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Studies on Damping and Energy Absorption of Structures

Etudes sur l'amortissement et l'absorption d'énergie de structures

Untersuchung über die Dämpfung und Energie-Absorption an Bauwerken

M. WAKABAYASHI
Professor of Disaster Prevention Research Institute

Kyoto University
Kyoto, Japan

1. INTRODUCTION

It has beert well known for a long time that structures with large damping
exhibit good performance against the earthquake excitation. A part of the
energy caused by the earthquake is temporarily transformed to strain energy
and kinetic energy of the structure. Input energy to the structure which is the
remainder after the ground absorbed a part of total earthquake energy must be
eventually dissipated by the visco-elastic action and elasto-plastic hysteresis
of the main structural and cladding systems. Damping plays also an important
role to reduce the various types of vibrational motion caused by the wind(63).

Damping can be divided into two types; internal damping and external
damping. Visco-elastic damping, damping due to friction associated with inelastic
slip occur!ng such as at bolted joints, and hysteretic damping due to large
plastic deformation of members are examples of the internal damping. On the
other hand, the external damping is related to the interaction between
structures and surrounding objects. Damping due to air and to the interaction
at foundations between the structure and the ground are examples of the external
damping. ïhe effect of the former is small. However, the latter, the effect of
which is composed of the radiation loss of vibratory energy in the ground(3, 5,
8, 10, 11, 14, 27, 91) and the energy absorbed by the plastic deformation of
the ground(90, 95), performs efficiently when the energy stored in the structure
is released. The radiation loss of vibratory energy in the ground has a larger
damping effect when the strucutre above ground is elastic and stiffer than the
ground(92).

The elastic internal damping is often dealt with in the form of the
equivalent viscous damping. The structure with large hysteretic damping has
large energy dissipation capacity and thus may not reach its collapsed state
even when it is subjected to strong earthquake motion. Therefore, it is very
important to evaluate the hysteretic damping of the structure itself when
checking the earthquake resistant ability of the structure.
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If the earthquake motion is rather similar to the shock wave, the effects
of viscous damping and of radiation damping are small, and the contribution
from the hysteretic damping becomes more significant. In 1937, discussing the
significance of the structural ductility in his velocity potential energy
theory, Tanabashi indicated that the destructive force of the earthquake was
proportional to the square of the maximum velocity and the resistance of the
structure against the earthquake force was proportional to the potential energy
conserved in the structure until failure(6).

In order to evaluate in general the deformability of the structure in the
plastic range and how much plastic deformation a certain non-linear response
of the structure corresponds, Newmark defined a ratio of the maximum
deformation of the structure subjected to the earthquake excitation to the
yielding deformation as a "ductility factor"(24). This definition then has
been often used to discuss the response of the structure to the earthquake.

Figure 1 shows load-deflection curves of two different frames under
monotonically increasing horizontal load. Maximum strength Hu of the frame may
be determined based on the yield strength and/or stability limit load, and
deformation capacity Au nay be determined according to the sudden decrease of the
applied load or of serviceability caused by the rupture of steel material,
local buckling of steel members and/or crash of concrete. Even though the
maximum strengths of the frames shown in Figs. 1(a) and 1(b) are identical, the
amount of absorbed energy by the frame shown in Fig. 1(a) before it reaches the
limit deformation Au is larger than that by the frame shown in Fig. 1(b), and
the frame shown in Fig. 1(a) thus performs more efficiently than the frame shown
in Fig. 1(b) in the sense of the earthquake resisting structure. Figure 2 shows
examples of hysteresis loops of frames under repeated horizontal load. In these
cases, the determination of the deformation capacity depends on the number of
loading cycles in addition to the effects indicated àbove, since deformation
phenomena associated with
fatigue caused by the repeated
loading have seme effect on it.
The frame shown in Fig. 2(a),
which may dissipate a larger
amount of energy before failure
than the one in Fig. 2(b), may
show better performance than the
frame shown in Fig. 2(b) when
subjected to the earthquake
loading.

In this report, viscous
damping of various structures is
first to be discussed. Then
several kinds of methods to
replace the structural damping
by the equivalent viscous damping
are to be introduced, and the
hysteretic characteristics of
materials, members, connections
and overall structures are to be
discussed.

Hysteresis Loops of Frames under
Repeated Horizontal Loading

Fig. 1

(a) (b)
Energy Absorption Capacity of Frames
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2.1 Viscous Damping

It was shown that the approximate values of damping ratio u, which was a
ratio of viscous damping to critical damping, obtained from tests for several
materials were; 0.05-0.1# for steel, 0.5# for reinforced concrete without cracks
and 1.0-2.0# for cracked reinforced concrete(77). Prestressed concrete shows
a value of 1.0# when the prestress is sufficiently applied and no crack is
observed, and 2.0# is for prestressed concrete with microscopic cracks(37).
Damping of steel structures is significantly affected by the type of connection
system used. Reference (77) gave the following approximate values for the'
damping ratios of structures under the load of 70# of the design load; 0.5# for
welded assemblies, 1.0# for high-strength bolted assemblies and 2.0# for riveted
assemblies. Reference (25) indicated 1.0-3-0# for a usual bare steel frame,
1.0-8.0# for a concrete frame and 5-0-15.0# for a usual overall structure.

In order to evaluate the damping ratio u of structural frames or bridges, a
method based on the resonance curve obtained by the oscillation generator test
and a method using quasi-static free vibration or free vibration caused by quick
braking of vibration generator are often employed. Since some amount of energy
is lost by radiation in the ground, it is rather difficult to obtain the internal
damping characteristics of structural frame above ground only. The experimental
data for u obtained for the overall structural systems under the fundamental
vibration including the structure-ground interaction showed the values
scattering from 1.0 to 10.0#(12, 16, 17, 25, 37, 50, 51, 58, 60, 70, 77, 84, 85).
Reference (51) gave an example where damping ratio u of a bare steel frame was
2.0-3-0# while the same frame with cladding showed 5-0-6.0#. It is clear that the
cladding has a significant effect on the internal damping of the structure. 2.0-
3-0# for steel structures and 3-0-5.0# for reinforced concrete and steel
reinforced concrete structures are the values of the damping ratio u for
fundamental vibration of these structures that are often used in the practical
dynamic analysis performed for the design of tall buildings recently in Japan.
Reference (85) contains experimental data obtained from dynamic tests of such
tall buildings recently built in Japan.

Given in Ref. (47) are the general descriptions of damping behavior of
bridges and experimental data for the damping ratio u of existing bridges.
Usual bridges show 0.5-2.0# as the values of the damping ratio u(47, 77).
Reference (22) obtained 0.4-0.6# from the experimental data of suspended bridges.
In case of bridges, Coulomb's damping due to the movement of supports plays an
important role. 0.2-0.5# for arch dams(46) and 2.0-3.0# for steel transmission
towers(79) were also reported.

The damping ratio u obtained from the micro-seismo tests, which is usually
considered as viscous damping, is the result of the combined, effect of friction
at the surface of the crack, friction at connections an-) cupDorts, radiation
damping in the ground and many others. Therefore, unless the contribution from
each of these effects are separately evaluated, use of the above shown values
for the damping ratio u must be limited to a certain extent.

2.2 Hysteretic Damping and Equivalent Viscous Damping

The internal damping of the structure in the elastic range is very small as
already described. However, when the deformations of members and connections
of the structure reach the plastic range, the hysteretic damping, that is
considered to be equivalent to the energy-dissipation capacity, increases due
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to the large plastic deformation, and thus the structure may absorb and
dissipate the input energy transmitted from the ground and be protected from
the collapse. Such hysteretic damping has been often evaluated with the
consideration of the so-called equivalent viscous damping coefficient. This
idea, first proposed by Jacobsen(2), replaces an oscillator, which exhibits
non-linear steady state vibration under sinusoidal excitation, by a linear
oscillator with the identical resonance period and equivalent viscous damping
coefficient which makes amounts of energy dissipated in one cycle by both
oscillators identical. The relationship between restoring-force and deformation
of an oscillator,as shown in Pig. 3, is not linear. This non-linear relationship
is replaced by another oscillator whose restoring-force characteristic is linear
given by a straight line AOC. The energy dissipation characteristic of the
first oscillator is replaced by the equivalent viscous damping coefficient
given to the replacing oscillator so that the area of the hysteresis loop ABCDA

is equal to the effect of the viscous damping imposed in the replacing oscillator.
Defining equivalent viscous damping coefficiént às ueq it is given as

1 Prictional Work Area (ABCDA) 1 aw
ueq IT * ADAE + AOCF 5 ~2Ü~ *

w (1)

referring to Fig. 3. This energy ratio method non-dimensionalizes the area of
hysteresis loop AW, which expresses the amount of the dissipated energy, by
the another energy W.

Jacobsen obtained ueq by considering three types of skeleton curves; linear,
soft spring and hard spring types(21). He concluded that the idea of the
equivalent viscous damping coefficient could not be very easily applied on an
arbitrary non-linear systans, and proposed an approximate foimula to obtain u gq
as

_
1 Flrictional Work Area 1_ AW

ecl ~ 2rr Work Area under Skeleton 2n
'

W (2)

Referring to Fig. 4, Jacobsen proposed W3 for the value of W in En. (2). On the
other hand, Wi(45), W2(35, 38) and W4 have been also proposed. Reference (81)
shows the values of Wj-Wij when a Ramberg-Osgood type of hysteresis loop is used.
Since the resonance period becomes longer as the vibration amplitude increases
in the case of usual soft-spring type hysteretic systems, Caughey proposed a
method to evaluate the equivalent stiffness and equivalent viscous damping by

W| A*B+OD+E p
V^=D+E
Wo=C+D+E
Wa=E

Fig. 3 Hysteretic Characteristics
of a Nonlinear System

Fig. 4 Work Areas Taken for
Computation of Ueq
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the least square method(19). This method Is often used in the field of the
response analysis.

In Reference (64), Jennings discussed the unique feature of the following
methods to obtain uea; 1° Resonant Amplitude Matching Method, 2° Dynamic
Stiffness Method, ^Tiynamic Mass Method(45), 4° Constant Critical Damping Method,
5° Geometrical Stiffness Method(38), and 6° Geometical Energy Method(21). He

commented that Dynamic Method(19) was useful in the theoretical investigation,
that Geometrical Method was easy to apply and that Amplitude Method was
understandable and gave the conservative value.

Pig. 5 shows the relationships between u eq and nondimensionalized deformation
when the hysteresis loop is assumed to be elasto-plastic(64). Numbers identifying
the curves in the figure refer to the above explained methods to obtain Ueq*
Since a large discrepancy is observed among the values of Ueq computed based on
the different definitions of u^, it is necessary to clarify the definition of

when the experimental data are reduced. Although the idea of ueq is useful
to clarify the qualitative behavior of the hysteretic damping of structures, the
significance of this idea decreased because of the increasing error in the value
of ufeq when the hysteretic damping increases. In order to obtain accurately the
response of the structure to a certain well-defined earthquake disturbance, a
dynamic analysis may thus be carried out based on the real restoring-force
characteristics. The ideas of equivalent viscous damping and equivalent stiffness
might be efficient and useful, for example, when the response and earthquake
resisting ability of a hysteretic system to random disturbances would be

statistically dealt with(93, 94). Mary references handled the energy dissipation
behavior of connections and other structural elements with the form of ueq from
the experimental data.

3.HYSTERET0C CHARACTERISTICS

3.1 Introduction

It is necessary to know the relationship between the applied load and
deformation of a structure when investigating the dynamic behavior of the
structure under earthquake loading. In an earlier time, when the non-linear
vibration was analyzed, the real structure was replaced by a system of one-degree
of freedom which was composed of a mass and a spring. Then, shear building type
systems of multi-degree of freedom have gradually been employed to replace the
real structure. In this case, the relationship between story shear and relative
deformation in the story must be known to
determine the spring constants of the
replacing system. Recent development enables
one to analyze the dynamic response of
overall frame using its restoring-force
characteristics which are composed of the
relationship between the generalized stress and
deformation of each structural elements,
such as members, braces and connections(9, 18,
34, 43, 55, 56, 72, 73, 78, 89, IO7). When

evaluating the strain at each position of the
structure from the results of the dynamic
analysis, the response obtained by the
analysis starting from the formulation of the
load-deformation relationship of each member

will give better results than the method
using replacing multi-mass systems.

6 ,8
_ yield ratio Xm/Xy

Pig. 5 y

Relationships between Equivalent
Viscous Damping Coefficient and
Deflection Amplitude
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Furthermorej when the analysis starts from the formulation of the stress-strain
relationship at each position of the structure and proceeds to formulate the
load-deformation relationships of members, connections and finally overall
structure, the results would be most accurate.

In this chapter of the report, first discussed are to be the general methods
to formulate or idealize the hysteretic characteristics which are frequently used
and applicable on an arbitrary generalized structure. Then, the formulations
of hysteretic characteristics of materials, members, connections and overall
structures are to be discussed.

3.2 Formulation of Hysteretic Characteristics

Fig. 6 shows several idealized hysteresis models frequently used for real
loops of materials, mentoaos, connections and overall structures under repeated
loading. A model shown in Fig. 6(a) usually represents a hysteresis loop of

Model Hardening Type Model Model

Fig. 6 Idealized Hysteresis Models
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Pigs. 6(b) and (c) are models for; l)bolted connections in which slip occurs at
a certain level of the applied load, 2)braced frame where brace is repeatedly
subjected to the buckling deformation and plastic elongation, and 3Reinforced
concrete members or shear walls with cracks. The hysteresis loop of prestressed
concrete structures is often represented by model shown in Fig. 6(d). Figures
6(e) and (f) idealize the models in Fig. 6(a), neglecting and considering the
effect of the strain hardening, respectively. When the gravity load on a frame
is considerably large and P-A effect becomes significant, hysteretic horizontal
load-deflection curve of the frame becomes as shown in Fig. 6(g). The model in
Fig. 6(h) corresponds to the hysteresis loop of a structure which involves
several frames with different stiffnesses, or of reinforced concrete member and
frame whose stiffnesses significantly decrease when the cracks occur, compared
with the state before the crack initiation. The models in Figs. 6(i), (j) and
(k) are ficticious and used to compose a new hysteretic characteristic.

In 1935, Tanabashi described the hysteretic characteristics of reveted
connection by combining the Masing's model(Fig. 6(a), 1) and his own slip model
(4, 28). The load-deformation curve given by Masing's model is hogging when
the load increases and sagging when it decreases. The unloading curve can be
obtained by magnifying the skeleton curve twice in linear scale.

Most frequently used model for the nonlinear hysteretic characteristic is a
bilinear type, which may be elastic-perfectly plastic type or elastic-hardening
type. The stress-strain and moment-curvature relationships of steel and the
relationship between horizontal load and deflection of a frame can be also
replaced by the bilinear curves. Where the effect of the gravity load is not
negligible, such as in the lower story of a tall building, a negative bilinear
model as shown in Fig. 6(g) is used for the horizontal load-deflection
relationship taking the P-A effect into account. In References (13, 15, 23, 24,
34, 48) and many others, dynamic analyses of structures were carried out,
assuming bilinear horizontal load-deflection relationships, and the effect of the
plastic deformation on the response was quantitatively evaluated. When the
positive bilinear type of restoring force characteristic is assumed in the
dynamic analysis, the obtained response is stable. On the other hand, the
hysteresis loop of each cycle of the vibration gradually moves in one direction
and the response finally diverges, when the negative bilinear type is assumed,
and the phenomenon of incremental collapse appears(26).

Reference (76) assumed a model where a bilinear type hysteresis loop in each
cycle gradually expanded as the number of cycles increased by the effect of the
compressive strain cumulated in columns under the repeated bending.

References (29, 53, 97, 98, 101) assumed bilinear and trilinear models
taking into account the effect of the stiffness reduction seen in the reinforced
concrete frames and shear walls as the deformation increased.

Combining models shown in Figs. 6(f), (j) and (k), Ref. (96) idealized the
hardening type hysteretic characteristic where the strength decreased with the
increasing deformation, as shown in Fig. 2(b). In Ref. (83) the hysteretic
characteristics of a prestressed concrete member as shown in Fig. 6(d) are
idealized by a softening type polilinear model.

A representative model which idealized the hysteretic characteristics with
mathematically expressed nonlinear curves was given by Jennings(33, 49). He
drew a hysteresis loop for generalized yielding structure using a skeleton
curve defined by Ramberg and 0sgood(7) and Masing's hypothesis. This hysteresis
loop is obtained by expanding the skeleton curve, determined by two constants,

Bg. 3 EB




























