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SUMMARY :

A reliable measuremewnf dynamic earth pressuresdstical in the physical modelling of structuresnbedded

in soil. Tekscantactile pressure sensoese flexible, thin sheets containing a matrix of senszlsh capable of

measuring pressureThis flexible sensois able to measure 2 D stress distribution with minimal intrusion.

Although successful in statiand 1-g shaling table tests, these sensdrave previously not been reliakite

capturing the full amplitude content of dynignsignak. This isin partdue tosignal aliasingand t he sensor
own frequency responsghis paper describes the use of reamsors capable of sampling at up to 4,0@0Ad

series of dynamic experiments were performed to characterizéreth@encyresponse of the sensoamnd

successflly recover theoriginal pressure time historieBased on the satisfactory results, a testing methodology

is proposed for the dynamic dalation of these sensors in centrifuge modelling.
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1.INTRODUCTION

Physical centrifugemodellingis an effective tootommonlyused bygeotechnical engineete gain

insight into the underlying damage mechanisumgler realistic confining pressurasd to validate
numerical models. When investigating the seismic response of buried structures, retaining structures,
or basement wallsa reliablemeasure of dynamiearth pressures isecessaryObtaining reliable
measurements withr@ssure cells lsabeenchallengingin the pasidue to soil arching effectsvhere

soil displacedifferently near a relativelwtiff pressure cell than it would naturallfekscan dctile

sensors are flexible, thin sheets contajninmatrix of sensels (sensorech capablef measuring
pressure atigh sampling rate@s high as 20,000 Hz per sensé&heir flexibility is ideal for interface

with soil, as they deform with the surrounding soil with minimal intrusiogcreasedsampling rate
arenecessary to capture dyna earth pressures the high frequency environment of tbentrifuge

Althoughtactile pressure sensors have proven to be succassfiglasuringoressures istatic and 4g

shaking table test$hey havepreviouslynot beenreliablein capturing the full amplitude content of a
dynamic signalThis is partially due tsignal aliasingwhich occurs when aignal is not accurately
repregnted due to alow sampling rate. Typically, a signal needs to be sampled at least twice as fast
asthe highesfrequencyin orderto avoid aliasingFor instance, when spinning the model to 70 g, the
frequencies are scaled by 70. For earthquake emgigeapplications we typically care about
frequencies of up to approximately 15 to 20 Hz in the prototype scale. This translates to 15 x 70 Hz
(=1050 Hz) in the model scale. To capture this range of frequency in the model scale without signal
aliasing, thesensors must sample at a minimum rate of approximately 2100 Hz.

A new type oftactile pressure sensor progddy Tekscan capable of sampling at up to 4,B@0vas
employed to avoid problems associated with aliaditayvever, unreliable dynamic measueants are

also due to the tactil e sensageresofdymamic éxpegnente ncy
were performed to characterize thedquency response of the sens@usnstant amplitude, sireveep
loadswereapplied to the sensavith amaterials testingnachine to characterizes frequency response



(in terms of amplitude modification). The identified pattern in their frequency resfiansélter) was
used to recover the input signal of interest.(pressure time history)Then, aseries of blind tests
were performed to validate the quality of the filtdihese tests were followed by dynamic centrifuge
experimens with a range of input motions that contained energy at higher frequetociesther
validate the reliability ofhefilter.

This paperpresents the testing methodology used to characterize the frequency response of Tekscan
tactile pressure sensors. The recovered Tekscan data arefehencesignals are then compared and
theerror in the recovered pressure measuremsmsantifiedas a function of frequencyhe testing
methodology also presents a guideline for the calibratiotaaifle pressure sensors prior to use in
future physical model studies.

2. TEKSCAN TACTILE PRES SURE SENSOR SYSTEM

The Tekscan system i®omprised of a sensogihand | e 0, and t he Tetlsgana ac q
VersaTek components were selectte to theirhighsampl i ng rate capabilit
clamped to the sensor and transmits data to the data acquisition board, which intieetedoto a
computer to control how data is saved and to visudkga in reatime. Each Tekscan sensor contains

a matrix of sensi ngaseshowmireRgl. sThecsankelsaré arfrgednnsravs s 0
and columns and each intersection meessdata by acting as a variable resistor in a circuit. When
sensels are not loaded, yhieave a high resistancehi§ resistivity decreases as load is appti@the

sensor Output resistances are converted to raw sum units ranging from 0 to 255, which can then be
converted to force or pressure units onstaticcalibration factor is calculated. A detailed description

of the various Tekscan components and their funcaoagprovided by Paikowsky and Hajduk (1997)

as well asTekscan (2011).
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Figure 1. Tekscan sensanodel 9500 employed in this study.

Tekscaninc. is not the only manufacturer of flexible pressure transducers, but their product has been
used more widely in geotechnical engineering applicatibekscan Sensor modeumber9500 was

used in this studywhichis flexible due toits small thicknes®f approximately 0.1 mmits sensing

matrix iscomprisedf 14 rows and 14 columns of seoonductive ink totalling 196 sensels that cover

an area of 71.1 by 71.1 mnThe 9500 senssiused in this study havesampling rate of 400Biz per
senseland werecustomdesigned with increased sensitivity over the pressure range of interest (e.g.,
less than 100 psi) for geotechnical testing applications.

3. PRIOR WORK ON PRESSURE SENSOR

A number of researchers have used Tekdeatile pressure sensors geoechnical engineering
research applications. Paikowsky and Hajduk (1997) perfbreneseries of tests to evaluate the
influence ofloading rate, hysteresisind creepon measurements made Byekscansensormodel
number5075 Postloading cree@ppeared to ba function of the loading rate and magnitwdé two
distinct zone: (1) a load rate dependent, Rlimear response within thgst 30 minutes after loading;
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and (2) a second linear zone tHat not depend otheloading rate. Hysteretic and loadinge&ffects
were studied by applying different constant loading and unloading rates to the sensor. A nonlinear
response was observed upon initially unloading the sensor followed by a linear unloading phase.

Springman et al. (2002)onducteda successfustudy of the distribution of soil stresses beneath a
circular footingthat was pushed into the soil at a constant displacemenumdtr 50g of spin
acceleratiorusing Tekscan sensard-urther, they investigated the dynamic, impact loading response
of these sensors to mimic rock falls on the roof of a protection structure at 1g. These tests
demonstratel he s ensor 0s maasuea dyramic, quek, imeulse eaemtider 1g testing
conditions. The dynamic response ofslasensaos underhigherlevels ofspin acceleratioandhigher
frequeny contentshoweverwasnot investigated.

Tessari et al. (2010Jescribed the static calibration processTekscan sensors used at Rensselaer
Polytechnic Institute (RPI)n geotechnical centrifuge experimenThey calibratedthe sensor by
placing itat the bottom of a centrifuge contairfétled with soil and spinninghe model tospecific
acceleratioa In this way, theybtaired two calibration points corresponditg the upper and lower

limits of theoverburden stress expected for thests.This method obtaticcalibration closely models
theintendednterfaceconditionsof metal with soil After staticallycalibrating the sensor, Tessari et al.
(2010) affixed the sensors to the side of the cengiftantainefilled with soil and spun up the model

a stress distribution increasing with depth was found to correspond closely to a theoretical distribution
with a K, value of 0.38under static conditions

Following the successful static calibration of Tekscan sensors aORBh et al. (2011) employele
samesensors to record seismic earth pressures on model foundations for large bridgesemaf ser
centrifuge testxonductedat RPI. Although the tea had success accurately recording hydrostatic
pressures, the sensors captured roughly only 50% of the amplitaigearhicpressures recorded by
pore pressure transducers (PPTsa inentrifugeexperimert with water(shown in Figure2). These
observationsgndicatea clear neefbr the dynamic characterizati@md calibratiorof Tekscarsensrs,
particularly for higher frequencies expectediymamic,centrifugeexperiments
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Figure 2. Comparison of pressure time histories recorded by Tekscan sendqrsrarwater pressure
transducers (PPT) during centrifuge tests with water (Olson et al. 2011)

Due to th& high cost andhe difficulty of obtaining reliablelynamic pressure measurements ftbm
aforementionedlekscan sensorsndividual tactile pressure Flexiforce sensors (type A2Dlvere
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insteadused byAl Atik (2008)andSitaret al.(2012)testingatUC Davi sd Center for
Modeling (CGM) These sensors have a limited sampling rate and similarly have their own dynamic
respmse. However, they are more economical and can be used as a secondary tool to measure pressure
time histories, in parallel with indirect measurements with strain gauges. The reliability of these
sensors for capturing high frequency dynamic pressures, keowssimilarly not wellunderstood.

4. CHARACTERIZING SENSORRESPONSE

The Tekscan sensor model used in this study (95@D)Heacapability to sample at 4000 Hz on each
sensel thus eliminating problems associated with aliasing observed with older sensor models
However, the inability of the sensor to capture the full amplitude response of dynamic loading
remainedThe sensor behavas asimilar mannerto a spring: when loaded in compressidw, sensor
measures | oad tshatl athesepsehgfifeekompressed a
then the spring is unable to transfer the full magnitude of the load to the sensing elements before that
load is released. By characterizing htive sensor records load over a range of frequencies, a filter
may be developed to compensate for the loss of amplitude information at higher frequencies. In order
to characterize the dynamic response of the sensor|regtesthod was developed to lodwketsensor

to relatively high frequencies usirtge Instron E10000 machinand centrifuge shake tabbt the
University of Colorado, Boulder.

4.1.Loading Machine Tesk

Material testingmachines are commonly usedhtechanical ancivil Engineering to test the tensile,
compressive, or cyclic fatigue properties of materiats.Instron model E10000 used in tlEgidyis

capable of applying either force or displacement controlled static and dynamic loads to a material. The
maximum frequencyf its dynamic loaddepends on thoad amplitude For example, a sinusoidal

load with an amplitude oR0 poundsmay be accuratelyachievedby the Instrormachine forup to a
frequency of approximately 50 Hz. For higher freqyeranges, the Instromachine starsto produce
varying amplitudesup to approximately 120 Hz, beyond which the signal to noise ratio reduces
significantly. Centrifugeshake tables, howeveran produce dynamic, broadband motiooatairing
frequency content up to approximatd0 Hz or higher Fig. 4 and 7 show variations the achieved
loading amplitudsat different frequenciesbtained by the Instron machine

Using the Instron machineing-sweep loads were applied to thekscarsensorBoth the Instron load
cell andthe Tekscan software simultaneously recorded the applied fdrcearlier tests,iHe Tekscan
sensors appeared to have a strong component of meis60 Hz. Placinga grounding wire from the
Tekscan data acquisition system to the base platform of the nnstashinehelpedeliminae the
observed noise iits recordings

In order to apply a sineweep loading sequence with the Instron machine, a test sequence was
developed in stepsl) the sensorwas loadedfrom 0 to 150poundsin compression2) a load
cortrolled, 20poundamplitude sinusoidaloadwith a frequency of Hz wasapplied for three cycles

3) the frequencyof the sinusoidal loagvas increased bincrements ofl Hz to reach 140 Hz; 4he
sensomwas unloadedrom its offset load of 15pounds Thetesing setup is shown in Fig.

It is recognized that the initial tésg setupused in this studgoes not reflect the seaihetal interface
intended forthe geotechnical centrifuge tests and that the interface is expegualyta major role in
the staticcalibration factor. The influence of different matesaihsor interface conditions (e.g., sand
and metal) will be investigated in future static centrifuge tests.



Figure 3. Instron tesng setupfor the dynamic calibration of Tekscan sensors

4.1.1. StaticCalibration

The staticcalibration of Tekscan sensors is a sensitive process. The Tekscan (faksaan 2011)
recommends that the test material interface, contact pressure, temperature, dodatiimeof testing

be mimicked as closelysgpossible to the actual test conditions. Once these conditions are met, one
load point is sufftient to calibrate the sensoPalmer et al. (2009) investigated the difference between
using one, twpand five point calibrationdJsinga two-point calibraton appeared tprovide increased
accuracyover onepoint calibration but no difference wasobservedbetween twe and fivepoint
calibrations Calibration is unique for eackersor even under static loadinghereforeeachsensor
requiresindividual calibration.

In this study, a preliminary stat@alibration factorffor the Tekscan sensor was found using data from
the sinesweep testThis calibration factor was applied to all tests carried out using the Instron
machineincluding the veification blind tests Thestaticcalibration factowas calculated by dividing

the average load cell value by the average Tekscan value recorded in tAectadiiration valueof
0.0149 was then multiplied by all Tekscan data pdambbtain pressure

4.1.2.Dynamic Calibration

Data recordingby the load cell and Tekscdregan at slightly different timeshereforethe two
datasets needed to be aligrmdore calculating their transfer funct®mlignment was performed by
identifying the firstprominent peak in each set. Fgshows thedata from the load cell and Tekscan
afterstatic calibration andlignment.
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Figure 4. Comparing statically calibrated and aligned Tekscan data to Instron load cell data
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For a sinesweep load that hacbntent up to approximateh2@ Hz, the transfer function betwetre
Tekscan data and the Instron load cell data (referamag)calculatedAn optimum sigle parameter
curve fit was therstablished for the transfer function. For this particular chedydstit was defined
by the function:

® 6z11Td& p p (4.1)

whereA is a constant, in this casstimated to b®.1085 X is the frequency inpuandY is the
magnitude output of transfer function

After identifying an appropriate transfer function between the two data sets, a digital filter was
developed to remediate the problemamhplitudeattenuation at higher frequencis the Tekscan
measurements Fig. 5 shows the transfer functiaeveloped to relate Tekscan and Instron data sets.
Fig. 6 and 7 showthe filtered and calibrated (recovered) Tekscan data measurements compared with
the reference load cell readings in frequency and time damagspectivet. The resultsshow
reasonableagreement between thecoveredTekscan and Instron dat&he error between the two
recordings in the frequency domasgnpresented ifrig. 8.
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Figure 5. The ransfer functiomelatingTekscan sensor measorents and thinstron load celtecordings
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Figure 6. Comparison othefiltered (recovered) Tekscan data with the reference Instron recerding
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Figure 8. Error in the recovered ekscan dataompared to the referendastron reordings

5. VERIFICAITON TESTS
5.1 Blind Tests with Loading Machire

Three blind tests were performed to quantify the ability of the developed filter to accurately recover
thereferencesignal recorded by the Imsn load cell, as detailed ifablel. The first blind test was a
reversesine-sweep that égan with a frequencof 140 Hzand progressed towaddHz. The second

and third blind testévolved an application of random frequeesand amplitude contemat 100 and
1301Ibs of loadingoffset respectively A comparison of the load cell pressure measurements with the
recovered TekscatataduringBlind Tess 2 is shown in Fig. 9.

Table 1. InstronBlind Testsequence specifications

Blind Test Load Offset  Signal Amplitude Frequency Content

1 100 Ibs 20 Ibs Reverse Sin Sweep: 140 to 0.5 Hz
2 100 Ibs Random Random

3 130 Ibs Random Random

Fig. 10 presents the error in the recovered Tekscan data compared to the reference, Instron recordings
in Blind Test 2.The errorin Blind Test 2 was less thapproximatelyl2% for the duration of the test

with an averagealueof just overl%. Results for Blind Test 3 were similar to Blind Tesb2cause

the same sequence of random frequency and amplitude content was applied at a slightly greater load
offset of 130 pounds.
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Figure 9. Fourieramplitude comparison betwedre recovered ekscan andhstron load cell measurements in
Blind Test 2

Figure 10. Error in the recovered ekscan dataompared to the referendastron reordings
In Blind Test 2

5.2. Dynamic Centrifuge Tests

Following the initial validation tests with the Instron machinehet 400 Gton centrifuge atthe
University of Colorado, Bouldewith its 1-D shake table werased totest the reliability ofTekscan
pressure senserat higher fregency ranges not achieved by the Instron machifiriature pore
pressur e tr aweseexpeacted t®measBBYf fdeguencydynamic pore water presssre
relatively accuratelyand were used as referencgressuresensors(Olson et al. 2011) P Raidd s
Tekscanpressuresensorsvere placedn atransparentlexible Shear Beam Container (Ghayoomi et

al. 2012)filled with water tocompare their measurements.sequence of ground motions were
applied to the base of the container, ranging from-simeepsto random vibrations androadband
earthquake motions. The testing configuration is showfrigs. 11 and . Figures B and 4
compare the recovered Tekscan and PPT pore water pressure measurements during the application of a
representativesinusoidal mtion and an earthquake motion, respectively, in both time and frequency
domains.The test results were generally satisfactory in terms of comparisons between the recovered
Tekscan measurements and those of PR®&ever, additional centrifugexperimentsare underway

to better quantify the bias and reliability of Tekscan pressure sensors at higher frequency ranges in
parallel with static centrifuge testsnmdelthe intended material interface under increased gravity.



