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TDR and remote data

ABSTRACT: Many optionsareavailablefor monitoring unstableslopes. Theremotelocationof many unstable
slopeshascreated aneedfor systemsthat can beaccessed remotely and provideimmediatewarningin caseof a
failure. Advancesinelectronicinstrumentation, such astimedomainreflectometry (TDR), can becombinedwith
electrolytic(EL) bubbleinclinometers, vibrating wirepiezometers, and extensometers. Telecommunicationsmakeit
possible to monitor these slopes economically and provide warning of any movement.

1 INTRODUCTION

Landslide monitoring involvesdetermining certain
parameters and howthey changewithtime. Thetwo
most important parametersaregroundwater levelsinthe
slope and movement. Movementinvolveslocatingthe
depthof failureplane(s), direction, magnitude, andrate.
Depending onthe complexity of theproblem, oneor al
of thesevariablesaredesired. Piezometersallow the
determination of water levels. Inclinometers and
tiltmetersallow determination of directionandrate, and
to someextent, failureplanel ocation. Extensometers
provide an indication of magnitude. Time domain
reflectometry (TDR) can locate failure plane depth.

Conventional slope monitoring utilizes several
methods or acombinationof methods. Thisincludes
surveyingtotrack themovementsof targetsonthesl ope
surface, extensometerswhichrecordthemovement of a
wire firmly attached to the slope, and probe
inclinometers. Inclinometersarethemost common
means of long-term monitoring of slopes.

Critical facilitiesadjacent to many unstabledopes
has createdaneed for monitoring systemswhichcan
provide immediate warning if movement occurs.
Advances in telecommunications and electronic
instrumentation make it possible to economically
monitor slope movementsfromadistance. Many types
of sensorsand datatransmissionsystemsareavailable.
Several systemswereinstalled in Californiausing
extensometers, tiltmeters,inclinometers,and TDR.
Telemetry wasby either cell phoneor hardwirephone.
Power was provided by rechargeable lead/acid
batteries and solar panels.

2 INSTRUMENTATION FOR LANDSLIDE
MONITORING

The critical datarequired from a slope monitoring
program arethe water level (s) in the slope, and the
depthandrateof movement. Thereisawidearray of
instrumentation available, ranging from simple,
mechanical devices to sophisticated electronic
equipment.

2.1 Water Levels

Theusual method of monitoringwater levelsinadopeis
to drill and case aborehole. The water surface is
| ocated by droppingameasuringtapedowntheboring.
Whileuseful for smplewater tablesituations, andwhere
monitoring can be done onaninfrequent basis, other
methods may be more desirable. These methods
involve the use of more sophisticated instruments
including vibrating wire piezometers.

2.1.1  Vibrating Wire Piezometers

A vibrating wire piezometer, Figurel, worksonthe
sameprincipleastuningaguitar or piano. A steel wire
isstretchedover adistance. Thewireisvibrated by
“plucking” itwithanelectromagneticfield. Thenatural
frequency of thewireisafunctionof thetensioninit.
By reducing or increasing tension in the wire, the
frequency becomeslower or higher. Thefrequency of
vibration is output to a readout device.



Oneend of thewireisattachedto adi gphragmthat
is deformed by water pressure entering through a
poroustip. Anincreaseinwater pressure, reducesthe
tensioninthe wireby def orming thedigphragminward.
Themagneticcoil inthepiezometer “ plucks’ thewireto
vibrateit. Thewireispluckedusingvariableexcitation
frequenciesandthenallowedto returnto its natural
frequency. Themagneticcoil thenbecomesasensor
whichisusedto“count” thenumber of vibrations. The
output signal isthenconvertedintounitsof pressureor
head. Two piezometers are considered ideal. One
should read atmospheric pressure and the other
downholepressure. By subtracting theatmospheric
fromthedownholepressure, thetruewater level canbe
obtained.

2.2 Movement

Inclinometers and tiltmetersarecommonly usedto
monitor slopemovement. Theseinstrumentsusetwo
basi ctypesof sensors. Forcebalanceaccel erometers
areusedinprobeinclinometers(Dunnicliffe, 1993).
Probe inclinometers require manual operation.
Electrolytic (EL) bubblesareoftenusedin“in-place”
tiltmetersandinclinometers. EL instruments, when
coupledwithadatad ogger, can beusedfor continuous
monitoring. It isalso possibleto string several EL
bubbleinclinometerstogether inacasingto makean
“in-place” inclinometer.

2.2.1 Electrolytic Bubble “ In-place” Inclinometers
and Tiltmeters

Anéelectrolyticlevel issmilartoanordinary * bull’ seye’
level. Thefluidinthislevel, however,isanelectrical
conductor. Alsointhelevel vial arethreeelectrical
nodes. Anelectriccurrentisappliedtothenodesand
theresistancethroughthefluidismessured. Asthevid
tilts, the resi stancebetweennodeschanges. Thechange
in resistance can be measured, and is directly
proportional to the angle of tilt.
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Figure 1. Schematic of vibrating wire piezometer.

2.2.2 Extensometers

Extensometersoftenuseasted wirelinefirmly implanted
onthe slopeface. Movement of thed opepullsaweight
alongatrack. Theamount and rate of movement can
then be measured.

Extensometers can also use potentiometers to
measuremovement. Muchliketherheostat control sof
amodel electrictrain, theextensometer usesavariable
resi stance mechanism to measure the amount of
expansion. A moveablearmmakesan el ectrical contact
along thefixedresistancestripasshowninFigure 2.
Thecircuit’ sresistanceisbased onthepositionof the
slider arm on the resistance strip. A regulated DC
currentisapplied and theoutput voltagecorrespondsto
the amount of expansion and ground movement.

2.2.2 Time Domain Reflectometry (TDR)

Timedomainreflectometry (TDR) isanew approachto
monitoring slope movement (Kane & Beck, 1994,
1996a,b, Mikkelsen, 1996, O’ Connor & Dowding,
1999). Originally devel opedtolocatebreaksandfaults
in communication and power lines, TDRisused to
|locateand monitor sl opefailures. Thistechnology uses
coaxial cable and a cable tester.

The basic principle of TDR issimilar to that of
radar. Thecabletester sendsanelectrical pulsedowna
coaxial cablegroutedinaborehole, Figure3. Whenthe
pulseencountersabreak or deformationinthecable, it
isreflected. Thereflectionshowsasa“spike” inthe
cable signature. The relative magnitude and rate of
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Figure 2. Schematic diagram of variable
resistance potentiometer as used in an
extensometer.



displacement, and the location of the zone of
deformation can be determined immediately and
accurately. Thesizeof thespikeincreasecorrel ates
withthemagnitudeof movement. A laptop computeris
connectedtothetester and cablesignaturesarewritten
to disk for future reference.

3 REMOTE DATA
COMPONENTS

ACQUISITION

The remote data acquisition equipment includes a
datal ogger, multiplexer, communicationdevices,anda
power source. Inaddition, softwareis necessary to
program and interact with the datalogger. Many
different manufacturersand equi pment exist. Only the
equipment usedinthe casestudiesaredescribed here.
Thereader isurgedto investigate other manufacturers
and approaches.

3.1 Datalogger

A datalogger is a essentially a small computer
CPU/voltmeter withmemory. Itisprogrammedtodo
certaintasks. Thedatal ogger isprogrammedto output
specifiedvoltagesover certaindurations, read voltages,
and store values. It can also be programmed to do
calculationsand storetheresultssuch asconvertingthe
readings of a piezometer to meters of head.

Instrumentsarewiredto connections, or “ ports,” on
thelogger. Control portsand excitation portscanbe
programmed to output voltagesat certaintimestoturn
onperipheral equipment, suchascell phonesor cable
testers,. Other portsarewiredtothesensorsand are
used to measure output voltages.
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Figure 3. Deformed cable resulting in signature
“gspike” on cable tester screen.

3.2 Multiplexer

A multiplexer allows many sensorstobeattachedtoa
singledatalogger. Themultiplexeriswiredtoasingle
set of portsonthedatalogger. A set of contactsinthe
multiplexer switchesbetween each sensor attachedtoit.
The datais collected sequentially by the logger.
Multiplexers can evenbe multiplexedto each other
creating the ability to read avery large number of
instruments.

3.3 Communications

Communicationswiththedatal ogger canbeby several

means. “ Hardwired” telephonelinesarebest, but not
alwaysavailable. Cellular and satellitetel ephonescan
be usedaswell asconventional and spread-spectrum
radios. A telephoneline only requires amodem to
transmit data and receive instructions. The other
methods requiremodemsand cell phonesand/or radio
transceivers.

3.4 Power

Power requirementsvary depending onthenumber of
instrumentsandthe communicationsdevice. |dedlly,
power isavailableat the sitebut that isnot alwaysthe
case. A small systemwithaphonelineand oneor two
sensorsrequiresonlyasmall rechargeable gel-type
battery. A largesystemwith cellular phoneand cable
tester requiresal2V deepcyclemarinebattery. The
battery is recharged by regulated solar panels.

3.5 Software

Specialized softwareisrequiredto processthe raw
data. When TDR cables are read, signatures are
digitized using avail ablesoftwareand downloadedtoa
laptop computer. Several TDR signatures taken at
different pointsintimeareplotted and comparedusinga
spreadsheet or useacommercially availableprogram
(Kane & Parkinson, 1998). Datafrom piezometersand
EL bubble tiltmetersandinclinometerscan beplotted
withspreadsheetsor specializedlaboratory plotting
software.

In order to program and communicate with the
datal ogger, software specifictothe manufactureris
necessary. Theseprogramsallow the user to write
code for datal ogger control; contact theremotestation,
either automatically or manually; monitor instrument
readings; and download data.



4 CASE STUDIES

The 1998 EI Nifio storms of January and February
caused a large number of landslides in California
(CDMG, 1998, USGS, 1998). Repair of these
landslidesrequiredimmediateactionin often hazardous
conditions. Atsomelocations, therelativeeaseand
cost-effectivenessof TDR allowed thedetermination of
the depthto theshear plane. At other locations, remote
automated monitoring wasrequired during construction
to assurethesafety of workersandthegeneral public.
Thelocations of thesitesdescribed below areshownin
Figure 4.

4.1 Riverside County, California

Over-steepened slopes in a sand pit adjacent to
Interstate15inRiverside County,ledthe California
Department of Transportation (Caltrans)toinstall a
monitoring system.

Two TDR cables52 mdeepandtwovibratingwire
piezometerswereinstall edbetweenInterstate 15and
the pit. A remote data collection system was also
installed. Itincluded adatal ogger, piezometer signal
conditioner, amultiplexer toattachthetwo TDR cables,
and acell phone and modem for data transmission.
Power was supplied by a12 V deep cycle marine
battery and20 W regul atedsolar panel. Becausethe
cell phonerequired significant current, it could not be
kept on at all times.

The system was programmed to read the two
piezometersevery morning, cal cul atethe head of water
present intheslope, and storethevaluesinmemory. It
then turned on the cable tester and sequentially
accessedand digitizedthe cablesignaturesfromthe
TDRinstallations. After datacollectionthecell phone
wasturned onandthe basestation computer about 350
km away dial edthe cell phonenumber and downloaded
thedata. Thepiezometer and TDR datawereplotted.
Datawascollectedfor over ayear before the system
was removed for installation at another site.

4.2 Santa Cruz County, California

InJanuary 1998, alandslide/debrisflow destroyeda
small SantaCruz Countyroad adjacent to California
Highway 17. Caltransconstructed asoldier pilewall at
thehead of theslideto protect Highway 17 fromfuture
movement. Caltranswasconcernedthat progressive
failure at the head scarp would jeopardize the wall
stability.

A monitoring systemcons sting of adatal ogger, cell
phone, and phone dialer was installed. The system
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Figure 4. Map of California showing locations of case
studies.

monitoredaclinometer attachedto the wall,andthe
movement of anextensometer anchoredtothewall and
embeddedat thehead of thescarp. Thedatal ogger was
programmedtomonitor bothinstrumentsand determine
if athresholdmovement wasreached. If thethreshold
wasexceeded, thephonedial erimmediately notified
personnel by means of pagers. Thesystem alsowas
automated to download data everyday to an office
computer.

4.3 Monterey County, California

Numerousdidesalong CaliforniaHighway linSanLuis
Obispo and M onterey Countiesclosed portionsof the
road throughout thewinter of 1998. Oneslide, known
as Grandpa’ s Elbowlandslide,inMonterey County was
areactivation of aolder, muchlarger landsidecomplex.
To protect motorists and clean-up crews, Caltrans
instrumentedthe slidewithfour downhole,in-place
inclinometers attached to a TDR cablein a6l m
borehole. Theinclinometerswereplacedatthe46m,
31m, 15m, and 3 m. Any movement of the slide
changedthetilt of theinclinometersandtriggereda
warning by phone dial er and hard-wiretel ephoneline,
The system could also be monitored remotely by
computer and modem.

Soon after installation, slight movement of the
inclinometers triggered the telephone dider and
personnel werepaged. TDR cablereadingsshowedthe
development of aspike inthe cableat adepthof 9 m
indicatingmovement, Figure5. Observation of tension
cracks in the ground surface verified the fact that
movement had taken place.



4.4 Orange County, California

Thedevel oper of acoastal property wascautioned by

its attorneys that slope movements adjacent to the

property could poseaconcern. The nearby city of

Laguna Niguel, in particular, experienced severe
damage from El Nifio storms. This included a
spectacular failureof a38m slope which destroyed
several condominium buildi ngsa thebaseandcauseda
number of homesat the crest to plummet downthehead

scarp (CDMG, 1998).

Thesiteunder devel opment contained someweak
colluvial material as well as a remnant landslide.
Construction plans called for removal of the weak
material and construction of anengineeredfill shear key.
This meant the use of atemporary excavation with
steep slopes.

Toalleviatefearsof litigation by adjacent property
owners, and to protect workers and property during
construction, anambi tiousremotemonitoring planwas
established. This included the installation of six
conventional casedinclinometer borings,eight TDR
cables, and ten EL bubble tiltmeters to mount on a
retainingwall. Inaddition, each of thesixinclinometer
casings had a removable EL bubble inclinometer
installedto monitor for movement betweenreadings.
Data was acquired daily and stored by a datalogger
attachedto cellular phonefor communications. Alarms
were set for each instrument to warn of movement
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Figure 5. TDR cable signatures showing

deformation which activated darm circuit (1 ft =
0.3048 m).

between scheduled automatic readings.

5 CONCLUSIONS AND REFERENCES

The huge advances in electronic technology,
coupled with rapidly falling prices, make remote
monitoring cost-eff ectiveand apowerful tool inslope
stability work. Instrumentation is available that
eliminatesthe costly necessity of fieldvisitstoacquire
data.

CDMG (CaliforniaDivisionof Minesand Geol ogy)
1998. Landslidereportsfromvariousstateoffices
between February 3, 1998 and April 30, 1998.
CaliforniaDivisionof Minesand Geology Web
Page, http://www.consrv.ca.
gov/dmg/minerals/98landslide/24.htm.

Dunnicliffe, J. 1993. Geotechnical Instrumentation
for monitoring field performance. New York:
John Wiley & Sons, Inc.

Kane,W.F. & T.J.Beck 1994. Development of atime
domai nreflectometry systemtomonitor landslide
activity. Proceedings, 45th Highway Geology
Symposium: 163-173. Portland, Oregon.

Kane, W.F. & T.J. Beck 1996a. Rapid slope
monitoring. Civil engineering, 666:56-58. New
Y ork: American Society of Civil Engineers.

Kane, W.F. & T.J. Beck 1996b. An alternative

monitoring system for unstable slopes.
Geotechnical news 143:24-26.

Kane, W.F., & W.A. Parkinson 1998. Remote
landslide monitoring including time domain
reflectometry: short course manual. Stockton,
Californiac KANE GeoTech, Inc.,

Mikkelsen, P.E. 1996. Fieldinstrumentation. InA.K.
Turner & R.L. Schuster (eds), Landdides.
investigation and mitigation. Washington:
Transportation Research Board.

O'Connor, K.M., & C.H. Dowding 1999.
Geomeasurements by pulsing tdr cables and
probes. Boca Raton, Florida: CRC Press,

USGS (United States Geological Survey) 1998. El
Nifio and recent landslides. United States



Geological SurveyWebPage. http://geohazards.
cr.usgs.gov/elnino/elninols.html.



