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Real time and pseudodynamic tests on a SDoF reinforced concrete structure
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ABSTRACT: Experimental data is presented on the dynamic behaviour of a hysteretic SDoF system sub-
jected to a succession of quasi-harmonic inputs. The specimen consists of a full-scale R.C column, having
at the free end a large (15 tonnes) pivoted mass. Psendodynamic (PDT) and Shaking Table (ST) tests were
performed, subjecting the column to inertial loading which was designed to cause it considerable damage.
We compare the responses obtained from both techniques and examine the motion in terms of hysteretic

equivalent damping and natural frequency degradation.

1 TEST SPECIMENS AND SETUP
1.1 Generalities

The experiments were conducted on full-scale,
250x250 nun section, columns of 1.5 m length which
are set into an R.C base of 1 m square by 0.5 m
deep. The loading configuration represents a column
of double the length built in at both ends. The re-
inforcement consisted of eight 16 mm diameter steel
bars and couples of 8 mm stirrups every 50 mm,
which conforms to the EUROCODE 8 standard for
construction in seismic zones. This specimen type
has alrcady been extensively tested in relation to
the programme on biaxial bending tests presented
in a companion paper (Bousias, 1992). The speci-
men is scen in Fig. 1 for the ST(a) and PDT (b)
test sctups.

In the static loading setup, it is possible to carry
out biaxial quasistatic bending tests (PDT or other-
wise) of up to 140 mm amplitude. A variable com-
pressive load may also be applied through the col-
winn axis. The real time dynamic loading setup is
the ARIETE shaking table at the ISMES laboratory.
The table slides on prismatic bars along one dirce-
tion and is powered by a 150 kN actuator having a
maximum stroke of 200 mm. The maximum pay-
load is 300 kN. The reference signal is sent to the
actuator servocontroller directly from an analogue
generator.

1.2 Real Time Experimentation
The PDT formulation can, at present, only be re-

alistically applied to lumped parameter systems. In
the experiments presented herein,the PDT formula-

tion was that of a SDoF system, consequently the
column-mass configuration had to be constructed in
such a way as to ensure, that the kinematic ideal-
ization in the PDT agreed with the specimen on the
shaking table. The main characteristics shown in
Fig. 1(a) are as follows: A hinged cross-brace (1)
allows the mass to rotate about its axis of gyration
Y-Y, but prevents rotation about the normal axis X-
X; the mass can translate in the X-X direction which
is the kinematic degree of freedom. To prevent rota-
tion of the column about Z-Z (passing through the
centre of the column axis), a slender steel plate is
fixed to the mass along part of its length (2-3) and
is then hinged to a second bracing system at the
other end (4). The flexibility afforded by this plate
in the Z-Z direction is such that it allows the column
to vary in height (as it will do in the plastic regime).

1.3 PDT experiment 1.3 PDT experiment

The PDT configuration shown in Fig. 1(b) is as
follows: The kinematic degree of freedom is the di-
rection X-X. Rotation about Z-Z and translation in
Y-Y are eliminated by a stiff plate spanning the dis-
tance of the reaction frame in the Y-Y direction, but
having two nylon rollers (not shown), stiff enough to
prevent any significant translation in this direction.
The inertial load in a PDT test is modelled analyt-
ically, so that in the absence of a real gravity force,
the effect of the vertical load on the material prop-
erties of the R.C is achieved by applying a constant
axial load equal to that of the mass on the dynamic
test. However, because the vertical mass load also
produces an added moment on the column in pro-
portion to its displaccment, an extra term in the al-
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Figure 1. Shaking Table (a) and PDT (b) sctups.
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Figure 3. Structural response of Shaking Table and PDT experiments.
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gorithm of the equations of motion was included to
account for this effect. The constant axial load was
provided by an electrohydraulic actuator driven by a
classic, analogue PID (Proportional Integral Differ-
ential) controller. The actuator controlling the dis-
placement is controlled by a digital loop. In this sys-
tem the structural displacement is measured by an
optical incremental encoder, providing a very accu-
rate measure (Magonette, 1991). The reaction force
is the mean of eight recordings measured after a wait
period of 0.2s from the end of the previous step; in
this way the relaxation effects are reduced to a min-
imum.

2 INPUT

It consists of an ensemble of amplitude modulated
sinusoids. Each of these comprises threec segments:
two acceleration ramps and a plateau. Each segment
lasts for three periods. The analytical expression for
the displacement d as a function of time is as follows:
for 0 <t < 3T

d= %(—-Qw.@wt — wisinwt + 2)

for 3T <t < 6T
d = —asinwt
for 6T <t < 9T
d= 6%(—2coswt' — wit*sinwt™ + 2)
where

t*=9T -t

The initial conditions are zero for all kinematical
variables and derivatives.

3 RESULTS
3.1 Preliminary impact test

Initially, a series of low intensity impact tests were
conducted on the specimen with the 15 tonnes mass,
from which it was found that the natural frequency
was 3.15 Hz. This was somewhat lower than the 3.35
Hz anticipated by the static stiffness measurements
(at less than 1 mm displacements) and assumed mass
(15000 Kg); the uncertantainties in the boundary
conditions of the table-to-base fixtures may be suf-
ficient to account for the discrepancy. The loga-
rithmic decrement index was evaluated as approx-
imately 1.2 % .

3.1 ST test
The data acquisition of the four motions was carried

out in four discrete tests. The sampling frequency
was modified to accomodate any modulation of the
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original input signal. Nevertheless ; a more than am-
ple total acquisition time was left over to observe the
decay of the motion. However, as one of the aims is
to compare, vis-a-vis, PDT with ST results we have
clipped part of the real-time signal, showing it up
to the point where the PDT ’real-time’ runs out; to
have modelled all the dynamic acquisition in PDT
terms would have been unnecessarily long.

3.1.1 Table motion
The basic signal described earlier was repeated four
times on the ST. The total input motion is shown

in Fig. 3. The target displacement plateaus of each
individual envelope are shown in Table 1. The third

Table 1: Target displacements and frequencies.

Stage | Amplitude | frequency
no (mm) (Hz)
1 30 1.75
2 30 1.75
3 45 1.2
4 45 1.2

and fourth motions were intended to have a higher
amplitude but a lower frequency than the first two.
This modulation was effected because the column
had been damaged by the previous motions and its
natural frequency had reduced considerably. The
initial input-frequency of 1.75 Hz was chosen so as
to eventually (on damage) produce a governing fre-
quency ratio of approximately 1.5 in the steady-state
part of the motion.

The first and steady-state table motions had an
amplitude of 28 and 30mm, respectively. In mo-
tion three, having modulated the input to produce
a larger amplitude, the input motion stopped be-
fore the plateau. Unfortunately, the table’s maxi-
mum excursion security limit had not been reset to
include the input demanded, consequently, the hy-
draulic power shutdown was activated. The result-
ing motion after the peak signal is, paradoxically,
a result of the continuing oscillations of the column
mass driving the table. Having reset the safety limit,
motion number four was performed quite succesfully.
The amplitude was 45 mm and the driving frequency
was 1.2 Hz as opposed to 1.75.

3.1.2 Response

The term structural displacement as seen in Fig. 3,
refers to that measured between the top of the col-
umn relative to its base in the X-X direction. Dur-
ing the forcing stages, it is possible to talk of near
steady-state (particularly in the second and fourth
parts). After the table stops moving, the structural
displacement is characterised by a decay history; the
analysis will therefore be divided into the steady-



state and decay components.

During the forced motion there are no major beat
frequencies. The response is that of a v.nde hand' fil-
ter; low gain (of the order of 2), and high damping.
During the first stage the run-up to the steady-stat-e
is not as smooth as in the second. The reason 1s
as follows: given that the initial frequency ratio was
1.75/3.15 (at 1.2 But at the start of the second stage,
the natural frequency of the column had degraded
approximately by a half (as measured from the decay
signal of part one). Given these values the frequency
ratio is now approximately 1.75/1.6. The motion of
the steady-state in the second stage could well be
that of a linear viscously damped system with the
appropiate damping and frequency ratios.

Turning now to the decay motions, we must first
define it as that motion that occurs after the base
input has truly terminated, and not that which ap-
pears to be decaying in time. It is hoped that by
aligning Figs. 2 and 3 a clearer distinction can be
made. The displacement history is analysed on a
cycle-per-cycle basis to obtain the natural frequency
and damping as functions of time; Figs. 4 and 5.
The plots begin after the first few cycles, by which
time the driving frequency is dominant and then it is
followed by a sudden drop. By this time the struc-
tural displacement is that of the column-mass by
itself, after which, the natural frequency begins to
pick up after 7 seconds and climbs to a value close
to the original forcing function. This sequence of
cvents is also seen in the second stage but is not seen
in the third or fourth; for these, the trace is nearly
monotonically increasing. However, it should be re-
membered that the forcing function was, by then,
1.2 Hz.

The damping as evaluated from the logarithmic
decrement, is shown in Fig. 4, plotted for times just
before the input motion has stopped. The initial
steep rise in the damping is only apparent because
this coincides with the descending branch of the in-
put motion (the periods of input are shown shaded).
Later, it is scen to decrease with time and amplitude,
albeit slowly, but is not monotonic.It is thought that
the oscillations in Fig. 4 are not noise, but actual
manifestations of the damping characteristics of the
structure. This seems to be backed up by the fact
that the corresponding PDT test also produces sim-
ilar behaviour. In addition, the oscillations have a
period of the order of 3-4 seconds, i.e of the order
of 8 cycles; this filters out cycle-to-cycle noise when
the logarithmic decrement is evaluated.

3.2 PDT EXPERIMENT

We have plotted the results from the PDT test on
the same plot as the ST in Fig. 3. During the first
stages, the results are in good agreement, but, with
time the signals diverge, that is, the plastic offsets
increase in opposite directions. However, the com-
parison of the peak-to-peak displacements, as seen
in Fig. 6, is very good. The PDT experiment re-

produced very well the dynamic motion in so much
as the amplitudes are very similar, but so are the
peak excursions. We assume that the specimen is
stronger in one direction than in the other due to
random variations in material propertie s. Possibly
the stronger directions were opposite and this could
account for the sign of the offset being different in
the two tests.The magnitude of the offset is greater
for the dynamic test than the PDT by a factor of 2.

As regards the decaying part of the signals, we
have found that the PDT reflects the same tipe of
behaviour in terms of cycle-per-cycle frequency and
damping properties as in the real-time test. There
were some quantitative differences though; the fre-
quency recovery was higher than in the ST test (Fig.
5), but the decay-damping signal was quite similar.
Looking back to Fig. 3, it can be seen that the decay-
ing part of the ST isin phase lag to the PDT altough
during the forced motion they were in phase. It is
thought that these discrepencies are not so much due
to any intrinsic difference between PDT and ST test-
ing due to rate-of-loading effect s (Shing and Mahin
1988) (Gutierrez et al 1992), as to the variation in
material properties mentioned above.

4 INTERPRETATION OF THE RESPONSE

The motion will be interpreted by describing the
nonlinearities in terms of equivalent damping (Ja-
cobsen 1930) and normalised natural frequency.
These concepts have been applied in various forms to
study the motion of hysteretic systems, but usually
they have been aplied to steady-state solutions such
as in DebCabhudhury (1985) and Jennings (1968)
where the equivalent parameters have been taken
as single-valued functions of the displacement for
single-frequency input content. In reality the dis-
placement signal is rarely monocromatic and the
equivalent parameter properties are far from being
single-valued functions of the displacement. A paper
which addresses this last point from an experimental
aspect is that of Iemura and Jennings (1974).

For R.C structures it is difficult to assess the varia-
tion of these properties as functions of the displace-
ment history.In Fig. 7 the hysteresis loops of the
PDT test have been plotted for the first stage of the
motion. From these loops it is possible to evaluate
the equivalent damping as a function of the displace-
ment amplitude (the offset is not considered). Also
the 'normalised frequency degradation’ (f’) can be
evaluated as a function of displacement amplitude by
dividing the frequency obtained from the secant stiff-
ness by the undamaged measured frequency (as in
the case of the dynamic test above, or obtained from
the static, low-level amplitrde, undamaged stiffness
for the PDT). By cro splottir~ the equivalent damp-
ing with £, Fig. 8 3 obt: . ed (parameter plane)
from the loops of Fig. 7. " : a guide some of the
key features of the first stage of the structural mo-
tion have been identified on the par =cter plane.
The region of near steady-state motior Yig. 3 be-
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Figure 4. Damping evalnated from logarithmic decrement. The periods of the forcing function are showm

{hatched) to indicated the onset of natural decay.

5

LT [ T 1 1 7T l T 17T 7T| T T { T T r_
-~ F 1
Y= PDT -
N - v .
T o % .-g // -
© R V-
> F_ ‘ J
S} I .
EJ' 3
o e i
] ]
%}q N"'Lxlli‘ll11[[1\||¢11111xL1'1
G @ i 28 28 40 58

T IMt.

LS

Figure 5. Variation of response zero-crossing fre-
quency
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Figure 6. Comparison of mean amplitude of os-
cillation for ST (continuous line) and PDT exper-
iments,

wins to appear at about 3 scconds, the normalised
{requency, from Fig. 8, is .45 (1.5 Hz) of the un-
damaged frequency (3.23 Hz); thus the governing
frequency ratio was 1.4; in addition, we have that
the equivalent damping, from Fig. 8, is 18 % (for
the fourth stage the value is as high as 25%). Given
such values, the resonance curve under steady-state

conditions would result in a gain of 1.8. As shown
on Fig. 2, the base input amplitude at this stage
was 28 mm, thus the structural amplitude should be
50.4 mm, this value agrees quite well with the aver-
age peak-to-peak displacement amplitude of Fig. 6.

During the decaying motion, as indicated in Fig.
8, the reduction of the amplitude brings about an
increase in the natural frequency of the structure,
while at the same time the damping is reduced from
18 % to about 8-10. In Fig. 5 a drop in the frequency
is first observed when the input motion stops; the
reason being that the structural natural frequency
by itself is incompatible with the displacement am-
plitude at that stage (if it is assumed that the secant
stiffness governs the period of oscillation), and so the
frequency will accomodate to these conditions, i.e it
slows down. After 6 seconds the natural frequency
picks up again, this is because the amplitude con-
tinues to decay, and with decreasing amplitude the
sccant stiffness (consequently f') will increase.

At the onset of the decaying oscillations in the
sccond and fourth motions, the forcing function had
been 1.2 Hz. Although the oscillations start off from
higher displacement amplitudes than the first two
stages, the compatibilty of the natural and input fre-
quencies at that amplitude is greater. For this rea-
son the frequency recovery curve does not show the
discontinuity observed in the first stages. In Fig. 4
we have shown that during the decaying amplitude,
the logarithmic decrement damping decreased non-
monotonically while the natural frequency increased
continuously. This phenomenon is observed in the
paramcter plane (Fig. 8) as a curling of the damp-
ing after point 4. Thus, the frequency and damp-
ing properties obtained from the displacement versus
time measurements are correlated in the parameter
planc as obtained from the force displacement loops.

5 CONCLUSION

PDT and ST tests have been conducted on a full-
scale R.C column-mass system. The input produced
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Figure 8. Normalised frequency versus equivalent
damping as evaluated from hysteresis loops. 1->2
Transient start-up. 3 Steady-state region. 4->
Decaying phase.

a large hysteretic response. The comparison of the
PDT and ST techniques was quite successfull in
terms of the structural displacement. The PDT
method offers the advantage of registering the restor-
ing forces directly and clearly, from which clean hys-
teresis loops are obtainable for further analysis. By
viewing the motion in terms of equivalent damping
and normalised natural frequency it is possible to
better understand the motion. It has been shown
that ductile R.C columns behave as variable low gain
(up to the order of 2), high damping filters (up to 25
% in near steady state conditions). The filter prop-
erties are non-stationary and depend on the ampli-
tude of the displacement and displacement history.
A model that defines these properties in terms of the
displacement history and how it may be used in a
dynamic non-linear analysis is at present being pre-
pared.
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