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ABSTRACT

Many options are available for monitoring unstable highway dopes. These range from inexpensive,
short-term solutions to more cogtly, long-termmonitoring programs. The location of many unstable dopes
has crested a need for systems that can be accessed remotely and provide immediate warning in case of
afalure Advances in dectronic instrumentationand tel ecommunications makeit possible to monitor these
dopes economicaly.

Avalable dectronic ingrumentation includes piezometers, dectrolytic bubble inclinometers and
tiltmeters, and time domain reflectometry (TDR) for sensang changes in dope conditions.  This
indrumentation can be used in the fidd by technicians, or remotely by dataloggers and telemetry. By
combining instrumentation types, afull array of stability parameters can be gathered. Computer software
isavailable to quickly plot data dlowing immediate assessment of the Stuation.

Severd case sudiesin Cdiforniaillustrate where these technologies were implemented. Theuseof a
technologica advance like TDR aone can provide arobust array of data. Budget congraints limited the
monitoring of a landdide dong the San Andress fault in San Mateo County to one conventiond probe
indinometer and four exploration holes. Instead, the inclinometer was not used and al five holes were
indrumented with TDR. This alowed determination of the sequence and extent of the failure. In another
case study, TDR was used to locate the depth of alanddide in Mendocino County.

A potentidly ungtable dope above a sand pit next to Interstate 15 in Riversde County was
ingrumented using piezometers and TDR. Data on movement and groundwater levels was monitored by
cdlular phone and modem 350 km away. A soldier pile wall in Santa Cruz County wasinstrumented with
an extensometer and tiltmeter. Data was collected daily by celular phone. An darm circuit in the unit
notified geotechnical personne by pager if threshold movements were exceeded. A large landdide in
Monterey County employed dectralytic bubble inclinometers in conjunction with a 180 m TDR cable.
Threshold movement of the dope triggered a page notifying personnd of changed conditions at the Site.

INTRODUCTION

Landdide monitoring involvesdetermining certain parameters and how they change withtime. Thetwo
most important parameters are groundwater levelsin the dopeand movement. Movement involves depth
of falure plane(s), direction, magnitude, and rate. Depending on the complexity of the problem, one or dl
of these variables are desired. Piezometers alow the determination of water levels; inclinometers and
tiltmeters dlow determination of direction and rate, and to some extent, falure plane location;
extensometers provide an indication of magnitude; and TDR dlows determination of failure plane depth.

Conventiona dope monitoring utilizes severd methods or a combination of methods.  This includes



urveying to track the movements of targets on the dope surface, extensometers which record the
movement of awire firmly attached to the dope, and inclinometers. Inclinometers are the most common
means of long-term monitoring of dopes.

Criticd fadilitiesadjacent to many unstable s opes has created a need for monitoring sysemswhichcan
provide immediate warning if movement occurs.  Advances in telecommunications and dectronic
indrumentationmakeit possible to economically monitor dope movements from adistance. Many types
of sensors and data transmisson systems are available. Severd systems were ingtdled in Centra and
Northern Cdifornia usng extensometers, tiltmeters, inclinometers, and TDR. Teemetry wasby ether cdl
phone or hard wire phone. Power was provided by rechargeable lead/acid batteries and solar panels.

There are many manufacturers of the various insrumentsdescribed in this paper. The authors do not
specificadly endorse any of these products.  Design philosophiesand suitability to particular problemsvary.
Readers are urged to investigate al opportunities before purchasing any instrumentation.

INSTRUMENTATION FOR LANDSLIDE MONITORING
The criticd datathat are required from a dope monitoring program are the water level(s) in the dope
and the depth and rate of movement. Thereisawide array of insrumentation used, ranging from smple,
mechanica devices to sophisticated eectronic equipment.

WATER LEVELS

The usud method of monitoring water levels in a dope is to drill and case a borehole. The water
surface is located by dropping a measuring tape down the boring. While useful for smple water teble
Stuations, and where monitoring canbedone onaninfrequent basis, other methods may be moredesirable.
These methods involve the use of more sophisticated instruments which may be mechanica or dectricd.

Vibrating Wire Piezometers

A vibrating wire piezometer, Figure 1, workson the same principle astuning aguitar or piano (Siope
Indicator Company, 1994). A sted wire is dretched over a distance. The wire is st to vibrating by
“plucking” it with an eectromagnetic field. The naturd frequency of the wire is afunction of the tengonin
it. By reducing or increesing tenson in the wire, the
frequency becomeslower or higher. The frequency
of vibration can be sensed by the eectromagnetic
coil and thisis output to a readout device.

One end of thewireis attached to adigphragm  “orous Tip
that isdeforms by water pressure entering through a
poroustip. Anincrease in water pressure, reduces
the tension in the wire by deforming the digphragm
invard. The magnetic coil in the piezometer
“plucks’ thewireto vibrateit. Thewire is plucked
udng vaiable excitation frequencies and then
dlowed to return to its naturd frequency. The
magnetic coil then becomes a sensor which is used
to “count” the number of vibrations. The output
signd is then converted into units of pressure or  Figure 1. Schematic of vibrating wire
head. Two piezometersare consideredidedl. One  pjezometer.
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should read atmospheric pressure and the other downhole pressure. By subtracting the aimaospheric from
the downhole pressure, the true water level can be obtained.

MOVEMENT
Inclinometers and tiltmeters are commonly used to monitor dope movement. These instruments use
two basic types of sensors. Force balance accelerometers are used in probe inclinometers (Dunnicliffe,
1993). Electrolytic bubbles are used in tiltmeters and “in-place’ inclinometers.  Probe inclinometers
require manua operation. Tiltmetersand “in-place’ inclinometers, when coupled with a datalogger, can
be used for continuous monitoring. It isaso possbleto string severd force ba ance inclinometerstogether
in acasng to make an “in-place’ inclinometer.

Electrolytic Bubble Inclinometers“In-Place’ and Tiltmeters

An dectralytic leve issmilar to an ordinary “bull’ seye’ level. The fluid in this levd, however, isan
electrical conductor. Alsointheleve vid arethreeeectrica nodes, Figure2. One nodeislocated at the
base of the vid (B), and two are located on the top (A and C) at an equd distance from Node B. An
electricd current is applied to the nodes and the resistance through the fluid ismeasured. Asthevid tilts
clockwise the resistance between A and B increases, and the resistance between B and C decreases. The
change in resistance can be measured, and is directly proportiona to the angle of tilt.

Extensometers

Extensometers often use asted wirdine firmly implanted on the dope face. Movement of the dope
pullsaweight dong atrack. The amount and rate of movement can then be measured.

Extensometers can al so use potentiometersto measure movement. Much like the rheostat controls of
amodd dectric train, the extensometer uses a varigble resistance mechanism to measure the amount of
expangon. A movesble arm makesan dectrica contact aong the fixed res stance strip asshown in Figure
3. Thecircuit’' sresstance is based on the postion of the dider arm on the resistance Strip. A regulated
DC current is agpplied and the output voltage
correspondsto the amount of expansonand ground
movement.

Time Domain Reflectometry (TDR)

Time domain reflectometry (TDR) is a new
approach to monitoring dope movement (Kane and
Beck, 1994, 1996a, 199b; Mikkelsen,1996;
O'Connor and Dowding, 1999).  Origindly
developed to locate bresks and faults in
communication and power lines, TDR can be used
to locate and monitor the locations of dope failures.
Thistechnology uses coaxial cable and acabletester.

Figure 2. Schematic of electrolytic bubble. See
text for explanation.



The basc principle of TDR is smilar to that
of radar. The cable tester sends an dectrica pulse
down acoaxia cable grouted in a borehole, Figure
4. When the pulse encounters a bresk or
deformetion in the cable, it is reflected. The
reflection shows asa“spike’ in the cable signature.
Therdative magnitudeand rate of displacement, and
the location of the zone of deformation can be
determined immediately and accurately. The 9ze of
the spike increase correlates with the magnitude of
movement. A lgptop computer is connected to the
tester and cable Sgnatures are written to disk for
future reference.

REMOTE DATA ACQUISITION
COMPONENTS
The remote data acquisition equipment includes
a datalogger, multiplexer, communication devices,
and a power source. In addition, software is
necessary to programand interact withthe datalogger.
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Figure 3. Schematic diagram of variable

resistance potentiometer as used in an

extensometer.
Many different manufacturers and equipment exig.

Only the equipment used in the case studies are described here. The reader is urged to investigate other

manufacturers and approaches.

DATALOGGER
A datalogger is aessentidly asmall computer CPU/voltmeter with memory. It is programmed to do
certain tasks. The Campbd| Sdentific CR10X logger used for thiswork can be programmed to output
Specifiedvoltagesover certain durations, read voltages, and store vaues (Campbd | Scientific, Inc., 1997).
It can dso be programmed to do caculations and store the results such as converting the readings of a

piezometer to feet of head.

Instruments are wired to connections, or
“ports,” on the logger. Control ports and
excitation ports can be programmed to output
voltages at certain times to turn on periphera
equipment, suchas cdl phonesor cable testers,.
Other ports are wired to the sensors and are
used to measure output voltages.

MULTIPLEXER
A multiplexers allows many sensors to be
attached toasngedataogger. The multiplexer
is wired to a dngle set of ports on the
datalogger. A st of contactsin the multiplexer
switches between each sensor attached to it.
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Figure 4. Deformed cable resulting in signature
“ gpike” on cable tester screen.



The data is collected sequentidly by the logger. Multiplexers can even be multiplexed to each other
cregting the ability to read a very large number of instruments. To read more than one TDR cable a
multiplexer for this purpose, such as a Campbd | Scientific SDMX50 which has 8 connectors for TDR
cables, must be used.

COMMUNICATIONS
Communications with the datalogger can be by severa means. “Hardwired” telephonelines are best,
but not dways available. Cdlular and satellite telephones can be used aswel as conventiona and spread-
pectrum radios. A telephone line only requires amodem to tranamit data and recelve indructions. The
other methods require modems and cell phones and/or radio transceivers.

POWER
Power requirements vary depending on the number of ingruments and the communications device.
Idedlly, power is available at the Ste but that is often not the case. A small system with a phone line and
one or two sensorsrequiresonly asmdl rechargegble gel-type battery. A large syssemwithcdlular phone
and cable tester requiresa 12 V deep cycle marine battery. The battery is recharged by regulated solar

panels.

SOFTWARE

Specidized softwareisrequired to process the raw data. When TDR cablesareread, Sgnaturescan
be digitized and downl oaded to alaptop computer whenusng Tektronix, Inc. software (Tektronix, 1994).
Fotting several TDR signatures on the same plot requires the user either write a specidized spreadsheet
or use acommercidly available programsuchas TDRPlot (Kane and Parkinson, 1998). Piezometer data
is best viewed with a spreadsheet. Electrolytic bubble tiltmeters and inclinometers used in the work
described here were plotted using TBASEI (AGI, 1998).

In order to program and communicate with the datalogger Campbell Scientific developed PC208W
(Campbdl Sdentific, Inc., 1998). The program allows the user to write code for datalogger control;
contact the remote gtation, either automaticaly or manualy; monitor insrument readings, and download
data

CASE STUDIES
The 1998 El Nifio storms of January and February caused alarge number of landdides in Cdifornia
(CDMG, 1998; USGS, 1998). Repair of these landdides required immediate action in often hazardous
conditions. At somelocations, the relative ease and cost-effectiveness of TDR dlowed the determination
of the depth to the shear plane. At other locations, remote automated monitoring was required during
congtruction to assure the safety of workers and the generd public. The locations of the Sites described
below are shown in Figure 5.

MUSSEL ROCK LANDSLIDE, SAN MATEO COUNTY
Continuedlong-termmovement of the M ussel Rock Landdide necessitated itsrepair. Repair measures
required determining the location of the depthto thefalure. Initid planscdled for agteinvestigation of five
borings and the inddlation of a sngle indinometer to monitor movement. Because of the cost advantages
of TDR, it wasdecided instead to use TDR cablesindl five borings. The TDR wasmonitored periodicaly



for afraction of the cost of monitoring the sSingle inclinometer
hole. Because five borings were monitored, the depth and ared
extent of the dide plane was determined.

Figure 6 contains example of TDR sgnatures fromtwo cables.
Note that falure began at the lowest of the two, B-15 and then
progressed to B-18. Cable B-19 showed a similar pattern
indicating progressive movement of the dide dices up the dope.
Cables B-16 and B-17 showed no change, thus locating the head
and toe of the dide as shown in Figure 7.
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HIGHWAY 1, MENDOCINO COUNTY

A portionof Cdifornia Highway 1 crossesalanddide complex
goproximately 200 m (650) wide. In November 1997, a coaxid
cablewasgrouted inaborehole at the Site. The boring encountered
relatively weak soil on top of competent rock. The dide complex
became active asthe winter rainsinfiltrated into the didemass. The
cable deformed at a depth of 6.4 m (21 ft), as shown in Figure 8.
Thisisthe soil/rock interface. A second cable wasingdled in the
didelater that winter. It failed accurately located the depth to the
shear zone. to detect any movement probably because thedidehad Figure 5. Location map of case
stopped moving. The TDRingtalation accurately located thedepth ¢ ies
to the shear zone.
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INTERSTATE 15, RIVERSIDE COUNTY, CALIFORNIA

Over-steepened dopesin asand pit adjacent to Interstate 15 in Riversde County, led the Cdifornia
Department of Trangportation (Catrans) to indal a monitoring system.

Two TDR cables 52 m (170 ft) deep and two vibrating wire piezometers were installed between
Interstate 15 and the pit. A remote data collection system was dso indalled. 1t included a datal ogger,
piezometer Sgnd conditioner, amultiplexer to attach thetwo TDR cables, and a cdl phone and modem
for datatransmisson. Power was supplied by a12 V degp cycle marine battery and 20 W regulated solar
panel. Because the cell phone requires sgnificant current, it could not be kept on at dl times.

The systemwas programmed to read the two piezometers every morning, calculate the head of water
present in the dope, and sore the valuesin memory. It then turned on the cable tester and sequentidly
accessed and digitized the cable signaturesfrom the TDR indtalations.  After data collection thecell phone
was turned on and a computer in Sacramento about 350 km (218 mi) away dided the cell phone number
and downloaded the data. The piezometer data was plotted using a spreadsheet program and the TDR
datawithTDRPlot. Datawas collected for over ayear before the system wasremoved for indtdlationat
another dte.
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Figure 6. TDR cable signatures from San Mateo County.
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HIGHWAY 17, SANTA CRUZ TOR Sraph
COUNTY, CALIFORNIA

In January 1998, a landdide/debris
flow destroyed a sndl Santa Cruz
County road adjacent to Cdlifornia
Highway 17. Caltrans constructed a IR 0 P T s T ) N
soldier pilewadl &t the head of the dideto ] r
protect Highway 17 from future
movement. Caltrans was concerned that
progressve falure at the head scarp
would jeopardize the wall stability. -24 VT\

A monitoring system consisting of a -32
datalogger, cdl phone, and phone dider a6 \
was inddled. The system monitored a \
dinometer atached to the wall, and the ~ ~*
movement of an extensometer anchored
to the wall and embedded at the head of
the scap.  The datelogger was ~— %0 B0 R e 2
programmed to monitor both insruments
and determine if a threshold movement
was reached. If the threshold was exceeded, the phone dider immediately notified personnel by means
of pagers. The system dso was automated to download data everyday to an office computer.
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Figure 8. TDR cable signatures from Mendocino County.

STATE HIGHWAY 1, MONTEREY COUNTY, CALIFORNIA

N umerous dides dong Cdifornia Highway 1 in San Luis Obispo and Monterey Counties closed
portions of the road throughout the winter of 1998. Grandpa s Elbow Landdidein Monterey County was
a reactivation of a older, much larger landdide complex. To protect motorists and clean-up crews,
Cdtransingrumented the dide with four downhole, in-place indinometers attached to a TDR cableina
200 ft borehole. The inclinometers were placed at the 150 ft, 100 ft, 50 ft, and 10 ft . Any movement of
the dide changed the tilt of the inclinometers and triggered a warning by phone dider and hard-wire
telephone line. The system could aso be monitored remotely by computer and modem.

Soon after ingdlation, dight movement of theindinometerstriggered the telephone dider and personnel
were paged. TDR cable readings showed the development of a spike in the cable at a depth of 9 m (30
ft) indicating movement, Figure 9. Observation of tenson cracksin the ground surface verified thefact that
some movement had taken place.

CONCLUSIONS
The huge advances in éectronic technology, coupled with rapidly falling prices, make remote
monitoring cost-effective and a powerful tool in dope sability work. Instrumentation is available that will
provide much of the information necessary, not only to monitor dopes but to obtain some of the necessary
parameters for mitigation and remediation.
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