Monitoring dynamic stiffness that predicts concrete structure degradation
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ABSTRACT: This paper presents a series of laboratory experiments on a scaled reinforced concrete bridge
deck as well as results of a pilot project on an existing bridge. The ultimate goal is to develop a structural
health monitoring system based on evaluation of the dynamic bending stiffness which would be derived from
easy to use measurement devices. The experiments are aimed at measuring the deflection for static load, and
the dynamic response due to a moving mass, representing a traffic load. The two types of applied sensors are
accelerometers and linear variable differential transducer (LVDT). Lab results include dynamic response from
uncracked, partial cracked and fully cracked conditions, which influenced the dynamic stiffness. Changes of
stiffness therefor is to be believed to be a parameter for crack conditions. The concept has been applied to an

existing bridge to prove its value.

1 INTRODUCTION

In the Netherlands infrastructure has always been im-
portant with regard to its status as transport country
with Rotterdam as Europe’s largest port. There has
been a large infrastructural expansion in-between the
sixties and eighties (fig.1). Public authorities face a
major replacement task given that most of the existing
bridges are designed to serve for 50 years. This, com-
bined with a large historical increase in traffic fre-
quency and loads combined with new insights regard-
ing structural behavior, makes that the performance
of some existing bridges can be questionable. Still,
there isn’t an indication of structural failures in the
near future, so it is clear that the actual capacity of
existing bridges is not directly related to a service life
of 50 years the bridges were designed for.
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Figure 1. Bridge construction year (RWS, 2015).
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Till now, for far most of the existing bridges quali-
tative and non-continuous methods are used to deter-
mine degradation. These methods are not able to give
an accurate assessment of the real structural perfor-
mance of a structure. Therefore, it can be favorable to
apply a structural health monitoring (SHM) system on
civil structures to conclude whether or not an inter-
vention is mandatory (Cremona 2014). This makes
that decisions regarding operating conditions can be
made based on quantitative data. In addition to the re-
evaluation of older existing bridges, SHM can be used
to measure the load response of new bridge tech-
niques and/or materials. The purpose of this research
is to find out whether it is feasible to assess the struc-
tural integrity of a concrete bridge using a limited set
of (de)mountable sensors. In this paper results of ex-
periments in a laboratory, and on a railway bridge are
presented.

2 THEORY

The theory of the SHM method being developed for
the use on concrete bridges is based on determining
the bending stiffness (EI) over time, which is believed
to be a parameter for the global structural integrity of
an infrastructural element. Here, measuring defor-
mations and accelerations during a limited time pe-
riod makes that the response of a structural body un-
der a load can be derived. In order to define the global
integrity of a structure its response over time is used



to calculate the bending stiffness. When comparing
the bending stiffness at an measured time period with
another measured time period, it can reveal variation
which may indicate an increased crack pattern
(Reitsema, 2015). When analyzing the variation in
bending stiffness over time one can assess structural
integrity.

3 LABORATORY AND PILOT EXPERIMENTS

In order to investigate the feasibility of the SHM
method for concrete bridges multiple laboratory ex-
periments and one pilot project are executed. The la-
boratory experiments are performed on concrete
beams. The purpose of the laboratory experiments is
to proof that monitoring the dynamic stiffness ena-
bles to detect the degradation of concrete beams.
The pilot project on an existing concrete railway
bridge is executed to find if loads induced by trains
can be used to determine the dynamic bending stiff-
ness and if the monitoring system can be scaled from
laboratory to real bridges. For the laboratory experi-
ments different load levels, positions, and travel
speeds are used.

An overview of the laboratory test is shown in
Table 1. The damage levels that are shown in the fi-
nal column are related to the amount of cracking that
is present. Level 0 is a uncracked beam, level 1 rep-
resents a beam that is loaded until the first crack oc-
curs, level 2 is a partially cracked beam, and level 3
is a fully cracked beam. The pilot project is on an
existing uncracked pre-stressed concrete railway
bridge.

Table 1. Laboratory experiments

Experiment Load Load Speed Damage
No. (kg) Place (m/s) level
1.Calibration 0-50 Bearing - 0
2.TDB* 25,50 Bearing - 0
3.Static 0-80 Mid-span - 0
4.Impact - - - 0
5.Static 0-90 Mid-span - 1
6.Impact - - - 1
7.Static 0-120  Mid-span - 2
8.Impact - - - 2
9.Static 0-180  Mid-span - 3
10.Impact - - - 3
11.Moving Load  10-20-30 - 1,1.52 0
12. Moving Load 10-20-30 - 1,1.5,2 2
13. Moving Load 10-20-30 - 1,1.52 3

*TDB is time dependent behavior of bearing blocks

4 LABORATORY EXPERIMENT SETUP

The test setup of the laboratory experiment consists
of a C35/45 concrete beam with a total length of
2500mm, a width of 300mm and a height of 75mm
(figure 2). The reinforcement consist of four bars with
a diameter of 6mm in the centre of the cross section
(dashed lines in figure 2). The beam is supported by
two cylindrical rubber bearing blocks which are
placed 100mm from the edge of the beam leaving a
total span of 2300mm. The diameter of the bearing
blocks is 85mm and the height is 7Smm. Two LVDTs
are situated just at the right and the left of the bearing
(see figure 3).
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Figure 2. Concrete beam used for laboratory experiments

Figure 3. Placement of the LVDTs besides the rubber support

In preparation of the accelerometer measurements,
a grid indicating the sensor locations and hitting
points was made, thus obtaining an array of simulta-
neously measured force and acceleration data. In Fig-
ure 5 the grid is displayed, where 10 nodes as hitting
spots are displayed as circles, and the 3 sensor loca-
tions are indicated by the filled circles. In figure 4 the
placement of the accelerometers on the beam is
shown.

Figure 4. Placement of accelerometers and hitting points
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Figure 5. Placement of the accelerometers on the concrete beam

Figure 6. Moving vehicle driving over the concrete beam

In the experiments no. 3,5,7,9 steel weights of each
10kg are used. A moving vehicle that is loaded with
weights of 10kg each is used in experiments
no.11,12,13 (see figure 6). The vehicle is kept in bal-
ance by a guidance chord and rail to ensure that the
vehicle drives straight on the beam. The vehicle itself
has an load of 6kg . The movement of the vehicle is
induced by acceleration from a ramp.

5 LABORATORY EXPERIMENTS ANALYSIS

The analyses of the laboratory experiments are done
with two different methods. The first is called the
static analysis that makes use of measurements of the
LVDT’s. The second one is called the dynamic anal-
ysis that makes use of the accelerometer measure-
ments.

5.1 Static analysis

The static analysis of the laboratory experiments con-
sists of analysing the static loaded beam experiment
and the dynamic (moving vehicle) loaded beam ex-
periment.

5.1.1 Calibration of the bearing blocks

Prior to the execution of the laboratory tests a calibra-
tion of the bearing blocks (no.1) is done. The purpose
of the calibration is finding the stiffness of the bearing
blocks that is used for calculating reaction forces out
of deflections. To find the bearing block stiffness a
load is applied on the concrete beam at the position
right above the rubber bearings. The load is applied
in steps of 5kg, increasing to a total load of 50kg after
32sec. A bearing stiffness of 380N/mm is obtained
from the slope of this curve (50kg/1.32mm). The dis-
placements measured with the LVDT’s are shown in
figure 7.
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Figure 7. Calibration results of bearing block

5.1.2 Time dependent behavior of bearing blocks

The calibration of the bearing blocks is done in a total
timespan of 35sec where roughly each 2.5sec a
change in loading was applied. Here time dependent
effects such as creep of the rubber bearing aren’t
taken into account. Therefore the laboratory experi-
ment TDB (see table 1) is done. In this experiment for
40sec a weight of 25kg, and thereafter for also 40sec
a weight of 50kg are placed right above the bearing.
The difference between the rubber bearing blocks’
known linear elastic deformation and the measured
nonlinear deformations are plotted (see figure 8), re-
sulting in only the time dependent behavior. Over the
measured deformations a logarithmic trend line is
added from which an equation for the time dependent
behavior is calculated (equation 1). This equation is
used in the static analysis in situations where time de-
pendent behavior of the bearing blocks needs to be
considered.
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Figure 8. Time dependent behavior of rubber bearing blocks

The equation for the displacement u as a function of
force F and time 7'is:

Au = AF - (449 -1075 - In(4AT) + 2,13 - 107%) (1)



5.1.3 Static analysis of statically loaded beam

In the first static load experiment (no.3) the beam is
loaded till 80kg in a total time span of 15sec. The load
was placed at the mid-span of the beam, and it was
denoted that after applying the 80kg the first crack oc-
curred. While the beam was loaded, the deformations
ofthe LVDT’s and accelerations were recorded. After
unloading the 80kg, the beam was again loaded at the
mid-span until more cracks occur. The loading was
increased to 120 kg conform experiment no 4. After
unloading the 120kg, the next step would be to in-
crease the load to 180kg. However, stacking up loads
till this weight could lead to safety problems regard-
ing the stability of the placed loads. Therefore the
choice was made to place two people together weigh-
ing approximately 180 kg at the mid-span of the
beam. For curiosity reasons during the 180kg loading
experiment the two people standing on the beam were
exciting the beam by making small jumps. The calcu-
lated average deformations of LVDT2 and LVDT3
divided by the distance between the LVDTs (131mm,
see figure 2) yields the slope of the concrete beam at
the supports.

This, combined with the known loading makes that
the bending stiffness (EI) of the concrete beam can be
calculated with the following equation:

EI = (FL?)/(166max) 2

Here 6 is the slope calculated from the LVDT
displacements. The results of the calculated bending
stiffness (EI) of the concrete beam under different
load levels is shown in figure 9. This figure shows
that the calculated bending stiffness for the experi-
ment no.3 yields a fuzzy result in the first 7sec. This
might be because the test set-up needs to be “set”.
After this, it can be observed that the concrete beam
loses stiffness after crack initiation. An additional
loss in stiffness is well noticeable at 20sec of experi-
ment 4.
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Figure 9. Calculated bending stiffness for static experiments

5.1.4 Static analysis of dynamically loaded beam

In the laboratory experiment with a similar load on a
new uncracked concrete beam, equal to the one used
in the previous experiment, the sensors again are
placed at similar positions. At the left side of the
beam a wooden ramp is built in order to get the vehi-
cle up to the desired speed by letting the vehicle run
off. The speed of the vehicle is adjustable by releas-
ing it from a higher point on the ramp. The vehicle
runs from the left end of the beam till the right end
of the beam. On the right end of the beam the vehi-
cle breaks by making contact with the guard rail. In
between the wooden ramp and the concrete beam a
small gap of Smm is present. This makes that a dy-
namic excitation of the beam is induced.

In the experiments 11,12,13 variations are made
in weight of the vehicle, speed of the vehicle and
damage level of the beam. During the experiments
the deformation of the bearing blocks were meas-
ured. The measurements show a clear relation with
the movement of the vehicle (see figure 10). First, at
0.6sec. the deformation of LVDT1 (at the left side of
the beam) goes up where after it reduces when the
vehicle is moving over the beam. After 1.6sec. it is
clear that the deformation of the LVDT’s is equal
meaning that the vehicle is in the middle of the span
of the beam. After 3.2sec. the vehicle runs of the
beam and no LVDT deformations are measured (fig-
ure 10).
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Figure 10. Measured LVDT deformations with moving vehicle

From all the executed experiments with the mov-
ing vehicle again a bending stiffness is calculated for
the concrete beam under different damage levels.
Here, the average calculated bending stiffness for an
uncracked beam under various loads and speeds is
equal to 2.7E+11Nmm?. For damage level 1 (initial
cracks) a bending stiffness of 1.5E+11Nmm? and for
damage level 2 a bending stiffness of 0.7E+11Nmm?
is calculated from the slope of the concrete beam un-
der different load positions.

For making a comparison between the calculated
concrete beam bending stiffness values Table 2 has
been made. From the data in Table 2 it is observable
that the calculated bending stiffness of the concrete
beam under different damage levels, loaded with a
static or a dynamic load is comparable.



Table 2. Calculated bending stiffness of concrete
beams

Experiment Bending stiffness Damage
No. Nmm? Level
Lab.1.Static 2.1E+11 0
Lab.1.Static 1.4E+11 1
Lab.2.Static 0.6E+11 2
Lab.3.Static 0.2E+11 3
Lab.4.Dynamic 2.7E+11 0
Lab.5.Dynamic 1.5E+11 1
Lab.6.Dynamic 0.7E+11 2

5.2 Dynamic analysis

The fundamental idea of vibration monitoring can be
summarized as the detection of damage-induced
changes in the modal parameters of a structure.
More clearly, any change in the modal parameters
(natural frequency, modal damping and mode
shapes) of a structure can be traced back to a varia-
tion of physical properties (mass, damping and stiff-
ness) (Fan & Qiao, 2010).

In this research, in addition to the traditionally
used accelerometers, LVDTSs have been installed to
the structure to measure the dynamic responses. The
main objective of the current research is to capture
the dynamic response of the structure via LVDTs to
take its advantages. Firstly, they are installed at sup-
port points, which are more easily accessible than
mid-span positions of a bridge (where the accel-
erometer are typically mounted). Secondly, the di-
mension of the quantity that is measured via LVDTs
is usually in a range (mm) that would be easier to
compare with strain gauge measurements (u&). The
acceleration sensors have been used to calculate the
dynamic stiffness from the measured natural fre-
quencies and also to investigate how the peaks in the
frequency domain are changing due to both damage
and variations in the (moving) load. Furthermore,
the dynamic deflection at mid-span of the beam will
be discussed via LVDTs measurements.

5.2.1 Impact test

As a brief recall, experimental modal analysis is a
method to determine the modal parameters of a
structure with known physical properties. Impact
testing is a common procedure to perform experi-
mental modal analysis (Maia, Silva, He, Lieven, Lin,
Skingle, To, Urgueira, 1997). The simplest form of a
non-periodic forcing function is the unit impulse or
Dirac delta function and the response is called the
unit impulse response function (IRF). The general
dynamic equation and the force function are pre-
sented in equations (3-7), where x(¢) is the beam de-
flection, and its 1 and 2™ time-derivative represent

the velocity and acceleration. The parameters m, ¢
and k are the mass, stiffness and damping of the
structure and ¢ represents the Dirac delta function
providing an infinitely short duration pulse at ¢ = 7.
The response of the structure is then given by equa-
tion (6), where w» , ws and & are undamped natural
frequency, damped natural frequency and damping
ratio respectively. Moreover, h(t — 7) and H(w) de-
note the unit impulse response function (IRF) and
the system frequency response function (FRF) re-
spectively. Through the latter function, and specifi-
cally its complex component, the modal properties
can be revealed (Maia, Silva, He, Lieven, Lin,
Skingle, To, Urgueira, 1997).

mi(t) + cx(t) + kx(t) = f(t) 3
fO=6(t—1) 4)
Lim [T f(tyde = 1 (5)
h(t — 1) = e~ $@n(t-D) — sin[wg(t — )] fort > 1(6)
20 = H(w) (7)
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In one of the previous sections, the static load
corresponding to the cracking moment was deter-
mined to distinct the healthy condition (uncracked)
of the beam from the damaged. The notation P/G de-
notes the ratio of the applied load (in terms of the
applied mass) to the beam weight, which used as
load increment.

A series of impact experiments have been exe-
cuted for four different conditions of the beam. The
first test was on the healthy beam and the other three
tests have been done on the beam that was cracked
due to increasing loads (see damage levels in Table
1). As can be seen in Figure 11 there is a shift in the
natural frequencies of the structure due to the crack-
ing. The analytical formula for the natural frequen-
cies of a simply supported beam is (Fryba, 1997);

n?m |EI
fmy = W\/% (8)

where EI, L and u are the beam stiffness, beam
length and the mass per unit length of the beam re-
spectively and the mode number is indicated by .
Therefore, not only the frequency but also the fre-
quency shift increases with the 2" power of the
mode number. However, the same trend has been re-
vealed for both uncracked and cracked conditions of
the beam through experiments. In figure 11 one can



see the measured frequencies in each step as data
points and corresponding fit curves. The fitting
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Figure 11. Shift of the first five frequencies as a function of the
level of damage

400

[ Ihealthy

i cracked-1

300

Frequency (Hz)
)
(=]
=)

100 |

Mode
Figure 1 . Variation with mode number of the natural frequen-
cies (in Hz) for the different damage levels.

curve is a polynomial of degree 2. Hence, the re-
duction of the frequencies is higher when the mode
number increases, which means the frequency shift
due to damage is more sensitive at the higher modes.

In Figure 12, the natural frequencies at the vari-
ous levels of damage are plotted for the five modes.
The relative shift in each step with respect to the
previous step can be observed from the slope across
the four bars in a group (mode number). This slope
is around zero for the first mode and it is increasing
(in a negative sense) by increasing mode number.

In (Massenzio, 2005) the first five natural fre-
quencies have been reported for both the intact rein-
forced concrete beam and the cracked one. The same

trend as Figure 12 can be seen through plotting those
frequencies.

Doing an impact test on a real bridge is possible
by applying a special instrument. Moreover, through
this experiment we have learned how the natural fre-
quencies shift while the condition of a structure is
changing from uncracked to different levels of
cracking.

5.2.2 moving load

The bridge vibration due to the passing of a vehicle
is in the context of the vibration of solids under
moving loads. The model that we called “’Fryba-
Model”’ (Fryba, 1997) has been applied as an analyt-
ical model to compare with the measurement results.
The Fryba model is based on a simply supported Eu-
ler-Bernoulli beam with a moving mass, which is as-
sumed to be much smaller than the beam weight (see
Figure 13). The velocity of the moving mass is as-
sumed to be constant along the beam. The differen-
tial equation and its exact solution can be seen be-
low. This solution corresponds to the boundary
condition of the simply supported beam.

[

Figure 2. Simply supported beam subjected to a moving force
P (Fryba, 1997)
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WhereE;ch; the length coordinate along the beam, # is
time, X(x,?) is the vertical deflection of the beam, £/
is the beam stiffness, # the mass per unit length, ws
the angular frequency of damping of the beam, @ the
beam excitation frequency, P the concentrated force,



¢ the speed of moving load and L the length of the
beam.

This experiment aimed to investigate the effect of
mass and speed on the frequency content of the vi-
bration signal obtained from the structure and also
on the mid-span displacement. A series of measure-
ments was performed for 10 kg, 20 kg and 30 kg
masses, corresponding to 10%, 20% and 25% of the
beam weight, with speeds of 1 m/s, 1.5 m/s and 2
m/s. This corresponds to the relative weight of a 25
tons truck on a 2 lane bridge with a 25 m span.

The influence of different mass and velocity has
been studied through investigation of the dynamic
deflection at mid-span. The beam dynamic deflec-
tion at x= L/2 for a 10 kg moving mass calculated by
the equation mentioned above, X (x, t). The curves
in figure 14 present X(L/2, ct/L) for an undamped
structure (5=0) and for different o values. a is a non-
dimensional parameter as defined in equation (12).
The static case is corresponding to a=0 in the equa-
tion. The horizontal axis is normalized to the pas-
sage time (ct/L). In that way, the curves for different
speeds can easily be compared. As can be seen in
figure 14, increasing the speed (increasing o) causes
an increase in the displacement.
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Figure 3. Dynamic deflection at mid-span of the beam for vari-
ous values of speed

In the experiments the beam slope has been ob-
tained via LVDTs measurements and subsequently
mid-span deflection has been captured. The load P
indicates the different masses, while the a value in-
dicates the different velocities. The comparison of
the experimental and model values is shown in fig-
ure 15. The deflected shape has been reconstructed.
The displacement of the middle of the beam is ob-
tained by fitting a second order polynomial to the
measured LVDT displacements. The measurement

results are in good accordance with the model re-
sults. The measurements also clearly show that by
increasing the velocity the mid-span displacement is
increasing. However the rate of increase in the ex-
periments is somewhat lower than the model pre-
dicts as can be seen in figure 16.

In addition to the effect on the defection, the in-
fluence of varying the mass is a change of the beam
natural frequencies due to the moving mass. In fig-
ure 17, the natural frequency predicted by the analyt-
ical model and the measured frequency, correspond-
ing to passing different moving loads, are compared.
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Figure 4. Fitted curves to the mid-span dynamic and static mid-
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Figure 5. Comparison of the mid-span displacement obtained
by model and moving load experiment

The horizontal axis is the percentage of mass to
the beam weight P/G and the vertical axis is the ratio



of the structure frequency reduction due to the mov-
ing mass. The graph clearly shows a decrease of the
first natural frequency due to increase of the mass, in
accordance with the theoretical expectations. It justi-
fies the basic assumption of the model, considering
the weight to be much smaller than the beam weight
to consider it as a moving load.

Subsequently the beam bending stiffness has been
obtained through the moving load experiments no.
11, 12 and 13. However, based on the previous ob-
servations about the effect of the moving mass on
the frequency, the bending stiffness has been deter-
mined only for the 10kg moving mass. The result are
displayed in Table 4.

Table 4. Calculated bending stiffness via moving load test

Experiment Bending stiffness (EI)  Damage
No. N.mm? Level
11 2.00E+11 0
12 1.28E+11 1
13 0.80E+11 2
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Figure 6. Change of the first natural frequency of the beam due
to different moving loads

6 PILOT PROJECT MAXIMA BRIDGE

A pilot project is performed at a double track rail-
way bridge located in Rosmalen. A railroad bridge is
selected because of the large difference between the
loaded and unloaded situation. The bridge consists
of a continuous three span prestressed concrete
trough beam supported on eight pot bearings (see
figure 18).Both LVDT’s (displacement) and accel-
erometers (accelerations) are applied to the bridge
deck. Four LVDT’s were available for this pilot pro-
ject. Two were placed at a support at the abutment,
and two were placed at the intermediate column. The

LVDTs were placed in front of, and behind the bear-
ings. In total 18 passing trains are measured. Con-
trary to the laboratory experiments, for many trains
the weight, speed and axle distances were unknown.

Figure 18. Monitored railway bridge in Rosmalen.

6.1 static results

The purpose of the static analysis on the railway
bridge is to calculate the bridge bending stiffness un-
der different trains. Therefore the train weight and the
response of the bridge under this weight is required.
For the static results, data of one LVDT at the abut-
ment side wasn’t received due to a defect. This makes
that data from one LVDT at the abutment, and two at
the intermediate support was used. The measured dis-
placements for a train passing from Den-Bosch to
Nijmegen are limited to 0.08mm (see figure 19). Ob-
servable is that first the LVDT at the abutment
measures displacement. After this the two LVDTs at
the intermediate support show deformations. The ob-
tained data as shown in figure 19 is used to extract
vehicle data. From the measured data it can be ob-
served that a SGM (Stadsgewestelijk Materieel), in
Dutch common speech called a “sprinter”, consisting
of three wagons has passed. This train is travelling in
the direction towards Nijmegen.
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Figure 19. Deformation measurement for a train passing from
Den-Bosch to Nijmegen.

To find characteristics of the train, influence lines
of the railway bridge are calculated with a finite ele-
ment model. Here reaction forces are determined for
a single point load moving over the bridge (see figure
20). When the point load is at the abutment (x=0), the
quantity of the reaction force at the abutment with re-
gard to the total load is 1.0. The maximum value of
reaction at the intermediate support is when the point
load is at position x=33. The total length of the rail-
way bridge is 110m.
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Figure 20. Influence lines for the railway bridge

Since the LVDT data gives only deformation, the
bearing stiffness has to be found to calculate train
weights. The bearing stiffness is found by using the
known weight of locomotives from the 1700 series
that are very common on the Dutch railways. These
locomotives have a weight of 86 tonnes (844 kN)
equally distributed over 2 bogies of 43 tonnes (422
kN). With the passing of train number 17 (see figure
21) the bearing stiffness is calculated by fitting the
quasi static deformation with the measured defor-
mations with the LVDTs. A bearing stiffness of
3000MN/m is found to match best.

Now, with the known bearing stiffness and the in-
fluence lines a theoretical quasi static deformation
can be fit with the actual measured bearing defor-
mations to find axle distances, traveling speed and
axle loads of the passing trains (see figure 22).
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Figure 21. Fitting bearing stiffness on data
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Figure 22. Fitting the theoretical quasi static deformation on
the data.

The next step towards calculation of the bending
stiffness of the concrete railway bridge was to calcu-
late the bridge slope under a passing train. The
bridge slope was determined with the measured
LVDT deflections at the mid support. Now, with the
same equations as used for the laboratory experi-
ment the bending stiffness of the concrete railway
bridge is calculated for in total 18 trains (see figure
23).

For the calculated bending stiffness the best sce-
nario would be to find 18 equal numbers. However,
some variation in the calculated bending stiffness is
found. This can be explained by one defect LVDT at
the abutment that makes that not an average defor-
mation of the bearings is found such as in the labora-
tory experiment. However, despite the variation, an
average stiffness value can now be obtained from
the results.
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Figure 23. Calculated railway bridge bending stiffness

6.2 dynamic results

The instrumentation of the Rosmalen bridge has been
done by using LVDTs and accelerometers, similar to
the laboratory experiments. A preliminary short field
measurement (one day measurement) has been done
to validate the measurement system. However, the
quality of the measurements via accelerometers was
not sufficient due to improper connection of the sen-
sors to the concrete. In the near future a longer meas-
urement will be done on the same bridge. At that oc-
casion, another connection for the accelerometers will
be tested.

7 CONCLUSIONS

In this research a series of laboratory measurements
has been done on the scaled concrete bridge while
carrying static and moving loads. Monitoring the
change of the bending stiffness of the beam has been
done by using LVDTs and accelerometers. The re-
sults have been summarized in Table 5.



Table 5. Calculated bending stiffness of concrete
beams

Experiment EI(N/mm?) EI(N/mm?) damage
No. LVDT Accelerometer level
3 2.1E+11 - 0

4 - 2.1E+11 0

5 1.4E+11 - 1

6 - 1.9E+11 1

7 0.6E+11 - 2

8 - 1.5E+11 2

9 0.2E+11 - 3

10 - 1.3E+11 3

11 2.7E+11 2.0E+11 0

13 1.5E+11 1.2E+11 2"
15 0.7E+11 0.9E+11 3

Damage level 2*&3* are not exactly the same as 2 &3 since
the beam has been replaced after experiment no.10

As it can be seen in the experiments no. 3 till 10
by increasing the damage level the difference be-
tween the obtained EI values from respectively
LVDTs and accelerometers is increasing. The reason
might be the nonlinear behavior of the concrete
beam by increasing cracking level. The E/ by LVDT
has been determined via an elastic deformation
equation of the beam directly, while the EI values
calculated from the accelerometer data are obtained
via the frequency equation. Therefore, it can be con-
cluded that at least for structures that are not fully
damaged, the bending stiffness can be determined by
LVDT measurements.

Also by repeating impact tests on the beam with
various damage conditions, an overview of the
changes in natural frequencies has been acquired for
the first five modes. The results show that the fre-
quency shift due to cracking is increasing by in-
creasing the mode number.

The effects of the mass and velocity have been in-
vestigated. The outcomes have been compared with
the model to confirm that for very small P/G the
moving mass can be considered as the constant mov-
ing load. Further, the mid-span displacement is de-
creasing by increasing the velocity.

Regarding the field measurements, the resulting
train weights and bending stiffness values deter-
mined with each passing train are all within the right
order of magnitude. The highest deviation from the
average of the 18 measured trains is 15%. More ac-
curate results can be obtained when having all the
installed LVDTs working. This may be required for
having a more robust system for taking periodic
measurements or over short time span. When taking
continuous measurements over a longer time span
having a deviation of 15% may yield enough accu-
racy. Here finding a trend is more important.

8 FUTURE PROSPECTIVES

A series of laboratory experiments and also the pre-
liminary field measurement have been done. These
measurements have brought promising results to de-
velop the measurement system to monitor the stiff-
ness of the bridge as a degradation criteria. It has been
proposed to utilize a camera to remotely monitor the
deflection of the structure at the mid-span of the
bridge to validate the displacement measurements via
LVDTs.
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