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Abstract

In-situ vertical deformation of the different pavem layers due to traffic loads is essential
information for assessing the effect of freightieéds on the structural behaviour of a road. In
order to determine the deflection of a road, LVD®& asually installed. However, this method
is quite complicated and tedious. As an alternatwel as part of an ongoing research project,
the feasibility of using accelerometers to measwad deflections is investigated in this
paper. The paper discusses problems involving thkulation of deflections from
acceleration recordings (double integration) duthéoamplification of measurement errors of
the acceleration signal. Results of two experimeote laboratory test and one full scale
wheel tracking test are presented. Two accelerosdétem different manufacturers were
tested in the lab using “road like” vibrations aoke was used in the wheel tracking test.
Deflections were calculated from measured acceétermiusing an algorithm to correct errors
due to double integration.
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1. Introduction

The use of deformation sensors to measure thectiefleof pavement layers due to traffic
loads is difficult and often involves complex indk#on procedures. Since absolute
deflections can only be obtained with referenca fixed point it is necessary to anchor the
sensor in great depth under the road structurek&muleflection, acceleration is always an
absolute value that refers to the state of “no lacagon” as fixed point. Hence, anchor in
great depth is not necessary in this case. Theceedsize and robust construction of many
existing sensors adds to the simplicity of measergm Last but not least, costs of measuring
with accelerometers are low and decreasing. Fothale reasons using accelerometers for
evaluating deflections within a road structure apgromising and attractive.

However, the main difficulty in applying this prabge is that acceleration traces must be
numerically integrated in order to obtain first agty, and after a second integration,
displacement (and therefore road deflections). Nigak double integration of measured
accelerations involves errors that must be casegtlidied and minimized: time integration
amplifies the low frequency components of the digaad any measurement error is
significantly amplified (Feltrin et al, 2004). Unfanately, digital recordings of accelerations
usually comprise so called baseline offsets: sstalps or distortions in the reference level of
motion (Boore et al, 2002). Consequently, veloatyd displacement traces obtained by
integrating the recorded accelerations are commitealyed by drifts that produce unrealistic
results (Boore, 2005) (Iwan et al, 1985). The origii these acceleration offsets is diverse and
can be classified in errors due to instrumentalainiity (non linear instrument response,
limited resolution of the measuring system, insigint sampling rate, level of electronic
noise), background noise (depending on the meagsiia), the estimation of the real initial
acceleration, velocity and displacement values @date manipulation (Chiu, 1997) (Boore,
2003).

Experiments summarized in this paper focus on ty&sng the feasibility of using
accelerometers instead of deformation sensorsarrdad. However, before conducting the
experiments it was necessary to define the requeaulires of the sensors. As to answer the
guestion: which sensor and measuring system are¢ sodtsble for minimizing such long
period noise after integration?

The characteristics of the vibration produced bweavy vehicle within a pavement structure
depend on many factors. In general, signals withflequency contents and small amplitudes
might be expected and detection of small vibrastgnals with good accuracy requires a
sensor with low self-noise. Following these priteg) the authors of this paper selected two
commercially available high-resolution acceleromet®esirable features such as compact
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size, low noise, low frequency response and highclsholerance are often contradictory
requirements for the design of an accelerometer,abel the main features of the selected
devices. In order to evaluate their performanddenlaboratory, the sensors were tested using
a horizontal vibration exciter.

After selecting one of the sensors, another expmrimvas carried out at the ETH - IGT

Circular Pavement Test Truck (CPTT) in Dubendohe Bensors were installed in the surface
zone of five pavement structures and measuremesnts performed for different tire speeds.

Deflection of the structure under the tire loadsswiiaen calculated using time numerical

integration.
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2. Theoretical and measuring technique aspects

2.1 Acceleration, velocity and position

Vibration is a mechanical oscillation or motion ah object around a reference point of
equilibrium. It can be measured in terms of dispilaent, acceleration and velocity over time.
These parameters are closely related to each othibe measured parameter is acceleration,
the other two can be found through a single andblointegration. On the other hand,
acceleration and velocity can be calculated frospldicements through single and double
differentiation. The conversion process can be amanted in either hardware by using
analog integrators or software by performing digitategration. Mathematically, the
calculation of displacementi(t) from a measured acceleratiaft) is simple:

d.(t) =dy +Vt + _dt Ja(r)ds )

where:

do : initial displacement, = 0
\p : initial velocity,t =0

dc : calculated displacemertt,

This formula is used for continuous (analog) fumies. Today almost all signals are discrete
(digital) and integration must be numerical. Digglaents from numerical integration of the
digital acceleration and velocity signals (wavefejncan be computed with different
methods. Basically, all the available numericahteques for integration calculate the area
under the graph of the discrete function over tifigure 1 illustrates the simple trapezoidal
method, where the region under the analog signapsoximated by the sum of a series of
rectangles. The time increment between samptedepends of the measurement sampling
frequency, in other words depends on how oftenatedog signahy(t) is digitalized. The t
step must be small enough to approximate signals {hiigh curvature” minimizing the
calculation error. This means that the samplingdemcy should be high enough in relation to
the highest frequency content of the waveform.
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Figure 1 Numerical integration using the trapezmlethod.
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The integration of a discrete signal in the timendn is then calculated numerically as

follows:

- " a(i- 1) +a()
‘) a(t)dt @ 5 b (2)

i=1
where:
a (t): continuous time domain waveform
a(): i™sample of the time waveform

t: time increment between samplg®t(i-1))
n: number of samples of the digital record

Thus, displacements can be calculated recursivetywao steps, first computing velocity from
acceleration and then, displacement from velocity:

v =v -9+ 280 o ®
a.()=d,6- 9+ 20 @
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where:
a (i): i™ sample of the acceleration waveform
Ve (i) 1 i"™ sample of the calculated velocity

de (i) : i"™ sample of the calculated displacement

2.2. The problem of time integration

Although time integration seems to be straightfodyahere are hidden difficulties that can
spoil the final results. When integrating, low foeqcies contents of the waveform are
strongly amplified, high frequencies are reduced e phase is changed. Thus, the greatest
problem in calculating displacements from acceilenatis that any offset of the acceleration
signal (constant or very slowly changing value)l wibminate the results of the calculated
displacements.

The following simple numerical example shows thieafof double integration of a periodic
waveform (units of acceleration were added in ortterget a better feeling about the
magnitudes involved). The first function to be greed,a;(t), is the result of the sum of two
periodic functions: two sine with frequencies dlz and 10Hz and an amplitude of 0,1m/s2.
The second functiogy(t) is composed by the same two sineagt). However, in this case a
small constant offset of - 0,01m/s2 was addedrdiemoto integrate the functions numerically,
samples were calculated every 0,01s (it means theat'sampling frequency” was set to
100Hz, i.e. 10 times higher than the highest fragyecontent of the function). Both digital
waveformsa; anda, are shown in the upper graph of Figure 2. The bitsdisplayed as an
amplitude shift in both signals.

The middle graph on the same figure presents tloellated velocities/; andve; from the
numerical integrated acceleratioasanda, respectively. For the calculations it is assumed
that the initial velocity is zero. It can be sebatt/.; presents a constant offset (in the figure,
Baselinev.1). As a result of the constant offset addeddothe integration resulting i
presents a linear drift (Baseling). For both calculated velocities the high frequeocontent

of the original acceleration waveforms has stromfyhginished.

The lower graph of Figure 2 contains the calculadesplacements dcl and dc2 after the
integration of the velocitieg; andv., respectively. Initial displacements were set tmz&he
results show that the higher frequency accelerapmduces unnoticeable displacements
compared to the low frequency acceleration. Du¢hto integration of the velocity offset
(Baselinev.;), the baseline ofi.; presents a linear drift and the calculated dispteent after
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4s is 133mm. On the other hatd presents a quadratic baseline (Baseliaecaused by the
integration of the linear drift of baseling. The final displacement, considering 4s is 213mm.
Between both calculated displacements there idfareince of 80mm after 4s. This simple
example clearly demonstrates that even a littlest@on offset error in the measured
acceleration may produce a significant linear trendhe calculated velocity and a quadratic
baseline error on calculated displacements. Int@dglithe correct evaluation of the initial
conditions regarding acceleration, velocity andbldisement are essential to obtain realistic
results. A detailed theoretical study about theeaf of time integration can be found in
(Feltrin et al, 2004).

2.3. Aspects of sensors and measurement technique

As previously discussed, low frequency contents idate the results of the double
integration. Thus, it is important to prevent measy errors at these frequencies as they
would be amplified in a way that could completelrathe results. The characteristics of the
measuring system should be selected properly irerotd minimize any possibility of
propagation and amplification of these errors.

In that case, what kind of sensors should be ugdueh desirable features should they have?
In order to answer these questions it is importaknhow the nature of the loads and how they
affect the pavement structure.

There are many factors influencing the dynamic heédion of the road, but normally it is
likely to find very small deformations at low fregpcies. Small deformation amplitudes at
low frequency produce very little acceleration. Fexample, a harmonic vibration of
frequencyw and displacement amplituda,,, results in a maximum accelerati@ax
calculated as follows:

amax = dmaxWZ (5)

Let's assume a situation on the road where a tpadses at 70km/h and the maximum
displacement (deflectiordmax produced by one of its tires is 0.02mm. Considgtimat the
size of a “sine like” deformation basin has a ditanef 6m, the truck is displacing a point in
the pavement downwards during 0.309s; this corredpdo a 1.6Hz wavenf=10,18 rad/s).
The maximum acceleratioanax calculated with equation (5) is then 211pg. Ineordb
measure this kind of vibration a resolution of @&@ug is necessary. Hence, for this
hypothetical situation a high sensitivity, highakgion sensor capable to measure low
frequency vibrations is required.
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Figure 2 The top graph shows the time historigsvofperiodic acceleration waveforms
a; anday. Both contain the sum of two sine functions of$hene amplitude and different
frequencies (0,5Hz and 10Hz), lagtadditionally includes a very small offset of -0n@/$2.

The middle diagram contains two traces correspa@nidinthe numerically calculated velocities.
The difference in the baselineg andv;, reveals the influence of the added offset as now
baselinev, presents a linear drift. The contribution of ti#Z acceleration sine produces
small velocity amplitudes. Resulting displacemeamttie lower graph exhibit a difference of
80mm after 4s, the baselidg is now quadratic.
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Recently, so-called capacitive accelerometers apdea the market manufactured by surface
micromachining technique. This technique allowsdowosts and smaller sizes (Shieh et al,
2001). The all-in-one package design minimizes ghablems of noise and non-linearity.
Typically these devices have a good bandwidth lehfrequency response (down to OHz), a
wide dynamic range and high resolution. They maysiéable for road applications where
the expected deflection amplitudes are rather samallthe frequency contents low.

However, due to the tiny seismic mass of thesecssrand the inevitable internal noise, the
following questions arise: how precise are the senfor measuring small deflections at low
frequencies? Can these sensors accurately medmumemiall accelerations produced by the
traffic? Do these sensors have baseline offsetabdtapto spoil a double integration
calculation? To answer these questions, two comaigrcavailable accelerometers with
similar characteristics were tested in the labayato

10
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3. Sensor features

The most important features of the two chosen acoeleters PCB series 3700 and Applied
MEMS model SF1500% (hereafter referred as PCB and MEMS respectivalg)summarized
in Table 1 in terms of sensitivity, measuring arejfiency range and resolutfon

Table 1 Characteristics of evaluated sensors aiogptd manufacture’s specifications
ACCELEROMETER PCB MEMS

Sensitivity (x5 %) 1000 mV/g 1200 mV/g
Measurement Range +3 g pk +3 g pk
Frequency Range (£10 %) 0 to 150 Hz 0 to 5000Hz
Noise (10Hz) [Resolution] 4 ughHz [41ug] 300 ngMHz [3ug]

In addition to the high sensitivity, low frequen@sponse and high resolution of both sensors,
their small size and weight are also remarkableadteristics with respect to the intended
application in asphalt pavements.

! Recently the company Colibrys acquired part of liggpMEMS. Former Applied MEMS sensors are now Si-
FlexTM.

2 Different manufactures use different parameterdetine their sensor’s properties in the produdtiasheets.
The resolution of the sensor is defined as thelsstathange in stimulus that will produce a detgletahange in
instrument output. Hence the amplitude of the etqabsignal should be higher than the resolutiothefsensor.
Resolution is related to the concept of noise fls@nsor inherent electrical noise that is supessefd on the
actual signal). As a rule of thumb, the smallededkble signal must be 10dB higher than the nfiise.
Although PCB provides the information in terms afbBdband rms resolution (30 pg), Table 1 includes t
formula of the narrowband spectral noise at 10He.btackets the calculated resolution considering th
specification formulas and the 10dB rule is given

11
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4. Laboratory tests

4.1 Setup

The objective of these tests was to evaluate inaberatory the probable performance of the
accelerometers regarding road deflection measursno@der heavy vehicle passing.

For that purpose, PCB and MEMS accelerometers w#eehed to a moving plate that
operated as a shaking table, and a horizontal dgreaulic cylinder was used to excite the
plate (see Figure 3). Available deflection datdemtéd from road measurememtd) were
used to simulate a passing truck. These data waikable thanks to the measurements of the
magnetostrictives deformation sensors installedaocSwiss motorway (Raab et al, 2002)
(Raab et al, 2003). The selected data correspond test truck used to “calibrate” the
deformation sensors.

The vibration of the moving plate attached to teesghydraulic cylinder was measured with
both transducers. The real displacement of thee pdats simultaneously monitored with an
inductive displacement sensor (LVDT) fixed to thieugnd.

Figure 3 Schematic testing setup.

. * S
e __——MEMS Accelerometer

glérometer A 5

Accelerometers

Servo Hydraulic

cylinder \

T-"'——P*—-——-ﬂ\. T P —

 Servo Hydraulic
cylinder

4.2 Command Signal

The deflection signal corresponds to a 17ton tr(ickt axle 4.5ton, second axel 12.5ton)
passing by the sensor at a speed of 20km/h. Thlsigdicates the relative displacement

12
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between the magnet M2 at -12cm and the sensor arathglcm, representing the total
deformation of the second pavement’s layer. Thega @ere obtained from measurements
with a well defined “calibration truck” on an ingmented Long Term Pavement Performance
(LTPP) section on the heavily trafficked Swiss nmat@y A1 between Zurich and Bern (Raab
et al, 2002) (Raab et al, 2003).

The measured deflection data (“raw data”) dravis(tjepicted on the upper graphic of Figure
4, showing the pavement vertical deformation preduby the two axles of the truck during
the passing event. In order to “clean” the sigridligh frequency noise, a low pass filter with
a cut off frequency of 20 Hz was applied (see nadgitaphic in Figure 4). The resulting
filtered deflectionds(t) has a maximum for each axle of about 0.06mm af®®nim
respectively, and the time vector has a length.6§6.3As these values are too small to be
reproduced using the servohydraulic cylinder, tlaed was scaled in time and amplitude,
taking care in having the same acceleration lefeelboth signals, scaled and not scaled. This
was done using a scaling factor of 202 for ampétashd 20 for time applied (see lower
graphic in Figure 4). As a result, the filtered aswhled signabi.sc sShows a maximum
displacement of 36mm and the resized time vectength of 71s. Agly andd; (initial and
final displacement) were not zero, it was necesgagdd two 5s ramps at the beginning and
end of the trace, taking care of the fact thatabeeleration resulting from the derivation of
these ramps was smaller than at the rest of tmalsighe result is the signal used to feed the
moving plate, called command signal. The “real*tone” displacements of the plate relative
to the ground were measured with the inductiveldegment sensor (LVDT).

13
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Figure 4 Conditioning of the raw deflection sigmalobtain the command signal after
filtering and scaling.
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4.3 Experimental program

Measurements were repeated four times, as indidatddhble 2. In order to evaluate the
influence on the numerical integration, two differesampling rates were analyzed. The
acceleration measurements were triggered mandmedfgre starting the tests. The duration of
the measurement was selected to 100s, enough uoedoe whole event of 83s.

Table 2 Measurement program.

Meas N° Sampling rate [HzPDuration [s] Range [mV] Chl Ch2

1 1024 100 175 PCB MEMS
2 1024 100 175 PCB MEMS
3 2048 100 175 PCB MEMS
4 2048 100 175 PCB MEMS
4.4 Results

The acceleration traces for both accelerometersmasurement N°4 are shown in the upper
part of Figure 5. The lower part of Figure 5 présehe corresponding Power Spectrum (PS)
of the signals. The only correction applied to tkeorded motions was the removal of the
mean of a portion of the pre-event trace, subtrgdtifrom the whole record. No high pass or
low pass filtering was applied to the signal simceimprovement was obtained in this case
due to the fact that it is not possible to condteustable filter with an exact cutoff frequency.
Consequently, filtering causes a loss of importafdrmation, producing an alteration of the
recorded data and the corresponding calculatedadesment. The PS analysis, on the bottom
of Figure 5, shows the strength of the differemgfrencies that form the signal. In other
words, it describes how the power carried by thgnai is distributed in frequency. The
highest spectral components of both, PCB and MEMBasts, are between 5Hz and 60Hz,
and have maximum peaks at 31Hz and 35Hz. Anothe {gearound 100Hz, probably due to
noise induced by the hydraulic mechanism goverthegnovement of the plate.

15
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Figure 5 Acceleration time signals and Power Spat{PS) of meas N° 4.
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Following the recursive procedure described in &qoa (3) and (4), displacements were
reconstructed from acceleration time series. Figushows the results for PCB and MEMS
accelerometers, for test 2 and 4. Although Figumiifirms that there is a good agreement
between the command signal and the calculated etan in the region of the passing tires,
the results are flawed with random drifts as a eqnence of the amplification of acceleration
baseline offsets after double integration. The lasealrifts seems to have higher amplitudes
in the case of integrating MEMS acceleration data.

How can these drifts be removed in order to getrded displacements? Many baseline
correction techniques for seismic acceleration ndings are proposed in the literature (Iwan
et al, 1985) (Chiu 1997) (Boore 2001) (Boore et 2002). In the present analysis, the
displacement traces were corrected using a higargedlynomialp,(t) to approximate the
displacement drift (Feltrin 2004). The polynomia fitted to the rectified calculated
displacementsl..{t). During the events (tire passes of the two axlekiy the calculated
displacementl.(t) is replaced using a linear interpolation (see Faguand Figure 8). In this
investigation, initial and final points for eachest defined ad, t,, t3, t4 were assigned
manually. As a resull.{t) tends to follow the displacement drift, which geoximated by
the polynomial functionp,(t) (see Figure 9). Then, the originally calculatedpticement
vector dq(t) is subtracted to the polynomial function obtainithg corrected displacement
vectord.(t) (see Figure 10). Hence, the following expressiamsed:
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dcc(t) = dc (t) - Pn (t) (6)

No high pass filtering was applied, as its impletagan damaged the records and produced
unrealistic results

Figure 6 Displacements obtained by double integmafor both sensors during test 2 and
4. Integrated traces show drifts due to the effétte acceleration baseline offsets.
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Figure 7 Results for test N4, PCB sensor. Caladldigplacement(t) vs. command
signal.
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Figure 9

Results for test N4, PCB sensor. Polynbapgroximatiorp,(t) used to
approximate the base line drift vs. command signal.

0.04

Command signal vs. Calculated displacement (PCB)

0.03

0.02

— Command Signal
— Caleulated displacement rectified d_ _ (t) | |

t2__ 13

0.01
€
£ 0
=3
-0.01
-0.02
-0.03
004 10 20 30 20 50 80 70 80
time [s]
Figure 10 t. Results for test N4, PCB sensor. (atied displacement after correctidg(t)

vs. command signal

dm]

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

-0.04

Command signal vs. Calculated displacement (PCB)

— Command Signal
— Calculated signal dcc(t)

10

20 30 40 50 60 70 80
time [s]

19



Swiss Transport Research Conference
March 15 — 17, 2006

For all the tests, it was possible to reconstrinet displacement signal with quite good

accuracy. Both selected sampling frequencies seeiave no influence on the results. For
this purpose, PCB sensors showed a better perfaeramd were therefore chosen for further
testing at real scale. However, results of thiselias correction technique should be used
carefully. The final results are sensitive to thetfthat it is difficult to define the boundaries,

i.e. when the event starts and ends. In additioallsohanges on these boundaries may
produce significantly different results on the defation traces. It is also necessary to find a
way to define and evaluate the events automaticaflyn a real application with thousand of
registered measurements manual data evaluationdwellimpossible. The grade of the

polynomial function used to approximate the basetinft of the calculated signal affects the

final results as well. In this case a polynomiatdtion of grade 20 was chosen in order to
better approximate the error of the calculated ldsgments. To overcome the problem of
manual data evaluation a procedure had to be ediaell| as shown later in section 5.3.
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5. Full scale tests

5.1 Setup

Next step was to test PCB sensors and the comeatgorithm for a real application. The
sensors were installed within the different paveimsinuctures of a specially prepared
pavement on the ETH - IGT Circular Pavement TeatR(CPTTY at Empa.

The CPTT is used as a full scale simulator foredéht pavement types. It uses three arms
with loaded tires to simulate heavy traffic loadihe geometry of the device is schematically
depicted in Figure 11. PCB accelerometers weraliestin five different pavement structures
Al to A5 and measurements were performed for twierd@int tire speeds: 20km/h and
50km/h. The sensors were mounted in a 50mm hal@ratn depth of a 290mm thick asphalt
pavement (see Figure 12). In this paper, only #ta df Al are discussed.

Figure 11 Schema of the CPTT, showing the 3 arrtisthveir tires and the places Al to
A5 where the accelerometers were mounted for #is.te

surface

# Accelerometers
positions

wWWheel track

® The machine belongs to the Institute for GeotezinEngineering (IGT) of the Swiss Federal Insétaf
Technology Zurich (ETH)

21



Swiss Transport Research Conference
March 15 — 17, 2006

Figure 12 Detail of one of the sensors (left) atmiaad view of the setup (right).

5.2 Experimental program

For each arm of the device (1,2,3), each positidhe@sensor (Al, A2, A3, A4, A5) and each
velocity (20km/h and 50km/h) the measurements wepeated three times. Unfortunately,
due to technical problems during the test, nothaldata are available since tests of sites A3
and A4 had to be discarded.

Measurements were automatically triggered whenlexatéon values reached a threshold,
and a measuring time window of 5s was recorded &awh comprising 2,5s of pre-trigger
measurements. The sampling rate used for thesevéssPOOOHz. Each acceleration record
was therefore composed of 10000 samples.

5.3 Results

The direct integration of the acceleration tracsaled a drift of the calculated deflection as
expected. In order to remove the deflection drifie, same procedure as in the laboratory test
was used but with two improvements: instead ofgisitinear interpolation during the event,
a quadratic function (spline) was considered. Byglthis, the polynomial curve was “softer”
and probably followed more accurately a randont ¢siée Figure 13). Another improvement
was the implementation of an empirically developégbrithm for automatic detection of the
initial and end points of the evefit t,. This algorithm is based on the calculation of the
sliding root mean square (rms) of the accelerasigmal for all recorded values using the
following formula:
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. | a(i)’
a(nT)rmsz 1T (7)

a(™) s - calculated sliding root mean square (rms) of theceleration signal

where:

corresponding to the (n+i)/2 sample of the accétmravaveform
a(i: ith sample of the acceleration waveform
n: the uneven number of samples used for the lounl of the rms

The rms is used to describe the “smoothed” vibraaimplitude, as it is an average of the
square amplitude of the signal. The sliding rms ealsulated over a moving time window of
0,5s comprising the uneven number of n samplesrahdting valueams was assigned to the
value corresponding to the middle of the windowiff2+ In this case, together with a defined
threshold, the rms produced good results for tlemeduration.

Using this procedure, and setting a threshold 6f®m/s2 for the test at 50km/h and a
threshold of 0.006m/s2 for 20 km/h, the deflecti@misall measurements were calculated.
Figure 14 and Figure 15 show the results for paverA& and tires 1 and 2 for 50km/h and

20km/h respectively. The first window shows theederation traces with their superimposed
rms. The middle window contains the calculatedeszitbn with the peak value. The shapes of
the calculated deflection time histories are asytmme a similar way to those that can be

found in the literature for viscoelastic materigddnplitude and size of the deformation time

history present a clear relation to the speed eftile. The lower window shows the Power

Spectrum (PS) of the signal. The dominant frequenfar the 50km/h tests are between 1Hz
and 30Hz, with a peak around 11Hz. For the 20kmgkst dominant frequencies are between
1Hz and 20Hz with a peak near 6Hz. For tire 1 tlaeechigher frequencies peaks as well. For
50km/h these peaks are between 65Hz and 85Hz a@ka/h are between 30Hz and 40Hz.

This means that tire 1 is inducing some high fregyenoise, probably due to an unbalanced
rolling of the arm. As discussed in the introductithese high frequency accelerations are
strongly reduced by time integration and don’tuefhice on the resulting deflection.
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Figure 13 Calculated deflection and rms of the lacaton signal (dotted line). When the
rms exceeds the threshold, it is said that thetestarts at; or ends at,. A spline is used for
interpolation between these points.
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Figure 14 Acceleration traces and rms of the acatba signal, calculated deflection and
PS analysis corresponding to tests in pavementoh 50km/h and for tires 1 (top) and 2
(bottom). The PS shows the high frequency rollilation between 65Hz and 85Hz induced
by tire 1. The integration of these high freques@eesn’t contribute to the calculated
deflections.
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Figure 15 Acceleration traces and rms of the acasba signal, calculated deformation
and PS analysis corresponding to tests in pavefferior 20km/h and for tires 1 (top) and 2
(bottom). For this speed, vibrations of tire 1 ioedrequencies between 30Hz and 40Hz.

Table 3 shows the peaks for measurement in sitett®el average value of the three tests
performed (mean A) and a final average for eachepant site and speed, without
considering the tire number (mean B).
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Table 3 Calculated deflection peaks and averagedadn speed and tire for measuring
site Al..
Point [?(ﬁ?\?] Tire {pnerﬁ]s 1 {pnerﬁ]s 2 {pnerﬁ]s 3 mean A mean B
1 0.116 0.116 0.110 0.114
20 2 0.111 0.099 0.104 0.105 0.109
AL 3 0.108 0.114 0.105 0.109
1 0.087 0.083 0.099 0.090
50 2 0.085 0.086 0.078 0.083 0.085
3 0.077 0.085 0.082 0.081

Measured peaks confirm the viscous nature of thhadsmaterials of the pavement, as lower
tire speeds produce larger deflection peaks. Aghahe results regarding peak values seems
reasonable, they should be considered carefullyoagalidation measurement or model was
done up to now.
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6. Conclusions and following steps

In order to develop simple, reliable methods forameing in situ vertical deformation of
pavements under real traffic, the use of acceletermaevas evaluated. It was shown that the
conversion of acceleration into deflections usingnerical double integration can be done
successfully. Possible problems of time integratiere identified and the origin of these
problems described. In particular it was demonstraihat the amplification of low frequency
errors of the recorded acceleration leads to umabte deflection baseline drifts.

In order to attenuate the errors, the use of acmeleters capable to measure low frequency
signals with high resolution was proposed and testehe laboratory. With the intention of
correcting the inevitable resulting errors, a polymal function was selected to approximate
the calculated deflections before and after thenesveNo filtering was used. The polynomial
function was then subtracted to the whole signaVipling quite reasonable results.

Hence, a full scale test was carried out and ammeleters were installed in the ETH — IGT
Circular Pavement Test Track. A method for autocadiyy detecting the passing tire using the
root mean square of the acceleration signal wasermgnted in a satisfactory way. However,
up to now only the method to determine road datlest from traffic induced accelerations
could be presented. A validation using finite elatsewill be implemented in the next step of
this ongoing research study. Furthermore, test motorway are planned and deformation
sensors will be used to validate the measuremeritseifield.
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