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SITE-DEPENDENT STRENGTH-REDUCTION FACTORS

By Eduardo Miranda’

ABSTRACT:  Strength-reduction factors that are used to reduce linear elastic design
Spectra to account for the hysteretic cnergy dissipation of the structure are ceval-
uated. The paper presents a summary of results of a statistical analysis of strength-
reduction factors computed for single-degree-of-freedom systems undergoing dif-
ferent levels of inelastic deformation when subjected to a relatively large number
of recorded earthquake ground motions, Special emphasis is given to the influence
of soil conditions. Results indicate that for a given displaceinent ductility demand,
the use of period-independent reduction factors is inadequate. Soil conditions can
have an important effect on strength-reduction factors, particularly in the case of
soft-soil sites. It is recommended that strength-reduction factors to be used in design
be specified as a function of the period and inclastic capacity of the structure, and
of at least two types of soil conditions—one for rock and relatively firm sites and
another for soft-soil sites. Following these recommendations, simplified expressions
(o compute strength-reduction factors are proposed.

INTRODUCTION

Due to economic reasons, present design philosophy allows buildings and
other types of structures to undergo inelastic deformations in the event of
strong earthequake ground motions. As a result of this design philosophy,
the design lateral strength prescribed in seismic codes is lower, and in some
cases much lower, than the lateral strength required to maintain the structure
in the elastic range.

Generally, the design lateral strength is prescribed by means of smoothed
inelastic design response spectra (SIDRS). Although recent studies have
concluded that a more rational design may be attained through SIDRS that
are derived directly from statistical and probabilistic analyses of inelastic
response spectra (Bertero et al. 1991; Miranda 1993), SIDRS currently used
in design practice are the result of smoothed linear elastic response spectra
(SLERS), which are then reduced to take into account the inelastic behavior
in the structure.

Reductions in forces produced by the hysteretic energy dissipation ca-
pacity of the structure (i.e., reduction in forces due to nonlinear hysteretic
behavior) are typically accounted for through the use of strength-reduction
factors (sometimes also referred to as inelastic acceleration ratios) or through
their reciprocals (typically referred to as deamplification factors). Thus, the
assessment of reliable SIDRS derived from SLERS requires a good esti-
mation of the strength-reduction factors.

Strength-reduction factors have been the topic of several investigations.
One of the earliest and better known studies on strength-reduction factors
is that of Newmark and Hall (1973) in which recommendations were made
of reduction factors to be used in the short-, medium-, and long-period
spectral regions. Riddell and Newmark (1979) proposed an improved set of
reduction factors that was based on a statistical analysis of the response of
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single-degree-of-freedom (SDOF) systems to 10 recorded earthquake ground
motions. More recently, Riddell et al. (1989) presented approximate mean
strength-reduction factor spectra computed as the ratio of mean elastic
spectra to mean inelastic spectra. Nassar and Krawinkler (1991) studied
mean reduction factors of bilinear and stiffness degrading systems when
subjected to 15 ground motions recorded on firm sites in the western United
States. They proposed approximate expressions to compute strength re-
duction factors as a function of ductility and period of vibration. With few
exceptions, previous studies on reduction factors have not considered the
influence of local site conditions. The reader is referred to Miranda (1991)
for a detailed description of previous studies on inelastic response spectra
and on strength-reduction factors.

The influence of soil conditions on reductions factors was first studied by
Elghadamsi and Mohraz (1987), who considered ground motions recorded
onrock sites and on alluvium sites. This study concluded that deamplification
factors are not significantly influenced by soil conditions, and that for a
given ductility and frequency one may deamplify the elastic response more
for a structure on rock than for a structure on alluvium. Using a stochastic
procedure, Peng et al. (1988) computed deamplification factors for rock
and alluvium sites. Analogously to the earlier study, this investigation con-
cluded that the effects of local soil conditions on inelastic spectra stem
primarily from their effects on elastic response spectra; thus, soil conditions
do not significantly influence strength-reduction factors. However, recent
studies based on ground motion recorded during the 1989 Loma Prieta
earthquake (Miranda and Bertero 1991; Krawinkler and Rahnama 1992)
suggest that local site conditions may have a significant effect on strength-
reduction factors, particularly in the case of soft soils.

The aim of this study is to improve the estimation of strength reductions
in structures that behave inelastically during severe earthquake ground mo-
tions. The objectives of this paper are: (1) To study the main factors influ-
encing strength-reduction factors; and (2) to provide approximate expres-
sions that allow a rapid estimation of strength-reduction factors.

STRENGTH REDUCTION FACTORS

The equation of motion of a nonlinear SDOF system subjected to earth-
quake ground motions is given by

mii(t) + ca(t) + F(t) = —mii,(t)

where m, ¢, and F(t) = mass, damping coefficient, and restoring force of
the system, respectively; u(t) = relative displacement; u,(t) = ground dis-
placement; and overdot represents its derivative with respect to time. The
initial period of the system is given by

172 172
=2n (Z) - mu,
roan(Z) o ()

y

where k = initial stiffness of the system; F, = system’s yield strength; and
u, = yield displacement, respectively.

"The level of inelastic deformation experienced by the system under a
given ground motion is typically given by the displacement ductility ratio,
which is defined as the ratio of maximum absolute relative displacement to
its yield displacement :
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uate design is produced when the structure is dimensioned and

de‘tl?iil}e?idier?such a wagy tha‘: the local (story and member) ductility dgm'arilds
are smaller than their corresponding capacities. Thus, during the prelnrrfmaf);
design of a structure there is a need to estimate the lateral strength (Idltet:dl
load capacity) of the structure that is required in order to limit thc(:j g’? a
(structure) displacement ductility demand to a certain prcdctcrrqme value,
which results in the adequate control of local ductility demands.

The strength-reduction factor (i.e., reduction in strength dcn}z!r?q due tg
nonlinear hysteretic behavior) R,, is defined as the ratio of the elastic strengt
demand to the inelastic strength demand

g - Be=D

YR (k= )

ielding s i aintain the system

here F,(n = 1) = lateral yielding strength required to maintain tt 83 !

:IastiC' ;r(lt’j F, (;3 = p,;) = lateral yielding strength required to maintain the

displac,ementyductility demand p less or equal to a predetermined target
ductility ratio p,. Eq. (4) can be rewritten as

R - QW =1 5)
Gk = )
where C,(p = 1) = seismic coefficient (yielding strength divided by the

: - avoid yielding; and C,(p = )
weight of the structure) required to avoid yielding; an N on
mingimum seismic coefficient required to control the displacement ductility
demand to p,. As shown in Fig. 1, C,(p = 1) and C,(p = p,) corrsspon)d
to ordinates of a linear elastic response spectrum and fl constant displace-

ili i tively.

ent ductility nonlinear response spectrum, respec o
" For design );)urposes, R, corresponds to the maximum reduction in strength
that can be used in order to limit the displacement ductility demand to the

Cy

Strength required to maintain
the structure elastic (i =1)

Cy(u=1)}

Strength required to limit the
ductility demand to LL;

LS

C,(1=n;)

T

FIG. 1. Constant Displacement Ductility Nonlinear Response Spectra
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predetermined ductility p, in a structure that will have a lateral strength
equal to the design strength. An additional strength reduction can be con-
sidered in the design of a structure to account for the fact that structures
usually have a lateral strength higher than the design strength. For a more
detailed discussion on strength reductions due to overstrength the reader is
referred to Osteraas et al. (1990), Miranda (1991), and Bertero et al. (1991).

Computation of F,(n = ) or C,(n = p,) involves iteration (for each
period and each target ductility) on the lateral strength F, (or the seismic
coefficient C,) using (1) until the computed ductility demand under a given
ground motion is, within a certain tolerance, the same as the target ductility.

Iteration on the lateral strength using (1) in some cases does not yield a
unique result, that is, there can be more than one lateral strength that
produces the same displacement ductility demand. In such cases, only the
largest lateral strength is of interest for design purposes. This lateral strength
capacity corresponds to the maximum strength reduction factor R, and the
minimum strength required by the structure to limit the ductility demand
to the target ductility.

STATISTICAL STUDY OF FORCE REDUCTION FACTORS

Earthquake Ground Motions

There is a general consensus that one of the largest sources of uncertainty
in the estimation of the response of inelastic structures during earthquakes
is the prediction of the intensity and characteristics of future earthquake
ground motions at a given site. In this study, an effort was made to consider
a r¢latively large number of recorded ground motion to study the effects of
the variability of the characteristics of recorded ground motions on strength-
reduction factors.

To study the influence of local site conditions on strength reduction fac-
tors, a group of 124 ground motions recorded on a wide range of soil
conditions during various earthquakes was considered. The ground motions
used in this investigation were recorded during the earthquakes listed in
Table 1. Most of the selected records represent so-called free-field condi-
tions. Complete listing of the records can be found in Miranda (1993).

Based on the local site conditions at the recording station, ground motions

TABLE 1. Earthquakes Considered in This Investigation

Earthquake Date Magnitude
(1) (2 (3)
Imperial Valley, Calif. May 18, 1940 6.3(M,)
Kern County, Calif. July 21, 1952 7.7(My)
San Francisco, Calif. March 22, 1957 5.3(M,)
Parkfield, Calif. June 27, 1966 5.6(M,)
San Fernando, Calif. February 9, 1971 6.5(M,)
Romania March 4, 1977 7.1(My)
Miyagi-Ken-Oki, Japan June 12, 1978 7.4(M,)
Imperial Valley, Calif. October 15, 1979 6.6(M,)
Central Chile, Chile March 3, 1985 7.8(My)
Michoacan, Mexico September 19, 1985 8.1(My)
San Salvador, El Salvador October 10, 1986 5.4(My)
Whittier-Narrows, Calif. October 1, 1987 6.1(M,)
Loma Pricta, Calif. October 17, 1989 7.1(My)
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were classified into three groups using a simple criterion similar to that used
in present building codes. These three groups are: ground motions recorded
on rock (38 records); ground motions recorded on alluvium (62 records);
and ground motions recorded on very soft soil deposits characterized by
low shear wave velocities (24 records). Records included in the latter cat-
egory could be considered as representative of the soil type S, according to
the soll classification of the Uniform Building Code (Uniform 1988).

Method of Analysis

For each earthquake record inelastic strength demands were computed
for a family of 50 SDOF systems undergoing different levels of inelastic
deformation. For a given period of vibration and a given target displacement
ductility ratio, the inelastic strength demand F,(n = p,) was computed by
iteration on the system’s lateral yielding strength until the displacement
ductility demand computed with (1) and (3) was within 1% of the target
ductility. The following target ductilities were selected: one (linear elastic
behavior), two, three, four, five, and six. The number of iterations required
to compute the maximum lateral strength that results in a ductility demand
within 1% of the target ductility varies greatly depending on the period of
vibration, the target ductility and the ground motion. In general, the number
of iterations increases with increasing target ductility and decreasing period.

The SDOF systems considered in this study were characterized by bilinear
hysteretic behavior with a postelastic stiffness equal to 3% of the elastic
stiffness and a constant damping coefficient corresponding to a damping
ratio £ of 5% based on elastic properties and given by

2 N (6)

where w, = undamped elastic angular frequency on the system. On each
iteration, response-time histories were computed by numerical step-by-step
integration of (1) using the linear accleration method with a variable time
step to minimize energy violations when changes in stiffness occur in the
system.

After computing elastic and inelastic strength demands, strength-reduc-
tion factors were computed using (4). An R, spectrum can be constructed
by plotting the strength-reduction factors of a family of SDOF systems
undergoing a certain level of inelastic deformation under a given ground
motion. An example of this kind of spectrum corresponding to a ground
motion recorded near the epicenter of the 1989 Loma Prieta, California,
earthquake is shown in Fig. 2.

Mean Strength Reduction Factors

Using the procedure just described, a total of 31,000 strength-reduction
factors were computed (corresponding to 50 SDOF systems undergoing five
different levels of inelastic deformation when subjected to 124 earthquake
ground motions). Results were organized and analyzed statistically accord-
ing to the period of vibration of the system, the target ductility and the soil
condition where the ground motion was recorded.

For ground motions recorded on rock or alluvium sites, the strength-
reduction factors were computed for a fixed set of periods between 0.05 s
and 3.0 s. Mean strength-reduction factors computed for systems subjected
to ground motions recorded on rock are shown in Fig. 3. As shown in this
figure, the strength-reduction factors are characterized by the following
features: first, the reduction factor increases with increasing target ductility,
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FIG. 3. Mean Strength-Reduction Factors for Systems Subjected to Ground Mo-
tions Recorded on Rock

with the rate of increase being period dependent; and second, for a given
target ductility, the reduction factors exhibit an important variation with
changes in period, particularly in the short-period region. In general, mean
reduction factors in the long-period range are approximately constant and
equal to the target ductility.

Mean strength-reduction factors computed for systems subjected to ground
motions recorded on alluvium are shown in Fig. 4. As illustrated by this
figure, strength-reduction factors for structures located on alluvium sites
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FIG. 5. Strength-Reduction Factors Computed for NS Component of Foster City -
Record

follow the same general trend of strength-reduction factors for structures
o",e{ﬁcekxzsiurrf&e of a R, spectrum corresponding to a ground motionsrec%rqelﬂ
during the 1989 Loma Prieta earthquake on a soft-soil site in the San Fra
cil;g(l)]%ay area is shown in Fig. 5. As shown in this flgprel,l strfengt‘l;;resdouf?t;g:]l
3 large around a period of 1.14 s. Typically, for very s¢  soil
g?tcet;):;:rpee:ieorg a;:rvgvhich this peak is observed in the (Rﬁ_spﬁzt;uamndc%?r,;gfg
i inant period of the ground motion (Mira ; ‘
Y;;q'tlﬁigir:g:ggi Kfawinkler and Rahnama 1992). Thus, the assessment

3509




[T

of inelastic strength demands of structures located on soft-soil sites requires
the estimation of the predominant period of the ground motion.

The predominant period of the ground motion T, is defined by Miranda
(1991) as the period at which the maximum input energy of a 5% damped
linear elastic system is maximum throughout the whole period range. For
a SDOF system, the maximum input energy is given by

E, = max [j (mii,) du.k,] ..................................... )

where i, = total acceleration (ground plus relative acceleration) of the
system. An example of the computation of the predominant period of the
ground motion using this definition is shown in Fig. 6(a). The ground motion
is the same record that was used to compute the R, spectrum shown in Fig.
5. I't can be seen that the period at which the maximum strength-reduction
factor is produced coincides with the period of maximum input energy.

If the linear elastic response spectrum of the ground motion is available,
the predominant period of a ground motion recorded on a soft-soil site can
also be estimated as the period at which the maximum relative velocity is
produced (Miranda 1993). The maximum relative velocity is proportional
to the *“‘relative” kinetic energy. Thus, since absolute and relative kinetic
energies are very close in the vicinity of the predominant period of the
excitation (Uang and Bertero 1990), both procedures to estimate T, will
approximately yield the same result. The use of the second procedure to
estimate T, is exemplified in Fig. 6(b) for the Foster City ground motion.
As demonstrated by this figure, both procedures produce approximately
the same period.

Since the shape of a R, spectrum is strongly dependent on the value of
T,, obtaining the mean of R, versus T spectra of ground motion with sig-
nificantly different predominant periods may result in a poor description of
strength-reduction factors due to inelastic behavior for structures on soft-
soil sites. Therefore, for ground motions in this soil category, strength-
reductions factors were not computed for a fixed set of periods, but for a
fixed set of T/T, ratios.

Mean R, versus T/T, spectra are shown in Fig. 7. As shown in this figure,

Ei/m x 107 [cm%s] VELOCITY [cmvs]
20.0 120.0

(@) FOSTER CITY (b) FOSTER CITY
a
] : T,=1.14s ; T,=1.15s
16.0 : 9 90.0 - H ¢
12.0
60.0 1
8.0
40 30.0 {
0.0 - . 0.0 = .
0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
PERIOD [sec] PERIOD [sec]

FIG. 6. Estimation of Predominant Period of Ground Motion: (a) Using Maximum
Input Energy; and (b) Using Maximum Relative Velocity
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FIG. 7. Mean Strength-Reduction Factors for Systems Subjected to Ground Mo-
tions Recorded on Soft Soil

strength-reduction factors for ground motions recorded on soft-soil sites
exhibit strong variations with changes in the 7/T, ratio. It can be seen that
strength-reduction factors for structures built on soft-soil deposits are char-
acterized by being much larger than the target ductility for periods near the
predominant period of the ground motion (i.e., for T = T,). For systems
with periods shorter than two thirds of the predominant period of the ground
motion, the strength-reduction factor due to inelastic behavior is smaller
than the target ductility, whereas for systems with periods longer than one-
and-a-half times the predominant period, the strength-reduction factor is
approximately equal to the target ductility.

Variability of Strength Reduction Factors
~The response of a nonlinear system subjected to earthquake ground mo-
tions is more sensitive to the characteristics of individual acceleration pulses
and their sequence within a recorded acceleration time history than it is the
response of a linear system. Therefore, for a given target ductility, the
strength-reduction factor can exhibit great variations from one ground mo-
tion to another, even if both ground motions are similar (i.e., they have
Iapproximately the same intensity, duration, and frequency content). For
ithe design of a structure this means that the lateral strength capacity required
'to avoid displacement ductility demands larger than a given limit can have
‘important variations from one ground motion to another,

As mentioned before, strength-reduction factors increase with increasing
ductility demands. For a given system with period of vibration T and a given
target displacement ductility ratio, the strength-reduction factor will typi-
cally vary within a certain range when subjected to a family of ground
motions. Thus, it is important to study not only the influence of the dis-
placement ductility ratio on mean strength-reduction factors but also on the
dispersion of these reduction factors. One way of evaluating the dispersion
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of strength-reduction factors is by computing the coefficient of variation
(COV), which is defined as the ratio of the standard deviation to the mean.

Coefficients of variation of strength-reduction factors for systems sub-
jected to ground motions recorded on rock and on alluvium are shown in
Fig. 8. The coefficient of variation is shown for three displacement ductility
ratios. As illustrated by this figure, with the exception of systems with very
short periods (T < 0.2 s), coefficients of variation of strength-reduction
factors exhibit only small variations with changes in the period of vibration.
Regardless of the soil condition at the recording station, the dispersion in
strength-reduction factors increases with increasing displacement ductility
ratio.

Some of the factors that influence the intensity, frequency content, and
duration of the ground motion at a given site are: the earthquake magnitude,
the distance to the source, and the local site conditions. Thus, it is of great
importance to study the influence of these factors on mean strength-reduc-
tion factors.

The influence of soil conditions on strength-reductions factors can be seen
in Fig. 9 where mean R, spectra are plotted for systems undergoing dis-
placement ductility demands of three and five when subjected to ground
motions recorded on rock, on alluvium, and on soft-soil sites. For soft-soil
sites, the mean R, spectra are plotted assuming a predominant period of
the ground motion of 1.5 s. As shown in this figure, strength-reduction
factors corresponding to ground motions recorded on alluvium are larger
than those corresponding to ground motions recorded on rock for periods
smaller than 1.2 s. Thus, in this period range one can design a structure on
alluvium with a slightly smaller lateral strength capacity than that required
to avoid the same level of inelastic deformation on a similar structure on a
rock site. For systems with periods between 1.3 s and 2.4 s, the strength-
reduction factors corresponding to ground motions recorded on rock are
larger than those corresponding to ground motions recorded on alluvium.

Although difference exists between strength-reduction factors for rock
sites and those of alluvium sites, these differences are relatively moderate
when compared to the differences that exist between strength-reduction
factors for soft-soil sites and strength-reduction factors for either rock or
alluvium sites. As shown in the same figure, for systems on soft-soil sites

cov cov
1.0 1.0
ROCK SITES ALLUVIUM SITES

0.8 0.8
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0.4 04+
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. e 0.0 . : b
0 00.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
PERIOD (sec) PERIOD (sec)

FIG. 8. Influence of Level of Inelastic Deformation on Dispersion of Strength-
Red uction Factors :
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FIG. 9. Influence of Local Site Conditions on Strength-Reduction Factors

with periods between 1.3 s (T'= 0.85T,) and 2.3 s (T = 1.5T,), the strength-
reduction factor is much larger than those corresponding to systems with
the same periods but located on either rock or alluvium sites.

In the short-period range, strength-reduction factors corresponding to
systems on soft-soil sites are considerably smaller than those corresponding
to systems on rock sites or to those corresponding to systems on alluvium
sites. This observation has very important design implications. Mainly, that
the use of strength-reduction factors derived from studies of systems sub-
jected to ground motions recorded on rock and alluvium sites can lead to
unconservative designs if used in the design of short-period structures lo-
cated on soft-soil sites. For example, if displacement ductility demands larger
than three want to be avoided on a structure with a period of 0.6 s, the use
of mean strength-reduction factors derived with the use of ground motions
recorded on rock or alluvium sites would result in a lateral strength capacity
that is approximately one third of the lateral strength capacity that it is
required to maintain the structure elastic (i.e., R, = 3). However, if this
strength-reduction factor is employed in the design of a structure located
on soft soil, the mean displacement ductility demand would be approxi-
mately five, that is, 65% higher than the target ductility.

The influence of local site conditions on the dispersion of strength-re-
duction factors is shown in Fig. 10, where coefficients of variation of strength-
reduction factors are plotted for systems undergoing displacement ductility
ratios of three and five when subjected to ground motion recorded on rock,
on alluvium, and on soft-soil sites. Periods of vibration for soft-soil sites
correspond to an assumed predominant period of 1.2 s. It can be seen that,
for a given displacement ductility ratio, the dispersion on the reduction
factor is approximately the same for all three conditions. Thus, even though
different soil conditions lead to different strength-reduction factors, their
variability remains practically the same.

Earthquake magnitude and epicentral distance have been shown to in-
fluence elastic strength demands on SDOF systems (Silva and Green 1989).
In the present investigation, the influence of earthquake magnitude on
strength-reduction factors was studied by computing, for each soil condition,
the mean R, spectra for ground motions recorded on earthquakes with three
levels of magnitude. The influence of earthquake magnitude on mean re-
duction factors for systems undergoing displacement ductilities of two and
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FIG. 11. Influence of Earthquake Magnitude of Strength-Reduction Factors for
Systems Subjected to Ground Motions Recorded on Rock

four when subjected to ground motions recorded on rock during earthquakes
with magnitude ranging from 5.3 to 8.1 are shown in Fig. 11. It can be seen
that regardless of the level of ductility, the influence of magnitude on strength-
reduction factors is negligible. Thus, the small effects of magnitude on
inelastic strength demands stems primarily from its effects on elastic strength
demand. ‘

The influence of epicentral distance D on strength-reduction factors was
studied by computing mean R, spectra for ground motions recorded within
three groups of epicentral distances, approximately representing short, in-
terme diate, and long epicentral distances. Mean R, spectra for systems
under going displacement ductilities of two and four when subjected to ground
motio ns recorded on rock at different epicentral distances are shown in Fig.
12. It can be seen that mean strength-reduction factors are practically the
same for all three groups of epicentral distances. Thus, epicentral distances
have a negligible effect on strength-reduction factors. A similar conclusion
was reached by Krawinkler and Nassar (1990), who studied the effect of
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epicentral distance on strength-reduction factors using 33 ground motions
recorded during the 1987 Whittier-Narrows earthquake. In addition to the
effect of epicentral distance, Krawinkler and Nassar studied the influence
of stiffness degradation on strength-reduction factors. They concluded that
stiffness degradation has a negligible effect on strength-reduction factors.

REGRESSION ANALYSES

For practical purposes, a simplified expression is desired to relate the

strength-reduction factor due to hysteretic behavior R, to the displacement
ductility ratio . Thus, for the design of a structure, the lateral strength
capacity required to avoid displacement ductility demands larger than their
corresponding capacities can be easily assessed for a given site-dependent
SLERS. Similarly, if the lateral strength capacity is known, a simplified
expression relating R, with w permits a rapid estimation of the displacement
ductility demand corresponding to a given site-dependent SLERS.
Some of the factors that influence R, are: displacement ductility ratio,
period of vibration, local soil conditions, magnitude, epicentral distance,
hysteretic behavior, and damping. Here only the first three factors, which
are the ones that typically have a significant influence on R,,, were considered
while conducting regression analyses in order to obtain simplified expres-
sions to compute strength-reduction factors. Therefore, the approximate
force reduction factor R, is given by

R, = f(u, T,SC) o (8)

where SC represents the soil conditions. Regardless of the soil condition,
(8) has to satisfy the following conditions:

lim R, = lim f(u, T, SC) = 1 ... .. . )
T—0 T—0
im R, = lim f(uT,5C) = W ... . i (10)
T->x T— =
R, =f(p, T,8C) =1, w=1 ......... ... ................ (11)

The form of the function described in (8) was chosen to be the following:
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N p—1
Roy="=g—+1=1 ... (12) Ry
‘ 140 —%za s SOFT
where @ = function of w, T, and the soil conditions at the site. Several 1204 Mean values with
forms of functions for ® were considered, and regression analyses were ' uncertainty on /T
conducted for each soil condition separately in order to fit the function ¢ 10.0 1
to the data obtained from nonlinear time-history analyses. For rock and . 8.0
alluvium sites the functions ® that fit best mean strength-reduction factors )
are given by 6.0
1 1 3/, .. 3\ ‘ 4.0
P =1+ 07 — oT o7 exp [ > (ln 7 5) J (for rock sites) 20
.......................................................... (13) 0.0 y T
0.0 1.0 20 3.0
=1+ TZTI‘— T/Tg
w1 FIG. 14. Mean Strength-Reduction Factors of Soft Soil Sites Considering 10%
2 1 2 Error in Estimation of 7/T, Ratio Compared to those Computed Using Egs. (12)
~ 57 CXP [—2 <ln T - 5) ] (for alluvium sites) ....... . .. .. (14) and (15)
A comparison between mean strength-reduction factors computed for sys- significant errors in the estimation of R, particularly for systems with fun-
tems subjected to ground motions recorded on rock sites and recorded on damental periods of vibration close to the predominant period of the ground
alluvium sites with those computed using (12)—(14) is shown in Fig. 13. 1t motion (i.e., T/T, = 1).
can be seen that the use of these simple equations leads to very good Due to the important variations in R, with changes in the 17T, ratio,
approximations of mean reduction factors due to inelastic behavior. combined with uncertainties in the estimation of the T/T, ratio, it was
As shown in Fig. 7, mean strength-reduction factors for soft-soil condi- decided to modify the computed strength-reduction factor spectra of ground
tions are characterized by important variations with changes in the TIT, motions recorded on soft-soil sites by considering a +10% error in the
ratio. The assessment of this ratio depends on a good estimation of the estimation of the 7/T, ratio. For a given displacement ductility ratio and
fundamental period of vibration of the structure and of the predominant given T/T, ratio, the modified strength-reduction factor was computed as
period of the ground motion, both of which are subjected to an important the minimum strength-reduction factor in the spectral range limited by
degree of uncertainty. Furthermore, the initial T/T, ratio could also change 0.97/T, and 1.17/T,. Regression analyses were conducted to obtain a func-
during the earthquake as a result of nonstationarities on either the response tion @ that, combined with (12), best fits the mean of modified strength-
of the soft-soil deposit or on the response of the structure. Thus, if the reduction factor spectra. This function ® is given by
computed mean strength-reduction factors (Fig. 7) are directly used in de- ,
sign, even a small error in the estimation of the T/T, ratio could lead to P 7, 37, 3 (4 T 1) . £t soil si 15
+ 3T ar P n T. 4 (for soft soil sites) (15)
Ry R, . . y .
10.0 100 Strength-reduction factors computed using (12) and (15) and the mean of
ROCK ALLUVIUM modified strength-reduction factors of systems subjected to ground motions
8.0 recorded on soft-soil sites are compared in Fig. 14. As illustrated in this
: figure, the combined use of (12) and (15) provides, in general, good esti-
6.0 mates of strength-reduction factors for structures located on soft-soil sites.
4.0 1 CONCLUSIONS
2017 The primary purpose of this investigation was to assess the reduction in
-------- Mean values ’ -=-++=- Mean values lateral strength demands produced by allowing nonlinear hysteretic behavior
00 g 12813 0.0 i Egs. 12414 to take place in structures in the event of severe earthquakeé ground motions,
0.0 1.0 2.0 30 00 1.0 2.0 3.0 For this purpose, a statistical study of strength-reduction factors was con-
PERIOD [sec] PERIOD [sec] ducted. The statistical study comprised strength-reduction factors computed

for SDOF systems undergoing different levels of inelastic deformation when

FIG. 13. Comparison of Mean Strength-Reduction Factors of Rock and Alluvium > . ;
subjected to a relatively large number of earthquake ground motions re-

Sites with those Computed Using Eqs. (12)-(14)
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alluvium sites. Thus, the use of strength-reduction factors derived from APPENDIX Il. NOTATION
studies of systems subjected to ground motions recorded on rock and al- . . )
luvium sites can lead to unconservative designs if used in the design of short- The following symbols are used in this paper:

period structures located on soft-soil sites.
The proposed expressions to compute site-dependent strength-reduction
factors are relatively simple and provide a good estimation of mean strength-

reduction factors derived from the statistical study presented herein.

= seismic coefficient;

damping coefficient;

epicentral distance;

maximum input energy;

restoring force;

yield resistance;

= initial stiffness;

mass;

strength-reduction factor; .
approximate str'ength-reductlon factor;
period of vibration; -
predominant period of ground motion;
relative displacement;

ground acceleration;

yield displacement; _
displacement ductility ratio;
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