a USGS

science for a changing world

IMPACTS OF ROTATIONAL GROUND MOTIONS ON STRUCTURES

EROL KALKAN, U.S. Geological Survey, ekalkan@usgs.gov

VLADIMIR GRAIZER, U.S. Nuclear Regulatory Commission, Vladimir.Graizer@nrc.gov

@ USNRC

United States Nuclear Regulatory Commission

Protecting People and the Environment

MOTIVATION

« Ground rotations can reach a few degrees in the near-field
zone (e.g. Pacoima Dam — Northridge Eq.).

« Current engineering practice is not devised to deal with few
degrees of ground rotations.

« Coupling of rotational component with translational components
of ground motion may impose amplified seismic demands on
structures.

Horizontal, vertical and tilt p of the Pacoima dam
upper left abutment record during the 1994 Northridge
earthquake (panels show only the first 20 s of motions)

1394 Northridge, Calfornia Earihauake, Pacoima Dam- Upper Left Abumert
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EQ. OF MOTION (HORIZONTAL MOTION + TILTING )

Firstorder analysis
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(b) Response to translational motion (including P-A effect)

Fixed-base SDOF oscillator subjected to translational ground motion

it + mg-+ mga + il

¢ —
y
]
o e,
(@) (b)

(2) SDOF oscillator subjected to the coupled tilt and translational ground motion: (b)

Equiv alent fixed-base system

EQ. OF MOTION (HORIZONTAL MOTION + VERTICAL
MOTION + TILTING )

() SDOF oscillator subjected to the coupled til, translational and vertical components
of ground motion: (b) Equivalent fixed-base system

PROGRESSION OF DYNAMIC COLLAPSE DUE TO
B P-D EFFECT
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Progression of dynamic collapse due 1o the P-A effects

Dynamic instability (or collapse) can be i

iated if the energy of the multi-component

excitations is large enough to carry the system inelastically in one direction.
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Comparison of the force-deformation relations for various combinations of the
horizontal and vertical components of ground motion and the P-A effects (Case-1
horizontal excitation without the P-A effects; Case-2: horizontal excitation with the P-A
effects; Case-3: coupled horizontal and vertical excitations with the P-A effects)
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Comparison of the force-deformation_relations for various combinations of the
‘horizontal and vertical components and the P-A effects (Case-3: coupled horizontal and
vertical excitations with the P-A effects; Case-S: coupled horizontal, vertical and tlting
excitations with the P-A effects)

RN

&

Con P Rt (o]

&

c the ‘motion (Case-1), coupled
transiational and vertcal motion (Case-3), and by the coupled translational, vertical and
it motion (Case-S) (dashed lines indicate the permissible plastic rotation constraint by
design)

SUMMARY OF RESEARCH

« In order to account for rotational motions in design and
performance assessment of structures, governing equation
of motion for multi-component—horizontal, vertical, and
rotational—excitation is developed.

« The expanded equation includes P-D components (an
additional overturning moment at the base of the inverted
oscillator created by gravitational acceleration on the
oscillator's mass when it is displaced from its original
position) from ground tilting and vertical acceleration in
addition to inertia forces due to angular and horizontal
accelerations.

« Using an idealized model of a bridge bent, inelastic
structural response parameters are computed considering
single and multi-component excitation; and it is
demonstrated that higher ductility demand may ensue when
vertical and rotational components are coupled with
horizontal component. Ignoring this coupling may lead to
significant underestimation of seismic demands from
structural systems.

CASE STUDY = HIGHWAY BRIDGE BENT

In order to obtain a realistic set of results, a single-
column bent of a highway viaduct (which is a part
of a freeway) is used as the reference structure
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Elastic Period (Ty): 116 sec
‘Desian Ductlity (14): 325
Post-yield slope (1)

ield Strength 7 1963 /e
Reinforcement Rilio 7py): 5.5%
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(Left) Single column of a bridge bent; (Middle) Design
p (Right) Idealized SDOF sy

Nonlinear response history analyses are applied
considering:
CASE - 1: Horizontal motion w/o P-D effect;
CASE - 2: Horizontal with P-D effect
CASE - 3: Horizontal + vertical motion
CASE - 4: Horizontal - vertical motion
CASE - 5: Horizontal + vertical motion + tilting

COMPARISON OF STRUCTURAL RESPONSE
FOR VARIOUS INPUT EXCITATIONS
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Inelastic response of the idealized single bridge bent under the translation component of
the Pacoima dam upper left abutment record (Case-1) (P-A effects are not included;
filled circles (o) denote the peak values; dashed lines in the displacement time-history
i yield demands)
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Comparison of the force-deformation relations for various combimations of the
horizontal and vertical components of ground motion and the P-A effects (Case-1
horizontal excitation without the P-A effects; Case-2: horizontal excitation with the P-A
effects; Case-3: coupled horizontal and verfical excifations with the P-A effects)

CONCLUSIONS

v Inclusion of vertical and tilt components results in additional forcing
functions and enhanced P-A effects. The resulting amplified seismic
demand and eroded st s may adversely influence the displacement
/) demand and dynamic stability. Therefore, for structures
king and/or ground tilting, multi-
d in their seis sign or
ment.

cal component, tilt component of the motion has
more impact on the translational response of the system. Few degrees of
dynamic ground tilting can ly double the overall
This difference will be more pronounce
inertia force due to the angular accelera
effective height.
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