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Abstract

During inelastic structural response, the effective frequencv is lowered and effective
damping is increased relative to elastic values. An approach for evalnating this effect and
predicting inelastic response from the elastic response spectrum and an abproximate know-
ledge of the strong motion duration is presented. The approach was orininallv developed for
single-degree-of -freedom structures [1] but can be extended to multi-deqree-of-freedom
structures with localized nonlinearities including soil-structure interaction [2].

1. Introduction

For limited energy content loadings such as earthquake ground motion, manv structures
can undergo substantial inelastic deformation without significant damage. For low probahil-
ity of occurrence design earthquakes, it can be cost-effective to permit limited inelastic
behavior so long as there is an adequate safetv margin against severe damage.

Generally, an accurate determination of inelastic hehavior necessitates dvnamic non-
linear analyses performed on a time history basis. However, there are simplified methods to
approximate nonlinear structural response hased on elastic response spectrum analvses. Non-
linear time history dynamic analyses of single-degree-of-freedom (SNOF) structures and of
multi-degree-of-freedom (MDOF) structures including Tocalized inelastic regions and soil-
structure interaction effects have been conducted. Based upon these analvses, an apbroxi-
mate method for predicting inelastic response without conducting inelastic time historv
analyses has been developed. It will be shown that this method is a siqnificant improve-
ment compared to other commonly used approximate approaches.

Displacement ductility is used herein as a measure of structural damage. Nisplacement
ductility is defined as the ratio of the maximum deformation to vield deformation. For a
MDOF structure, the displacement ductilitv may be defined in terms of either a svstem duct-
ility factor or a story drift ductility factor. The svstem ductilitv factor accounts for
the ratio of the total inelastic energy absorption capacitv spread throughout the structure
to the total elastic energy absorption capabilitv of the structure. The storv drift ductil-
ity factor is the ratio of maximum Tateral relative drift to the elastic relative drift at
yield for any given storv. The system and storv drift ductilitv factors are onlv identical
if the inelastic energy absorption is equally spread throughout the structure (i.e., if the
story drift ductility factors are the same for all stories). Otherwise, the svstem ductil-
ity factor underestimates the maximum story drift ductility factor.
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2. Prediction of Inelastic Response of SDOF Structures

Inelastic analyses of SDOF braced-frame and shear wall-tvpe models with varving elastic
frequencies were performed for one artificial and 11 real earthquake qround motion records
with strong motion duration, p» ranging from less than one second to greater than 15 sec-
onds (Tb defined by [7]). Each model was designed to be at the onset of vielding for the
actual ground motion input and this input was scaled hv a factor, F, such that a selected
ductility level was achieved. 1In this manner, the required factor F to reach ductilitv
level, u, was determined for each earthquake ground motion record and structure elastic fre-
quency, f. This factor F represents the elastic computed Demand/Capacitv ratio (ratio of
elastic computed demand to vield capacity) corresponding to a given ductilitv, u. It also
represents the factor by which the elastic spectral response can be reduced for comparison
with the yield capacity when a ductility u is permissible. The calculated scale factors
determined in the manner described above are presented in Table I for ductilitv of 4.3.

Even within just the amplified spectral acceleration frequencv range {2 to 9 Hz), the
factor F for a constant ductility of 4.3 is highly variable ranging from a low of 1.25 to a
high of 8.5 with a mean of 2.62 and a coefficient-of-variation (COV) of 0.49, Thus, even
for SDOF models and a relatively narrow frequency range, no simple relationship between F
and u can be established., It was found that the value of F for a given p was most influen-
ced by how the spectra acceleration (Sa) changed as the frequency reduced from the elastic
frequency by structural softening. Figure 1 11lustrates this point for the case of an elas-
tic frequency of 5.34 Hz. For the Melendy Ranch record, as frequencv reduces, S, rapidly
reduces and F has a high value of 5.48. For Parkfield, as frequencv reduces, S, increases
and F has a Tow value of 1.29. With the Artificial and the E1 Centro Arrav #5 records, S,
only slightly changes as frequency reduces and the F values are 1.88 and 2.66, respectivelv,
Every case in Table I with F > 2.5 corresponds to reducing S5 as the frequency reduces and
every case with F < 2.0 corresponds to increasing S, as the frequencv reduces.

It has been shown [1,3,4] that the nonlinear displacement uxdy, (Sy is vield displace-
ment) of nonlinear models can be computed by replacing these models by pseudo-linear models
with an effective frequency, fy and an effective damping, Bi. Compatihilitv of displace-
ments between these two models requires the predicted scale factor Fu’ to be aiven bv:

2 (S,(f.8)

Fu = U(fé/f) {m)} (1)
where f and B are the elastic frequency and damping. Eg. (1) enables the observed variation
of F with changes in Sa as the frequency reduces below the elastic frequencv to be accommo-
dated by selecting fe and B values so that eq. (1) predicts the F values of Tahle I.

This study [1] was concerned with shear wall and braced-frame-tvpe strictures. Both
types show progressive reduction in stiffness with each additional nonlinear response cvcle
and pinching of the hysteresis loop such that an additional nonlinear response cvcle to a
given ductility results in less hysteretic energv reduction than the initial cvcle to this
ductility level. Such hehavior is significantlv different than predicted with either hi-
linear or Takeda nonlinear force-deflection models. It was found that with progressive
degradation models representative of shear walls and braced-frames, the number of strong
nonlinear response cvcles, N, prior to reaching a ductility u influences both the effect-
ive frequency shift (fé/f) and effective damping f% associated with u. Furthermore, N
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strongly correlates with the strong motion duration T With increasing Tf, the effect-
ive frequency shift is larger and the effective damping increase is less. From the non-
linear force-deflection relationship, one can determine the ratin of secant to elastic
stiffness (ks/k) and thus the secant frequency shift (fs/f). Note:

(fs/f) = Vkg/k 5 (fa/f) = kg /k (2
The effective frequency, f4, is bounded by fq and f. It was found that the effective fre-
quency ratio (f4/f) and effective damping B} could he approximated in terms of the secant
ratio (fs/f) corresponding to ductility u and the elastic and hysteretic damping, B and By-

fe/f = (1-A) + A(fg/f) ;5 A = Cp(l-fg/f) < 0.85

By = (fg/fQ)2 [B + Byl 3 By = Cyl(1-fg/f) (3)
where Cp and Cy are empirically determined coefficients dependent on T} or N:

Strong Duration Effective Number of Strong Frequencv Shift Hvsteretic Nampina

Tb (Sec.) Nonlinear Cycles, N Coefficient, CF Coefficient, CN
less than 1.0 1 1.5 0.30

1.0 - 7.0 2 1.9 | 0.15

9.0 - 11.0 3 2.3 0,11
greater than 15.0 4 2.7 0.11

Figure 2 presents plots of (ké/k) and Bé versus p for representative shear wall non-
linear force-deflection relationships with 6% elastic damping based on eq. (3) and the ahove
table. Sozen [3] and Iwan [4] have also recommended effective frequency shift, (fé/f), and
damping, Bé, relationships based upon bilinear, Takeda, and some braced-frame force-deflec-
tion relationships and these curves are also pltotted in Fig. 2. It is seen that the effect-
ive stiffness reductions found appropriate in this studv 1ie between those of Iwan and Sozen
with the N=1 curve very close to that of Iwan. The effective damping values obtained in
this study using shear wall-type hysteresis loops for N=2 and higher are substantiallv less
than those recommended by Iwan and Sozen. This finding results from severe pinching of the
shear wall hysteresis loops for multiple nonlinear response cycles.

The approach of this study (eq. (3)), Sozen [3], or Iwan [4] can be used to estimate the
Demand/Capacity ratio corresponding to a given ductility u for a SDOF structure using eq.
(1) or can be used to define a replacement pseudo-elastic structure model. Riddell and
Newmark [5] have suggested an alternate approach to defining Fu' For the shear wall models
considered in this study, the recommended approach (eq. (3)) more accurately estimates the F
values in Table I than do these other approaches as illustrated hy:

Extremes of Mean
Fu/F ) Fu/F (cov) B -
Recommended Approach 0.75 - 1.29 0.98 0.12
Sozen 0.66 - 1.43 0.98 0.19
Iwan 0.81 - 1.90 1.44 0.16
Ridde11 & Newmark 0.43 - 1.78 1.10 0.23

3. Inelastic Response of MDOF Structures

Inelastic response of predominately single mode fixed-base MDOF structires with nearlv
uniform Demand/Capacity ratios throughout the height of the structure can he reasonahlv pre-
dicted by the recommended procedure of the preceding section. However, a MDOF structnre in
which the Demand/Capacity ratio is highly non-uniform will have inelastic response locallv
concentrated and the relationship between the maximum Demand/Capacity ratio and the maximum
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story drift ductility may substantially differ from that of a SDOF structure. To studv this
aspect, inelastic amalyses of a tvpical PWR reactor huilding (building described in [6] ),
designed for 0.2g broad frequency, long duration ground motion, were performed for the four
different 0.5g ground motions in Fig. 1 [2]. This structure consists of both an internal
structure and containment. The containment has verv high seismic capacitv so that onlv the
shear wall internal structure is susceptible to inelastic response. Both linear and nonli-
near analyses were conducted. Three soil conditions were considered: fixed-base and em-
bedded in stiff and intermediate soil sites. On a fixed-base, the internal structure funda-
mental frequency was 5.2 Hz while on the stiff and intermediate soil sites, the internal
structure response is predominated by a rocking soil-structure mode with frequencv of 2.6
and 1.8 Hz, respectively, and an internal structure mode with frequency of 4.8 and 4.3 Hz,
respectively. The internal structure has a highly non-uniform Demand/Capacitv ratio when
subjected to each of the four 0.5g ground motion records on each of the three sites. For
instance, with the Artificial record on the fixed-base site, the linear elastic computed
Demand/Capacity ratio ranges from 2.67 at the base of the internal structure down to 0.18
near its top. Furthermore, on the soil sites, responses of the internal structure are pre-
dominantly influenced by soil-structure flexibilitv so that softening of the internal struc-
ture due to inelastic behavior has very 1ittle influence on the overall svstem frequencv.

In other words, the model represents an extreme deviation from SDOF nonlinear response be-
havior because of the local nature of inelastic response and its limited effect on overall
system frequency, particularly on the soil sites.

Table II presents the maximum linear computed Demand/Capacitv ratio (F)m and the maxi-
mum inelastic computed story drift ductility (us)nlnear the base of the internal structure
for the four 0.5g ground motion records and three soil conditions considered. Several
points should be noted. First, peak ground acceleration is clearlv not an adequate descrip-
tion of damage even for stiff structures. The peak ground acceleration in each of these
analyses was 0.5g, yet the maximum storv drift ductility ranged from elastic to 11.9. Sec-
ondly, the relationship between linear computed (F)m and inelastic computed (us)m differs
from the relationship between F and v for SDOF structures. The fixed-hase MDOF internal
structure frequency is 5.2 Hz which is close to the 5.34 Hz SDOF frequencv in Table I.
Generally, but not unijversally, for a MDOF model with non-uniform Demand/Capacitv ratio the
(”s)m for a given (F)m is significantly larger than u for the same F with a SNOF model.
Comparing the 5.34 Hz results in Table I for SDOF models with the fixed-base results in
Table II shows this trend for both the Artificial and E1 Centro #5 records which have hroad
smooth response spectra (Fig. 1). With Melendy Ranch, this trend is verv dramatic with F
of 5.48 for a SDOF model leading to v of 4.3 but for the MPOF model, (F), of 2.97 leads to
(ug)y of 4.7. With Parkfield, the trend is reversed with a SDOF model F of 1.29 Teading to
u of 4.3 but a MDOF model (F)m of 1.29 leads to (ug)p of onlv 3.2. For MNOF models with
highly local ronlinearities, a given <“s)m value does not correspond to as large of fre-
quency shift as occurs for the same u in a SDOF model. Thus, for the MDOF model, there is
Tess benefit than from a SDOF model from the sharp dropoff in S, for Melendv Ranch and less
detriment from the increase in S, for Parkfield as the system softens helow 5.2 Hz (Fia. 1).

Table II also shows that a linear elastic computed (F)n]is not particulariv good as a
damage indicator for narrow frequency input records such as Melendv Ranch and Parkfield,

For the fixed-base case, (F)p for Melendy Ranch is a high value of 2.97, vet the structure
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undergoes only a single nonlinear excursion to a storv drift ductilitv of onlv 4.7. Lesser
(F)m values for the Artificial and E1 Centro #5 records led to multiple cvcles of much
greater (us)m values. So (F)m overpredicts the damage potential of Melendv Ranch. Con-
versely, for Parkfield, the low (F)m of 1.29 corresponds to (us)m of 3.2 which is larger
than might be expected. The causes for (“s)m to differ for a given (F)m are the same as
those described for SDOF structures (changes in S with frequency shift, and duration).
Soil-structure interaction (SSI) plays a major role in both the computed (F)pand (ko)
values. For broad frequency content input spectra (Artificial and E1 Centro #5) such things
as wave scattering (radiation damping), spatial variation of ground motion, and kinematic
interaction all tend to reduce both linear computed (F)p values and inelastic computed (us)m
values, However, inelastic response is reduced less than elastic response. Inelastic res-
ponse results in less system frequency shift with SSI than for fixed-base cases. Also, SSI
adds so much radiation damping that the increased hysteretic damping due to inelastic struc-
ture response is of much lesser importance in SSI cases than in fixed-base cases. The above
mentioned beneficial SSI effects are also present with the Parkfield and Melendv Ranch rec-
ords but are overshadowed by frequency shift effects due to SSI. For Melendv Ranch, SSI
shifts response to lower frequencies away from the power of the record and response remains
elastic, For Parkfield, the Towering of frequencies due to SSI shifts this structure right
into the power of this record and inelastic responses qreatlv increase.
4, Prediction of Inelastic Response for MDOF Structures

In light of the above comments, how might one use the SDOF nonlinear response prediction
technique to predict nonlinear response of MDOF structures? The following step-hv-step pro-
cedure works reasonably well [2].
Step 1 - Based on linear computed Demand/Capacity ratios, estimate the structural elements
that are 1ikely to go nonlinear and estimate trial values of the story drift or element
ductility, ug, for each of those elements. Use the procedure of Section 2 to estimate the
effective stiffness reduction, (ké/k), and effective damping, Bps corresponding to the trial
ug values for each element.
Step 2 - Perform an elastic response analvsis of the pseudo-elastic structure model based on
these elastic effective stiffresses, (ki) and damping, (8%)¢ for each nonlinear element,s.
The element load obtained from this pseudo-elastic response is (Vé)s for storv s. These
pseudo-elastic Toads are then compared to the predicted element load, (V")s’ which would
occur 1in this pseudo-elastic element at a displacement corresponding to the trial storv
drift ductility, Mo The predicted element Toad in terms of the vield load, \!yS , and model
error ER for element s are given by:

v,
(W) =¥y Gk, 5 (E)g = <w>s (#)

Step 3 - Repeat Steps 1 and 2 until the variation of (ER)S versus u. is developed for the
region in the vicinity of (ER)S = 1.0. Note that this pseudo-elastic structure model pro-
cedure is an approximate procedure., Therefore, determining ug corresponding to (ER)S = 1.0
is misleading. Rather, one should determine the range of M corresponding to the range of
(ER)S from about 0.8 to 1.2. This range of ug represents the uncertainty range within which
nonlinear time history computed story drift ductilities should lie,

Discussion of Method - This procedure converges rapidiv and avoids the need for nonlinear
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time history analvses. The resultant estimated uncertaintv range for (us)n]versus time his-
tory computed (us)n]resu1ts for the MDOF structure studied are shown in Tahle TUT1. The un-
certainty range on ug may be small or large depending primarily on how rapidlv F varies with
changes in v for SDOF structures. The Demand/Capacity factor F varies rapidlv with v when
the Sa is reduced as frequencies are lowered helow elastic frequencies (Melendv Ranch) and
varies slowly if Sa increases as frequencies are lowered (Parkfield). Thus, the uncertainty
range on w. is small for Melendy Ranch and large for Parkfield. Uncertainties are larager on
Mg for SSI cases than for fixed-base cases.

5. Conclusions

An approach for estimating the inelastic spectral deamplification factor, Fu’ for SDOF
systems or MDOF systems with uniform nonlinearities is recommended. To accuratelv estimate
Fu’ it is only necessary to know the elastic response spectrum, some knowledge of the non-
linear resistance function to estimate the secant frequencv, fs, and an estimate nf strong
motion duration Tp. A technique is also presented for estimating storv drift ductilities of
multi-story structures based upon elastic analvses and the methodologv developed for sinale-
story structures. Thus, by using pseudo-elastic approximate analysis techniques, the SDOF
methodology for estimating ductilities may also be applied to multi-storv structures. It
should be recognized that for MDOF structures, particularlv ones with highlv non-uniform
Demand/Capacity Ratios such as the PWR structure studied, the predicted ductilities mav have
significant uncertainty bands associated with them.

One of the advantages of these elastic and pseudo-elastic methods for estimating storv
drift ductilities is that time historv analyses are not necessarv, A second advantage is
that the methods provide considerable insight into the causes of differing levels of nonli-
near response from differing earthquake records. Thirdlyv, the methods are amenable to effi-
cient performance of wide variation parametric studies on nonlinear response. 0On the other
hand, if one has a time historyv record and plans to perform a very limited number of deter-
ministic nonlinear analyses, it would be more cost-effective to perform the nonlinear time
history analyses rather than using these estimating procedures with a linear analvsis.
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TABLE I: DEMAND CAPACITY RATIOS, F, TO ACHIEYE DUCTILITY, n, OF 4.3

EARTHQUAKE RECORD T,'J MODEL STRUCTURE FREQUENCY
{ COMPORENT) (sec) 8.54 Hz 5.34 Hz 3.20 Hz 2.14 Hz

T| Olympia, WA., 1949 (N86E) ~15.6 T1.56 T.54 Z.61 3.75

Taft, Kern Co., 1952 {S69E) 10.3 1.25 1.65 2,05 3.38
3] ET Centro Array No. 12

Imperial Valley, 1979 (140) 9.6 1.56 2.29 2.10 2.14
4| Artificial (R.G. 1.60}) - 1.89 1.88 Z.8% 2.75
5] Pacoima Dam,

San Fer‘nando, 1971 (S14M) 6.1 1.70 1.86 2.67 3.89
6| HoTlywood Storage PE Lot,

San Fernando, 1971 (N90E) 5.4 1.94 2.50 2.60 2.05
7] ET Centro Array N

Imperial Valley, 1979 (140) 3.4 2.38 2.66 2.33 3.45
8| UCSB Goleta

Santa Barbara, 1978 (180) 3.0 1.52 2.05 2.05 1.96
9| Gilroy Array No. 2

Coyote Lake, 1979 (050) 2.2 1.56 3.85 4.36 3.03
TO[ Cholame Array No., 2

Parkfield, 1966 (N65E) 1.4 1.55 1.29 1.48 2.65
11| Gavilan College

Hollister, 1974 (S67W) 1.1 2.84 2.97 2.7 8.49
TZ| Melendy Ranch Barn, Bear

Valley, 1972 (N29W) 0.8 1.89 5.48 5.16 3.36

TABLE II: MAXIMUM STORY DRIFT DUCTILITIES (us)m
VERSUS ELASTIC DEMAND/CAPACITY RATIO (F)m

IN INTERNAL STRUCTURE

Earthquake Fixed Base Stiff Soil Intermediate

Profile Soil Profile

() [(ug)y Fdg | Gugdyy | )y | Cwgdy

Artificial 2.67 | 11.9 1.62 9.2 1.06 1.2
E1 Centro #5 2.19 5.6 1.12 1.7 0.64 Elastic

Parkfield 1.29 3.2 1.85 | 12.9 1.44 6.3
Melendy Ranch| 2.97 4.7 0.60 | Elastic | 0.65 Elastic

TABLE III: MAXIMUM STORY DRIFT DUCTILITIES, (us)m, ESTIMATED
FROM PSEUDO-ELASTIC ANALYSIS VERSUS ACTUAL RESULTS

Earthquake Soil Case |Estimated (u_) Actual
Record $'M | Nonlinear
Result, (us)m
Fixed Base 9.4 - 15.5 11.9
Artificial
Stiff Soil 3.5 -« 11.0 9.2
Fixed Base 5.0 - 7.8 5.6
E1 Centro #5
Stiff Soil 1.2 - 1.8 1.7
Fixed Base 1.3 - 6.8 3.2
Parkfield
Stiff Soil 5.4 - 14.3 12.9
Fixed Base 3.2- 4.8 4.7
Melendy
Ranch Stiff Soil Elastic Elastic
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