























than a certain threshold value, the force in nonlinear damper may become larger than that in
the linear damper. The threshold value occurs for ¥ /a, = B/ (=127, 1.25, and 1.23, for

a =0, 0.7, and 0.35, respectively). For earthquake ground motions, the ratio ¥/, can be

larger than one for very-short period systems [11: Sec 6.12], and as a result the force in
nonlinear damper may be larger than in linear damper.

Figure (1c) presents the relationship of equation (10) for nonlinear damper with its
damping coefficient defined to give equivalent ¢, at peak displacement of u,, . At value of

u,/u,, larger than certain threshold value, the peak force in nonlinear damper is less than

that in the linear damper; the threshold value of #,/#,, is less than one and depends on « .

Furthermore, the peak force tends to reach a upper bound in nonlinear damper with
increasing values of #, /4, , as apparent from flattening of the curves for a < 1; the force in

linear damper keeps on increasing linearly with #%, /#, . This indicates that damper

nonlinearity tends to limit the damper force at velocities in excess of the design velocity. This
behavior is generally cited as a major advantage of nonlinear dampers over the linear
dampers [7, 8]. However, it must be noted that for values of #, /u, > 1, the equivalent

damping provided by the nonlinear damper is smaller compared to its design value (Fig. 1d).
For u,/u,, <1, on the other hand, nonlinear damper provide larger damping ratio compared
to the design value.

The behavior of nonlinear dampers that provide damping ratio equal to selected ¢,

value at all displacements and velocities (equation 11) is plotted in Figure (le). It is apparent
from these results that the peak force increases linearly for linear as well as nonlinear
dampers. However, the rate of increase is lower for nonlinear dampers compared to the linear
dampers. As expected, the damping ratio remains the same for all values of #, /4, (Figure

19).
SYSTEM, GROUND MOTIONS, AND RESPONSE STATISTICS
System

The system considered was the idealized one-story building of Figure 2 consisting of a rigid
deck supported by structural elements (wall, columns, moment-frames, braced-frames, etc.),
- and fluid viscous dampers incorporated into the bracing system. The mass properties of the
system were assumed to be symmetric about both the X- and Y-axes whereas the stiffness and
the damper properties were considered to be symmetric only about the X-axis.

The center of mass (CM) of the system was defined as the centroid of inertia forces
when the system is subjected to a uniform translational acceleration in the direction under
consideration. Since the mass was uniformly distributed about both the X- and Y-axes, the
CM coincided with the geometric center of the deck.

The center of rigidity (CR) was defined as the point on the deck through which
application of a static horizontal force causes no rotation of the deck. The lack of symmetry
in the stiffness properties about the Y-axis was characterized by the stiffness eccentricities, e,
defined as the distance between the CM and the CR. With both CM and CR defined, the edge






Ground Motions

The sets of 20 ground motion records were assembled for Los Angeles, Seattle, and Boston
representing probabilities of exceedance of 2%, 10%, and 50% in 50 years (return periods of
2475, 475, and 72 years, respectively) [14]. The 10% probability of exceedance in 50 years
set of records developed for Los Angeles are used in this investigation (Table 1). The 25%-
damped pseudo-acceleration and displacement response spectrum for each ground motion is
shown in Figures 3a and 3b, respectively. Also shown is the median response spectrum,
developed according to the procedure presented in the next section.

Table 1. Basic characteristics of ground motion considered.

Designation Record Information Duration | Magnitude R PGA
(sec) M, (km) (®
LAO1 Imperial Valley, 1940 39.38 6.9 10.0 0.46
LA02 Imperial Valley, 1940 39.38 6.9 10.0 0.68
LAO3 Imperial valley, 1979 39.38 - 6.5 4.1 0.39
LAO4 Imperial valley, 1979 39.38 6.5 4.1 0.49
LAOS Imperial valley, 1979 39.38 6.5 1.2 | 030
LAOQ6 Imperial valley, 1979 39.38 6.5 - 1.2 0.23
LAO7 Landers, 1992 ' 79.98 7.3 36.0 0.42
LAOS Landers, 1992 79.98 7.3 36.0 0.43
LA09 Landers, 1992 79.98 7.3 25.0 0.52
LAIO Landers, 1992 79.98 7.3 25.0 0.36
LAll Loma Prieta, 1989 39.98 7.0 124 0.67
LAI2 Loma Prieta, 1989 39.98 7.0 12.4 0.97 |
LA13 Northridge, 1994, Newhall 59.98 6.7 6.7 0.68
LAl4 Northridge, 1994, Newhall 59.98 6.7 6.7 0.66
LA1S Northridge, 1994, Rinaldi 14.95 6.7 73 0.53
LA16 Northridge, 1994, Rinaldi 14.95 6.7 7.5 0.58
LA17 Northridge, 1994, Sylmar 59.98 6.7 6.4 0.57
LA18 Northridge, 1994, Sylmar 59.98 6.7 6.4 0.82 .
LA19 North Palm Springs, 1986 59.98 6.0 6.7 1.02
LA20 North Palm Springs, 1986 59.98 6.0 6.7 0.99

Response Statistics

The dynamic response of each system to each of 20 ground motions is determined by
response history analysis [11]. Presented in this paper are median values X, defined as the

geometric mean, of n(=20) observed values of x; of the peak value of the structural

response [17]:












be as large as 30% for short period systems (7, <0.5 sec). For longer period systems, the
reduction may only be by less than 10%.

(a) (b)
1.5

1.5[“ T
EEC I N

-t .

1‘-“~ e

I
nnnp
~J|O W1

s

U

1
i
i
¢

s

u_(o)/u_(o=1)
ufe)/ufo=1)

(=)
3]
o
(6,
-
L

-
(3]
ey
w

() (d)

V—r"

\‘L’n" i

V, (0)V, (0=1)
1
T ()T (@=1)

|

N
L
L

0.5 0.5

1.5

P L

NEERE

h)
g - 1 .
\\. O S S n ¥ PR

1
LY
\ 1
05! | 5 _
0 05 1 1 25 3 . 0 05 1 15 2 25 3

.5
Period, Ty (sec) Period, Ty (sec)

F (0)/F (o=1)
T (0T (0=1)

|
| ,
1 0
2

Figure 5. Ratio of seismic response of linear asymmetric systems with nonlinear (a =
0.7, 0.5, and 0.35) and linear (« = 1) fluid viscous dampers.

The damper nonlinearity has little influence on the base shear as apparent from curves
for all values of & being nearly identical (Figure 4c). The ratio of base shear in systems with
nonlinear and linear damper presented in Figure (5c) confirms this observation as the ratio is
nearly equal to one over the entire period range. The base torque (Figure 4d) is reduced to a
much larger degree compared to the base shear (Figure 4c). The largest reduction in the base
torque is about 20% for & = 0.35 and occurs for 7, <0.5 sec (Figure 5d). For longer period

systems (T, >2 sec) the reduction in base torque is minimal.
As observed previously for linear and nonlinear dampers subjected to harmonic
motions, the total damper force in general reduces with reducing value of « (Figure 4e) in

linear asymmetric systems subjected to ground motions. The percent reduction is about 15%
for & =0.35 over the wide range of period values considered (Figure Se). The total damping
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reduce slightly for long period systems (Figures 6c) with the reduction being less than 10%
(Figure 7c). The base torque, however, may increase significantly (Figure 6d) with the
increase being larger than 20% over a wide range of periods for & = 0.35 (Figure 7d). The
trends for total damper force and damper torque (Figures 6e, 6f, 7e, and 7f) are, however,
generally similar to those observed earlier for elastic systems (Figures 4e, 4f, Se, and 5f).
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Figure 7. Ratio of seismic responsé of nonlinear asymmetric systems with nonlinear («
=0.7, 0.5, and 0.35) and linear (a = 1) fluid viscous dampers.

In summary, the damper nonlinearity leads to only minor (less than 10%) reduction in
stiff edge deformation. The reduction in the flexible edge deformation of the order of 30%

may be achieved for short period systems (7, <0.5 sec). For longer period systems, however,

the reduction may only be by less than 10%. The base shear is essentially unaffected by the
damper nonlinearity. The base torque may be reduced by up to 20% for short period linear
and nonlinear systems but may be increased by up to 20% for longer period nonlinear
systems. The damper nonlinearity leads to about 15% reduction in the total damping force for
longer period systems. For very short period systems (7, <0.1 sec), however, the total

damping force may increase by up to 25% due to damper nonlinearity. The total damping
torque at the base increases slightly over the period range considered in this investigation.
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system with 7,=0.5 sec may be reduced by about 18% due to damper nonlinearity (Figure

8b); U; =1.388 for linear damper (& = 1) which reduces to U } =1.133 for nonlinear dampér

with & = 0.35. The effects on the stiff-side elements are modified to a much smaller degree
(Figures 8a and 9a) compared to the flexible-edge deformation.

The plan-asymmetry reduces the base shear of linear systems. The damper
nonlinearity does not modify this trend as apparent from essentially identical curves for
various values of « (Figures 8c). Since, the base shear in a nonlinear system is limited by its
lateral strength, the plan-asymmetry appears to have no effect on the base shear in nonlinear
systems; note that the ratio is essentially one over the entire period range (Figure 9c). As
noted for linear systems, the damper nonlinearity does not further modify this trend for
nonlinear systems (Figure 9¢). The plan-asymmetry leads to base torque in asymmetric-plan
systems, which is reduced slightly for linear systems and increased for nonlinear systems by
the damper nonlinearity (Figures 8d and 9d).
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Figure 9. Effects of plan-asymmetry in seismic response of nonlinear systems with
linear and nonlinear fluid viscous dampers. '

The plan-asymmetry generally tends to reduce the total damping force at the base in
linear systems apparent from the ratio being smaller than one for most period values (Figure

15



8e). The damper nonlinearity has the effect of reducing this effect, i.e., the reduction in total
damping force at the base is smaller as « reduces. For nonlinear systems, the ratio is
essentially one for all values of a over the entire period range (Figure 9¢) indicating that
effects of plan-asymmetry for such systems are minimal and they are not influenced by the

damper nonlinearity. The plan-asymmetry as well as asymmetry in the damper distribution
gives rise to the total damping torque at the base, which tends to increase with decreasing
values of «. o

In summary, the effects of plan-asymmetry on the flexible edge deformation are
reduced by the damper nonlinearity. The effects on the stiff-edge deformation, base shear,
and total damping force are modified very little by the damper nonlinearity. The modlﬁcatlon
for the base torque and total damping torque is slightly larger.

CONCLUSIONS

The investigation on the behavior of linear and nonlinear fluid viscous dampers subjected to
harmonic motion led to the following conclusions, many of which are consrstent with earlier
observations [7-10, 15, 16, 18, 23]:

1. For harmonic motions, the peak force in nonlinear damper is smaller compared to linear
damper. However, this is true only for ¥ /u, less that a certain threshold value, which is

slightly larger than 1. For larger values of V'/u,, the force in nonlinear damper may
become larger than that in the linear damper. ' '

2. The damper nonlinearity tends to limit the force in nonlinear dampers with C, defined at
the design displacement #,,, and velocity #,, for velocities in excess of #, . However,
such dampers provide smaller equivalent damping at higher velocities.

- The investigation on seismic response of one-story, one-way asymmetric linear and

t ‘nonlinear systems with linear and nonlinear fluid viscous dampers has led to the following
conclusions:

1. The damper nonlinearity leads to only minor (less than 10%) reduction in stiff-edge
deformation over the entire period range. The reduction of the order of 30% may be
achieved in flexible-edge deformation for short period (T, <0.5 sec) systems; for longer

period systems, the reduction in the flexible-edge deformation is comparable to that for
the stiff-edge deformation.

2. The damper nonlinearity leads to minor reduction (less than 10%) in the base shear. The
base torque may reduce by 20% for short period (7, <0.5 sec) linear and nonlinear

systems, but may increase by 20% for longer period (T, >0.5 sec) nonlinear systems.

3. The damper nonlinearity leads to about 15% reduction in the total damping force for most
periods. For very-short period (7, < 0.1 sec) systems, however, the total damping force

may increase, instead of reducing, with increase being as large as 25%. The damping
nonlinearity may also lead to slight increase in the total damping torque at the base over
the entire period range. :
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4. The effects of plan-asymmetry on the flexible edge deformation are significantly reduced
by the damper nonlinearity, especially for short period systems. The effects on the stiff-
edge deformation, base shear, and total damping force are modified very little by the
damper nonlinearity. The modlﬁcatlon for the base torque and total damping torque is
slightly larger.

APPENDIX I. PLAN-WISE DISTRIBUTION OF NONLINEAR DAMPERS

The supplemental damping in systems with linear fluid viscous dampers can be characterized
by three parameters [1]: (1) ¢, =C,/2mw, representing the total damping provided by
supplemental dampers; (2) g, =e,/a representing x-direction eccentricity in the plan-wise

distribution of supplemental damping; and (3) ﬁsd =JCsalC /a‘ representing plan-wise

spread of the supplemental dampers. For systems with nonlinear dampers, only the first two
parameters can be uniquely defined. Therefore, a pre-defined plan-wise spread of dampers is
used in this investigation. Such distribution consists of six-dampers, three each in the x- and
y-directions. The two outermost dampers in each direction are located at the two edges and
the middle damper is located at the CM. The total damping in the x- and y-directions are
assumed to be equal. Furthermore, the damper distribution in the x-direction is assumed to be
symmetric, i.e., y-direction eccentricity in the supplemental damping is equal to zero. For
systems with linear fluid viscous dampers, this distribution corresponds to p,
approximately equal to O. 37 for the selected parameters. With such a distribution, the
damping coefficient of each of the elements is related to the first two parameters as:

C C C (wxum) zma) Csd .
B, 3

l-a y I-a |

s M a.u 2 !

cvl.—.( ) 2m0,C [1+-4—eﬁ’-j and Cv2=CV3=( o) 2m [1—26“’] (1.2)
L lBa ‘ 3 a ’ ) 'ﬂa 3 a

in which @, and ,= natural frequencies and u,,and u,, are the peak deformations of the

corresponding symmetric-plan system in the x- and y-directions, respectively. Since, the
systems in this investigation are subjected to ground motion in the y-direction only, u_, is

Xxo

L)

equal to zero. However, u_, is taken to be equal to u, for the purpose of deﬁmng damping

coefficients of x-dampers (equation I. 1), 1e, u,= u =,
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