity is provided by a combination of requirements. First, acomplete load path for
lateral forces must be identified. Then it must be designed for alateral force equal to a1 percent
acceleration on the mass. The minimum connection forces specified for Seismic Design
Category A aso must be satisfied.

The 1 percent value has been used in other countries as a minimum value for structural integrity.
For many structures, design for the wind loadings specified in the local buildings codes normally
will control the lateral force design when compared to the minimum integrity force on the
structure. However, many low-rise, heavy structures or structures with significant dead loads
resulting from heavy equipment may be controlled by the nominal 1 percent acceleration. Also,
minimum connection forces may exceed structural forces due to wind in some structures.

Seismic Design Category B includes Seismic Use Group | and |l structures is regions of
seismicity where only moderately destructive ground shaking is anticipated. In addition to the
requirements for Seismic Design Category A, structures in Seismic Design Category B must be
designed for forces determined using Maps 1 through 24.

Seismic Design Category C includes Seismic Use Group |1 structures in regions where
moderately destructive ground shaking may occur as well as Seismic Use Group | and I
structures in regions with somewhat more severe ground shaking potential. In Seismic Design
Category C, the use of some structural systemsis limited and some nonstructural components
must be specifically design for seismic resistance.
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Seismic Design Category D includes structures of Seismic Use Group I, 11, and |11 located in
regions expected to experience destructive ground shaking but not located very near major
active faults. In Seismic Design Category D, severe limits are placed on the use of some
structural systems and irregular structures must be subjected to dynamic analysis techniques as
part of the design process.

Seismic Design Category E includes Seismic Use Group | and Il structures in regions located
very close to major active faults and Seismic Design Category F includes Seismic Use Group 111
structuresin these locations. Very severe limitations on systems, irregularities, and design
methods are specified for Seismic Design Categories E and F. For the purpose of determining if
astructure islocated in aregion that is very close to amajor active fault, the Provisions use a
trigger of a mapped maximum considered earthquake spectral response acceleration at 1 second
periods, S;, of 0.75g or more regardless of the structure’ s fundamental period. The mapped
short period acceleration, S;, was not used for this purpose because short period response
accelerations do not tend to be affected by near-source conditions as strongly as do response
accelerations at longer periods.

Local or regional jurisdictions enforcing building regulations need to consider the effect of the
maps, typical soil conditions, and Seismic Design Categories on the practices in their jurisdic-
tional areas. For reasons of uniformity of practice or reduction of potential errors, adopting
ordinances could stipulate particular values of ground motion, particular Site Classes, or
particular Seismic Design Categoriesfor al or part of the area of their jurisdiction. For
example:

1. Anareawith an historical practice of high seismic zone detailing might mandate a minimum
Seismic Design Category of D regardless of ground motion or Site Class.

2. A jurisdiction with low variation in ground motion across the area might stipulate particul ar
values of the ground motion rather than requiring use of the maps.

3. Anareawith unusual soils might require use of a particular Site Class unless a geotechnical
investigation proves a better Site Class.

4.2.2 SiteLimitation for Seismic Design CategoriesE and F: Theforcesthat result on a
structure located astride the trace of afault rupture that propagates to the surface are extremely
large and it is not possibly to reliably design a structure to resist such forces. Consequently, the
requirements of this section limit the construction of buildingsin Seismic Design Categories E
and F on sites subject this hazard. Similarly, the effects of landdliding, liquefaction, and lateral
spreading can be highly damaging to a building. However, the effects of these site phenomena
can more readily be mitigated through the incorporation of appropriate design measures than can
direct ground fault rupture. Consequently, construction on sites with these hazards is permitted,
if appropriate mitigation measures are included in the design.
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