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Experiments and Models for the Damping Behavior of Vibrating Reinforced
Concrete Beams in the Uncracked and Cracked Condition

Essais et modéles pour I'amortissement de poutres en béton armé dans I'état non-
fissuré

Versuche und Modelle fur das Dampfungsverhalten schwingerder Stahlbetontréger im
ungerissenen und gerissenen Zustand

R. DIETERLE H. BACHMAN

Research Associate Prof. Dr.

Swiss Federal institute of Technology Swiss Federal Institute of Technology
Zurich, Switzerland Zurich, Switzerland,

SUMMARY

Ditferent models for the damping behavior of normally reinforced, uncracked and
cracked concrete beams and constructions under dominating bending stress are
presented. By comparison with experimental results it can be shown that the results of
the theoretical damping models are in good agreement with those of the experiments.

RESUME

On présente des modéles qui permettent de concevoir 'amortissement de poutres et
constructions en béton non-fissurés et fissurés, soumis surtout a des sollicitations de
flexion. Par comparaison avec des résultats déterminés a l'aide d'essais on montre,
que I'emploi des modéles présentés donne des résultats concordants avec ceux des
essais.

ZUSAMMENFASSUNG

Es werden verschiedene Modelle fiir das Damfungsverhalten von schwingenden
Stahibetontragern und -konstruktionen im ungerissenen und gerissenen Zustand,
welche vorwiegend auf Biegung beansprucht werden, dargestelit. Anhand von
Vergleichen mit experimentellen Resultaten wird die Anwendbarkeit der prasentierten
Modelle aufgezeigt,
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1. INTRODUCTION

Recently, the dynamic analysis of reinforced concrete structures has greatly in-
creased in significance. Yet important knowledge in several areas is still lack-
ing especially information concerning damping, which can decidedly influence a
dynamic calculation.

The damping of reinforced concrete structures is based upon various and at times
little-known physical causes, and depends upon numerous influencing perameters.
It is therefore not surprising that in experiments the fixed values for the damp-

ing scatter within a broad range. The two chief causes for this scatter are as
foliows:

~ The material damping of reinforced concrete building components and reinforced
concrete constructions is influenced not only by the damping properties of the
material used, but alsoc strongly by the crack condition. For uncracked struc-
tures, especially fully prestressed uncracked structures, the damping proper-—
ties in many cases can be described with closely agreeing values.For normally-
reinforced and partly-prestressed structures, however, there exists in the lit-
erature a large variation both qualitatively and quantitatively with regard to
the influence of the crack condition. Normally it is accepted that reinforced
concrete structures in the cracked condition show in addition to low eigenfre-
quencies a considerable increase in damping in comparison tc those in the un-
cracked condition.

- In general, the damping of an entire reinforced concrete construction is in-
fluenced not only by the material damping but also by the system damping, that
is by the damping properties of the surroundings (building site, development
of statical system, etc.). Since the fraction of the system damping on the to-
tal damping can be considerable, it is possible that analogous structures in
different surroundings will show very different damping behaviors.

In order to check this behavior and to determine the influence of important con-
struction parameters on the material damping properties of reinforced concrete,
systematic experiments on seven normally-reinforced concrete and light-weight
concrete beams were conducted at the Institute of Structural Engineering at the
Swiss Federal Institute of Technology Zurich. These experiments and the achieved
results are described in [1] and [2]. They provide the experimental groundwork
for the theoretical work performed in [3]. The most important results of this
work are put forth in the following report.

2. OBJECTIVES

The objectives of the described research project are as follows:

1. The determination of the influence of the crack condition, of the stress level
and of the amount of reinforcement on the damping properties of normally-rein-
forced concrete and light-weight concrete beams.

2. The development of physically plausible and mathematically simple models which
can not only explain the experimentally recorded damping phenomena on the test
beams, but also can predict the material damping properties of more complex
concrete and light-weight concrete constructions.

3. TESTS ON NORMALLY-REINFORCED CONCRETE BEAMS

In the experiments mentioned in the introduction, vibration and rescnance tests
were performed on seven concrete and light-weight concrete beams of varying lon-
gitudinal reinforcement. All beams had identical dimensions (length L = 8.40 m,
width B = 0.40 m, depth H = 0.24 m), and atter cracking all had their first ei-
genfrequency in the range from 2 to 7 Hz. Briefly repeated here will be several
results which give information on the established damping properties and which
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are necessary for the disposition and understanding of the following report.

In Fig. 1, the established curve of the
damping ratio as a function of the rela-
tive steel stress Oeg,rel in the middle
of the beam is schematically shown for
all test beams.

Concrete

The index "rel" (= relative) signifies
that the stress refers to the difference
between the values measured in the dyna-
mic test and in the at-rest state.

Light -Weight
Concrete

The established damping properties can
be described as follows, with the num-
bering scheme referring to the numbering
scheme of Fig. 1l:

Initial Stressing and Cracking Phase

e e e e e e T i e e U e o

(test phase 1)

G, rel 1. The damping for all beams increased
during cracking (crack formation and
spreading) following the increasing
steel stress.

Fig. 1 Damping Ratio £ as a Function
of the Steel Stress COg,rel
(schematic)

2. Approximately as soon as all bending
cracks had formed, a condition was
reached for which the damping ceased
to increase further.

3. With the further increase in stress, respectively steel stress, the damping
decreased. As the steel stresses neared the yield point, very small damping
values were measured (£ < 1%), especially for heavily-reinforced beams.

After Conclusion of Cracking and with Repeat of Testing

{test phase 2)

During the repeated execution of the total test program the following damping
behavior for each of the beams could be observed:

4. A very high damping was established for small steel stresses, in contrast to
test phase l. For increasing steel stress, however, the damping again de-
creased.

5. somewhat smaller values for the damping than in test phase 1 were measured for

large steel stresses.

6. A lower damping was found for increasing amounts of reinforcement.

7. The light-weight concrete beams showed a lower damping ability over the entire

stress range as the corresponding concrete beams.

The described results show that, contrary to the usual assumptions, the damping
ratio as a result of cracking can sink to a very small value after an initial
growth. Although this phenomenon appears surprising, it can nevertheless be ex-—
plained in a physically plausible manner by the still-to-be-described damping
models.
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4. EXPERIMENTS ON UNREINFORCED CONCRETE TEST BODIES

Numercus experiments for the determination of damping of unreinforced concrete
test bodies are described in the literature ([4], [5], [e6]l, [7]., [8]). The fol-
-lowing influence factors with regard to the damping of unreinforced concrete are
considered:

- Water content of the concrete

- Age of the concrete 3

- Cement content of the concrete

- Frequency

- Level of stress

Many experimental investigaticns have shown that the cement content and the fre-
quency have an insignificant influence on the damping. In addition it can be
established that for small stresses (0 < Bw/2), the stress level has practical-
ly no influence on the damping properties. However, the water content and, cou-
pled with it, the age of the concrete play a major role in the damping. Greater
water contents lead in general to larger damping. In [9], a damping ratio for
water saturated specimen of £ = 0.6 to 2.0%, for partially saturated specimen of
£ = 0.9 to 1.8%, and for dry specimen of £ = 0.2 to 0.4% are indicated. With in-
creasing age of the concrete the damping in general initially decreases, possib-
ly due to progressive drying. After three to four weeks drying time, however,
the influence of the age of the concrete ceases to be significant.

5. THEORETICAL FOUNDATICNS

For the description of the damping properties of a material respectively a con-
struction, two characteristic values can be appropriately defined ([107, [11Dy:

- The damping energy dissipated per vibration cycle.
- The relationship between the damping energy and the maximal strain energy.

The total damping energy Do is the energy which is dissipated in the entire test
body respectively the entire construction during one vibration cycle [Nm/cycle].
The total damping energy Dg can be calculated from the specific damping energy
D by integration over the volume V of the test body

b = fprav . (1)
v

. The specific damping energy D is that energy which is dissipated within a volume
element respectively a volume at a definite point in the test body during a vib-
ration cycle [Nm/cycle]. Under a linear (uniaxial) stress condition, D can in
general be determined from the equation :

g.n

D = d.(é- (2)
P
where d = specific damping coefficient [N/mmz]
0 = the maximal stress upon the volume element during the vibration
Bp = cylinder strength of the concrete
n = damping exponent.

Empirically, the value of n for low stresses lies between 1.0 and 3.0. For high
stresses, however, n can be substantially greater than 3.0. It can be shown that
the familiar models for the representation of the damping behavior are contained
in this equation. For example, the value n = 2 corresponds to viscous damping
and the value n = 1 corresponds to friction damping with constant frictional
force (see [3]).

The specific damping energy D is the most fundamental of all the known used
damping values since it is dependent only on the material studied and is not in-
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fluenced by the form and the volume of the body or the existing stress distri-
bution.

The maximal strain energy W respectively W, of a volume element respectively of
an elastic body under a linear (uniaxial) stress condition can be calculated
from the eguation

2 2

1.0 1 g
- =t 3 + = — & — 3
W= 3tg av , respectively Wo=3 ‘f = av (3)
v
where 0 = maximum stress upon the volume element during the vibration
E = modulus of elasticity.

From the relationship of the damping energy D respectively Dy to the maximum
strain energy W respectively Wy, the damping ratio § of the material respectively
of a volume element and the damping ratio Eo of the entire test body can be cal-
culated from

D

D ; . o
£ = i respectively Eo = 4'“'Wo (4)

The damping ratio corresponds to the percent total of the maximum strain energy
respectively vibration energy which is dissipated through damping during every
vibration period. In general the relationship

g 2 B

is true because the damping energy Dg is determined not only by the material pro-
perties but also by the form of the test body and the stress condition.

For the calculation of a vibrator with one degree of freedom and nonlinear damp-
ing properties (no viscous damping), the so-called equivalent viscous damping is
very frequently introduced. This makes it possible to simplify for calculation
the damping properties of such a vibrator by a linear vibrator with viscous
damping. The enexgy dissipation of the nonlinear vibrator is replaced by the
eguivalent viscous damping of the linear vibrator, with the equivalent viscous
damping ratio Eéq of the linear vibrator so chosen that both vibrators dissipate
the same energy Dy per vibrator period. For known damping energy D, and strain
energy W,, the equivalent viscous damping ratio geq can be calculated from Equa-
tion (4).

The use of the damping ratio £ for dynamic calculations has the following advan-
tages:

- £ can be gquickly established by simple tests.

- The damping is not dependent on the frequency of vibration (experimentally con-
firmed).

~ The solution of the differential equation of vibration becomes especially sim-
ple.

6. PROCEDURE FOR THE DEVELOPMENT OF A DAMPING MODEL FOR A REINFORCED CONCRETE
BEAM

Most uncracked and cracked zones for a reinforced concrete beam can appear dur-
ing service condition. Therefore, since the crack condition of the beam has a
very strong influence on its damping properties, the procedure for the develop-
ment of a damping model was chosen according to the following basic ideas:

- First only small pieces of the beam, each consisting of either a cracked or an
uncracked bending element, were considered. A damping model for each of these
bending elements was defined.
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- A complete reinforced concrete beam is built-~up from a number of both cracked
and uncracked bending elements, the exact number of each depending on the crack
condition (see Fig. 5). Thus, the damping model for the complete beam can be
found through suitable superposition of the damping properties of the separate
bending elements.

This procedure has the following advantages:

- The influence of the different stresses along the length of the beam can be
considered.

- The bond properties, which are important for the damping, can be included.

- By summation of the damping enerqgy for the single bending elements, the damp-
ing energy for a totally uncracked, partially cracked or totally cracked beam
can be determined.

Using the damping model for a bending beam, the experimentally determined results
of [1] must be able to be explained. As a foundation for the damping model for

an entire beam, the damping models for a bending element must be able to show

the causes of the influence of

- crack growing
~ amplitude respectively stress level
- reinforcement content

on the damping of normally-~reinforced and also, if possible, prestressed concrete
and light-weight concrete beams.

7. DAMPING MODEL FOR AN UNCRACKED BENDING ELEMENT

Fig. 2 shows the damping model for an uncracked bending element., It consists of
one damping element with
linear viscous damping,
[Unmmd BendingElememJ which contains the energy
dissipated in the concrete
bending compression zone as
well as in the concrete
i ) bending tension zone. The
energy dissipated in the re-
inforcement through stress
under the yield level is
comparatively small and is
there neglected. The main
reason for the use of the
viscous damping model was
that, in agreement with the
conducted tests on the un-
reinforced concrete test
Fig. 2 Damping Mcdel for an Uncracked Bending bodies as well as those on
Element fully-prestressed uncracked
concrete beams, a damping
ratio independent of the height of the stress can be obtained (n = 2, £ = const.;
see Eg. (4)).

Bending Element Model

Comnpression

Viscous E?Ee

Damping

+ Tension
Zone

It is accepted in the following that an egual amount of energy is dissipated by
equal-sized tension and compression stregses, so that both tension zone and com-—
pression zone contribute the same amount to the energy dissipated in a symmetri-
cally reinforced beam. From Egs. (1) and {(2) with n = 2, the energy D%%VD dissi-
pated in an uncracked bending element {(length s, width B, height H) through vis-
cous damping (VB) can be calculated by integration over the entire volume of the
bending element. After the calculation of the maximum strain energy wgl collected
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in the bending element, the damping ratio E%% of the uncracked bending element
corresponding to Eq. (4) can be calculated from

Eel = __:‘:_E.:L...__ (5)
vD - 2T C .B 2
c p i
h 3 B
with CO =1 + 3'n-EJ(u+u )'(ﬂ?i"**)
" 2
n o= -2 .
"

The damping ratio Esé is independent from the level of the stress and is deter-
mined besides the modulus of elasticity Ey and the cylinder strength Bp of the
concrete mainly through the specific damping coefficient d. This ccoefficient de-
pends on the material and must therefore be experimentally determinded. The re-
inforcement ratio U respectively U' is considered in the coefficient Cq. Its
influence on the damping ratio E%% is relatively negligible.

8. DAMPING MODEL FOR A CRACKED BENDING ELEMENT

Fig. 3 shows the damping model for a cracked bending element, It is a combined

damping mechanism, consist-
ing of two damping elements
Cracked Bending E!ement} connected in parallel to a
spring element. With the
Bending Element Model linear viscous damping of
the first damping element,

. the portion of the damping
Viscous

Damping -[ which was established in
e all tests to be independent

L_Jk aﬁLN of the level of stress can
el be considered (see Fig. 1).
The friction damping cf the
second element carxies that
portion established to be
dependent on the level of
the amplitude respectively
the stress and the rein-
forcement ratio. Of the
current models used for the
consideration of damping, only the friction damping model is capable of explain-
ing the reduction of the damping ratio for growing stress (n =1, £ v 1/0, see
Eg. (4)).

|

T
Compression
Zone

Fig. 3 Damping Model for a Cracked Bending Element

In the following it shall be shown that the assumptions of energy dissipation
through friction damping for a cracked beam are fulfilled, in particular the ex-
istence of a normal force respectively a friction force and a corresponding dis-
placement. '

In the literature, a supposed friction damping is frequently explained by fric-
tion between the edges of the cracks. This statement is, however, too super-—
ficial. As long as the edges of the crack move in a direction perpendicular to
the crack (opening and closing of the crack), no friction force can exist in the
crack. The friction damping can exist, however, at the bond respectively the con-
tact area between the concrete of the tension zone and the tension reinforcement.

8.1 Bond Between Reinforcement and Concrete

The bond relationship for ribbed reinforcement has been thoroughly described,
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exemples being [12], [13] and [14]. It has been successfully established that
the transfer of the tension forces from the reinforcement to the concrete has
two results. First, there are radial stresses ¢, working perpendicular to the
reinforcement axis and causing a tension ring stress Opz in the concrete. Second,
the reinforcement experiences a displacement v relative to the concrete.

Fig. 4 shows how the rib force Pr of the reinforcement is taken up by the con-
crete through compressicn and tension forces (corresponding to Oy and Oyz).

..Secondary Crack.

;
Concretfe
Compression Force

\
Cancrete
Tension Ring

As a result of the load by
the rib force PR, cracks
(secondary cracks) are de-
veloped in the surrounding
concrete near to every rib.
These cracks determine the
inclination of the compres-—
sion force D and consequent-
ly the size of the radial
stress Or. The cracks are in
general not visible on the
surface of the concrete.

_.‘_L\

The bond stress Ty, is a hy-
pothetical value with which
the effective existing forces
between the reinforcement rib
and the concrete as well as
the friction forces between
the steel and the covering
concrete can be simplified
and included. In [12] are
given theoretical relation-
ships as well as a relationship experimentally determined for small bodies con-
cerning the bond stress T,, and the displacement v of the reinforcement relative
to the concrete {(bond law). Using these relationships, the distribution of the
bond stress T,, can be calculated, and therefore also the radial stress Oy and

the relatiye displacement v along the reinforcement axis. Using the now assumed-
to-be-known distribution of the bond stress T_, respectively the radial stress Oy
and the relative displacement v along the reinforcement axis, the friction force
Fpp on the bending element and the corresponding relative displacement v and

from these the energy dissipated through friction damping can be calculated.

Fig. 4 spreading of the Bond Stresses Ty, resp.
Ribbing Forces Pg

8.2 Energy Dissipation through Viscous Damping

In contrast to the uncracked bending element (see Fig. 2), only the bending com-
pression zone shall dissipate energy appropriate to the wviscous damping model.
The energy dissipated through viscous damping in the bending tension zone and
the reinforcement shall be neglected, since the contribution of the bending ten-
sion zone to the damping energy, due to its comparatively smaller stresses, is
significantly smaller than the contribution of the bending compression zone (see
Eg. (2)). The damping energy DS}VD can now be calculated from Eg. (1) by integra-~
tion over the volume of the bending compression zone. After determination of the
strain energy ng, the damping ratio E%D as a result of viscous damping becomes
, LrBeXyatse0p . & (6)
C.] .B.xNa's.okz)-B; 2'7T'C1'B;

el _ 6'Eb
vD 3-4-'”'
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(h-x_ )2 (x, ~h")
. Na Na
with C, = 1+3*n*Utht——s— + 3*nU'*he—g—— .

Na *Na

A comparison of Egs. (5) and (6) shows that the expressions for viscous damping
for an uncracked and a cracked bending element differ only in regard to C5, and C

8.3 Energy Dissipation through Friction Damping

el
In order to be able to calculate the energy Do, ¥p dissipated by friction damping
in a cracked bending element,

- the coefficient of sliding friction in,t),
- the normal force N(x,t) respectively the radial stress 0,(x,t),
- the relative displacement v(x,t)

between the concrete and the reinforcing steel must be known for all times and
locations. However, by using the following assumptions and simplifications, the
damping energy DS%FD can be easily calculated.

- Coefficient of sliding friction )} constant over time and location.
- Linear relationship between bond stress Ty(x,t) and radial stress Op(x,t):
Or({x,t) = A'Tv(x,t) (7)
with A = proporticnality factor

- Linear relationship in the cracked cross section between the relative displace-
ment vpay(t) (between the reinforcement and the concrete) and the steel stress

Oo,max (€}

- Independence of the bond stress Ty respectively the radial stress 0, from the
level of the steel stress respectively the stress (T, = const.).

With these simplifications, whose justification is thoroughly discusses in [31,
the friction force FS% for a cracked bending element with j reinforcement bars
of diameter ¢ becomes

Fel = W"p'j'a‘A‘Tv'S (8)

The damping enerqgy Dg}FD dissipated through friction damping for a harmonically
vibrating bending element can be calculated from

el el
DO,FD = 4'FFD'Vm . (9)

where v_ = the average relative displacement over the length of the
bending element.

Using this equation, the damping ratic Sgé as a result of friction damping be-

comes el
el 4'FFD.vm e ,max
_— - 5 ke = s BT -
Eep = Trren constant®— (10)
o e,max

Since the average relative displacement corresponding to the stated simplifica-
tion increases linearly with the steel stress, the damping ratio Egl is in-
versely proportional to the steel stress. It can be shown that the crack inter-
val s (that is the length of the bending element) has only a small influence on
the damping ratio Eg%
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8.4 Combination of Viscous Damping and Friction Damping

The damping ratio for a cracked bending element corresponds to the sum of the

damping energies for viscous damping and friction damping, and is composed of
the sum of the damping ratio for viscous damping and friction damping:

el el el

E7 =8 i (Lh
- - 2. ‘_l .'l a
gel ) 4 Eb . 6°n Eb UsA*i0 Tv.ym(oe,max)
Z'W'Cq'Bé C2'B'h Gé,max
x 3 x_ -h'
; Na Na 2
— + . - Ve e %
with C2 Tehe (hox_ )2 n*y + n*u'e( hex )
Na ) Na

9. DAMPING MODEL FOR A REINFORCED CONCRETE BEAM

Fig. 5 shows a partially cracked, simply-supported reinforced concrete beam.

With the shown bending mo-

tpu) ment, the cracks due to
bending will appear first in
'Tﬁ'TTTTlTj + 454 the center of the beam.
l “l These cracks can be repre-

]
L]

sented by a corresponding

L l|ﬂq[l|l[tﬂl bl | I

a + number of uncracked {(g) and

zl) B
x i:; e cracked (p) bending elements
|

! . [ which depend upon the crack
M< Mg M>Mg condition of the beam. The
) :[:t;\\\\\\\\\Ji_H__J%L_—’f;H damping properties of each
alie=""a" el uncracked and cracked bend-
L : ing element can be deter-
Tger "ger "unger mined with help of the pre-
vious section. The damping
model for the entire beam
is then obtained by a suit-
able summation of the damp-
ing properties of each bending element. Following as an example the damping pro-
perties of a simply-supported beam (see Fig. 5) are calculated.

g

A

|2

Tunger

—

k
1 1

Fig. 5 Partially-Cracked Reinforced Concrete Beam

The damping ratio & for a perfectly cracked beam (r =% /2) can be calculated from

=8t Emp , —
a*Ey 24sn ‘U'A‘j‘¢'Eb'TV vm(Ge,d)
= i g T Teh*B*C g 2 L
T p 2 e,d
where Ue a= maximum steel stress in the middle of the beam.
1

Fig. 6 shows the damping ratio £ as a function of the amplitude z respectively
the steel stress O, 3. The first term is independent of the level of the steel
stress respectively stress. The second term is inversely proportional to this
steel stress due to. the linear relationship between the relative displacement v
and the steel stress Oy. For small dynamic amplitudes respectively stresses, the
damping ratio will be relatively large. For growing amlitudes respectively stres-
ses, the damping ratioc £ will approach the damping ratio gVD due to the viscous
damping.
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An uncracked beam (r = 0) dissipates energy
only through viscous damping, which makes the
damping ratio &yp relatively small. Raising
the bending stress over the crack moment Mg
results in a very quick formation of numerous
cracks, beginning in the beam middle. Every
increase in the number of cracked bending
elements results in a increase in the number
of elements with friction damping. This effect
causes initially a sharp increase in the damp-
ing ratio £ = Eyp + Epp. The growth of the
cracked zone slows with further increasing
stresses. If the friction force Fpp for in-

Fig. 6 Damping Ratio & as a

creasing stress continues to slowly increase,
the damping ratio Epp will fall after reach-
ing a maximum value. This effect appears since
the influence of the amplitude-dependent fric-
tion damping (see Eg. 10)) overweighs the in-
fluence of the growing friction force.

Function of the Stress
for a Fully~-Cracked
Reinforced Concrete Beam

10. NUMERICAL VALUES AND COMPARISON WITH EXPERIMENTAL RESULTS
It shall now be shown that the described damping model for uncracked and cracked
bending elements respectively an entire reinforced concrete beam can be correct-

ly applied to show the real relationships in experimentally tested beams.

10.1 Basic Parameters

The analysis of numerous reinforced concrete beams and concrete specimens brought
the result that the damping ratio E%% for concrete and light-weight concrete can
be established in practically all cases as follows:

Normal concrete : gVD = 0.006

. . . (13)
Light-weight concrete with
aggregates of expanded clays : EVD = 0.005

In these statements, the influence factors for the damping relationships of unre-
inforced concrete respectively light-weight concrete, namely

- the water content

~ the age .

although described as important, are not taken into account. This simplification
may be made in designed construction, which includes nearly all structures for
which a dynamic analysis must be made, for the following two reasons. First,

most concretes respectively light-weight concretes used have similar water-ce-
ment ratios (0.45 to 0.50). Second, the age of the concrete noticably influences
the damping properties only in the first weeks following placement.

b) Friction Damping

e e ———— e e o

A large degree of uncertainty exists concerning the size of the coefficient of
sliding friction | and the proportionality coefficient A (see Eg. (7})). The pro-
duct 1*A for the test beams described in [10] can be determined with help of

Eg. (8). The value for the product T*A varies for all test beams within the small

range of _
0.01 < ysa < 0.03 . (14>
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This means that the friction force Fpp produced by the steel used in these ex-
periments {Torstahl) amounts to between 1% and 3% of the average force trans-
ferred from the steel to the concrete due to the bond stress. Additionally it can
be established that the product [[*A would become smaller for increasing test dur-
ation. It appears that the coefficient of sliding friction T decreases with time
due to the large number of lcad changes and the high stress changes.

10.2 Comparison of the Results of the Damping Model with the Experimental Results

As an example, the damping properties of beam B3 (see [1]) due to the desecribed
damping model will be compared to the corresponding test results. The detailed
procedure and the derivation of the theoretical results are described in [3].

For &yp = 0.006 and Hea = 0.015, the amplitude-dependent damping ratio & becomes
1

= + = 0.006 + 0.0572+ 15
E =8 * Eap z (15}
The resulting course of £ as a function
&= h&ptéep of the amplitude z, obtained from Eg. (15)
iy ig shown in Fig. 7.
\\
s The comparison of these results with the
experimental results (also shown in Fig.7}
- Test Resuits shows a good agreement between experiment
001N , _ and theory.
N ‘m-mwwhcut Caiculation
: L;D with Damping Model
o A Fig. 8 shows in solid lines the resonance
% 1o 5 20 25 [mm) curves developed during a stress level
| . Seret with rising and falling applied frequen-
| 20 40 60 80 100 [N/mm?] cies.
Fig. 7 Test Beam B3, Damping Ratio £
as a Function of Amplitude Z,
[mid 2 | 83, Test Prose 2|
50* [kn] APy
20 e
40 e
| Test with Increasing 104 /
Applied Load Freguency -50 ~ z
Test with Decreasing 5] : e
30+ Applied Load Frequency // 50 fmm}
e L -0
) . -20
20+ Theoretical Calculation o

with Damping Model

Fig. 8 Test Beam B3, Comparison of a Theoretically
Calculated Resonance Curve (FFD = const.,
indicated Load-Deflection Diagram) with
Test Results
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B3, Test Phase 2

Test

— — — Galeulated (ﬁ__D= constant}

Number of Periods
I izl

T
50 60 m

Fig. 2 Test Beam B3, Amplitudes for various Free
Vibration Tests, Test Results and Theoretically
Calculated Results (FFD = constant)
Fig. 9 shows through sclid lines the amplitudes established by numerous tests.
On the abscissa is the number of vibration periods m, and on the ordinate is the
logarithm of the maximum amplitude z achieved by free vibration test after m
periods.

Also shown in Figs. B8 and 9 through dashed lines are the amplitudes calculated
for a constant friction force Fpp (see Eg. (8)).

A comparison cf the corresponding lines shows that the calculated amplitudes
agree very well with the experimental results.

It is shown in [3] that by using the effective course of the bond stress T, cal-
culated due to the differential equation of bond, that is by using Fpp # const.,
a still better agreement between the experimental and the theoretical results
can be achieved.

11. LIMITS OF APPLICATION

The previously described damping model may not be used in the dynamic analysis
of the following cases without further testing:

a) For very high stresses of the concrete (i.e. 0Oy > BW/Z) and the reinforcement-
steel (i.e. Oy > 0.7‘0e'2_0), an important portion of the total damping energy
is dissipated by hysteretical damping (energy dissipation through nonlinear
material relationships) which is not considered by the damping model. The
damping can amount to a multiple of the damping for small stresses.

b) The damping model was developed for use with normally reinforced concrete
beams, but is also persumed allowable for use with partially-prestressed and
cracked concrete beams. The experimental justification is not considerable,
however.

c) Depending on the statical system, the type of supports and the building site,
the not included system damping can have an important or even a dominating
effect on the total damping of a structure. Most significantly, very stiff
structures with fixed supports can have a very large system damping. On the
contrary, it appears that thin structures with hinged supports and low-fric-
tion rollers or sliding supports show almost no material damping.

d) For a concrete structure which is predominately stressed by shear and torsion,
a damping relationship analogous to that for bending stress is expected. It
is also supposed for the case that the total material damping will be composed
partly of viscous damping and partly from friction damping. The friction damp-
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ing can again be limited mainly to the friction between the stirrups respectively
the longitudinal reinforcement and the surrounding concrete. However, a displace-
ment in the direction of the shear crack appears in addition to the movement per-
pendicular to the crack edges. Due to the interlocking of the crack edges, the
shear resistance can on the one hand be increased. On the other hand, it is also
now possible that due to the relative displacement of the interlocked and nc
ionger stress-free crack edges, energy can be dissipated by friction damping.
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