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corner vertical spectra show trends relative to the horizontals that are similar to the WUS but shifted
to higher frequencies, as expected.

In general, both WUS and CEUS V/H ratios provide smooth and reasonable vertical motions when
applied to the recommended spectral shapes for horizontal components.

4.8 Intermediate Rock Site Conditions

For rock site conditions intermediate to the CEUS and WUS (which have kappa values of 0.006 sec
and 0.04 sec respectively), an appropriate mix of the WUS and CEUS shapes should be based on a
site specific kappa value. Weights for the WUS and CEUS rock shapes can easily be determined
using the following equations:

K, = Ky Wy + K, Wy “4-10)

Wy + Wy = 1 (4-11)

where kg is the site specific kappa value, Wy, and Wy, are the WUS and CEUS shape weights, and «y,
and g are the WUS and CEUS rock kappa values. For k, values outside ky, and «y, the shape for the
closest kappa value should be vsed,

If a site specific kappa value is not available, a reasonable approach would be to use the inverse of
the average shear-wave velocity over the top 30m in Equation 4,10 in lieu of the kappa values (sce
Equation D5, Appendix D). Appropriate average shear-wave velocity values for the WUS and CEUS
rock sites are 520m/sec and 2,800m/sec respectively. The weights used for the CEUS and WUS
shapes should also be used for a weighted V/H ratio.

4.9  Estimation of Spectra For Other Dampings

Several methods are available to estimate design response spectra for dampings other than 5%, All
are based on scaling the 5% damped spectrum higher or lower. The scaling factors are a function of
natural frequency.

4.9.1 Random Vibration Methods

The most theoretically consistent method of accounting for damping is through random vibration
theory. The recommended procedure is as follows.

For frequencies 1 <f <5 Hz, the procedure of Rosenblueth (1980) should be used. This scales the
spectral acceleration SA at any frequency f and damping & by spectral acceleration at £ = 0.05 by:

1+49¢fD |
1+49x0057D

SA (£, &) = SA (f, 0.05) (4.12)
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where D is strong motion duration. For frequencies of 5 Hz and above, the recommended procedure
is based on the concept of Vanmarcke (1976) that the response is controlled by a static portion
(governed by PGA) and a dynamic portion (governed by equation 4.10). This procedure provides
a transition to the peak ground acceleration (PGA)-controlled portion of the spectrum in a realistic
way as follows:

SA (L6 ={ PGA? + [SA (, 0.05)% - PGA?]|L 425/ D ]D'sz]m (4.13)

1 +49x005fD

where the second term on the right-hand-side (involving a subtraction) should not be less than 0.

The strong-motion duration D is distance dependent. For the WUS, D can be estimated from
Abrahamson and Silva (1997). For the CEUS, D can be estimated from Atkinson and Boore (1997),

The two equations above allow estimation of dampings in the range of 0.5% to 20% from a design
spectrum that is developed for 5% damping. These equations are applicable to both horizontal and
vertical motion.

For frequencies below 1 Hz, equation (4.10) can be used as an approximation, but at very low
frequencies (0.2 to 0.1 sec) it should be checked to ensure that spectral displacements are
approaching the peak ground displacement for all dampings.

4.9.2 Empirical Methods

Several empirical methods have been developed based on recorded motions in California and these
can be used to produce spectra at dampings other than 5%,

Abrahamson and Silva (1996) developed a model of the effects of damping based on statistical
analyses of strong motion records. Their scaling factor is as follows:

[ SA (f, &) ‘ cl(f 3) for £>1.43Hz

SA G, 5%t ) + 6,0 OM-6)vg, (L HE.S-M? for f<143Hz D

Coefficients for equation 4.12 are listed in Tables 4-6 through 4-8. Separate coefficients are given
for horizontal and vertical motions, and scaling factors are reported for periods of 5 sec to 0.02 sec
(0.2 Hz to 50 Hz). They are applicable to damping values between 0.5% and 20%.

Idriss (1993) also developed empirical scale factors for damping based on ground motions during the
1971 San Fernando and 1979 Imperial Valley carthquakes. His scale factor is defined as:

SA (8 {ai—bl In(€) for E<5%

SA (f, 5%) Llay~b, n(§) for £>5% 4.15)
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The coefficients a, , a, , b, and b, , are listed in Table 4-9 for a range of natural periods from 0.03 sec
to 5 sec (33 Hz to 0.2 Hz). These scaling factors are applicable to horizontal motions and to
damping values between 1% and 15% (Idriss, personal communication, 1999).

Newmark and Hall (1978) recommended scale factors for different damping values, but these were
for different patts of the spectrum controlled by peak acceleration, velocity, and displacement. That
is, separate scaling factors were not developed frequency-by-frequency, but were developed for the
high-frequency range (3 to 8 Hz), the mid-frequency range (.3 to 3 Hz) and the low-frequency range
(below 0.3 Hz). This worked well when scaling spectra from peak values but would leave
discontinuities if applied to uniform hazard spectra. For this reason the Newmark and Hall dampmg
factors are not recommended.
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Table 4-9

Coefficients for Equation (4.13), Idriss (1993)

Period - sec a, b a b
0.03 1 0 1 0
0.05 1.1142 0.0709 1.0830 0.0505
0.075 1.3513 0.2183 1.2902 0.1803

0.1 1.4918 0.3056 14179 0.2597
0.15 1.5796 0.3601 1.4992 03102
0.2 1.6148 0.3820 1.5340 0.3318
0.25 1.6148 0.3820 1.5340 0.3318
03 1.6148 0.3820 1.5340 0.3318
0.35 1.6060 0.3765 1.5224 0.3246
0.4 1.5972 0.3711 1.5108 03174
0.5 1.5796 0.3605 1.4992 0.3102
0.6 1.5445 0.3383 1.4876 0.303
0.7 1.5269 0.3274 1.4876 0,303
0.8 1.5094 0.3165 14760 0.2958
0.9 1.4918 0.3056 1.4690 0.2914
1 1.4742 0.2947 1.4644 0.2885
1.5 1.4391 0.2728 14644 0.2885
2 1.4216 0.2619 1.4644 0.2885
3 1.4040 0.2510 1.4644 0.2885
4 1.4040 0.2510 1.4644 02885
5 1.4040 0.2510 1.4644 0.2885
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